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1. Wstep

Nanoczastki, czyli czastki materii o wielko$ci od 1 do 100 nm, dzigki swoim unikalnym
wlasciwosciom znajdujg zastosowanie w wielu galeziach przemystu. Tworza one stabilne
roztwory koloidalne, nazywane nanokoloidami. Wykorzystywane s3 m.in. w medycynie
i farmacji, kosmetologii, ochronie $rodowiska, przemysle tekstylnym, czy opakowalnictwie.
Coraz czgsciej stosuje sie je takze w ogrodnictwie i rolnictwie (Jamshidi i in., 2016; Zhao i in.,
2001). Selektywne witasciwosci roslinnych $cian komoérkowych umozliwiajg transport tych
czastek, ktore przenikajac do wnetrza komorek, przemieszczajg si¢ w organizmie roslinnym,
a ostatecznie wplywaja na szereg procesow biologicznych (Nair i in., 2010). Nanoczastki
metali przyczyniaja si¢ do peroksydacji blon komdrkowych i wptywaja na ekspresje gendw
odpowiedzialnych za produkcje zwiazkoéw aktywnych biologicznie (Raei 1 in., 2014; Shakeran
i in., 2015).

Nanokoloidy znalazty swoje zastosowanie rowniez w roslinnych kulturach in vitro.
Nanosrebro, ze wzgledu na silne wlasciwosci przeciwdrobnoustrojowe, wykorzystywane jest
w mikrorozmnazaniu na etapie inicjacji kultur, w celu zapobiegania kontaminacjom (Sarmast
i in., 2015). Prowadzone sa, jak dotad nicliczne, badania ktore majg na celu zbadanie
przydatnos$ci nanoczastek jako elicytoréw pobudzajacych produkcje metabolitow wtornych w
kulturach in vitro oraz okres$lenie ich wplywu na organizm roslinny (Spinoso-Castillo i in.,
2017). Jak dotad udowodniono, ze wywieraja one istotny wptyw na produkcje metabolitow
wtornych w kulturach in vitro szalwii czerwonej (Zhang i in., 2004), bylicy rocznej (Zhang i
in., 2013), burgmansji (Pitta-Alvarez i in., 2000), leszczyny pospolitej (Jamshidi i Ghanti,
2016), glowienki pospolitej (Fazal i in., 2014), czy aleosu zwyczajnego (Raei i in., 2014).

Aby mozna bylo odpowiednio pobudzi¢ produkcj¢ metabolitu nalezy precyzyjnie dobrac¢
zardwno stezenie, rodzaj jak 1 wielko$¢ nanoczastek. Stosowanie zbyt wysokich stezen,
zwlaszcza czastek o najmniejszej srednicy, moze wywiera¢ zbyt toksyczny wptyw zaréwno na
wzrost i rozwoj roslin, jak 1 i1los¢ 1 sktad produkowanych przez nie metabolitoéw. (Shakeran
I in., 2015; Chung i in., 2018; Navarro i in., 2008 ).

Jak dotad nie dowiedziono jednoznacznie, jaki jest mechanizm oddziatywania nanoczastek
dodawanych do pozywek w kulturach in vitro na produkcje metabolitow wtornych.
Przypuszcza si¢, ze nanoczastki metali wywotuja stres oksydacyjny. Wzrost produkcji
reaktywnych form tlenu (ROS) pod ich wptywem odnotowano u ryzu siewnego (Mirzajani
i in., 2013), cebuli zwyczajnej (De i in., 2016), kapusty sitowej (Rao i Shekhawat, 2016)



i tytoniu szlachetnego (Dai i in., 2018). Jednak, zgodnie z przeciwstawng teorig, dodatek
nanoczastek metali, zwlaszcza srebra, wptywa na produkcj¢ metabolitéw wtérnych poprzez
tagodzenie stresu oksydacyjnego, przez obnizenie stezenia etylenu w naczyniu hodowlanym,
produkowanego przez tkanki roslin (Sarmast i in., 2015; Sreelekshmi i in., 2021).

Jedng z roslin produkujacych olejki eteryczne jest lawenda waskolistna (Lavandula
angustifolia Mill.), nalezaca do rodziny jasnotowatych (Lamiaceae). Jest ona wiecznie zielong
byling, pochodzaca z regionu $rodziemnomorskiego, uprawiang powszechnie w wielu
czesciach swiata (Trejgell 1 Kesy, 2019). Zioto to charakteryzuje si¢ szeregiem wlasciwosci
prozdrowotnych i leczniczych. Napary lawendowe maja charakter karminatywny,
moczopedny, przeciwreumatyczny oraz przeciwpadaczkowy. Sa efektywnymi $rodkami
przeciwbolowymi, szczegolnie w przypadku nerwowych boli glowy oraz migren (Gilani 1 in.,
2000). Lawenda wykorzystywana jest powszechnie w przemysle kosmetycznym
i perfumeryjnym (Gongalves i Romano, 2013). Obok atrakcyjnego zapachu, lawendowe
ekstrakty 1 olejki eteryczne wykazuja wlasciwosci antybakteryjne, przeciwgrzybicze
i antyoksydacyjne (D'Auria i in., 2005).

Olejki eteryczne to mieszanina kilkudziesieciu zwigzkéw chemicznych, ktorych sktad jest
zmienny i zalezny od wielu czynnikow, takich jak: genotyp rosliny, miejsce i sposob uprawy,
warunki klimatyczno-glebowe, czy nawet sposob pozyskiwania sadzonek (Wornouk i in.,
2011; Andrys i Kulpa, 2018). Do pozyskiwania olejkow eterycznych, jak rowniez innych
zwigzkow biologicznie czynnych z tkanek roslin leczniczych, coraz czgsciej wykorzystuje si¢
ro$linne kultury in vitro. Hodowla roslin w kulturach in vitro zapewnia produkcj¢ materiatu
ros$linnego wolnego od zanieczyszczen i chordb. Dodatkowo, rozmnazanie roslin odbywa si¢
w pelni kontrolowanych warunkach laboratoryjnych, niezaleznie od warunkoéw klimatyczno-
glebowych, dajac mozliwos¢ produkcji duzej ilosci tkanek roslinnych, nieprzerwanie przez
caty rok. Co wigcej, metoda ta, dzigki zastosowaniu elicytorow, pozwala na zmiang¢ ilo$ci
1 kompozycji olejkéw produkowanych w tkankach roslinnych, co moze wplywaé na ich
wihasciwosci (Andrys i in., 2018 a). Jak wykazaly Andrys i in. (2018 b) dziatanie jednym
z elicytorow — kwasem jasmonowym, na tkanki lawendy w kulturach in vitro zwigkszyto
aktywno$¢ przeciwdrobnoustrojowg 1 antyoksydacyjng wyizolowanych z nich olejkow
eterycznych.

Opracowanie wydajnej metody otrzymywania olejkow eterycznych lub tez fragmentow
tkanek roslin o istotnie podwyzszonej, w wyniku elicytacji aktywnosci antyoksydacyjnej
1 antymikrobiologicznej, pozwolitoby na ich wykorzystanie jako substancji konserwujacych

produkty kosmetyczne, zwlaszcza te o krotkim terminie przydatnosci do uzycia. Wpisywatoby



si¢ to w obecne trendy produkcji kosmetykéw, mozliwie najbardziej naturalnych

1 niekonserwowanych chemicznie, bogatych w substancje pochodzenia roslinnego.



2. Cel badan

W ramach osiggni¢cia naukowego, stanowigcego w rozumieniu ustawy Art. 15 Ust. 2
Ustawa z dnia 14 marca 2003 roku o stopniach naukowych i tytule naukowym oraz o stopniach
i tytule w zakresie sztuki (Dz.U. 2016, poz. 882 ze zm.), przedstawiono jednotematyczny cykl

publikacji.
Celem badan byto:

1. Okreslenie wplywu dodatku do pozywki nanokoloidéow zawierajacych nanoczastki
zlota 1 srebra na wzrost roslin, w tym rozwdj trichoméw wydzielniczych lawendy
waskolistnej (Lavandula angustifolia Mill.), odmiany Munstead w kulturach in vitro.

2. Ocena sktadu chemicznego olejkow eterycznych oraz zawartosci polifenoli ogoétem,
produkowanych przez lawende waskolistng namnazang w kulturach in vitro na
pozywkach wzbogaconych w nanokoloidy ztota lub srebra.

3. Okreslenie wplywu nanoczastek zlota 1 srebra na aktywno$¢ enzymow
antyoksydacyjnych i zdolno$¢ do zmiatania wolnych rodnikéw w tkankach ro$lin
lawendy waskolistnej namnazanych w kulturach in vitro.

4. Ocena mozliwosci wykorzystania tkanek lawendy waskolistnej hodowanej w kulturach
in vitro na pozywkach zawierajacych w swoim sktadzie nanoczastki ztota lub srebra
jako alternatywy dla syntetycznych konserwantéw uzywanych w produktach

kosmetycznych.



3. Material i metody badan

3.1. Charakterystyka materialu badawczego

Materialem uzytym do prowadzenia badan w ramach wykonanej pracy doktorskiej byty
ro$liny lawendy waskolistnej, odmiany Munstead pochodzace z kolekcji ro§lin Laboratorium
Kultur In Vitro, Katedry Genetyki, Hodowli i Biotechnologii Ro$lin, mieszczacej si¢ na
Wydziale Ksztattowania Srodowiska i Rolnictwa, Zachodniopomorskiego Uniwersytetu
Technologicznego w Szczecinie. Byly to kultury namnazane na pozywce o skladzie
mineralnym wedtug Murashige i Skoog (1962) z dodatkiem 2 mg-dm= KIN i 0,2 mg-dm= IAA
(Andrysiin., 2018a). Pozywka ta stanowila pozywke podstawowg w catym do$wiadczeniu, do
ktoérej dodawano nanokoloidy srebra i ztota.

Eksplantaty pobrane z tych roslin postuzyly do zatozenia do$wiadczenia, w ktoérym
okres$lono: wplyw nanoczgstek zlota i srebra o wielko$ci czasteczki 24,2 nm (AgNps) oraz
27,5 nm (AuNPs), dodawanych do pozywki podstawowej w stezeniach 1, 2, 5, 10, 20 i 50
mg-dm™ na wzrost i rozwdj roslin lawendy w kulturach in vitro. Prowadzac obserwacje przy
pomocy SEM (skaningowego mikroskopu elektronowego) okreslono rowniez morfologig
wyksztatconych trychomoéw wydzielniczych (publikacja 1). W otrzymanych w ten sposob
tkankach lawendy oznaczono aktywnos$¢ enzymow antyoksydacyjnych (POX, APX, CAT,
SOD), zdolno$¢ do zmiatania wolnych rodnikéw metoda ABTSe+oraz zawarto$¢ polifenoli
ogétem (publikacja 3).

Nastgpnie porownano zawarto$¢ olejku eterycznego i jego sktad (metoda GC-MS)
w tkankach lawendy waskolistnej namnazanej na pozywce podstawowej, z dodatkiem AgNPs
lub AuNPs o wielkosci czasteczki odpowiednio 24,2+2,4 nm i 27,5+4,8 nm i st¢zeniu 10 Iub
50 mg-dm™ (publikacja 2).

Na ostatnim etapie pracy doktorskiej (publikacja 4) poréwnano potencjat konserwujacy
emulsje kosmetyczne tkanek lawendy waskolistnej hodowanych w kulturach in vitro, na
pozywkach wzbogaconych w 1 lub 10 mg-dm™ nanoczastki zlota lub srebra o dwéch

wielkosciach czastek 13 lub 30 nm.

3.2. Metody prowadzonych badan
3.2.1. Pochodzenie nanokoloidow

Nanokoloidy uzyte w doswiadczeniach pochodzity z Instytutu Hodowli 1 Aklimatyzacji

Roslin Panstwowego Instytutu Badawczego, Zaktadu Nasiennictwa i Ochrony Ziemniaka



w Boninie (publikacja 1, 2 i 3) oraz z firmy NPIN (Polska) (publikacja 4). W obu
przypadkach do pozywek hodowlanych dodawano nanokoloidy zawierajace nanoczastki ztota

lub srebra zawieszone w stezeniu 1 mg-ml™ nanokoloidu.
3.2.2.  Warunki prowadzenia kultur in vitro

Pozywka podstawowa, w trakcie namnazania roslin w kulturach in vitro, byta pozywka
o skladzie mineralnym wedtug Murashige i Skoog (1962) z dodatkiem 2 mg-dm3 KIN
i 0,2 mg- dm? IAA. Uzupetniano ja w 30 g-:dm™ sacharozy, 100 mg-dm™ inozytolu oraz
7 g-dm® agaru. Odczyn pozywek hodowlanych ustalano na poziomie 5,7 za pomoca
0,1 M HCL 1 NaOH. Szklane naczynia hodowlane o pojemnosci 300 ml wraz ze znajdujacymi
si¢. w nich pozywkami hodowlanymi, sterylizowano w temperaturze 121°C przez
20 minut. W kazdym naczyniu znajdowato si¢ 30 ml medium hodowlanego. Naczynia
hodowlane z materialem roslinnym umieszczano w fitotronie, przy wilgotnosci powietrza
70-80 % i temperaturze 24°C. Kultury o$wietlane byty $wiatlem o natezeniu 35 uE M2 5!

PAR, przez 16 godzin na dobeg.
3.2.3. Wplyw nanoczastek ztota i srebra na wzrost roslin (publikacja 1)

Po czterotygodniowym wzroscie roslin w fitotronie na pozywkach: podstawowej
i z dodatkiem nanokoloidow ztota lub srebra o wielkosci czasteczki 24,2+2,4 nm (AgNps) oraz
27,5£4,8 nm (AuNPs) oceniono rozwdj roslin dokonujgc pomiaréw biometrycznych,
w ktorych okreslono: liczbe 1 dlugos$¢ pedu (cm), mase roslin (g) oraz dlugos¢ korzenia (cm).

Okreslono takze odsetek ukorzenionych roslin.

3.2.4. Wplyw nanoczastek ztota i srebra na rozwoj trichoméw wydzielniczych

(publikacja 1)

Analiz¢ trichoméw wydzielniczych lisci za pomoca skaningowego mikroskopu
elektronowego (SEM) przeprowadzono w Centrum Biologii Molekularnej i Biotechnologii
Uniwersytetu Szczecinskiego w Matkocine. W celu wykonania pomiaréw, srodkowe odcinki
lisci suszono w suszarce Critical Point (Quorum Technologies, Niemcy) i spryskiwano ztotem
w Sputter Coater (Quorum Technologies, Niemcy). Obserwacje przeprowadzono przy uzyciu
mikroskopu Carl Zeiss EVO LS 10 o napigciu 1 lub 15 kV. Okreslono morfologi¢ trichomoéw
wydzielniczych, a takze ich liczebno$¢ [szt-mm2] i érednice [mm] na dolnej i gornej stronie

blaszek lisciowych.



3.2.5. Okreslenie aktywnosci enzymow antyoksydacyjnych (publikacja 3)

Aktywno$¢ POX. Zostala okreSlana zgodnie z protokotem Chance'a i Maehly'ego (1995),
ktory zaadaptowano do czytnika mikroplytkowego, monitorujgc szybkos$¢ tworzenia si¢
tetraguaiakolu z guaiakolu poprzez zwiekszenie absorbancji przy 470 nm (=26,6 mMtcm™).
Jedna jednostka POX byta definiowana jako ilo$¢ enzymu tworzacego 1 pmol tetraguaiakolu
na minutg. Wyniki wyrazono w jednostkach na mg wyekstrahowanego biatka.

Aktywnos$¢ APX. Zostata zmierzona zgodnie z protokotem Nakano i Asada (1981), poprzez
monitorowanie spadku absorbancji przy 290 nm (e=2,8 mM™ cm™). Pomiary wykonano przy
uzyciu czytnika mikroptytek. Jedna jednostka APX byta definiowana jako ilo$¢ enzymu
utleniajacego 1 pmol askorbinianu na minut¢. Wyniki wyrazono w jednostkach na mg
wyekstrahowanego bialka.

Aktywnos¢ SOD. Zostata okreslona na podstawie zahamowania fotochemicznej redukcji
tetrazolu nitroblue (NBT) zgodnie protokolem Beauchampa i Fridovicha (1971),
dostosowanym do czytnika mikroptytek. Jedna jednostka SOD byla definiowana jako ilo$¢
enzymu, ktory hamuje redukcje NBT o 50%. Wyniki wyrazono w jednostkach na mg
wyekstrahowanego biatka.

Aktywnos¢ CAT. Zostala oznaczona zgodnie z protokotem Li i Schellhorna (2007), na
podstawie szybko$ci rozkladu nadtlenku wodoru poprzez pomiar spadku absorbancji przy
240 nm (e=43,6 mM™* cm™). Jedna jednostka CAT byta definiowana jako ilo$é¢ enzymu, ktory
rozktada 1 pmol nadtlenku wodoru na minute. Wyniki wyrazono w jednostkach na mg

wyekstrahowanego biatka.
3.2.6. Okreslenie zawartosci polifenoli ogétem (publikacja 3)

Catkowitg zawartos¢ polifenoli w ekstraktach oznaczono za pomocg odczynnika Folin-
Ciocalteu wedtug metody Anastasiadi i in. (2010), ktorg zmodyfikowano do skali czytnika
mikroptytkowego. Stezenie zwigzkow polifenolowych wyrazono w mg ekwiwalentu kwasu

taninowego na 100 g suchej masy probki (mg TAE/100 g DW).
3.2.7. Okreslenie zdolnosci unieczynniania kationorodnikéw ABTSe+ (publikacja 3)

Aktywno$¢ zmiatania wolnych rodnikdw oceniano w ekstraktach za pomocg testu
przebarwien kationowych ABTSe+ dostosowanego do skali czytnika mikroptytkowego,
zgodnie z metoda Shi i in. (2010). Jako wzorzec do kalibracji uzyto kwasu askorbinowego.
Wyniki wyrazono w pM ekwiwalentu kwasu askorbinowego na 100 g suchej masy probki

(UM AAE/100 g DW).



