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Streszczenie

Miedz jako jeden z mikroelementow jest niezbedna dla prawidlowego wzrostu roslin.
Szczegbdlng wrazliwos¢ zarowno na niedobor, jak 1 nadmiar Cu wykazujg zboza, w tym
jeczmien jary (Hordeum wvulgare L.). Deficyt Cu, szczegdlnie w fazie krzewienia
I kloszenia, moze m.in. prowadzi¢ do niezawigzywania si¢ ziaren lub spadku ich wartosci
odzywczych. Z powodu niezadawalajgcej efektywno$ci konwencjonalnych nawozow, coraz
wigcej uwagi koncentruje si¢ na zastosowaniu nano-nawozow. Ze wzgledu na swoje
niewielkie rozmiary (1-100 nm) nanoczastki (ang. engineered nanoparticles, ENPS)
wykazujg bardziej efektywne wiasciwosci fizyko-chemiczne od swoich mikro-
odpowiednikéw. W kontekscie nawozowym, zdolnos¢ ENPs do stopniowego uwalniania
m.in. jonéw metali moze by¢ wykorzystana w celu zapewnienia ro$linom dlugotrwatej
dostepnosci mikroelementow.

Celem pracy byta weryfikacja przewagi nanoczastek miedzi nad konwencjonalnymi
nawozami miedziowymi. W celu realizacji powyzszych zatozen, przeprowadzono
doswiadczenie laboratoryjne i wazonowe, ktore byly poprzedzone przegladem literatury
w zakresie wykorzystania nanotechnologii w uprawie roslin [PI]. Celem do$wiadczenia
laboratoryjnego byta ocena odpowiedzi roslin jgczmienia (uprawianych w warunkach
niedoboru Cu) na dolistng aplikacje 100 i 1000 mg Cu L* nano-Cu wzgledem CuSO. [PIl,
PI]. Interakcje zwigzkéw Cu z lis¢mi analizowano metodami spektroskopowymi (ICP-
OES, FTIR/ATR) i mikroskopowymi (SEM-EDS). Profile zawartosci pigmentow,
peroksydacji lipidow, aktywnos$ci enzymatycznych i zawartoSci nhieenzymatycznych
antyoksydantow wraz z analiza ekspresji gendow transporterow Cu, akwaporyn oraz
antyoksydantow enzymatycznych w roslinach po 11 7 dniach ekspozycji postuzyty do oceny
skutecznosci suplementacji roslin nanoczgstkowg i jonowa formg Cu, w tym komorkowego
statusu Cu. W ramach drugiego etapu badan (dos$wiadczenie wazonowe) przeprowadzono
oceng ilosciows i jakoSciowa ziarniakow jeczmienia jarego po dolistnej aplikacji nano lub
mikroczastek (nano-Cu, nano-CuO, mikro Cu) i rozpuszczalnych zwigzkow Cu (CuSOs, Cu-
EDTA) [PIV]. Oceniano plon, sktad mineralny, zawarto$¢ sktadnikow pokarmowych,
zawarto$¢ przeciwutleniaczy oraz bioaktywnos$¢ ziarniakow.

Przeprowadzone badania wykazaty, ze aplikacja nano-Cu w dawce 100 mg L*
pozytywnie wptyneta na kondycje roslin, zwigkszajac zawarto$¢ niskoczasteczkowych
antyoksydantow oraz tagodniejsza odpowiedz molekularng niz CuSQgs, ktory potegowat

reakcj¢ stresowa roslin. Z kolei, analizy ziarniakoéw wykazaly, ze nano-Cu mimo,



ze skutkowal podobnym poziomem akumulacji Cu, jak CuSOs czy Cu-EDTA, to jego
wplyw na pojedyncze parametry biochemiczne (warto§¢ odzywcza, zawarto$¢ i aktywnos¢
antyoksydantow) byl odmienny. Przewaga jednak potencjalu nawozowego nano-Cu nad

konwencjonalnymi nawozami nie byta jednoznaczna.

Stowa kluczowe: Hordeum vulgare, nanoczastki Cu, aplikacja dolistna, biofortyfikacja,

antyoksydanty



Abstract

Copper as one of the micronutrients is essential for proper plant growth. Cereals,
including spring barley (Hordeum vulgare L.), are particularly sensitive to both deficiency
and excess of Cu. Cu deficiency, especially during tillering and anthesis stages, may result
in e.g. pollen abortion or a decrease in their nutritional value. Due to the unsatisfactory
efficiency of conventional fertilizers, more attention is being focused on the use of nano-
fertilizers. Due to their small size (1- 100 nm), engineered nanoparticles (ENPs) exhibit more
effective physico-chemical properties than their bulk counterparts. In the context of
fertilization, the ability of ENPs to gradually release metal ions, among other things, can be
used to provide plants with long-term source of micronutrients.

The goal of the doctoral dissertation was to verify the advantages of copper
nanoparticles over conventional copper fertilizers. Accordingly, 2 experiments (laboratory
and pot experiments) were set up, which were preceded by a literature review on the
application of nanotechnology in crop production [PI1]. The laboratory experiment aimed to
evaluate the response of barley plants suffering from Cu deficiency to foliar application of
nano-Cu versus CuSOa at two concentrations of 100 and 1000 mg Cu L* [PII, PIII].
Cu compounds-plant leaves interactions were analyzed with spectroscopic and microscopic
methods (ICP-OES, FTIR/ATR, SEM-EDS). Patterns of pigment content, lipid
peroxidation, enzymatic antioxidant activity and non-enzymatic content along with gene
expression analysis of Cu transporters, aquaporins, and enzymatic antioxidants in plants after
1 and 7 days of exposure were used to evaluate the efficiency of plant supplementation with
nanoparticle and ionic form of Cu, including cellular Cu status. The second stage of the study
(pot experiment) involved quantitative and qualitative assessment of spring barley grains
after foliar application of nano/microparticles (nano-Cu, nano-CuO, micro Cu) and ionic Cu
compounds (CuSQOs4, Cu-EDTA) [PIV]. The yield, mineral composition, nutrient content,
antioxidant content, and bioactivity of the grains were evaluated.

The study showed that the application of nano-Cu at a dose of 100 mg L™ had a positive
effect on plant health, increasing the content of low-molecular antioxidants and a milder
molecular response than CuSQO4, which enlarged the plant stress response. On the other hand,
the analyses of the grains of the seeds showed that although nano-Cu provided a similar level
of Cu accumulation as CuSO4 or Cu-EDTA, their effects on individual biochemical
parameters (nutritional value, antioxidant content and activity) were different, but

the advantage of nano-Cu over used conventional fertilizers was inconclusive.



Key words: Hordeum vulgare, Cu nanoparticles, foliar application, biofortification,

antioxidants
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1. Wprowadzenie

Uprawy rolne stanowig wazny element gospodarki poprzez dostarczanie produktow
ro$linnych wykorzystywanych do produkcji zywnosci, paszy oraz paliwa [1]. Jednakze,
obecnie produkcja rolna stoi przed licznymi wyzwaniami wynikajagcymi m.in. ze zmian
klimatycznych, urbanizacji czy zanieczyszczenia $rodowiska prowadzacych do ubytku
areatu gruntow ornych i spadku produktywnos$ci rolnej [2]. Problemy te sg dodatkowo
potegowane przez znaczacy wzrost zapotrzebowania na zywnos$¢ i energie, ktore beda
niezb¢dne do zaspokojenia potrzeb rosngcej liczby ludnosci. Wedlug raportu Organizacji
Narodoéw Zjednoczonych do spraw Wyzywienia i Rolnictwa (ang. Food and Agriculture
Organization of the United Nations, FAQO) s$wiatowa populacja ludzi przekroczy
9 miliardow do 2050 roku, co wymusza intensyfikacje produkcji rolniczej o ponad 60% [3].
Jednak dotychczasowo stosowane strategie zwigkszania produktywno$ci upraw roslinnych,
takie jak nawozenie czy uprawy roslin genetycznie modyfikowanych sg kosztowne, mato
skuteczne lub ich stosowanie jest ograniczane przez obowigzujace ustawodawstwo ze
wzgledu na potencjalne zagrozenia dla zdrowia ludzi (m.in. alergenno$¢, toksycznosc)
I bezpieczenstwo s$rodowiskowe (np. niekontrolowane rozprzestrzenianie si¢ transgenu
w srodowisku) [4,5]. Ponadto, na przestrzeni ostatnich trzech dekad zaobserwowano
rosnacy problem niskiego spozycia i przyswajania mikroelementéw oraz witamin [6].
Ten niedobor mikroelementow, nazywany takze ukrytym gltodem (ang. hidden hunger),
wynika glownie z ich niskiej zawartosci w produktach spozywczych, a nie z niedostatku
pozywienia [7]. Wedlug najnowszego raportu FAO szacuje si¢, ze w 2021 roku problem
ukrytego gltodu dotyczyl az 3 miliardow ludzi na calym $wiecie (blisko 37,5% $wiatowe;j
populacji ludzkiej) [8]. W zaleznosci od rodzaju witamin/mineratow, stopnia intensywnosci
oraz okresu niedoboru, ukryty gtdéd moze prowadzi¢ do pogorszenia si¢ stanu zdrowia,
uposledzenia umystowego, licznych choréb (m.in. anemii, osteoporozy czy chorob uktadu
krazenia), a nawet $mierci [6]. Do obecnie stosowanych metod przeciwdziatania
niedoborowi mikrosktadnikéw zalicza si¢ m.in. przyjmowanie suplementow diety,
wzbogacanie zywnosci o brakujace skladniki oraz biofortyfikacje roslin przez nawozenie
mineralne [1]. Jednak, stosowanie konwencjonalnych nawozoéw nieorganicznych wykazuje
niska wydajno$¢ w dostarczaniu sktadnikéw odzywczych wzgledem zapotrzebowania roslin
[9]. Dlatego tez kluczowe jest opracowanie nowego podejscia zapewniajacego dostarczenie
roslinom optymalnej dawki skladnikow odzywczych adekwatnych do warunkow

wzrostowych.



Jednym z mikroelementoéw niezbgdnych dla prawidtowego wzrostu i rozwoju roslin
jest miedz [10]. Ze wzgledu na udzial Cu jako kofaktora w kluczowych procesach
metabolicznych (m.in. fotosyntezie, oddychaniu mitochondrialnym czy biosyntezie
hormonoéw), jej niedobér prowadzi do powaznych zaburzen wzrostu i rozwoju u roslin
uprawnych, a takze zwigkszonej podatnosci na choroby [10,11]. Wysoka wrazliwo$¢ na
niedobor Cu wykazuja zboza np. jeczmien jary (Hordeum vulgare L), szczegdlnie w fazie
krzewienia i kloszenia [12]. Jest to bezposrednio zwigzane z rolg miedzi m.in. w procesie
lignifikacji czy rozwoju pytku, przez co dlugotrwaty niedobér Cu w tych kluczowych
stadiach rozwojowych prowadzi do dlugotrwatego krzewienia, wylegania ro$lin, redukcji
ptodnosci ktoskoéw oraz braku zawigzywania ziaren i/lub spadku ich wartosci odzywczych
[12,13]. W celu zapewnienia roslinom optymalnej zawartosci Cu stosowane sg nawozy
zawierajace zwiazki miedzi [14,15]. Jednakze, tradycyjnie stosowane nawozy, np. w formie
CuO, CuSOs4, i Cu-EDTA, wykazuja ograniczong efektywnos$¢, ktora moze wynikaé
z niskiej biodostepnosci Cu w glebie (wysokie pH gleby, wigzanie Cu przez materig
organiczng, itp.) lub niewielkiej mobilnosci w przypadku aplikacji doglebowej [16] czy
znacznego sptukiwania zwigzkow Cu z lisci po dolistnym podaniu nawozu [14], co moze
dodatkowo prowadzi¢ do zanieczyszczenia i1 degradacji gleby oraz wod gruntowych [17].
Relatywnie niska skuteczno$¢ konwencjonalnych nawozéw miedziowych wymusza
konieczno$¢ opracowania bardziej efektywnych zwigzkéw w suplementacji roslin tym
mikrosktadnikiem o mozliwie najmniejszym wptywie na srodowisko [18].

Przezywajaca okres rozkwitu .
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Rysunek 1. Potencjalne zastosowania
prowadzone s3 badania nad wykorzystaniem nanotechnologii w produkcji roslinnej [P1].
ENPs w kierunku zapewnienia zrownowazonej produkcji roslinnej (detekcja patogendw,
ochrona upraw przed stresem abiotycznym i biotycznym, nawozenie) (Rys. 1) [20,21] [PI].
W kontekscie nawozenia roslin, kluczowa cecha nieorganicznych ENPs jest zdolnos¢ do

stopniowego uwalniania jonow metali, co moze zapewnia¢ dlugotrwate dostarczanie



mikroelementéw [22]. Warto jednak zaznaczy¢, ze szereg czynnikow, m.in. morfologia,
rozmiar 1 droga podania ENPs, moga determinowa¢ tempo uwalniania jondw metali, w tym
Cu [23]. Przyktadowo, Gao i in. [24] zaobserwowali stopniowy wzrost zawarto$ci
dostgpnego Cu w glebie po podaniu nano-CuO (0 okoto 22% i 60% po 14 i 42 dniach),
natomiast Zhao i in. [25] wykazali uwolnienie jedynie 30% Cu z wyjsciowej dawki oprysku
nano-Cu(OH)2 po uptywie 90 dni.

ENPs, dzigki nanometrycznym rozmiarom, mogag w relatywnie tatwy sposob
pokonywa¢ bariere komoérkowa, co sprzyja ich wiekszej absorpcji przez tkanki roslinne
w poréwnaniu do wigkszych czastek [26,27]. Mechanizmy pobierania i transportu ENPs
poprzez liscie i korzenie przedstawiono na Rys. 2A. Wedlug dotychczasowych badan,
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Rysunek 2. Schematyczny diagram (A) szlakow pobierania i translokacji nanoczgstek w obrebie
roslin oraz (B) mechanizmow internalizacji ENPs na poziomie komorkowym (akwaporyny, transport
przez pory, endocytoza) i przez plazmodesmy.

efektywno$¢ pobierania i translokacji nanoczastek W obrgbie roslin w duzym stopniu
zalezata od ich wilasciwosci, m.in. rozmiaru i tadunku powierzchniowego (Rys. 2A).
Dotychczasowe badania sugerujg wzrost efektywnos$ci pobierania ENPs przez korzenie [28]
i liscie [29] wraz ze spadkiem $rednicy nanoczgstek. Z kolei, Spielman-Sun i in. [30]
zauwazyli, ze nano-CeOz o tadunku dodatnim ulegajg silnej adhezji do powierzchni korzeni

oraz agregacji w eksudacie, co przypuszczalnie ogranicza ich translokacje do lisci [30].



Odwrotng tendencje obserwowano w przypadku nano-CeO; o tadunku neutralnym
1 yjemnym, gdzie pomimo niskiej zawartosci ENPs w korzeniach, zauwazono postepujaca
w czasie kumulacj¢ Ce w lisciach pszenicy [30]. Przypuszcza si¢, ze takie zachowanie ENPs
moze wynika¢ z oddziatywania elektrostatycznego miedzy ujemnie natadowanag
powierzchnia korzenia i lisci, a badanymi ENPs [31]. Po wniknigciu do tkanki ro$linnej,
ENPs moga by¢ transportowane droga apoplastyczng (siatkg $cian komorkowych) lub
symplastyczng (poprzez cytozol komoérek) [29]. W translokacje ENPs drogg symplastyczng
do komorek ro$linnych zaangazowane sg liczne biatka transporterowe (do 10 nm),
akwaporyny (~1 nm) i proces endocytozy (40-80 nm), podczas gdy transfer nanoczastek
pomigdzy sagsiadujagcymi komorkami odbywa si¢ przy udziale plazmodesmy (20-80 nm)
(Rys. 2B) [32]. Z kolei absorpcja nanoczastek poprzez pory komorkowe jest warunkowana
gléwnie ich rozmiarem (5-20 nm), jednak istniejg badania dowodzace uszkadzania bton
komorkowych przez ENPs, co toruje droge pozostatym ENPs [33].

Poza oceng zdolnosci ENPs do absorpcji przez rosliny, kluczowym aspektem badan
nad potencjatem nawozowym ENPs jest ocena wptywu ENPs na rosliny uprawne
[18,25,26,34]. Liczne badania wykazaty, ze reakcja roslin na ENPs jest zalezna od wielu
czynnikow, m.in. typu ENPs, st¢zenia, drogi podania, czasu ekspozycji, gatunku rosliny, itp.
[25,26,35]. Dlatego tez dotychczasowe analizy nad wykorzystaniem nieorganicznych ENPs
zawierajacych np. Cu do poprawy wzrostu i plonowania ro$lin uprawnych przynosity
niejednoznaczne rezultaty [22,36,37]. Natomiast Zhao i in. [38] nie wykazali znaczacych
zmian w biomasie lisci czy zawartosci chlorofilu u Spinacia oleracea po dolistnym podaniu
nano-Cu(OH). (100 mg L), u Zea mays zabieg ten skutkowat istotnym spadkiem biomasy
lisci i zawartosci barwnikow fotosyntetycznych [39]. Ponadto, o ile wykazano wzrost
warto$ci odzywczych ptodow rolnych w wyniku podawania ENPs opartych na Cu [39-41],
to nie mozna jednoznacznie potwierdzi¢ przewagi ENPs nad odpowiadajagcymi im solami
metali. Dodatkowo, dostepne badania nad ekspresja genow i/lub bialek pod wptywem
roznych form nano-Cu wskazuja na odmienne profile zmian pomigdzy ro$linami
[22,36,39,42].

Pomimo wielu przeprowadzonych analiz dotyczacych wptywu nanoczastek na rosliny
na przestrzeni ostatnich dwoch dekad, znaczaca wigkszo$¢ danych pochodzi
z krotkoterminowych badan ekotoksykologicznych stosujgcych wysokie stezenia ENPs

(Rys. 3) [43,44]. Ponadto, w wickszosci badan ocenie podlegaly gtownie parametry



morfologiczne, fizjologiczne lub biochemiczne, ktore mimo cennych informacji o kondycji

ro$lin, nie pozwalaja na doglebne zrozumienie interakcji roslina-nanoczastki [45,46].
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Badania poj::;:::ych Analizy - g:i’i‘:lkm “ zwiazanych
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Rysunek 3. Schematyczne przedstawienie uwzglednianych aspektow (niebieski kolor) oraz luk
W owczesnych badaniach nad wptywem ENPs na rosliny (kolor turkusowy).

Dodatkowo, wigkszos¢ badan skupia si¢ na doglebowym podaniu ENPs, pozostawiajac
wiele niewiadomych wzgledem potencjalnych interakcji ENPs z li§¢mi roslin w dolistne;j
aplikacji nano-nawozéw [36,42,47]. Z kolei analizy transkryptomiczne, mogace pomoc
W zrozumieniu mechanizméw dziatania ENPs we wnetrzu ro$lin, dotychczas skupialy sie
na markerach zwigzanych z toksycznoscig [22,48]. Niewiele jest tez wiadomo na temat
wptywu aplikacji ENPs na pozyskane plony pod katem wartosci odzywczych i weryfikacji
ich przewagi nad tradycyjnymi nawozami [40,49]. Ze wzgledu na mnogos¢ wspomnianych
niewiadomych, efekt stosowania ENPs na ro$liny powinien zosta¢ poddany
wielopoziomowej ocenie, aby uzyska¢ mozliwie calo$ciowy obraz, ktory moglby

W przysztosci stanowi¢ podstawe do opracowania nowych i efektywnych nawozow.



2. Hipotezy i cele badawcze

Nadrzednym celem pracy doktorskiej byta ocena efektywnos$ci nanoczastek miedzi
W dolistnym  dokarmianiu ro$lin  jeczmienia jarego (H. vulgare) wzgledem
konwencjonalnych $rodkow nawozowych. Ze wzgledu na ztozono$¢ i zakres badan,

sformutowano nastepujace cele szczegétowe:

1. Ocena rzeczywistej absorpcji i translokacji miedzi przez rosliny po ekspozycji na
nano- miedz i jony miedzi;

2. Analiza biochemicznej odpowiedzi roslin na dolistng aplikacje nano-miedzi i ich
rozpuszczalnych odpowiednikoéw;

3. Analiza ekspresji gendéw regulujacych transport i detoksykacje miedzi w roslinach
poddanych dzialaniu nanoczastek i rozpuszczalnych soli;

4. Ocena potencjatu nano-miedzi do biofortyfikacji oraz poprawy cech jakosciowych
ziarniakbw jgczmienia w porodwnaniu do mikroczgstek i1 konwencjonalnych

nawozow.

Gloéwne hipotezy badawcze:

1. Forma miedzi (nanoczastkowa lub jonowa), jej stezenie oraz czas ekspozycji
roéznicuja pobieranie i dystrybucje miedzi w roslinach ze wzgledu na rézny stopien
uwalniania Cu?* z ENPs i/lub odmienne mechanizmy pobierania nanoczastek i jonow
miedzi;

2. Nanoczgstki miedzi determinuja odmienng reakcj¢ ro$lin — od poziomu
molekularnego do odpowiedzi catego organizmu — W poréwnaniu do ekspozycji na
jony miedzi ze wzgledu na r6zne tempo i skale dostarczania Cu do roslin;

3. Nanoczastki miedzi w wigkszym stopniu poprawiaja bioaktywno$¢ ziarniakow niz
po aplikacji mikroczastek i rozpuszczalnych soli, dzigki stopniowemu i

dhugotrwatemu dostarczaniu Cu z ENPs.




3. Materialy i metody

3.1.Materialy

Zwigzki miedzi
W badaniach wykorzystano rézne formy miedzi: nanoczgstki miedzi (nano-Cu)
i tlenku miedzi (nano-CuQ), mikroczastki Cu (mikro-Cu) (Rys. 4). Ponadto, uzyto tatwo

rozpuszczalnych zwiazkow miedzi, ktore sg powszechnie stosowane w dolistnym

nawozeniu roslin [50]: siarczan miedzi (CuSOs) oraz sél disodowa kwasu

nano-Cu nano-CuQ mikro-Cu

200 nm 200 nm 200 nm 9

Rysunek 4. Zdjecia TEM proszkow nano-Cu, nano-CuO i mikro-Cu.
etylenodiaminotetraoctowego miedzi (1) (Cu-EDTA). Wszystkie zwigzki Cu w postaci
proszku o czystosci > 95,5% zostaty zakupione z Sigma-Aldrich (USA). Podstawowe

wilasciwosci fizyko-chemiczne ENPs i mikro-Cu przedstawiono w Tabeli 1. Metody
zastosowane do analizy nano- i mikro-proszkéw pod katem rozmiaru czastek, wielkoSci

powierzchni wlasciwej, sktadu fazowego opisano w dalszej czesci pracy.

Tabela 1. Wiasciwosci fizyko-chemiczne proszkow Cu [PI11-P1V].

nano-Cu nano-CuO mikro-Cu
DreMm 25+ 10 nm 50 = 10 nm 5000 £+ 240 nm
SgeT 8m?gt 29m?gt b.d.
XRD 62% Cu; 38% Cu,0 100% CuO 100% Cu

orem —$rednica nanoczastek; Sger — powierzchnia wlasciwa nanoczastek; XRD — sktad fazowy; b.d. — brak
danych
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Roslina testowa

W badaniach jako rosling testowa zastosowano jgczmien jary (Hordeum vulgare L.)
odmiany Ella. Nasiona pochodzity z kolekcji Zaktadu Doswiadczalnego Oceny Odmian
w Czestawicach. Jeczmien ze wzgledu na znaczenie jako zrodto pozywienia 1 biopaliw jest
uwazany za czwartg najwazniejsza rosling zbozowa na swiecie [51,52]. Ziarniaki H. vulgare
uwazane sg za zrodlo wysokoenergetycznego pozywienia, bogatego w fitozwigzki
I przeciwutleniacze korzystnie wptywajace na zdrowie [7]. Jakos$¢ i wielkos¢ plonowania
jeczmienia znaczaco zalezy od poziomu dostepnego dla roslin Cu. Rosliny H. vulgare sa
wrazliwe na niedobor Cu, szczegodlnie w fazie krzewienia i kloszenia, co prowadzi do
nizszych warto$ci odzywczych nasion, spadku ptodnosci ktoskow oraz braku zawigzywania

ziaren [11,53].
3.2.Plan badawczy

W celu weryfikacji przyjetych hipotez zatozono 2 doswiadczenia (Rys. 5): laboratoryjne
oraz wazonowe. Ze wzgledu na ograniczong biodostepnos¢ Cu w glebie i ograniczong
translokacj¢ z korzeni do nadziemnych czgsci roslin w obu doswiadczeniach zastosowano
aplikacj¢ dolistng zwigzkow Cu. Zabiegi wykonano w trzech powtdrzeniach biologicznych.
Wykorzystane w dos§wiadczeniach roztwory Cu scharakteryzowano pod katem wlasciwosci
fizyko-chemicznych, kluczowych dla wyjasnienia ich wplywu na rosliny.

Charakterystyka roztworow zwigzkow Cu
DIS BET XRD ICP-OES

Dos$wiadczenie hydroponiczne Doswiadczenie wazonowe

Przeprowadzone badania Przeprowadzone badania

Rysunek 5. Plan doswiadczenia laboratoryjnego i wazonowego.
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a) Kroétkoterminowe doswiadczenie hydroponiczne w warunkach deficytu Cu miato na
celu (i) oceng interakcji nano-Cu z kutykulg lisci i zdolnoS$ci roslin do pobierania ENPs,
(if) analiz¢ dolistnego dokarmiania roslin jeczmienia jarego pod katem zmian
fizjologicznych i biochemicznych roslin, (iii) ocene wptywu nano-Cu na redukcje stresu
wywotanego niedoborem miedzi oraz zmian w profilach ekspresji genéw zwigzanych
z transportem, homeostazg i reakcjg na stres u roslin.

b) Doswiadczenie wazonowe uwzgledniajgce caly cykl zyciowy roslin umozliwito ocene
rzeczywistego wptywu ENPs opartych na miedzi w poréwnaniu do mikro-Cu i Cu?* na
(i) plonowanie, (ii) sktad chemiczny ziarniakow, (iii) warto$¢ odzywcza i bioaktywnos$¢

ziarniakow.
3.2.1. Doswiadczenie laboratoryjne

Nasiona H. vulgare byly moczone w wodzie Milli-Q® przez 2 godziny w celu

przyspieszenia kietkowania. Nastepnie, zostaly poddane powierzchniowej sterylizacji

Rysunek 6. Zdjecia uprawy hydroponicznej roslin H. vulgare po (A) 4 dniach i (B)
W fazie krzewienia, w ktorej wykonano aplikacje oraz (C) zabiegu aplikacji dolistnej.

70% etanolem (1 min) i trzykrotnie woda Milli- Q® (3 min). Nasiona umieszczono na bibule
laboratoryjnej w szalkach Petriego nasaczonej woda Milli- Q® i inkubowano w temperaturze
24°C w ciemnos$ci. Po 4 dniach, mtode siewki jeczmienia przeniesiono do pojemnikdéw
i uprawiano hydroponicznie w stale napowietrzanej pozywce Y4 Hoaglanda zawierajgce;j
(mM): 0,457 MgS0O4-7 H20, 1 KNOs, 0,1 KH2PO4, Ca(NOs)2, 0,0672 NaSiOs 5 H20, 0,001
Mo07024(NHa4)s, 0,001 ZnSOs4, 0,001 MnCl,, 0,003 HsBOs, 0,03 NaFe(lII)EDTA,

buforowanej przy uzyciu 0,02M MES (kwas 4-morfolinoetanosulfonowy, hydrat kwasu



2-(N-morfolino) etanosulfonowego)-KOH i pozbawionej zwiazkéw Cu. Pojemniki
z roslinami zostaly umieszczone w fitotronie (Conviron GEN1000) (Rys. 6A,B).
W fitotronie przez caly okres trwania eksperymentu utrzymywane byly nastepujace
warunki: fotoperiod 16 h (dzien)/ 8 h (noc), temperatura 23 + 3°C (dzien) i 18 = 3°C (noc),
wilgotnos¢ 60 + 10%.

Po 5 tygodniach uprawy hydroponicznej, w_fazie zaawansowanego Kkrzewienia
(BBCH: 23), wykonano aplikacje dolistng roztworami Cu (Rys. 6C). Nadziemna cz¢$¢ roslin

jeczmienia jarego zostala opryskana roztworami nano-Cu lub CuSOas przygotowanymi
w wodzie Milli- Q® w stezeniu 100 i 1000 mg Cu L z 0,05% dodatkiem surfaktantu
(Tween20, Sigma Aldrich) (Rys. 7). Wyzsze Nano-Cu Cuso,

. . , 100 mg L 1000 mp L* 100 mg L! 1000 mg L*
stezenie zwigzkow Cu zastosowano w celu

4|

.| |
natomiast nizsze st¢zenie roztworow Cu

. . . Rysunek 7. Zdjecie roztworéow nano- Cu
wybrano na podstawie przegladu literatury i  cyso, w stezeniu 100 i 1000 mg L™,

badan wstepnych [44,55], aby oceni¢ potencjal nawozowy nizszych dawek Cu. Grupe

uzyskania dawki 2 kg Cu na ha, zgodnej z

wytycznymi dobrej praktyki rolniczej [54],

S——

. S

kontrolng stanowity roéliny spryskane roztworem wody Milli- Q® z dodatkiem 0,05%
Tween20. Przed opryskiem, roztwory Cu byly sonikowane przez 30 min (25°C, 250 W, 50
Hz) w tazni ultradzwigkowej. Aplikacja dolistna zostala wykonana przy uzyciu 250 mL
recznych spryskiwaczy. Przed przystapieniem do aplikacji, spryskiwacze skalibrowano w
celu zapewnienia aplikacji rownych objetosci roztwordow 1 poziomu zraszania. Ponadto,
pojemniki zostaly przykryte folig na czas aplikacji, aby zapobiec zanieczyszczeniu miedzig
pozywki hydroponicznej oraz ryzyka absorpcji Cu przez korzenie. Masa folii przed i po
aplikacji roztworéw Cu umozliwita okreslenie rzeczywistej ilo$ci roztwordw, ktora
pozostata na roslinie (okoto 28,5 + 3,0%). W zwiazku z zauwazalng silng agregacjg ENPs,
przeprowadzono analizy stezenia Cu?* w roztworach z nano-Cu przed i po oprysku (po
»przejsciu” roztworu przez spryskiwacz) w celu sprawdzenia czy agregaty ENPs nie zatkaty
dyfuzora powodujac nizsza realng ekspozycj¢ na ENPs od zatozonej. Brak roznic w
stezeniach Cu®* przed i po wykonaniu opryskéw §wiadczy o niezakloconym przeplywie
roztworéw z ENPs.

Po 1 i 7 dniach ekspozycji na Cu, rosliny Scigto i podzielono na cze$ci przeznaczone

do chemicznych i biologicznych analiz. Bezposrednio po Scigciu liscie flagowe zostaty
natychmiast roztarte w cieklym azocie w celu izolacji RNA. Pozostate liScie zostaly

podzielone na 2 grupy: pierwsza grupa przeznaczona do analiz biochemicznych zostata



zwazona 1 przechowywana w -80°C. Druga czg$¢ lisci przeznaczona do analiz
spektroskopowych i mikroskopowych zostata optukana w wodzie Milli-Q® (wyjatek
stanowity analizy FTIR, w ktorych uzyto swieze, nicoptukane fragmenty lisci). Dodatkowo,
w celu usunigcia nano-Cu z powierzchni lisci, liScie zostaty zanurzone w HNO3z na 30 sek.
i 3-krotnie oplukane woda Milli-Q®. Korzenie roélin byty optukane tylko w wodzie
Milli-Q®. Probki ro$linne zostaly nastepnie powietrznie wysuszone, zwazone

I przechowywane w temperaturze 20°C.
3.2.2. Doswiadczenie wazonowe

Doswiadczenie wazonowe prowadzono w warunkach polowych w Swidniku (Woj.
lubelskie) w okresie od 27.03 do 27.07.2020 roku. Gleb¢ wykorzystang w doswiadczeniu
scharakteryzowano pod katem pH oraz dostepnych makro- i mikrosktadnikow. Nasiona
jeczmienia jarego zostaly wysiane do 50 L
donic (50 nasion/donica). Donice zostaty

wkopane do gleby i otoczone siatka w celu

ochrony przed szkodnikami. W poznej fazie 1
kietkowania (BBCH: 9) rosliny zostaty Rysunek 8. Zdjecie zastosowanych roztworéw.

przerzedzone do 20 siewek jeczmienia jarego. Rosliny byly podlewane woda redestylowana.
Aplikacje dolistng roztworami nano-Cu, nano-CuO, mikro-Cu, CuSO4 oraz Cu-EDTA (Rys.
8) wykonano dwukrotnie w okresie wzrostu roslin: w fazie zaawansowanego krzewienia
(BBCH: 29) oraz na poczatku kloszenia (BBCH: 51) (Rys. 9A,B). Zastosowana dawka

(6 mL roztworu o stezeniu 500 mg Cu L) zostata przeliczona by sumarycznie uzyskaé

= » 2. — y XN SRR e CRLEL W
Rysunek 9. Zdjecia uprawy wazonowej roslin H. vulgare w fazie (A) zaawansowanego krzewienia
i (B) na poczgtku kloszenia w ktorych wykonano aplikacje oraz (C) w fazie petnej dojrzatosci.

koncowe stezenie 2 kg Cu na ha. Roztwory badanych zwigzkéw Cu przygotowano w wodzie
Milli-Q® z 0.1% dodatkiem adiuwanta (FASTER, INTERMAG). Przed opryskiem,
roztwory Cu byly sonikowane przez 30 min (25 °C, 250 W, 50 Hz). Grupe kontrolng



stanowily ro$liny spryskane roztworem wody Milli-Q® z 0.1% dodatkiem adiuwanta.
Aplikacje dolistng wykonano przy uzyciu recznych spryskiwaczy, uprzednio
skalibrowanych, podobnie jak w przypadku doswiadczenia laboratoryjnego. Na czas
aplikacji dolistnej donice z ro§linami zostaty przeniesione do zadaszonego pomieszczenia
by unikna¢ zanieczyszczenia sasiadujacych roslin. Po wyschnieciu oprysku, donice
przeniesiono na pierwotne miejsce. W probkach gleby po aplikacji dolistnej oznaczono
catkowita zawartos¢ Cu. Brak znaczacych réznic w zawartosci Cu w analizowanych
probkach gleby wskazuje na rownomierny stopien aplikacji opryskow migdzy grupami.

Ziarniaki w fazie pelnej dojrzatosci (BBCH: 89) (Rys. 9C) zostaly zebrane, powietrznie

wysuszone i przechowywane do analiz.

3.3.0pis metod badawczych
3.3.1. Charakterystyka nano- i mikro-czastek

Nano- i mikro-proszki Cu

Srednia wielko$é i morfologia czastek w postaci proszkow zostaty okreslone przy
uzyciu transmisyjnego mikroskopu elektronowego (ang. transmission electron microscope,
TEM) (JEM-3010 TEM JEOL, Ltd., Japonia). Powierzchni¢ wlasciwa wyznaczono na
podstawie adsorpcji N2 stosujac metode BET (Brunauer-Emmett-Teller’a). Strukture
krystaliczng i1 sklad fazowy okreslono wykorzystujac dyfrakcje proszkows (ang. X-ray
powder diffraction, XRD) (Empyrean, PANalytical, Holandia), uzywajac promieniowania
CuKo (A= 1.54016 A) przy parametrach 60 keV w zakresie 20 = 5-95 stopni. Piki odczytane
z obrazu dyfrakcyjnego XRD zostaty zidentyfikowane przy uzyciu bazy danych PDF-2
z Migdzynarodowego Centrum Danych Dyfrakcyjnych (ang. International Centre for
Diffraction Data, ICDD).
Roztwory wodne Cu

Roztwory przeznaczone do aplikacji dolistnej byly scharakteryzowane pod katem

potencjalu zeta i rozkladu wielkos$ci agregatow z wykorzystaniem techniki dynamicznego
rozpraszania $wiatla (ang. dynamic light scattering, DLS) (Zetasizer 3000, Malvern, Wielka
Brytania). Stopien rozpuszczenia nano-/ mikro-Cu oraz nano-CuO zostal zmierzony po
uprzedniej separacji frakcji rozpuszczonych jonéw Cu z roztworu poprzez ultrafiltracje z
wykorzystaniem filtrow Omega Membrane 1K (Pall Corporation). Stezenie Cu®* 0znaczono
przy uzyciu optycznej spektrometrii emisyjnej ze wzbudzeniem w plazmie indukowanej
(ang. inductively coupled plasma optical emission spectrometer, ICP—OES) (Thermo Fisher
Scientific, ICAP 7200, USA).



3.3.2. Analiza probek roslinnych [PII i PIII]

3.3.2.1. Analizy spektroskopowe lisci in situ

Ocenie poddano grupy funkcyjne w naskorku liscia, ich rol¢ strukturalng,
interakcje oraz uklad makroczgstkowy ich komponentow wykorzystujac spektroskopie
ostabionego catkowitego odbicia w podczerwieni (ang. Fourier transform infrared
spectroscopy - attenuated total reflectance, FT-IR/ATR) (Nicolet 6700 z przystawka
Meridian Diamond ATR, Harrick) [33]. Do zobrazowania powierzchni lisci poddanych
ekspozycji na zwigzki miedzi przed i po trawieniu HNO3z w celu okreslenia stopnia
internalizacji zastosowanych roztworé6w Cu wykorzystano skaningowa mikroskopie
elektronowa (SEM) z systemem EDS (ang. energy dispersive spectroscopy) (Quanta™ 3D
FEG, FEI z detektorem EDAX SDD Apollo).

3.3.2.2. Ocena dystrybucji Cu w roslinach

Catkowita zawarto§¢ Cu w tkankach roslinnych (korzeniach i czgéciach
nadziemnych) zmierzono po uprzedniej mineralizacji probek w mieszaninie HNO3 z 30%
H20> (4:1) w mineralizatorze mikrofalowym (Milestone, ETHOS EASY) w 200°C przez 1h
przy uzyciu ICP-OES. W celu kontroli jakosci mineralizacji, analizy przeprowadzono
z wykorzystaniem certyfikowanego materiatu referencyjnego (liscie pomidora, NIST®
SRM® 1573a). Odzysk Cu wynosit 94 + 2%.

3.3.2.3. Analizy biochemiczne

Zawarto$¢ barwnikow. Zawarto$¢ chlorofilu (a i b) i karotenoidéw 0znaczono

zgodnie z metodyka opisang przez Nayek i in. [56] z ekstrakcjg probek za pomoca 80% (v/v)
acetonu przez 30 minut w temperaturze pokojowej. Uzyskany supernatant wykorzystano do
oznaczenia absorbancji chlorofilu a, chlorofilu b 1 karotenoidéw za pomoca
spektrofotometru (Lambda 40 UV-Vis, Perkin Elmer), przy dlugosciach fal 663, 645
i 470 nm, odpowiednio.

Analiza peroksydacji lipidéw. Analiza opierata si¢ na pomiarze zawartosci aldehydu

malonowego (ang. malondialdehyde, MDA) zgodnie z protokotem Wessely-Szpondel [57]
z wykorzystaniem 20% kwasu trichlorooctowego. Stezenia MDA odczytano z krzywej
standardowej uzyskanej przy uzyciu bis-dimetyloacetalu aldehydu malonowego przy
dtugosci fali 532 nm.

Zdolnos¢ do usuwania wolnych rodnikéw zostata oznaczona po chemicznej ekstrakcji

i trawieniu probek in vitro. Analizy wykonano zgodnie z protokotem Re i in. [58],

wykorzystujac ABTS (2,2'-azobis(3-ety- lobenzotiazolino-6-sulfonian) jako zrodto wolnych



rodnikéw. Wyniki wyrazono jako réwnowazniki troloksu w mg na g §wiezej masy.
Aktywnos$¢ enzyméw antyoksydacyjnych. Aktywnos¢ dysmutazy ponadtlenkowej
(ang. superoxide dismutase, SOD) (E.C. 1.15.1.1), katalazy (ang. catalase, CAT)

(EC 1.11.1.6) oznaczono z wykorzystaniem zestawow komercyjnych: SOD Assay Kit®,
CAT Assay Kit® (Merck, Niemcy), aktywnos$¢ peroksydazy (ang. peroxidase, POD)
(EC 1.11.1.x) zostata okreslona z wykorzystaniem gwajakolu jako substratu reakcji zgodnie
z metodyka Ippolito i in. [59], gdzie 1 jednostka utlenia 1 pmol gwajakolu na minute przy
pH 6.4 w 25°C; aktywnos$¢ reduktazy glutationowej (ang. glutathione reductase, GR)
(EC 1.8.1.7) oznaczono wedhug protokotu Sikory i Swiecy [60] z wykorzystaniem 100 mM
buforu fosforanu sodu (pH 7.6) zawierajacego 3.4 mM EDTA.

Aktywnosé enzymoOw zwiazanych z antyoksydantami nieenzymatycznymi.