3.2.8. Analiza sktadu chemicznego olejkoéw eterycznych (publikacja 2)

Badania majace na celu okreslenie stezenia i kompozycji olejkow eterycznych wykonano
na Wydziale Technologii 1 Inzynierii Chemicznej Zachodniopomorskiego Uniwersytetu
Technologicznego w Szczecinie. W celu wyizolowania olejku eterycznego, 15 g powietrznie
suchego ziela poddano dwugodzinnej hydrodestylacji przy uzyciu aparatu Clevenger’a,
zgodnie z zaleceniami Farmakopei Europejskiej 5.0. (Francja, 2005) Ekstrakty olejkow
eterycznych suszono nad bezwodnym siarczanem sodu, filtrowano, wazono i przechowywano
w ciemnych, szczelnie zamknigtych fiolkach, w temperaturze 4°C, do momentu
przeprowadzenia analizy metoda chromatografii gazowej/spektrometrii masowej (GC-MS).
Zawarto$¢ procentowa olejku eterycznego obliczono na podstawie suchej masy materiatu
ro$linnego 1 wyrazono jako (% w/w). Sktadniki olejkdéw eterycznych zidentyfikowano poprzez
poroéwnanie ich widm masowych z tymi przechowywanymi w bibliotekach masowych Wiley
NBS75K.L i NIST/EPA/NIH (wersja 2002, National Institute of Standards and Technology,
Gaithersburg, MD, USA). Tozsamo$¢ zwiazkéw potwierdzono réwniez poprzez poréwnanie
ich obliczonych wskaznikow retencyjnych z tymi, ktore podano w NIST Chemistry WebBook
(http://webbook.nist.gov/chemistry/). Do obliczania wskaznikow retencyjnych (RI) (Van Den
Dool i Kratz, 1963, Babushok i in., 2011) zastosowano mieszaning homologicznych serii
n-alkanow C7-C40 (Supelco, Bellefonte, PA, USA), w tych samych warunkach

chromatograficznych, ktére stosowano do analizy lawendowych olejkow eterycznych.

3.2.9. Ocena stabilnosci i czystosci mikrobiologicznej emulsji kosmetycznych

z dodatkiem rozdrobnionych tkanek lawendy (publikacja 4)

Przygotowanie emulsji kosmetycznych. W oddzielnych zlewkach przygotowano sktadniki
fazy wodnej i olejowej. Faza olejowa sktadata si¢ z 18 g lanoliny, 12 g wosku pszczelego,
14 g masta shea oraz 88 ml oleju jojoba. W celu przygotowania fazy wodnej, do zlewki dodano
6 g 75% D-pantenolu, 6,4 g gliceryny i 68 ml sterylnej wody destylowanej. Obie zlewki
z zawarto$cig zostaty szczelnie przykryte folig aluminiowa i umieszczone w tazni wodnej
w celu rozpuszczenia wszystkich sktadnikéw fazy olejowej. Catg faze olejowa dodawano do
zlewki zawierajacej faze wodng, ktorg umieszczano w tazni wodnej. Nastgpnie zawartos$¢
zlewki mieszano przez okoto 1 minutg, po czym usuwano ja z tazni wodnej. Mieszanie
kontynuowano, az do osiagni¢cia przez emulsj¢ temperatury 40°C. Emulsje kosmetyczne
podzielono na porcje po 5 ml i uzupetniono o kwas dehydrooctowy oraz alkohol benzoesowy
(DHA BA), jako chemiczne $rodki konserwujace lub o material w postaci tkanek lawendy

namnazanych w kulturach in vitro, na pozywkach z dodatkiem nanoczastek srebra lub ztota

10



o $rednicy czastki 13 lub 30 nm w stezeniu 1 lub 10 mg-dm™. W trakcie badan przygotowano
12 rodzajéw emulsji kosmetycznych. Do kazdego z wariantow dodano 0,1 g swiezej tkanki
ro$linnej, zmielonej w cieklym azocie, co stanowito 2% materiatu roslinnego. Kontrola ujemna
zawierata 12,5 uL DHA BA (Esent, Polska), ktory sktadat si¢ z 7% kwasu dehydrooctowego
(DHA) 1 83% alkoholu benzylowego (BA) jako konserwantu, co stanowito 0,25%.

Ocena czystosci mikrobiologicznej. Emulsje kosmetyczne umieszczano w sterylnych
szalkach Petriego 1 przechowywano w lodowce, w temperaturze +4°C. Prébki kontrolne
stanowity emulsje bez dodatku konserwantow i tkanek roslinnych. Jedna z probek kontrolnych
byla przechowywana w lodéwce, a druga w temperaturze pokojowej, ktéra wynosita 24°C.
Po okresie 4 tygodni przechowywania, 0,1 g emulsji kosmetycznej rozpuszczono w 0,9 ml soli
fizjologicznej przy uzyciu Vortexu (IKA). Nastepnie 0,1 ml badanego materiatu umieszczono
na podtozu mikrobiologicznym 1 wykonano test kultury powierzchniowej. Do tego celu
wykorzystano podtoze Sabourauda z chloramfenikolem oraz podiloze agarowe do infuzji
moézgu (BHI) (Biomaxima SA, Polska).
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4. Omowienie wynikow badan przedstawionych w publikacjach
stanowigcych osiagniecie naukowe

4.1. Publikacjanr1

Jadczak P., Kulpa D., Bihun M., Przewodowski W. 2019. Possitive effect of AgNPs and
AUNPs in in vitro cultures of Lavandula angustifola Mill. Plant Cell, Tissue and Organ
Culture, 139, 191-197.

Najnowsze badania naukowe wskazuja na mozliwo$¢ wykorzystania nanoczastek ztota
i srebra jako elicytorow w kulturach in vitro. Jednoczes$nie substancje te niejednokrotnie
opisywane sa jako zwigzki dzialajace toksycznie lub tez letalnie na rosliny i inne organizmy
zywe. Wplyw na ros$liny zwigzany jest zwykle z rodzajem nanoczastki, jej wielkoscig oraz z
zastosowanym st¢zeniem. Celem doswiadczenia opisanego w pierwszej czesci pracy bylo
zbadanie wptywu nanokoloidow zawierajacych nanoczastki ztota lub srebra na rozwdj roslin
lawendy waskolistnej hodowanych w kulturach in vitro, w tym takze ich wptyw na trichomy
wydzielnicze odpowiedzialne za sekrecje olejkow eterycznych.

Niezaleznie od st¢zenia AgNPs, nie zaobserwowano zmian w wygladzie lawendy, takich
jak przebarwienia czy nekrozy organoéw roslinnych. Jedynie AuNPs dodawane do pozywek
w najwyzszym stezeniu (50 mg-dm3) powodowaty nieznaczne zazétcenie blaszek lisciowych
1 zmiany w ich budowie. Wzbogacenie pozywki w AgNPs i AuNPs istotnie wptyn¢to natomiast
na ksztaltowanie si¢ cech morfologicznych badanych roslin. Rosliny rosnace na pozywkach
o najnizszym stezeniu NPs (1-5 mg-dm™> AgNPs i 1-2 mg-dm™ AuNPs) rozwijaty pedy
o podobnej dhugosci jak rosliny kontrolne. Stezenia NPs wyzsze niz 5 mg-dm™ wptynety na
zmniejszenie wysokosci roslin. Najkrotszymi pedami charakteryzowaly si¢ rosliny lawendy
namnazane na pozywkach z dodatkiem 50 mg-dm= AgNPs oraz 20 i 50 mg-dm™ AuNPs.
Niezaleznie od ich stezenia, NPs dodawane do pozywki zwigkszaty liczbg pedow bocznych -
najmniej pedow bocznych rozwijaly rosliny lawendy uprawiane na pozywce kontrolnej
(1,59 sztuk). W wiekszosci przypadkow, wraz ze wzrostem stgzenia nanoczastek w pozywce,
rosta liczba pedow bocznych. Najwickszg ich liczbe wyksztatcily rosliny lawendy namnazane
na pozywkach z dodatkiem najwyzszych stezeni AgNPs (10, 20 i 50 mg-dm). Wzbogacanie
pozywek w NPs, niezaleznie od ich rodzaju i stezenia, spowodowato wzrost §wiezej masy
ro§lin lawendy. Najwyzsza masg charakteryzowala si¢ lawenda rosnaca na pozywce z

dodatkiem 2 mg-dm AuNPs.
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Dodanie NPs znaczaco wplyneto na rozwoj systemu korzeniowego lawendy waskolistnej
(Lavandula angustifolia Mill.). Jedynie 11,8% pedow ukorzenionych w pozywce kontrolne;j
wyksztalcito korzenie, podczas gdy odsetek roslin ukorzenionych wsrod tych, ktore
namnazano na pozywce z dodatkiem AgNPs wahat si¢ w zaleznosci od st¢zenia NPs od 39,1
do 88,9%. W obrebie lawendy rosnacej na pozywkach z dodatkiem AuNPs procent ro$lin
wyksztatcajacych system korzeniowy byt nizszy. Najnizszy odsetek stwierdzono w przypadku
roslin namnazanych na pozywkach uzupelnionych najwyzszymi stezeniami AuNPs — 20 i 50
mg-dm1 bylo to odpowiednio 14,3% i 12,5%. Korzenie wyksztalcone przez rosliny rosnace
na pozywce z dodatkiem AgNPs i AuNPs (za wyjatkiem rosnacych na podtozu z dodatkiem
5 mg-dm™ AgNPs) byly dtuzsze niz u roélin kontrolnych (1,70 cm), a ich dlugo$¢ wahata sie
od 2,62 (2 mg-dm= AgNPs) do 4,77 cm (10 mg-dm™> AgNPs).

Wyniki powyzszych badan wskazujag na istotny wptyw AuNPs i AgNPs na liczbe
i $rednicg¢ trichoméw wydzielniczych na dolnej i gornej powierzchni blaszek lisciowych
lawendy waskolistnej (Lavandula angustifolia Mill.). Niskie st¢zenia NPs zwickszaty liczbe
wyksztalconych trichomow wydzielniczych. Najliczniej struktury te wystepowaly na
blaszkach lisciowych lawendy namnazanej na pozywkach zawierajacych 5 mg-dm™ AuNPs.
Lawenda namnazana na pozywkach z dodatkiem najwyzszych stezeh AgNPs (50 mg-dm®)
wyksztalcita najmniejsza liczbe trichoméw, na obu stronach blaszek lisciowych. Srednica
wloskow utworzonych na powierzchni adaksjalnej byla najwicksza w pozywkach
wzbogaconych o 2 mg-dm AgNPs i 5 mg-dm™ AuNPs (odpowiednio 76,3 i 74,8 pm). Wyzsze
stezenia NPs nie zwigkszaty $rednicy wloskow wydzielniczych na gérnej powierzchni blaszek
lisci lawendy w pordwnaniu z pozywka kontrolng. Na zwigkszenie si¢ $rednicy trichoméw
wydzielniczych w stosunku do kontroli na dolnej powierzchni blaszki lisciowej wplynety od
1 do 10 mg-dm™ AuNPs oraz 1 mg-dm™> AgNPs dodawane do pozywek wzrostowych.

Przeprowadzone badania wskazuja na mozliwo$¢ otrzymania duzej ilosci tkanek
ro$linnych, z prawidlowo wyksztatconymi trichomami wydzielniczymi poprzez namnazanie
ich w kulturach in vitro, na pozywkach uzupelionych AgNps oraz AuNPs. W zwigzku z tym
w kolejnym doswiadczeniu okreslono zawarto$¢ 1 sktad metabolitéw wtornych - olejkow
eterycznych (publikacja 2) i zawarto$¢ polifenoli ogotem (publikacja 3) w tkankach lawendy

rosngcej na pozywkach z dodatkiem nanoczastek.
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4.2. Publikacjanr 2

Wesolowska A., Jadczak P., Kulpa D., Przewodowski W. 2019 Gas Chromatography-
Mass Spectrometry (GC-MS) Analysis of Essential Oils from AgNPs and AuNPs Elicited
Lavandula angustifolia In Vitro Cultures. Molecules 24(3), 606.

Metabolity wtorne, w tym olejki eteryczne, produkowane s3 przez rosliny w niewielkich
ilosciach lub w ich szczegdlnych momentach rozwojowych, np. w okresie kwitnienia lub
w odpowiedzi na nickorzystne warunki Srodowiskowe. Roslinne kultury in vitro dajg
mozliwo§¢ produkowania cennego materialu roslinnego, wolnego od zanieczyszczen
I znacznie szybciej niz ma to miejsce przy uprawach polowych. Odpowiednio stosowane
substancje elicytujagce mogg wptywaé korzystnie na wytwarzanie przez rosliny metabolitow
wtornych. Od niedawna do hodowli roslin leczniczych w kulturach in vitro wykorzystuje si¢
nanoczastki metali w charakterze elicytorow, ktore znaczaco wptywaja na szereg procesow
fizjologicznych ro$lin, w tym na produkcje i sktad olejkow eterycznych. Celem doswiadczenia
byta analiza olejkéw eterycznych, pozyskanych z roslin lawendy waskolistnej namnazane;j
w kultrach in vitro na pozywkach hodowlanych wzbogacanych w nanoczastki ztota badz
srebra.

Dowiedziono, ze hodowla lawendy waskolistnej w kulturach in vitro na pozywkach
zawierajacych w swoim sktadzie ztoto 1 srebro istotnie wplywa na sktad chemiczny i zawartos¢
olejkéw eterycznych. Zawartos¢ olejkéw eterycznych w tkankach lawendy wahata si¢ od
0,81% (10 mg-dm™ AuNPs) do 1,27% (10 mg-dm™> AgNPs). Analizujac sktad olejkéw metoda
GC-MS zidentyfikowano 97 réznych zwigzkéw chemicznych reprezentujacych, w zaleznosci
od stezenia nanoczastek od 99,29-99,95% zawartosci olejkéw eterycznych. Sposrod grup
zwigzkoéw zawartych w badanych olejkach eterycznych najwigksza stanowily seskwiterpeny,
(od 36,34 do 43,36%), nastepnic monoterpeny (27,77 do 38,23%), weglowodory
seskwiterpenowe (od 10,27 do 14,35%) i monoterpenowe (5,57 do 10,40%). Zwigzkami,
ktorych udzial procentowy w tkankach roslin byl najwyzszy byly: Dborneol
(12,14-16,46%), t-kadynol (12,96-16,63%), tlenek kariofilenu (8,79-12,23%), y-kadynen
(4,54-6,08%) oraz 1,8-kineol (2,80-4,58%). Innymi waznymi zidentyfikowanymi sktadnikami
byty: cis-14-nor-murol-5-en-4-jeden  (2,68-4,45%), pB-pinen (1,93-3,14%), kamfora
(2,05-2,79%), i a-santalen (1,42-2,64%).

Stwierdzono  zroznicowanie udzialu  procentowego zwigzkow  chemicznych
w analizowanych olejkach eterycznych, w zalezno$ci od st¢zenia i rodzaju nanoczastek

w pozywce. Olejek eteryczny wyizolowany z lawend hodowanych na pozywkach kontrolnych,
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bez dodatku nanoczastek byt bogatszy w B-pinen (3,14%), a-pinen (1,46%), p-cymen (1,39%),
kampen (1,08%) 1 6-3-karen (0,93%). Nanoczastki ztota i srebra dodawane do pozywek
hodowlanych powodowaty zmniejszenie udziatu ilosci 1 udzialu procentowego zwigzkdéw
o nizsze] masie czasteczkowej, ktore zostaly zastgpione przez te o wyzszej masie
czasteczkowej. Olejki eteryczne pozyskane z tkanek lawendy hodowanej na pozywkach
z dodatkiem 10 mg-dm™ AgNPs najbardziej roznily si¢ jako$ciowo w odniesieniu do kontroli.
Najwyzsze stezenia borneolu (16,46%) i1 1,8-kineolu (4,58%) stwierdzono w olejku
eterycznym pochodzacym z ros§lin namnazanych na pozywkach uzupelionych w nanoczastki
ztota w stezeniu 50 mg-dm. Natomiast dodatek do pozywki nanoczastek srebra w stezeniu
50 mg-dm™ zwickszyl zawarto$¢ w olejku eterycznym y-kadynenu (6,08%) oraz tlenku
kariofilenu (12,23%). Zaobserwowano natomiast nizszg, procentowg zawarto$¢ kamfory
w olejkach pozyskanych z ro$lin rosngcych na pozywkach uzupelnionych w AgNPs
w stezeniach 10 i 50 mg-dm.

Doswiadczenie dowodzi, ze nanoczastki ztota i srebra moga by¢ z powodzeniem
wykorzystywane w charakterze elicytoréw w kulturach in vitro lawendy waskolistnej, istotnie
wplywajac na zawartosc¢ i sktad produkowanych przez nig olejkow eterycznych. Nie jest jednak
jasne, jaki jest mechanizm oddzialywania nanoczastek dodawanych do pozywek w kulturach
in vitro na produkcje metabolitow wtornych. Przypuszcza sig, ze nanoczastki metali wywotuja
stres oksydacyjny. Dlatego w kolejnym doswiadczeniu okreslono wplyw nanoczgstek na

aktywno$¢ enzymow antyoksydacyjnych (publikacja 3).
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4.3. Publikacjanr 3

Jadczak P., Kulpa D., Drozd R., Przewodowski W., Przewodowska A. 2020. Effect of
AuNPs and AgNPs on Antioxidant System and Antioxidant Activity of Lavender
(Lavandula angustifolia Mill.) from In Vitro Cultures. Molecules, 25, (23), 5511.

Liczne badania naukowe opisuja wysoka reaktywno$¢ nanoczastek metali w stosunku do
ro$lin oraz ich wplyw na szereg procesow fizjologicznych, takich jak kietkowanie nasion,
wzrost, czy metabolizm. Badacze wskazuja rowniez na fitotoksyczno$¢ nanoczasteczek metali,
ktora prowadzi do aktywacji uktadu antyoksydacyjnego w roslinach, co moze wplywaé na
produkcje metabolitow wtérnych. Celem badania bylo okreslenie aktywnos$ci enzymow
antyoksydacyjnych lawendy waskolistnej] (APX, SOD, POX, CAT) narazanej na stres
wywolany nanoczgstkami zlota i srebra oraz jej zdolnos¢ do zmiatania wolnych rodnikow
(ABTSe+) 1 zawartos¢ polifenoli ogotem.

Stwierdzono, ze nanokolidy zlota 1 srebra zwigkszaja aktywno$¢ enzymow
antyoksydacyjnych, takich jak peroksydaza askorbinianowa (APX) i dysmutaza
ponadtlenkowa (SOD), jednak reakcja ta zalezy od ich stg¢zenia w pozywce. Najwyzsza
aktywnos$¢ APX stwierdzono w tkankach roslin namnazanych na podtozach zawierajacych
2 i 5 mg-dm™ AgNPs. Nanoczastki ztota istotnie zwickszaty aktywno$¢ APX w stosunku do
kontroli, jedynie kiedy zastosowane byly w stezeniu 10 mg-dm=. Najwyzsza aktywnos¢ SOD
zaobserwowano przy stezeniach 2 i 5 mg-dm™ AgNP i AuNPs. Dodatek AgNPs do podtozy
hodowlanych we wszystkich zastosowanych stezeniach oraz 1 mg-dm™= AuNPs obnizyt
aktywnos$¢ peroksydazy gwajakolowej (POX), w poréwnaniu do aktywnosci obserwowane]
u ro$lin kontrolnych. Nie wykazano istotnego wptywu nanoczastek na wzrost aktywnosci
katalazy (CAT) w stosunku do kontroli.

Przedstawione wyniki sugeruja, ze AgNPs 1 AuNPs dodane do pozywek w hodowlach
in vitro wywieraja wplyw na aktywno$¢ antyoksydacyjng okreslong metodg ABTSe+. Wyjatek
stanowitlo najnizsze stezenie AgNPs (1 mg-dm®) oraz najwyisze steZenie
AuNPs (50 mg-dm?), w przypadku ktoérych nie stwierdzono réznic w aktywnosci
antyoksydacyjnej,w poréwnaniu do kontroli. Najwyzsze wartosci zdolnosci do zmiatania
wolnych rodnikéw oznaczono dla roslin hodowanych na pozywkach z dodatkiem 10 mg-dm
AgNPs i 5 mg-dm™ AuNPs, odpowiednio na poziomach 330,70 i 309,62 uM AAE/100 gDW.

Zawartos¢ polifenoli ogoélem zmieniata si¢ w zalezno$ci od rodzaju i steZzenia nanoczastek
w podtozu hodowlanym. Wzrost zawartosci polifenoli w stosunku do kontroli stwierdzono dla
lawendy namnazanej na pozywkach z dodatkiem 2, 51 10 mg-dm™ AuNPs oraz od 5 do 50
mg-dm™> AgNPs (odpowiednio 0,214, 0,217 i 0,202 oraz od 0,212 do 0,318 mg TAE/100
gDW). Z kolei lawenda hodowana na podtozach z dodatkiem najwyzszego stezenia
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nanoczastek ztota (50 mg-dm™) oraz najnizszych stezen nanoczastek srebra (1 i 2 mg-dm™)
charakteryzowata si¢ istotnie nizsza od kontroli zawartoscig polifenoli.

W zwigzku z tym, iz na podstawie wczesniejszych badan okreslono mozliwos¢ produkcji
duzych ilosci tkanki roslinnej (publikacja 1) o zmienionej zawarto$ci metabolitow wtdrnych
(publikacja 2 i 3), majgc na uwadze aplikacyjny charakter pracy doktorskiej, w kolejnym
etapie badan okreslono mozliwo$¢ zastosowania wysuszonych i sproszkowanych fragmentow
roslin lawendy, elicytowanych w kulturach in vitro nanoczastkami Ag i Au, jako substancji

konserwujgcych emulsje kosmetyczne (publikacja 4).
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4.4. Publikacjanr4

Jadczak P., Kulpa D. 2020. Lavandula angustifolia propagated in in vitro cultures on
media containing AgNPs and AuNPs: an alternative to synthetic preservatives in
cosmetics. Folia Pomeranae Universitatis Technologiae Stetinensis. 357(56)4, 5-8.

Produkcja kosmetykow jest jedna z najbardziej dynamicznie rozwijajacych si¢ gatezi
przemyshu. Ograniczenie mozliwo$ci namnazania si¢ mikroorganizmow w produktach
kosmetycznych, przy jednoczesnym ograniczeniu stosowania konserwantow chemicznych jest
jednym z najwazniejszych wyzwan podczas produkcji kosmetykéw. Zanieczyszczenie
mikrobiologiczne produktu kosmetycznego skraca jego okres przydatnosci do uzycia i moze
wywiera¢ negatywny wptyw na zdrowie konsumenta. Liczne badania wykazaly, ze obecnos¢
konserwantow chemicznych w kosmetykach powoduje, miedzy innymi alergie kontaktowe
1 choroby skory. Dlatego tez, coraz czg$ciej przy produkcji kosmetykow sigga si¢ po sktadniki
pochodzenia naturalnego, ktore uznawane sg za bardziej bezpieczne i sprzyjajace zdrowiu
konsumenta.

Lawenda waskolistna jest z powodzeniem stosowana w przemysle kosmetycznym.
Roéliny lecznicze rozmnazane technikami in vitro charakteryzuja si¢ unikalng kompozycja
olejkow eterycznych. Dodanie do pozywek hodowlanych czynnikow stresogennych, jakimi sa
elicytory wptywa istotnie na zmian¢ sktadu metabolitow wtornych, w tym olejkow
eterycznych. Zmieniony sktad moze wplywac na wtasciwosci przeciwdrobnoustrojowe roslin.
Celem ostatniego etapu badan bylo okreslenie mozliwosci wykorzystania rozdrobnionych
tkanek lawendy waskolistnej hodowanej na podtozach zawierajacych nanoczgstki ztota lub
srebra o rozmiarach czasteczek 13 1 30 nm do konserwacji emulsji kosmetycznych.

Wykazano, ze tkanki lawendy hodowanej na podtozach zawierajacych AuNPs 1 AgNPs
wykazaty zadowalajagce zdolnosci konserwujace. W przypadku emulsji kosmetycznych
kontrolnych, ktére nie zawieraly dodatku tkanek roslinnych ani kwasu dehydrooctowego
1 benzoesowego (DHA BA), zaobserwowano pojawianie si¢ kolonii bakteryjnych
i grzybowych po drugim tygodniu trwania doswiadczenia. Dodatek tkanek lawendy
hodowanej na pozywkach nie zawierajacych nanoczastek chronitl badane probki przed
zanieczyszczeniem mikrobiologicznym. W tym przypadku kolonie bakteryjne zostalty wykryte
po 4 tygodniach, a grzybowe po 6 tygodniach inkubacji. Dodatek tkanki lawendy rosngcej na
podtozach uzupemionych w AgNPs o wielkosci czastek 13 nm oraz w stezeniu 1 mg-dm™
wydluzyl czas pojawiania si¢ kolonii bakteryjnych do 8 tygodni, a wynik ten byt
porownywalny z efektem konserwujacym DHA BA. Wyzsze st¢zenie AgNPs w podtozu
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hodowlanym, a takze wigksza §rednica czastek (30 nm), spowodowaly zmniejszenie zdolno$ci
konserwujacych tkanek roslinnych. Obecnos¢ AuNPs w podiozach hodowlanych takze
wykazala pozytywny wplyw na aktywnos¢ antymikrobiologiczng lawendy, jednak
W mniejszym stopniu niz w przypadku AgNPs.

Powyzsze rezultaty badan wskazuja, Zze rozdrobnione fragmenty tkanki lawendy,
pozyskane z ro$lin hodowanych na pozywkach zawierajacych 1 mg-dm= AgNPs o wielkosci
czastek 13 nm moga by¢ wykorzystane do konserwacji emulsji kosmetycznych o krotkim

okresie przydatnosci do uzycia.
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5. WhniosKi

. Wyniki przeprowadzonych badan wykazaly mozliwo$¢ otrzymania duze;j ilo$ci tkanek
ros$linnych lawendy, z prawidlowo wyksztalconymi trichomami wydzielniczymi
poprzez namnazanie ich w kulturach in vitro, na pozywkach uzupetionych
nanokoloidami zawierajagcymi AgNps oraz AuNPs.
. Rodliny lawendy rozmnazane na pozywkach z dodatkiem nanokoloidow
zawierajacych AgNPs 1 AuNPs, niezaleznie od ich stezenia w pozywce,
charakteryzowaly si¢ wyzsza $wiezg masg 1 liczbg wyksztalconych pedéw oraz
dhuzszym korzeniem.
. Dodatek do pozywek niskich stezen AgNPs (1 i 2 mg-dm™) nie wywierat wptywu na
wysokos¢ namnozonych roslin lawendy. Zwigkszenie jego stezenia w pozywce
powyzej 5 mg-dm™ wplynelo na ograniczenie wzrostu roslin i zmniejszenie liczby
wyksztalconych trichoméw wydzielniczych, a jednocze$nie stymulowato rozwoj
systemu korzeniowego.
. Namnazanie lawendy w kulturach in vitro na pozywkach z dodatkiem od 1 do
10 mg-dm™ AuNPs wpltyneto na zwickszenie liczby wyksztatconych trichomow
wydzielniczych.
. Najwazniejszymi zwigzkami wystgpujacymi w olejkach eterycznych lawendy
waskolistnej byly: borneol, t-kadinol, tlenek kariofilenu, y-kadinen i 1,8-cineol.
. Nanoczastki ztota i srebra dodawane do pozywek miaty wplyw na sktad chemiczny
olejkéw eterycznych. Powodujac zmniejszenie udzialu procentowego zwigzkow
0 nizszej masie czgsteczkowej, takich jak a- i B-pinen, kamfen, 6-3-karen, p-cymen,
eucaliptol, czy borneol) oraz wzrost udzialu procentowego zwiazkdw o wyzszej masie
czasteczkowej (1- i a-kadinol, 9-cedranon, kadalen, a-bisabolol, cis-14-nor-muurol-5-
en-4-one, (E,E)-farnesol).
Olejek eteryczny pozyskany z tkanek lawendy hodowanej na pozywkach z dodatkiem
10 mg-dm™ AgNPs najbardziej roznit si¢ jako$ciowo w odniesieniu do kontroli.
W jego sktadzie zidentyfikowano 13 zwigzkéw chemicznych nieobecnych w olejku
izolowanym z ro$lin kontrolnych, takich jak fenchol, heptadekan, oktadekan, fytan,
disobutylphathothate, m-kamforen, eicosane, octadekanol, 1-ocadecanal czy
1-trikoscen.
. Namnazanie lawendy waskolistnej na pozywkach z dodatkiem nanoczastek ztota

i srebra skutkowato wzmozong aktywnos$ciag enzymow antyoksydacyjnych takich jak:
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11.

12.

peroksydaza askorbinianowa (APX) i dysmutaza ponadtlenkowa (SOD), wptywato
natomiast na obnizenic si¢ aktywnos$ci peroksydazy gwajakolowej POX. Poziom
aktywnos$ci enzymow zalezal od stezenia 1 rodzaju nanoczastki.

Dodatek do pozywek namnazajacych nanoczastek w stezeniu od 1 do 20 mg-dm™
AuNPs oraz od 2 do 50 mg-dm™® AgNPs zwickszal aktywno$é antyoksydacyjng
okre$long przez zdolno$¢ do zmiatania wolnych rodnikéw ABTSe+. Wyjatek
stanowito tu najnizsze stezenie AgNPs (1 mg-dm™) oraz najwyzsze stezenie AuNPs
(50 mg-dm), ktérych zdolnoéé pozostawata na poziomie kontroli.

Rodzaj nanoczastek dodawanych do pozywki oraz ich st¢zenie w podiozu
hodowlanym wptynelo na zawartos¢ w lawendzie polifenoli ogoétem. Rosliny
namnazane na pozywkach z dodatkiem od 2 do 10 mg-dm™ AuNPs oraz od 5 do 50

3

mg-dm™ AgNPs charakteryzowaly si¢ wyzsza zawartoscig polifenoli ogotem

w poréwnaniu z kontrolg.

Tkanki lawendy waskolistnej namnazanej na pozywkach wzbogaconych w 1 mg-dm™
nanoczastek srebra o wielko$ci czasteczki 13 nm wykazywaly wlasciwosci
konserwujace, zabezpieczajac emulsje kosmetyczne przed zanieczyszczeniem
mikrobiologicznym przez okres do 6 tygodni. Po okresie 8 tygodni obserwowano
jedynie niewielki wzrost mikroorganizmow.

Fragmenty tkanki lawendy pochodzace z podtozy wzbogacanych w 1 mg-dm™ AgNPs
o wielkosci czastek 13 nm mogg by¢ z powodzeniem wykorzystywane do konserwacji

emulsji kosmetycznych o krotkim terminie przydatnosci.
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7. Streszczenie

Lawenda waskolistna to ceniona roslina lecznicza i ozdobna, uprawiana powszechnie na
catym $wiecie. Produkowane przez nig olejki eteryczne, ktore sg mieszaning szeregu zwigzkow
lotnych, szeroko stosowane s3 w przemystach kosmetycznym, perfumeryjnym,
farmaceutycznym, a takze spozywczym, czy tekstylnym, w ktérych w ostatnim czasie
szczegllng uwage przywiazuje si¢ zwigzkom pochodzenia naturalnego, uznawanym za
bezpieczne dla $rodowiska i konsumentow. Swiatowe trendy technologiczno-przemystowe
poszukujg alternatyw dla sztucznych, pozyskiwanych chemicznie zwigzkéw konserwujacych,
i zapachowych. Zanieczyszczenie srodowiska oraz zmniejszajace si¢ nieprzerwanie zasoby
stanowisk pod uprawy polowe sa niejednokrotnie ograniczeniem przy produkcji zwigzkoéw
biologicznie czynnych. Z tego wlasnie powodu opracowuje si¢ nowe technologie, ktore beda
jak najbardziej wydajne, niezalezne od warunkéw klimatyczno-glebowych 1 pozwalajace na
szybka 1 nieprzerwang produkcje zwigzkdéw pochodzenia roslinnego. Olejki eteryczne roslin
produkowane sg przez nie czgsto w niewielkich ilosciach lub w szczegolnych momentach
rozwojowych (m.in. w okresie kwitnienia lub w odpowiedzi na czynniki stresowe).
Z powodzeniem do produkcji ich wykorzystywane moga by¢ roslinne kultury in vitro. Za ich
sprawg produkowany material roslinny jest wolny od zanieczyszczen oraz chorob
1 pozbawiony pozostatosci $rodkéw ochrony roslin. Co wiecej, kontrolowane warunki
laboratoryjne pozwalaja na nieprzerwang oraz niezalezng od czynnikéw Srodowiskowych
produkcje roslin leczniczych bogatych w zwigzki biologicznie czynne. Technika elicytacji
moze wptywac na wzrost sekrecji olejkow eterycznych. Moze takze prowadzi¢ do uzyskiwania
zwigzkow o zamierzonym sktadzie oraz o pozadanych wtasciwosciach i przeznaczeniu. Coraz
czgsciej w procesie elicytacji probuje sie wykorzystywac nanoczastki metali, co do ktorych
dowiedziono, ze ze wzgledu na swoje wlasciwos$ci sg w stanie wplywac na procesy biologiczne
zachodzace w ro$linach, w tym na proces produkcji przez nie metabolitow wtornych (m. in.
olejkow eterycznych). Celem niniejszej pracy doktorskiej byto okreslenie wptywu nanoczastek
ztota i srebra na produkcj¢ metabolitow wtdrnych w kulturach in vitro lawendy waskolistnej.