Aktywnos¢ amoniakoliazy fenyloalaniny (ang. phenylalanine ammonia-lyase, PAL)
(EC 4.1.3.5) oznaczono z wykorzystaniem 0.02 M L-fenyloalaniny [61]; aktywnos$¢
oksydazy polifenolowej (ang. polyphenol oxidase, PPO) (EC.1.10.3.1.) zostala okre$lona
z wykorzystaniem katecholu jako substratu [62];

Zawarto$¢  drobnoczasteczkowych  antyoksydantow. Zawartos¢ glutationu

utlenionego (ang. oxidized glutathione, GSSG) i zredukowanego (ang. reduced
glutathione, GSH) oznaczono z wykorzystaniem zestawu komercyjnego (Sigma-Aldrich,
Niemcy), zgodnie z instrukcjg producenta;

Catkowita zawarto$¢ polifenoli (ang. total phenolic content, TPC). TPC zostata

oznaczona po uprzedniej ekstrakcji rozpuszczalnikami (50% metanol, 60 mM HCI w 50%
metanolu i 60 mM HCI w 70% acetonie) z uzyciem odczynnika Folina-Ciocalteu [63].
3.3.2.4. Analiza ekspresji genow

RNA wyizolowano ze $wiezych lisci z zastosowaniem TRIzolu® (Invitrogen, USA)
zgodnie z instrukcja producenta. Analizy jakosci i ilosci materiatu dokonano
spektrofotometrycznie (NanoDrop 2000). Integralnos¢ RNA oceniono za pomoca
elektroforezy w 2% zelu agarozowym wybarwionym bromkiem etydyny. Nastepnie,
usunigto genomowe DNA z wykorzystaniem DNAzy I (Thermo Scientific). Reakcje
odwrotnej transkrypcji przeprowadzono z wykorzystaniem komercyjnego zestawu NG
dART RT kit (EURXx). Uzyskane cDNA wykorzystano do oceny poziomu ekspresji
wybranych genow transporteréw miedzi (RAN1, COPT5, PAAL, PAA2), akwaporyn (NIP
2;2, PIP 1;1, TIP 1;1, TIP 1;2) oraz enzymow antyoksydacyjnych (SOD Cu/Zn, SOD Fe,
SOD Mn, CAT) przy zastosowaniu reakcji real-time qPCR uzywajac PowerUpTM
SYBRTM Green Master Mix (Applied Biosystems) z wykorzystaniem specyficznych



starterow (Tab. 2). Profile termiczne reakcji oraz stgzenie cDNA uzyte w reakcji zostaty

zoptymalizowane dla kazdej pary starterow. Reakcje real-time gPCR przeprowadzono na

Tabela 2. Sekwencje starterow uzytych do reakcji gPCR [PI1I11].

Numer wpisu )
Sekwencja startera (5" — 3') NCBI/ Zrédlo
5’-GCGATGAATGCGGCTGAAAT-3’

ADP AJ508228.2 [64]
5’>-TCTGAATGTACCAGTGCCGC-3’
5’-AATCCACGAGACGACCTAC-3’

ACT AY145451.1 [64]
5’-ACCACTGAGCACGATGTT-3’
5’>-GACAGCAGGTCCAGCATCTT-3’

GAPDH X60343.1 [65]
5’-GATCAGGTCGACAACACGGT-3’
5>-AAACGAACGTCTGCAATCCC-3’

COPT5 DK830819.1 [64]
5’-CCCAAGGTGTGAATGTGTGT-3’
5’-GCATTAGCGACCTCATTAG-3’ HORVUGHr1G

RAN1 [64]
5’-GCCTTATCTTGCTCACTAC-3’ 031960.1
5-ATGTGCTCTTGGTCTTGCCA-3’

PAA1 AK355848.1 [64]
5’>-TCCCTCGCTGTGAGAAGCTA-3’
5’-TTCGCCATGACACCATCTCTT-3’ HORVUOHr1G

PAA2 [64]
5’-CAGATCATCGGGCCCTGGTC-3’ 009080.5
5’-ATCATCGTCACCTTCAACAT-3’

NIP2.1 AB540229.1 [65]
5-CTAACCCTGCCAACTCAC-3’
5’>-TCAGCAGGATCGCCGTGG-3’

TIP1.1 AB540221.1 [65]
5’-GAAGACGAAGATGAGCGTGGAG-3’
5’-GTCTGGGAGAACCACTGG-3’

TIP1.2 AB540226.1 [65]
5’-GCCGATGAAGCAGATGTC-3’
5’-ATCTACAACAGGGAGCAC-3’

PIP1.1 AB286964.1 [65]
5’-TAGGACTTGGTCTTGAATGG
5’-GGTGACACGACTAATGGAT-3’

SOD Cu-Zn HORVUT7Hr1G [42]
5>-TGACGGACTTCATCTTCTG-3’ 060130.2
5’-GTCTCCGAATGCTATCAATC-3’ HORVUT7Hr1G

SOD Fe [65]
5’-TTCTCATAATCCAGGTAGTAGG 008390.6
5-CTTTGTTGGGAATTGATGTCT-3’

SOD Mn HORVU2Hr1G [65]
5’-CAGATGTTGGTCAGGTAGT-3’ 117740.2
5’-CACTCAACTACAGGCACAT-3’ HORVU7Hr1G

CAT [42]
5-ATCATCCAAGAGGCACTTC-3’ 121700.1

QuantStudio™ 3 Real-Time PCR System (Applied Biosystems™). Uzyskane dane zostaty
znormalizowane przy wykorzystaniu genow referencyjnych (ACT, ADP, GAPDH).
Relatywny poziom ekspresji zostat okreslony wykorzystujac metode 24, Analiza krzywej

topnienia zostala przeprowadzona w celu potwierdzenia specyficznosci powstatych



produktow. Wyniki zostaty przeanalizowane z wykorzystaniem dedykowanego programu

ThermoFisher Cloud.
3.3.3. Analizy ziarniakow [PIV]

3.3.3.1. Zawarto$¢ mikro i makroelementow

Powietrznie wysuszone nasiona jeczmienia jarego zmielono i zmineralizowano w
mieszaninie HNO3z z 30% H»O> (4:1) w mineralizatorze mikrofalowym (Milestone, ETHOS
EASY) w 200°C przez lh. Po ostudzeniu, probki przefiltrowano (0,45 um, PTFE),
a zawarto$¢ Cu, Zn, Mn, Fe, Ca, Mg, K oznaczono przy uzyciu ICP-OES [42]. Analizy
przeprowadzono z wykorzystaniem certyfikowanego materiatu (mgka kukurydziana, INCT-
CF-3, ICHTJ) jako kontrolg jako$ci mineralizacji probek. Odzysk wybranych
mikroelementéw miescit si¢ w zakresie 93,0-98,4% (Cu, Zn, Mn, Fe) i 87,4-95,3% (Ca, Mg,
K).

3.3.3.2. Warto$¢ odzywcza

Zawartos¢ bialka oznaczono metoda Bradforda z wykorzystaniem albumin, globulin,

prolamin i gluteiny jako standardy biatka [66]. Strawnos¢ bialka in vitro zostata oznaczona
z wykorzystaniem metody Minekus i in. [67] z uzyciem symulowanego uktadu
pokarmowego. Do oceny calkowitej zawartosci blonnika pokarmowego zastosowano
metode AOAC 991.43 z wykorzystaniem zestawu komercyjnego (Total Dietary Fiber Assay
Kit) [68].

3.3.3.3. Analizy biochemiczne

Analize TPC przeprowadzono po ekstrakcji ziarniakow réznymi rozpuszczalnikami
(50% metanol, 60 mM HCI w 50% metanolu i 60 mM HCl w 70% acetonie) z uzyciem
odczynnika Folina-Ciocalteu [63]. Calkowita zawarto$¢ antocyjanin (ang. Total
anthocyanin content, TAC) oznaczono z wykorzystaniem metody Lee i in. [69], z pomiarem
absorbancji przy dtugosci fal 520 i 700 nm w przeliczeniu na cyjano-3-glukozyd. Calkowita
zawarto$¢ flawonoidow (ang. total flavonoid content, TFC) oznaczono z wykorzystaniem
80% etanolu, 10% Al (NO3)s i 1M octanu potasu. Absorbancj¢ probek zmierzono przy
dtugosci fali 415 nm, a warto§¢ TFC zostala wyrazona w postaci mg odpowiednikow
kwercetyny na g suchej masy probki. Do oznaczenia zawartosci tanin (ang. content of
condensed tannin, CT) wykorzystano 4% roztwor waniliny w metanolu oraz 35% HCI [70].
Calkowita zawarto$¢ flawanoli (ang. total flavanol content, TFoC) zostala oznaczona
metodg Arancibia-Avila i in. [70] z wykorzystaniem p-aldehydem 4-(dimetyloamino) -
cynamonowego (DMACA, 0,1 % w 1 M HCIl w MeOH).



Zdolnos¢ do usuwania wolnych rodnikéw zostata okreslona po chemicznej ekstrakcji

I trawieniu in vitro probek z zastosowaniem nastepujacych metod: ABTS oznaczono zgodnie
z protokotem Re i in. [58], a uzyskane wyniki wyrazono w réwnowaznikach troloksu;
analizy z wykorzystaniem DPPHe (rodnik 2,2-difenylo-1-pikrylohydrazylowy)
przeprowadzono zgodnie z metodg Brand-Williams’a i in. [71], gdzie wyniki wyrazono w
réwnowaznikach troloksu; zdolno$é¢ do redukowania jonow zelaza (ang. ferric reducing
antioxidant power, FRAP) oznaczono zgodnie z protokotem wg Hanafy’iego i in. [72],
a wyniki wyrazono w rownowaznikach troloksu; zdolnos$¢ do redukcji jonow miedzi (ang.
cupric reducing antioxidant capacity, CUPRAC) przeprowadzono zgodnie z protokotem
Oztirk i in. [73], gdzie wynik wyrazono jako ekwiwalent kwercetyny; zdolno$¢
przenoszenia rodnikow hydroksylowych (ang. hydroxyl radical antioxidant capacity,
HORAC) oznaczono wedtug metody opisanej przez Denev i in. [74], a wynik wyrazono w
réwnowaznikach kwasu galusowego; zdolnos¢ do chelatowania (ang. chelating power,
ChP) jonéw metali przejsciowych zmierzono wykorzystujac metode opracowang przez Guo

iin. [75].
3.3.4. Analizy statystyczne

Wszystkie analizy statystyczne wykonano z wykorzystaniem pakietu oprogramowania
Statistica 13.1. Roznice pomiedzy badanymi grupami zostaty ocenione z wykorzystaniem
jedno- i dwukierunkowej analizy wariancji (ANOVA). Nast¢pnie przeprowadzono testy
wielokrotnego poréwnania post hoc Dunnett’a, Tukey’a lub test Kruskala-Wallisa
(p < 0,05), po ktorych wykonano wielokrotne poréwnanie $rednich rang dla par (PMCMR)
(p < 0,05). Przeprowadzono analiz¢ glownych sktadowych (ang. Principal component
analysis, PCA) w celu ustalenia roéznic i podobienstw pomigdzy probami. Zmienne

przeanalizowano réwniez przy uzyciu korelacji Pearsona.



4. Omowienie wynikow i dyskusja

4.1.Charakterystyka roztworow Cu

Analiza literatury w zakresie zastosowania nanotechnologii w produkcji roslinnej,

przedstawiona w pracy przegladowej [Pl] wykazala, ze oddziatywanie ENPs na rosliny jest

zalezne od wielu czynnikow, w tym od fizyko-chemicznych wtasciwosci ENPs, takich jak

srednica czastek, wielkos¢ powierzchni wiasciwej, potencjal zeta (), rozktad wielkosSci

czastek, rozpuszczalnosé, itp. [76,77]. Z tego wzgledu roztwory ENPS przeznaczone do

aplikacji dolistnej w doswiadczeniu laboratoryjnym i1 wazonowym zostaty poddane

fizyko-chemicznej charakterystyce.

4.1.1. Roztwory uzyte w doswiadczeniu laboratoryjnym

Zarowno zdjecia TEM, jak i analiza rozktadu
wielkos$ci czastek wykazata znaczaca tendencje
nano-Cu do tworzenia agregatow w roztworach
wodnych (Rys. 10). Srednia wielko$¢ agregatow
nano-Cu dla stezenia 100 mg L wynosita
248,8 + 6 nm, pomiar agregacji dla 10-krotnie
wyzszego stezenia ENPs nie byt mozliwy ze
wzgledu na zbyt duza wielko$¢ agregatéw 1 ich
szybka sedymentacje. Potencjat { roztwordw
nano- Cu przy stezeniach 100 i 1000 mg L wynosit
odpowiednio -14,6 i -19,6 mV. Przeprowadzone
analizy rozpuszczalno$ci w roztworach nano-Cu
potwierdzity stabg rozpuszczalno$¢ ENPs na bazie
miedzi (0,29-0,65 mg L, co stanowito mniej niz
1% zastosowanej puli Cu) [PII-PIII]. Nizszy
stosunek rozpuszczonego Cu w roztworze
0 stezeniu 1000 mg L ! w poréwnaniu do 100 mg
L-! mogt wynika¢ m.in. ze zwiekszonej agregacji

nanoczastek wraz ze wzrostem stgzenia [78].

A
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Rysunek 10. Charakterystyka wodnego
roztworu nano-Cu w stezeniu 100 mg L™
(4) obraz TEM oraz (B) rozktad wielkosci
agregatow P11, PIH].



4.1.2. Roztwory uzyte w doSwiadczeniu wazonowym

Wyniki analiz roztworéw nano-Cu, nano-CuO oraz mikro-Cu przedstawiono na
Rysunku 11. ENPs w roztworach tworzyly agregaty, ktorych $rednia wielko$¢ byta
14- (nano-Cu) i 9,6-krotnie (nano-CuO) wigksza od pierwotnej wielkosci czastek. Sredni
rozmiar agregatow mikro-Cu byl ponad 10 razy wigkszy niz ENPs [PI1V]. Wedlug Landa
i in. [22], stopien i wielko$¢ agregacji czastek mogt nastepnie warunkowaé poziom stezenia
Cu?* uwolnionych z nano- i mikroczastek Cu (Rys. 11). Wyzsze stezenia Cu?* w roztworach
ENPs (0,4-0,5 mg L) wzgledem mikro-Cu (0,1 mg L) moga takze wynikaé z ich wiekszej
powierzchni wlasciwej, a przez to reaktywnos$ci. Podobng tendencje obserwowanego

w badaniach innych autorow [22,79,80].

nano-Cu nano-CuO mikro-Cu

TEM
200 nm § -
agr:;ztg“:f['nm] 349,0 + 5 482,0+ 3 5110,0 + 2
Z [mv] 1460 1691 1931
St?f;;‘ffi“” 0,40 0,5£0 0,140

Rysunek 11. Charakterystyka roztworéw nano-Cu, nano-CuO i mikro-Cu o stezeniu 500 mg L™
[PIV] pod wzgledem rozmiaru agregatow, potencjatu zeta oraz stezenia rozpuszczonych jonéw Cu.

4.2.Analiza in situ interakcji zwigzkéw Cu z lis¢mi H. vulgare

Analiza oddziatywania ENPs z rosling w miejscu ekspozycji byta naturalnym krokiem
oceny potencjalu nawozowego nano-Cu w zakresie ich absorpcji i internalizacji. W ramach
tego etapu wykonano mikroskopowe obrazowanie i analize chemizmu lisci, a takze analizy
catkowitej zwartosci Cu w cze$ciach nadziemnych roslin.

Istotny wzrost zawarto$ci Cu w czgsciach nadziemnych (liscie + todyga) jeczmienia
(~4,5-krotny) po 1 dniu zaobserwowano jedynie przy zastosowaniu najwyzszej dawki Cu
(1000 mg L), niezaleznie od zastosowanej formy miedzi (Rys. 12A) [PI1]. Natomiast po 7
dniach wykazano proporcjonalny wzrost zawartosci Cu w nadziemnych tkankach roslin
wraz ze wzrostem zastosowanej dawki zwigzkéw miedzi (p < 0,05) (Rys. 12B). Podobne

obserwacje stwierdzano w dostgpnej literaturze naukowej poréwnujacej zawartos¢ Cu



w lisciach Ocimum basilicum L. [81] czy Lactuca sativa L. [34] po dolistnej aplikacji ENPs
zawierajacych Cu. Jednakze, zauwazono ze calkowita zawartos¢ Cu w tkankach
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Rysunek 12. Catkowita zawartos¢ Cu w czesciach nadziemnych H. vulgare (liscie + todygi) po
aplikacji nano-Cu i CuSO; (100 i 1000 mg L™). Stupki bledéw przedstawiajq blgd standardowy (SE,
n = 3 proby). Roézne litery oznaczajq istotne roznice miedzy zabiegami (test Tukey'a, p < 0,05) [PI].

nadziemnych ro$lin eksponowanych na nizsza dawke nano-Cu byta az o 76% nizsza niz
u roslin traktowanych analogiczng dawka CuSOg4 (Rys. 12B) [PI1]. Mogto to $wiadczy¢
0 wolniejszym pobieraniu Cu przez rosliny, gdy jego zrodtem byto nano-Cu w wyniku
wczeéniej opisanego wolnego uwalniania Cu?* oraz powstawania agregatow ENPs [81].
Jednakze, nie mozna wykluczy¢, ze chloroza (zmiany w fenotypie omowione zostaty w
dalszej czesci pracy) obserwowana u roslin po oprysku wysokim stezeniem CuSOj4 (1000
mg L) nie wptyneta negatywnie na zdolno$¢é roslin do pobierania i transportowania Cu.
Nalezy nadmieni¢, ze po wykonaniu oprysku nano-Cu, na powierzchni lisci
dostrzegalne byly agregaty ENPs (Rys. 13A) [P, PII1]. Jak wykazaty analizy SEM-EDS
(Rys. 13C, E), pomimo zastosowania wst¢pnego trawienia probek w celu usunigcia nano-
Cu z powierzchni lisci, nie udato si¢ tego catkowicie dokona¢. Mogto to spowodowac
przeszacowanie zawarto$ci Cu w probkach traktowanych nano-Cu. Obserwowana tendancja
nano-Cu do tworzenia agregatow na powierzchni liSci moze stanowi¢ jednak zalete jako
dhugotrwate zrodto Cu [39]. W badaniach Zhao i in. [39] wykazano podobng agregacj¢ ENPs
na powierzchni lici Zea mays, co przypuszczalnie wynikalo z uwigzienia nano-Cu(OH)2 w
kutykuli oraz innych strukturach powierzchniowych lisci. Odmienng reakcj¢ obserwowano
u roslin eksponowanych na CuSOgs (Rys. 13D, F), co wskazywato na sukcesywne pobieranie
catej puli jonoéw Cu przez roslin jeczmienia jarego. Na podstawie réznic pomigdzy catkowita
zawarto$cig Cu w lisciach pomiedzy 1-szym a 7-mym dniem po podaniu 100 mg L*

nano- Cu, nawet po uwzglednieniu bledu pomiarowego spowodowanego obecnos$cia



agregatOw nanoczastek, mozemy stwierdzi¢ pobieranie miedzi przez rosliny. Z Kolei,
podobne zawartosci Cu w korzeniach grupy kontrolnej i roslin po aplikacji nano-Cu i CuSO4
$wiadczy o braku translokacji Cu (niezaleznie od formy) do czesci podziemnych. Fakt ten

mogl wynikaé z krotkiego czasu ekspozycji (7 dni) oraz niskiej mobilno$ci Cu, wynikajace;j

z jej silnego wigzania przez bioligandy.
Nano-Cu CuSO,

Po oprysku

Przed trawieniem

Po trawieniu

~

Rysunek 13. Zdjecie lisci H. vulgare po oprysku (A) nano-Cu i (B) CuSQy o stezeniu 100 mg L™* 7
dni po aplikacji dolistnej; Analize internalizacji Cu przeprowadzono z wykorzystaniem SEM-EDS
(C, D, E, F). Zdjecia wykonano przed (C, D) i po (E, F) wytrawieniu lisci H. vulgare poddanych
ekspozycji na nano-Cu i CuSQq (w stezeniu 100 mg L™) w celu usuniecia czgstek miedzi. Rézowy
kolor odpowiada obecnosci Cu [P11, PII].

Uwzgledniajac, ze dolistna aplikacja zastosowanych roztworow miedzi moze
wptywa¢ na chemizm powierzchni lisci, przeprowadzono analize FT-IR/ATR prébek
ro$linnych (Rys. 14) [PIl]. Badanie to wykazato, ze dodatek surfaktantu do badanych
roztworéw Cu znaczaco obnizyt pasma -CHz i -CH>- (dlugotancuchowe woski alifatyczne)
oraz C=0 (kutyna) wzgledem probek kontrolnych (woda destylowana). Wskazuje to na
istotny wzrost hydrofilnosci powierzchni lisci, co moze wynika¢ z degradacji komorek

kutykuli przez surfaktant [82]. Uwzgledniajac role kutykuli w ograniczaniu przenikania



substancji obcych do wnetrza roslin [45], tak znaczaca redukcja warstwy kutykuli mogta

potencjalnie utatwia¢ dyfuzjg ENPs do wewnetrznej warstwy lisci [45].
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Rysunek 14. Widma FT IR/ATR analizowanych probek. Liscie H. vulgare poddano dzialaniu
nano- Cu i CuSOQq (w stezeniu 100 mg L) przez 7 dni [PI1].

4.3.0cena odpowiedzi roslin jeczmienia jarego na dolistng aplikacje
zwigzkow miedzi w zaleznosci od formy i stezenia w warunkach

deficytu Cu

Zaréwno niedobor jak 1 nadmiar Cu wywotujg u roslin kaskadg reakcji w odpowiedzi
na stres, np. zmiany aktywnosci enzymow antyoksydacyjnych [83,84]. Wynika to m.in.
z silnych wlasciwosci oksydoredukeyjnych miedzi [83] oraz jej roli jako kofaktora waznych
proces6w metabolicznych [13]. Dlatego tez podanie zwigzkow miedzi w celu przywrdcenia
homeostazy potencjalnie moze ograniczy¢ negatywny wpltyw wywotany wzrostem w
warunkach deficytu Cu [83]. Jednakze, o ile dotychczasowe badania wskazujg na zalezno$ci
miedzy drogg podania, dawka i zrodtem Cu na reakcje roslin na podane zwigzki Cu (zaréwno
pozytywne/negatywne) [25,85,86], brak byto informacji odno$nie efektow aplikacji ENPs

na bazie miedzi roslinom w okresie niedoboru tego mikroelementu.
4.3.1. Wplyw ekspozycji zwiazkoéw miedzi na wzrost roslin

Dhugotrwaty wzrost badanych roslin w warunkach deficytu Cu skutkowat
wystapieniem charakterystycznych objawow niedoboru Cu u roslin [10], m.in. chlorozy oraz
deformacji i usychania koncowek mtodych lisci tzw. ,,choroby nowin” (Rys. 15A) [PII,
PIl1]. Po 1-no dniowej ekspozycji na nano-Cu i CuSOg nie zaobserwowano widocznych
zmian w fenotypie roslin, podczas gdy po 7 dniach odnotowano postepujaca chloroze

i zmiany nekrotyczne lici roélin eksponowanych na 1000 mg L™ CuSO4 (Rys. 15B) [PII,



PIII]. Efekt ten mogt byé spowodowany nadmiarem Cu?*, ktorych cata pula zostala
uwolniona z CuSOj4 [85].

Kontrola nano-Cu CusSO,
A B 100 mg L 1000 mg L 100 mg L' 1000 mg L*!

Dzien 1

Dzien 7

Rysunek 15. Zdjecie liscia H. vulgare (A) z charakterystycznymi objawami niedoboru miedzi
wykonane przed aplikacjq zwigzkéw miedzi. Zdjecia roslin jeczmienia jarego (B) wykonane po 117
dniach od dolistnej ekspozycji na nano- Cu i CuSQ4 (w stezeniu 100 i 1000 mg L) [PII, PII].

Aplikacja zarowno nano-Cu jak i CuSO4 zwigkszyta poziom suchej masy nadziemnej
czesci roslin H. vulgare po 1-no i 7-mio dniowej ekspozycji (Tab. 3) [P11]. Po 1 dniu od
aplikacji zauwazono, ze sucha masa nadziemnych czgsci roslin opryskanych zwigzkami Cu
byta o 7-22% wicksza wzgledem roslin z grupy kontrolnej (Tab. 3), podczas gdy nie
zauwazono znaczgcych zmian przeprowadzonych zabiegéw na suchg masg¢ korzeni (Tab. 3).
Z kolei, po 7 dniach, stwierdzono dodatnig zalezno$¢ miedzy zastosowana dawka Cu,
a sucha masg nadziemnych cze$ci roslin. Nalezy jednak zaznaczy¢, ze ekspozycja na CuSQO4
stymulowata przyrost biomasy w wigkszym stopniu (89-115%) niz nano-Cu (22,7-85%) w
poréwnaniu do ro$lin kontrolnych. Uzyskane wyniki pozwalaja przypuszczaé, ze
zaobserwowany przyrost biomasy roslin wynikat bezposrednio z dostarczenia Cu roslinom
cierpigcym na jego niedobor. Ponadto, tak szybki przyrost masy po aplikacji dolistnej Cu
mogl wynika¢ ze zwigkszonego zapotrzebowania na ten pierwiastek podczas fazy
krzewienia [12]. Przeprowadzone badania wykazaty, Ze biomasa korzeni wzrosta
adekwatnie wraz ze wzrostem zastosowanych dawek nano-Cu (19,5-46,2% w stosunku
do kontroli), podczas gdy odwrotny trend zaobserwowano dla zabiegu z CuSO4(120-82%),
pomimo braku translokacji miedzi do tych partii roslin.



Tabela 3. Wplyw nano-Cui CuSOs (w stgzeniu 100 i 1000 mg L-1) na suchq masg korzeni oraz czesci
nadziemnych (pedow i lisci) H. vulgare. Srednie, po ktorych nastepujq rozne litery, oznaczajq istotne
roznice miedzy zabiegami (test Tukey’a, p < 0,05) [PI1].

Stezenie Sucha masa [mg]
[mg LY Korzenie Lodygi + Liicie
Dzien 1
Kontrola - 26,10£1,12 98,72+2,28
100 28,42+1,32 105,81+£1,5P
Nano-Cu
1000 25,73+1,72 106,34+3,1P
100 29,50+1,32 107,10+1,1°
CuSOq
1000 26,50+1,52 120,61+11,0¢
Dzien 7
Kontrola - 45,2140,92 102,73+1,42
100 54,00+1,8° 126,09+0,9°
Nano-Cu
1000 66,10+1,0° 190,24+0,8¢
100 99,50+0,8¢ 192,65+1,5¢
CuSOq
1000 81,70+1,6¢° 220,24+1 44

4.3.2. Analizy biochemiczne

Zawartosci chlorofilu i karotenoidow sa waznymi wskaznikami intensywnosci
fotosyntezy, stresu i stanu odzywienia roslin [55]. Przeprowadzone analizy wykazaty brak
istotnych zmian w zawartosci barwnikow fotosyntetycznych po 1 dniu ekspozycji roslin na
Cu, niezaleznie od podanej formy i dawki [PIl]. W przypadku zawartosci chlorofilu b
I karotenoidow podobny trend utrzymat si¢ takze po 7 dniach po oprysku. Wykazano
natomiast znaczacy spadek zawartosci chlorofilu a u roslin poddanych dziataniu CuSOs
w dawkach 100 i 1000 mg L™ (14,2% i 24,7%, odpowiednio) w poréwnaniu do roslin
kontrolnych oraz obu dawek nano-Cu [PI1]. Wyniki te sg zgodne z obserwowang chloroza
lisci u roslin eksponowanych na sole miedzi (Rys. 15).

Wedtug dostepnej literatury, zarowno deficyt jak 1 nadmiar Cu mogg indukowac stres
oksydacyjny w wyniku zaburzenia réwnowagi w produkcji reaktywnych form tlenu
(ang. reactive oxygen species, ROS) [35,87]. Nadprodukcja ROS moze wywotywac
uszkodzenia roslin na poziomie molekularnym poprzez m.in. utlenianie lipidow, biatek,
pigmentéw czy kwasow nukleinowych [22]. W celu okreslenia odpowiedzi ro$lin na
zastosowane zwigzki miedzi, w pierwszej kolejnosci analizie poddano zawartos¢ MDA, jako

wskaznika peroksydacji lipidow (Rys. 16A) [P11]. Po 1-szym dniu zastosowane roztwory



Cu spowodowaly istotne zmiany w zawartoéci MDA jedynie przy stezeniu 1000 mg L*
nano-Cu (spadek o 29%) i CuSO4 (wzrost o 56%). Po dluzszej ekspozycji, stwierdzono
podwyzszong zawartos¢ MDA jedynie u roslin wystawionych na dziatanie CuSOj4, podczas
gdy nano-Cu nie miata wptywu na ten parametr. Taka reakcji ros$lin mogta wynikaé z
nagtego dostarczenie duzej puli Cu®* z CuSQa, co doprowadzito do peroksydacji lipidow
[88]. Ponadto, odnotowany wzrost pojemnosci antyoksydacyjnej wyrazonej wskaznikiem
ABTS jedynie pod wptywem najwyzszej dawki CuSO4 (0 157,4%) w poréwnaniu do roslin
kontrolnych po 1-szym dniu moze potwierdza¢ negatywna reakcj¢ roslin na ekspozycje
pelnej puli Cu?* (Rys. 16B).
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Rysunek 16. Zawartos¢ malondialdehydu (MDA) (A) oraz zdolnos¢ antyoksydacyjna (ABTS) (B) w
roslinach H. vulgare eksponowanych na nano-Cu i CuSOq4 w stezeniu 100 i 1000 mg L™ przez 1i 7
dni. Stupki bledow reprezentujg blgd standardowy (SE, n=3 proby). Gwiazdki wskazujq na istotng
roznice miedzy probami nietraktowanymi i traktowanymi (test Duncana, p < 0,05). Rozne litery
wskazujq na istotne roznice miedzy zabiegami (test Tukey’a, p < 0,05) [PI1].

W nastgpnym etapie badan, przeanalizowano poziom aktywnosci/zawartosci
antyoksydantow enzymatycznych i1 nieenzymatycznych, ktore odpowiadajg za konwersje
ROS do mniej toksycznych form lub ich catkowitg neutralizacj¢ [85,89]. Analiza aktywnoS$ci
badanych antyoksydantow pod wpltywem zastosowanych zwigzkéw Cu pozwolita na
(i) zbadanie ich roli w fagodzeniu stresu oksydacyjnego spowodowanego niedoborem Cu,
(ii) ocene potencjalnego wptywu fitotoksycznego wynikajacego z nadmiaru Cu?*/obecnosci
nanoczastek [PI1]. Sposréd 4 badanych enzymow, dolistna aplikacja zwigzkéw Cu istotnie
zmienita aktywnos$¢ jedynie SOD i GR po 1-dniowej ekspozycji (Rys. 17). W przypadku
SOD, wykazano blisko 1,7-krotny spadek aktywnos$ci enzymu pod wplywem niskiej dawki
obu zwigzkéw Cu. Jednoczeénie, ekspozycja na 1000 mg L™ Cu, niezaleznie od formy

miedzi, spowodowata az 9-krotne obnizenie aktywnos$ci enzymu SOD u roslin



w poréwnaniu do roslin kontrolnych. Bioragc pod uwagg, ze SOD stanowi pierwsza lini¢
obrony przed stresem oksydacyjnym (kataliza O," do H20: i O2), zmiana jego aktywnoSci

jest kluczowa dla zachowania rownowagi wewnatrzkomorkowej m.in. w odpowiedzi na
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Rysunek 17. Aktywnos¢ SOD (4), CAT (B), POD (C), GR (D) w H. vulgare pod wplywem dziatania
nano-Cu i CuSQO4 (100 i 1000 mg L™) po 1 i 7 dniach ekspozycji. Stupki bledéw reprezentujq blgd
standardowy (SE, n=3 proby). Gwiazdki wskazujq na istotng roznice miedzy probami
nietraktowanymi i traktowanymi (test Duncana, p < 0,05). Rozne litery wskazujq na istotne roznice
miedzy zabiegami (test Tukey’a, p < 0,05) [PII].

stres zwigzany z deficytem Cu [83]. Mimo, Ze jedna z izoform tego metaloenzymu (SOD
Cu-Zn) w centrach aktywnych zawiera miedz i dostarczenie tego metalu powinno skutkowac
szybkim przywroceniem aktywnosci SOD, to zaobserwowana redukcja enzymu mogta by¢
zwigzana z wybuchem tlenowym w odpowiedzi na silny stres wywotany obecnoscig obcych
czastek (ENPs) [90] lub toksycznym stezeniem Cu?" (CuSOa) u roélin po dtugotrwalym
okresie niedoboru Cu [85]. Pomimo zaangazowania zarowno enzymu CAT, jak i POD do
konwersji H.O> do Oz oraz H20 [85], nie wykazano istotnych roznic w poziomie aktywnosci
mie¢dzy ros$linami traktowanymi i kontrolnymi (p > 0,05) pod katem aktywnosci tych
enzymow po 1-nym dniu (Rys. 17B,C). Brak zmian aktywnosci CAT i POD po
krotkotrwatej ekspozycji mogt wynikaé z opo6znionej lub gatunkowo/odmianowej
specyficznej odpowiedzi enzymatycznej roslin [85]. Po 7 dniach od ekspozycji poziom

aktywnos$ci wszystkich opisywanych enzymow zréwnat si¢ z poziomem roslin kontrolnych



z wyjatkiem roslin poddanych ekspozycji na wysokie stezenie CuSOs (60% redukcja
aktywnosci wzgledem kontroli) (Rys. 17B).

Brak spodziewanego wzrostu aktywno$ci enzyméw antyoksydacyjnych mogt by¢
takze zwigzany z indukcja innych mechanizméw obronnych rosliny, szczegdlnie
zwigzanych z niskoczasteczkowymi antyoksydantami jak glutation czy polifenole. Znaczacy
wzrost aktywnosci GR (Rys. 17D) — enzymu odpowiedzialnego za redukcje GSSG do GSH
[91] — juz po 1-szym dniu sugeruje, ze podanie zwigzkoéw Cu aktywowato szlaki zwigzane
z gluationem. Oba stezenia nano-Cu spowodowaty okoto 3,3-krotny wzrost aktywnosci GR,
jednak CuSOs w jeszcze wigkszym stopniu zwigkszyl aktywnos¢ enzymu tego enzymu

W poréwnaniu do roslin nietraktowanych zwigzkami Cu (p < 0,05). Dotychczas,
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Rysunek 18. Wplyw nano-Cu i CuSOy (w stezeniu 100 i 1000 mg L™) po 1 i 7 dniach ekspozycji na
zawartos¢ glutationu w formie zredukowanej (GSH) (A) i utlenionej (GSSG) (B) w lisciach
jeczmienia. Stupki btedow reprezentujg blgd standardowy (SE, n=3 proby). Gwiazdki wskazujq na
istotng roznice miedzy probami nietraktowanymi i traktowanymi (test Duncana, p < 0,05). Rozne
litery wskazujg na istotne roznice miedzy zabiegami (test Tukey’a, p < 0,05) [P1I].

podwyzszony poziom GR obserwowano m.in. u ro$lin pod wptywem ekspozycji na metale
ciezkie, gdzie GR umozliwia utrzymanie puli GSH (Rys. 18) na poziomie umozliwiajacym
skuteczne zwalczanie ROS, a takze chelatacj¢ jonow metali [91]. Dlatego znaczny wzrost
aktywnosci enzymu GR pod wplywem CuSOs mogt swiadczy¢ o nadmiarowych stezeniach
Cu?* w komorkach roslinnych i generowaniu ROS [91]. Natomiast uwzgledniajac niski
poziom uwolnionych jonéw miedzi z nano-Cu, zaobserwowany efekt mogt by¢ przejawem
odpowiedzi obronnej roslin na kombinacje obecnosci obcych czastek i Cu?'. Warto
zaznaczy¢, ze mimo relatywnie niskiego st¢zenia jonow Cu w przygotowanych roztworach,
nano-Cu po dolistnej aplikacji mogly podlegaé¢ transformacjom zaréwno na powierzchni
lisci (np. pod wplywem wilgotnosci 1 $wiatta) jak i biotransformacjom wewnatrz ro$lin, co
mogto skutkowaé zwiekszonym uwalnianiem jonéw Cu [92]. Analiza zawartosci GSH

i GSSG wykazata, ze jedynie ekspozycja na 100 mg L* nano-Cu spowodowata wzrost puli



GSH (0 102%) w roslinach po 1 dniu (p < 0,05) (Rys. 18). Ze wzgledu na swojg role
w neutralizowaniu ROS i immobilizowaniu jonow metali, wysoki poziom GSH moze
prowadzi¢ do zwigkszonej tolerancji ro$lin na czynniki stresowe. Jednoczes$nie, wyzsza
dawka nano-Cu oraz obie dawki soli miedzi znaczgco zwigkszyly zawartos¢ GSSG
(odpowiednio 4,5- i 2,8-krotnie). Potwierdza to nadprodukcje ROS pod wpltywem tych
zabiegdéw oraz zaangazowanie tego szlaku w reakcji obronnej roslin zarowno na ENPs jak
I CuSOq [P1H].

Analizie  poddano  takze  aktywno$¢  kluczowych  enzymoéw  szlaku
fenylopropanoidowego (PAL, PPO) oraz zawartosci jednego z ich produktow — polifenoli
(TPC) (Rys. 19) [93]. Nasze badania nie wykazaly znaczacych zmian w aktywnosci PAL po
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Rysunek 19. Zmiany aktywnosci PAL (4), PPO (B) i zawartosci TPC (C) w H. vulgare pod wplywem
nano-Cu i CuSOs (w stezeniu 100 i 1000 mg L) po 1 i 7 dniach ekspozycji. Stupki bledow
reprezentujq blgd standardowy (SE, n=3 proby). Gwiazdki wskazujg na istotng roznice miedzy
probami nietraktowanymi i traktowanymi (test Duncana, p < 0,05). RozZne litery wskazujg na istotne
roznice miedzy zabiegami (test Tukey’a, p < 0,05) [PI1].

1-no dniowej ekspozycji roslin wzgledem kontroli (Rys. 19A), podczas gdy badania innych
autorow [94] opisywaty indukcj¢ PAL w odpowiedzi na stresory takie jak metale cigzkie.
W trakcie naszych badan stwierdzono rowniez brak wptywu obu dawek nano-Cu na
aktywnos¢ PPO, podczas gdy u roslin wystawionych na CuSO4 zaobserwowano ok. 5-krotny
wzrost aktywnosci PPO po 1-szym dniu ekspozycji w poréwnaniu do roslin kontrolnych
(p < 0,05). Tak znaczacy wzrost aktywnosci PPO w odpowiedzi na sole miedzi
prawdopodobnie wynikal z dostarczenia jonéw Cu: PPO jest biatkiem wymagajacym
obecnosci Cu?*, a w warunkach deficytu jego aktywnos¢ spada [85]. Ponadto, aktywnos¢
PPO jest zwigzana z utlenianiem polifenoli do chinondéw i lignifikacja §cian komorkowych
W procesie starzenia w odpowiedzi na stresory [59,85,95]. Jedynie niskie stezenie nano-Cu
wykazato efekt stymulujacy na TPC (4,3-krotny wzrost) wzgledem roslin kontrolnych po
1 dniu (p < 0,05). Biorac pod uwagg, ze zwiagzki fenolowe sg metabolitami wtornymi o duze;j

aktywnosci antyoksydacyjnej, ich zwigkszona akumulacja moze $wiadczy¢ o prawidtowym



funkcjonowaniu mechanizmu obronnego ro$liny i dziataniu nano-Cu jako elicytatoréw [39].
W przypadku pozostatych zabiegdéw, stres oksydacyjny mogt zakldcaé biosynteze tych
metabolitow 1 ostabia¢ zdolnosci antyrodnikowe roslin [96]. Po dhluzszej ekspozycji
w  wiekszosci przypadkéw, nie obserwowano juz znaczacego wplywu zastosowanych
roztworéw na analizowane parametry, CO moze sugerowaé krotkotrwatly efekt stymulujacy

w przypadku niskiej dakwi nano-Cu, lub ich ,,wykorzystaniu” do neutralizacji ROS.
4.3.3. Analiza ekspresji genow

Ocena zmian na poziomie molekularnym pozwolita na dogiebng analize wplywu
zastosowanych zwigzkéw Cu na zmiany w profilach ekspresji genéw transporteréw miedzi
(RAN1, COPTS5, PAAL, PAA2), akwaporyn (NIP2.2, PIP1.1, TIP1.1, TIP1.2) oraz enzymow
antyoksydacyjnych  (SOD  Cu/Zn,

SOD Fe, SOD Mn, CAT) (Rys. 20) A1) __adl
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pozostate roztwory Cu zwickszaly Rysunek 2_0. Schemat lokalizacji transporterow Cu,
) - _ akwaporyn i enzymatycznych antyoksydantow w komaorce
poziom ekspresji PAA2 i RAN1 roslinnej [PI].

(odpowiednio 1,4- i 1,5-3,8-krotnie) (Rys. 21). Badania Ma i in. [97] wskazaty na spadek
ekspresji transporterow Cu takich jak PAA1 (transport Cu przez btony chloroplastu), PAA2
(transport Cu do centrum chloroplastu ) czy RAN1 (transport Cu do jadra komorkowego),
w odpowiedzi na nagly wzrost stezenia jonéw Cu w komorkach roslinnych, po czym ich
poziom ekspresji stopniowo wzrastat w czasie. Pozwala to przypuszczac¢, ze niski poziom
ekspresji transporteréw Cu jedynie u ro$lin eksponowanych na 100 mg L nano-Cu wynikat
z nizszej dostepnej roslinom puli jonow Cu ze wzgledu na ich powolne uwalnianie z ENPs
[PII, PII]. Jednakze, wraz z wydluzeniem czasu ekspozycji poziomy transkryptow
analizowanych gendéw ulegty obnizeniu w odpowiedzi na badane zwigzki Cu niezaleznie od
dawek (PAAL o 64-85%, PAA2 0 34-53%, RAN1lo 78-89%) (Rys. 21). Uzyskane wyniki
moga wskazywac¢ na ograniczanie translokacji jonow Cu do organelli komdérkowych roslin
w celu zapobiegania/tagodzenia efektow gromadzenia sie nadmiaru Cu?* wewnatrz komérek

H. vulgare [97] [P111]. Jednoczesnie poziom ekspresji genu COPTS5, odpowiedzialnego za



transport joné6w Cu kumulowanych w wakuoli [98], utrzymywat si¢ na stale obnizonym
poziomie zaréwno po 1 (o ~50%), jak i po 7 dniach (0 43-84%) (Rys. 21).