W pierwszym etapie badan zdefiniowano, w jaki sposoéb dodatek nanoczastek zlota
(AuNPs) i srebra (AgNPs) do pozywek hodowlanych wplywa na rozwdj ro$lin i trichomy
wydzielnicze lawendy waskolistnej. Pedy ros§lin namnazano na pozywkach z dodatkiem
1,2,5,10,20i 50 mg-dm™ AuNPs lub AgNPs (o $rednicy czastki 24,2 + 2,4 nm i 27,5 + 4,8
nm). Oba NPs pozytywnie wptynely na wzrost i rozwoj roslin w kulturach in vitro. Pozywki

z NPs stymulowaly tworzenie si¢ pedow i zwigkszaly mase roslin. Korzenie roslin
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namnazanych na pozywkach z dodatkiem NPs byly zwykle dtuzsze niz w kontroli. Jedynie
wysokie stezenia NPs (20 i 50 mg-dm™) w pozywkach byty toksyczne dla roélin, o czym
swiadczyto ograniczenie dlugosci pedéw 1 stopniowe obnizanie wartosci innych cech
morfologicznych. Wzrost stezenia AgNPs powodowal zmniejszenie liczby trichoméw
wydzielniczych. Srednica trichoméw wydzielniczych po obu stronach blaszki lisciowej byta
wieksza, gdy rosliny byly namnazane na pozywkach z dodatkiem 1 i 2 mg-dm™ NPs. Srednica
trichomow wydzielniczych znajdujacych si¢ na adaksjalnej powierzchni blaszki liSciowej byta
najwicksza u ro$lin pochodzacych z podtozy wzbogaconych w 2 mg-dm= AgNPs i 5 mg-dm™
AuNPs, a najmniejsza w przypadku podlozy wzbogaconych w 5 mg-dm™ AgNPs. Srednica
trichomow wydzielniczych tworzacych si¢ na powierzchni abaksjalnej byta najwigksza u roslin
eksponowanych na 1, 2, 5i 10 mg-dm™> AuNPs, 1 mg-dm™ AgNPs, a najmniejsza u roslin
eksponowanych na 5 mg-dm AgNPs.

Nastepnie okreslono, w jaki sposdb dodatek nanoczastek do podtozy hodowlanych
wplywa na sktad olejkow eterycznych lawendy. Ro$liny namnazano na podtozach MS
z dodatkiem 10 i 50 mg-dm™ nanokoloidow ztota (24,2 + 2.4 nm) i srebra (27,5 £ 4,8 nm).
Olejek pozyskany z tkanek lawendy namnazanej na podtozu z dodatkiem 10 mg-dm= AgNPs
ro6znit si¢ najbardziej w stosunku do kontroli; nie wykryto w nim w ogdle 10 zwigzkow,
a wykryto 13 innych, ktére nie wystepowaty w olejku kontrolnym. Dodatek AuNPs i AgNPs
do pozywek spowodowal zmniejszenie ilosci zwigzkow o mniejszej masie czasteczkowej,
takich jak: a- i B-pinen, kamfen, 6-3-carene, p-cymen, 1,8-cyneol, trans-pinokarveol,
kamforiborneol, ktére zostaty zastapione przez te o wyzszej masie czasteczkowej (- 1 a-
kadynol, 9-cedranon, kadalen, a-bisabolol, cis-14-nor-muurol-5-en-4-on, (E,E)-farnesol).

Zbadano takze wplyw nanoczastek zlota 1 srebra na aktywno$¢ enzymow
antyoksydacyjnych (peroksydazy askorbinianowej (APX), dysmutazy ponadtlenkowej (SOD),
peroksydazy gwajakolowej (POX) 1 katalazy (CAT)), zdolno$¢ do zmiatania wolnych
rodnikow oraz zawarto$¢ polifenoli ogotem w lawendzie waskolistnej. W niniejszym
doswiadczeniu rosliny lawendy hodowano in vitro na podtozu z dodatkiem 1, 2, 5, 10, 20 i 50
mg-dm™ AgNPs lub AuNPS, o rozmiarach czastek odpowiednio 24,2 + 2,4 i 27,5 + 4,8 nm.
Stwierdzono, ze nanoczastki zwigkszajg aktywnos¢ enzymow antyoksydacyjnych APX 1 SOD,
przy czym reakcja ta zalezy od stezenia NPs. Najwyzsza aktywnos$¢ APX stwierdzono u roslin
namnazanych na pozywkach wzbogaconych w 2 i 5 mg-dm= AgNPs. AuNPs istotnie
zwiekszylo aktywnosé¢ APX po dodaniu do pozywki w stezeniu 10 mg-dm=. Najwyzsza
aktywnos$¢ SOD odnotowano przy stezeniach 2 i 5 mg-dm™ AgNP i AuNP. Dodanie wigkszych
stezen nanoczgstek do pozywek hodowlanych powodowato spadek aktywnosci APX i SOD.
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Dodatek AuNPs do pozywek hodowlanych w stezeniach od 2 do 50 mg-dm™ powodowato
wzrost aktywnosci POX, w porownaniu z jej aktywnoscig po dodaniu AgNPs do pozywek
hodowlanych. Nie wykazano istotnego wplywu NPs na wzrost aktywnosci CAT. AgNPs
i AuNPs zwigkszaly zdolno$¢ zmiatania wolnych rodnikow (ABTSe+). Dodatek NPs
w stezeniach 2 i 5 mg-dm™ zwiekszat produkcje polifenoli, natomiast w nizszych stezeniach
obnizat ich zawarto$¢ w tkankach lawendy.

Weczesniej uzyskane wyniki byly powodem podjecia proby zweryfikowania
wlasciwosci konserwujacych lawendy waskolistnej namnazanej na podtozach z nanoczastkami
ztota lub srebra o rozmiarach czastek 13 1 30 nm. Emulsje kosmetyczne przygotowane
z wykorzystaniem tkanek lawendy pochodzacych z hodowli na podtozach zawierajacych
AuNPs 1 AgNPs wykazywatly zwigkszone zdolnosci konserwujace, w porownaniu z emulsjami
kontrolnymi. W przypadku kontrolnych emulsji kosmetycznych, ktore nie zawieraty dodatku
tkanek ro$linnych oraz DHA BA, kolonie bakterii i grzybow pojawily si¢ juz po drugim
tygodniu eksperymentu. Dodatek tkanki lawendy namnozonej na podtozach bez AuNPs lub
AgNPs chronit badane probki przed skazeniem mikrobiologicznym; w tym przypadku skazenie
bakteryjne wykryto po 4 tygodniach, a grzybowe po 6 tygodniach. Dodatek tkanki lawendowej
pochodzacej z hodowli na pozywkach zawierajacych AgNPs o wielkosci czastek 13 nm
w stezeniu 1 mg-dm™ wydtuzyt czas pojawiania sie kolonii bakteryjnych do 8 tygodni (0,9)
1 byt to wynik zblizony 1 poréwnywalny z dziataniem DHA BA. Wyzsze stezenie AgNPs
w podlozu hodowlanym, jak rowniez wigksza $rednica czgstek (30 nm), powodowaty
obnizenie zdolnosci konserwujacych tkanek ro$linnych. Obecno$¢ AuNPs w podtozu
hodowlanym wptywata pozytywnie na aktywnos¢ przeciwdrobnoustrojowa lawendy, jednak
w mniejszym stopniu niz w przypadku AgNPs. Doswiadczenie dowiodlo, ze fragmenty tkanki
lawendy pochodzace z podlozy wzbogacanych w 1 mg-dm> AgNPs, o wielkosci czastek
13 nm mogg by¢ wykorzystywane do konserwacji emulsji kosmetycznych o krotkim terminie
przydatnosci.

Przedstawiona praca doktorska ma charakter aplikacyjny oraz udowadnia zasadnos¢
dalszych badan w obszarze wykorzystania nanoczgstek ziota i srebra do produkcji
wysokojakosciowego materiatu ros§linnego, ktory moglby by¢ stosowany w przemysle

kosmetycznym, w charakterze naturalnego srodka konserwujacego.
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8. Abstract

Narrow —Leaved Lavender is a valued medicinal and ornamental plant, widely
cultivated all over the world. The essential oils it produces, which are a mixture of a number
of volatile compounds, are widely used in cosmetic, perfumery, pharmaceutical, food and
textile industries, where special attention has recently been paid to compounds of natural
origin, considered safe for the environment and for consumers. Global technological and
industrial trends are looking for alternatives to artificial, chemically produced preservative
and fragrance compounds. Environmental pollution and the continually decreasing amount
of land for field crops are often a limitation in the production of biologically active
compounds. For this reason, new technologies are being developed to be as efficient as
possible, independent of soil and climatic conditions and allowing rapid and uninterrupted
production of compounds of plant origin. Essential oils are often produced by plants in
small quantities or in specific moments of development (e.g. during flowering or in
response to stress factors). Plant in vitro cultures can be successfully used for their
production. Thanks to them, the produced plant material is free from contaminants and
diseases, and free from plant protection agent residues. Moreover, controlled laboratory
conditions allow the production of medicinal plants rich in biologically active compounds
to be uninterrupted and independent from environmental factors. The elicitation technique
can increase the secretion of essential oils. It can also lead to obtaining compounds with
the intended composition and with the desired properties and purpose. More and more often
metal nanoparticles are used in the elicitation process. It has been proven that due to their
properties they are able to influence biological processes occurring in plants, including
production of secondary metabolites (including essential oils). The aim of this dissertation
was to determine the effect of gold and silver nanoparticles on the production of secondary
metabolites in in vitro cultures of narrow-leaved lavender.

As a first step, this study defined how the addition of gold (AuNPs) and silver (AgNPs)
nanoparticles to culture media affects plant development and secretory trichomes of
narrow-leaf lavender. Plant shoots were propagated on culture media supplemented with
1,2, 5,10, 20 and 50 mg-dm= AuNPs or AgNPs (particle diameter 24.2 + 2.4 nm and 27.5
+ 4.8 nm, respectively). Both NPs positively affected plant growth and development in in
vitro cultures. The media with NPs stimulated shoot formation and increased plant weight.
Roots of plants propagated on NPs-supplemented media tended to be longer than in the

control. Only high concentrations of NPs (20 and 50 mg-dm) in the media were toxic to

27



plants, as evidenced by a reduction in shoot length and a gradual decrease in the values of
other morphological traits. An increase in AgNPs concentration resulted in a decrease in
the number of secretory trichomes. The diameter of trichomes on both sides of the leaf
blade was larger when plants were propagated on media supplemented with 1 and 2 mg-dm-
3 NPs. The diameter of trichomes located on the adaxial surface of the leaf blade was the
largest in plants derived from media enriched with 2 mg-dm® AgNPs and 5 mg-dm
AuNPs, and the smallest in media enriched with 5 mg- dm= AgNPs. The diameter of
trichomes formed on the abaxial surface was the largest in plants exposed to 1, 2, 5, and 10
mg-dm= AuNPs, 1 mg-dm?® AgNPs, and the smallest in plants exposed to 5 mg-dm-*
AgNPs.

Next, we determined how the addition of nanoparticles to culture media affects the
composition of lavender essential oils. Plants were propagated on MS media supplemented
with 10 and 50 mg-dm™ nanocolloids of gold (24.2 + 2.4 nm) and silver (27.5 + 4.8 nm).
The oil extracted from lavender tissues propagated on medium supplemented with 10 mg-
dm AgNPs differed the most from the control; 10 compounds were not detected in the oil
at all, and 13 others were detected that were not present in the control oil. The addition of
AuUNPs and AgNPs to the media resulted in a reduction of lower molecular weight
compounds (o- and P-pinene, camphene, 5-3-carene, p-cymene, 1,8-cyneol, trans-
pinocarveol, camphoriborneol), which were replaced by those of higher molecular weight
(r- and a-cadinol 9-cedranone, cadalene, a-bisabolol, cis-14-nor-muurol-5-en-4-one,
(E,E)-farnesol).

The effects of gold and silver nanoparticles on antioxidant enzyme activities (ascorbate
peroxidase (APX), superoxide dismutase (SOD), guaiacol peroxidase (POX), and catalase
(CAT)), free radical scavenging capacity, and total polyphenol content of narrow-leaf
lavender were also investigated. In the present experiment, lavender plants were grown in
vitro on medium supplemented with 1, 2, 5, 10, 20 and 50 mg-dm= AgNPs or AuNPs (with
particle sizes of 24.2 + 2.4 and 27.5 + 4.8 nm, respectively). Nanoparticles were found to
increase the activities of the antioxidant enzymes APX and SOD, with the response
depending on the concentration of NPs. The highest APX activity was found in plants
grown on media enriched with 2 and 5 mg-dm= AgNPs. AuNPs significantly increased
APX activity when added to the medium at a concentration of 10 mg-dm=. The highest
SOD activity was observed at concentrations of 2 and 5 mg-dm= AgNPs and AuNPs.
Addition of higher concentrations of nanoparticles to culture media resulted in a decrease
in APX and SOD activities. The addition of AuNPs to the culture media at concentrations
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ranging from 2 to 50 mg-dm™ resulted in an increase in POX activity compared to its
activity when AgNPs were added to the culture media. There was no significant effect of
NPs on the increase in CAT activity. AgNPs and AuNPs increased the free radical
scavenging capacity (ABTS«+). The addition of NPs at concentrations of 2 and 5 mg-dm™
increased the production of polyphenols, but at lower concentrations decreased their
content in lavender tissues.

Previously obtained results were the reason for an attempt to verify the preservative
properties of narrow-leafed lavender grown on media with gold or silver nanoparticles with
particle sizes of 13 and 30 nm. Cosmetic emulsions prepared using lavender tissue derived
from culture containing AuNPs and AgNPs showed enhanced preservative abilities
compared to control emulsions. For the control cosmetic emulsions that did not contain the
addition of plant tissue and DHA BA, bacterial and fungal colonies appeared as early as
the second week of the experiment. The addition of lavender tissue grown on media without
AuUNPs or AgNPs protected the trial samples from microbial contamination; in this case,
bacterial contamination was detected after 4 weeks and fungal contamination after 6 weeks.
The addition of lavender tissue from cultures on media containing AgNPs with a particle
size of 13 nm at a concentration of 1 mg-dm™ increased the time for the appearance of
bacterial colonies to 8 weeks (0.9) and this was similar and comparable to the effect of
DHA BA. The higher concentration of AgNPs in the culture medium, as well as the larger
particle diameter (30 nm), resulted in a decrease in the preservative capacity of plant
tissues. The presence of AuNPs in the culture medium had a positive effect on the
antimicrobial activity of lavender, but to a lesser extent than that of AgNPs. The experiment
demonstrates that lavender tissue fragments from media enriched in 1 mg-dm AgNPs with
a particle size of 13 nm can be used for the preservation of cosmetic emulsions with a short
shelf life.

The presented dissertation has an applied character and proves the validity of further
research in the area of utilization of gold and silver nanoparticles in the production of high
quality plant material, which could be used in the cosmetic industry as a natural

preservative.
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Abstract

The aim of this study was determined how an addition of gold nanoparticle (AuNPs) and silver NPs (AgNPs) into culture
media affects plant development and formation of oil glands in narrow-leaved lavender (Lavandula angustifolia) cv. ‘Mun-
stead’. Plant shoots were propagated on media supplemented with 1, 2, 5, 10, 20 and 50 mg dm~ AuNPs or AgNPs (diameter
of 24.2 +2.4 nm and 27.5 +4.8 nm). Both of NPs positively influenced the growth and development of lavender propagated
in vitro. The culture media with NPs stimulated formation of shoots and increased plant weight. Roots of plants propagated
on the media supplemented with NPs were usually longer than those in the control. Only high concentrations of NPs (20
and 50 mg dm~>) in the culture media were toxic to plants, as demonstrated by restricted shoot length and gradual decrease
in the value of other morphological features. Increases in AgNPs concentration caused the number of secretory trichomes to
decrease. The diameter of the trichomes on both sides of the leaf blade was larger when the plants were propagated on the
media supplemented with 1 and 2 mg dm~ NPs. The diameter of trichomes formed on the adaxial surface of the leaf blade
was greatest in the media enriched with 2 mg dm™ AgNPs and 5 mg dm~ AuNPs, and smallest in the media enriched with
5 mg dm™> AgNPs. The diameter of trichomes formed on the abaxial surface was largest in plants exposed to 1, 2, 5 and
10 mg dm™ AuNPs, 1 mg dm™ AgNPs, and smallest in plants exposed to 5 mg dm™ AgNPs.

Key message

Silver and gold nanoparticles had a significantly improved the growth and development of narrow-leaved lavender propa-
gated in vitro. The number and size of secretory trichomes formed on the leaves of narrow-leaved lavender grown in in vitro
cultures depends on the concentration of silver or gold nanoparticles in the media.

Keywords Micropropagation - Metal nanoparticles - Oil glands - Nanosilver - Nanogold

Abbreviations AuNPs  Gold nanoparticles
NPs Nanoparticles MS Murashige and Skoog medium
AgNPs  Silver nanoparticles KIN Kinetin

TIAA 3-Indoleacetic acid

Communicated by Nokwanda Pearl Makunga.

Narrow-leaved lavender (Lavandula angustifolia Mill.)
belonging to Lamiaceae family is an evergreen perennial
plant with a high number of beneficial properties. The herb
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is native to the Mediterranean region, but is also grown
in many other countries in the world (Wesotowska et al.
2019). Lavender infusions show carminative, diuretic, anti-
rheumatic and anti-epileptic properties, and are effective
painkillers, especially for nervous headaches and migraines
(Gilani et al. 2000). Essential oils and extracts of the plant
demonstrate antibacterial and antifungal properties (D’Auria
et al. 2005). Apart from medicinal applications, lavender is
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highly popular in the cosmetics, perfume and aromatherapy
or food industries (Gongalves and Romano 2013). The most
important substance isolated from lavender is the essential
oil produced by the oil glands located on the surface of the
calyx, in furrows between fine hairs (Wornouk et al. 2011).
The composition of lavender essential oils depends on many
factors such as: genotype, growing location, climatic condi-
tions, propagation and morphological characteristics (Wor-
nouk et al. 2011; Andrys and Kulpa 2018).