W zaleznosci od dostepnej puli jonow Cu potencjat osmotyczny komorek roslinnych
podlega zmianom, co moze wplynag¢ na zmiany profili ekspresji genéw akwaporyn
(ang. aquaporines, AQs) — zaangazowanych w dwustronng dystrybucje jondw metali do/z
komorek (NIPs) i organelli komorkowych, takich jak chloroplasty (PIPs) i wakuole (TIPs)
(Rys. 20) [99]. Pomimo, iz dotychczasowe badania wigzaty spadek ekspresji AQS jedynie
z regulacja osmotyczna wynikajaca z obecnosci Cu®* [22], w naszych analizach jedynie

ekspozycja na nano-Cu w stezeniu 100 mg L prowadzita do obnizenia regulacji wszystkich
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Rysunek 21. Wzgledna ekspresja genéw PAAIl (A), PAA2 (B), RANI (C) i COPTS5 (D) w lisciach
H. vulgare pod wplywem ekspozycji na nano-Cu i CuSO, (100 i 1000 mg L™) po 1 i 7 dniach
ekspozycji. Stupki bledow reprezentujg blgd standardowy (SE, n=3 proby). Gwiazdki wskazujg na
istotng roznice miedzy probami nietraktowanymi i traktowanymi (test Duncana, p < 0,05) [PI11].

testowanych genow AQS (0 45-64%). Przypuszczalnie, przedtuzajacy si¢ niedobor Cu mogh
wplynaé na reakcje roslin na bodzce [100], co w potaczeniu z wczesniej opisang nizsza
dostgpnoscig Cu?* z ENPs [PI1, P111] prowadzito do odmiennego wzoru ekspresji genow
AQs. Wraz z wydluzeniem czasu ekspozycji roslin odnotowano istotny wzrost ekspresji
wszystkich testowanych AQs, jednakze odpowiedz molekularna NIP2.1, PIP1.1 i TIP1.1
byta odwrotnie zalezna od dawki: podczas gdy nizsze dawki roztworéw Cu prowadzity do
1,5-5-krotnej indukcji poziomu transkrypcji genow AQs, ekspozycja na roztwory 1000 mg
Cu L ! skutkowata wzrostem ekspresji NIP2.1 (2,7-krotnym). Wyjatek stanowit gen TIP1.2,



dla ktorego wykazano 3,8-5,6-krotny wzrost ekspresji pod wpltywem obu dawek nano-Cu
I CuSOs. Ze wzgledu na dwukierunkowy transport czasteczek/czastek przez akwaporyny
oraz nadal niewystarczajacag wiedzg na temat ich roli i mechanizméw dziatania, trudno
jednoznacznie zinterpretowaé oddzialywanie ENPs. Dotychczasowe badania wskazuja na
podwyzszong ekspresje AQS w okresie intensywnego wzrostu ro§lin w celu zapewnienia
efektywniejszej cyrkulacji wody i sktadnikow odzywczych [99,101,102], co mogtoby
wskazywac na pozytywny wpltyw nawozenia Cu w niskich dawkach na gospodarke wodna
1 mineralng roslin. Jednak majagc na uwadze inne opisane juz wczesnie] markery,
obserwowane zmiany w ekspresji mogly wynikac z reakcji obronnej rosliny polegajacej na
,,wyrzucie” nadmiernych stezen Cu*/Cu?* (wicksza ekspresja NIP2.2) i/lub ich sekwestracji
w mniej wrazliwych organellach jak wakuole (wigksza ekspresja TIP 1.2) [103].
Uwzgledniajac negatywny wptyw deficytu Cu na wzrost roslin (stres oksydacyjny,
inhibicja bialek zawierajagcych Cu) [84], analizie poddalismy takze ekspresje genow trzech
izoform SOD oraz CAT (Rys. 20). Juz po 1 dniu ekspozycji wykazano 4-5-krotny wzrost
ekspresji SOD Cu-Zn przy rownoczesnym gwattownym spadku ekspresji SOD Fe (0 okoto
76%) jedynie u roslin wystawionych na dziatanie soli miedzi, co prawdopodobnie wynikato
z szybkiego uwalniania jonéw Cu?* do komérek roslinnych [84,104] w przeciwiefstwie do
ENPs. Natomiast, niezaleznie od formy i dawki Cu oraz czasu ekspozycji, nie odnotowano
zmian w ekspresji SOD Mn w poroéwnaniu do grupy kontrolnej (p > 0,05). Z kolei,
stwierdzone zwigkszenie ekspresji genu CAT zalezato gtéwnie od rodzaju zwigzku Cu niz
od dawki (1,5- oraz 4,5-krotny wzrost ekspresji dla nano-Cu i CuSOs, odpowiednio).
Obserwowana zwigkszona ekspresja SOD Cu-Zn i CAT w odpowiedzi na CuSO4 po 1 dniu
moze sygnalizowaé nadprodukcje ROS z powodu szybszego naptywu Cu?* i ich
nadmiarowej akumulacji [22]. Reakcja ta mogta by¢ roéwniez zwigzana z budowg SOD Cu-
Zn, wymaga jonow Cu, w przypadku ich niedoboru ich role¢ moga ,,przejmowac” inne
izoformy tego metaloenzymu. To wytlumaczenie znajduje potwierdzenie w poziomach
ekspresji dwoch izofom SOD (SOD Cu-Zn, SOD Fe) zmierzonych po 7 dniach. Mianowicie,
w przypadku CuSO4zauwazono dalszy wzrost ekspresji SOD Cu-Zn (4- i 13,5-krotny) przy
réwnoczesnym spadku poziomu transkryptu SOD Fe (4- i 12,8-krotnym). Jednocze$nie
wszystkie zwigzki Cu powodowaty ok. 60-78% spadek ekspresji genu CAT po 7 dniach
ekspozycji. By¢ moze wynikato to z zaangazowania innych szlakow zwigzanych z
odpowiedzig na stres [87]. W biezacych badaniach nie wykazano istotnej korelacji pomigdzy
poziomem ekspresji genéw CAT i izoform SOD, a poziomem aktywnosci enzymow CAT i

SOD, co mogto by¢ spowodowane réznicg w pobranym do badan materiale — do analiz



aktywnos$ci enzymdéw wykorzystano starsze liscie, podczas gdy analizy ekspresji genow
przeprowadzono na lisciach flagowych. Ponadto, taki stan moze wynika¢ z réznic w
zawarto$ci nano-Cu/CuSOs w tych partiach liSci oraz odmienny profil ekspresji genow w
zalezno$ci od tkanki roslinnej [105], co moglo by¢ zwigzane z warunkami wzrostu roslin
(niedobor Cu), ktore wymuszaly na roslinie np. priorytetyzacje dystrybucji Cu do mtodszych
lisci.

W celu uzyskania cato$ciowego obrazu zmian ekspresji analizowanych gendéw pod
wplywem nano-Cu oraz CuSOq na rosliny H. vulgare, profile ekspresji 12 badanych genéw
przedstawiono w postaci mapy ciepta (Rys. 22). Po 1 dniu ekspozycji na sole miedzi,
W przeciwienstwie do nano-Cu, rosliny wykazywaty podobne wzorce ekspresji wszystkich
genow niezaleznie od dawki. Ta roznica w ekspresji gendw najprawdopodobniej wynikata
z szybkiego rozpuszczenia i wychwytu Cu?* przy zastosowaniu CuSQa, co bezposrednio
prowadzito do szybkiej indukcji ekspresji gendow antyoksydantow. Jednocze$nie

zauwazalny byt wyrazny podziat w profilu ekspresji genow miedzy nizszg dawka nano-Cu,
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Rysunek 22. Mapy ciepla pokazujgce zréznicowanqg ekspresje genéw homeostazy Cu, akwaporyn
I enzymatycznych przeciwutleniaczy w lisciach flagowych H. vulgare po 1 (4) i 7 dniach (B)
ekspozycji na zwiqzki Cu. Kazda kolumna reprezentuje ekspresje w lisciach flagowych pod wplywem
réznych zabiegow Cu (nano-Cu i CuSO4 w stezeniach 100i 1000 mg L), a kazdy wiersz reprezentuje
jeden gen. Skala kolorow na zdjeciach pokazuje ekspresje genow od niskiej (niebieski) do wysokiej
(czerwony). Hierarchiczne grupowanie genow jest pokazane na dendrogramach [PlI1].

a pozostalymi grupami (wyzsze stezenie nano-Cu, obie dawki CuSQOa). Analizy wskazaty
obecnos¢ 2 klastrow gendéw o podobnym wzorze ekspresji (Rys. 22A). Pierwszy Klaster
zawierat geny CAT i SOD Cu-Zn, ktérych poziom ekspresji byt $cisle zalezny od
zastosowanej formy Cu: w przeciwienstwie do obu dawek nano-Cu, podanie CuSOs

skutkowato znaczgcym wzrostem ekspresji obu genow. Tymczasem drugi klaster (dolna



czg$¢ mapy ciepta) zawieral geny wykazujace niski poziom ekspresji, w szczegdlnosci geny
AQs i transporterow Cu. Wyraznie nizszy poziom ekspresji tych gendw byl obserwowany
u roslin pod wptywem ekspozycji na 100 mg L™ nano-Cu, co prawdopodobnie wiaze sie
Z mniejsza ekspozycjg na jony Cu uwolnione przy nizszej dawce ENPs. Po 7 dniach
ekspozycji nie zaobserwowano znaczacych réznic w ekspresji badanych genow pomiedzy
nano-Cu, a solami miedzi z wyjatkiem genu kodujacego SOD Cu-Zn (stanowigcy osobny
klaster) (Rys. 22B). Tak znaczaca nadekspresja SOD Cu-Zn jedynie u roslin poddanych
dziataniu CuSO4 mogta wynikaé z szybkiego uwalniania Cu?*, ktore wraz z uptywem czasu
moglo prowadzi¢ do silnych reakcji stresowych u roslin. Wszystkie pozostate geny zostaty
podzielone na kolejne 2 klastry: pierwszy obejmowat geny AQs o podwyzszonym poziomie
ekspresji (NIP2.1 i TIP1.2), drugi geny o obnizonej ekspresji (glownie transportery Cu).
Spadek ekspres;ji transporterow Cu do komorki 1 jej organelli moze by¢ przejawem reakcji
obronnej roslin przed pobraniem nadmiaru Cu, co sugeruje, ze w przeciggu 7 dni rosliny

byty zdolne do pobrania znaczacej ilosci Cu niezaleznie od zrédta i dawki.

4.4. Analiza wplywu zwigzkow miedzi na wartos¢ odzywczg i

zawartos¢ antyoksydantow ziarniakow jeczmienia jarego

Ostatni etap badan nad wptywem ENPs na bazie Cu na rosliny, miat na celu oceng
ilosci i jakos$ci plonu jeczmienia po dolistnej aplikacji nano-Cu i nano-CuO, mikro-Cu oraz
fatwo rozpuszczalnych zwigzkéw Cu (CuSQOs, Cu-EDTA), ktére sg powszechnie stosowane
jako nawozy [14,16]. Przeprowadzone analizy wykazaly brak znaczacego wpltywu
testowanych roztworé6w Cu na wielkos¢ plonowania jeczmienia jarego wzgledem roslin

kontrolnych (Tab. 4). Obecnie nie ma dostepnych danych na temat plonowania zb6z po

Tabela 4. Masa nasion jeczmienia jarego otrzymanych po ekspozycji na rézne roztwory Cu. Srednie,
po ktorych nastepujq rozne litery, oznaczajq istotne roznice miedzy zabiegami (test Tukey’a, p < 0,05)

[PIV].

Kontrola Nano-Cu Nano-CuO  Mikro-Cu CuSOy Cu-EDTA

Waga
nasion [g] 41,5+£2,52 43,6+3,52 35,344,22 43,7+£2,02 39,6+3,32 40,243,528
na 1 donice
Waga 1000

3 38,2+1,72 36,0+£2,12 35,6+2,6% 39,6+2,32 36,6+2,6% 38,7+2,72
nasion [g]

dolistnej aplikacji ENPs na bazie Cu. Prawdopodobnie, aplikacja Cu jako mikroelementu
moze mie¢ wigksze znaczenie dla jakosci plonow niz jego ilosci [PI1V]. Analizy zawartosci

Cu w nasionach wykazaty ok. 2-krotne wigkszg jej zawarto$¢ u ro$lin traktowanych



nano- Cu oraz rozpuszczalnymi zwigzkami miedzi (CuSO4 i Cu-EDTA) w poréwnaniu do

grupy kontrolnej (2,6 mg kg?) (Rys. 23). Biorgc pod uwage uprzednio opisang niskg
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Rysunek 23. Zawartos¢ Cu w ziarniakach
H. vulgare po ekspozycji na rozne zwiqzki Cu.
Stupki bledow reprezentujq btqd standardowy
(SE, n=3 préby). Rozne litery wskazujq na
istotne réznice miedzy zabiegami (p < 0,05)

[PIV].

rozpuszczalnos¢ ENPs, wysoka zawartos¢
miedzi w nasionach moze by¢ wynikiem
pobierania i translokacji nano-Cu w roslinie i
do nasion w postaci czastek. Takie
zachowanie bylo potencjalnie mozliwe ze
wzgledu na ich niewielkie rozmiary nano-Cu
(25 nm) w poréwnaniu do pozostatych czastek
(nano-CuO =50 nm, mikro-Cu =5 um), dzi¢ki
czemu bytyby zdolne do pokonywania
naturalnych barier H. vulgare poprzez m.in.
aparaty szparkowe [17]. Przeanalizowano
takze zawarto$¢ innych mikroelementow (Zn,

Fe, Mn) w nasionach jgczmienia (Tab. 5).

Mimo, iz dane literaturowe dowodzg, ze ENPS majg wplyw na pobieranie i zawarto$¢ innych

metali [34,41], nasze badania nie wykazaly znaczacych zmian w zawarto$ci tych

mikroelementow po aplikacji nano- i mikro-Cu. Ponadto, nie zaobserwowano takze

ogolnego trendu zmian w zawartosci Ca, K, Mg w nasionach pod wptywem podanych

zwigzkoéw Cu (Tab. 5).

Tabela 5. Zawartosé¢ mikro- i makrosktadnikow w suchej masie nasionach H. vulgare po ekspozycji
na rozne zwigzki Cu. Rozne litery wskazujq na istotne roznice miedzy zabiegami (test Kruskala-
Wallisa, p < 0,05) [PIV].

Zn Fe Mn Ca K Mg
[mgkg '] [mgkg'l [mgkg*] [mgkg] [mg kg] [mg ko]
Kontrola 18,8+0,67  28,6+0,9°  11,6+0,1*  304,0£22,5° 5615,7+£120,1* 922,3+37,3
Nano-Cu 20,0£1,62  28,842,68  11,1£0,12  269,0£36,5% 5991,3+210,2° 913,0+29,8°

Nano-CuO 19,8+1,724 24,9424  11,1£0,32  272,6£19,7 5308,5+320,6° 901,1421,9°

Mikro-Cu 22,342,628 24,7+1,12 11,040,128 269,6£26,00 5561,4+114,82  922,9+30,8"

CuSOq4 23,2+1,9°  26,3+1,22  10,7+0,1*  259,2+31,8% 5399,24213,7%  839,7+37,92

Cu-EDTA 17,5£0,8%  31,3+1,1*  13,1+0,1°  298,8430,2° 5709,0+204,58 982,3+40,1°

Przeprowadzone analizy nie wykazaly znaczacego wptywu aplikacji roztworow Cu na

zawarto$¢ 1 strawno$¢ biatka ziarniakow z wyjatkiem CuSOs, ktory skutkowat



zmniejszeniem strawnos$ci biatka o 6% [PIV]. Jednoczesnie, istotne zmiany w zawarto$ci
btonnika wykazano jedynie po aplikacji nano-Cu (wzrost zawartosci btonnika catkowitego
I rozpuszczalnego odpowiednio o 19,9% i 43,6%) w poroéwnaniu z kontrolg (p < 0,05)
[PIV], co moze wskazywa¢ na potencjat nano-Cu w poprawie wlasciwosci prozdrowotnych
ziarniakow.

Analizy wplywu roztworéw Cu na zawarto$¢ zwiazkéw fenolowych, uwazanych
za gltowne zwigzki przeciwutleniajgce [39], wykazaly istotne zmiany jedynie na poziomie
pojedynczych sktadnikoéw polifenoli (Tab. 6). Podczas gdy podanie Cu-EDTA
spowodowato wzrost zawartos$ci antocyjanow (o 20%) oraz tanin (o 140%), aplikacja

nano- Cu prowadzita do 20% wzrostu zawarto$ci flawanoli (Tab. 6). Taki obraz zmian moze

Tabela 6. Zawartosé skiadnikéw antyoksydacyjnych w nasion H. vulgare po ekspozycji na rézne
zwigzki Cu. Rozne litery wskazujg na istotne réznice miedzy zabiegami (p < 0,05) [PIV].

Zwiazki Antocyjany Flawonoidy Taniny Flawanole
fenolowe [mg cya-3- [mg kwercety [mg katechin/ [mg katechin/
[mg GAE/g] glu/g] n/g] q] ¢]

Kontrola 3,0+0,12 37,1+0,8? 0,2+0,12 0,4+0,12 36,0+2,02
Nano-Cu 3,5+0,62 33,9+0,12 0,1+0,12 0,5+0,12 43,0+1,0°
Nano-CuO 2,7+0,02 40,0+0,1° 0,1+0,1? 0,6+0,1? 36,0+2,02
Mikro-Cu 2,7+0,52 38,7+0,12 0,1+0,12 0,7+0,12 37,0+3,08
CuSOq4 3,0+0,32 32,6+0,1? 0,1+0,12 0,3+0,12 38,0+4,0?
Cu-EDTA 2,5+0,42 44,7+0,1° 0,1+0,12 0,9+0,1° 34,0+3,02

wskazywa¢ odmienny sposob oddzialywania czgstkowego i jonowego Cu na produkcje i
kumulacj¢ zwigzkow bioaktywnych w roslinach [35].

Analiza aktywnos$ci antyrodnikowej wykazata mniejsza zdolnos¢ do neutralizacji
rodnikow ABTS™ i DPPH' w ziarniakach ro$lin, ktore byly wystawione na dziatanie
zwiagzkow Cu (Rys. 24). Szczegoblnie znaczacy spadek aktywnosci antyoksydacyjnej wobec
ABTS "odnotowano w wyniku aplikacji CuSOas (0 66%) wzgledem ro$lin z grupy kontrolnej
(p < 0,05), podczas gdy aplikacja mikro-Cu nie miata znaczacego wptywu na ten parametr.
Nie wykryto takze istotnych zmian w potencjale redukcyjnym FRAP, niezaleznie
od zastosowanego roztworu Cu (p > 0,05) (Rys. 24C), podczas gdy test CUPRAC wykazat
spadek zdolnosci redukcyjnych ekstraktu z nasion roslin (0 9,0-39,8%) w wyniku ekspozycji
na badane roztwory Cu (p < 0,05) (Rys. 24D). Jedyny wyjatek stanowit roztwor nano-Cu,



ktory nie wptynat na zdolnosci redukcyjne ekstraktu (Rys. 24D). Jednoczesnie wykazano,
ze tylko pod wpltywem nano-Cu obnizeniu ulegata moc redukujaca HORAC (0 21,4 %).

Ekspozycja na pozostate roztwory nie powodowala zmian (mikro-Cu) lub skutkowata
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Rysunek 24. Aktywnosé przeciwrodnikowa w  ekstraktach ziarniakéw H. vulgare wyrazona
wskaznikami: ABTS (4), DPPH (B), FRAP (C), CUPRAC (D), HORAC (E) i zdolnoscig chelatujgca
(F). Stupki bledow reprezentujq blgd standardowy (SE, n=3 proby). Rézne litery wskazujq na istotne
roznice migdzy zabiegami (p < 0,05) [P1V].

wigkszym potencjatem redukcyjnym ziarniakow (o 12,7-25,7 %) (p < 0,05) (Rys. 24E).
Warto podkresli¢, ze aplikacja nano- i mikro-Cu skutkowata 2- i 4-krotnie wigkszg sita
chelatujaca ekstraktow nasion wzgledem roslin kontrolnych, podczas gdy oprysk z CuSO4

I Cu-EDTA nie wptynat na ten parametr (Rys. 24F). Te obserwacje pokrywaly si¢



z analizami Rico i in [106], w ktorych wykazano ograniczenie wychwytywania wolnych
rodnikéw w ziarnach ryzu pod wplywem nano-CeO», co autorzy przypisali zmniejszonej
zawartosci TPC. Jednakze, jak wspomniano wcze$niej, w naszych badaniach nie
stwierdzono zmian w TPC pod wplywem zwigzkéw Cu (Tab. 6), ale odmienna zdolno$¢

przeciwutleniajgca moze by¢ zwigzana ze zmianami zawartosci poszczegélnych zwigzkoéw

fenolowych [107, 108].



5. Whioski

Przeprowadzone badania pozwolity na sformutowanie nast¢pujacych wnioskow:

\/

<> ENPs w roztworach wodnych wykazaty tendencje do tworzenia agregatow
10-14-krotnie (nano-Cu) oraz 9,6-krotnie (nano-CuQ) wigkszych od $redniej wielkosci
czastki oraz stopniowe uwalnianie jonow Cu, co nast¢pnie rzutowato na ich oddziatywanie
z ro$linami.

> Ze wzgledu na silng adhezjg ENPs do powierzchni lisci, jednoznaczne wykazanie
pobranej ilosci Cu byto utrudnione. Jednakze, w oparciu o szereg parametrow
biochemicznych 1 molekularnych istniejg przestanki potwierdzajace pobieranie Cu
(nanoczastkowej i/lub jonowej). Analizy te wskazujg réwniez na istotny wptyw dawki oraz
formy Cu na kinetyke¢ pobierania miedzi.

<> Nie stwierdzono translokacji aplikowanego Cu z lisci do korzeni niezaleznie od
dawki czy formy Cu, co moglo wynika¢ z matej mobilnosci jondw Cu/nanoczastek Cu i/lub
z krotkiego okresu ekspozycji roslin.

<> Kroétkotrwata ekspozycja na sole miedzi prowadzita do wigkszego przyrostu biomasy
ro$lin (korzeni i czg¢$ci nadziemnej) niz nano-Cu, co mogto wynika¢ z dostarczenia petne;j
puli deficytowego mikroelementu w fazie intensywnego wzrostu. Jednak po 7 dniach
zaobserwowano chloroze lisci po ekspozycji roslin na CuSQOs, co prawdopodobnie wynikato
Z absorpcji toksycznych ilosci Cu.

<> Istotne zmiany aktywnos$ci antyoksydantow zaobserwowano gtownie po 1 dniu od
ekspozycji na zwigzki Cu. Oba badane stgzenia CuSOjs jak i wyzsza dawka nano-Cu
powodowaty znaczaco wigksze zmiany w poziomach antyoksydacyjnych markerow
wskazujace na wywolanie wigkszego stresu u roslin. Natomiast nizsza dawka nano-Cu,
zwigkszajac zawarto$¢ niskoczgsteczkowych antyoksydantow, mogta wspiera¢ mechanizmy
obronne roslin.

<> Analiza ekspresji genéw u roslin po aplikacji zwigzkow miedzi wykazata, ze zmiany
w odpowiedzi molekularnej na r6zne formy Cu byty uzaleznione od zastosowanego st¢zenia
Cu, analizowanych genow i czasu ekspozycji. Najwieksze roznice W ekspresji gendw
zwigzanych z transportem Cu migdzy formg ,,nano”, a jonami Cu obserwowano przy nizszej
dawce, krotko po aplikacji tych zwigzkow. W miar¢ uptywu czasu ,,efekt nano” ulegat
zatarciu, co moze oznaczac, ze zardbwno nano-Cu jak i CuSOs dostarczyly roslinom Cu

w ilosciach wymagajacych uruchomienia mechanizmow jej relokacji w celu ochrony

kluczowych organelli. Jednak na podstawie poziomu ekspresji gendw antyoksydantow



mozna stwierdzi¢, ze reakcja na jony Cu (CuSOj4) byta szybsza i silniejsza niz nano-Cu, co
swiadczy o tagodniejszym wplywie ENPs na ro$liny.

X Zwigkszong zawartos¢ Cu w ziarniakach stwierdzono jedynie po aplikacji nano-Cu
oraz zwigzkéw tatwo rozpuszczalnych Cu (CuSOs i Cu-EDTA). Moze to potwierdzaé
sukcesywng absorpcje i translokacje Cu gléwnie w formie nanoczastek po aplikacji nano-
Cu, ktore wyjsciowo charakteryzowaty si¢ niewielka rozpuszczalnoscia.

X Mimo, iz aplikacja zwigzkéw Cu nie zwickszata plonowania jeczmienia jarego,
nano-Cu, w przeciwienstwie do pozostatych form Cu, poprawit nicktore cechy jakosciowe
ziarniakéw np. zawarto$¢ sktadnikéw odzywczych (btonnika i flawonoli).

<> Pomimo, iz ENPs i mikro-Cu wyraznie zwigkszaty zdolnosci chelatujace ekstraktow
z ziarniakdw, pozostale testy zdolno$ci antyoksydacyjnej/redukujacej wykazaly glownie
spadek mocy do neutralizacji wolnych rodnikow pod wptywem aplikacji tych zwigzkéw Cu,

co moze wzbudzac¢ obawy przed obnizeniem wartosci prozdrowotnej ziarniakow.
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ARTICLE INFO ABSTRACT

Editor: Guillaume Echevarria The review presents the current knowledge on the development and implementation of nanotechnology in crop
production, giving particular attention to potential opportunities and challenges of the use of nano-sensors, nano-

Keywords: pesticides, and nano-fertilizers. Due to the size-dependent properties, e.g. high reactivity, targeted and controlled

Engineered nanomaterials
Crop production

Plant response

Omics analysis

delivery of active ingredients, engineered nanomaterials (ENMs) are expected to be more efficient agrochemicals
than conventional agents. Growing production and usage of ENMs result in the spread of ENMs in the envi-
ronment. Because plants constitute an important component of the agri-ecosystem, they are subjected to the
ENMs activity. A number of studies have confirmed the uptake and translocation of ENMs by plants as well as
their positive/negative effects on plants. Here, these endpoints are briefly summarized to show the diversity of
plant responses to ENMs. The review includes a detailed molecular analysis of ENMs-plant interactions. The
transcriptomics, proteomics and metabolomics tools have been very recently employed to explore ENMs-induced
effects in planta. The omics approach allows a comprehensive understanding of the specific machinery of ENMs
occurring at the molecular level. The summary of data will be valuable in defining future studies on the ENMs-
plant system, which is crucial for developing a suitable strategy for the ENMs usage.

larger surface area and the high the surface area to volume ratio, ENMs
1. Introduction are characterized by unique physico-chemical properties (e.g. higher
reactivity, catalytic activity, magnetic properties) that differ from those

The global population by 2050 will reach nearly 10 billion people. It of their bulk counterparts (Bowman and Hodge, 2006; Dreaden et al.,

has been estimated that agricultural production must increase by 70% to 2012; Pagano et al., 2016). Because of the superior efficiency of ENMs
meet the food demand (Mueller et al., 2012). Considering the shrinking compared to bulk compounds, ENMs are promising agents in the
amount of arable land, the deficiency of water resources, the climate agri-sector for ensuring sustainable crop production (fertilization,
changes, and the low efficiency of traditional agrochemicals, it is crucial pathogen detection, crop protection from abiotic and biotic stress)
to find an alternative way to increase crop yields (Mueller et al., 2012). (Lowry et al., 2019; Mishra et al., 2017; Shang et al., 2019).

Conventional practices of breeding stress-tolerant or high-yielding crop There is a widespread agreement that the growing number of nano-
varieties are of low efficiency (Sayadi Maazou et al., 2016), and genet- products and their usage (Duhan et al., 2017) lead to increased release
ically modified crops raise a public concern about potential risk for and accumulation of ENMs in the environment, including soil (Rajput
human health (e.g. allergenicity, toxicity) and environmental safety (e. et al., 2020). It is estimated that around 9-38% of ENMs from
g. uncontrolled transgene spread into environment) (Azevedo and nano-products end up in soils, posing a risk of impact on biota (Bund-
Araujo, 2003; Key et al., 2008). Therefore, there is a pressing need to schuh et al., 2018). Therefore, the unravelling effect of ENMs on plants,
develop new sustainable pathways to protect plants and enhance yield as one of the most significant components of the agro-ecosystem, is of
to ensure food security (Prasad et al., 2017). The intense development of utmost importance (Mishra et al., 2017). One of the important aspects in
nanotechnology over the last two decades has provided numerous studying the ENM-plant interaction is uptake and translocation of ENMs,
innovative applications for electronics, material science, cosmetics, food which is a key of importance due to the risk of ENMs accumulation in the
sector, and also agriculture. Due to nano-metric size (1-100nm), the food chain (Avellan et al., 2019; Su et al., 2019). The uptake and further
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Nomenclature

2-DE Two-dimensional gel electrophoresis
ABA8ox2 ABA 8'-hydroxylase

ABCG22 ATP-binding cassette G22

ABCB4 ATP-Binding Cassette B4

AChE Acetylcholinesterase

AGL16  Agamous-like MADS-box protein AGL16
AGT Alanine: glyoxylate aminotransferase
AKR4C8 Aldo-keto reductase family 4 member C8
ALP Alkaline Phosphatase

AMT Ammonium transporter

ANS Anthocyanidin synthase

ANAC042 NAC domain containing protein 42
APTES  3-amminopropyltrimethoxysilane
Aqp2 Water channel protein Aqp2

APX1 L-ascorbate peroxidase 1

ASA1 Anthranilate synthase alpha subunit 1
ATAF1 NAC domain-containing protein 1
ATCTH Zinc finger protein

ATCHX16 Sodium: hydrogen antiporter
AT4G30170 Peroxidase

ATHSP  Small heat shock protein

ATIREG2 Nickel transmembrane transporter
ATNR  High affinity nitrate transporter

BCB Copper-ion binding

BCS Biosilica

BIP3 Heat Shock Protein 70

bHLH basic Helix-Loop-Helix

BSA Bovine Serum Albumin

CAT Catalase

CAX3 Calcium cation antiporter

CCH Copper chaperone

CIPK6  CBL interacting protein kinase 6
CNT Carbon nanotubes

COPT Copper transporter

Cu-CNFs Cu-carbon nanofibers

CYP Cytochrome P450

DEGs Differentially expressed genes
DELTA-OAT Ornithine-delta-aminotransferase
DELTA-TIP Delta tonoplast intrinsic protein
DNAJ DNAJ chaperon protein

DNA-seq DNA sequencing

ENMs  Engineered nanomaterials

FER Ferretin

FLS Flavonol synthase

FRET Fluorescence resonance energy transfer
FRO Ferric reduction oxidase

FSD1 Fe superoxide dismutase 1

FSNP Fluorescent silica nanoparticles

ESP Endosulfan pesticides

EXO70A1 Exocyst subunit exo70 family protein Al
GC-TOFMS Gas chromatography/time-of-flight mass spectrometry
GA3ox1 Gibberellin 3-beta-dioxygenase 1

GO Graphene oxide
GPX Glutathione peroxidase
GST Glutathione S-transferase

HeAptDNA DNA aptamer that binds to hemin
HMA3  Heavy metal ATPase 3

HRGP1 Hydroxyproline-rich glycoproteins 1
IAA Indole-3-acetic acid

IRT Iron transporter protein

IRT1 Cadmium, copper, iron, manganese and zinc transporter
IRT2 Iron and zinc transporter
JAC Jacalin lectin family

JALS Jacalin-related lectin 5

LC-MS Liquid chromatography-mass spectrometry

LM6M  Anti-pectic polysaccharide (a-1,5-arabinan) antibody
LTP2 Lipid transfer proteins 2

MAF2  MADS affecting flowering 2

MALDI Matrix-assisted laser desorption/ionization
MC8 Metacaspase 8

miRNA  microRNA

MS Mass spectrometry

MSAP Methylation sensitive amplification polymorphism
MS/MS Tandem mass spectrometry

MT Metallothionein

MTPA2 Zinc ion transmembrane transporter

MTPc3 Cation efflux family protein

MWCNTs Multi-walled carbon nanotubes

MYB Myb-related protein

NAC1 NAC domain-containing protein 21

NAS Nicotianamine synthase

NCED3 9-cis-Epoxycarotenoid Dioxygenase 3
nlR Near-infrared

NIP NOD26-like intrinsic proteins

NRAMP1 Manganese transmembrane transporter
NRAMP4 Metal transporter Nramp4

NRT Nitrate transporter
PAHs Polycyclic aromatic hydrocarbons
PAL Phenylalanine ammonia-lyase

PAP1 Phosphatidic acid phosphatase 1
PDC2 Pyruvate decarboxylase 2
PHT Phosphate transporter

PIPs Plasma membrane intrinsic proteins
POD Peroxidase

PR4 Pathogenesis-related 4

PRXCA Peroxidase 33

QD Quantum dots

RAPD Random amplification of polymorphic DNA
RBK1 ROP binding protein kinases 1

RD22 Responsive to desiccation 22

RLK Receptor-like kinases

RHL41  Zinc finger protein

RHS12  Root hair-specific

RNA-seq RNA sequencing

ROS Reactive oxygen species

Rubpy  Tris(bipyridine)ruthenium(II)

SERS Surface-enhanced Raman scattering
SDS Sodium dodecyl sulfate

SNRK2 SNF1-related protein kinases

SIPs Small basic intrinsic proteins
SNRK2-9 SNRK2.9, SNF1-related protein kinase 2.9
SOD Superoxide dismutase

SULTR1;3 Sulfate transporter

SUS3 Sucrose synthase 3

SWCNTs Single-walled carbon nanotubes
TCA Tricarboxylic acid

TIPs Tonoplast intrinsic proteins
TUA2 Tubulina 2

WRKY  WRKY transcription factor

YSL2 Yellow Stripe-Like2

ZIp Zinc transporter

XTH14 Xyloglucan endotransglucosylase
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translocation of ENMs greatly depend on their properties (size, type,
charge, coating) (Yang et al., 2017), method of application (seed dres-
sing/soil/foliar application) (Pradas del Real et al., 2017; Rossi et al.,
2019; Vannini et al., 2013), medium type (liquid, soil, agar) (Lee et al.,
2012), and characteristics (pH, texture, moisture, content of organic
matter, clays) (Dimkpa, 2018; Larue et al., 2018). There is conflicting
data regarding possible translocation of ENMs in plants. Although,
numerous studies observed roots-to-leaves (Ma et al., 2017; Zhang et al.,
2012; Tamez et al., 2019) and leaves-to-roots translocation (Avellan
et al., 2019; Lu et al., 2020; Li et al., 2018a) of ENMs and/or released
ions in plants. Others confirmed lack (Milewska-Hendel et al., 2017;
Birbaum et al., 2010) or trace uptake and loading of ENMs from the
application site (Schwab et al., 2016; Avellan et al., 2017), possibly
limited by plant system (cell wall, Casparian strip, root exudates)
(Schwab et al., 2016; Avellan et al., 2017) and ENMs properties (size,
charge, shape, dose) (Liu et al., 2019; Pérez-de-Luque, 2017; Graf et al.,
2018). The knowledge about the distribution of ENMs as well as their
components in planta is crucial for both crop fertilization and protection,
as well as for understanding their non-target effects. Such studies would
be important for legislation and safety purposes (Amenta et al., 2015;
Gupta and Xie, 2018). In the European Union, ENMs are covered by the
REACH regulation (Registration, Evaluation, Authorisation and Restriction
of Chemicals) and CLP (Classification, Labelling and Packaging) regulations
(European Commission, 2011; OECD, 2013). Other countries have also
established a legal framework concerning the use of ENMs in agriculture
and food sectors (Bowman and Hodge, 2006).

To date, a number of studies have shown contradictory responses to
the ENMs depending on ENMs type (Pagano et al., 2016), size (Syu et al.,
2014), coating (Avellan et al., 2017), dose (Rafique et al., 2018),
application mode, plant species, growth conditions, and duration of
exposure (Avellan et al., 2019; Gogos et al., 2012; Wang et al., 2012).
While the positive impact of ENMs on plants and their potential in
agriculture have been shown (Gupta et al., 2018; Hong et al., 2005;
Yasmeen et al., 2017) (e.g. increased number of grains, higher chloro-
phyll and protein content) (Gupta et al., 2018; Hong et al., 2005;
Yasmeen et al., 2017), many studies have reported adverse effects of
ENMs on plants (e.g. decreased biomass, increased ROS accumulation,
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Fig. 1. The overall diagram of relationship between branches of single- and multi-omics data analysis. Although every singular omics have a significant importance
for better understanding of plant regulatory mechanisms in response to ENMs, their combined results provide a holistic understanding of regulatory mechanisms of
plant responses to ENMs.
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chromosomal aberrations) (Zhang et al., 2018b; Nair and Chung, 2014;
Qian et al., 2013; Pakrashi et al., 2014). The phytotoxicity of ENMs was
related with to biochemical reactions, mainly through the generation of
ROS triggering oxidative stress (Chung et al., 2019; Landa et al., 2015;
Wan et al., 2019). Moreover, the strong tendency of ENMs to form ag-
gregates induced adhesion on surface plant tissues entailing inhibition of
water and nutrient transport and a drop of plant growth (Wan et al.,
2019; Ma et al., 2018). The majority of current studies have reported
morphological, physiological, and biochemical changes in plants upon
exposure to ENMs (Rafique et al., 2018; Du et al., 2015; Marchiol et al.,
2016). Recently, the molecular effects of ENMs in plants have been
increasingly examined (Landa et al., 2017; Taylor et al., 2014; Tiwari
et al., 2016). The development of omics techniques (transcriptomics,
proteomics, metabolomics) has opened new opportunities for under-
standing of ENM-specific activity in planta (Fig. 1) (Yasmeen et al., 2017;
Tiwari et al., 2016; Majumdar and Keller, 2020; Ruotolo et al., 2018).
The transcriptomic analysis has been implemented for the identification
of predictive biomarkers of ENMs phytotoxicity (Syu et al., 2014;
Kohan-Baghkheirati and Geisler-Lee, 2015; Kaveh et al., 2013; Wang
et al., 2017). As over 70% of the genes in plants are subjected to alter-
native splicing (Kim et al., 2007), proteomic and metabolomics analysis
are key factors for better understanding correlation between ENMs
application and phenotypic responses (Hossain et al., 2020; Li et al.,
2018c; Das et al., 2017). The constantly growing database regarding the
effects of ENMs on plants needs to be successfully revised to give the full
picture of ENM-plant interactions. In this review, we present the
state-of-the-art knowledge on plant response to ENMs, from molecular
to organism level, which may be valuable to develop strategies for
application and the use of ENMs in a plant-friendly and efficient way.

2. ENMs for plant growth and protection

The studies on ENMs application in an agricultural sector primarily
focus on 3 areas: pathogen and contaminant detection (Arduini et al.,
2016), crop protection against abiotic and biotic stress (Das and Das,
2019; Lamsal et al., 2011) and improvement in yield quantity and
quality (Fig. 2) (Kah et al., 2019). Because of the multi-directional
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Fig. 2. Potential application of nanotechnology in plant production including 3
of the most extensively studied areas of nanoagrotechnology.

applications of ENMs and their significance for a agri-food sector,
agronanotechnology becomes the next revolution in this sector compa-
rable to the Green Revolution (Lowry et al., 2019).

2.1. Nano-sensors

Modern nano-sensors are integrated automated tools capable of
detecting and identifying various signals from the environment (Zein-
hom et al., 2018). Nano-sensors can be an efficient platform for moni-
toring the quality of crops, in particular for detecting trace
contaminants, e.g. pesticide residues (Mishra et al., 2017; Grewal et al.,
2017). Furthermore, studies have shown that functionalized metal- and
carbon-based ENMs exhibit increased sensing potential (Arduini et al.,
2016; Lupan et al., 2018; Campos et al., 2017) due to the improved
ability to bind with biomolecules, which enhances signal amplification
and detection (Jianrong et al., 2004). CNTs, especially MWCNTs, have
been widely tested for sensing applications due to their rapid electron
transfer, high accessible surface area, and mechanical strength (Cai and
Du, 2008; Sun et al., 2012; Giraldo et al., 2015; Wu et al., 2020; Pan
et al., 2019). For instance, biosensor based on the immobilization of
AChE on MWCNTs-cross-linked cellulose acetate composite enabled
detection of carbaryl in garlic samples with the accuracy comparable to
HPLC method (the relative deviations between these methods were
7.1% to — 8.3%) (Cai and Du, 2008). Chen et al. (2008) also developed
an AChE-based sensor enhanced with MWCNTs for the detection of
selected organic contaminants in beverages. The coverage of glassy
carbon electrodes with MWCNTSs increased the surface, facilitated the
electrochemical polymerization of prussian blue, and enhanced the
enzymatic activity of AChE, which allowed the detection of dichlorvos
and carbofuran at the level 0.04 and 0.1 ppb, respectively (Chen et al.,
2008). Campos et al. (2017) proved that coating carbon dots with
vitamin By, can be used to selectively detect phenolic carbofuran. An
increased fluorescence intensity of nano-sensor permitted the determi-
nation of the carbofuran phenol 3-Keto pesticide in a concentration
range of 12.2 x 107°-2.5 x 10~3 M in soy sauce in the presence of other
pesticides (Campos et al., 2017). Metal-based ENMs have also demon-
strated the feasibility of designing nano-sensors. The benefits of
metal-based ENMs include the ability to catalyze various biochemical
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reactions, facilitated electron transfer and shorter regeneration period in
comparison to the conventional homogeneous catalysts (Jianrong et al.,
2004). Among ENMs, nano-Au is one of the most often used, especially
for the colorimetric and electrochemical-based pesticide detection sys-
tems (Goel and Arora, 2018; Tang et al., 2019). Due to high adsorption
capacity and stability nano-Au can be easily functionalized for selective
testing (Fang et al., 2017). Additionally, size-dependent optical prop-
erties of nano-Au (hyper-quenching ability for fluorescence and SERS
capability) enhance sensing ability in optical sensors (Halvorson and
Vikesland, 2010; Tong et al., 2011; Mortazavi et al., 2011). The use of
nano-Au coated films in biosensor led to an increase of the electro-
chemical response, allowing detection of organochlorine ESP at a con-
centration of 1 ppm (Goel and Arora, 2018). Additionally, nano-Au
catalyzed degradation of ESP into non-toxic products (Goel and Arora,
2018). Embedding of nano-Ag on glass beads surface for SERS resulted
in 50- (chlorpyrifos) and 10-times (imidacloprid) lower detection limit
of pesticide residues (Tang et al., 2019) in comparison to non-modified
SERS method (Huang et al., 2015; Hou et al., 2015).