Plant tissue cultures, being an alternative to conven-
tional cultivation, ensure rapid and large scale production
of valuable biologically active compounds. This tech-
nique yields contamination-free material of the highest
quality. The elicitation, i.e. using natural plant defense
mechanisms against various types of threats (e.g. patho-
gens), is a common treatment used in in vitro cultures
for obtaining secondary metabolites (Andrys et al. 2018).
The stress factors, known as elicitors, stimulate secondary
metabolite formation in plant cell cultures, thus reduc-
ing processing time and providing a high concentration
of the product (Mulabagal and Tsay 2004). Nanoparti-
cles (NPs) of heavy metals may be successfully used as
elicitors in in vitro cultures. The studies by Hatami et al.
(2016) and Ghanti and Somayeh (2013) showed that treat-
ing plants growing under natural conditions with metal
NPs changed both the content and composition of their
essential oils. Recent studies confirmed the suitability of
silver NPs (AgNPs) as elicitors in plant tissue cultures
(Ghanti and Somayeh 2013, 2014). The micropropagation
of lavender on media supplemented with AgNPs and gold
nanoparticles (AuNPs) resulted in significant changes in
the composition of essential oils isolated from its tissues
(Wesotowska et al. 2019). This may indicate the possibil-
ity of using these molecules as elicitors. Research per-
formed in different plants demonstrated the positive effects
of NPs (El-Temsah and Joner 2012; Mirzajani et al. 2013;
Priyadarshini et al. 2014; Salama 2012). However, Yang
and Watts (2005) reported root elongation inhibition by
alumina particles in Zea mays, Cucumis sativus, Glycine
max, Brassica oleracea and Daucus carota. In order to
use metal NPs as elicitors in in vitro cultures, the con-
centration and type of NPs need to be precisely selected
to ensure that the irritant effect is not too toxic for plants.

The aim of this study was to find out how the addition
of AuNP and AgNPs to the culture media affects the devel-
opment of L. angustifolia Mill. and its specific structures
(secretory glands) when propagated in vitro. The experi-
ment provided useful information on the possibilities of
using AuNP and AgNPs as elicitors in the propagation of
narrow-leaved lavender in plant tissue cultures.
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Materials and methods

In this study, we examined material from plants of nar-
row-leaved lavender (L. angustifolia Mill.), cv. Munstead.
Single-node shoot fragments 1-1.5 cm long were placed
in 300 ml glass jars filled with 30 ml of a Murashige and
Skoog (MS) medium (Murashige and Skoog 1962), sup-
plemented with 2 mg dm™> KIN and 0.2 mg dm~> IAA
and AuNPs or AgNPs in concentrations of 1, 2, 5, 10,
20 and 50 mg dm~>. We used aqueous suspensions of
AuNP and AgNPs (with diameters of 24.2 + 2.4 nm and
27.5+4.8 nm), which were synthesized using Turkevich
et al. (1951) and Liu et al. (2003) methods with modified
synthesis conditions and two-stage microwave-convec-
tion heating. Media also contained 30 g dm~ of sucrose,
100 mg dm™3 of inositol, and were solidified with agar
at 7 g dm™3. The pH was set at 5.7 with 0.1 M HCI and
NaOH. The jars were sterilized at 121 °C for 20 min. Once
they contained cultures, the jars were kept in a phytotron
(humidity 70-80%, temperature 24 °C, illumination for
16 h a day at 35 puE M~2 s™! PAR). Biometric features
such as shoot length (cm), shoot number, aboveground
mass (g), underground mass (g), root length (cm) and per-
centage of rooted plants were measured after 4 weeks of
cultivation. Micromorphology of the leaves was analyzed
with a scanning electron microscope (SEM). Central sec-
tions of the leaves were dried in a Critical Point dryer
(Quorum Technologies, Germany) and sprayed with gold
in the Sputter Coater (Quorum Technologies, Germany).
Observations were conducted using the Carl Zeiss EVO
LS 10 microscope with accelerating voltage 1 or 15 kV.
Trichome diameter and number on both the adaxial and
abaxial surfaces of the blades were determined in field-
grown and in vitro propagated plants.

The experiment was set in a one-factor completely
randomized design. The significance of differences was
determined by analysis of variance and the Tukey’s 7 test at
p=0.05. Homogeneous groups in the examined combina-
tions were labeled with successive letters of the alphabet.

Result

Irrespective of AgNPs concentration, we observed no
visible toxic effects such as plant organ necrosis. How-
ever, AuNPs at 50 g dm™ caused slight yellowing of leaf
blades and changes in their structure (Fig. 1). Enriching
the media with AgNPs and AuNPs significantly affected
plant development. The plants growing in the presence of
the lowest NP concentration (1-5 mg dm~ AgNPs and
1-2 mg dm~> AuNPs) developed shoots of similar length
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Fig. 1 Lavender propagated on control media (a) and enriched with 50 mg dm~> AgNPs (b)

Table 1 Morphology of

> . NPs concentra- Plant height (cm)  Shoots (pcs) Plant mass (g) Root length (cm) Rooted
lavepder plants cu}tlvated in the tion (mg dm?®) plants
media enriched with AgNPs and (%)
AuNPs
0 MS (control) 3.17bc 1.591 0.15g 1.70g 11.8
1 AgNPs 3.36b 2.70gh 0.60ef 4.01b 39.1
2 AgNPs 3.21bc 2.77t-h 0.62ef 2.62f 39.2
5 AgNPs 2.97bcd 3.22e-¢g 0.80bc 2.38fg 88.9
10 AgNPs 2.68d 3.95bc 0.82bc 4.77a 85.0
20  AgNPs 2.84cd 5.31a 0.81cd 3.62b—d 82.0
50  AgNPs 2.24e 4.05b 0.66de 2.89d-f 84.6
1 AuNPs 3.23bc 2.93e-¢g 0.75¢cd 3.40b— 36.8
AuNPs 3.23bc 2.2%h 1.24a 3.70bc 37.9
5 AuNPs 3.95a 3.86b—d 0.91b 2.94d-f 38.1
10 AuNPs 2.97bed 3.33d-f 0.62ef 2.73ef 47.6
20  AuNPs 2.11e 3.25e-¢g 0.50f 2.50fg 14.3
50  AuNPs 2.19 3.40c—e 0.54f 3.05¢—f 12.5
LSDy o5 0.39 0.60 0.12 0.73

a—c Values followed by the same letter are not significantly different at p <0.05 according to the LSD (least

significant differences) Tukey test

to those in the control (Table 1). Higher concentrations
of the NPs reduced plant height. The regenerants culti-
vated in the presence of 50 mg dm~> AgNPs and 20 and
50 mg dm~ AuNPs developed the shortest shoots, while
those cultivated in media supplemented with 5 mg dm™>
AuNPs developed the highest. Regardless of their con-
centration, NPs added to the media increased the forma-
tion of lateral shoots. Lavender plants grown in the con-
trol media developed the lowest number of lateral shoots
(1.59). Among variants cultivated in the media enriched
with NPs, plants exposed to the lowest content of AgNPs
and AuNPs (1-2 mg dm™%) developed the lowest number

of lateral shoots. Those cultured in media with the highest
concentration of AgNPs (10, 20 and 50 mg dm~>) formed
the highest number of lateral shoots. Enriching media with
NPs resulted in increased lavender plant weight. Plants
propagated in media enriched with 5-50 mg dm~> AgNPs
or AuNPs were heavier than those growing in the control
medium. The plants cultivated in the presence of the lowest
concentration of NPs (1-2 mg dm™> AgNPs and AuNPs)
reached weight similar to the control. The addition of NPs
considerably affected lavender root system development.
Only 11.8% of shoots rooted in the control medium devel-
oped roots, while the rooting rate in plants treated with
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Table 2 Effects of nanometals

. NPs concentra-
on the oil glands of Lavandula

Leaf blade (adaxial surface)

Leaf blade (abaxial surface)

ti dm?
angustifolia Mill. cultivated in on (mg dm’)

Number of oil

Diameter of oil Number of oil Diameter of oil

the media enriched with AgNPs glands (per mm?)  glands (um) glands (per mm?)  glands (um)
and AuNPs
0 MS (control) 6.5¢ 68.2fe 7.1bc 67.3cd
1 AgNPs 6.4c 72.9cb 7.0bc 69.4ab
2 AgNPs 6.6c 76.3a 6.8cd 70.2ab
5 AgNPs 6.0d 64.2¢g 5.5e 64.2¢
10 AgNPs 5.3t 66.9f 5.2e 66.2de
20 AgNPs 5.4f 68.1fe 4.0f 67.8cd
50 AgNPs 3.5¢g 66.6f 3.2¢g 64.5¢
AuNPs 6.6c 73.1bc 7.1bc 70.4a
AuNPs 6.4c 70.2de 7.3b 71.2a
5 AuNPs 7.3a 74.8ab 8.0a 71.4a
10 AuNPs 6.9b 71.4cd 7.1bc 70.9a
20 AuNPs 5.9e 66.8f 6.8cd 67.2cd
50 AuNPs 5.2f 67.3f 6.6d 66.4de
LSD o5 0.25 2.33 0.38 2.41

a—c Values followed by the same letter are not significantly different at p<0.05 according to the LSD (least

significant differences) Tukey test

Fig.2 Lavender propagated
on control media (a) and with
50 mg dm™ AgNPs, secretory
structures under magnifica-
tion x 1000 (b)

AgNPs ranged from 39.1 to 88.9% depending on the metal
concentration. In plants exposed to AuNPs the rooting rate
was lower and reached from 47.6% (10 mg dm™3AuNPs)
to 12.5% (50 mg dm~> AuNPs). Roots developed in the
media supplemented with AgNPs and AuNPs were usu-
ally longer than in the control (1.70 cm), and their length
differed from 2.62 cm (2 mg dm~> AgNPs) to 4.77 cm
(10 mg dm™3 AgNPs).

@ Springer

The plants exposed to 5 mg dm™ AgNPs developed
roots of similar length to the control ones. The Results pre-
sented in Table 2 indicate the significant effects of AuNPs
and AgNPs on the number and diameter of secretory tri-
chomes on the abaxial and adaxial surface of lavender leaves

(Fig. 2). Low concentrations of NPs significantly increased
the number of trichomes. They were the most abundant
in the media containing 5 mg dm~ AuNPs (7.3 and 8 on
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adaxial and abaxial surface, respectively). Lavender plants
treated with 50 mg dm~ AgNPs developed the lowest
number of trichomes (3.5 and 3.2 per adaxial and abaxial
surface, respectively). The diameter of trichomes formed
on the adaxial surface was greatest in the media enriched
with 2 mg dm~> AgNPs and 5 mg dm~> AuNPs (76.3 and
74.8 um, respectively), and smallest (64.2 um) in the media
enriched with 5 mg dm™> AgNPs. These differences were
significant. Higher concentrations of NPs did not increase
the diameter of the secretory trichomes on the adaxial sur-
face of lavender leaf blades compared to the control medium.
The diameter of trichomes formed on the abaxial surface
of the leaf blade was also the greatest in plants exposed to
5 mg dm™ AuNPs (71.4 um), 2 mg dm~> AuNPs (71.2 um),
10 mg dm~> AuNPs (70.9 um), and 1 mg dm=> AuNPs and
AgNPs (70.4 and 69.4 um). Similarly to the trichomes on the
adaxial surface, those on the abaxial surface had the smallest
diameter in the presence of 5 mg dm™ AgNPs (64.2 um),
which differed significantly from those in plants exposed to
50 mg dm~> AgNPs and AuNPs and 10 mg dm~> AgNPs.

Discussion

Nanometal particles show a strong affinity to plant tis-
sues and they activate enzymatic pathways responsible for
the production of secondary metabolites (Shakeran et al.
2015). They also contribute to the peroxidation of cellu-
lar membranes in plant cells and affect the expression of
genes responsible for the production of biologically active
compounds (Raei et al. 2014). Oxidative stress induced
by heavy metal molecules may stimulate secretion of sec-
ondary metabolites by plant cells. However, high concen-
trations of NPs may cause damage to the cell wall and
plasma membrane, and disturb different plant processes
(Mirzajani et al. 2013). Our study demonstrated that the
addition of AuNP and AgNPs to the culture media signifi-
cantly affected growth and development of narrow-leaved
lavender cultivated in vitro. The effects depended on
metal concentration and NP type. The lowest concentra-
tion of nanogold (1 mg dm™) in the nutrient medium had
a growth-stimulating effect. In our study, lavender plants
growing in the presence of the lowest concentrations of
NPs (1-5 mg dm~ AgNPs and 1-2 mg dm™> AuNPs)
developed shoots of similar length to the control plants.
Also, Timoteo et al. (2019) did not prove the toxic effect of
low concentrations of AgNPs on the development of Cam-
pomanesia rufa plants in in vitro cultures. Also, AuNPs at
50 mg dm~> caused visible changes in plant appearance,
which were not observed for AgNPs. Feichtmeier et al.
(2015) described visible toxic effects, such as leaf yellow-
ing, root darkening and decreasing biomass, which they
attributed to increasing concentrations of AuNPs. Kumar

et al. (2013) reported that an exposure to 80 mg dm~>
AuNPs significantly improved seed germination rate,
vegetative growth and free radical scavenging activity in
Arabidopsis thaliana. Mirzajani et al. (2013) demonstrated
the toxicity of AgNPs in Oryza sativa. AgNPs of 25 nm
in diameter and a concentration of 60 mg dm~> damaged
the cell wall and root cell vacuoles. However, they were
incapable of penetrating the root cells when present at low
concentrations (up to 30 mg dm~%). The authors proved
that AgNPs at 30 mg dm™ accelerated root development,
while at 60 mg dm™ it significantly restricted root elonga-
tion. Dimpka et al. (2013) investigated phytotoxic effects
of AgNPs in a hydroponic culture of Triticum aestivum
L., and Spinoso-Castillo et al. (2017) investigated the
development of Vanilla planifolia in temporary immer-
sion systems. As in our study, they confirmed toxicity of
nanosilver in plants but only at high concentrations. Our
experiments revealed that root system development was
inhibited at concentrations as low as 20 mg dm~> AuNPs.
Qian et al. (2013) demonstrated that AgNPs at 0.2, 0.5
and 3 mg dm~? inhibited root growth, reduced the content
of chlorophyll a, chlorophyll b, and total chlorophyll, and
altered transcription of antioxidant and aquaporin related
genes in A. thaliana. In our study, low concentrations of
both NPs stimulated lavender root elongation. This dispar-
ity may be due to the different diameters of experimental
NPs.

The elongation of the root system could be caused by
the stress reaction of plants and in response to the produc-
tion of phytohormones. Recently, it was recognised that a
broad range of nano-optimal environmental conditions can
induce generic, “stress induced morphogenic responses”
(SIMRs) such as alerted root elongation. Key components
of the SIMR control mechanism are reactive oxygen species
(ROS) and the phytohormone: auxin (Potters et al. 2007).
ROS molecules serve as signals to coordinate a wide range
of plant cellular events, including hormone perception and
transduction (Geche et al. 2006). Furthermore, ROS plays
a positive role in ABA signaling, which plays a key role in
lateral root development when plants are exposed to envi-
ronmental stress (De Smet et al. 2003, 2006). Rezvani et al.
(2012) proved that in under flooding conditions, AgNP may
promote root growth by blocking ethylene (ET) signaling
in Crocus sativus. Syu et al. (2014) proved that different
morphologies of AgNPs exhibited different levels of phyto-
stimulatory effects in A. thaliana. Moreover, it was demon-
strated that AgNPs interacted with genes that are involved
cell proliferation, photosynthesis, and hormone signaling,
including auxin, ABA and ET.

Our experiment demonstrated the significant effects of
AgNP and AuNPs on the number and size of oil glands
formed on the leaves of narrow-leaved lavender cultured
in vitro.
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The increase in the number of trichomes may be associ-
ated with a change in the level of endogenous phytohor-
mones under the influence of NPs.

NPs of metals present in the environment affect the
level of phytohormones in plants. For instant, in the
research of Vinkovié et al. (2017), was demonstrated sig-
nificant increase in levels of cytokinins in pepper plants
(Capsicum annuum L.) exposed to AgNPs. Phytohormones
modulates epidermal differentiation programs and inter-
fere with trichome maturation and their size (Maes and
Gossens 2010; Maes et al. 2008). Phytohormones that have
a positive effect on the formation of trichomes are primar-
ily cytokinins (Ishida et al. 2008), gibberellins (Perazza
et al. 1998) and jasmonic acid (Traw and Bergelson 2003).
Gazdovska-Simic et al. (2013) also proved that elicitation
with polysaccharides such as chitin, pectin and dextran
changed the morphology of secretory structures in Hyperi-
cum perforatum L.

In conclusion, it can be stated that AgNP and AuNPs
had a significantly improved the growth and development
of narrow-leaved lavender propagated in vitro. Enriching
the culture media with AuNP or AgNPs stimulates for-
mation of shoots and increases plant weight. Only high
concentrations of these NPs (20 and 50 mg dm™) in the
culture media are toxic to lavender plants as manifested by
restricted shoot length and decreased pacheters of other
morphological features. AuNPs at concentrations up to
5 mg dm~? stimulate shoot elongation. The addition of NPs
has a positive effect on lavender root system development.
The number and size of secretory trichomes formed on the
leaves of narrow-leaved lavender grown in in vitro cultures
depends on the concentration of AgNP or AuNPs in the
media. Low concentrations of AgNPs and AuNPs stimu-
late the formation of secretory trichomes and enlarge their
diameter on both sides of the leaf blade, but this effect is
greater when AuNPs are used. In view of the observed
lack of a highly toxic effect on the development of narrow-
leaved lavender plants on media supplemented with low
concentrations of AgNPs and AuNPs, this method can
be used to produce a large amount of biomass, which is
necessary to isolate essential oils. However, in order to
be used commercially, depending on the proposed use,
it would be necessary to determine the content of NPs in
essential oils and to examine their potential toxicity.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.
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Abstract: The aim of this study was to determine how the addition of gold and silver nanoparticles
to culture media affects the composition of essential oils extracted from Lavandula angustifolia
propagated on MS media with the addition of 10 and 50 mg-dm~2 of gold (24.2 + 2.4 nm) and
silver (27.5 & 4.8 nm) nanocolloids. The oil extracted from the lavender tissues propagated on the
medium with 10 mg-dm~3 AgNPs (silver nanoparticles) differed the most with respect to the control;
0il-10 compounds were not found at all, and 13 others were detected which were not present in
the control oil. The addition of AuNPs (gold nanoparticles) and AgNPs to the media resulted in
a decrease of lower molecular weight compounds (e.g., «- and 3-pinene, camphene, 5-3-carene,
p-cymene, 1,8-cineole, trans-pinocarveol, camphoriborneol), which were replaced by those of a higher
molecular weight (- and «-cadinol 9-cedranone, cadalene, x-bisabolol, cis-14-nor-muurol-5-en-4-one,
(E,E)-farnesol).