QDs are associated with FRET technology for a quick detection of
biological markers (Zhang et al., 2009; Antonacci et al., 2018). The main
advantages of the designed QDs-based FRET sensor were broad excita-
tion spectra with a narrow and defined emission peak as well as a
10-100 times higher molar extinction coefficient compared to
non-nano-sensors (Stanisavljevic et al., 2015). A study revealed that
multicolor QDs excited from one source by common fluorescent dyes
showed no emission signal overlap, which results in brighter probes
comparing to conventional fluorophores (Stanisavljevic et al., 2015).
That advantage over classical biosensors is further proven by easy
modification of surface chemical properties of QDs (Zrazhevskiy et al.,
2010). Coating Zn-QDs with APTES (containing SiOs) prevented QDs
from spontaneous aggregation, decomposition in water and enhanced
binding capacity with pesticides (Sahoo et al., 2018). Zn-QDs coated
with APTES contained free primary amine groups which determined
pesticide-specific binding affinity for aldrin, tetradifon, glyphosate, and
atrazine. Additionally, the pesticides with strong binding affinity to QDs
like aldrin and tetradifon underwent photocatalytic degradation (Sahoo
et al., 2018).

Besides the potential application of ENMs as sensors of chemical
contaminants, ENMs may be used to detect fungal, bacterial and viral
pathogens in crops (Fung and Clark, 2004; Rishi, 2009; Jechalke et al.,
2019). A large number of nano-sensors are developed as an alternative
for currently widely used methods of biological contaminants detection
(ELISA, PCR, RT-PCR, blot immunoassay) (Hariharan and Prasannath,
2021; Khiyami et al, 2014; Fang and Ramasamy, 2015).
DNA-functionalized nano-Au probes effectively hybridized with Phy-
tophthora infestans ssDNA at a concentration of 0.1 pg mL™! in potato
leaves and stems (Zhan et al., 2018). The high specificity of nano-Au
biosensor allowed to distinguish between closely related Phytophthora
species (Zhan et al., 2018) with a 100-times lower detection limit than
the previously proposed method based on loop-mediated isothermal
amplification assay (Dai et al., 2012). Yao et al. (2009) showed the
potential of fluorescent nano-SiO, for the detection of Xanthomonas
axonopodis pv. vesicatoria that caused spot disease in the Solanaceae
plant family. Rubpy-doped nano-SiO, exhibited higher and stable fluo-
rescence intensity in comparison to pure Rubpy or nano-SiO (Yao et al.,
2009). Thioglycolic acid-modified cadmium-telluride QDs immuno-
sensor presented a comparable or higher sensitivity (5 phytoplasma
uL™Y) to Candidatus Phytoplasma aurantifolia than currently used
detection method (Rad et al., 2012). The advantage of the QDs-based
FRET biosensor to a DNA-based method is the capacity to distinguish
live from dead pathogens (Rad et al., 2012). Nano-sensors have also the
potential in the detection of plant stress in real-time (Giraldo et al.,
2015; Wu et al., 2020; Chaudhuri et al., 2008; Keinath et al., 2015;
Larrieu et al., 2015). Nano-sensors characterized by non/low photo-
bleaching and a high spatiotemporal resolution (single-molecule level
per millisecond) detection (Guo et al., 2013; Hong et al., 2015) give new
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hopes for field application of sensing tools. Nano-sensors based on
SWCNTs functionalized with e.g. polyvinyl-alcohol, Bombolitin II
(Wong et al., 2017), HeAptDNA (Wu et al., 2020) have shown high
sensitivity and specificity toward various stress signaling molecules like
ROS, NO, glucose etc. (Wu et al., 2020; Wong et al., 2017; Kruss et al.,
2014). A biosensor designed by Wu et al. (2020) based on SWCNTs
coated with HeAptDNA detected HyO in plant at range of 10-100 pM in
response to both environment and pathogen-related stresses with high
temporal resolution. In turn, Li et al. (2018b) demonstrated biosensor
formed by a pair of functionalized QDs for highly selective detection of
glucose in the range from 500 to 1000 pM in photosynthetic tissues.

The detection methods that are currently widely used (e.g. liquid and
gas chromatography) require specialized equipment, which makes them
cost- and also time-consuming (Fang and Ramasamy, 2015). The
decrease of the time needed for analysis and simplification of this pro-
cess would not only enable common and accurate testing of crops in
order to obtain higher yields, but it would also allow detection of the
substances potentially hazardous for human (Fung and Clark, 2004;
Ohadi Rafsanjani et al., 2012). Various studies on the nano-sensors are
aimed to obtain a lab-on-chips that would independently monitor crops
with a view to maintaining an optimal environment for crops (amount of
soil minerals, soil moisture, temperature) as well as providing protection
(detection of fungal, viral and bacterial diseases, detection of chemical
stress indicators) and product quality control (amount of fertilizer,
pesticide, herbicide and toxin residue) (Guo et al., 2016; Othman and
Shazali, 2012). Although the studies on nano-sensors show both no
toxicity towards plants and capability for monitoring in real-time (Gir-
aldo et al., 2014), current sensing approaches do not offer the necessary
sensitivity for wide application or remote detection from whole plant
(Jin et al., 2010; Heller et al., 2009). This brings us to believe that as
much as nano-sensors are a promising tool for stress and plant health
monitoring, more research is needed to ensure functionality operation
under field conditions. As of now, nano-sensors are mostly in phases of
laboratory testing. Nanotechnology brings the potential of creating
two-way communication channels in real-time between nano-sensors
(located within plant/ soil) and electronic devices (smartphones, phe-
notyping instrumentation etc.) (Giraldo et al., 2019). Mafuta et al.
(2013) have designed and deployed the wireless sensor network-based
irrigation management system. The self-sustained system collects the
information on the soil moisture and temperature and provides an
automated response (Mafuta et al., 2013). The concept of lab-on-chip
needs further multidisciplinary and collaborative research (Yusof and
Isha, 2020), however, these kinds of systems may have a big potential
for future agriculture and food production.

2.2. Plant protection and abiotic stress

ENMs find applications in active protection of plants against patho-
gens and diseases (Zhao et al., 2020) (Fig. 2). The ENMs can be used as
active ingredients of pesticides, carriers of active substances, or both
(Belava, 2017; Barik et al., 2008). Nano-carriers are characterized by
effective delivery, controlled release, and greater capacity of the active
substance relative to their conventional counterparts (Johnston, 2010).
The ENMs can be also used to promote stress tolerance toward biotic and
abiotic stresses by, e.g., mimicking antioxidant enzymes, modifying
gene expression, or increasing plant biomass (Zhao et al., 2020).

2.2.1. Biotic stress

Currently, the most frequently studied ENMs in terms of their
application in crop protection are nano-Ag and nano-Cu due to their
confirmed antifungal and antibacterial activity (Lamsal et al., 2011;
Sathiyabama and Manikandan, 2018). Lamsal et al. (2011) demon-
strated that nano-Ag applied as spray allowed to control powdery
mildew infection in pumpkin and cucumber by inhibiting conidial
development and mycelial growth. ENMs act simultaneously as a growth
promoter and a fungicide are being designed. For example,
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nano-Cu-chitosan controlled Pyricularia grisea infection in Eleusine cor-
acanaz by the significant decrease of spore germination (~80%) and
enhanced activity of defense enzymes (Sathiyabama and Manikandan,
2018). Nano-Cu-chitosan also exhibited antifungal activity towards
Fusarium oxysporum and Alternaria solani, responsible for early blight
and Fusarium wilt disease of Solanum lycopersicum (Sathiyabama and
Manikandan, 2018; Saharan et al., 2015). A comparison of the efficacy
of ENMs with their bulk counterparts proved significantly greater anti-
fungal efficacy of ENMs (Saharan et al., 2015). Cu-based ENMs applied
at low concentrations showed higher antifungal activity on P. infestans (a
pathogen of S. lycopersicum causing substantial yield losses), than
commercially used copper based products like Kocide Opti, Cuprofix
disperss, and Ridomil Gold Plus (Giannousi et al., 2013).

Because > 90% of traditionally applied pesticides are lost in the
environment and/or unable to reach the target area, pesticides are often
re-applied or used in quantities exceeding the required amount to ach-
ieve desired biological response (Md. Nuruzzaman et al., 2016). A more
effective way of substance application is needed. Nano-carriers are a
smart delivery system by which chemicals can be delivered in a
controlled and targeted manner (Roco, 2003). It can be achieved by
encapsulating an active substance in nano-size material (Kah et al.,
2013). Besides the delivering role of nano-carriers, they can also protect
chemicals from premature degradation and/or too rapid release (Nair
etal., 2010). Many types of materials are used for nano-encapsulation, e.
g. biodegradable polymer-based materials (Kumari et al., 2010), mi-
celles (Zhang et al., 2013) or porous inorganic nanomaterials (Ao et al.,
2013). According to Oliveira et al. (2015) the treatment of Brassica
juncea with nano-capsules of poly(epsilon-caprolactone) containing
atrazine provided a gradual release of herbicide with enhanced activity
of the active agents. The encapsulation of atrazine decreased dosage
ten-fold compared to conventional formulations, without losses in
effectiveness (Oliveira et al., 2015). In turn, Cai et al. (2013) used straw
ash-based biochar and BCS to develop a loss-control pesticide. The
porous micro/nano structure of BCS and its significantly higher adhe-
sion to the leaf surface showed potential to improve the utilization ef-
ficiency of chlorpyrifos. Mesoporous nano-Si demonstrated to be
effective against Botrytis cinerea in combination with prochloraz , which
is marginally absorbed by plants (Zhao et al., 2018). Meanwhile,
nano-Si-prochloraz composite displayed relatively quick uptake and
translocation in the plant with gradual release of pesticide in plant tis-
sues (Zhao et al., 2018). The analysis of prochloraz residue levels in
cucumbers revealed 4-8 times lower concentrations than maximum
residue limit values, which indicate a low risk of nano-Si-prochloraz
application (Zhao et al, 2018). Controlled biodegradability of
nano-enabled chemicals is important for ensuring the effectiveness of
nano-pesticides, while simultaneously preventing environmental risk
(Khan and Rizvi, 2014). Nano-formulations that degrade faster in the
soil than in plants are recently investigated (Khan and Rizvi, 2014). Yan
et al. (2005) developed photocatalytic TiO2/Ag-nanomaterial modified
by SDS, which increased both the adsorption of dimethomorph and the
photodegradation of residual pesticide in plants and soil. Guan et al.
(2010) tested SDS modified Ag/TiO5 imidacloprid nano-formulation on
soybean plants. The results showed that after 20 days, the formulation
residues were mostly undetectable in soil and plant (Yan et al., 2005).
Next to a decrease of the dosage and reaching target-site, the develop-
ment of photodegradable agrochemicals is a crucial step for safe and
sustainable application of agronanoformulation.

2.2.2. Abiotic stress

Abiotic stress (drought, salinity, heat, heavy metals) causes severe
adverse effects on plant growth, development and yielding (Das and Das,
2019). The selected ENMs may improve plant resistance or alleviate
stress response to abiotic stress (Das and Das, 2019). Due to different
ways of action, those ENMs may be split into two groups: nanozymes
mimicking enzyme activities and non-nanozymes (Lee et al., 2013). The
effectiveness of a wide group of ENMs nanozymes (nano-Fe3zQ4, CeOs,
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fullerene C60, Au, Pt and Mn304) was confirmed in the imitation of SOD,
CAT, POD and APX enzymes (Boghossian et al., 2013; Wu et al., 2017).
Non-nanozymes such as nano-ZnO, SiO,, TiO, do not exhibit
enzyme-like properties and mostly they improve plant stress response by
triggering up-regulation of genes involved in stress response (Abdel
Latef et al., 2018; Siddiqui et al., 2014). The role of ENMs in plant
protection from abiotic stress was described in detail in previous reviews
(Zhao et al., 2020; Singh, 2019).

2.3. Nano-fertilizers

The development of nanotechnology also provides new solutions to
improve the quantity and quality of crops, in particular through fertil-
ization and genetic enhancement of plants (Fig. 2) (Raliya et al., 2016;
Dimkpa and Bindraban, 2018). A substantial advantage of
nano-fertilizers over conventional agents is their ability to gradually
release active substances on a long-term basis (Shang et al., 2019). The
potential of ENMs in the crop fertilization has been discussed in detail in
previous papers in the area of nanobiotechnology (Prasad et al., 2017;
Duhan et al., 2017; Gogos et al., 2012; Dimkpa and Bindraban, 2018;
Dimkpa and Bindraban, 2018). Existing studies on the use of nano-
technology for crop fertilization cover a wide group of ENMs, with
special attention to metal-based ENMs containing micronutrients (Cu,
Fe, Zn) (Shang et al., 2019; Sathiyabama and Manikandan, 2018; He
et al., 2019; Dimkpa et al., 2012a; Apodaca et al., 2017; Elanchezhian
et al., 2017). Evaluation of the effectiveness of nano-fertilizers has
included a wide range of parameters: morphological (plant growth, leaf
surface area, root system size and extension, wet and dry matter pro-
duction) (Shang et al., 2019; Vannini et al., 2013; Elanchezhian et al.,
2017; Salehi et al., 2018), physiological (photosynthesis efficiency,
chlorophyll and carotenoid content, changes in the amount of produced
proteins) (Yasmeen et al., 2017; Mahil and Baburai Nagesh, 2019; de la
Rosa et al., 2017; Alkhatib et al., 2019), biochemical (activity of anti-
oxidant enzymes, impact on metabolism) (Elanchezhian et al., 2017;
Mahil and Baburai Nagesh, 2019; de la Rosa et al., 2017; Kim et al.,
2012) and changes at molecular level (gene and protein expression)
(Vannini et al., 2013; Salehi et al., 2018; Khodakovskaya et al., 2011;
Mustafa et al., 2015; Marmiroli et al., 2014). Numerous studies
confirmed the beneficial effects of ENMs on plants (Duhan et al., 2017;
Sathiyabama and Manikandan, 2018; Dimkpa and Bindraban, 2018).
However, it is well documented that nano-fertilization efficiency de-
pends on plant species (Song et al., 2013; Lee et al., 2008), type and dose
of ENMs (Rafique et al., 2018; Qian et al., 2013; Pramanik et al., 2017),
application method, and growing media (He et al., 2019; Hossain et al.,
2015). In spite of the fact that the impact and efficiency of
nano-fertilizers on crops are extensively studied, the lack of conclusive
results causes significant issues with developing commercial products or
with establishing regulatory frameworks (Hossain et al., 2015; José
Villaverde et al., 2017).

Genetic biofortification can be a substitute or support to fertilization
(Cakmak, 2008). Studies in the area of genetic engineering test ENMs as
carriers, e.g. of nucleic acids, which will allow DNA fragments to be
delivered to desired plant parts (Hussain, 2017). It increases plant pro-
ductivity or adaptation to climate change or changing conditions
(Cunningham et al., 2018). A facilitated system of delivering DNA
fragments or active substances into the plant using ENMs is markedly
more efficient and causes minimal tissue damage (Ohadi Rafsanjani
et al., 2012; Kim et al., 2017). The ability of ENMs to introduce genetic
material has been confirmed on the example of mesoporous nano-SiOz,
which was used to deliver plasmid DNA into tobacco and maize cells
(Galbraith, 2007). The incorporation of the transporter AtZIP1 gene to
the ubiquitin promoter/terminator cassette of Hordeum vulgare led to
over-expression of plant membrane transport proteins and doubled the
grain Zn concentration (Ramesh et al., 2004). Nano gene delivery system
gives the possibility of creating new varieties of agriculturally important
crops by genetically integrating desired traits. For example high
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micronutrient grain content (Datta and Vitolins, 2016) or pest resistance
(Perlak et al., 1990) without the need for fertilizer or pesticide appli-
cation (Kim et al., 2017) may be attained.

3. ENMs in planta
3.1. Uptake of ENMs by plants

At the cellular level, uptake of ENMs is dependent on their charac-
teristics such as particle size, which is one of most crucial parameters
that determines entrance through the cell wall (Yang et al., 2017). ENMs
exhibit the ability to pass by diffusion through cell membrane pores with
average size ranges from 4 to 20 nm (Pérez-de-Luque, 2017). A study
suggests that ENMs up to about 5nm are translocated through cell
pores, whereas particles up to 20 nm pass through plasmodesma (Ma
et al., 2010). Other studies reveal that ENMs ranging from 40 to 50 nm
are capable of penetrating into plant cells by endocytosis (Etxeberria
etal., 2006), while MWCNTs which range from 30 to 100 nm induce the
formation of pores for direct translocation into the cell cytosol (Serag
et al., 2011). Aquaporins are supposed to be also involved in the
transport of ENMs into plant cells (Kapilan et al., 2018). However, some
researchers consider that aquaporins form too small channels to provide
free transport of ENMs (Pérez-de-Luque, 2017). It should be remem-
bered that ENMs tend to aggregate, especially at high concentrations,
which significantly inhibits their uptake by plants (Ma et al., 2010).
Using XANES or fluorescent tagging, it has been confirmed that ENMs
are taken up into the plant as particles (Ogunkunle et al., 2019) and to
some extent as ions (Zhang et al., 2018b) (Fig. 3). A comparative study
of uptake and translocation of nano-Ag and Ag" ions in Oryza sativa has
proved that ENMs undergo assimilation and translocation more effi-
ciently than ions (Yang et al., 2020). Surface ligands on plant parts
exposed to ENMs have a large impact on the efficiency of ENMs uptake
(Lietal., 2016). In the case of root exposure to ENMs, exudates (low and
high molecular weight compounds) significantly affect further fate of
ENMs (Liu et al., 2019). If ENMs are applied to the growth medium, they
are frequently observed to form aggregates on the root surface (Marchiol
et al., 2016) including Casparian strip (Ali et al., 2021). The degree of
aggregation of ENMs can be influenced by mucilage released by the root
(Avellan et al., 2017; Marchiol et al., 2016). Avellan et al. (2017) have
proved that mucilage can trap both positively and negatively charged
ENMs. Interestingly, mainly positively charged nano-Au remained
immobilized as large agglomerates in the mucilage layer on root tips of
Arabidopsis thaliana, preventing further uptake (Avellan et al., 2017). In
comparison, plants treated with negatively charged nano-Au showed a
higher content of Au inside the plant apoplast, proving uptake and
translocation (Avellan et al., 2017). Secretion of exudates by plant roots
determined the properties of the interface between roots and soil
(rhizosphere). Schwabe et al. (2015) revealed that plant roots can
prompt the dissolution of nano-CeOs in soil, leading to uptake of dis-
solved Ce (III) that was re-precipitated in plant tissues. Gao et al. (2018)
also confirmed the enhanced dissolution of nano-CuO in the rhizosphere
of wheat. Moreover, the properties of growth medium are other crucial
factor affecting the uptake of ENMs by plants by determining the
behavior and transformation of ENMs (Peng et al., 2017; Gao et al.,
2019). pH, organic matter and clays content are considered as the most
important characteristics that impact the ENMs fate in soil-plant system,
which was highlighted in previous works (Zhang et al., 2018b; Gao
et al., 2018; Lowry et al., 2012).

During foliar application, ENMs must first overcome the cuticle,
which is a protective barrier of leaves against the input of contaminants
and pathogens (Pollard et al., 2008). It is estimated that 60-70% of
ENMs suspension is delivered onto leaves surface after foliar treatment
of ENMs (Su et al., 2019). Two ENMs uptake pathways after foliar
application have been described: 1) the lipophilic pathway by diffusion
through cuticle wax or 2) hydrophilic pathway through hydathodes,
trichomes, or stomata (Eichert et al., 2008). ENMs showed a tendency to
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accumulate in stomata (Eichert et al., 2008), adjacent parenchyma cells
(Corredor et al., 2009) or trichomes (Spielman-Sun et al., 2020). The
high number of stomata on leaf surface facilitated rapid and efficient
uptake of ENMs (Su et al., 2019). Coating of ENMs is also of great
importance in their uptake (Yang et al., 2017). After spraying, uncoated
ENMs were distributed by chance on the leaf surface, whereas coated
ENMs, like nano-BSA-Au or LM6M-Au, exhibited affinity towards nat-
ural leaf openings (trichomes and stomata) (Spielman-Sun et al., 2020).

3.2. Translocation of ENMs

After input into the plant, ENMs can be transported symplastically
and apoplastically (Su et al., 2019). Similarly to other compounds, ENMs
are transported through vascular bundles, the xylem from the roots to
higher plant parts, and via the phloem in the opposite direction (Raliya
et al.,, 2016). However, existing studies revealed that the transport of
ENMs or their components in the plant was dependent on their prop-
erties (charge, size, chemical composition) and their application mode
(Dimkpa et al., 2012b; Zhang et al., 2011) (Fig. 3). A study on the
transport of Cu-CNFs showed that the particle diameter determined the
pathway of their transport (Ashfaq et al., 2017). Cu-CNFs up to 60 nm
were transported through plasmodesma when the diameter of the
plasmodesma channel ranged 40-60 nm. Larger Cu-CNFs were trans-
ported symplastically and apoplastically (Ashfaq et al., 2017). As in the
case of uptake of ENMs, their translocation is determined by the surface
charge. For example, negatively charged nano-Zn- chitosan was pre-
dominantly translocated to the leaves, whereas almost no transport of
positively charged ENMs was observed (Liu et al., 2019). In turn,
exposure of wheat and rapeseed to MWCNTs coated with negatively
charged gum Arabic or humic acids resulted in a trace uptake and
translocation of ENMs (< 0.005%0) from roots to leaves (Larue et al.,

2012). Avellan et al. (2019) reported that nano-Au coated with amphi-
philic polyvinylpyrrolidone led to higher uptake of ENMs in wheat
through the cuticle layer but significantly lower translocation across the
mesophyll and the rest of the plant. While only a fraction of nano-Au
coated with more hydrophilic citrate entered the leaf, those ENMs
were effectively translocated to the plant vasculature (Avellan et al.,
2019). Both ENM types showed similar translocation of nano-Au to
shoots (10-30%) and roots (10-25%). A small amount of nano-Au
(5-15%) was excluded into the rhizosphere (Avellan et al., 2019).
Tombuloglu et al. (2019) reported that ENMs were translocated from
roots to shoots in H. vulgare under treatments in hydroponic conditions.
In turn, Ma et al. (2017) proved root-to-shoot-to-root redistribution of
nano-CeO,, which can have significant implications for food safety and
human health.

Inside plants, ENMs can undergo various biotransformations (Zhang
etal., 2012; Ogunkunle et al., 2019), which may have a major impact on
the translocation of released ions/substances (Wang et al., 2012) or
potential toxicity (Ogunkunle et al., 2019). Zhang et al. (2012) reported
that nano-CeO5 might be transformed to Ce (III) in cucumber roots with
the assistance of reducing substances and organic acids. It was observed
that most of the released Ce3" was precipitated as insoluble CePO4 and
immobilized in the roots, preventing further translocation of ions. It is
supposed that a small part of released Ce3* was transported with
nano-CeO; to the shoots via xylem (Zhang et al., 2012). It is worth
noting that in the stem and leaves Ce (III) occurred as cerium carbox-
ylate, while immobilized insoluble CePO4 remained in the roots (Zhang
etal., 2012). A similar reduction of Ce (IV) to Ce (III) was found in Egeria
densa and the kinetics of the process was negatively correlated with the
particle diameter of CeO; (Geitner et al., 2018). A study on the transport
of nano-CuO from roots to shoots and leaves of Zea mays demonstrated
that a part of nano-CuO was reduced from Cu (II) to Cu (I) (Wang et al.,



M. Kusiak et al.

2012). The analysis of the xylem sap showed that only Cu (II) forms
occurred. It is suspected that the biotransformation of nano-CuO in
Z. mays was caused by enzymes such as the reductases and ferredoxins of
the plant photosynthetic system or reducing sugars (glucose/fructose)
(Wang et al., 2012). The reduction could have occurred partly in the
leaves or during the transport through the phloem to the roots due to the
interaction with reducing sugars (Wang et al., 2012). Ogunkunle et al.
Ogunkunle et al. (2019) showed that all nano-Cu incorporated into the
cowpea tissues from the soil underwent biotransformation to Cu®" in the
roots. A study on nano-CuO distribution and speciation reported that
although ENMs were the dominant form of Cu in roots and mature leaves
of O. sativa, the concentration of Cu (II) and Cu (I) significantly increased
in above-ground tissues and Cu?* was the predominant form in younger
leaves (Peng et al., 2015). Shi et al. (2008) indicated that most Cu in
Elsholtzia splendens roots exists as Cu>", which has the highest toxicity
among Cu species (Keller et al., 2017). Many studies on biotransfor-
mation of metal-based ENMs showed that Cu (II) was often bound by
phytochelatins, including cysteine, histidine, and nicotianamine, to
form chelated complexes (Ogunkunle et al., 2019; Peng et al., 2015).

4. Effects of ENMs on plants

To date, the effects of ENMs on plants have been assessed both in the
context of their suitability for plant growth improvement and their po-
tential toxicity (Marchiol et al., 2016; Sathiyabama and Manikandan,
2018; Dimkpa and Bindraban, 2018; Wang et al., 2019). The aspect of
risk assessment is gaining an ever greater importance due to the
increasing presence of ENMs in the environment, including soils (Rajput
et al., 2020). Research on a wide group of ENMs (nano-ZnO, CuO, Au,
Ag, TiO,, Cgp etc.) has been conducted on many plant species (Arabi-
dopsis thaliana, Brassica napus, Oryza sativa, Hordeum vulgare, etc.), on
different media (hydroponic, agar, soil) (Chung et al., 2019; Marchiol
et al., 2016; Landa et al., 2012; Yue et al., 2017), and under different
types of ENM application mode (seed dressing, foliar application, soil
application) (Vannini et al., 2013; Zhang et al., 2018b; Sathiyabama and
Manikandan, 2018) and duration of exposure (Marchiol et al., 2016;
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Suriyaprabha et al., 2018). In these studies, the effects of ENMs on plants
have been evaluated from the molecular changes through the cell and
tissue level to the response of the whole organism (Fig. 4). Both positive
and adverse changes in morphological (germination power, biomass)
(Nair and Chung, 2014; Kim et al., 2012), physiological (photosynthesis
rate, pigments content) (Yasmeen et al., 2017; Trujillo-Reyes et al.,
2014), and biochemical parameters (activity of antioxidant enzymes,
content of proteins, sugars, starch, and macro- and micronutrients)
(Yasmeen et al., 2017; Du et al., 2015) have been reported (Table 1). The
analysis of the effects of ENMs on plant growth and development
including the role of a number of factors such like ENMs type and dose,
mode of application and plant species in plant response was presented in
detail in the last reviews (Pradhan and Mailapalli, 2017; Rizwan et al.,
2017). Molecular changes in plants under ENMs remain poorly under-
stood. The development of omics techniques offers new possibilities to
explore mechanisms of plant-ENM interactions (Fig. 1) (Hossain et al.,
2020), which is of utmost importance for the use of ENMs for crop
production, and nanotoxicity. Due to the significance and increasing
number of omics studies on ENMs in planta, the transcriptomic, prote-
omic and metabolic effects are analyzed below.

4.1. Transcriptomic analysis

Plant response to ENMs at the transcript level has been analyzed
based on the whole transcriptome (RNA-sequencing, microarrays)
(Wang et al., 2017; Jin et al., 2017) and the expression of selected genes
(real-time qPCR) (Syu et al., 2014; Garcia-Sanchez et al., 2015). The
impact of ENMs on the plant transcriptome was referred to the activity
of their bulk and ion counterparts in order to capture/verify
nano-specific effects (Yue et al., 2017; Shi et al., 2014). Metal ions
(usually used as metal salts) generally resulted in a higher number of
differentially expressed genes (DEGs) at the transcriptome level relative
to ENMs or their larger counterparts. Such findings were observed in
A. thaliana exposed to nano-ZnO (Landa et al., 2015; Wan et al., 2019),
nano-CuO (Landa et al., 2017), nano-Al,03 (Jin et al., 2017) as well as in
T. aestivum upon nano-Cu treatment (Zhang et al., 2018b). Furthermore,
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Fig. 4. Schematic presentation of ENMs effects on plants at molecular (genes and proteins expression), cellular (ROS generation, regulation of metal homeostasis),
tissue (structural and ultrastructural changes e.g. accumulation of ENMs, blockages and deformations of tissues) and the organism (decreased or increased plant
growth and biomass, yield) level. The TEM images were taken from references (Ma et al., 2017; Alkhatib et al., 2019).



Table 1
Morphological, physiological and biochemical changes in plants under ENMs treatments.
ENMs Plant Dose Size Analyzed Exposure route/  Age at exposure Duration of Remarks Ref.
(nm] tissues Growth media exposure morphological physiological biochemical
Ag Arabidopsis 100 pM 45 seedling, root root/ agar 4 days 3 days troots growth tanthocyanin tCu/Zn SOD (Syu et al., 2014)
thaliana accumulation activity
1ROS accumulation
1proteins content
tchloroplast
biogenesis
tcarbohydrate
metabolism
Arabidopsis 0.5mgL~! - seedling, root seed/ agar 0 days 14 days lroots length lchlorophyll content (Qian et al., 2013)
thaliana |seedlings lanthocyanin
biomass accumulation
froots number
Oryza sativa 40 ppm 18 leaf, shoot, root  seed/agar 0 days 14 days froot, shoot tflavonoids 1POD, APX, CAT (Gupta et al., 2018)
length accumulation activity
1plant biomass
Oryza sativa 0.5mgL~! 20 leaf, shoot, root  root/ aqueous 48h 7 days lroots, leaves, lchlorophyll, tlipid peroxidation (Nair and Chung,
solution stems growth carotenoids content tROS generation 2014)
| biomass |sugar content
CuO Cucumis 10 mgL~! 50 seedling, root root/ aqueous 5 weeks 5 days Iplant biomass 1POD, APX, CAT (Kim et al., 2012)
sativus solution activity
Landoltia 1mgL™! 43 leaf, root root/ aqueous 48h 9 days |plant growth lchlorophyll content (Shi et al., 2011)
punctata solution
Lactuca sativa 20 mg L™! 20-30 leaf, root root/ aqueous 18 days 15 days Iplant biomass Ichlorophyll content 1CAT activity (Trujillo-Reyes et al.,
solution 1APX activity 2014)
Zea mays 100 mg L~! 20-40 leaf, shoot, root  seed and root/ 0 days 8and 15days  |roots length tROS accumulation ~ (Wang et al., 2012)
aqueous |plant biomass tlipid peroxidation
solution
Cu Cucumis 10mgL 1 50 seedling, root root/ aqueous 5 weeks 5 days Iplant biomass 1POD, APX, CAT (Kim et al., 2012)
sativus solution activity
Cucumis 100 mg L™! 20 shoot, root root/ aqueous 6 weeks 4 days Iplant biomass telectrolyte leakage tROS accumulation ~ (Mosa et al., 2018)
sativus solution lchlorophyll content tlipid peroxidation
Solanum 250 mg L~! 20-50 leaf, shoot, fruit  foliar/ aqueous 93 days 43 days tplant biomass lchlorophyll content tglutathione (Pérez-Labrada et al.,
Lycopersicum solution tfruit weight content 2019)
Triticum 25 ppm 15-30 seed root/ soil tillering and till maturity Ispike length tsugar content 1SOD activity (Yasmeen et al.,
aestivum anthesis stage tnumber of grains <+ protein content 2017)
Cu(OH), Lactuca sativa 8.75-17.5 mg 50-1000 leaf, root root/ soil 24 days 4 weeks tplant biomass 1ROS accumulation (Zhao et al., 2016)
—protein content
Cu- Eleusine 0.15% 88 leaf, shoot, seed seed and foliar/ 0 and 20 days till maturity 1shoots, leaves tchlorophyll content 1protease inhibitors (Sathiyabama and
Chitosan  coracana soil growth 1p-1,3 glucanase Manikandan, 2018)
tplant biomass tperoxidase,
polyphenol oxidase
CeOy Triticum 400 mg kg ! 8 seedling, leaf, seed/ soil 0 days 30 days and lchlorophyll content 1SOD, CAT activity (Du et al., 2015)
aestivum shoot, root, till maturity tchromatin
seed condensation
Fe304 Lactuca sativa 20 mg Lt 50-60 leaf, root root/ aqueous 18 days 15 days lleaves biomass tchlorophyll content 1APX activity (Trujillo-Reyes et al.,
solution 2014)
25 ppm 20-30 seed root/ soil till maturity tsugar content

(continued on next page)
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Table 1 (continued)

Ref.

Duration of Remarks

exposure

Age at exposure

Exposure route/
Growth media

Dose Size Analyzed
tissues

Plant

ENMs

biochemical

physiological

morphological

[nm]

(Yasmeen et al.,

2017)

1SOD activity
—changes in

seedling

Triticum

emergence

aestivum

protein content

(Le et al., 2014)

1SOD. POD activity
| CAT activity

|plant growth
|roots, shoots

biomass

30 days

21 days

root/ aqueous

solution

30 shoot, root

500 mg L~}

Bt-transgenic

cotton

SiO,

(Ghosh et al., 2016)

tROS accumulation

tcell death

24 h

till root reached
length of 2-3 cm

root/ aqueous

Allium cepa 0.2gL™! 75-85 root
solution

ZnO

tlipid peroxidation
| CAT activity

timpaired cell division

| mitotic index

(Deshpande et al.,

2018)

tgrain protein

content

tplant growth

2,4,8 12h,

7 days after
anthesis

foliar/ soil

leaf, shoot, seed

40 mg L7!

Triticum

tnumber of grains

7,14 and 21

days

aestivum

(Hong et al., 2005)

1 chlorophyll content

tplant biomass
1 plant growth

48 h, 7 and
30 days

0 days

seed and foliar/

aqueous
solution

leaf

2.5%0

Spinacia

TiOs

oleracea

1 higher effect, | lower effect, <no effect in relation to control sample.
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the changes at gene expression as affected by metal ions persist longer
than for ENMs. For example, after 3 days of exposure, nearly 70% of
DEGs returned to the normal expression level in A. thaliana exposed to
nano-ZnO compared to 54% in Zn?* treated seedlings. Given that the
bioactivity of metal-based ENMs is closely associated with the activity of
metal ions released from them, transcriptional changes concerned genes
related to, e.g., oxidative stress or metal homeostasis (Landa et al.,
2017). Nonetheless, ENMs frequently induced specific changes in plant
transcriptome.  Nano-ZnO  exposure resulted in significant
down-regulation of almost 60 genes involved in cell wall organization
and structure, while Zn?* caused down-regulation of only 11 such genes.
It is suspected that this is caused by the tendency of ENMs to adhere and
accumulate in apoplastic spaces (Wan et al., 2019). Landa et al. (2015)
also observed transcriptome specific changes in A. thaliana treated with
nano-ZnO, which might have been caused by aggregation of nano-ZnO
on/inside of root tissues, which resulted in blockage of the apoplast
and inhibition of water and nutrient transport (Ma et al., 2018). Tran-
scriptomic response of plant upon exposure to ENMs was also
tissue-specific, which could have been due to the mode of application of
ENMs. Nano-ZnO applied to the growth medium resulted in a higher
number of DEGs in Z. mays roots than in shoots (Xun et al., 2017). Gene
ontology analysis also showed different enriched DEGs patterns between
plant tissues: genes involved in nitrogen compound metabolism, the
small molecule metabolic process, the nutrient reservoir and cellular
components, and the primary and secondary metabolic process were
exclusively up- or down-regulated in roots (Xun et al., 2017).

Due to the cost- and time-consumption of analysis of the whole plant
transcriptome, studies investigating the expression of selected genes
have been used more frequently to evaluate the effects of ENMs on
plants (Pagano et al., 2016; Taylor et al., 2014; Xun et al., 2017). Most of
these studies have involved analysis of stress response-related genes
(Landa et al., 2015; Jin et al.,, 2017; Valdes et al., 2020) (Fig. 5).
Particularly, much attention has been devoted to oxidative stress-related
genes (Qian et al., 2013; Kim et al., 2012; Tombuloglu et al., 2019),
which are considered to be one of the main reasons for the phytotoxicity
of ENMs (Kim et al., 2012; Dogaroglu and Koleli, 2017; Mosa et al.,
2018). Enhanced generation of ROS under the influence of ENMs results
in the activation of the plant defense system, including enzymatic and
non-enzymatic antioxidants (Chung et al., 2019). Up-regulation of
antioxidative enzymes (e.g. SOD, CAT, GPX, APX) was induced by
nano-Ag (Qian et al., 2013), nano-Aly,03 (Jin et al., 2017), nano-ZnO
(Wan et al.,, 2019) and CeO, (Ma et al., 2013) in A. thaliana,
nano-CuO in Brassica rapa (Chung et al., 2019), nano-Cu in C. sativus
(Mosa et al., 2018) and nano-Cu(OH), in Medicago sativa (Cota-Ruiz
et al., 2018). Genes encoding biosynthesis of non-enzymatic antioxi-
dants, e.g. phenolic compounds (PAP1, ANS, PAL, and FLS), were
up-regulated in Cicer arietinum under nano-CuO (Chung et al., 2019).
The transcript level of genes involved in the response to biotic and
abiotic stress, such as small heat shock proteins (ATHSP) under nano-K
(AuCl4) (Taylor et al., 2014), or the salicylic and jasmonic acid signaling
pathway (WRKY) after nano-Cu(OH); (Zhao et al., 2017b) and nano--
Aly,O3 (Jin et al., 2017) treatment have also been studied (Fig. 5).
Comparative studies of gene expression upon exposure to metal-based
ENMs and metal ions have generally revealed effects on the same
genes, but differing in the scale and the direction of expression changes.
In a study by Tang et al. (2016), nano-CuO induced higher transcripts of
oxidative stress-related genes (RHL41, MSRB7, BCB, PRXCA, and MC8)
in A. thaliana than the corresponding Cu®" ions. In turn, up-regulation of
Cu/Zn SOD was at a similar level after exposure to nano-CuO and Cu?*,
but it was higher than after bulk-CuO treatment (Landa et al., 2017). In
Z. mays exposed to nano-Cu and bulk-Cu (1000 ppm), on the other hand,
higher up-regulation of APX was observed after adding bulk-Cu (Valdes
et al., 2020). In turn, nano-ZnO, bulk-ZnO, and Zn%** up-regulated the
genes involved in salt stress and osmotic stress (SNRK2.8 SNRK2.9,
DELTA-OAT, ALP) to a similar degree (Landa et al., 2015). Specific
transcriptome changes under nano-ZnO treatment were related to genes
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Fig. 5. Transcriptional response of plants to ENMs treatment. Genes have been grouped by their role in plants. References are provided in Supplementary Material.

that played a role in defense response (RBK1, AT4G19925) to pathogens
(PR4) or hypoxia (PDC2), which could have resulted from strong
adhesion of the ENMs to plant roots (Landa et al., 2015). Pagano et al.
(2016) also found BIP3 heat shock protein as a biomarker of ENMs
(nano-CuO, Lay0s3, CeO5) for 3 species: A. thaliana, S. lycopersicum, and
Cucurbita pepo. The rate of ENMs has also caused differences in plant
response. Foliar application of nano-Cu(OH), at 10 mg L™! resulted in
up-regulation of POD1 and GST1 in Z. mays, whereas a 10 times higher
concentration reduced the transcript level of other genes involved in
response to oxidative stress (CAT1) (Zhao et al., 2017c). According to
Rizwan et al. (2017), under mild ENMs stress the activity of antioxidant
enzymes increases, while at high stress the activity of enzymes decreases
due to severe oxidative bursts.

Transcriptional changes in plants under exposure to metal-based
ENMs have been evaluated in terms of metal homeostasis (Landa
et al., 2017; Taylor et al., 2014; Zhang et al., 2019). Because free metal
ions do not occur in plant cells almost at all (on average 1 metal ion per
cell), the concentration of metal ions is tightly controlled by the panel of
several transporter proteins regulating uptake, cellular compartment,
and sequestration of metals (Chen, 2018). Metal-based ENMs are char-
acterized by the different solubility and dissolution rate, which could
have driven the differences in the delivery of elements resulting in
changes in transcripts of genes regulating metal homeostasis (Landa
et al., 2012). A comparative study of the impact of nano-ZnO and Zn2"
on A. thaliana showed a different expression pattern of genes involved in
Fe homeostasis (Wan et al., 2019). Nano-ZnO added to growth medium
resulted in up-regulation of 30 and down-regulation of 12 transporter
genes, while only 17 genes were up-regulated and 4 down-regulated by
Zn" treatment (Wan et al., 2019). In turn, Landa et al. (2017) showed
that nano-CuO, bulk CuO and Cu®" treatment of A. thaliana resulted in
down-regulation of genes involved in Cu homeostasis (ZIP2, COPT2,
CCH, FSD1). Nano-CuO caused specific up-regulation of NAS4 and

11

SULTR1;3 genes and down-regulation of ATCTH, AT4G30170, XTH14
and AGT (Landa et al., 2017). Taylor et al. (2014) noted that A. thaliana
exposure to nano-K(AuCl4) resulted in down-regulation of many trans-
porter genes (e.g. IRT1, IRT2, COPT2, ATIREG2, ATNR 2;1, MTPA2,
MTPc3, HMA3, ATCHX16, and NRAMP1) in roots, while up-regulating
CAX3. An excess of both essential and non-essential metal ions trig-
gers metal homeostasis control mechanisms to avoid metal uptake and
subsequent toxicity (Eide et al., 1996). Apart from their impact on
transporters characterized by high specificity towards target metals,
ENMs have also affected the transcript of genes related to other ele-
ments. For example, nano-Al;O3 up-regulated N and P transporters
(NRT2:1, AMT1:3, PHT1:9) (Jin et al., 2017), which resulted in greater
loading of these macronutrients in A. thaliana. It is worth noting that
AR caused down-regulation of AMT1:3 and impaired N uptake, which
is a frequent symptom in abiotic stress conditions (Filiz and Akbudak,
2020).