Keywords: nanoparticles; secondary metabolites; shoot cultures; micropropagation; elicitor

1. Introduction

Nanotechnology has become one of the fastest growing interdisciplinary fields of science today.
Nanoparticles, i.e., compounds or elements reduced to the size of less than 100 nanometers, differ in
terms of their atomic structure compared to the material they are derived from, and also differ in terms
of their physical, chemical, and biological properties. The most important advantage of nanoparticles
is a high surface-to-volume ratio, which tends to increase with the reduction in their diameter, whereby
nanoparticles demonstrate very high chemical activity [1]. Their highly developed active surface area
significantly affects their adsorption properties, material reactivity, and antimicrobial properties [2].

The most widely used and known nanoparticles are those of precious metals: Gold and silver.
They undergo various processes which are not observed in macroscopic environments. Nanosilver
has antimicrobial (antifungal and antibacterial) properties. Gold in its nanoform offers therapeutic
effects due to its ease to penetrate body cells where it strongly stimulates their regeneration [3,4].
Nanoparticles of precious metals form stable colloidal solutions, which can be applied to plant in vitro
cultures [5].
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Nanoparticles are easily absorbed and accumulated by plants. The processes of nanopenetration
into the cells of living organisms are still to be explored in detail. However, it has been confirmed they
enter certain cells through endocytosis or through pass through surface pores in plant cell walls [6,7].
The selective properties of cell walls enable the transport of particles measuring from 5 to 20 nm,
allowing nanoparticles to easily penetrate cells and spread throughout the entire organism, ultimately
affecting biological processes occurring in the cells [8].

With their unique nanostructural properties, these materials are used in many key industries,
such as pharmaceuticals, electronics, cosmetology, medicine, environmental protection, textiles,
and packaging. They are also applied in biotechnology, and recently, in plant in vitro cultures [9].
Nanosilver is used in plant in vitro cultures at the culture initiation stage to prevent contaminations,
offering a viable alternative to antibiotics used in plant micropropagation [10].

Ongoing studies are attempting to determine the suitability of nanoparticles as elicitors in the
in vitro cultures. Currently used elicitors are either biotic agents derived from biological sources, such
as components of fungal and bacterial cell wall structures (polysaccharides, glycoproteins, inactivated
enzymes, curdlan, chitosan), or abiotic factors of chemical or physical origin (heavy metal salts,
osmotic stress, mechanical damage, ultraviolet radiation) [11]. Nanometal particles have shown a high
capacity for attaching to plant tissues and activate enzymatic pathways responsible for the production
of secondary metabolites [12]. They also contribute to the peroxidation of cellular membranes in
plant cells and influence the expression of genes responsible for the production of biologically active
compounds [13].

So far, attempts to use gold and silver nanocolloids as elicitors in plant in vitro cultures have been
limited. The addition of these substances increased the production of secondary metabolites in the
cultures of Salvia miltiorrhiza [14], Artemisia annua [15], Brugmensia candida [16], Corylus avellana [17],
Prunella vulgaris [18], and Aloe vera [13]. The influence of nanoparticles on plants depends on several
factors, such as plant species, its age, growing conditions, culture medium, exposure time of the plant
to nanomaterial, and administration method.

Essential oils constitute mixtures of volatile compounds, sesquiterpenes, and primarily
monoterpenes [19]. The main components of the essential oils isolated from L. angustifolia tissue
are, among others, linalool, borneol, geraniol, and linalool acetate [20,21]. The composition of an
essential oil depends mainly on the plant genotype, yet its composition may differ under the influence
of developmental and environmental factors, i.e., sun exposure, plant age, seedling collection method
or essential oil isolation method [22,23].

There have been no literature reports so far regarding the influence of nanoparticles on the
production of essential oils by plants propagated in in vitro cultures. The studies by Hatami et al. [24]
and Ghanati and Bakhtarian [25] show that the application of metal nanoparticles to plants growing
under natural conditions results in a change in the essential oil content extracted from their tissues.
The aim of this study was to verify how gold and silver nanocolloids influence the composition of
essential oils in narrow-leaved lavender (Lavandula angustifolia) propagated in in vitro cultures.

2. Results and Discussion

Hydrodistillation of the dried leafy shoots of Lavandula angustifolia generated pale yellow liquids
with a yield from 0.81% (10 mg-dm~3 AuNPs) to 1.27% (10 Ag mg-dm~3 NPs) (Table 1). Interestingly,
the results of this study are comparable with those obtained from lavender flowers. Kara and
Baydar [26] studied four lavender cultivars and indicated that the oil content varied from 0.35 to 2.0%.
Zheljazkov et al. [27] reported the content of volatile oil in dried flowers to range from 0.71 to 1.30%.
However, the content of volatile oil in the leaves of lavender cultivated in Northwest Iran (0.64%) was
lower when compared with the results discussed herein [28].
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Table 1. Essential oil content in lavender plants as a function of medium used.

Medium [mg-dm—3] Essential Oil Content (%w/w)
0—control 1.15
50 Au 0.95
10 Au 0.81
50 Ag 0.82
10 Ag 1.27

The chemical composition of L. angustifolia essential oils is shown in Tables 2 and 3,
where the percentage composition and retention indices of the constituents are given. A total
of 97 different compounds representing 99.29-99.95% of the oils were identified. The main
volatile constituents were: Borneol (12.14-16.46%), T-cadinol (12.96-16.63%), caryophyllene oxide
(8.79-12.23%), y-cadinene (4.54-6.08%), and 1,8-cineole (2.80-4.58%). Other important constituents
were: Cis-14-nor-muurol-5-en-4-one (2.68-4.45%), -pinene (1.93-3.14%), camphor (2.05-2.79%),
and «-santalene (1.42-2.64%). The extracted oils were the most abundant in oxygenated sesquiterpenes
(36.34-43.36%), followed by oxygenated monoterpenes (27.77-38.23%), sesquiterpene hydrocarbons
(10.27-14.35%), and monoterpene hydrocarbons (5.57-10.40%).

Table 2. Statistical analysis of main compounds.

.dm—3 .dm—3 .dm—3 .dm—3
Compound RI Control 50 mg-dm 10 mg-dm 50 mg-dm 10 mg-dm

Au Au Ag Ag
1 o-Pinene 933 1.46a 0.99b 1.03b 1.11b 0.64c
2 B-Pinene 977 3.14a 2.56b 2.25b 2.53b 1.93b
3 p-Cymene 1025 1.39a 1.18b 1.17b 0.91c 0.92c
4 1,8-Cineole 1031 4.49a 4.58a 2.80b 2.95b 2.95b
5 trans-Pinocarveol 1140 1.61a 1.65a 1.54b 1.42¢ 1.14d
6 Camphor 1145  2.75a 2.79a 2.41b 2.06c 2.05¢
7 Pinocarvone 1164 1.32a 1.36a 1.32a 1.16b 0.90c
8 Borneol 1170  16.00a 16.46a 12.78b 12.14b 12.99b
9 Myrtenol 1198 2.25a 2.35a 1.94a 2.13a 1.85a
10 Geranylacetate 1385 1.20a 1.38a 1.14a 0.5%9b 1.4la
11 «-Santalene 1422 1.90bc 1.42d 2.16b 1.74c
12 v-Cadinene 1518 497c 4.54d 5.09¢c
13 Caryophylleneoxide 1589 9.12¢c 8.54c
14 t-Cadinol 1648 12.96¢
16 «-Cadinol 1662 1.33a 1.13b
17 Cadalene 1675 1.87d 1.58e
18 cis-14-nor-Muurol-5-en-4-one 1693 2.68¢ 3.72b
19 (E,E)-Farnesol 1720 1.20d
20 Bisabolol oxide A 1750 1.97¢

I:I compounds with a significantly lower content as compared with the control oil; . compounds with a
significantly higher content as compared with the control oil; a, b, c—values followed by the same letter are not
significantly different at p < 0.05 according to the LSD (least significant differences) Tukey test.

The growing medium applied affected the percentage composition of each essential oil constituent.
The highest concentrations of borneol (16.46%) and 1,8-cineole (4.58%) were noticed in the volatile oil
isolated from plants cultivated on the medium supplemented with gold nanoparticles (50 mg-dm 3
AuNPs). Addition of silver nanoparticles (50 mg-dm~3 AgNPs) to the growing medium increased the
content of y-cadinene (6.08%) and caryophyllene oxide (12.23%) in the oil (Figure 1).
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Table 3. Relative percentage composition of lavender essential oils depending on the medium +SD (n = 3).

40f13

No. Compound RI Control 50 mg-dm 3 Au  10mg-dm3Au 50mg-dm3Ag 10mg-dm 3 Ag
1. MH  o-Thujene 927 0.09 +0.01
2. MH  «-Pinene 933 1.46 +0.16 0.99 +0.10 1.03 +0.01 1.11 +0.18 0.64 +0.04
3. MH Camphene 948 1.08 +0.16 0.78 +0.07 0.85 +0.04 0.77 +0.11 0.48 +0.03
4, MH Thuja-2,4(10)-diene 954 0.09 +0.01
5. MH  B-Thujene 971 0.33 +0.02 0.24 +0.01 0.28 +0.01 0.20 +0.00 0.21 +0.01
6. MH Sabinene 974 0.31 +0.01 0.25 +0.03 0.23 +0.01 0.23 +0.03 0.21 +0.01
7. MH [-Pinene 977 3.14 +0.26 2.56 +0.26 2.25 +0.08 2.53 +0.46 1.93 +0.09
8. MH  §-3-Carene 1010 0.93 +0.08 0.72 +0.06 0.77 +0.03 0.78 +0.10 0.59 +0.03
9. MH m-Cymene 1022 0.52 +0.05 0.45 +0.04 0.49 +0.02 0.33 +0.01 0.32b +0.01
10. MH p-Cymene 1025 1.39 +0.13 1.18 +0.10 1.17 +0.07 0.91 +0.06 0.92¢ +0.04
11. MH D-Limonene 1029 0.81 +0.11 0.33 +0.47 0.64 +0.02 0.58 +0.04 0.27a +0.38
12. OM 1,8-Cineole 1031 4.49 +0.26 4.58 +0.01 2.80 +0.12 2.95 +0.43 2.95b +0.33
13. MH +y-Terpinene 1060 0.10 +0.01 0.08 +0.01
14. OM cis-Sabinenehydrate 1068 0.070 +0.00 0.09 +0.00
15. MH o-Terpinolene 1091 0.24 +0.01 0.23 +0.00 0.27 +0.02 0.15 +0.06
16. OM Linalool 1101 0.65 +0.03 0.77 +0.05 0.55 +0.04 0.30 +0.06 0.51b +0.01
17. O o-Pineneoxide 1110 0.210 +0.01
18. OM  Fenchol 1114 0.21 +0.01 0.26 +0.01 0.16 +0.01 0.19 +0.00
19. O 3-Octanol acetate 1122 0.15 +0.00 0.15 +0.01 0.20 +0.01 0.13 +0.01
20. OM «-Campholenal 1127 0.23 +0.00 0.22 +0.01 0.24 +0.01 0.21 +0.01 0.20 +0.01
21. OM 1,2-Dihydrolinalool 1136 0.24 +0.01 0.21 +0.01 0.26 +0.01 0.20 +0.01 0.18 +0.00
22. OM  trans-Pinocarveol 1140 1.61 +0.04 1.65 +0.10 1.54 +0.08 1.42 +0.05 1.14 +0.02
23. OM Camphor 1145 2.75 +0.08 2.79 +0.21 241 +0.13 2.06 +0.13 2.05 +0.03
24. OM Pinocarvone 1164 1.32 +0.01 1.36 +0.08 1.32 +0.08 1.16 +0.01 0.90 +0.00
25. OM Borneol 1170 16.00 +0.58 16.46 +1.51 12.78 +0.44 12.14 +1.20 12.99 +0.16
26. OM  Terpinen-4-ol 1179 0.69 +0.04 0.64 +0.04 0.62 +0.01 0.60 +0.06 0.48 +0.00
27. OM p-Cymen-8-ol 1184 0.80 +0.04 0.84 +0.01 0.99 +0.06 0.57 +0.07 0.40 +0.02
28. OM Cryptone 1187 0.55 +0.25 0.71 +0.03 0.77 +0.04 0.52 +0.06 0.35 +0.01
29. OM  «-Terpineol 1193 0.66 +0.01 0.65 +0.04 0.51 +0.00 0.52 +0.06 0.41 +0.01
30. OM  Myrtenol 1198 2.25 +0.06 2.35 +0.11 1.94 +0.06 2.13 +0.22 1.85 +0.03
31. OM Verbenone 1210 0.78 +0.06 0.69 +0.08 0.61 +0.02 0.51 +0.07 0.45 +0.01
32. OM cis-Carveol 1221 0.18 +0.01 0.18 +0.00 0.24 +0.01 0.08 +0.11
33. OM  trans-Carveol 1224 0.20 +0.00 0.23 +0.01 0.23 +0.00 0.09 +0.12
34. OM Bornylformate 1229 0.86 +0.01 0.85 +0.04 0.63 +0.00 0.62 +0.02 0.91 +0.01
35. OM D-Carvone 1247 0.24 +0.00 0.24 +0.01 0.32 +0.01 0.10 +0.14 0.20 +0.02
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Table 3. Cont.

50f13

No. Compound RI Control 50 mg-dm3Au  10mg-dm3Au 50mg-dm3Ag 10mg-dm—3 Ag
36. OM Geraniol 1254 0.46 +0.01 0.43 +0.01 0.40 +0.01 0.33 +0.02 0.31 +0.01
37. OM «-Citral 1272 0.12 +0.01 0.12 +0.00 0.11 +0.01

38. OM Bornylacetate 1287 0.32 +0.01 0.29 +0.00 0.32 +0.04 0.27 +0.00 0.38 +0.03
39. OM Lavandulylacetate 1292 0.20 +0.00 0.16 +0.00 0.21 +0.01 0.19 +0.01 0.18 +0.01
40. OM Piperitenone 1341 0.11 +0.01 0.12 +0.01 0.14 +0.00 0.05 +0.06 0.12 +0.01
41. OM Nerylacetate 1367 0.10 +0.01

42.  OM Geranylacetate 1385 1.20 +0.06 1.38 +0.07 1.14 +0.06 0.59 +0.28 1.41 +0.27
43. SH  «-Cedrene 1416 0.40 +0.06 0.39 +0.04 0.45 +0.04 0.47 +0.01 0.45 +0.04
44. SH  «-Santalene 1422 1.90 +0.04 1.42 +0.02 2.16 +0.01 2.64 +0.00 1.74 +0.04
45. SH  o-Bergamotene 1438 0.28 £0.01 0.25 +0.01 0.33 £0.01 0.38 +0.02 0.29 +0.00
46. SH  Aromadendrene 1448 0.11 +0.01 0.08 +0.00 0.14 +0.00 0.14 +0.01 0.12 +0.01
47. SH (3-Santalene 1450 0.11 +0.01 0.12 +0.01 0.15 +0.01 0.10 +0.00
48. SH  trans-B-Bergamotene 1460 0.15 +0.01 0.09 +0.04 0.16 +0.06

49. SH p-Chamigrene 1463 0.11 +0.01 0.09 £0.00 0.11 £0.00 0.14 £0.01 0.12 £0.00
50. SH Di-epi-a-Cedrene 1470 0.13 40.00 0.14 +0.01 0.15 +0.00 0.15 +0.01 0.15 +0.01
51. SH cis-p-Farnesene 1488 0.10 £0.00 0.12 +0.06 0.19 +0.05 0.15 +0.04 0.16 £0.01
52. SH [-Bisabolene 1511 0.07 +0.09