As regards the contribution of aquaporins to the uptake of water,
non-polar solutes (e.g. urea, glycerol) and gases (e.g. CO2) as well as
elements (B) (Maurel et al., 2008) changes in their expression under
ENMs treatment have been evaluated. The activity of aquaporins is
heavily influenced by a number of stress factors like salinity, pH, low
temperature, low humidity, and heavy metals (Qian et al., 2013; Kho-
dakovskaya et al., 2011; Kapilan et al., 2018). Khodakovskaya et al.
(2012) demonstrated up-regulation of the PIPI gene in tobacco after
treatment with MWCNTSs. Similar results were obtained by Lahiani et al.
(2013): deposition of MWCNTSs on the seed surface of barley, corn and
soybean enhanced gene expression of several types of aquaporins such
as PIPs, TIPs, and SIPs (Lahiani et al., 2013). Increased expression of
aquaporins showed a significant impact on the activation and
enhancement of seed germination and seedling growth because of
stimulation of water uptake. A study on A. thaliana treated with nano-K
(AuCl4), on the other hand, showed a significant down-regulation of
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eleven aquaporin genes (TIPs, NIPs, PIPs). This resulted in strong inhi-
bition of water uptake and increased the toxic effects induced by Au
abundance (Taylor et al., 2014). Another non-essential ENMs, nano--
Lay0s, also significantly down-regulated PIP genes in Z. mays, which led
to reduced water uptake and growth inhibition (Yue et al., 2017). In
turn, nano-Ag (at 3 mg L) induced down-regulation of aquaporins
(PIP2;1, PIP2;2, SIP1;1, TIP1;1) in A. thaliana (Qian et al., 2013),
whereas Ag?t did not affect the expression of these genes (except for
PIP2;1, which was up-regulated). A study on nano-ZnO, bulk, and ionic
Zn?* treatments demonstrated down-regulation of PIP1;4, PIP2;3, and
PIP3 as well as DELTA-TIP (Landa et al., 2015).

Recently, ENMs have been found to significantly impact miRNA
expression profiles, which may cause crucial changes in plants (Frazier
et al., 2014). miRNA is a small single-stranded non-coding RNA mole-
cule involved in RNA silencing and post-transcriptional regulation of
gene expression (Bartel, 2018). miRNAs are highly conserved and take
part in plant development and tolerance to stress by controlling
expression of more than 30% of protein coding genes (Xie et al., 2005;
Lewis et al., 2005). Kumar et al. (2013) linked the reduced expression of
miR398, miR408 miR167, and miR164 under exposure to nano-Au to
enhanced growth and yield in A. thaliana. The modulation of miRNA
expression by nano-Al,O3 (Burklew et al., 2012) and nano-TiO5 (Xie
et al., 2005; Boykov et al., 2019) in Nicotiana tabacum, which was
associated with resistance to drought and the plant adaptive response to
nutrient deficiency, resulted in higher expression miRNA, which was
linked to ENMs adverse effect on plants (Xie et al., 2005; Burklew et al.,
2012; Boykov et al., 2019).

4.2. Proteomics and metabolics effects

Proteomics and metabolomics analysis (LC MS, MALDI, GC—TOFMS)
have increasingly been used to obtain a holistic view of molecular
response of plants to ENMs (Zhang et al., 2018a). Proteomics analyzes
qualitative and quantitative changes related to proteins, while metab-
olomics serves as a tool to explore the metabolic status at a particular
time point (Li et al., 2018c; Zhao et al., 2019). Unlike transcriptomics,
the comparative analysis of metabolic and proteomic effects of ENMs
and corresponding bulk particles or dissolved compounds is extremely
scarce (Fig. 1.) (Reddy Pullagurala et al., 2018).

A study on the impact of nano-Cu and nano-Fe addition on soil-
grown wheat revealed an increase in stress-related proteins (heat
shock proteins, luminal binding proteins) and proteins related to protein
degradation in seeds (Yasmeen et al., 2017). Nano-Cu showed a signif-
icant increase in expression of proteins related to glycolysis and starch
degradation, while nano-Fe treatment resulted in increased expression
of tricarboxylic acid cycle proteins (Yasmeen et al., 2017). The analysis
of protein expression patterns (stress, glycolysis, proteins, amino acid
metabolism, etc.) revealed that nano-Cu improved both yield and stress
tolerance of wheat in comparison to nano-Fe (Yasmeen et al., 2017).
Changes in protein profile expression in soybean also differed among
ENMs types (nano-Al,O3, ZnO, and Ag) (Hossain et al., 2016). Nano--
Al,03 treatment resulted in an abundance of proteins involved in stress
signaling, hormonal pathways related to growth and oxidation reduc-
tion, which might be crucial for maintaining optimum growth of soy-
bean under ENMs stress. On the other hand, nano-Ag increased the
number of proteins related to primary metabolism, while nano-ZnO
decreased the amount of proteins involved in stress signaling, second-
ary metabolism, and hormone metabolism (Hossain et al., 2016). Pro-
teomic analysis of Eruca sativa under nano-Ag and Ag" indicated similar
tendency to accumulation of proteins related to sulfur metabolism (e.g.
jacalin lectin family). The study also revealed a nano-specific effect: the
proteomic changes caused by nano-Ag were mostly related to ER (strong
down-regulation of ER-resident luminal-binding protein 1 and heat
shock protein 70), while Ag+ treatment increased the abundance of
several major latex proteins, glutathione-S-transferases, and universal
stress protein (Kissen and Bones, 2009).
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A study carried out by Zhao et al. (2019) showed that the metabolite
profile of Z. mays was ENMs-type dependent. The nano-FepO3 caused the
most distinctive metabolic changes (11 altered metabolic pathways),
followed by nano-TiO; (9 pathways) and nano-SiO; (6 pathways). It is
worth noting that all the 3 types of ENMs commonly altered 3 metabolic
pathways: arginine and proline metabolism, methane metabolism, and
pantothenate and CoA biosynthesis, which are crucial for nitrogen and
carbohydrate metabolism (Zhao et al., 2019). Untargeted Metabolic
Pathway Analysis was used to assess the nanotoxicity of 10 ENMs
(nano-Ag, Cu, Fe, ZnO, SiO,, TiO3, GO, GOQDs, SWCNTs, and Cgg) to-
wards rice (Li et al., 2020). Down-regulation of carbohydrate meta-
bolism and up-regulation of amino acid metabolism were the two
dominant metabolic changes triggered by all tested ENMs. Nano-specific
modulation of Spinacia oleracea metabolome was provided in a study
testing nano-Cu(OH); (Zhao et al., 2017a). Interestingly, both nano- and
ionic Cu treatments affected pathways related to plant antioxidative
activities but only nano-Cu(OH), treatment resulted in nitrogen meta-
bolism perturbation (Zhao et al., 2017a). Metabolome analysis was also
employed to record metabolic changes triggered by foliar application of
single-walled carbon nanohorns and nano-ZnO to Sophora alopecuroides
under salt stress (Wan et al., 2020). Both ENMs improved salt tolerance
by reprogramming carbon/nitrogen metabolism and stimulating
glycolysis and TCA cycle to generate energy and enhancing the levels of
unsaturated fatty acids to maintain membrane integrity under salt stress
(Wan et al., 2020). In recent time, there have been more and more
studies employing an integrated approach and using more than one
omics technique for exploration of the ENMs-plant system (Li et al.,
2018c; Chen et al., 2018; Sun et al., 2020). Transcriptomics and
metabolomics analysis of A. thaliana exposed to 1000 mg L~! of carbon
nanodot showed oxidative stress, changes in osmotic potential, and in-
terferences with photosynthetic processes (Chen et al., 2018). Foliar
application of ZnO to tomato induced changes in gene transcripts and
metabolites involved in nutrient element transport, carbon/nitrogen
metabolism, and secondary metabolism (Sun et al., 2020). Proteomics
and metabolomics tools were also employed to investigate the joint ef-
fect of GO and PAHs on rice (Li et al., 2018c). The adverse effect of PAHs
on plants was enhanced by co-existing GO, which increased the level of
aryl hydrocarbon receptor and cytochrome P450 (related to oxidative
stress and transmembrane transport) induced by PAHs (Li et al., 2018c).

5. Conclusions

Over the recent years, nanotechnology has proved its potential for
wide applications in crop production. Application of ENMs as crop
protection agents, fertilizers or nano-sensors might potentially
contribute to increase agricultural production by facilitating adaptation
to the negative effects of climate change, increasing crop yields, bio-
fortification, efficient plant protection, and enabling long-time storage
without quality loss. These current and potential applications of ENMs
result in their release into the environment. The gradually increasing
presence of ENMs in the agro-ecosystem may entail their uptake by
plants and affect their well-being. The morphological, physiological and
biochemical response of plants to ENMs has been intensively studied
over the last 20 years, whereas molecular changes in planta under ENMs
exposure remain under-researched. Due to the last development of
omics techniques, the transcriptomic, proteomic and metabolic effects of
ENMs are more and more often analyzed. This brings in-depth under-
standing of interactions of ENMs with plants, which is crucial to efficient
plant protection. However, because the above-mentioned molecular
analyses are costly and time-consuming, usually one of omics techniques
(mostly transcriptome) was used to explore ENM-induced effects.
Moreover, molecular studies combined with advanced analytical tech-
niques detecting the speciation and location of ENMs in plants (e.g.
uXANES) will provide a greater insight of the specificity of ENMs. Most
of the molecular investigations were conducted on a model plant, hy-
droponically grown A. thaliana. There is a pressing need to conduct tests
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on agriculturally important plants (soil grown) at environmentally
relevant concentrations of ENMs. Further comparative studies of ENMs
with corresponding compounds are required to capture nano-specific
changes, especially in proteins and metabolite profiles. Even now little
is known regarding plant molecular response to long-term exposure to
ENMs. Particular attention should be paid to unknown epigenetic
changes in plant responses to ENMs exposure. As those modulations may
be hereditary, it is of utmost importance to understand and predict the
potential impacts of ENMs on crops. As more and more ENMs products
are introduced to agri-sector, ensuring long-time safety by extensive
testing and introduction of adequate regulations should take priority.
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The objective of this study was to evaluate nano-Cu-plant interactions under Cu deficiency. Nano-Cu at rates of
100 and 1000 mg L was applied as foliar spray to Hordeum vulgare L. during increased demand for nutrients at
tillering stage. Corresponding treatment with CuSO4 was used to exam the nano-specific effects. Cu compounds-
plant leaves interactions were analyzed with spectroscopic and microscopic methods (ICP-OES, FTIR/ATR, SEM-
EDS). Moreover, the effect of Cu compounds on plants in terms of biomass, pigments content, lipid peroxidation,
antiradical properties, the activity of enzymes involved in plant defense against stress (SOD, CAT, POD, GR, PAL,
PPO) and the content of non-enzymatic antioxidants (GSH, GSSG, TPC) was determined after 1 and 7 days of
exposure. Cu loading to plant leaves increased over time, but the content of Cu under treatment with nano-Cu at
100 mg L! was lower by 76% than GuSO, at 7th day of exposure. The changes induced by applied Cu compounds
in biochemical traits were mostly observed after 1 day. Our data showed that CuSO4 exposure induce oxidative
stress (increased MDA level and GSSG content) when compared to control and nano-Cu treated plants. Note-
worthy, nano Cu at 100 mg L' demonstrated enhanced stress tolerance as indicated by boosted GSH content.
After 7 days, the antioxidant response was almost same compared to control sample. However, based on other
indicators (pigment content, chlorosis sign, biomass), it should be noted that CuSO4 caused serve oxidative burst
of plant which may resulted in damage of defense system. Nano-Cu, especially at 100 mg L}, showed promising
effect on plant health, and obtained results may be useful for optimizing of nano-Cu application as fertilizer
agent.

1. Introduction

It is estimated that the global population will reach over 10 billion
people by 2050, thus the agricultural production must be increased by
70% to meet the food demand (Kohatsu et al., 2021). To ensure the food
security, agrochemicals are profusely used in agriculture to improve the
quality and quantity of the crop yields (Hasegawa et al., 2018). How-
ever, the application of conventional chemicals is of low efficiency
resulting in unachieved fertilizing objectives as well as environmental
degradation (Hasegawa et al., 2018). The need to develop alternative
strategies for sustainable agriculture leads to increased interest in

nanotechnology as a feasible tool to increase agricultural production
rates (Kohatsu et al., 2021). Engineered nanoparticles (ENPs) are inor-
ganic, organic, or hybrid materials characterized by unique properties
due to their size (1-100 nm), larger surface area and a high the surface
area to volume ratio, that make them different from their bulk coun-
terparts (Dogaroglu and Koleli, 2017; Pagano et al., 2016). ENPs have a
potential to increase crop production as nano-fertilizers through gradual
release of active substances on a long-term basis (Wang et al., 2016),
reduction of the mobile nutrients losses (Kah et al., 2019), and through
enhanced accessibility of poorly-available nutrients (Dogaroglu and
Koleli, 2017).
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Cu is an essential microelement required for plant growth and
development, specifically, for photosynthesis, mitochondrial respira-
tion, cell wall metabolism, protein synthesis etc. (Rahman and Schoe-
nau, 2020; Ravet and Pilon, 2013). Moreover, Cu plays an important
role in boosting of plant tolerance to abiotic stresses such as drought,
heat or salinity under changed plant growth conditions via e.g. improved
osmotic adjustment and the stimulation of oxidative defense system
through increased activity of antioxidant enzymes and enhanced syn-
thesis of non-enzyme antioxidants (Igbal et al., 2018; Waraich et al.,
2011). Because of the limited uptake and translocation of Cu in plants as
a result of low bioavailability in soil and mobility of this element,
deficiency symptoms such as stunted growth, chlorosis, curling of leaf
margins, defects in photosynthetic activity, altered plant morphology
and increased susceptibility to diseases (e.g. ergot) may occur (Rahman
and Schoenau, 2020; van Maarschalkerweerd et al., 2013). Cereals such
as barley (Hordeum vulgare L.) are sensitive to Cu deficiency, especially
during the tillering and anthesis stages (Rahman and Schoenau, 2020).
Prolonged Cu deficiency results in pollen abortion and male sterility
(Rahman and Schoenau, 2020) or diminished Cu and protein content in
grains, reducing its nutritional value and increasing the micronutrient
deficiencies in humans (Wazir and Ghobrial, 2017). Up to 40% of soils in
Poland are at risk of Cu-deficiency (Alloway, 2005). Therefore, efficient
Cu fertilization is crucial to ensure plant health and crop quality (Rah-
man and Schoenau, 2020; Wazir and Ghobrial, 2017). Cu-based fertil-
izers are most often applied by foliar spray rather than soil irrigation due
to direct uptake of the microelement by the target organs of crop plants
(Kohatsu et al., 2021). However, currently used agrochemicals are
significantly inefficient, as up to 50% of the applied nutrients do not
reach their target (Avellan et al.,, 2021) and 93% of Cu provided as
conventional ionic CuSOy4 is lost by wash-off from leaves (Kah et al.,
2019) and then contaminates the soil and groundwater, which conse-
quently leads to the accumulation of potentially toxic Cu concentrations
in the environment (Avellan et al., 2021).

Despite the fact that the potential of ENPs, including Cu-based ENPs,
as agrochemicals has been widely discussed, the studies on the efficiency
of foliar applied ENPs remain in the minority (Kohatsu et al., 2021;
Lafmejani et al., 2018). Especially, data on the integrated analysis of
interactions of Cu-based ENPs—plant leaves and plant response (e.g. at
physiological and biochemical level) are scarce. The scant studies on the
absorption mechanisms of ENPs by plant leaves indicate the important
role of the chemistry of leaf surface, depending on plant species and
their growth stage, for the penetration of plant tissue by e.g. Zn-based
ENPs (Du et al., 2015). Thus, the in situ analysis and visualization of
nano-Cu with plant leaves is crucial for the examination of actual ab-
sorption and of the potential of ENPs for long-term delivery of metal
ions. Further, to obtain a complete picture of nano-Cu utility for plant
fertilization, the physiological and biochemical traits need to be
included. Moreover, the evaluation of fertilizing efficiency of these ENPs
should be performed in the conditions, when the plants are suffering
from Cu deficiency. In the conditions of deficiency (and excess as well)
of Cu, which is a redox-active metal, overproduction of reactive oxygen
species (ROS) occurs resulting in oxidative stress, DNA damage, lipid
peroxidation etc. (Angelé-Martinez et al., 2017). To tackle the cellular
imbalance of ROS, plants activate a defense system consisting of enzyme
and non-enzyme antioxidants (Puig and Penarrubia, 2009). However, so
far the antioxidant response of plant under the treatment with Cu-based
ENPs has been mostly examined in the ecotoxicological studies, in which
ENPs were tested in excessive conditions triggering the oxidative stress
and antioxidant stress response (Dimkpa et al., 2012; Shaw et al., 2014;
Tang et al., 2016). For example, nano-Cu induced an increase of HyO,
and copper-zinc superoxide dismutase gene expression in cucumber
after the application of ENPs to hydroponic solution (Mosa et al., 2018).
The study by Shaw et al. (2014) showed enhanced ascorbate peroxidase
and glutathione reductase activity in rice seedlings exposed to nano-CuO
at 1.0 and 1.5 mM. However, there is no data on the antioxidant
response of foliar application of ENPs containing Cu under
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Cu-deficiency. Considering plants needs of a relatively low amount of Cu
(Tang et al., 2016), the application of conventional compounds releasing
the whole pool of Cu ions may easily exceed plant requirement for this
transition metal, thus exacerbating oxidative stress. Cu-based ENPs,
characterized by gradual dissolution, may deliver Cu ions at the desired
rate to plants suffering from Cu deficiency, thus reducing oxidative
stress (Wang et al., 2016).

This study was aimed to give an insight into the impact of foliar
sprayed nano-Cu on H. vulgare grown under Cu deficiency conditions.
H. vulgare, the fourth most important cereal in the world, is widely used
for food, feed and brewing (Dogaroglu and Koleli, 2017). Due to its
economic importance and sensitivity to Cu deficiency, the impact of
nano-Cu on barley needs to be examined. Further, the comparison of the
effects of ENPs and their dissolved compounds on the plant antioxidant
activity needs to be conducted to evaluate the nano-specific activity. Our
study included the in situ spectroscopic analysis of the nano-Cu-leaf
interaction and the physiological and biochemical response of plant to
Cu compounds (nano-Cu/CuSO4). The analysis of changes in the activity
of a wide range of antioxidative enzymes and the content of non-enzyme
biomolecules in H. vulgare under treatment with nano-Cu was aimed to
explore their role and path in the mitigation of oxidative burst caused by
Cu deficiency. We hypothesized that nano-Cu, by gradually deliver of Cu
ions, will give better effects for the plant health grown in Cu scarcity
than under treatment with CuSO4. The holistic approach to the in-
teractions of nano-Cu-barley plant will shed light on the potential utility
of nano-Cu as foliar fertilizer.

2. Materials and methods
2.1. Characterization of chemicals

Cu nanoparticles (nano-Cu) (purity >95.5%) were purchased from
Sigma-Aldrich (USA). CuSO4 as a dissolved Cu compound (purity
>95.5%) was applied to compare the effects of ENPs and ionic forms of
the metal. Nano-Cu was characterized by the primary particle size of 25
+ 10 nm, as determined with a transmission electron microscope (TEM)
(JEM-3010 TEM JEOL, Ltd., Japan). The TEM image of nano-Cu is
presented in Fig. 1A. The surface area of nano-Cu estimated by BET
analysis was 8 m? g~!. Oxidation state, phase formation and crystal-
lography of nano-Cu were determined with powder XRD (Empyrean,
PANalytical, the Netherlands) using CuK, radiation (A = 1.54016 1°\) at
60 keV over the range of 20 = 5-95°. The peaks in the XRD pattern were
identified by comparison with the PDF-2 database of the International
Centre for Diffraction Data (ICDD). The XRD pattern analysis was con-
ducted with the Rietveld refinement method. Obtained XRD pattern
(Fig. 1B) confirmed the presence of copper (Cu 62%) and cuprite (CuzO
38%) in nano-Cu powder. The existence of narrow peaks in the XRD
spectrum revealed the crystalline phase of nano-powder. The size of
nano-Cu crystallite was estimated based on the diffraction peak broad-
ening using the Scherrer equation. The average crystallite size of nano-
Cu was found to be 32.6 + 3.7 nm. The absence of additional peaks
attributed to typical possible impurities confirmed the purity of the
tested nano-powder.

2.2. Experimental design

The nano-Cu solutions for foliar spray were prepared by suspending
nano-powder of nano-Cu in redistilled water (Q < 0.05 pS cm™ D) at
concentration of 100 and 1000 mg of L™, In our study, all Cu solutions
were prepared with the addition of 0.05% Tween 20 as an anti-foaming
adjuvant to improve the spreading and adhesion of the metal compound
on the leaf surface (Hu et al., 2020). Next, the solutions were sonicated
in an ultrasonic bath (25 °C, 250 W, 50 Hz) for 30 min. The solutions of
ENPs were characterized in terms of zeta potential ({-potential), the
distribution of aggregate sizes and dissolution rate. {-potential and the
distribution of particle sizes in nano-Cu solutions were examined with
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Fig. 1. TEM image (A) and XRD pattern (B) of nano-Cu.

the dynamic light scattering technique (DLS) (Zetasizer 3000, Malvern,
UK). The nano-Cu in solution was imaged with TEM by the application
of a drop of solution on the polymeric film. The separation of the dis-
solved metal fraction from the solution of nano-Cu was performed using
ultrafiltration with a Microsep Advance Centrifugal Devices with Omega
Membrane 1K (Pall Corporation). The concentration of Cu ions in
nano-Cu solutions from before and after spraying was determined with
an Inductively Coupled Plasma Optical Emission Spectrometer, ICP-OES
(Thermo Fisher Scientific, iCAP 7200, USA). Axial configuration was
used for Cu determinations. The spectral line (324.754 nm) was chosen
to obtain the highest sensitivity and minimum interference.

2.3. Plant growth and foliar application of Cu solutions

Seeds of H. vulgare cultivar Ella were soaked for 2 h in redistilled
water. The seeds were surface sterilized with 2% calcium hypochlorite
(15 min) and then with 70% ethanol (1 min). The seeds were then rinsed
3 times with redistilled water. Next, the sterilized seeds were transferred
to Petri dishes containing filter paper soaked in redistilled water for
germination. Further, the Petri dishes were placed in a growth chamber
at 24 °C in the dark. After 4 days, seedlings were transferred to a
modified Hoagland’s solution containing (mM) 0.457 MgS0O4-7 H20, 1
KNOs, 0.1 KH3PO4, Ca(NOs), 0.0672 NaSiOs 5 H0, 0.001
Mo7024(NH4)e, 0.001 ZnSO4, 0.001 MnCl,, 0.003 H3BO3, 0.03 NaFe(III)
EDTA buffered with 0.02 MES (4-Morpholineethanesulfonic acid, 2-(N-
Morpholino) ethanesulfonic acid hydrate)-KOH. The barley plants were
grown in Cu deprived Hoagland’s solution to induce Cu deficiency. No
control with addition of Cu in the growth medium was conducted due to
(i) limited translocation of Cu from roots to shoots and (ii) foliar
application mode of Cu compounds determining different mechanism of
adsorption and plant response than under root exposure (Josko et al.,
2021). The hydroponic solutions were replaced once a week with fresh
medium and constantly aerated. Plants were cultivated under hydro-
ponic conditions in a growth chamber (Conviron GEN1000) with a
relative humidity of 60 + 10% and at 16 h light/8 h dark cycle at 23 +
3 °C (day time) and 18 + 3 °C (night time) and with a light intensity at
450 pmol m~2 s!. 5 week-aged plants (at advanced tillering stage,
BBCH: 23) were sprayed with 10 mL of nano-Cu or CuSOj4 solutions with
0.05% Tween 20 at concentration of 100 and 1000 mg L' using
hand-held diffusive sprayer in three biological replicates. The concen-
trations of nano-Cu were selected on the basis of preliminary tests and
available literature (Lee et al., 2008; Mosa et al., 2018). The higher dose
of Cu-compounds was calculated to obtain a rate of 2 kg of Cu per ha
using in agricultural practice (Fageria et al., 2009). A rate of 100 mg L™}
was used to evaluate the opportunity for reducing the amount of Cu used
in nano-fertilizers. A solution of redistilled water with the surfactant was
used as the control treatment. Each pot lid was covered with foil to
prevent the entrance of solutions into roots. Additionally, the foil was
weighed before and after spraying to evaluate the volume of solutions
left on above-ground parts of plants. These volume values are provided

in Supplementary Materials (Table S1).

1 and 7 days after treatment, plants were harvested and prepared for
analysis. The plant tissues (roots and leaves) destined for metal content
and microscopic analysis were rinsed with Milli-Q® water. Additionally,
to remove nano-Cu attached to the leaf surface, leaves were next rinsed
with 2.2 M HNOj for 30 s and then rinsed 3 times with redistilled water.
Then plant samples were air-dried, weighted and stored (in darkness at
20 °C) for Cu content analysis. Fresh leaves for biochemical analysis
were weighted and stored in —80 °C.

2.4. Plant tissues analysis

2.4.1. In situ microscopic and spectroscopic analysis

Scanning electron microscopy (SEM) with Energy Dispersive Spec-
trometry (EDS) (Quanta™ 3D FEG, FEI with EDAX SDD Apollo detector)
was employed to image the treated leaves with Cu-compounds before
and after etching with HNOs in order to determine the internalization of
applied Cu solutions into H. vulgare. Due to the initial interactions of
foliar applied solutions was with the cuticle (Avellan et al., 2019), the
characterization of plant cuticles was provided by using Fourier trans-
form infrared spectroscopy — attenuated total reflectance (FT-IR/ATR).
It allowed to obtain significant information on the nature of functional
groups present in the cuticle matrix and on the structural role, interac-
tion and macromolecular arrangement of their components (Hered-
ia-Guerrero et al., 2014). The spectra were recorded in the 4000-400
em™! range, resolution 4 cm™ ! atroom temperature using Nicolet 6700
spectrometer and Meridian Diamond ATR accessory (Harrick). Fresh
leaf samples were directly applied onto the diamond crystal and close
contact was made with the crystal surface by a pressure tower in such a
way as not to destroy the structure of the leaf. Interferograms of 512
scans were averaged for each spectrum. Dry potassium bromide (48h,
105 °C) was used as a reference material to collect ATR spectra. All ATR
spectra were corrected for water vapor and carbon dioxide and ATR
correction was applied. No smoothing functions were used. All spectral
measurements were performed in triplicate.

2.4.2. The total Cu content determination in plant tissues

Dry roots and leaves were digested with a mixture of HNO3:H20,
(4:1) in Teflon vessels in a microwave oven (Milestone ETHOS EASY,
Italy) for 1 h at 200 °C. Cooled samples were filtered (0.45 pm, PTFE),
diluted with redistilled—water to 25 mL, and analyzed with ICP-OES
(iCAP 7200). All analyses included blanks. Certified material (tomato
leaves, NIST® SRM® 1573a) was used for the quality control of the
sample digestion. Cu recovery was at the level of 94 + 2%.

2.4.3. Biochemical analysis

The content of photosynthetic pigments. Chlorophyll and carotenoids
content was determined according to the method described by Nayek
et al. (2014). Homogenized leaves samples (0.25 g) were extracted with
5 mL of 80% (v/v) acetone for 30 min at room temperature using a
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multi-rotator (RS-60, Biosan) (300 rpm). The samples were centrifuged
(15 min, 13 000xg) and the supernatant were separated and 0.5 mL of it
is mixed with 4.5 mL of 80% acetone. The supernatant was used to
determine the absorbance of chlorophyll a, chlorophyll b and caroten-
oids with a spectrophotometer (Lambda 40 UV-Vis spectrophotometer,
PerkinElmer), at the respective wavelengths of 663, 645 and 470 nm.

Lipid peroxidation assay. Lipid peroxidation was determined by
measuring malondialdehyde (MDA) content following the protocol
described by Wessely-Szponder et al. (2015). The leaves were homog-
enized with 1.5 mL of 20% trichloroacetic acid (TCA) and centrifuged at
10 000xg (15 min, 4 °C). The aliquots of plasma were mixed with TCA
and thiobarbituric acid and thereafter heated for 20 min in a boiling
water bath. After cooling to room temperature, 2 mL of n-butanol was
added and the mixture was shaken for 3 min and centrifuged for 10 min
at 1500xg. After the transfer of the upper n-butanol layer to a glass
cuvette, its absorbance was measured at 532 nm. Concentrations of MDA
were estimated on the basis of the standard curve obtained by using
malondialdehyde bis-dimethylacetal.

Antioxidant activity assay. Antiradical properties was assayed ac-
cording to Re et al. (1999). The free radical scavenging abilities (ABTS)
were determined in samples obtained after chemical extraction and
digestion in vitro and expressed as Trolox equivalents in mg per g of fresh
weight.

Engzyme activity assays. All enzyme extract procedures were con-
ducted at 4 °C. Superoxide dismutase (SOD), catalase (CAT) and gluta-
thione were determined using commercial kits: SOD Assay Kit® (Cat.
No. 19160-1 KT-F, Merck Germany), CAT Assay Kit® (Cat. No. 219265-
1KIT, Merck, Germany) and Quantification kit for oxidized (GSSG) and
reduced glutathione (GSH) (Sigma-Aldrich, Cat. No. 38185, Sigma-
Aldrich, Germany) with accordance to manufacture procedure. Guaia-
col peroxidase (POD) activity was determined using guaiacol as a sub-
strate (Ippolito et al., 2000). The activity was expressed in units per g of
fresh weight (fw), where one unit oxidizes 1.0 pmol of guaiacol per
minute at pH 6.4 at 25 °C. For glutathione reductase (GR), 1 g of the
sample was ground with 5 mL of 100 mM sodium phosphate buffer (pH
7.6) containing 3.4 mM EDTA. The extracts were then homogenized and
centrifuged at 12 000xg at 4 °C for 30 min, and the supernatant was
collected (Sikora and Swieca, 2018).

The activity of enzyme associated with low molecular antioxidants. For
phenylalanine ammonia-lyase (PAL), 1 g of fresh sample was ground
with 5 mL extracting buffer (0.2 M boric acid buffer containing, 1 mM
EDTA, and 50 mM p-mercaptoethanol, pH 8.8). PAL assay was deter-
mined using 0.02 M L-phenylalanine. One unit was defined as the
amount of enzyme that produced 1.0 pmol trans-cinnamic acid per min
under the assay conditions. The results were presented as U per g fw
(Assis et al., 2001). For polyphenol oxidase (PPO) 1 g of the sample was
ground with 5 mL of 100 mM sodium phosphate buffer (pH 6.4) con-
taining 0.2 g of polyvinylpolypyrrolidone. PPO was determined using
catechol as a substrate (Galeazzi et al., 1981). The activity was expressed
in units per g fw, where U = 0.001 AOD4y min~! in the assay.

The total content of phenolics. For the extraction of phenolics, samples
were subsequently extracted for 1 h at room temperature (300 rpm) in a
capped centrifuge tube with 5 mL of different solvents: 50% methanol,
60 mM HCI in 50% methanol, and finally with 60 mM HCI in 70%
acetone. The mixture was centrifuged (15 min, 3000xg, 22 °C) and the
supernatants from all steps were combined (Sikora et al., 2020). The
total phenolic content (TPC) was determined using the Folin—Ciocalteau
reagent (Singleton et al., 1999). The amount of phenolics was expressed
as mg gallic acid equivalents (GAE) per g of fw.

2.4.4. Statistical analysis

All statistical analyses were performed using the Statistica 13.1
software package. The differences between treatments were determined
using a one-way and two-way analysis of variance (ANOVA) followed by
Tukey’s or Dunnett’s post hoc test at a significance level of 0.05. Two-
tailed Pearson correlation analysis was performed to test the variables.
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The principal components analysis (PCA) was performed to summarize
the similarities and differences among all sample groups.

3. Results and discussion
3.1. Characteristics of nano-Cu solution

Nano-Cu in solution was characterized with {-potential of —19.6 mV.
The average particle size of nano-Cu (248.8 + 6 nm) (Fig. 2) in solution
confirmed the strong tendency of ENPs to aggregation (Josko et al.,
2017). The concentration of dissolved Cu®" in 100 and 1000 mg L 1of
nano-Cu solutions amounted to 0.29% and 0.065% of stock suspensions,
respectively (Table S2). The low concentration of dissolved cu®*t in
stock suspensions might result from low solubility and dissolution rate of
Cu-based ENPs (Lee et al., 2008). Moreover, the low concentration of
dissolved Cu?* may be caused by oxidation of nano-Cu powder (Fig. 1B),
the strong aggregation of nano-Cu in solutions (Fig. 2A), and the pres-
ence of non-ionic surfactant. The formation of a passive layer on
nano-Cu might lead to protection from the release of Cu?* from particle
core (Conway et al., 2015). The aggregation of ENPs reduces the surface
area of ENPs resulting in a decrease of their dissolution rate (Conway
et al., 2015). It was also previously observed that a non-ionic surfactant
might prevent particle dissolution by stabilizing the ENPs dispersion in
the solution (Lee et al., 2008). The decrease in the ratio of dissolved
Cu®* in 1000 mg L™ solution compared to 100 mg L~! might stem from
increased aggregation of particles at higher concentrations (Lee et al.,
2008). The particle size distribution could not be analyzed at 1000 mg
L~! of nano-Cu because of too high suspension. It is worth to note that
despite the formation of nano-Cu aggregates, which may clog the nozzle
of diffusive sprayers, only minimal changes were observed in the con-
certation of Cu®" in solutions before and after application (Table S2). It
proved no clogging of the sprayer, thus allowing an undisturbed spray of
the solutions to plants.

3.2. ENPs — plant interactions

The analysis of Cu content in plant parts exposed to ENPs is crucial
for the evaluation of their potential for plant fertilization, especially
long-term nutrient loading (Kusiak et al., 2022). As Fig. 3A shows, after
1-day of exposure to nano-Cu and CuSO4 treatments, the Cu content in
above-ground parts was affected only at 1000 mg L™}, where ~4.5-fold
higher Cu content (72.4-77.9 mg kg~! d. w.) was found than in un-
treated plants. Longer exposure to Cu compounds (7 days) caused a
definitely higher Cu content in above-ground plant tissues (Fig. 3B)
compared to 1-day exposure. Xiong et al. (2017) also observed a similar
tendency of increased Cu content in lettuce and cabbage leaves with
increased duration of exposure to foliar applied nano-CuO. Moreover
after 7 days, Cu content in above-ground plant parts increased at both
used rates of Cu compounds (p < 0.05) with a positive dose-effect
relation. Only at the rate of 100 mg L™}, the Cu content was differed
between plants exposed to nano-Cu and CuSO4: Cu content was higher
after CuSO4 by 76% compared to the application of nano-Cu (33.8 mg
kg! d. w.). A difference in Cu leaf content under nanoparticulate and
ionic Cu was also noted in a study by Tan et al. (2018), in which CuSO4
due to ionization provided a higher accumulation of Cu in basil leaves,
by ~1.7-2.6-fold, than nano-Cu(OH),. However, at the rate of 1000 mg
L1 both Cu-compounds caused similar high Cu levels in above-ground
plant parts (123.2-140.5 mg kg~ d. w.). Although the measured Cu
concentration in plant tissues exposed to nano-Cu may not mean a real
absorption of Cu. As SEM-EDS analysis has shown, nano-Cu remained on
the surface of leaves, notwithstanding the fact that the etching protocol
was used to remove the nano-Cu from the outer layer of leaves (Fig. 3C,
E). For this reason, the determined metal content in leaves may be
overestimated. In a study by Zhao et al. (2017) similar bioaccumulation
of Cu(OH), was observed on Zea mays L. leaves because of significant
retention of Cu on the leaf surface. In turn, Cu in barley leaves treated
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Fig. 2. Nano-Cu characterization in Milli-Q® water with 0.05% (v/v) Tween 20 solution at 100 mg L. (A) TEM image of nano-Cu solution; (B) Particle size dis-

tribution of nano- Cu aggregates based on DLS technique.

with CuSO4 was almost negligible (Fig. 3D, F), which indicates suc-
cessful loading of virtually the entire pool of Cu ions cross plant leaves.

Due to the fact that foliar spray may affect the chemistry of leaf
surface, FT-IR/ATR analysis of plant samples was performed and the
spectra were presented in Fig. 4. The -CH3 and —-CHy- (long-chain
aliphatic waxes) and the ester C—=0 (cutin) have stretching vibrations of
much higher intensity for untreated leaf than for other leaf samples
(control - redistilled water with surfactant/CuSO4/nano-Cu), suggesting
a more hydrophobic surface. This effect on the cuticle components may
be the result of degradation of cuticle cells by the surfactant as was
observed by Zhang et al. (2020). Subsequently, this cuticle reduction
might facilitate the diffusion of ENPs to inner layer of leaves, due to the
cuticle being commonly determined as the way of ENPs entry (Du et al.,
2015). The analysis of Cu content supported that statement, as Cu
accumulation increased after 7 days (Fig. 3B). Moreover, analysis of the
spectra shown that the treatment with Cu-compounds (especially
CuSOy4) provided higher signal intensity of bands of glycosidic C-O-C
(1050-1035 cm 1) and 5(0OH) at 1261 cm’l, which might indicate the
presence of polysaccharides, which are usually located in the inner parts
of the cuticle (Heredia-Guerrero et al., 2014). It may suggest an expla-
nation of the burning effect of CuSO4 on leaf surface, which is observed
at foliar application.

Cu content in barley roots was unaffected by treatment with both Cu-
compounds regardless of the duration of exposure (Table $3). Cu?t has
high affinity to be bound with bioligands (A. Blindauer and Schmid,
2010) causing low mobility and translocation in plants (Tan et al.,
2018). ENPs might have other capacity of transport, often surface
charge- and size-dependent (Avellan et al., 2021). A study by Avellan
et al. (2019) revealed that the 10-25% of Au ENPs <50 nm was accu-
mulated in wheat roots after foliar treatment and 2-week exposure.
Thus, the lack of translocation of Cu in our study could be also the result
of relatively short-term exposure.

3.3. Plant growth under exposure to Cu-compounds

The absence of a Cu source during the growth period before Cu
application resulted in the occurrence of the Cu deficiency symptoms
such as chlorosis on the top of leaves (Fig. S1) (van Maarschalkerweerd
et al., 2013). After 1-day of foliar exposure to both concentrations of
nano-Cu and CuSOy, no visible extra symptoms were observed (Fig. S1).
However, after 7 days from the application of Cu-compounds, plants
exposed to 1000 mg L ™! of CuSO4 were characterized with advanced leaf

chlorosis, probably due to an excess of Cu in the plants (Martins and
Mourato, 2006).

Dry weight (d.w.) of above-ground plants parts was enhanced by
both nano-Cu and CuSO4 after 1 and 7-day exposure (Table S4).
Regardless of used rates, both Cu compounds increased dry weight of
above-ground plant parts by 7-22% compared to untreated plant after 1
day of exposure (Table S4). Whereas, no effect of Cu treatments on dry
weights of roots was observed. After 7 days, plants treated with Cu
compounds exhibited a positive dose-effect relationship regarding to dry
weight of above-ground plant parts, but barley biomass was higher
under treatment of CuSO4 (89-115%) than nano-Cu (22.7-85%)
compared to control plant. The difference in the d. w. of shoots and
leaves measure up to 1.5 to 1.16-fold change in plants exposed to metal
salts compared to ENPs. Due to the fact that the plants were grown in Cu-
deficiency conditions, the supply of Cu, an essential element, with foliar
applied nano-Cu and CuSO4 prompted the biomass growth even in short-
term exposure. This relatively quick response of plant mass to Cu
application could be also associated with increased nutrient demand
occurring during an intense plant growth at the tillering stage (Aspinall,
1961). D. w. of roots was also enhanced in line with increasing ENPs
rates (19.5-46.2% compared to control samples), while an opposite
tendency was observed for the treatment with CuSO4 (120-82%). The
stimulatory effect on plants d. w. by both ENPs and CuSO4 despite the
lack of Cu translocation from leaves to roots was previously described by
Zhao et al. (2017).

3.4. Biochemical analysis of plant treated with nano-Cu and CuSO4

Chlorophyll a, b and carotenoid contents were unchanged after 1 day
of exposure to nano-Cu and CuSOy, regardless of rates used (Table S5).
After 7 days, the nano-Cu at both rates did not induce any significant
changes in photosynthetic pigment levels compared to control group. On
the contrary, plants treated with CuSO, at 100 and 1000 mg L-!
demonstrated a significant decline in chlorophyll a content (14.2% and
24.7%, respectively) compared to untreated plants. This is consistent
with the observed chlorosis (Fig. S1), which is probably caused by the
loss of chlorophyll due to inhibition of protochlorophyllide reductase, an
enzyme involved in the reduction of protochlorophyll to chlorophyll (De
Filippins et al., 1981). A study by Kohatsu et al. (2021) reported similar
findings on the content of chlorophyll a and carotenoids in spinach
exposed to 20 ppm of biogenic nano-CuO and their ionic counterparts.
This highlights the difference between nanoparticulate and ionic Cu
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impact on the photosynthetic pigments in plants, which is indirectly
affects the crop yield (Long et al., 2006).