53.  SH vy-Cadinene 1518 497 +0.06 4.54 +0.11 5.09 +0.03 6.08 +0.03 5.36 +0.05
54. SH  p-Sesquiphellandrene 1522 0.39 +0.01 0.44 +0.04 0.56 +0.01 0.50 +0.01 0.52 +0.01
55. SH $-Cadinene 1526 0.45 +0.01 0.42 +0.03 0.49 +0.01 0.54 +0.01 0.50 +0.02
56. SH trans-Calamenene 1533 0.24 £0.00 0.24 +0.03 0.33 £0.01 0.32 +0.03 0.35 +0.01
57. SH Cadina-1,4-diene 1536 0.53 £0.01 0.60 +0.06 0.59 +0.03 0.53 £0.02 0.60 £0.01
58.  SH «-Cadinene 1543 0.19 +0.01 0.13 +0.18
59. SH  «-Calacorene 1547 0.36 +0.01 0.52 +0.06 0.51 +0.03 0.45 +0.05 0.48 £0.01
60. SH Germacrene B 1557 0.89 +0.02 0.82 +0.07 1.14 +0.03 1.23 +0.05 0.86 +0.01
61. SH p-Calacorene 1563 0.10 +0.01 0.11 +0.03 0.06 +0.08 0.13 £0.01
62. OS  Nerolidol 1569 0.51 +0.01 0.64 +0.07 0.62 +0.02 0.60 +0.02 0.66 +0.01
63. 0] (Z)-3-Hexenyl benzoate 1579 0.63 +0.01 0.76 +0.08 0.74 +0.04 0.73 +0.01 0.76 +0.01
64. OS  Caryophylleneoxide 1589 9.12 +0.16 8.54 +0.31 11.06 +0.13 12.23 +0.21 8.79 £0.07
65. @) Hexadecane 1600 0.26 +0.01 0.30 +0.05 0.32 +0.01 0.29 +0.01 0.36 +0.01
66. OS Humuleneepoxide 1605 0.21 +0.00 0.22 +0.04 0.30 +0.01 0.28 +0.01 0.26 +0.01
67. OS  Humuleneepoxide II 1613 0.65 £0.02 0.69 +0.06 0.87 £0.01 0.89 +0.04 0.80 £0.01
68. OS  epi-Cubenol 1619 1.55 +0.04 1.73 +0.12 1.70 +0.04 1.77 +0.08 2.01 +0.01
69. OS  y-Eudesmol 1628 0.25 +0.01 0.28 +0.04 0.32 +0.03 0.29 +0.01 0.20 +0.02
70. OS  Isospathulenol 1638 0.17 +0.04 0.24 +0.02 0.25 +0.03 0.18 +0.01
71. OS  Caryophylla-4(12),8(13)-dien-543-ol 1642 0.30 £0.00 0.47 +0.04 0.26 +0.37 0.62 +0.12
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6 of 13

No. Compound RI Control 50 mg-dm3Au  10mg-dm3Au 50mg-dm3Ag 10mg-dm 3 Ag
72.  OS 1-Cadinol 1648  12.96 +0.69 14.35 +0.64 13.65 +0.14 14.17 +0.69 16.63 +0.06
73.  OS  a-Muurolol 1655 0.44 +0.02 0.47 +0.06 0.54 +0.01 0.53 +0.00 0.59 +0.00
74.  OS  «a-Eudesmol 1659 0.46 +0.03 0.51 +0.06 0.55 +0.01 0.53 +0.07 0.69 +0.01
75.  0OS  «a-Cadinol 1662 1.33 +0.04 1.13 +0.06 1.35 +0.06 1.36 +0.02 1.08 +0.04
76. OS  9-Cedranone 1667 1.13 +0.04 1.29 +0.16 1.33 +0.01 1.37 +0.06 1.41 +0.07
77. O  Cadalene 1675 1.87 +0.05 1.58 +0.16 2.34 +0.04 2.53 +0.18 2.03 £0.01
78. OS  «a-Bisabolol 1681 0.77 +0.04 0.87 +0.09 0.96 +0.03 0.92 +0.04 0.91 +0.00
79. OS epi-a-Bisabolol 1691 0.69 +0.03 0.38 +0.53
80. OS cis-14-nor-Muurol-5-en-4-one 1693 2.68 +0.08 3.72 +0.22 3.72 +0.05 3.37 +0.7 4.45 +0.03
81. O  Heptadecane 1703 0.28 +0.05 0.30 +0.01 0.13 +0.18 0.31 +0.00
82. O  5-Ethyl-5-methylpentadecane 1709 0.27 +0.01 0.31 +0.06 0.38 +0.01 0.33 +0.03 0.41 +0.01
83. O  Pentadecanal 1714 0.46 +0.04 0.53 £0.07 0.57 +0.01 0.52 +0.01 0.68 +0.01
84. OS (E,E)-Farnesol 1720 1.20 +0.07 1.43 +0.14 1.32 +0.04 1.45 +0.04 1.57 £0.02
85. O  5-Phenyldodecane 1733 0.50 +0.05 0.55 +0.13 0.68 +0.02 0.62 +0.03 0.81 £0.01
86. OS Bisabolol oxide A 1750 1.97 +0.12 2.26 +0.27 2.23 +0.03 2.13 +0.12 2.60 +0.03
87. 0OS (E)-a-Atlantone 1777 0.12 +0.02 0.19 +0.03 0.19 +0.00 0.22 +0.03 0.23 +0.05
88. O Octadecane 1805 0.13 +0.02 0.20 +0.03 0.27 +0.02
89. DT Phytane 1811 0.21 +0.00
90. O  Diisobutylphthalate 1872 0.24 +0.01 0.25 +0.08 0.33 +0.01
91. DT m-Camphorene 1957 0.14 +0.01 0.26 +0.02
92. O  Eicosane 2003 0.12 +0.08
93. O  Octadecanal 2021 0.20 +0.03
94. O  1-Octadecanol 2088 0.29 +0.03 0.66 +0.08
95. O 1-Tricosene 2296 0.31 +0.16
96. O  Tricosane 2300 0.25 +0.13 0.44 +0.09
97. O  2-Heneicosanone 2307 0.66 +0.20 0.84 +0.21 222 +0.35
Total identified [No.] 82 81 81 83 83
Total identified [%] 99.29 99.95 99.95 99.69 99.72
Monoterpene hydrocarbnons (MH) 10.40 7.90 7.98 7.59 5.57
Oxygenated monoterpenes (OM) 37.19 38.23 31.34 27.77 28.65
Sesquiterpene hydrocarbons (SH) 11.22 10.27 12.36 14.35 12.06
Oxygenated sesquiterpenes (OS) 36.34 38.96 41.21 43.36 43.06
Diterpenes (DT) - - 0.14 - 0.47
Other (O) 414 4.59 6.92 6.62 9.91

RI: Retention indices relative to n-alkanes (C7-C49) on HP-5MS capillary column; -: Not detected.
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Figure 1. Plants of Lavandula angustifolia Mill. propagated on medium with 50 mg-dm~3 AuNPs.

However, the percentage content of camphor was lower in the plants cultivated on the medium
supplemented with AgNPs (10 and 50 mg-dm~—2). Moreover, volatile oil derived from lavender
cultivated on MS medium was richer in -pinene (3.14%), x-pinene (1.46%), p-cymene (1.39%),
camphene (1.08%), and 8-3-carene (0.93%).

Phytochemical studies revealed that linalool (9.3-68.8%) and linalyl acetates (1.2-59.4%) were the
main components of the aerial parts and flowers of Lavandula angustifolia [29,30]. However, the essential
oil obtained from plants cultivated in North Africa [31] had 1,8-cineole (29.4%) and camphor (24.6%) as
the major constituents. 1,8-cineole (65.4%) and borneol (11.5%) dominated in the essential oils isolated
from the leaves of L. angustifolia collected near Isfahan, Iran [32]. Borneol was the main compound in
the essential oils isolated from leafy stems of three lavender cultivars propagated in in vitro cultures:
‘Blue River’ (25.75%), ‘Elegance Purple’ (32.17%), and Munstead (13.38%) [33].

The percentage contents of linalool (0.30-0.77%), 1,8-cineole (2.80-4.58%), and camphor
(2.05-2.79%) found in volatile oils in this study were much lower than the results reported in the
referenced literature. Essential oils isolated from plants grown on control medium and 50 mg-dm 3
AuNPs medium were the only ones with higher borneol content (16.00-16.46%) compared with the
results obtained by Andrys and Kulpa [29]. Linalool, lavandulol, and their esters (linalyl acetate and
lavandulyl acetate) are responsible for the fresh and floral smell of lavender oil. Moreover, the quality
of oil depends on both a high content of linalool and linalyl acetate and their mutual proportions
(preferably higher than 1) [34].

Contrary to the results obtained by other researches, lavandulol and linalyl acetate were not
detected in the oils in this study, and the content of lavandulyl acetate did not exceed 0.21%.
The data reported in the literature indicated that many terpenoids are biologically active and are
used medicinally [35]. Camphor, with its specific camphoraceous odor, is used commercially as a moth
repellent and as a preservative in pharmaceuticals and cosmetics [36]. Borneol, a widely-used food
and cosmetic additive, possesses analgesic, anti-inflammatory, and antibacterial properties [37,38]. It is
well known that 1,8-cineole and camphor are responsible for the insecticidal activity of the plants from
Lavandula genus [39]. Based on these facts, it can be stated that the volatile oils extracted from leafy
shoots of L. angustifolia may have commercial applications.
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The oil extracted from the tissues of lavender propagated on the culture medium which was
supplemented with 10 mg-dm ™3 of AgNPs differed the most with respect to the control culture (plants
propagated on the culture medium with no nanoparticles) in terms of the number of compounds:
While 10 compounds were not found in it at all, 13 others were detected which were not observed in
the control oil. The addition of AuNPs and AgNPs to the media resulted in a decrease in compounds
with lower molecular weight (e.g., - and 3-pinene, camphene, 6-3-carene, p-cymene, 1,8-cineole
(eucalyptol), trans-pinocarveol, camphor, and borneol), which were replaced by those of higher
molecular weight (- and «-cadinol 9-cedranone, cadalene, x-bisabolol, cis-14-nor-Muurol-5-en-4-one,
(E,E)-farnesol).

Heavy metal nanocolloids that have been recently used in plant in vitro cultures, as elicitors
provoke the production of secondary metabolites. There are research reports confirming that these
particles are capable of eliciting responses in plants consistent with those generated when typical
elicitors are used [40,41]. It is commonly believed that the production of secondary metabolites
in plants is significantly affected by environmental stress. Biotic and abiotic stresses delay cellular
differentiation through the production of reactive oxygen species (ROS), which directly destroy cells
by producing secondary metabolites [42,43]. The researchers suggest that oxidative stress induced
by nanoparticles is correlated with the production of secondary metabolites in plants. Due to their
small size, nanocolloids can easily attach to plant cell walls, destroy them, change their permeability,
and thus significantly affect cellular metabolism [13]. Zhang et al. [14] confirmed the effectiveness of
silver as an elicitor using silver ions in the production of diterpenoids in the cultures of root hairs of
Salvia miltiorrhiza genus. The addition of silver to the culture media of root hairs resulted in an increase
in the production of reactive oxygen species. Activation of ROS-based mechanisms following exposure
of plants from Calendula officinalis L. genus to nanoparticles was also confirmed by Ghanati and
Bakhtiarian [20] in the production of secondary metabolites. Fazal et al. [18] demonstrated that a callus
of Prunella vulgaris genus treated with silver and gold nanocolloids produced significant quantities of
antioxidant enzymes, such as POD and SOD, as well as phenolic and flavonoid compounds that are
directly related to the protection of plants against environmental stress. Silver nanocolloids were used
to produce capsaicin from Capsicum sp. and resulted in a significant increase in the production of this
compound [44]. Hemm et al. [45] and Liu et al. [46] showed that growth regulators combined with
elicitors resulted in a larger organogenic potential of plants and increased the production of primary
and secondary metabolites.

The study showed that the addition of gold and silver nanocolloids to the culture media
significantly affected the composition of essential oil derived from narrow-leaved lavender cultivated
in in vitro cultures. In the oils extracted from plants propagated in vitro on culture media with
the addition of nanoparticles, a variety of compounds were identified that were not present in the
oil derived from plants grown on the control medium. The above suggests that gold and silver
nanoparticles can be successfully used to obtain essential oils of different composition which may
result in different properties: Fragrance and, above all, antioxidant and antimicrobial activity, but the
latter requires further studies. It is also necessary to determine the toxicity of nanoparticles in relation
to plant tissues.

3. Material and Methods

3.1. Nanoparticles

Aqueous suspensions of gold and silver nanoparticles were synthesized using Turkevich et al. [47]
and Liu et al.’s [48] methods with modified synthesis conditions and a two-stage microwave-convection
heating method. For this purpose, aqueous mixtures of 0.903 g-dm~2 of sodium citrate with
2.378 g-dm~2 of tetrachloroauric acid (HAuCly), and 1.189 g-dm~3 of silver nitrate (AgNO3),
respectively, were prepared. After their purification with a small (0.2 um) pore antibacterial filter
(Sartorius, Goettingen, Germany), they were placed in a microwave (MX 245), where they were stirred
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and heated to 100 °C at 800 W, which allowed for reaching a heating rate of approx. 1.6 °C/s. Once
the preset temperature was reached, the mixture was kept in the microwave for an additional 20 s,
and then placed in HBR 4 digital IKAMAG heating bath (IKA, Staufen, Germany), where it was
stirred with a magnetic stirrer and incubated at 95 °C for an additional 15 min. It was then gradually
cooled to room temperature (0.8 °C/min). To obtain a similar distribution of nanoparticle diameters,
the resulting mixtures were homogenized in a centrifugal force field in Beckmann JA-20 centrifuge
to obtain similar nanoparticle concentrations in both mixtures. Once their spectra were plotted with
UV-VIS EPOCH microplate spectrophotometer (BioTek, Bad Friedrichshall, Germany), the optical
density of the fractions obtained was adjusted to a common DEV value, using the following spectra
absorbance maxima Amax = 520 nm and Amax = 445 nm for gold and silver colloids, respectively
(Figure 2). The similarities in morphology, shape, and size of the synthesized and prepared gold
(24.2 £ 2.4 nm) and silver (27.5 £ 4.8 nm) nanoparticles were assessed after their application to the
surface of a nylon membrane (Supelco, Park Bellefonte, PA, USA) and through an analysis of images
from a scanning electron microscope (SEM, FEI Quanta 200 FEG model) (FEI Company, Tokyo, Japan,
Figure 3).

Coll Au
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- 1.0
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+ 0.8
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|
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Figure 2. UV-VIS spectral spectra of the fraction of 4-5000 x g of gold and colloidal silver.

500.0nm
Probka 1

Figure 3. View of nanoparticles of gold colloids (a) and silver (b) after fractionation and placement
on a nylon diaphragm (Supelco, Park Bellefonte, PA, USA) made with a help of FEI Quanta 200 FEG
scanning electron microscope. The magnification applied to the observed colloidal gold and silver
50,000 (a) and 150,000 (b) times, respectively.
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3.2. In Vitro Cultures

The materials examined in this study were plants of narrow-leaved lavender (Lavendula
angustifolia), ‘Munstead’ cultivar. Single-node shoot fragments with a length of 1-1.5 cm were put
in glass jars with a capacity of 300 mL, filled with 30 mL of the medium. The media, with a mineral
composition developed by Murashige and Skoog [49] (MS media), were supplemented with 2 mg-dm 3
kinetin (KIN) and 0.2 mg~dm’3 indole-3-acetic acid (IAA) [50] with the addition of gold (AuNPs) with
a diameter of 24.2 & 2.4 nm and silver (AgNPs) with a diameter of 27.5 £ 4.8 nm nanocolloids with
the concentrations of: 10 and 50 mg-dm 3, respectively. Furthermore, the media were supplemented
with: 30 g-dm 3 of sucrose, 100 mg-dm 3 of inositol, and solidified with agar at 7 g-dm 3. Medium
pH was set at 5.7 using 0.1 M solutions of HCl and NaOH. The jars were sterilized at 121 °C for 20 min.
The jars with cultures were placed in a phytotron, with a humidity of 70-80% and temperature of 24 °C.
The cultures were illuminated for 16 h a day, and the illuminance was kept at 35 ptEM 25~ PAR.

3.3. Extraction of Essential Oils

Fifteen grams of the entire dried aerial parts of lavender were placed in 1000 mL round-bottomed
flasks along with 400 mL of distilled water and subjected to hydrodistillation (3 replicates) for two hours
using a Clevenger apparatus as recommended by the European Pharmacopoeia 5.0 [51]. The essential
oil extracts were dried over anhydrous sodium sulfate, filtered, weighed and stored in dark sealed
vials at 4 °C until gas chromatography/mass spectrometry (GC-MS) analysis was performed. Essential
oil percentage was calculated based on the dry weight of plant material and expressed as (% w/w) in
Table 1.

3.4. Gas Chromatography/Mass Spectrometry (GC-MS) Analyses of Essential Oils

The qualitative GC-MS analysis of the extracted essential oils was carried out using HP 6890
gas chromatograph coupled with HP 5973 Mass Selective Detector (Agilent Technologies, Foster
City, CA, USA) operating in 70 eV mode. Samples of 2 puL (40 mg of oil dissolved in 1.5 mL of
dichloromethane) were injected in a split mode at a ratio of 5:1. The compounds were separated on a
30 m long capillary column (HP-5MS), 0.25 mm in diameter and with 0.25 pm thick stationary phase
film ((5% phenyl)-methylpolysiloxane).