3.5. Oxidative stress and antioxidant response of barley exposed to Cu-
compounds

Earlier research demonstrated that both a deficiency (Tewari et al.,
2006) and an excess (Kohatsu et al., 2021) of a crucial microelement
such like Cu can induce oxidative stress due to imbalance of ROS con-
tent. The generation of ROS may trigger plant damage at the molecular

level by oxidation of lipids, proteins, pigments, nucleic acid (Lijuan Zhao
etal., 2017). The content of MDA, an indicator of lipid peroxidation, was
modulated under treatment with Cu compounds, but only at 1000 mg
L7! (1-day exposure): nano-Cu declined MDA content by 29%, while
CuSO4 caused a 56% increase of MDA amount (Fig. S2). After 7 days,
CuSO4 continued increasing MDA content, whereas nano-Cu had no
further effect on this parameter. These results suggest that supply of high
pool of Cu?* delivered with CuSO,4 prompted overproduction of MDA as
a result of lipid peroxidation, while nano-Cu caused an attenuation of
that process. Previous studies comparing the activity of medium-applied
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nano-Cu and CuSOy4 revealed also higher MDA level in wheat under ionic
than nanoparticulate Cu (Huang et al., 2022; Zhang et al., 2018).

To combat stress induced by deficient/excessive nutrients, plants
activate a defense system consisting of enzymatic and non-enzymatic
antioxidants (Fig. 5). The antioxidant capacity measured with ABTS
was only increased under CuSO4 at 1000 mg L~ (Fig. $4) by 157.4%
compared to untreated plant (p < 0.05) in the line with higher MDA
content after 1-day of exposure. However, after 7 days ABTS was un-
changed under all treatments, even though MDA content was at the
highest level under CuSO4. To obtain more in-depth view of antioxidant
response of plants on nanoparticulate and ionic Cu-compounds, the
activity of enzymes and the content of biomolecules belonging to anti-
oxidant family were further examined.

As presented in Fig. 6, the foliar application of Cu compounds
affected only the activity of SOD and GR among the tested enzymes in
H. vulgare after 1-day of exposure (p < 0.05). Our results demonstrated a
1.7-9-fold decrease in SOD activity in plants exposed to nano-Cu and
CuSO4 compared to the control (Fig. 6A). SOD is an intracellular

metalloenzyme, which is the first line of defense against oxidative stress
by catalyzing highly toxic O3~ to less toxic HoO5 and O3 (Gill and Tuteja,
2010). The decline of SOD activity under Cu treatment might prove the
link between enzyme activity modulation and re-establishment of Cu
homeostasis (Ravet and Pilon, 2013) as Cu-deprivation can stimulate
excessive ROS production (Tewari et al., 2006). On the other hand,
previous studies linked the reduction of SOD activity with the occur-
rence of severe oxidative bursts in the plant cells in response to
ENPs-related stress (Rizwan et al., 2017) or with Cu toxicity (Mourato
et al., 2009). However, the similar patterns of decreased SOD activity
under nano-Cu and CuSO4 may suggest that after 1 day, the other en-
zymes transforming further reaction products may be induced.

The Hy0, generated by SOD can be quenched by CAT, POD and/or
the enzymes involved in the ascorbate-glutathione (AsA-GSH) cycle
(Fig. 5) (Gill and Tuteja, 2010). Both CAT and POD enzymes convert
Hy0, into Oy and HyO, although on different HyO» detoxification
pathways due to localization in different organelles (Gill and Tuteja,
2010). Interestingly, after 1-day exposure CAT (Fig. 6B) and POD

Fig. 5. Activation of enzymatic and nonenzymatic
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(Fig. 6C) did not present significant differences in activity levels be-
tween the treatments and the control plants (p > 0.05). No change in
CAT and POD activity might stem from the delayed (Martins and
Mourato, 2006; Mourato et al., 2009) or species-specific enzymatic
response of analyzed plants (Kohatsu et al., 2021; Martins and Mourato,
2006). Moreover, the lack of significant changes in CAT and POD ac-
tivity might be compensated with the enhancement in GR activity, an
enzyme involved in the GSH metabolic pathway (Fig. 5). As presented in
Fig. 6D, both Cu compounds were found to strongly boost GR activity
after 1 day of exposure. Regardless of the rates used, nano-Cu caused
~3.3-fold rise in GR activity, while the effect of CuSO4 on GR activity
was slightly stronger, it was observed that the level of its activity was
4-5.8 higher compared to untreated plant (p < 0.05). A high level of GR
activity allows to maintain a pool of GSH, which plays a crucial role in
the elimination of ROS (Fig. 5), and in the minimization of oxidative
stress under the heavy metal stress (Dimkpa et al., 2012; Mostofa et al.,
2014; Shaw and Hossain, 2013). This might also stem from higher

affinity of AsA-GSH cycle enzymes for HoO2 than both CAT and POD
(Gill and Tuteja, 2010). Similar results of an initial improvement of GR
activity were detected in O. sativa under exposure to nano-CuO (1.5 mM)
(Shaw and Hossain, 2013), whereas CuSO4 (100 xM) treatment led to a
continuous increase of GR activity level by 45-92% (Mostofa et al.,
2015). Such an escalation of GR activity was associated with high degree
of Cu toxicity and the plant attempt at maintaining cellular redox bal-
ance (Mostofa et al., 2015). However, in our study, plants were exposed
to relatively low Cu®" released from ENPs compared to CuSO4. Thus, the
effect-induced by ENPs may be caused by plant defense response to the
combination of alien particles and dissolved Cu®".

The influence of Cu compounds on foliar GSH pool is presented in
Fig. 7. After 1 day of exposure only nano-Cu at 100 mg L ! demonstrated
an elevated level of GSH by 102%, compared to the control group (p <
0.05) (Fig. 7A). Meanwhile, the GSSG analysis showed an opposite ef-
fect: the higher rate of ENPs and both of corresponding metal salt doses
have strongly escalated GSSG content (4.5- and 2.8-fold, respectively)
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compared to untreated plant (p < 0.05) (Fig. 7B). GSH at optimal level is
required for appropriate metabolic processes and also plays a crucial
role in the non-enzymatic antioxidant defense system, protection of
photosynthesis, cell differentiation, death and senescence (Gill and
Tuteja, 2010). Moreover, data collected by Cuypers et al. (2000)
correlated elevated GSH content with enhanced tolerance of plant to-
ward stress factors. Therefore the rise in GSH content under nano-Cu
treatment (100 mg L) might have a positive impact on H. vulgare
growth and yield (Gill and Tuteja, 2010). However, in our study we
observed increased biomass under all treatments, and PCA analysis
(Fig. 9) and Pearson correlation (Fig. S6) did not show any relation of
these endpoints. In conditions of overproduction of ROS, GSH is con-
verted to GSSG, thus the GSH/GSSH ratio is an important marker of
cellular redox balance (Cuypers et al., 2000). Therefore, low GSH/GSSH
ratio as a result of a growth in GSSG content observed after 1 day in our
study could be connected with overproduction of ROS and the high
oxidative stress under the higher dose of nano-Cu and both concentra-
tions of corresponding metal salts (Table S6).

None of the tested Cu compounds led to any statistically significant

change in PAL activity after 1-day exposure in relation to the control
group (p > 0.05) (Fig. 8A). As the first committed enzyme in the primary
phenolic pathway, PAL activity leads to the biosynthesis of the poly-
phenol compounds e.g. flavonoids, phenylpropanoids, and lignin
(Fig. 5) (Santos-Espinoza et al., 2020). The cited study showed an in-
duction of PAL synthesis by stressors (pathogens, wounding, heavy
metals etc.) in response to ROS generation (Santos-Espinoza et al.,
2020). As we observed changes in ROS scavenging antioxidant activities
in the early period in barley plants in the current study, the lack of PAL
response might stem from efficient ROS elimination or delayed enzy-
matic response (Kovacik and Backor, 2007). Moreover, regardless of the
doses applied, nano-Cu did not change PPO activity level (Fig. 8B), while
both rates of CuSO4 caused ca. 5-fold increase in PPO activity after 1 day
of exposure compared to untreated plant (p < 0.05). Similarly to PAL,
PPO activity can be induced as a plant defense mechanism against
abiotic and biotic stressors (Martins and Mourato, 2006). Additionally,
PPO is a known Cu-containing enzyme involved in the oxidation of
polyphenols into quinones and cell walls lignification (Fig. 5) (Martins
and Mourato, 2006). Under Cu-deficiency, PPO activity is strictly
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Fig. 8. The changes in activity of PAL (A), PPO (B) and TPC content (C) in H. vulgare under treatment of nano-Cu and CuSO4 (at 100 and 1000 mg L) after 1 and 7
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restricted as the entire pool of Cu?* present in the plant is redistributed
to proteins essential for plant survival, e.g. plastocyanin (Printz et al.,
2016). Therefore, significant growth in PPO activity under metal salts
treatment most likely resulted from fast release of Cu?>* ions and effi-
cient re-supply. Enhanced activity of PPO by ca. 75-90% was also
detected after 1 day of exposure to 0.1-0.35 mM CuSOy in Lupinus luteus.
Presumably, the lack of impact on PPO activity after nano-Cu applica-
tion resulted from the low release rate of Cu®>* from ENPs (Printz et al.,
2016). Surprisingly, TPC was increased by 4.3-fold only under treatment
with nano-Cu at 100 mg L' compared to the control (p < 0.05)
(Fig. 8C). Phenolic compounds are major secondary metabolites which
act as antioxidants and eliminate ROS (Lijuan Zhao et al., 2017). Ac-
cording to Zhao et al. (2017) both 100 and 1000 mg L™! of Cu(OH),
boost TPC due to Cu-triggered ROS generation. However, since the
lower dose of nano-Cu treatment enhanced TPC in plants regardless of
the low Cu®" release rate, we suspect that this is impact on H. vulgare
might be ENPs-dose-specific.

After 7 days, ENPs did not affect the tested enzyme activity in rela-
tion to the control sample (Figs. 6-8). As we mentioned earlier, the
activity of different components of antioxidant defense system may be
delayed under treatment and changed over time. In the case of ENPs, no
effect on enzyme activities is in line with unaffected other indicators
such as MDA content and ABTS. Previous studies correlated similar re-
sults with potential absence of oxidative stress due to restoration of Cu
homeostasis (Ravet and Pilon, 2013) without negative effects from ENPs
(Kohatsu et al., 2021). Only PAL activity was significantly impacted by
nano-Cu treatment after 7 days (decreased by 23.08%), which might be
a result of ENPs-specific factor (Rizwan et al., 2017). On the contrary,
CuSOy4 increased MDA content over time without noticeable changes of
tested antioxidants activity. It may suggest a breaking down of defense
mechanisms (Martins and Mourato, 2006). Only treatment with CuSO4
at 1000 mg L~! induced a change CAT, the activity of which was un-
affected during short-term exposure (Fig. 6B). CuSO4 led to a 60% drop
in CAT activity compared to the control. In the literature, a decrease in
CAT activity over time is linked with breaking down of defense mech-
anism in plants due to accumulated H;O, in response to the acute
Cu-toxicity (Gill and Tuteja, 2010; Martins and Mourato, 2006). Other
endpoints such like chlorosis, decreased biomass and pigment contents
as well as high accumulation of Cu in plant tissues may confirm the
statement of the failure defense system. Moreover, both rates of CuSO4
also decreased the content of GSSG (Fig. 7B), but the GSH/GSSG ratio
was not statistically different than in untreated plant. Previous research
showed, that an inability of a plant to efficiently recycle GSSG to GSH
correlated with susceptibility to metal-induced oxidative stress (Gill and
Tuteja, 2010).
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4. Conclusion

This study demonstrated the interactions between nanoparticulate/
ionic Cu with plant under conditions regularly used in agronomic
practices. Foliar-applied ENPs, especially at 100 mg L7}, revealed
promising effect on plant health. Gradually loading of Cu from ENPs
triggered an increase of enzyme activity belonging to plant defense
system acting as an elicitor. While, CuSO4, which is widely used as
fertilizer, induced oxidative stress and leaf surface damage. As the
mechanisms behind ENPs-specific responses are not fully understood,
further molecular studies on Cu homeostasis in plant under nano-Cu
treatment are necessary to ensure long-term safety of potential Cu
fertilizer.
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METHOLOGY
Plant growth and foliar application conditions of Cu solutions

Tab. S1. The average spray volume deposited on above ground parts of H. vulgare plants according
to the volume of Cu compounds (100 and 1000 mg L 1) applied.

Deposited volume [%]

Control Nano-Cu CuSOq4
100 1000 100 1000
1 day
28.10+4.1 29.53+3.0 31.73+4.9 25.10£3.4 30.83+£7.0
7 days

32.60+4.2 28.60+4.6 22.83+4.7 27.37+7.5 28.37+4.3




RESULTS

Tab. S2. Concentration of dissolved Cu?* in nano-Cu solutions before and after foliar application.

Treatments of nano-Cu Cu?* concentration [mg L]

[mg L] Before application After application
100 0.29 +£0.05 0.21+0.00
1000 0.65 +0.07 0.56 +0.02

Tab. S3. Cu content in roots of H. vulgare after foliar application with Cu compounds (100 and 1000
mg L 1). Different letters indicate significant differences among the treatments (Tukey’s test, p < 0.05).

Cu content [mg kg™t d.w.]

) Nano-Cu CuSOq4
Plant tissue Control 100 1000 100 1000
1 day
1.55+0.12°2 2.14+0.152 1.01+0.16% 2.09+0.232 1.96+0.28
Roots
7 days
1.05£0.11* 0.98+0.08* 1.21+0.09? 0.944+0.072 2.03+0.18?

Tab. S4. Impact of nano-Cu and CuSO4 (at 100 and 1000 mg L) on protein content and dry weight
of roots and above ground parts (shoots and leaves) of H. vulgare treated with nano-Cu or CuSOa.
Means followed by a different letters indicate significant differences among the treatments (Turkey

test p < 0.05).

Treatments Concentration Dry weight [mg]

[mg LY Roots Shoots and leaves
control - 26.10+1.12 08.72+2.22
nano-Cu 100 28.42+1.3 105.81+1.5

1000 25.73+1.7°2 106.34+3.1°

CuSO 100 29.50+1.32 107.10+1.1°
Hob 1000 26.50+1.5% 120.61+11.0°
control - 45.21+0.92 102.73+1.42
nan0-Cy 100 54.00+1.8° 126.09+0.9"
1000 66.10+1.0° 190.24+0.8°

CUSO. 100 99.50+0.8° 192.65+1.5¢
1000 81.70+1.6° 220.24+1.49




Tab. S5. Impact of different concentrations of nano-Cu and CuSOs on pigment content of the
H. vulgare after 1 and 7 days of exposure. Different letters indicate significant differences among the

treatments (Tukey’s test, p < 0.05).

Treatments Concentration Chlorophyll a Chlorophyll b Carotenoids [ug
[mg L] [ug g™ fw] [ug g™ fw] g" fw]
1 day
Control - 14.81+1.332 5.57+0.632 1.67+0.212
nano-Cu 100 13.99+1.96° 3.21+4.20° 2.26+1.01°
1000 10.88+0.20? 4.33+0.152 1.41+0.112
CUSOs 100 11.69+5.452 4.87+2.042 1.17+0.022
1000 13.74+7.232 5.88+2.882 1.49+0.772
7 days
Control - 13.49+2.85° 5.63+0.752 1.63+0.162
nano-Cu 100 14.45+0.37° 4.39+0.21° 0.94+0.39%
1000 12.32+0.26° 5.53+0.022 1.66+0.072
CUSO. 100 11.58+1.51% 3.71+£2.09 1.88+1.70°
1000 10.16:+5.89? 3.6442.222 1.21+0.23?
P— Nano-Cu CuSO,
e 100 mg L 1000 mg L 100 mg L 1000 mg L

1 day

7 days

Fig. S1. Photographs of H. vulgare taken at 1% and 7t" day of exposure to two concentration nano-Cu

or CuSOQ4 at 100 and 1000 mg L.
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Fig. S2. Malondialdehyde (MDA) content in plants exposed to nano-Cu and CuSO4 at 100 and 1000
mg L for 1 and 7 days. Error bars represent standard error (SE, n=3 tests). The asterisks indicate
significant difference between untreated and treated samples (Duncan’s test, p < 0.05). Different letters
indicate significant differences among the treatments (Duncan’ test, p < 0.05).
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Fig. S3. Radical Scavenging Activity (ABTS ) in H. vulgare after 1 and 7 days of exposure to nano-
Cu and CuSO;4 (at 100 and 1000 mg L) (Duncan’s test, p < 0.05). Error bars represent standard error
(SE, n=3 tests). The asterisks indicate significant difference between untreated and treated samples
(Duncan’s test, p < 0.05). Different letters indicate significant differences among the treatments
(Duncan’ test, p < 0.05).

Tab S6. Level of total glutathione (C) and the ratio of GSH/GSSH (D) indicate the role of used Cu
compounds on the oxidative stress. Error bars represent standard error (SE, n=3 tests). ). Different
letters indicate significant differences among the treatments (Duncan’ test, p < 0.05).

Control Nano-Cu CuSO.
100 1000 100 1000
1 day
GSH/GSSG 7.93+0.9°  14.1542.99  1.70+0.6% 1.10+0.3? 3.75+0.8"
ratio 7 days

3.08+0.9? 2.88+0.12 2.624+0.22 6.35+0.7° 4.95+3.1°
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Fig. S4. The correlation plot performed for biochemical parameters of barley leaves exposed to nano-
Cu (A) and CuSOq4 (B) after 1 day of exposure. The asterisks indicate significant correlation (p <
0.05). CuLF — the Cu content in above-ground parts; LFdw — the dry weight of above-ground plant
parts; RTdw — the dry weight of roots; ChlA — the content of chlorophyll a; ChIB — the content of
chlorophyll b; Car — the content of carotenoids.
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ARTICLE INFO ABSTRACT

Editor: Philip Demokritou For safe and effective nutrient management, the cutting-edge approaches to plant fertilization are continuously
developed. The aim of the study was to analyze the transcriptional response of barley suffering from Cu defi-
ciency to foliar application of nanoparticulate Cu (nano-Cu) and its ionic form (CuSO4) at 100 and 1000 mg L™*
for the examination of their supplementing effect. The initial interactions of Cu-compounds with barley leaves
were analyzed with spectroscopic (ICP-OES) and microscopic (SEM-EDS) methods. To determine Cu cellular
status, the impact of Cu-compounds on the expression of genes involved in regulating Cu homeostasis (PAAI,
PAA2, RAN1, COPT5), aquaporins (NIP2.1, PIP1.1, TIP1.1, TIP1.2) and antioxidant defense response (SOD
Cu—Zn, SOD Fe, SOD Mn, CAT) after 1 and 7 days of exposure was analyzed. Although Cu accumulation in plant
leaves was detected overtime, the Cu content in leaves exposed to nano-Cu for 7 days was 44.5% lower than in
CuSOy4 at 100 mg L. However, nano-Cu aggregates remaining on the leaf surface indicated a potential dif-
ference between measured Cu content and the real Cu pool present in the plant. Our study revealed significant
changes in the pattern of gene expression overtime depending on Cu-compound type and dose. Despite the initial
puzzling patterns of gene expression, after 7 days all Cu transporters showed significant down-regulation under
Cu-compounds exposure to prevent Cu excess in plant cells. Conversely, aquaporin gene expression was induced
after 7 days, especially by nano-Cu and CuSO4 at 100 mg L ™! due to the stimulatory effect of low Cu doses. Our
study revealed that the gradual release of Cu ions from nano-Cu at a lower rate provided a milder molecular
response than CuSO4. It might indicate that nano-Cu maintained better metal balance in plants than the con-
ventional compounds, thus may be considered as a long-term supplier of Cu.

Keywords:

Engineered nanoparticles
Gene expression

Metal transporters
Aquaporins

Antioxidants

1. Introduction of Cu by soil organic matter (Graham, 2008). To alleviate Cu scarcity, Cu

fertilization via soil amendment or foliar application is widely used. Due

Cu is a transition metal and a crucial microelement for plant health
and is a cofactor in pivotal metabolic processes such as photosynthesis,
mitochondrial respiration, hormone perception, etc. (Shahbaz et al.,
2015). Thus, Cu starvation severely affects plants, particularly cereals,
manifesting itself in stunted growth, chlorosis, increased susceptibility
to diseases, etc. (Rahman and Schoenau, 2020). It is estimated that Cu
deficiency occurs in 14% of agricultural soils, mainly in calcareous and
organic soils due to the low mobility of Cu at high pH and strong binding

to the low bioavailability of Cu in soil and its mobility in plants, a foliar
spray is often appointed for the delivery of Cu to plants. However, the
foliar treatment with conventional fertilizing agents such as CuO,
CuSOg4, and Cu-EDTA is of low efficiency (Deng et al., 2022a). For
instance, 50% of the applied nutrients do not reach their target, and high
losses of active ingredients cause soil and groundwater pollution
(Avellan et al., 2021a). Thus, several strategies are put into improving
the effectiveness of agrochemicals, including chemical and
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biotechnological approaches (Kah et al., 2019b; Kusiak et al., 2022;
Wang et al., 2016). Due to the public concern and environmental risk of
genetically modified plants (European Commission, 2012), the more
intense works focus on the development of the next generation of ag-
rochemicals posing more efficient and sustainable traits (Kusiak et al.,
2022). For instance, the implementation of nano-enabled formulations
(Fraceto et al., 2016; Guo et al., 2018; Hofmann et al., 2020), or nano-
carriers (Bonser et al., 2023a; Xu et al., 2022) including the cutting-
edge stimuli-responsive nano-agrochemicals (Bonser et al., 2023a; Xu
et al., 2022) are considered. The small size of the engineered nano-
particles (ENPs) can provide unique physico-chemical properties
(reactivity, dissolution, aggregation) to the material, and thus increase
the efficiency of the product in relation to their bulk counterparts (Tan
et al., 2018). ENPs containing microelements such as Cu have a higher
dissolution rates than microparticles or bulk materials (Xia et al., 2006).
At the same time, the gradual release of Cu ions from ENPs provides a
long-term source of microelements in relation to applied metal salts,
which are already dissolved upon application (Wang et al., 2016).

To date, numerous studies have demonstrated both positive and
negative effects of ENPs on the morphological, physiological, and
biochemical traits of plants (Grillo et al., 2021a; Kah et al., 2019a;
Kohatsu et al., 2021; Tan et al., 2018). On the other hand, plant re-
sponses to ENPs exposure at the molecular level remain relatively un-
explored (Josko et al., 2021a; Landa et al., 2017). Nonetheless, the
molecular analysis could provide more in-depth and comprehensive
information on plant responses to ENPs treatment (Zhao et al., 2017a).
As the impact of nano-Cu on plants is complex, the observed results
might be related simultaneously to copper-specific and nanoparticle-
specific biological effects (Tan et al., 2018). A study by Valdes et al.
(2020a) shown similar upregulating effect of particle size of CuO at 10
mg L~! on APX gene expression, and no effect of CuSOy. In turn, the
analysis of Arabidopsis thaliana L. revealed the similar transcriptional
pattern under exposure to nano-Cu and ionic Cu, the different from the
activity of bulk CuO (Landa et al., 2017). Moreover, plant species or
cultivars determine their response on the ENPs, and their bulk coun-
terparts. For instance, nano-CuO upregulated auxins in grains of both
cultivated and weedy rice, while bulk CuO and CuSO4 mostly in culti-
vated rice (Deng et al., 2022b). Therefore, knowledge regarding the
mechanism by which plants modulate the expression of genes involved
in Cu translocation to maintain Cu balance can be used as the potential
markers of the cellular status of Cu (Landa et al., 2017). Nowadays,
much attention is shifting towards investigating changes in the expres-
sion of genes and proteins in response to Cu-based ENPs excess (Ren
et al., 2022; Roy et al., 2022). However, there are no previous studies
assessing the impact of nano-Cu on gene expression in plants grown in
Cu deficient conditions. Yet, this might be crucial to determine the
optimal dose of nano-fertilizers. Moreover, there is no research on the
transcriptional response of plants under the treatment of Cu-based ENPs
during the growth stages, when plants demonstrate high sensitivity to
Cu starvation (Rahman and Schoenau, 2020). Therefore, we hypothesize
that the analysis of transcript levels of genes involved in Cu homeostasis
and detoxification in plants grown in Cu deficient conditions might be
crucial in the evaluation of nano-Cu safety and efficiency as a fertilizer
(del Pozo et al., 2010; Landa et al., 2017).

Due to the importance of Cu in crucial physiological processes and its
high reactivity, which can lead to the generation of reactive oxygen
species (ROS), all intracellular Cu is precisely controlled (Cota-Ruiz
et al., 2020; Wang et al., 2020). Both Cu deprivation and excess induce a
cascade of reactions in plants, e.g., the differential expression pattern of
gene encoding proteins involved in Cu trafficking and counteracting the
stress response (del Pozo et al., 2010; Merakli et al., 2021; Ravet and
Pilon, 2013; Wintz et al., 2003). One of the strategies for maintaining Cu
homeostasis is the regulation of the expression of genes involved in Cu
trafficking via heavy metal transporters (HMA) and Cu transporters
(COPT) in response to changes in the cellular amount of Cu (del Pozo
et al., 2010; Printz et al., 2016; Wintz et al., 2003). The HMA family

NanoImpact 31 (2023) 100472

includes P-type ATPase: PAA1 responsible for Cu transport to the stroma
and PAA2 to the lumen of the chloroplast (Blaby-Haas et al., 2014), as
well as transporters localized in the endoplasmic reticulum (ER) mem-
brane Responsive-to-Antagonist 1 (RAN1), which plays an essential role
in Cu delivery and biogenesis of the ethylene receptor 1 (ETR1), crucial
for plant growth and development (Binder, 2020). According to del Pozo
et al. (2010), A. thaliana counteracts Cu excess by down-regulation of
HMA family genes to hamper absorption of Cu, while Cu starvation in-
creases expression levels of PAA1, PAA2 and RAN1 genes to induce the
uptake and mobilization of Cu (del Pozo et al., 2010). At the same time,
there is little to none information regarding changes in Cu transporters
gene expression under metal-based ENPs exposure. Moreover, the
existing studies were conducted only in Cu excess conditions (Josko
et al.,, 2021b; Landa et al., 2017; Roy et al., 2022). For an unbiased
assessment of ENPs potential as fertilizers, more data on the regulation
of Cu transporter genes in plants exposed to Cu-based ENPs under
deficient conditions is needed, especially during growth stages with high
Cu-demand. On another note, the translocation and accumulation of Cu
in various organelles in plants could be controlled via dynamic osmo-
regulation facilitated by aquaporins (AQs) (Banerjee and Roychoud-
hury, 2020; Kapilan et al., 2018). The water channels controlled by AQs
are involved in bilateral distribution of metal ions into/out of cells
(Nodulin 26 like intrinsic proteins, NIPs) (Banerjee and Roychoudhury,
2020; Kapilan et al., 2018) and cellular organelles like chloroplasts
(Plasma membrane intrinsic proteins, PIPs) and/or vacuoles (Tonoplast
intrinsic proteins, TIPs) (Kholodova et al., 2011; Yue et al., 2017).
Recently, some research suggested the involvement of AQs in ENPs
translocation in plants (Barzana et al., 2022; Rico et al., 2011). The
existing studies on the expression of AQs in response to ENPs are
restricted to plant roots exposure to carbon-based ENPs (Khodakovskaya
et al., 2012), nano-LazO3 (Yue et al., 2017) or nano-Ag (Qian et al.,
2013). To the best of our knowledge, the transcriptional response
regarding AQs in crops under foliar exposure to Cu-based ENPs remains
unknown. So far, the majority of studies addressing the changes in gene
expression upon ENPs containing Cu are focused on oxidative stress-
related genes (Cohu and Pilon, 2007; del Pozo et al., 2010; Roy et al.,
2022; Valdes et al., 2020b; Zhao et al., 2017b; Zhao et al., 2017a). Plants
counteract the negative effects of both deficiency and excess of Cu
through activation of the defense system, including antioxidant enzymes
such as superoxide dismutase (SOD) and catalase (CAT) (del Pozo et al.,
2010; Zhao et al., 2017b). Thus far, both ionic Cu and Cu-based ENPs
have shown the potential to induce defense responses in plants,
regardless if applied thru foliar application (Zhao et al., 2017a) or soil
irrigation (Josko et al., 2021a). The study by Zhao et al. (2017a)
demonstrated a similar pattern of transcriptomic changes in antioxidant
genes of Cucumis sativus L. induced by both nano-Cu(OH), and CuSO4,
which suggests that released Cu?" contributed to the overall effect.
Moreover, the modulation of SOD Cu—Zn and SOD Fe expression pat-
terns has been proven to be a good indicators of plant response to both
Cu starvation and Cu excess due to the Fe—Cu crosstalk (Cohu and Pilon,
2007; del Pozo et al., 2010).

To address the aforementioned knowledge gaps, the expression of
genes involved in Cu homeostasis and detoxification in barley Hordeum
vulgare L. treated with nano-Cu or CuSO4 was analyzed. Due to its
importance as a food source and ability to adapt to various global cli-
mates, H. vulgare is considered as the fourth most important cereal in the
world (Dogaroglu and Koleli, 2017). Barley has demonstrated high
sensitivity to both Cu deficiency and excess, which results in losses in
crop yields (Rahman and Schoenau, 2020). The adverse effects of Cu
deficiency are particularly evident during tillering and anthesis stages,
leading to a reduction of pollen grains and their lower nutritional values
(van Maarschalkerweerd et al., 2013). Although nano-fertilizers
demonstrated the potential for effective plant supplementation with
microelements than common fertilizers (Wang et al., 2016), little is
known regarding their transcriptional response of plants towards nano-
Cu supply during periods of increased nutritional demand or severe
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deficiency conditions (Deng et al., 2022b; Zhao et al., 2017b). Thus, the
overriding objective of this study was to exam the pattern of gene
expression of Cu transporters, aquaporins and enzymatic antioxidants
under foliar treatment of Cu-compounds to determine actual Cu status in
plants, which further may indicate the effectiveness of Cu supplemen-
tation. We hypothesize that nano-Cu will be subsequently supplemented
plant with Cu compare to dissolved metal salts releasing full/excessive
pool of Cu ions.

2. Materials and methods
2.1. Cu compounds and suspensions

Cu nanoparticles (nano-Cu) (purity >95.5%) and CuSO4 (purity
>95.5%) as powders were purchased from Sigma-Aldrich (USA). The
preparation and characterization of nano-Cu and CuSOj4 solutions for the
foliar application have been previously described (Kusiak et al., 2023).
In brief, these Cu-solutions were prepared in Milli-Q® water (Q < 0.05
uS em™) containing 0.05% Tween 20 at a total Cu concentration of 100
and 1000 mg L1, The nano-Cu solutions were sonicated in an ultrasonic
bath (25 °C, 250 W, 50 Hz) for 30 min before application.

2.2. Characteristics of nanopowder and nano-Cu suspension

Nano-Cu (a powder) was characterized by the primary particle size of
25 + 10 nm using a transmission electron microscope (TEM) (JEM-3010
TEM JEOL, Ltd., Japan). The TEM image of nano-Cu was provided in
previous work (Kusiak et al., 2023). The surface area of nano-Cu was 8
m? g~! as determined by BET analysis. ENPs crystal structure, phase
formation and oxidation state were analyzed with powder XRD
diffractometer (Empyrean, PANalytical, the Netherlands). The details of
XRD analysis were described in our previous article (Josko et al., 2022).
Based on the XRD pattern (Supplementary Materials, Fig. S1), the
presence of copper (Cu - 62%) and cuprite (CugO — 38%) was confirmed
in nano-Cu powder. The absence of additional peaks attributed to typical
possible impurities confirmed the purity of tested nano-powder. The
crystallite size of nano-powder was estimated based on the diffraction
peak broadening using the Scherrer equation. The average crystallite
size of nano-Cu was 32.6 + 3.7 nm.

The methods used for characteristics of ENPs suspensions (the dis-
tribution of aggregate sizes, zeta ({) potential and dissolution rate) were
described in the Supplementary Materials. The properties of the nano-Cu
suspension have been previously described (Kusiak et al., 2023). Briefly,
the TEM image and particle size distribution revealed strong aggrega-
tion of nano-Cu in stock suspension (Supplementary Materials, Fig. S2).
The average particle size of nano-Cu at 100 mg L™! was at the level of
248.8 + 6 nm, whilelO times higher of concentration of ENPs did not
allow to measure of the aggregation size. The { potential of nano-Cu at
100 and 1000 mg L' in aqueous solution was —14.6 and — 19.6 mV,
respectively. The concentration of Cu?* in 100 and 1000 mg L' ENPs
solutions reached 0.3% (0.3 mg L’l) and 0.065% (0.7 mg L’l) of stock
suspensions ready to use (Supplementary Materials, Fig. S3), respec-
tively (Kusiak et al., 2023).

2.3. Plant growth and experimental design

Seeds of H. vulgare (cultivar Ella) were soaked for 2 h in Milli-Q®
water. The seeds were then surface sterilized with 2% calcium hypo-
chlorite for 15 min and a further 70% ethanol for 1 min. Next, the seeds
were rinsed 3 times with Milli-Q® water and germinated in Petri dishes
containing filter paper soaked in Milli-Q® water. Prepared Petri dishes
were put into a growth chamber at 24 °C in the dark. Further, the 4-day
seedlings were transferred into black containers that were filled with
Hoagland’s solution containing 1.0 mM KNOs, 1.0 mM Ca(NOs)2, 0.457
mM MgSOy4, 0.1 mM KH,PO,4, 1.0 pM MnCly, 3 pM H3BOz, 1 pM
(NH4)6M07024, 1 pM ZnSO4, 0.0672 mM NaSiOs, 60 pM Fe(II)-EDTA
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buffered with 0.02 MES (4-morpholineethanesulfonic acid, 2-(N-Mor-
pholino) ethanesulfonic acid hydrate)-KOH. Cu was omitted from the
nutrient solution to induce Cu deficiency, which usually occurs in the
agricultural soil due to the strong immobilization by organic matter or
high pH (Graham, 2008). The positive control containing Cu was not
used in this experiment due to weak transfer of Cu from the roots to
upper parts of plant, not providing an optimal Cu level for plant growth
(Graham, 2008). The hydroponic solutions were refreshed every 7 days
and continuously aerated. Plants were grown at a relative humidity of 60
+ 10%, a 16 h light/8 h dark cycle at 23 + 3 °C (day time) and 18 + 3°C
(night time) and with a light intensity at 450 pmol m~2 s™! in a growth
chamber (Conviron GEN1000). After 5 weeks of cultivation, when plants
reached the advanced tillering stage (BBCH: 23), the foliar treatments
with Cu compounds were performed. This time of Cu application is
widely practiced under the field conditions, because a tillering stage is
an intense growth period characterized by the increased demand for this
micronutrient. It should be noted that due to the growth in prolonged
adverse conditions (Cu starvation), Cu deficiency symptoms (white tip
disease, chlorosis) were apparent on the leaves (Supplementary Mate-
rials, Fig. S4). The whole aboveground parts of plant with emerged flag
leaf were sprayed with nano-Cu or CuSO4 solutions with 0.05% Tween
20 at concentration of 100 and 1000 mg of Cu L™! using a hand-held
diffusive sprayer in three biological replicates. The total volume of so-
lution used for foliar application was 3.3 mL per plant. The Cu-solution
at 1000 mg L~ ! was chosen following the guidelines for agricultural
practice (Fageria et al., 2009). The lower concentration of Cu-
compounds was selected in a preliminary experiment to assess the
fertilizing potential of reduced Cu doses (Kusiak et al., 2023). Milli-Q®
water with surfactant was used as a control treatment. To avoid nutrient
solution contamination and the entry of solutions into roots, each pot lit
was covered with foil. The final volume of solution applied to the plants
was assessed by recording the weight of the foil from before and after
spraying (Supplementary Materials, Table S1). Approximately 28.5 +
3.0% of the spray volume was deposited on each plant on average,
which demonstrates a comparable, reproducible application process. As
we described in the previous work (Kusiak et al., 2023), the leaves
sprayed only with the higher rate of CuSO4 (after 7 days) had substan-
tially greater chlorotic changes than control or other treatments (Sup-
plementary Materials, Fig. S4).

2.4. Plant tissues analysis

After 1 and 7 days of exposure, barley plants were harvested and
parts of flag leaves (around 500 mg) were immediately ground in liquid
nitrogen for RNA isolation. For metal content and microscopic analysis,
the flag leaves were Milli-Q® water-rinsed. The analyzes focused on the
flag leaves for the following reasons: (i) as the youngest leaves, there are
the most sensitive, (ii) to exam a short-term and in situ response, espe-
cially since our previous studies indicated the slow translocation of Cu
(Josko et al., 2021b; Kusiak et al., 2023), (iii) to obtain the highest
quantify and quality of RNA for the real-time qPCR analysis. The water-
rinsed flag leaves were next rinsed with 2.2 M HNOs for 30 s and then
rinsed 3 times with Milli-Q® water to remove nano-Cu/CuSO4 adhered
to the leaf surface. Then leaves samples were air-dried, weighted and
stored (in darkness at 20 °C) for Cu spectroscopic and microscopic
analysis. The dry weight of flag leaves were provided in Supplementary
Material (Supplementary Materials, Table S2). Only nano-Cu at 100 mg
L7! after 7 days increased the dry weight by almost 100% compared to
control, while other treatments did not affected biomass.

2.4.1. ICP-OES analysis

Dry flag leaves were digested with a mixture of HNO3:H50; (4:1) in
Teflon vessels in a microwave oven (Milestone, ETHOS EASY, Italy) for
1 h at 200 °C. Cooled samples were filtered (0.45 pm, PTFE), diluted
with Milli-Q® —water to 25 mL, and analyzed with ICP-OES (iCAP 7200,
Thermo Scientific). All analyses included blanks. Certified material
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(tomato leaves, NIST® SRM® 1573a) was used for the quality control of
the sample digestion. Recovery of Cu was at the level of 94 + 2%.
Because the etching protocols were not fully effective in removing
particles attached to plant leaves, the determined metal content in
leaves may be overestimated.

2.4.2. SEM-EDS analysis

Scanning electron microscopy with energy dispersive spectrometry
(SEM-EDS) (Quanta™ 3D FEG, FEI with EDAX SDD Apollo detector) was
used to detect the occurrence of Cu from nano-Cu suspensions and
CuSO4 on flag leaves. The SEM-EDS measurements were made with the
high vacuum with accelerating voltage mode. The EDS diagrams present
spectra, which show characteristics X-rays of sample atoms induced by
electron beam (30 keV). The SEM-EDS maps (with 100-fold magnifi-
cation) were obtained for a part of leaves after 7 day of exposure.

2.4.3. Total RNA isolation and cDNA synthesis

For gene expression analysis, the total RNA was extracted from
H. vulgare flag leaves (~50 mg) using the TRIzol™ reagent (Invitrogen,
USA) in accordance to the manufacturer’s instructions. Isolation of RNA
was performed in 3 biological replicates. The RNA was quantified using
NanoDrop 2000 spectrophotometer (Thermo Scientific). RNA quality
and integrity were confirmed by 2% agarose gel electrophoresis stained
with ethidium bromide. RNA was treated with RNase-free DNase I
(Thermo Scientific) to remove genomic DNA. The reaction of reverse
transcription was performed in 20 pL reactions containing 1 pg RNA
with NG dART RT kit (EURx) following the manufacturer’s instructions.
Obtained cDNA (50 ng pL 1) was used as template in the gPCR analysis.

2.4.4. Real-time qPCR analysis

The transcript levels of genes related to Cu transport in plants (PAA1,
PAA2, RAN1, COPT5), aquaporins (NIP2.2, PIP1.1, TIP1.1, TIP1.2), and
antioxidant enzymes (SOD Cu—Zn, SOD Fe, SOD Mn, CAT) were deter-
mined by the real-time PCR analysis. A total of 7 candidate genes: Actin
(ACT), ADP-ribosylation factor 1 (ADP), Elongation factor 1-alpha
(EF1a), Alpha-tubulin (TUBa), Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH), Ubiquitin (UBI), RNA binding protein (RNA BP) were
evaluated as potential reference genes in this study using geNorm al-
gorithm (Vandesompele et al., 2002). According to obtained results,
ACT, GAPDH and ADP genes were used as internal controls to normalize
the data. Gene-specific primers used in the experiment were taken from
our previous studies or designed with OligoArchitect™ Online (Sigma-
Aldrich) as indicated in Supplementary Materials (Table S3). The full-
length cDNA sequences were obtained from the NCBI, The Barley
Genome Explorer (BARLEX) and Ensembl Plants databases.

The real-time qPCR reactions were conducted using PowerUp™
SYBR™ Green Master Mix (Applied Biosystems) in accordance to the
manufacturer’s instructions. The reactions were carried out in a total
volume of 20 pL. The real time-qPCR conditions were optimized by
adjusting the template cDNA concentration, primer concentration and
annealing temperature for each primer pair (Supplementary Materials,
Table S4). Real time-PCR was carried out according to the following
cycling program: 2 min at 50 °C and 95 °C for 2 min, followed by 40
cycles of: 15 s at 95 °C and 1 min at optimal temperature for each primer
pair (Supplementary Materials, Table S4). To verify the specificity of
amplification melting curve analysis was performed after each run with
continuous data collection from 60 °C to 95 °C (Supplementary Mate-
rials, Fig. S5). Reactions were performed in three full biological and
three technical replicates along with no template control (NTC). Stan-
dard curves were generated from five dilution points and were used to
determine the amplification efficiency for each primer pair. All real
time-qPCR reactions were performed on the QuantStudio™ 3 Real-Time
PCR System (Applied Biosystems™). The results were analyzed using the
dedicated relative quantification software module from ThermoFisher
Cloud (ThermoFisher Scientific). Relative gene expression was calcu-
lated using the 2724t method.
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2.5. Statistics

All statistical analyses were performed using Statistica 13.1 software
package. The differences between treatments were determined using a
one-way and two-way analysis of variance (ANOVA) followed by
Tukey’s or Dunnett’s post hoc test at a significance level of 0.05. Clus-
tering heatmaps were performed with euclidean dissimilarity for dis-
tance measure and complete linkage method using Heatmapper (Babicki
et al., 2016) to explore the responses of H. vulgare to applied Cu com-
pounds. The correlation plot was performed based on Pearson coeffi-
cient at significance levels of 0.05, 0.01, 0.001.

3. Results and discussion
3.1. Cu acquisition in flag leaf

After 1 day of exposure (Fig. 1A), no significant differences were
found in the concentration of Cu in leaves of H. vulgare treated with 100
mg L ! of either nano-Cu or CuSO4 when compared to the control group
(52.8 mg kg~ ! d.w.). Noticeably, leaves exposed to 1000 mg L™} of nano-
Cu and metal salt (CuSOg4) contained significantly more Cu (101.8 and
150.1 mg kg~ ! d.w., respectively) than in the control plant (p < 0.05).
After 7 days (Fig. 1B), the Cu content in leaves treated with both doses of
Cu compounds was higher than in the control sample (79.4 mg kg~! d.
w.) (p < 0.05). While plants exposed to nano-Cu at 100 mg L™! showed
the lowest Cu concentration in flag leaf (106.3 mg kg ! d.w.) among all
Cu-treated groups, the highest Cu content was observed in plants treated
with CuSOy4 at 100 mg L™! (191.6 mg kg~! d.w.). On the other hand, at
the rate of 1000 mg L™}, no significant difference in Cu content in flag
leaves between ENPs and their corresponding salts was noted
(135.0-143.1 mg kg ! d.w.). Interestingly, the Cu content in the flag leaf
of barley exposed to CuSO,4 at 1000 mg L™! did not increase after 7 days
compared to 1 day. SEM-EDS analysis (Fig. 2) showed the presence of
numerous particulate Cu attached to the leaf surface treated with nano-
Cu (100 mg L™Y) after 7 days of exposure (Fig. 2B), while definitely
lower amount of Cu was detected on the surface leaves of control
(Fig. 2A) or CuSO4-applied (Fig. 2C).

3.2. The analysis of genes expression

3.2.1. Metal transporters

The expression pattern of PAA1, PAA2, RAN1 and COPT5 genes in
barley plants in response to foliar-applied Cu compounds are demon-
strated in Fig. 3. After 1 day of exposure, the transcript level of PAA1 was
ca. 4-fold decreased under 100 mg L™ of nano-Cu, while other treat-
ments did not elicit any significant response compared to untreated
plants (p > 0.05). Noteworthy, the analysis of PAA2 gene expression
showed the opposite trend: the higher rate of nano-Cu and both doses of
CuSO4 caused up-regulation of the gene by 32-47% in relation to control
plants (p < 0.05). A similar pattern of gene expression was observed for
RANT1 gene (Fig. 3): no effect of nano-Cu at 100 mg Lfl, while a higher
rate led to a ca. 3.7-fold increase, whereas CuSO4 at 100 and 1000 mg
L7 increased RAN1 expression by ca. 2.7- and 1.6-fold, respectively (p
< 0.05). On the other hand, our results indicated that compared to
control plants, the transcript level of COPT5 was reduced ca. 2-fold in
plants exposed to both ENPs and its corresponding salts, regardless of
used rates (Fig. 3).

After 7 days (Fig. 3), the transcript levels of all analyzed genes were
down-regulated in response to both doses of nano-Cu and CuSOg4 in
comparison with untreated plants (p < 0.05). The expression of PAA1
was reduced by both nano-Cu and CuSO4 by 64-85% regardless of used
rates compared to the control plants (p < 0.05). Meanwhile, the tran-
script level of PAA2 dropped under all Cu compounds treatment by ca. 2-
fold in relation to the control. Interestingly, nano-Cu at 100 mg L™! led
to a 4.6-fold decline in RAN1 expression, while a higher rate of nano-Cu
and both doses of CuSO4 resulted in ca. 90% reduction of gene
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Fig. 1. Analysis of total Cu content in flag leaf of H. vulgare exposed to 100 and 1000 mg L ™! of nano-Cu and CuSOy for 1 day (A) and 7 days (B). Error bars represent
standard error (SE, n = 3 tests). Different letters indicate significant differences among the treatments (Tukey’s test, p < 0.05).

expression in comparison to the control group (Fig. 3). It is recorded that
the transcript level of COPT5 was decreased by ~43% under nano-Cu
exposure and ~ 84% by CuSO4 regardless of the used dose (Fig. 3)
with respect to untreated plants (p < 0.05).

3.2.2. Aquaporins

As presented in Fig. 4, the foliar application of Cu compounds
remarkably affected aquaporin gene expression. The transcript level of
NIP2.1 declined after 1-day exposure to both doses of nano-Cu (1.9-fold)
and CuSO4 at 100 mg L~! (1.7-fold), whereas no significant changes
were observed under 1000 mg L! CuSOy4 treatment (Fig. 4) when
compared to control plants (p < 0.05). Interestingly, a similar pattern of
changes in transcript levels of PIP1.1 and TIP1.2 was observed (Fig. 4):
only nano-Cu at 100 mg L' significantly down-regulated genes
expression by ca. 2-fold, while remaining treatments did not affect the
gene expression (p > 0.05). Meanwhile, the lower dose of nano-Cu also
caused down-regulation of TIP1.1 gene by 64%,whereas nano-Cu at
1000 mg L~ ! and CuSO4 at 100 mg L~! increased TIP1.1 expression by
78% and 99%, respectively (p < 0.05). Surprisingly, no effect was
observed in response to CuSO4 at 1000 mg L~! treatment (p > 0.05).

After 7 days of exposure (Fig. 4), nano-Cu and CuSO, at 100 mg L™}
resulted in 2 times higher up-regulation of NIP2.1 (ca. 5.1-fold) than at
1000 mg L ™! (p < 0.05). Moreover, after 7 days from the application, the
transcript levels of both PIP1.1 and TIP1.1 (Fig. 4) increased signifi-
cantly in response to the lower dose of both nano-Cu (by 85% and 73%,
respectively) and CuSO4 (by 104% and 49%, respectively) (p < 0.05).
On the other hand, no significant changes in these gene expression were
observed under the treatments with Cu-compounds at 1000 mg L™*
(Fig. 4) in relation to control. Interestingly, the expression of TIP1.2 was
higher in barley plants exposed to nano-Cu at 100 mg L™! (5.6-fold) than
1000 mg L! (3.8-fold), while in plants treated with CuSO4 transcript
levels increased in dose-dependent manner (4.7- and 5.7-folds, respec-
tively) (Fig. 4) (p < 0.05).

3.2.3. Antioxidants

The influence of nano-Cu and CuSO4 on enzymatic antioxidants in
barley leaves is presented in Fig. 5. While both doses of CuSO4 elevated
SOD Cu—Zn expression after 1 day of treatment almost 4.9- and 3.9-fold
compared to the control (p < 0.05), nano-Cu induced higher gene
expression only at 1000 mg L1 (1.8-fold). Similarly, the lower dose of

nano-Cu did not lead to a significant change in SOD Fe expression. On
the other hand, the transcript level of SOD Fe was increased ca. 2-fold
under nano-Cu at 1000 mg L™, while both CuSO4 rates decreased
gene expression by ~76% (p < 0.05). Interestingly, none of the tested Cu
compounds affected the expression of SOD Mn after 1-day exposure with
respect to the control group (p > 0.05). On the contrary, Cu compounds
strongly increased CAT expression: both doses of nano-Cu caused ca.
1.5-fold rise in CAT transcript levels, while both rates of CuSO4 induced
stronger up-regulation of CAT expression (ca. 4.5-fold) in relation to
untreated plants (p < 0.05).

Surprisingly, after 7 days of exposure to 100 mg L ™! of nano-Cu, the
transcript level of SOD Cu—Zn declined by 56.3% in reference to the
control, while no effect of higher rate was observed (p > 0.05) (Fig. 5).
Conversely, the increase in SOD Cu—Zn expression under 100 and 1000
mg L ™! of CuSO4 was dose-dependent (ca. 4- and 13.5-fold, respectively)
(p < 0.05). Further, SOD Fe expression level was decreased by CuSO4
treatment (4- and 12.8-fold), while no significant changes were
observed under nano-Cu exposition (p < 0.05) (Fig. 5). Even after 7 days,
the transcript levels of SOD Mn were not influenced by either Cu com-
pound when compared to untreated plants. Noteworthy, after 7 days of
all treatments, a down-regulation of CAT expression was observed (p <
0.05) (Fig. 5). While the lower dose of nano-Cu and both CuSO4 rates
caused a ca. 2.6-fold decrease in CAT transcript level, 1000 mg L~ of
nano-Cu declined the gene expression by 78% comparing to control
groups (p < 0.05).

4. Discussion

Finding an efficient and suitable way to combat micronutrient defi-
ciency in crops is a long-standing issue which requires an urgent solution
for tackling food security (Hasegawa et al., 2018). Here, both nano-Cu
and CuSO4 treatments resulted in an dose-dependent increase in Cu
content in tissues of H. vulgare overtime. However, the Cu loading to
plant was higher under exposure to CuSO4 than ENPs in line with studies
on other plant species such as Lactuca sativa (Kohatsu et al., 2021) and
Cucumis sativus (Zhao et al., 2017a). One can suppose, that those find-
ings can be explained by the differences in the dissolution kinetics be-
tween ENPs and metal salts: while CuSO4 basically provides all of the
Cu?* immediately, Cu-based ENPs show the potential to release Cu®*
over a prolonged period (Josko et al., 2021b; Landa et al., 2017; Ma
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Fig. 2. SEM images with corresponding EDS copper maps of barley leaf surfaces: (A) control, (B) nano-Cu, (C) CuSO,. Plants were treated with Cu compounds at a
rate of 100 mg L™! and exposed for 7 days. The pink signals indicate the localization of elemental Cu. The pictures were taken after etching to remove copper particles
with 2.2 M HNOj; for 30s. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



M. Kusiak et al.

== control =3 nano-Cu 100 mg L'

BN nano-Cu 1000 mg L™

Cus0, 100 mg L™
=== CuSO, 1000 mg L™

1 day

Relative expression level
o

4 4
3,
2,
b ¢ c c
1 abaa b b p
gaga aaa a g
0 L
PAA1 PAA2 RAN 1 COPT 5
Genes

Fig. 3. Relative gene expression of PAAI, PAA2, RAN1 and COPTS5 in H. vulgare
leaves under nano-Cu and CuSO4 (at 100 and 1000 mg L) treatment after 1
and 7 days of exposure. Error bars represent standard error (SE, n = 3 tests).
Different letters indicate significant differences among the treatments (Tukey’s
test, p < 0.05).
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Fig. 4. AQs gene expression levels in barley leaves after 1 and 7 days of
exposure to ENPs or metal salts (at 100 and 1000 mg L™"). Error bars represent
standard error (SE, n = 3 tests). Different letters indicate significant differences
among the treatments (Tukey’s test, p < 0.05).

et al., 2019; Tan et al., 2018; Zhao et al., 2017a). In the dissolution test,
the concentration of Cu?" in nano-Cu solution used for foliar application
was increased overtime (Fig. S2). However, the question arisen about
the dissolution of nano-Cu after their application on plant, that aspect is
a methodologically challenging and has not been analyzed so far.
However, for example the impact of dew on ENPs dissolution could be a
crucial for release of Cu?'from attached ENPs to leave surface.
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Fig. 5. Relative expression of antioxidant-related genes in response to nano-Cu
and CuSO4 (at 100 and 1000 mg L™ 1) treatment of barley leaves after 1 and 7
days of exposure. Error bars represent standard error (SE, n = 3 tests). Different
letters indicate significant differences among the treatments (Tukey’s test, p
< 0.05).

Moreover, the tendency to aggregate on the plant surface (Fig. 2) may
constitute a bottleneck for their absorption (Avellan et al., 2021b; Grillo
etal., 2021b; Grillo et al., 2021a). Additionally, as it was reported in the
literature, the aggregation rate of ENPs correlate with their the con-
centration, this tendency was also confirmed in our study. Here, it may
also contribute to the difference in the Cu level in the flag leaves sprayed
with both doses of nano-Cu. Probably the higher weight of aggregates of
nano-Cu at 1000 mg L1 may foster their fall from flag leaves, which are
usually at vertical position. It should be noted that the used etching
protocol for removing adhered ENPs from leaves was not fully sufficient;
thus the measured Cu content possibly reflects both surface attached and
absorbed Cu. Similarly, the strong retention of negative Cu-based nano-
products on the leaf surface was confirmed previously in Zea mays L.
(Zhao et al., 2017a), Solanum lycopersicum L. (Ma et al., 2019) and
Myriophyllum spicatum L. (Roubeau Dumont et al., 2022). The over-
estimated content of Cu in the flag leaves under nano-Cu treatment
obstruct to compare the Cu delivery efficiency with other nano-
formulations, including the recently developed “on demand” nano-
chemicals (Bonser et al., 2023b), even those added to soil (Xu et al.,
2022). Surprisingly, after 7 days, the Cu content in the flag leaf of barley
plants exposed to both Cu compounds was at a similar level. The
explanation of that fact could be (i) the above-mentioned overestimated
Cu content under the treatment of nano-Cu, (ii) the dilution of metal
concentration by the most increased biomass in case of CuSO4 applica-
tion, (iii) the leaves treated with CuSO4 at 1000 mg L~ !after7 days were
affected by chlorosis, which reduced leaf surface area capable of Cu
uptake and translocation. It has to be noted that the translocation from
leaves to roots was be excluded, in spite of the fact, that other study
reported the transfer of foliar applied Au ENPs from aboveground tissues
to the roots. In our experiment the Cu level in roots was unchanged
compared to control (Supplementary Materials, Table S5).

As the expression of high-affinity Cu transporters (Fig. 6) depends
strictly on the pool of Cu ions present in the plant tissue, the analysis of
gene expression might offer valuable information regarding the Cu
status at the molecular level (del Pozo et al., 2010; Landa et al., 2017;
Wintz et al., 2003). Here, this is particularly justified, because the
application of Cu-compounds at 100 mg L' triggered changes in the
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Fig. 6. Schematic diagram of the localization Cu transporters(PAA1, PAA2, RAN1, COPT5), aquaporins (NIP2.1, PIP1.1, TIP1.1, TIP1.2) and enzymatic antioxidants

(SOD Cu—Zn, SOD Fe, SOD Mn, CAT) in plant cell membrane and organelles.

expression of selected HMAs genes, while the Cu content in leaves was
unaffected after a short-term exposure. Furthermore, the molecular
response was different between the nanoparticulate and ionic form of Cu
at a lower rate. Nano-Cu decreased (PAA1) or not impacted (PAA2,
RAN1) genes expression while CuSO4 improved both PAA2 and RAN1
transcripts, which could be attributed to either higher Cu dosage or a
faster dissolution rate (CuSQy). It is worthwhile to note that the tran-
script levels of high-affinity Cu transporters like HMAs were previously
shown to significantly decrease soon after Cu treatment and recover
overtime (Ma et al., 2021). This could indicate that exposure to nano-Cu
at 100 mg L™ ! led to a delayed plant response due to a slower release of
Cu*. Furthermore, as PAA1 is responsible for Cu transport to the stroma
and PAA2 to the lumen (Fig. 6), low PAAI levels might hinder PAA2
expression (Wintz et al., 2003). Meanwhile, localized in ER membrane
RANT1 (Fig. 6) is constitutively expressed at comparatively high levels
due to its essential role in Cu delivery and biogenesis of the ETR1 (Wintz
et al., 2003). Noteworthy, the highest expression of RAN1 gene was
observed after treatment with a higher dose of nano-Cu, which might
point out a joint impact of released Cu?>* and nanoparticles, although
this finding requires further research. Interestingly, after 7 days of
exposure, the transcript level of these 3 genes showed a relatively
comparable decline among all treatments, despite the extremely
different Cu content in tissues. This result could be attributed to the
limited Cu translocation to the organelles in plants as a means to prevent
or alleviate Cu toxicity in response to Cu excess conditions (del Pozo
et al., 2010; Ma et al., 2021; Wintz et al., 2003). Surprisingly, COPT5
gene remained constantly down-regulated by all treatments at both
time-points. As tonoplast-localized COPT5 plays a crucial role in trans-
porting vacuole-sequestered Cu ions (Fig. 6), the transcript level of
COPT5 gene is known to increase under both Cu deprivation (main-
taining Cu content inside the cell) and excess (removing Cu outside the
cell) (Garcia-Molina et al., 2011; Klaumann et al., 2011). Interestingly,
metal salts in older plants led to a significantly higher decline in COPT5
expression than nano-Cu, even though Cu content in plant leaves was
measured at a similar level. It may suggest that the actual Cu content

was higher, upon CuSO4 than nano-Cu resulting in stronger excretion of
Cu ions, or the different transcriptional response may stem from the
nano-specific impact due to the presence of nanoparticulate and ionic Cu
in plants.

Besides high-affinity transporters, AQs are also considered involved
in regulating the cellular transport of metal ions and small particles
(Kapilan et al., 2018; Wintz et al., 2003). Moreover, as both Cu defi-
ciency and excess impact the osmotic potential, significant changes in
AQs expression were observed overtime (Kholodova et al., 2011; Mer-
akli et al., 2021; Wintz et al., 2003). It is worth emphasizing that, only
nano-Cu at 100 mg L™! led to down-regulation of all tested AQs genes
under a short-term exposure. Previously, such a drop in AQs expression
was associated with osmotic adjustments to Cu®>" exposure rather than
nanoparticles (Landa et al., 2017), however, prolonged Cu deficiency is
known to alter plants’ responses to stimuli via changes in metabolic
processes (Penarrubia et al., 2015). Moreover, these results may also be
related to mechanically-induced stress to sudden ENPs presence as alien
solid particles rather than a Cu related response. After 7 days, the up-
regulation of all tested AQs was noted under almost all treatments.
However, that molecular response (NIP2.1, PIP1.1 and TIP1.1) was
inversely dose-dependent. This is in agreement with previous research,
in which low Cu treatment demonstrated a more positive impact on AQs
expression than high Cu dosage (Landa et al., 2017; Merakli et al.,
2021). Noteworthy, PIP1.1 and TIP1.1 expressions generally increase in
plant tissues during intense growth as a means for effective water and
solute circulation (Akdemir, 2021; Banerjee and Roychoudhury, 2020),
which demonstrates a positive impact of Cu fertilization with low doses.
Surprisingly, no clear pattern of TIP1.2 stimulation is noticeable. We
hypothesize that TIP1.2 gene expression increased due to its involve-
ment in both Cu remobilization to/out of vacuoles (Banerjee and Roy-
choudhury, 2020).

Cu homeostasis is regulated not only by the expression of genes
involved in Cu transport, but also by the targets for Cu delivery (del Pozo
et al., 2010). Generally, plants grown under Cu-deficient conditions
down-regulate transcripts of all cuproproteins indirectly involved in
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photosynthesis (e.g. SOD Cu—Zn), while their expression is improved by
Cu-resupply (Cohu and Pilon, 2007; del Pozo et al., 2010; Wintz et al.,
2003). This observation was confirmed for CuSO4 treatments, whereas
nano-Cu application showed only a slight increase in SOD Cu—Zn
expression after 1 day of exposure. Similarly to the earlier studies, the
inhibition of SOD Cu—Zn transcript under Cu-deficiency was counter-
balanced by the induction of SOD Fe expression, whereas increasing Cu
content stimulated the reverse situation (Supplementary Materials,
Fig. S6) (Cohu and Pilon, 2007; del Pozo et al., 2010). The increase in
SOD Fe transcript level under nano-Cu (at 1000 mg L 1 in contrast to the

100mgL’  1000mgL' 100 mgL"
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significant drop in the gene expression in barley plants exposed to CuSO4
seems to further prove this assumption. On the other hand, enhanced
SOD Cu—Zn and CAT expression in response to metal salts might signal
the overproduction of ROS due to the fast influx of Ccu®t (Landa et al.,
2017; Zhao et al., 2017a). SOD Cu—Zn and CAT are important compo-
nents of the enzymatic antioxidant defense system, which convert ROS
to less toxic HyO5 or neutral O3 and H30, respectively (Ravet and Pilon,
2013). Interestingly, nano-Cu application at low doses did not influence
either SOD Cu—Zn or SOD—Fe transcript levels. It is possible that such
low ENPs and/or Cu doses did not activate the antioxidant plant

Fig. 7. Heatmaps showing differential gene expression of
Cu homeostasis, aquaporins and enzymatic antioxidants
genes in H. vulgare flag leaves after 1 (A) and 7 days (B) of
exposition to Cu-compounds. Each column represents the
expression in flag leaves under different Cu treatment
(nano-Cu and CuSO4 at 100 and 1000 mg L™1) and each
row represents one gene. Scale colour bar in the pictures
shows low (blue) to high (red) gene expression. The hi-
erarchical clustering of genes is shown in the dendrograms
on the side of the heat map using the complete linkage
approach. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version
of this article.)
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response (Zhao et al., 2017a) or the specific response of different Cu—Zn
SOD isoenzymes or that other response pathways were induced (Zhao
et al., 2017b). Moreover, the observed gene expression pattern may be
Cu compound/dose of ENPs (the aggregation rate) specific. Similarly, a
study by Cota-Ruiz et al. (2018) revealed the transcriptional defense
response in alfalfa was Cu form-dependent. Only nano-Cu(OH); induced
up-regulation of SOD Cu—Zn gene, while Cu sulfate caused the increased
in the transcript of MT gene related with metallothionines, capable to
bind heavy metals, whereas no effect on the selected gene expression
was observed for bulk Cu(OH),. However, considering prolonged Cu
deficiency conditions, all released Cu ions from nano-Cu might be effi-
ciently utilized in the process involved in photosynthesis (Cohu and
Pilon, 2007), thus avoiding SODs activation. Expression of SOD Mn
remained unchanged regardless of Cu content in barley leaves or Cu-
compound type, which suggests that in barley plants, this SOD isoform
is not regulated by Cu status. While similar results were observed in
A. thaliana (Kliebenstein et al., 1998), SOD Mn expression pattern
differed significantly depending on Cu exposure in Solanum nigrum
(Fidalgo et al., 2013), which indicates a species-specific response.
SODSSA

To gain further insight into the impact of nanoparticulate and ionic
Cu on the 12 analyzed genes, heatmaps were obtained (Fig. 7). Ac-
cording to the received heatmaps, the samples were subdivided into 4
clusters, which corresponded to the Cu-compounds, regardless of the
duration of exposure. It is worth noting, that after 1 day of exposure to
metal salt, plants showed similar patterns of expression of all genes
regardless of the dosage when compared to nano-Cu (Fig. 7A). That
modification of gene expression most likely results from the fast disso-
lution and Cu?" uptake when applied as CuSO4, which directly leads to
the quick induction of antioxidant gene expression. However, a clear
divide in gene expression patterns is noticeable between lower doses of
nano-Cu and the remaining Cu compounds (Fig. 7A). Generally, two
clusters of genes with similar expression patterns were recorded: one
(upper part) corresponded to up-regulation/ lack of changes to Cu
application. The co-expression of CAT and SOD Cu—Zn under metal salts
was most likely a stress response to a sudden influx of Cu®" after a long
period of Cu starvation. Meanwhile, another cluster (lower part)
included genes, which showed low expression levels, especially in AQs
and HMAs gene expressions under treatment with nano-Cu (100 mg
L~1). This consistent pattern of down-regulation most likely results from
a combination of low doses and limited dissolution of nano-Cu.
Furthermore, after 7 days of exposition, two clusters of similarly
expressed genes were achieved (Fig. 7B): interestingly, due to exces-
sively high up-regulation, SOD Cu—Zn gene acts as 1 cluster. Mean-
while, all remaining genes were subdivided into another two clusters:
highly expressed AQs and significantly down-regulated genes, e. g., all
high-affinity Cu transporters, as a means to avoid Cu toxicity in plant
cells. Moreover, a clear substitution relationship between SOD Cu—Zn
and SOD Fe (for CuSO4 at 1000 mg L) depending on the Cu ion pool in
plants was observed. In turn, the performed correlation plot of the
transcript levels of analyzed genes and the used Cu rate/actual applied
Cu amount/Cu content leaves did not show the statistical significant
correlation between these endpoints (Supplementary Materials, Fig. S7.
A). In case of exposure to ENPs, no relation was also noted for the
concentration of Cu?>" released from nano-Cu and the transcriptional
response (Supplementary Materials, Fig. S7.B). Probably, only actual
concentration of cellular Cu/ nano-Cu could be indicate the relationship
with the measured transcripts of genes.

5. Conclusion

This study analyzed the impact of foliar applied nano-Cu on
H. vulgare grown in Cu deficient condition, which could give insight into
the further potential use of Cu-based ENPs in plant growth. Prior to this
study, the transcriptional mechanisms behind the maintenance of Cu
homeostasis in Cu-deficient H. vulgare plants exposed to nano-Cu were
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poorly investigated. Due to the strong retention of nano-Cu on the leaf
surface, Cu content measurements were probably overestimated. How-
ever, the gene expression analysis involved in the maintenance of Cu
homeostasis allowed real-time indication of Cu status in plants. Nano-Cu
(1000 mg L 1) and CuSO4 induced fast plant responses at the molecular
level as the sudden influx of Cu®* resulted in the induction of oxidative
stress. On the other hand, slower dissolution of nano-Cu (100 mg L led
to more gradual changes in gene expression, thus limiting the negative
impact on the plant at the molecular level, further, this treatment pro-
vided the highest biomass among the sprays. The obtained results may
be useful for both efficiently optimizing the metal nutrient content in
plant and ensuring the long-term safety of nano-enabled products.
Moreover, the transcriptional analysis with focus on cellular balance of
metals could be valuable marker also for the recent intensively devel-
oping a stimuli responsive nano-agrochemicals.
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MATERIALS AND METHODS

Characteristics of nanopowder and nano-Cu suspension
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Fig. S1. XRD pattern of nano-Cu.

Dynamic light scattering technique (DLS). The distribution of aggregate sizes and -potential of nano-

Cu solution were determined with DLS (Zetasizer 3000, Malven, UK). Moreover, the aggregates of
nano-Cu in solution was imaged with TEM (JEM-3010 TEM JEOL, Ltd., Japan) by the application

of a drop of solution on the polymeric film.

Dissolution rate. The Cu*? ion fraction was separated from nano-Cu solutions using ultrafiltration with

Microsep Advance Centrifugal Devices with Omega Membrane 1K (Pall Corporation). The
measurements of the dissolved metal fraction were conducted soon after sonication in an ultrasonic
bath (25 °C, 250 W, 50 Hz) for 30 min using Inductively Coupled Plasma Optical Emission
Spectrometer, ICP-OES (Thermo Fisher Scientific, iCAP 7200, USA). Axial configuration was used
for Cu determinations. The spectral line (324.754 nm) was chosen to obtain the highest sensitivity and

minimum interference.
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Fig. S2. Characteristics of nano-Cu solution (A) TEM image; (B) particle size distribution.
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Fig. S3. Concentration of Cu?* released from ENPs in solution used for foliar application.




Tab. S1. The average spray volume deposited on above ground parts of H. vulgare plants according
to the volume of Cu compounds (100 and 1000 mg L 1) applied.

Deposited volume [%0]

Control Nano-Cu CuSQO4
100 1000 100 1000
Plants for 1 day exposure
28.10+4.1 29.53£3.0 31.73+4.9 25.10£3.4 30.83£7.0
Plants for 7 days exposure
32.60+4.2 28.60+4.6 22.83+4.7 27.37+7.5 28.37+4.3

Amount of Cu applied on 1 plant [mg]

Plants for 1 day exposure

0 0.03 1.05 0.08 1.02
Plants for 7 days exposure

0 0.09 0.75 0.09 0.94




= Control nano-Cu CuSO,
100 mg L' 1000 mg L 100mg L' 1000mg L'

Fig. S4. Images of H. vulgare taken at 1 and 7 days after exposure to nano-Cu and CuSOa.



Tab. S2. The dry weight of flag leaves under nano-Cu application. Different letters indicate significant

differences among the treatments (Duncan’ test, p < 0.05).

d.w. [mg kg']
tEi;p;osure control nano-Cu CuSOq4
100 mg L 1000 mgL* 100 mg L™ 1000 mgL*
1 day 15.2+1.2 12.8+1.0° 15.7+3.47 16.4+1.5° 15.4+0.9%
7 days 18.1+1.9% 37.5+4.3" 23.4+2.9% 20.1+1.9° 21.5+2.1°
Tab. S3. Sequences of primers used in real-time g°PCR
NCBI/
Gene Primer (5" — 3’) sequence Phytozome Acc. Reference
number
5-GCGATGAATGCGGCTGAAAT-3’ (Josko et al..
ADP S TCTGAATGTACCAGTGCCGC-3’ AJS08228.2 2021b)
5-AATCCACGAGACGACCTAC-3’ (Josko et al..
ACT 5 ACCACTGAGCACGATGTT-3’ AY145451.1 2021b)
5-GACAGCAGGTCCAGCATCTT-3’ .
GAPDH 5. GATCAGGTCGACAACACGGT-3’ X60343.1 This study
5-AAACGAACGTCTGCAATCCC-3’ (Josko et al..
COPTS 5. CCCAAGGTGTGAATGTGTGT-3’ DK830819.1 2021b)
raNy 3 GCATTAGCGACCTCATTAG-3' HORVU6BHr1G03  (Josko et al..
5’-GCCTTATCTTGCTCACTAC-3’ 1960.1 2021b)
5-ATGTGCTCTTGGTCTTGCCA-3’ (Josko et al..
PAAL S TCCCTCGCTGTGAGAAGCTA-3 AK355848.1 2021b)
pany 3 -TTCGCCATGACACCATCTCTT-3' HORVUOHr1G00  (Josko et al..
5’-CAGATCATCGGGCCCTGGTC-3’ 9080.5 2021b)
. 5-ATCATCGTCACCTTCAACAT-3’ This study
NIPZ:1 S CTAACCCTGCCAACTCAC-3 AB540229.1
. 5-TCAGCAGGATCGCCGTGG-3’ This study
TPLL S GAAGACGAAGATGAGCGTGGAG-3  /\BS402211
. 5-GTCTGGGAGAACCACTGG-3’ This study
TPL2 S GCCGATGAAGCAGATGTC-3’ AB540226.1
. 5°-ATCTACAACAGGGAGCAC-3’ This study
PP S TAGGACTTGGTCTTGAATGG AB286964.1
SOD Cu- 5’-GGTGACACGACTAATGGAT-3’ HORVU7Hr1G06  (Josko et al..
Zn  5-TGACGGACTTCATCTTCTG-3’ 0130.2 2021a)
soDFe 3 GTCTCCGAATGCTATCAATC-3’ HORVUT7Hr1G00  This study
5-TTCTCATAATCCAGGTAGTAGG 8390.6
sopmn 3 -CTTTGTTGGGAATTGATGTCT-3 HORVU2Hr1G11  This study
5’-CAGATGTTGGTCAGGTAGT-3’ 7740.2
car 5 -CACTCAACTACAGGCACAT-3’ HORVU7Hr1G12  (Josko et al..
5-ATCATCCAAGAGGCACTTC-3’ 1700.1 2021a)




Tab. S4. Real-time gPCR reaction conditions.

Temperature Prlmer' cDNA
Gene °C] concentration amount [ng]
[nM]
ADP 60 300 10
ACT 60 300 10
GAPDH 60 300 10
COPT5 60 300 10
PAA1 60 300 10
PAA2 60 300 10
RAN1 60 300 40
NIP2;1 60 100 10
TIP1;1 62 100 10
TIP1;2 60 300 10
PIP1;1 60 300 10
SOD Cu-Zn 60 300 10
SOD Fe 60 600 10
SOD Mn 60 300 10
CAT 60 300 10




o

Derivative Reporter

Dervative Reparier

Derivative Reparter

Melt Curve Plot (Derivative)

T T

2
=
S
4

Temperature (*C)
@ ADP

Melt Curve Plot (Derivative)

b

Temperaiure {"C)
@ ACT
Meilt Curve Plot (Derivative)




Derivative Reporter

Derivative Reporter

Derivative Reporter

Derivative Reporter

Melt Curve Plot (Derivative)

Temperature (*C)
® PAA1

Melt Curve Plot (Derivative)

Temperature (*C)
® PAA2

Melt Curve Plot (Derivative)
A

Temperature (*C)
@ RAN1

Melt Curve Plot (Derivative)

Temperature {*C)
@ COPTS



Derivative Reporter

Derlvative Reporter

Derivative Reporter

Dertvative Reporter

Melt Curve Plot (Derivative)

Temperature {*°C)
® NIP21

Meit Curve Plot (Derivative)

u‘- T T OEREE e < I — . Y e ——— i o "r‘— _j
85 70 75 80 85 °0
Temperature (°C)
@ PP11
Melt Curve Plot (Derivative)

80 a5 70 75 20 85 00

Temperature {*C)
® TPt
Melt Curve Plot (Derivative)

Temperature {*C)
® TIP1;2



L Melt Curve Plot (Derivative)

Derivative Reporier

Temperature ["C)
@ 30D CUREN

Meilt Curve Plot (Derivative)

=

Derivative Reparter

Temperature {*C)
@ SODFE

N Melt Curve Plot (Derivative)

Derivative Reporier

85 70 75 0 85 0
Temperature ("C)
@ SODNMN

Meit Curve Plot (Derivative)

o

Derivetive Reporier

Temperatwre (*C)
@ CAT

Fig. S5. Melting curve analysis obtained for: (A-C) reference genes (ACT. ADP. GAPDH). (D-G)
metal transporters (RAN1. COPT5. PAA1.vPAA2). (H-K) aquaporins (NIP2;1. PIP1;1.
TIP1;1.TIP1;2). and (L-O) antioxidant enzymes (SOD Cu/Zn. SOD Fe. SOD Mn. CAT) genes. Single
peaks indicate specific amplification and lack of primer—dimer artifacts.



DISCUSSION

Tab. S5. Cu content in the roots and aboveground parts of H. vulgare after foliar application with Cu
compounds (100 and 1000 mg L*1). Different letters indicate significant differences among the
treatments (Tukey’s test, p < 0.05).

Treatments Concentration Dry weight [mg]
[mg L] Roots Shoots and leaves

control - 26.10+1.1° 98.72+2 .28
100 28.42+1.3? 105.81+1.5°

hano-Cu 1000 25734177 106.343.1°
CuSO 100 29.50+1.3? 107.10+1.1°
4 1000 26.50+1.5 120.61+11.0°
control - 45.21+0.92 102.73+1.42
AN0-C 100 54.00+1.8" 126.09+0.9"
u 1000 66.10-:1.0° 190.240.8°

cusSoO 100 99.50+0.8° 192.65+1.5¢
4 1000 81.70+1.6¢ 220.24+1.4¢

Copper deficiency Copper supplementation

Fig. S6. Schematic representation of substitution relation between SOD Cu-Zn and SOD Fe depending
on Cu status in H. vulgare plants.
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Fig. S7. The correlation plot for the relation between the transcripts of genes and the used rates of Cu
compounds (Cul), the remained Cu amount on plants (Cu2), the Cu content in flag leaves (Cu3) based
on Pearson factor (A). The correlation between the selected genes expression and released of Cu ions
in nano-Cu solutions used to foliar application. The red and blue colours mean positive and negative
correlations, respectively. The asterisks indicate the significant correlation (p < 0.05).
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ARTICLE INFO ABSTRACT

Keywords: Despite that the applicability of Cu-based engineered nanoparticles (ENPs) as an antibacterial and antifungal
Eflgi“e?fed f‘aﬂ"Parﬁdes agent for plant protection has been studied widely, little is known about their role in the improvement of crop
Biofortification yield and quality. Here, a full life study was performed to investigate the nutritional quality and bioactivity of
Microelements . . o . . . o

Antioxidants barley grains under foliar application of nano-/microparticulate (nano-Cu, nano-CuO, micro-Cu) and ionic Cu

compounds (CuSO4, CuEDTA). Hordeum vulgaris L. plants were sprayed with Cu compounds at 500 mg/L during
the end of tillering and the beginning of heading. Yield, mineral composition, protein and dietary content,
antioxidant (phenolic, anthocyanin, flavonoid, tannin, flavanol) content and antioxidant capacity of barley grain
were evaluated. Grain yield was unaffected by all treatments. Only nano-Cu and ionic compounds enhanced Cu
accumulation in grain: 2-fold increase was observed compared to the control (2.6 pg/kg). Nano-Cu also increased
the dietary fiber content by 19.9 %, while no impact of the other treatments was determined. The content of
phenolic compounds, the main group of antioxidants, remained unchanged after Cu supply. In general, for all Cu
treatment, antiradical and reducing abilities were decreased or were at the similar level in relation to the control.
On the other hand, chelating power in grain extracts was 2-4 times higher under nano-Cu/nano-CuO/micro-Cu
than in the untreated sample, while the ionic compounds had no impact on the chelating indicator. Our results
demonstrated that more favorable effects were triggered by nano-Cu than CuSO4 or CuEDTA on the tested in-
dicators of barley grain, despite that both compounds resulted in similar superior Cu acquisition. It suggests that
nano-Cu may be considered as an alternative agent to be used as economic and traditional fertilizers.

Hordeum vulgare

1. Introduction

A growing world population, which will be nearly 10 billion by 2050,
entails an increase in food demand (FAO, 2018). To meet that need,
agricultural production must be increased by 60 % (Alexandratos &
Bruinsma, 2012). In the face of shrinkage of arable land, climate change
and soil degradation, providing food security is a pressing challenge.
Application of conventional fertilizers to meet plant requirements is
inefficient (Avellan et al., 2021). As estimated, up to 50 % of applied
nutrients do not reach their target (Kah et al., 2019). Consequently,
wasted compounds contaminate soil and groundwater causing

environmental and public health threats (Avellan et al., 2021). There-
fore, new approaches are highly requested to increase yield as well as to
improve nutritional quality of strategic crops (biofortification). To
address these goals, nano-enabled agrochemicals such as nano-fertilizers
have attracted a growing interest in precision agriculture, especially
now, that the costs of production of engineered nanoparticles (ENPs) are
getting lower (Kah et al., 2019). ENPs, owing to the nano-metric size
(1-100 nm) and larger surface area, obtain more efficient physico-
chemical properties (e.g. reactivity) than their bulk counterparts
(Kusiak et al., 2022). ENPs containing micronutrients belong to prom-
ising fertilizing agents due to gradual release of metal ions prolonging
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Fig. 1. TEM images of nano-Cu (A), nano-CuO (B), bulk-Cu (C) suspended in Milli-Q® -water.

the access to micronutrients for plants, as opposed to the conventional
fertilizers, which are dissolved just after application (Kah et al., 2019).
In addition, more effective usage of micronutrients from ENPs than ionic
compounds by plants reduces the spread of fertilizer residues and,
indirectly, protects environmental resources (Kusiak et al., 2022).

To date, numerous studies have demonstrated beneficial outputs for
plant growth and development under treatment of ENPs. However, the
majority of these studies included only short-term exposure to ENPs,
whereas the full plant life-cycle effect of ENPs containing crucial nu-
trients (e.g. Zn, Fe, Cu) was scarcely examined in terms of their potential
for enhancement of mineral and nutritional quality of crops (Deng et al.,
2022; Kadri et al., 2022; Rawat et al., 2018a; Rui et al., 2018; Wang
etal., 2019; Zhang et al., 2017). Considering over 2 billion people suffer
from micronutrient malnutrition, so-called hidden hunger (Narwal
et al., 2020), it is mandatory to assess the efficiency of ENPs for boosting
micronutrient accumulation in crops compared with conventional fer-
tilizers. Few studies have compared the mineral composition of crops
under ENPs and ionic fertilization (Deng et al., 2022; Rawat et al.,
2018a; Zhang et al., 2017), but the advantage of ENPs over metal ions
has not been unambiguously confirmed. For instance, a study by Rawat
(2018a) did not find significant differences in Cu content in fruits of bell
pepper grown in soil treated with nano-CuO, bulk-CuO or CuCl; at a
dose of 125-500 mg/kg. The Cu content of weedy rice grain did not
differ between nano-CuO and CuSO4 at 75 and 150 mg/kg, but was
higher than under soil amendment with bulk-CuO (Deng et al., 2022).
Furthermore, contrary to soil treatment with ENPs, foliar application as
widely used technique for delivery of micronutrients has been very
rarely examined for plant supplementation with ENPs. It has been re-
ported that foliar-applied nano-ZnO increased Zn content in wheat grain
more than ZnSO4 (Zhang et al., 2017). Among ENPs, the potential of Cu-
based ENPs for biofortification of crops is far from fully elucidated. One
the one hand, Cu is a crucial element for proper plant growth and
development (Burkhead et al., 2009) and additionally it has antibacte-
rial and antifungal properties protecting the plant from diseases (Bor-
gatta et al., 2018). On the other hand, however, the phytotoxicity of
ENPs containing Cu has been proved towards a wide group of plant
species (Burachevskaya et al., 2021; Cota-Ruiz et al., 2018; Josko et al.,
2017; Josko et al., 2021a; Josko et al., 2021b; Rawat et al., 2018b).
Hence, there is a pressing need to analyse the effect of Cu-based ENPs on
the yield and quality of staple crops, such like barley, especially sensitive
to Cu deficiency (Narwal et al., 2020).

Barley (Hordeum vulgare L.) is an ancient plant belonging to four
major agricultural cereal crops (Baik & Ullrich, 2008), which supplies
food and feed industries (Marecek et al., 2017). The nutritional value of
barley grains was recognized early as they were an essential part of diet
of Roman gladiators, so-called “hordearii” (Narwal et al., 2020). Due to
a balance of carbohydrates, proteins, vitamins and minerals, barley
grains are considered as high energy food (Baik & Ullrich, 2008; Narwal

et al., 2020). Moreover, the barley grain is a rich source of phyto-
chemicals and antioxidants playing important role in a prevention of
chronic diseases such as cardiovascular disease, cancers, diabetes or
Alzheimer’s disease (Masisi et al., 2016). Because of the total amount of
antioxidant e.g. phenolic compounds and their antioxidant capacity are
differentiated by cultivars and growth conditions (Lahouar et al., 2014),
it is crucial to include antioxidant properties in evaluation of Cu-based
ENPs for plant fertilization. An increase in the content of antioxidants
and their antioxidant capacity has already been found in lettuce leaves
after foliar spray of biogenic nano-CuO (Kohatsu et al., 2021). However,
scarce data exists on the quality of edible parts of plants (e.g. cereal
grains) that were not directly exposed to ENPs treatment. Rico et al.
(2013) observed a reduction of phenolic content and antiradical abilities
in grains of rice grown in soil amended with nano-CeO,. This finding
indicated the potential risk of deterioration of the nutritional value of
crops under ENPs exposure. To address the abovementioned gaps, the
present study investigated the influence of Cu-based ENPs, their micro
counterparts (engineered microparticles, EMPs) and ionic Cu com-
pounds, commonly used as fertilizers on yield quantity and quality of
barley. This full life cycle study expands the current knowledge of the
role of ENPs in biofortification of crops and food security.

2. Materials and methods
2.1. Cu compounds

Copper and copper oxide ENPs (nano-Cu, nano-CuO) were used for
the experiment. For comparison, Cu microparticles (micro-Cu) and two
ionic compounds (CuSO4 and ethylenediaminetetra acetic acid copper
(I1) disodium salt (CuEDTA)) were also included to exam effect of par-
ticle size and metal ion activity. All Cu compounds as powders were
purchased from Sigma-Aldrich (USA). To determine Cu content in
powders, samples were digested with a mixture of HNO3:H205 (4:1) in
Teflon vessels in a microwave oven (Milestone, ETHOS EASY, Italy) for
1 hat 200 °C. After cooling, the samples were diluted and analyzed using
Inductively Coupled Plasma Optical Emission Spectrometer, ICP-OES
(Thermo Scientific ICAP7200). Axial view was used for copper de-
terminations. The spectral line 324.754 nm was chosen to obtain the
highest sensitivity and minimum interference. Multi-elemental solutions
of 1000 mg/L ICP Standard Certipur® (Merck, Germany) containing Cu
were used for the calibration. The calibration curves were found to be
linear in the range of 0.001 to 1 mg/L for Cu. The quantification limit
obtained was 0.001 mg/L for Cu. The quantification limit (LOQ) was
calculated as 10 s/m, where s is the standard deviation (n = 10) of the
blank and m is the slope of the calibration graph. The precision of the
method, expressed as the % relative standard deviation (% RSD) was 8 %
for Cu. The primary particle size of ENPs and EMPs determining with a
transmission electron microscope (JEM-3010 TEM JEOL, ltd., Japan)



L. Josko et al.

Table 1
Characteristics of ENPs and EMPs solutions.

Aggregate size ¢ potential Concentration Cu®>* [mg/L]

[nm] [mV] before spraying after spraying
nano-Cu 349.0+5 —14.6 £ 0.4 0.4 + 0.0 0.4+ 0.0
nano-CuO 482.0 + 26 -16.9 + 1.0 0.5+ 0.0 0.5+ 0.0
micro-Cu 5110.0 + 230 -19.3 +£0.9 0.1 +0.0 0.1 +0.0

was 25 4+ 10 nm (nano-Cu), 50 £ 10 nm (nano-CuO), 5000 + 240 nm
(micro-Cu). TEM images of ENPs and EMPs were presented in Fig. 1.
XRD analysis revealed the crystalline phase of nano-powders. XRD
patterns provided in our previous study (Josko et al., 2022) identified
62 % of copper and 38 % of cuprite (CuzO) in nano-Cu powder, while
nano-CuO powder characterized by the monoclinic structure tenorite.

2.2. Pot experiment

Plant growth. The sand clay soil collected from Suchodoty, Lubelskie
Province, Poland was used as the plant growth matrix. The soil was
characterized by a pH of 6.3 and a medium level of available nutrients
(P205 = 124.0 mg/kg, KoO = 146.0 mg/kg, Mg = 5.8 mg/kg). The
background Cu content in the soil was 4.1 mg/kg and the cation-
exchangeable concentration of Cu was 0.01 mg/kg. The soil analysis
methods were provided in Supporting Material. 50 L pots were filled
with fresh soil and dug into the ground. 40 seeds of spring barley
H. vulgare were sown in each pot. Barley plants were thinned to 20
seedlings per pot at the end of emergence (BBCH 9). The experimental
site was surrounded by mesh as a preventive measure against birds,
rodents and vermin. The plants were watered with distilled water, and
covered during rainfall. The experiment was conducted from 27 March
to 27 July in 2020.

Foliar application. Nano-Cu, nano-CuO, micro-Cu, CuSO4, CUEDTA, at
concentration of 500 mg Cu/L, were used as treatments in this experi-
ment. The dose of Cu-compounds was calculated to obtain a rate of 2 kg
of Cu per ha (Fageria et al., 2009). The powder of Cu compounds was
suspended in Milli-Q® water (Q < 0.05 uS/cm®) containing 0.1 % of an
adjuvant (FASTER, INTERMAG Company, Olkusz, Poland). Anti-
foaming adjuvant was used to improve the coverage and maintenance
of the Cu solution layer on the plant surface. The Milli-Q® water con-
taining the adjuvant was used as a control treatment. 6 mL of the so-
lutions was sprayed on plants in each pot, corresponding to the
commonly used volume of foliar-applied fertilizers (500 L/ha) (Fageria
et al.,, 2009). The foliar application was performed with manual
sprayers. Before treatment, the sprayers were calibrated for the same
volume and rate application of the solutions. Additionally, the solutions
containing nano-Cu, nano-CuO or micro-CuO were sonicated in an ul-
trasound bath (25 °C, 250 W, 50 Hz) for 30 min immediately prior to
application. The solutions were twice applied during plant growth: (i) at
the end of tillering (29 BBCH) and (ii) the beginning of heading (51
BBCH) early in the morning. The quality of foliar treatment was
controlled by analysis of (i) Cu®" concentrations in solution before and
after spraying as well as (ii) Cu content in soil after foliar application.
The both analysis of Cu?* in solutions and the total content of Cu in soil
was described in detail in the following sections. Due to particulate
form, ENPs and EMPs may clog the diffusive element in a sprayer, Cu?*
concentration in solutions between and after spraying was analyzed to
evaluate if plants were treated with same amount of Cu?". The Cu®*
concentrations in ENPs and EMPs solutions before and after passage
through the sprayer were at the same level (Table 1). It indicated the
lack of clogging of the sprayer, thus allowing an undisturbed transfer of
the solutions to plants. The total Cu content in soil samples after foliar
application was provided in Tab. A.1. (Supplementary Material). No
difference in Cu content in soil among treated groups confirmed uniform
spraying of plants. For foliar application, the pots with plants were
placed under a roof to avoid the wind activity and left there until the
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solutions were dried. Next, the pots were transferred to their previous
spot in the ground. Each experimental variant was prepared in three
replications.

Sample collection. The barley plants were harvested at the maturity
(89 of BBCH) and grains were air-dried to determine grain yield and
quality.

2.3. Characteristics of ENPs and EMPs solutions

Solutions of ENPs and EMPs used for foliar spraying were charac-
terized with respect to their zeta potential, the distribution of particle
sizes, and Cu®" concentration. These analyses were immediately per-
formed after sonication of solutions in ultrasound bath (30 min, 25 °C,
250 W, 50 Hz). The size of aggregates and zeta potential were measured
with the dynamic light scattering technique (Zetasizer 3000, Malvern).
In order to determine Cu®" concentration in solutions, the suspensions
were centrifuged at 6000 rpm for 60 min in centrifuge tubes (Microsep
Advance Centrifugal Devices with Omega Membrane 1 K, Pall Corpo-
ration) and acidified with the 65 % nitric acid. Next, Cu was measured
with ICP-OES (ICAP 7000, Thermo Scientific, USA).

2.4. The analysis of barley grain

2.4.1. Mineral composition

Air-dried grains were ground and digested with a mixture of HNOs:
H305 (4:1) in Teflon vessels in a microwave oven (Milestone, ETHOS
EASY, Italy) for 1 h at 200 °C. After cooling, the samples were filtered
(0.45 pm, PTFE), diluted with Milli-Q® water to 25 mL, and analyzed
with ICP-OES (iCAP 7000, Thermo Scientific, USA). All analyses
included blanks. Certified material (maize flour, INCT-CF-3, ICHTJ,
Poland) was used for the quality control of the sample digestion. The
maize flour samples were digested in the same way as the samples of
barley samples. The recovery of the selected microelements was in the
range of 93.0 — 98.4 % and 87.4 — 95.3 %, respectively.

The assessment of biofortification of crops with microelements needs
to be accompanied by food security analysis related to consumption of
grain. For the health risk assessment, the daily intake rate (DIR) was
calculated following Equation:

DIR = [Cu] grain x IR/ BW

where Cu is the concentration of Cu in grain [mg/kg of dry mass (d.m.)];
IR is the average ingestion rate of barley grain [g of d.m./day/person].
Two values of IR were used: the actual IR by adults in Poland [0.78 g of
d.m./day/person] and recommended IR of barley grain by adults [13.3 g
of d.m./day/per person] (Gruszecka-Kosowska, 2019); BW is body
weight: 60 kg for adults. The DIR values were compared with the
tolerable upper intake level (UL), defined as the highest level of daily
nutrient intake that is likely to have no risk of adverse health impact for
nearly all persons (Trumbo et al., 2001).

2.4.2. Nutritional quality

Protein content and digestibility. For protein extraction, 50 mg of the
air-dried wholegrain barley flour was suspended in 600 pL of urea buffer
(2 M urea, 10 % glycerol, 65 mM DTT, and 20 mM Tris, pH 8.0)
(Hurkman & Tanaka, 2007). The suspension was incubated at room
temperature for 1 min, and insoluble material was removed by centri-
fugation at 16,000 x g for 10 min. The protein content was determined
according to Bradford (1976) using a calibration curve of albumins,
globulins, prolamins, and glutenins as standard protein. In vitro protein
digestibility was determined by the method of Minekus et al. (2014).
Detailed protocol of the wholegrain barley flour digestion was provided
in Supplementary Material (Fig. A.1).

The total dietary fiber. The total content of dietary fiber, including
soluble and insoluble, was quantified in grain meal according to the
AOAC Method 991.43 method using a commercial assay kit (Total
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Dietary Fiber Assay Kit, Megazyme International Wicklow, Ireland).

2.4.3. Antioxidants content and antioxidant capacity

Extraction. To determine the content of phenolic compounds and
antioxidant properties in grain, the chemical extraction was conducted.
Lyophilized samples (100 mg of dry mass) were extracted for 1 h at room
temperature in a shaker (300 rpm) in a capped centrifuge tube with 10
mL of different solvents: 50 % methanol, 60 mM HCI in 50 % methanol,
and finally with 60 mM HCI in 70 % acetone. The mixture was centri-
fuged (15 min, 3,000 x g, 22 °C) and the supernatants from all steps
were combined.

Total phenolic content (TPC). TPC was determined using the modified
Folin-Ciocalteu method (Meda et al., 2005). In total, 0.1 mL of the
extract, dissolved in DMSO at a concentration of 2 mg/mL, was mixed
with 4 mL of distilled water and with 0.5 mL of Folin-Ciocalteu reagent.
After 1 min, 2 mL of 20 % sodium carbonate was added and supple-
mented with distilled water to a total volume of 10 mL. The absorbance
was measured at 760 nm after 30 min incubation at dark and at room
temperature. A blank sample of water and reagents was used as a
reference. TPC was expressed as mg of gallic acid (GAE) equivalent per g
of a dry extract (the calibration curve of GAE: y = 9.8399x + 0.0289; R?
= 0.9993) in a concentration range of 20 — 80 ug/mL.

Total anthocyanin content (TAC). 250 uL of each extract was mixed
with 1.4 mL of 0.4 M acetate buffer (pH 4.5) or HCI/KCI buffer (pH 1.0).
Absorbance was measured at 520 nm and 700 nm, while TAC was
calculated with a molar extinction coefficient of cyanidin 3-glucoside
(Lee et al., 2005).

Total flavonoid content (TFC). 25 uL of each extract was mixed with
350 uL of 80 % (v/v) aqueous EtOH, 12.5 pL of 10 % (v/v) AI(NOs)3, and
12.5 uL of 1 M aqueous potassium acetate. The sample was left to stand
for 40 min at room temperature, after which the absorbance was
measured at 415 nm using a microplate reader. The total flavonoid
content was calculated using 12 dilutions of quercetin stock solution
(250 g of quercetin dissolved in 250 pL of distilled de-ionized (DDI)
water and 250 uL of acetonitrile). TFC was expressed as mg quercetin
equivalents per g of dry mass of sample.

Content of condensed tannin (CT). 15 pL of each extract was mixed
with 250 uL of 4 % vanillin solution in MeOH and 12.5 pL of HCl (35 -
38 %). The sample was left to stand for 15 min and the absorption was
measured at 500 nm against MeOH. A standard curve was prepared
using stock (+)-catechin solution (3.45 mg of (+)-catechin dissolved in
2 mL of MeOH) diluted into 15 working solutions as described above
(Arancibia-Avila et al., 2011).

Total flavanol content (TFoC). 100 pL was mixed with 0.3 mL of p-
dimethylaminocinnamaldehyde (DMACA, 0.1 % in 1 M HCIl in MeOH),
vortexed, and left to stand for 45 min. Next, the absorbance was read at
640 nm in a microplate reader against a blank without DMACA. The
total flavanol content was calculated from 20 dilutions of stock catechin
solution (3.3 mg of (+)-catechin dissolved in 1.9 mL of MeOH) mixed
with DMACA as described above (Arancibia-Avila et al., 2011).

Antiradical and antioxidant capacity with 2,2- diphenyl-1-picrylhydrazyl
radical (DPPH"®) and 2,2'-azino-bis (3ethylbenzothiazoline-6-sulfonic acid)
radical cation (ABTS**). For measurements with DPPH® radical, a slight
modification of the method described by Brand-Williams et al. (1995)
was used: directly before measurement, the absorbance of DPPH
methanol solution was adjusted to 1.5 using methanol (515 nm, 20 °C).
A 20 pL volume of the test sample was mixed with 255 pL of methanol
and 30 mL of DPPH solution. Absorbance was read at 515 nm after 4
min. The negative blank was composed of 20 pL of DDI water, 255 pL of
MeOH, and 30 pL of DPPH solution. The background of the sample was
subtracted during the calculations. All samples were run in 8 replicates.
The results were expressed in Trolox equivalents (TE), using a calibra-
tion curve prepared from 1 L of Trolox solutions (92 — 920 umol/L). The
analysis with ABTS®" radical cation was performed according to the
simplified method of Miller et al. (1993) with our own modifications.
Prior to the analysis, an aqueous solution of ABTS (15 mmol/L) was
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stored with potassium persulfate (2.45 mmol/L) for 24 h at room tem-
perature. Directly before measurement, the absorbance of the ABTS
solution (734 nm) was adjusted to 1.5 using distilled water (20 °C). The
sample (20 pL) was mixed with 180 uL of DDI water and 190 L of the
ABTS solution, and the absorbance was measured after 4 min. The
negative blank was composed of 200 uL of DDI water and 185 pL of the
ABTS solution. The background of the sample was subtracted during the
calculations. All samples were run in 8 replicates. The results were
expressed in TE units using a calibration curve prepared with Trolox
solutions as described above.

Ferric reducing antioxidant power (FRAP). The sample (20 uL) was
mixed with 1.9 mL of FRAP solution, shaken for 30 min at room tem-
perature and the absorbance was read at 593 nm, after shaking for 30 s.
The FRAP solution was prepared by mixing 2.5 mL of 5 mM TPTZ so-
lution (prepared in 40 mM HCl solution), 2.5 mL of 5 mM FeClj3 solution,
and 25 mL of acetate buffer (0.3 M, pH 3.6) and warming in water bath
at 37 °C for 20 min. A blank (reagent) sample was prepared with buffer
instead of the sample and the background of the sample was measured (a
mixture containing only the studied sample and buffer). A calibration
curve was prepared using 510 ug Trolox dissolved in 1 mL of DDI water
(stock solution diluted to obtain 20 standard solutions in the range of
25.5 - 510 pg Trolox/mL) (Hanafy et al., 2017).

Cupric reducing antioxidant capacity (CUPRAC). 40 uL of the sample
was mixed with 900 pL of ammonium acetate buffer (1 M, pH 7.0), 700
pL of neocuproine (3.75 mM, dissolved in DDI water: ACN 1:1) and 350
pL of 10 mM CuCl,. After 1 h, the absorbance was read at 450 nm against
the blank sample (containing 40 pL of the corresponding tested solution
mixed with 1950 pL of ammonium acetate buffer). The reagent sample
(without the studied samples) was also measured and subtracted from
the studied sample. Quercetin was used as antioxidant standard (230 pg
of quercetin dissolved in 0.5 mL and 0.5 mL ACN) diluted into 20
standard solutions (17.5 — 350 umol/L) (40 pL) used as described above
(Oztiirk et al., 2011).

Hydroxyl radical antioxidant capacity (HORAC). The sample (10 pL)
was mixed with 500 pL of DDI and fluorescein solution (200 pL, 60 nM)
and incubated at 37 °C for 10 min. Then, 10 pL of 27.5 mM H30; so-
lution and 10 pL of CoFy x 4 H,0 solution (230 pM, containing 1 mg of
picolinic acid/mL) were added to the solution tested sample. The fluo-
rescence was read (excitation at 485 nm and emission at 520 nm) at start
and every 1 min with constant shaking during the whole reaction until
stabilization (typically 5 — 10 min). A blank sample containing phos-
phate buffer instead of the sample was run. Also, the background from
the samples was measured (a mixture containing only the studied
sample and DDI water). The activity was expressed in GAE equivalents
prepared using 15 GAE solutions (equal to 9.6 — 480 pg of GAE/mL) used
as described above (Denev et al., 2014).

Chelating power (ChP). ChP was determined using the method
developed by Guo et al. (2020). The chelating properties were deter-
mined in samples obtained after chemical extraction and expressed as
EDTA equivalents in pg of EDTA/g of d.m.

2.5. Data analysis

The data were statistically analyzed using Statistica 13.3 software.
The differences between treatments were determined using a one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test (para-
metric analysis) or Kruskal-Wallis test followed by the pairwise multiple
comparison of mean ranks (PMCMR) (non-parametric analysis) at a
significance level of 0.05. A two-tailed Pearson correlation analysis was
performed to test the variables.

3. Results and discussion
3.1. ENPs and EMPs solutions characteristics

Nano-Cu and nano-CuO tended to create aggregates (Table 1), whose
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Fig. 2. The content of Cu (A), Zn (B), Fe (C), Mn (D) in grain of barley (dry mass) sprayed with different Cu compounds. Error bars represent standard deviation (SD,
n = 3). Different letters indicate significant differences among the treatments (p < 0.05).

average sizes (349 — 482 nm) were higher by one order of magnitude
than the primary diameter of ENPs determined by TEM (Fig. 1). As was
expected, the average size of micro-Cu aggregates was more than 10
times greater than that of ENPs. The values of {-potential ranged from
—14.6 to —19.3 mV for both ENPs and MNPs (Table 1). The dissolution
analysis revealed a low concentration of Cu?* (0.1 — 0.5 mg/L) in the
ENPs and EMPs solutions, which was < 1 % of applied Cu. It confirms
the low solubility of Cu-based ENPs (Gao et al., 2019). The cu?* con-
centration in the micro-Cu solution (0.1 mg/L) was slightly lower in
relation to the nano-Cu solutions (0.4 mg/L), which is line with the size
effect observed in previous studies (Dai et al., 2018; Kaweeteerawat
et al., 2015).

3.2. Effect of Cu treatments on barley grain traits

3.2.1. Agronomic parameters

Overall, foliar application of Cu compounds (ENPs, EMPs, ionic) had
no impact on barley grain yield expressed as both grain weight per pot
and 1000 grain weight (Tukey test, p > 0.05) (Tab. A.2). To date, no data
on cereal grain yield after foliar application of Cu-based ENPs has been

available. As a microelement, Cu could have more significance for
quality than quantity of yield. However, studies on vegetables have
demonstrated a stimulating effect of Cu-based ENPs (Lasso-Robledo
et al., 2022). For example, foliar spraying with nano-CuO at a range of
200 mg/L of cucumber significantly increased fruit fresh weight (Hong
etal., 2016), while foliar applied green synthesized nano-CuO at 50 ug/L
had a positive effect on lettuce dry weight (Kohatsu et al., 2021). These
evidences emphasis the need of optimizing of the application of nano-Cu
to deliver essential amount of Cu during the development of barley
fruits.

3.2.2. Mineral composition

Copper. The Cu grain content was doubled under nano-Cu and ionic
Cu (CuSO4 and CuEDTA) in comparison with control samples (2.6 mg/
kg) (Tukey test, p < 0.05) (Fig. 2A). Interestingly, for nano-Cu solutions
characterized by 1000 lower concentration of Cu?* compared to ionic
compounds, the grain Cu content was at a similar level. No difference in
grain Cu content between nano-Cu and ionic compounds may suggest
that nano-Cu may be up taken and distributed in particulate form.
Among the particulate Cu compounds used, nano-Cu featured by the
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Table 2

Macroelement content in grain of barley (dry mass) exposed to nano- and micro-
particulate and ionic Cu. Different letters indicate significant differences among
the treatments (p < 0.05).
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Table 3

Nutritional value of air-dried grains of barley after foliar spray with different Cu
compounds. Different letters indicate significant differences among the treat-
ments (p < 0.05).

Ca K Mg Protein Protein Dietary fiber
k k tent digestibilit
[mg/ke] [mg/ks] [mg/ke] conten 1gesHbiy Total Soluble Insoluble
control 304.0 + 22.5" 5615.7 + 120.1% 922.3 + 37.3° [%) [%) [%] (%] (%]
nano-Cu 269.0 + 36.5° 5991.3 + 210.2° 913.0 + 29.8° R 5
nano-CuO 272.6 + 19.7° 5308.5 + 320.6° 901.1 + 21.9" Control  9.04+1.4%  958+1.3 f?;? + g':f (1)67‘:‘ +
micro-Cu 269.6 + 26.0° 5561.4 + 114.8" 922.9 + 30.8" Nano.C 05414% 0414 1sh 087 & 10.8 & 1704
Cuso, 259.2 + 31.8° 5399.2 + 213.7° 839.7 + 37.9° ano-tu - o L S vl hyes 050
CuEDTA 298.8 + 30.2° 5709.0 £ 204.5 982.3 + 40.1° : ‘ :
Y Nano- 85+1.6° 939+18° 234+ 68+ 16.7 +
Cuo 0.6 1.3° 1.9°
. . . . Micro-Cu 9.7 +1.5° 961 +1.3" 206+ 53 153 +
smallest diameter, which might have allowed it to cross through the leaf 0.6° 0.2 0.6°
surface features (stomata, trichomes, cuticule) (Avellan et al., 2021). It CuSO4 8.6 + 2.12 90.1 + 2.52 21.0 + 5.3 + 15.7 +
should be noted that ENPs were suspended in the solution containing an 3.2° 1.6° 1.6
. . . . b
adjuvant, which may degrade the cuticule, thus paving the way for CuEDTA  10.0+0.7° 958+ 1.2 26+ 79 147 £
infiltration of smaller ENPs (Avellan et al., 2019). The fact that no sta- 03 0.4 0.7
tistically significant effect of nano-CuO (average diameter = 50 nm) and
micro-Cu (average diameter = 5 um) on Cu grain (Fig. 1A) may confirm
Table 4

the size-dependent capacity to take up ENPs by leaves. In previous
studies on foliar applied Cu-based ENPs that mostly concerned leafy
edible plants (Tan et al., 2018; L. Zhao et al., 2016), an increased Cu
content in leaves could have been the sum of uptake of ENPs and
adhesion of ENPs to the leaf surface. A study by Laughton et al. (2019)
determined a residual amount of Cu on lettuce leaves even after washing
lettuce leaves sprayed with Cu-ENPs. Our results shown actual bio-
fortification of grain with Cu, due to the treatments were performed
before the grain development. Because of increased Cu grain content, it
was necessary to evaluate the possible human intakes and risk assess-
ment. The calculated dietary intake rates of Cu in grain in the control
and treated groups based on both the actual and recommended levels of
barley grain consumption ranged from 0.03 to 0.08 ug/kg/day and from
0.6 to 3.8 ug/kg/day (Table A.3). Notwithstanding the increased Cu
content in barley grain under Cu treatments, the Cu level was definitely
below the tolerable upper intake level (40 pg/kg/day) (Xiong et al.,
2017), meaning no risk for human health.

Other microelements. The treatment of plants with ENPs and EMPs did
not impact the content of other transition metals (Zn, Fe, Mn) (Fig. 2B-
D). Ionic Cu compounds had a minor impact on these elements: CuSO4
increased Zn content by 23.5 %, while CuEDTA evoked higher Fe and
Mn accumulation in barley grain by 10.1-12.9 % compared to the
control (Kruskal-Wallis test, p < 0.05). It may indicate the interactions
between Cu ions and other transition metals such as competition or
substitution (Pilon et al., 2009). As it was mentioned earlier, both
nanoparticulate and ionic Cu may be delivered to plants under appli-
cation nano-Cu, thus it could evoke the different effect on molecular
regulation of metal homeostasis (including metal uptake and trans-
location) compared to Cu ions from dissolved compounds (Josko et al.,
2021b). Existing data on the mineral composition of grain under Cu-
based ENPs are limited to soil application ENPs and mainly show a
reduction in transition metals in rice grain under both nanoparticulate
and ionic Cu (Deng et al., 2022). However, these observations are
difficult to refer to our results mostly due to distinct mechanisms of
metal uptake via roots and foliar routes. No general trend was observed
for the grain content of Ca, K and Mg (Table 2) under Cu treatment and
their impact was dependent on the type of nutrient and used Cu com-
pounds. The Ca content in grain was 10.3-14.7 % lower under almost all
Cu treatment (Kruskal-Wallis test, p < 0.05) and only CuEDTA had no
impact on the level of this element compared to the control. The accu-
mulation of K in barley grain was only affected after application of nano-
Cu resulting in about 7 % increase of that element in relation to the
untreated sample. In turn, Mg acquisition was only differentiated by
ionic Cu: CuSO4 decreased the Mg content by 9.0 %, while CuEDTA
increased the Mg level in grain by 6.5 % compared to the control. No
general trends of changes in mineral composition under ENPs exposure

The content of antioxidant compounds in air-dried grains of barley foliar
sprayed with different Cu compounds. Different letters indicate significant dif-
ferences among the treatments (p < 0.05).

Phenolic Anthocyanin Flavonoid Tannin Flavanol
[mg [mg cya-3- [mg [mg [mg
GAE/ gl glu/ gl quercetin/ catechin/ catechin/
gl gl gl
Control 3.0+ 37.1 +0.8% 0.2 +£0.17 0.4 +0.17 36.0 £
0.1* 2.0*
Nano-Cu 3.5+ 33.9 +£0.1° 0.1 +£0.0? 0.5 +0.1% 43.0 +
0.6 1.0°
Nano- 2.7 £ 40.0 + 0.1* 0.1 +£0.1° 0.6 +0.1% 36.0 +
CuO 0.0* 2.0*
Micro- 2.7 + 38.7 £ 0.1% 0.1 £0.17 0.7 £ 0.1° 37.0 £
Cu 0.5% 3.0%
CuSOy4 3.0+ 32.6 +0.1* 0.1 +£0.0? 0.3 £0.1% 38.0 +
0.3% 4.0%
CuEDTA 25+ 44.7 £ 0.1° 01+£00° 01£01" 340z
04 3.0*

were also noted for wheat (Wang et al., 2019) or bell pepper (Rawat
et al.,, 2018a). Further studies including transcriptional analysis of
nutrient acquisition in grain at crucial stages of fruit development need
to be conducted to more in-depth examination of mineral composition
pattern under nano-fertilization (Puig et al., 2007).

3.2.3. Protein and fiber content

Protein content in grain was unchanged under Cu supply (Table 3).
Among all treatments, there was also no impact on protein digestibility
(Table 3), excluding CuSO4, which slightly reduced it by 6 % (Tukey test,
p < 0.05). A study by Deng et al. (2022) on nano-CuO dosed to soil did
not also showed changes in the protein level of grains of both weedy and
cultivated rice. No difference in the total dietary fiber (including soluble
and insoluble fiber) content of grain was found between untreated and
treated samples (Table 3). The sole exception was nano-Cu, which
caused an increased in total dietary fiber and soluble fiber content by
19.9 % and 43.6 %, respectively, compared to the control (Tukey test, p
< 0.05). These changes are beneficial for the healthy nature of grains
because dietary fiber (especially soluble fiber) reduces the concentration
of blood cholesterol as well as slows down sugar absorption, thus
lowering the risk of prevalence of cardiovascular diseases and diabetes
(Narwal et al., 2020).

3.2.4. Antioxidant properties

Whole barley grains as a source of antioxidant phytochemicals help
to combat the prevalence of chronic diseases (Madhujith et al., 2006).
All treatments did not significantly affect the content of TPC, which are
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Fig. 3. The antiradical activities against ABTS (A), DPPH radicals (B), FRAP (C), CUPRAC (D), HORAC (E) reducing abilities and chelating power (F) of grain (dry
mass). Error bars represent standard deviation (SD, n = 3). Different letters indicate significant differences among the treatments (p < 0.05).

considered as main antioxidant compounds (Table 4). Slight changes in
individual components of TPC were observed, but only under nano-Cu
or CuEDTA. For example, the content of anthocyanin and tannin in
grain of plants sprayed with CuEDTA increased by 20 and 140 %,
respectively (Kruskal-Wallis test, p < 0.05) (Table 4). However, the only
effect on the content of flavanol was observed after application of nano-
Cu as the accumulation of flavanol increased by 20 % compared to
untreated samples (Tukey test, p < 0.05) (Table 4). It may indicate a

different effect of nanoparticulate and ionic Cu on the accumulation of
bioactive compounds, although both compounds provided the same
level of Cu content in grain. Despite that both anthocyanin and tannin
are characterized by valuable antioxidant capacity, tannins are also
considered as a antinutritional factor that reduces the bioavailability of
micronutrients, which may reduce the nutritional value of grain (Narwal
et al., 2020). To date, scarce and conflicting data on accumulation of
antioxidant compounds in crops treated with Cu-based ENPs have
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existed. For instance, biogenic nano-Cu applied foliar at (20 mg per
plant) significantly increased TPC and flavonoids in lettuce (Kohatsu
et al.,, 2021). In turn, foliar application of Cu(OH), nanopesticides at
1050 and 1555 mg/mL evoked a drop in TPC content in lettuce (L. Zhao
et al., 2016). Rico et al. (2013) explained a decrease of TPC in grain of
rice grown in soil amended with nano-CeO; by oxidative stress induced
by ENPs. Probably, changes in mineral composition of grains under
nano-Cu and ionic Cu found in our study (Fig. 2) may trigger the specific
alternation in the antioxidant content.

Besides the total content of antioxidant compounds in grains, an
analysis of their bioactivity should be included in evaluation of the
effectiveness of Cu supply. Due to antioxidants can be free radical
scavengers, a reducing agent and complexing agent of prooxidant
(Madhujith et al., 2006), the effect of Cu treatments was determined in
the context of antiradical/reducing/chelating activities in grain extracts.
The analysis of antiradical activity indicated that Cu treatments
decreased the ability of grain extracts to quench both ABTS** and DPPH*
radicals (Fig. 3A, B). Some difference in antioxidant capacity between
Cu treatments was observed only in relation to ABTS®" radicals. The
lowest antioxidant activity against ABTS*" was noted for CuSOy treat-
ment (1.6 mg TE/g) since a 66 % decrease was found compared to the
control sample (4.5 mg TE/g d.m.) (Tukey test, p < 0.05). Antiradical
activity of ENPs and CuEDTA, at a similar level of 3.0 - 3.7 mg TE/g,
remained higher than for CuSO4 treatments (1.6 mg TE/g), while micro-
Cu had no impact on antioxidant capacity. The effect of Cu treatments
on reducing power was tested with FRAP and CUPRAC assays. Com-
pounds having reducing power act as electron donors and reduce Fe>* to
Fe?" (FRAP assay) or Cu?" to Cu™ (CUPRAC assay) (Zengin et al., 2017),
which may indicate the potential of grain extracts for reducing in-
termediates of lipid peroxidation. Regardless of used Cu compounds,
FRAP reducing potential remained unchanged (Tukey test, p > 0.05)
(Fig. 3C). The CUPRAC assay indicated that the reducing ability of grain
extract decreased by 9.0 — 39.8 % in grain treated with almost all Cu
compounds (Tukey test, p < 0.05), with the exception of nano-Cu that
had no impact on reducing power (Fig. 3D). Whereas nano-Cu lowered
HORAC reducing power by 21.4 %, other Cu compounds increased the
potential (by 12.7-25.7 %) or did not change it (micro-Cu) (Kruskal-
Wallis test, p > 0.05) (Fig. 3E). The chelating power of grain extracts
differed between the particulate and ionic Cu treatment (Fig. 3F).
Namely, ENPs and EMPs caused a 2- to 4-fold increase in chelating ac-
tivity (Tukey test, p < 0.05) while both ionic compounds did not impact
that parameter. Our results for antiradical properties align with a study
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Fig. 4. The correlation plot performed for biochemical parameters of
barley grain. Colors indicate Pearson correlation coefficient values
ranging from —1 (yellow) to 1 (blue). A narrower ellipse indicates
1,0 stronger correlation, and a slope of ellipse indicates the direction of the
correlation. The asterisks indicate significant correlation (p < 0.05). Cu

0,80 - the Cu content; GPC - the protein content; DF — the dietary fiber
content; sol DF — the content of soluble dietary fiber; insol DF — the
0,60  content of insoluble dietary fiber; TPC — the total phenolic content; TAC
— the total anthocyanin content; TFC — the total flavonoid content; CT —
0,40  the content of condensed tannin; TFoC — the total flavanol content;
0.20 ABTS — The antioxidant capacity with ABTS; DPPH - The antioxidant

capacity with DDPH; ChP - chelating power; FRAP - Ferric reducing
antioxidant power; CUPRAC - Cupric reducing antioxidant capacity;
0,0 HORAC- Hydroxyl radical antioxidant capacity. (For interpretation of
the references to colour in this figure legend, the reader is referred to the

-0,20 web version of this article.)

-0,40
-0,60
-0,80

-1,0

by Rico et al. (2013) that revealed reduced radical scavenging in rice
grain under nano-CeO,, which was associated with decreased TPC
content, basic antioxidant compounds. As mentioned before, no change
in TPC content under Cu treatments was found in our study, but the
distinct antioxidant capacity may be related to shifts in the pattern of
phenolic compounds. As many biochemical data report, reducing power
is correlated with antiradical activity (Lahouar et al., 2014; H. Zhao
et al., 2008). Similarly to antiradical response, the CUPRAC reducing
power was reduced by Cu treatment, although no correlation was found
between these indicators (p > 0.05) (Fig. 4). However, a significant
positive correlation was found between TPC and CUPRAC (R = 0.86, p
< 0.05). As opposed to antiradical and reducing ability, chelating power
was increased by ENPs and EMPs. This effect may indicate a distinct
effect of particulate and ionic Cu. Chelating activity in grain extracts
measured by bounding ferrous ion by chelating agents such as phenolic
compounds and phytic acid plays a crucial role in protection against
peroxidation of biomolecules (Chandrasekara & Shahidi, 2010). The
lack of correlation between antioxidant content/capacity and chelating
power (Fig. 4) may suggest that ENPs and EMPs induced shifts in the
composition of chelating agents and their ability to complex of Fe ions.
Overall, the correlation plot (Fig. 4) did not exhibit a relationship of
microelement content and phenolic content with antioxidant properties.
Thus, it may be confirmed that Cu treatments affected some of the
analyzed indicators by changing the composition of phytochemicals and
their bioactivity. However, because of the sum results for all Cu com-
pounds was used to perform the correlation analysis, the antioxidant
indicators measured in grain can be related with nanoparticulate or
ionic-specific effects.

4. Conclusions

The present study is the first to give insights on the potential role of
Cu-based ENPs in enhancement of quality indicators of barely grain
including its mineral composition and antioxidant properties, which are
crucial for the food industry. Despite that the Cu acquisition of barley
grain was similar under foliar treatment of nano-Cu and ionic com-
pounds, the analysis of the content of antioxidants and their activities
revealed a distinct impact of these Cu treatments. Some indicators
including chelating power and dietary fiber content increased by ENPs
render them a promising agent for improvement of grain quality.
However, because the antiradical/reducing capacity was mainly
decreased by Cu compounds, the nutritive quality of barley grain may be



L. Josko et al.

deteriorated. These findings are valuable to develop a strategy for using
ENPs for biofortification of grain crops. Further research needs to be
conducted to investigate in more detail changes in the content of phy-
tochemicals and its activities as well as bioaccessibility of Cu to deeply
explore the enhancing or inhibiting impact of ENPs on food quality and
security.
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MATERIALS AND METHODS

Soil characterization

The particle size distribution of the soils was determined with the areometric method. The pH
was measured potentiometrically in 1M KCI after 24 h at the liquid/soil ratio of 2.5 (Reeuwijk,
1993). The concentrations of available P,Os and K20 in soil were determined in 0.1 M
CH3CH(OH)COONHg34in 0.4 M CH3COOH (in the ratio w:v 1:20) with Egner-Riehm-Domingo
method (Salomon et al., 2015). The total content of elements (Mg, Ca, Na, Mn, Fe, Zn, Cu) was
measured by ICP-OES (Thermo Scientific iCAP™ 7200 ICP-OES Analyzer). The analysis of
cation-exchangeable concentration of Cu was prepared by using batch extraction with CaCl»
(Gao et al., 2018). CaCl. extraction was performed by mixing 2 g of air-dried soil with 20 mL
of 0.01 mol/L CaCl,. The mixtures were shaken at 180 rpm (JW Electronic WL-2000, Poland)
for 2 h. After extractions, samples were centrifuged at 4,000 g (MPW MED. INSTRUMENTS,
MPW-251, Poland) and filtered through a 0.45 pm PTFE filter. Then, the extracts were
analyzed using an ICP-OES (Thermo Fisher Scientific, ICAP 7200, USA). For the total content
of Cu in soil, dry soil was digested with a mixture of HNO3:H20; (4:1) in Teflon vessels in a
microwave oven (Milestone, ETHOS EASY, Italy) for 1 h at 200°C. After cooling, the samples
were filtered (0.45 um, PTFE), diluted with Milli-Q® -water to 25 mL, and analyzed with ICP-
OES (iCAP 7200).

The analysis of barley grain
Nutritional quality

Protein digestibility. For simulated mastication and gastrointestinal digestion, the in vitro

gastrointestinal model used in the study is presented in Fig. A.1. Water-jacketed glass tanks
(250 ml in volume) were used and “digested” samples were continuously purged using sterile
CO2 during the whole “digestion” (analytical grade, Linde Gas Poland, approx. 5 — 8 mL/min,
thru syringe PTFE 0.45 um filter). 200 mg of sample was homogenized in 0.5 mL PBS buffer
and 1 mL of simulated salivary fluid [15.1 mmol/L KCI, 3.7 mmol/L KH2POa, 13.6 mmol/L
NaHCOs3, 0.15 mmol/L MgCl (H20)e, 0.06 mmol/L (NH4).CO3, 1.5 mmol/L CaCl,, a-amylase
(75 U/mL)] and shaken for 10 min at 37°C. Next, the samples were adjusted to pH 3 with 6
mol/L HCI, suspended in 2 mL of simulated gastric fluid [6.9 mmol/L KCI, 0.9 mmol/L
KH2PO4, 25 mmol/L NaHCOs3, 47.2 mmol/L NaCl, 0.1 mmol/L MgCl, (H20)s, 0.5 mol/L
(NH.4)2C0Os3, 0.15 mmol/L CaCly, pepsin (2000 U/L) and shaken for 120 min at 37°C. After
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simulated gastric digestion, the samples were adjusted to pH 7 with 1 M NaOH and suspended
in 4 ml of simulated intestinal fluid [6.8 mmol/L KCI, 0.8 mmol/L KH2PO4, 85 mmol/L
NaHCOs3, 38.4 mmol/L NaCl, 0.33 mmol/L MgCl2 (H20)s, 0.15 mmol/L CaCl,, 10 mol/L bile
extract, pancreatin (2000 U/mL)]. The prepared samples underwent in vitro intestinal digestion
for 120 min. For analysis of the potentially bioaccessible fraction of protein, the samples
subjected to the gastrointestinal digestion were mixed with an equal volume of methanol to stop
the process. A “control” sample containing all components except the studied sample was run

simultaneously.

JI

Fig. A.1. In vitro gastrointestinal model used in the study.
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RESULTS

Tab. A.1. The total content of Cu in soil after foliar treatment. Different letters indicate

significant differences among the treatments (p < 0.05).

control nano-Cu nano-CuO micro-Cu  CuSOq4 CuEDTA

Cu content

417+02* 42103 447+£02° 439:08 454+0.1*° 4.60+0.2°
[mg/kg]

Tab. A.2. Grain yield of barley treated with different Cu compounds. Different letters indicate

significant differences among the treatments (p < 0.05).

control nano-Cu nano-CuO micro-Cu  CuSOQOq CuEDTA
Grain
weight [g] 415+25° 43.6+3.5% 353+42% 437+20° 39.6+3.3% 402+3.5°
per pot
1000
grains 38.2+1.7¢8 36.0+2,12 35.6 +2.6% 306+£23 36.6+26% 387272
weight [g]

Tab. A.3. Daily intake rates of Cu calculated based on actual and recommended the average

ingestion rate of barley grain (IR) and average body weight (60 kg).

Daily intake rate [ mg/kg/day]

control  nano-Cu gﬂg' micro-Cu CuSOq CuEDTA
Actual IR 0.03 0.08 0.05 0.04 0.06 0.08
Recommended IR 0.06 1.3 0.8 0.7 1.0 1.4
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