The flow rate of helium through the column was kept at 1.2 mL-min~!. The initial temperature
of the column was 45 °C, then it was increased to 200 °C at a rate of 5 °C-min~! (kept constant for
10 min), and then heated up to a final temperature of 250 °C at a rate of 5 °C min~!. The oven was kept
at this temperature for 20 min. The injector temperature was 250 °C, the transfer line temperature was
280 °C, and the ion source temperature was 230 °C. The solvent delay was 4 min. The scan range of
the MSD was set at 40 to 550 m/z. The total running time for a sample was about 71 min. The relative
percentage of the essential oil constituents was evaluated from the total peak area (TIC) by apparatus
software [52,53]. Essential oil constituents were identified by comparison of their mass spectra with
those stored in the Wiley NBS75K.L and NIST/EPA /NIH (2002 version, National Institute of Standards
and Technology, Gaithersburg, MD, USA) mass spectral libraries using various search engines (PBM,
Nist02). The identity of compounds was also confirmed by comparison of their calculated retention
indices with those reported in NIST Chemistry WebBook (http://webbook.nist.gov/chemistry /). For
retention indices (RI) calculation [54,55], a mixture of homologus series of n-alkanes C7-Cy4g (Supelco,
Bellefonte, PA, USA) was used, under the same chromatographic conditions which were applied for
the analysis of the lavender essential oils.
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Abstract: The aim of this study was to determine the effect of gold and silver nanoparticles on the
activity of antioxidant enzymes (ascorbate peroxidase (APX), superoxide dismutase (SOD), guaiacol
peroxidase (POX), and catalase (CAT)), the free radical scavenging capacity, and the total polyphenol
capacity of lavender (Lavandula angustifolia Mill.) cultivar “Munstead” propagated in vitro. In the
experiment, fragments of lavender plants were cultivated in vitro on medium with the addition of
1, 2,5, 10, 20, and 50 mgodm_g' of AgNPs or AuNPs (particle sizes 24.2 + 2.4 and 27.5 + 4.8 nm,
respectively). It was found that the nanoparticles increase the activity of the antioxidant enzymes
APX and SOD; however, the reaction depends on the NP concentration. The highest APX activity
is found in plants propagated on media with 2 and 5 mg-dm=3 of AgNPs. AuNPs significantly
increase the APX activity when added to media with a concentration of 10 mg-dm~3. The highest
SOD activity is recorded at 2 and 5 mg-dm~2 AgNP and AuNP concentrations. The addition of higher
concentrations of nanoparticles to culture media results in a decrease in the APX and SOD activity.
The addition of AuNPs to culture media at concentrations from 2 to 50 mg-dm~2 increases the POX
activity in comparison to its activity when AgNPs are added to the culture media. No significant
influence of NPs on the increase in CAT activity was demonstrated. AgNPs and AuNPs increased the
free radical scavenging capacity (ABTS®*). The addition of NPs at concentrations of 2 and 5 mg-dm~>
increased the production of polyphenols; however, in lower concentrations it decreased their content
in lavender tissues.

Keywords: gold; silver; nanoparticles; antioxidant enzymes; free radical scavenging; shoot
propagation; elicitation; micropropagation

1. Introduction

True lavender (Lavandula angustifolia), classified in the mint family (Lamiaceae), is an evergreen
shrub native to southern Europe, primarily the Mediterranean region. It is commercially cultivated in,
among other places, France, Portugal, Poland, Spain, Hungary, the UK, Bulgaria, Australia, China,
and the USA [1-3]. Essential oil with the characteristic aroma is one of the most important commercial
components of true lavender, as it is used in the food, perfume, and the cosmetic industry [4-6].
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Lavender oil is a mixture of chemical substances comprising primarily mono- and sesquiterpene
compounds, exhibiting a complex therapeutic effect [7,8]. It is commonly used individually or as
an additive in aromatherapy and folk and conventional medicine [9-12]. Numerous studies have
confirmed the bactericidal and fungicidal properties of lavender oil toward Staphylococcus aureus,
Enterococcus, Aspergillus nidulans and even Trichophyton metangrophytes, which is considered to be
resistant to certain synthetic antibiotics [1]. In addition, lavender oil is characterized by analgesic,
sedative, anticancer, and anti-inflammatory properties. It is a perfect agent to control digestive
disorders and helps to combat skin disorders of various origins [10]. A study has also proven its
effectiveness in alleviating depression symptoms [13].

Nowadays, the production of high-quality propagation materials, free of viruses and identical
to parent plants, is ensured by biotechnological methods, including in vitro plant culture. Plants
propagated in vitro are genetically uniform, which is of special importance for the production of
secondary metabolites [14,15]. The large-scale production of lavender requires efficient in vitro
propagation techniques to avoid the overexploitation of natural populations and allow the application
of biotechnology-based approaches for plant improvement and the production of valuable secondary
metabolites [16].

A series of studies have confirmed that medicinal plants propagated in vitro are characterized by
different contents and compositions of essential oils [16-19]. The composition of secondary metabolites
can also be changed using biotic and abiotic elicitors. These elicitors induce a series of physiological
reactions in the plant and stimulate the production of secondary metabolites [20,21].

Nanotechnology has been applied in many fields of science and industry as a matter of specific
qualities that have been identified by nanoparticles [22]. Nanometals are increasingly used in
commercial products, including in the production of drugs and cosmetics and as transporting
molecules, biosensors, or drug delivery agents [23-25]. They are also used in optoelectronics,
nano-devices, and nanoelectronics. Their antibacterial properties have found application in medicine,
water treatment, and food processing [26]. Resent research describe the wide use of nanosilver and
gold in medicine [27-30].

They are valued for their unique physical and chemical properties (e.g., a higher surface to
volume ratio, atypical surface structure, increased reactivity), and for their specific impact on biological
tissues [31-36].

In recent times, particular attention has been paid to the use of nanotechnology in in vitro cultures.
Nanoparticles have been mainly used as antimicrobial agents for sterilization and prevention of
contamination of plant cultures in vitro [37]. In recent years, their influence on seed germination and
plant growth has been increasingly studied [38—40]. The influences of copper (Cu), zinc (Zn), iron (Fe),
titanium (Ti), and aluminium (Al) nanoparticles on plants are widely described among other things in
Phaseolus radiatus [41], Stevia rebaudiana [42], Sinapis alba, Lepidium sativum, [43], Cicer arietinum [44],
and Nicotiana tabacum [45]. However, the influence of nanoparticles of two metals, silver and gold,
is most often studied. Ag and Au nanoparticles have been selected because of the features related
to their commercial applicability—their low price, easy availability, and high stability in aqueous
solutions—and the numerous studies indicating their low toxicity [46]. The effect of nanoparticles
on plant development has been determined, such as the influence of silver nanoparticles on Solanum
tuberosum [47] and Eichhornia crassipes [48] and gold nanoparticles on Brassica juncea [49], Artemisia
absinthium, and Vigna radiata [50].

These nanoparticles are among the latest currently studied elicitors [51-53]. It has been proven
that metal nanoparticles are highly reactive toward plants. Due to their small size, they can easily
penetrate the cell membrane and accumulate inside the cell [54]. The properties of nanoparticles are
strongly dependent on many factors, such as their method of preparation, the temperature at which
they are prepared, and the surfactants used for capping [55].

Certain metal nanoparticles have a considerable impact on the physiological processes of plants,
such as seed germination, growth, and metabolism [56-59], and scientific research indicates that
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their impact can be both positive and negative. The majority of studies describe that they exhibit a
destructive influence that results in damage at the genomic level, chromosomal aberrations, cell growth
inhibition, and programmed cell death-apoptosis [60—-62]. Numerous studies have demonstrated
the phytotoxicity of metal nanoparticles leading to the activation of the antioxidative system in
plants [63,64]. Antioxidative enzymes, including guaiacol peroxidase (POX), superoxide dismutase
(SOD), catalase (CAT), ascorbate peroxidase (APX), and alternative oxidase, and other low-molecular
compounds in the form of polyphenols, vitamins, and minerals, are responsible for the inhibition of
formation or the removal of excessive reactive oxygen species (ROS) from plant organisms [65,66].

The increase in the production levels of ROS under the influence of nanoparticles has been
reported in many plants, such as Oryza sativa [67,68], Alium cepa [69], Brassica juncea [70,71], Arabidopsis
Tthaliana [72], and Nicotina tabacum [73].

The oxidative stress induced by the metal nanoparticles may influence the production and
qualitative and quantitative composition of secondary metabolites in plants [40,74]. The favorable
influence of elicitation by metal nanoparticles on the production of biologically active compounds in
plants has been confirmed by Zhang et al. [41,75] for Artemisia anuua, Sharafi et al. [42,76] for Hypericum
perforatum, and Oloumi et al. [43,77] for Glycyrrhiza glabra. Silver and gold nanoparticles have been used
as elicitors in cultures of Prunella vulgaris [78], Stevia glycosides [52], Cucumis anguria [79], and Caralluma
tuberculata [80]. The latest scientific reports indicate significant changes in the metabolite profile of
Arabidopsis thaliana under the influence of silver nanoparticles [81].

This paper is part of a cycle of research aimed at developing an efficient method of production of
secondary metabolites, especially essential oils, by changing the profile of the secondary metabolites
produced by Lavandula angustifolia plants from in vitro cultures. According to our previous studies,
the addition to growth media of 1 to 50 mg-dm~3 of AgNPs and AuNPs has a significant impact on
plant development [82]. Our research has also shown that the addition of 10 or 50 mg-dm~ of AgNPs
and AuNPs changes the composition of essential oils produced by lavender plants [83]. However, it is
not clear to us whether this phenomenon is a result of stress or a change in the production of one of the
endogenous plant growth regulators—e.g., ethylene, which modulates the endogenous production of
other regulators. According to Akasaka-Kennedy [84], the addition of silver nanoparticles reduces the
production of endogenous ethylene in Brassica sp tissues. Therefore, the main aim of the study is to
answer the question of whether the addition of nanoparticles, which has been shown earlier, modifies
their growth, affects the production of secondary metabolites, or activates ROS in plants grown on
media in in vitro cultures. So far, there have been no scientific reports on the influence of AuNPs and
AgNPs on the activation of the antioxidant system in L. angustifolia propagated in vitro.

The aim of the study was to analyze the influence of the addition to an in vitro culture of lavender
of AgNPs and AuNPs on elements of the enzymatic antioxidant defences system, POX, APX, SOD,
and CAT in plant tissue.

2. Results
2.1. Antioxidative Enzyme Activity

2.1.1. APX

Silver nanoparticles added to the propagation medium at the lowest concentration used
(1 mg-dm=3) did not affect the APX enzyme activity, which remained at the level of control plants
(Figure 1). However, the addition of higher AgNP concentrations to the medium resulted in increasing
the APX activity. The highest APX activity was determined in plants propagated on media with
the addition of 2 and 5 mg-dm~3 of AgNPs, at 26.01 and 18.93 U-mg~! DW, respectively. With the
increased AgNP concentration in culture media in the range of 10 to 50 mg-dm~3, the enzyme activity
decreased, but it was at a significantly higher level (p < 0.05) compared to the activity of control plants.
The addition of AuNPs to the culture media had a significant effect on the increase in APX activity in
relation to the control, but only for AuNP concentrations equal to 10 mg-dm= (9.28 U-mg~! DW).
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Figure 1. Effect of AgNPs and AuNPs (1-50 mg-dm~3) on the antioxidant enzymes activity in Lavandula angustifolia. a-ascorbate peroxidase (APX), b-guaiacol
peroxidase (POX), c-catalase (CAT), and d-superoxide dismutase (SOD). Values represent the means of three replications + SE. Different colors of bars indicate

significant statistical differences between the treatments and control samples according to Tukey’s Test (p < 0.05).
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2.1.2. POX

The POX activity varied depending on the nanoparticle type applied. The POX activity was close
to that of the control when plants were propagated on media with an AuNP addition at concentrations
between 2 and 50 mg-dm~3 (Figure 1). A reduction in activity in relation to the control was observed
solely for the lowest of the concentrations used (1 mg-dm™3). The propagation in media with the addition
of AgNPs resulted in a dramatic reduction in the POX activity, relative to both the control as well as plants
propagated on media with the addition of AuNPs. A particularly low POX activity was determined for
plants propagated on media with an addition of 5 to 50 mg-dm =2 (0.30 to 0.57 U-mg~! DW).

2.1.3. SOD

The activity of SOD above the control was recorded for the concentrations 2 and 5 mg-dm~2 of
AgNPs (866.22 and 1276.34 U-mg~! DW, respectively). The addition of higher AgNP concentrations
to the culture media (10, 20, 50 mg-dm‘3 ) resulted in the decreased activity of the enzyme, thus it
remained at the control level. Gold nanoparticles resulted in a decreased SOD activity (p < 0.05) only at
the highest concentrations applied—20 and 50 mg-dm~2 (407.36 and 312.28 U-mg~! DW). The activity
of SOD for the lowest AuNPs concentrations remained at the control level (Figure 1).

2.14. CAT

The conducted study revealed that no significant impact of gold and silver nanoparticles could be
found for the activity of catalase determined in the studied tissues (Figure 1).

2.2. Free Radical Scavenging Activity and Total Polyphenols Content

2.2.1. The Total Polyphenol Content

Polyphenols content varied depending on the nanoparticle type and its concentration in the
medium (Figure 2). Increasing polyphenol contents relative to the control were determined for lavender
cultivated on media with the addition of 2 and 5 mg-dm~3 of AuNPs and 5 to 50 mg-dm~ of AgNPs
(0.214 and 0.217, respectively, and from 0.212 to 0.318 mg of TAE/100 gDW). On the other hand,
the lavender cultivated on media with the addition of the highest AuNP concentrations (20 and
50 mg-dm~3) and lowest AgNPs concentrations (1 and 2 mg-dm~2) was characterized by significantly
lower polyphenol contents.
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Figure 2. Effect of AgNPs and AuNPs (1-50 mg-dm~2) on the total polyphenol content (PP) of Lavandula
angustifolia (+SE). Different colors of bars indicate significant statistical difference between the treatments
and control samples according to Tukey’s Test (p < 0.05).
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2.2.2. Free Radical Scavenging Activity (ABTS®")

The presented outcomes suggest that gold and silver nanoparticles added to culture media
in in vitro cultures have a positive impact on the free radical scavenging activity of true lavender
(Figure 3). An exception here was the lowest AgNP concentration (1 mg-dm=3-197.77 uM AAE/100
gDW) and highest AuNP concentration used (50 mg-dm~—>-158.86 uM AAE/100 gDW). The highest free
radical scavenging capacity values were determined for plants cultivated on media with the addition of
5 mg-dm~3 of AgNPs and AuNPs, at 330.70 and 309.62 uM AAE/100 gDW, respectively. The addition
of NPsin1,2,and 5 mg-dm_3 concentrations to the culture media resulted in a gradual increase in
the antioxidant activity of lavender, whereas a reduced scavenging capacity was observed for higher

concentrations (10, 20, and 50 mg~dm‘3).
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Figure 3. Effect of AgNPs and AuNPs (mg-dm~3) on the antioxidant activity of Lavandula angustifolia
in vitro cultures measured by the ABTS** radicals scavenging assay. Values represent the means of
three replications +SE. Different colors of bars indicate significant statistical differences between the
treatments and control samples according to Tukey’s test (p < 0.05).

3. Discussion

Gold and silver nanoparticles are used on a large scale in many industries. Due to their
antibacterial, anti-angiogenic, and anti-inflammatory properties, silver nanoparticles are used in
antibacterial coatings for coating medical devices, wound and burn dressings, numerous cosmetic
products, and food packaging [85-87]. Gold nanoparticles are used in molecular imaging, targeted
drug delivery, gene therapy, cancer treatment, and radiation [88]. Prociak et al. [89] presented the
potential use of gold and silver nanocolloids in cosmetic production. Microbiological tests performed
in this study, showed that emulsion with silver and gold nanocolloids possessed satisfactory fungicidal
properties and had a positive effect on the characteristics of the creams such as their consistency and
absorption. Ag and Au nanocolloids can also be used in medicine, e.g., for the treatment of wounds,
including the most difficult to heal burn and post-surgery wounds [90-92] or in medical imaging when
diagnosing cancer [93,94]. It has been also confirmed the use of nanocolloids in the food industry,
mainly in food packaging or prevention of contamination [95,96].

In view of the wide range of possibilities for the use of nanoparticles, it is important to determine
the toxic properties of nanoparticles for humans and the environment. The results of most published
scientific studies exclude the toxicity of nanoparticles [85,97,98]. However, there are also studies showing
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their adverse effects on living organisms and the environment, with this harmfulness depending on
many factors, such as their physicochemical properties (shape, size, load) or coating agents [99,100].
Most of the studies show that nanoparticles are toxic to plants at higher concentrations. In addition,
the type of target cells, tissues, or organisms or the type of test itself should be considered [100].
Therefore, it is vital to precisely determine the effect of nanoparticles on living organisms, including
plants [100].

In response to oxidative damage, plants have developed a defense system which manifests itself,
among other things, through the increased activity of antioxidant enzymes [101,102].

The activity of antioxidative enzymes may be a good marker of the toxic influence of the external
environment on an organism. Mehrian et al. [103] studied the influence of AgNPs on the activity of
antioxidant enzymes in Lycopersicon esculentum. It was found that, with the increase in the concentration
of silver nanoparticles in the plant tissue medium, the activity of SOD, CAT, and POX in the shoots
and roots increased. The increased activity of CAT, SOD, and POX was also observed in the callus
tissue of sugar cane (Saccharum spp. cv CP-77,400) propagated on media with the addition of 20 to
60 AgNPs [104] (Barbasz et al.]. Igbal et al. [105] carried out a study to investigate the effect of silver
nanoparticles (AgNP) on the physiological, biochemical, and antioxidant parameters of wheat (Triticum
aestivum L.) under heat stress conditions. It was found that the addition of AgNPs had a protective
effect on plant tissues under stress conditions—wheat plants treated with AgNPs showed a significant
increase in dry matter, with a simultaneous increase in SOD, POX, CAT, APX, and GPX activity under
heat stress conditions. In the conducted study, we analysed the impact of the addition of gold or silver
nanoparticles to culture media on the activity of CAT, APX, POX, and SOD antioxidative enzymes.
The conducted study revealed a significant impact of the applied nanoparticles on the activity of all the
tested antioxidative enzymes, with the exception of CAT. The observed effect was variable depending
on the nanoparticle type and concentration. Lavender exposed to stress caused by AgNPs or AuNPs
primarily activated the antioxidative system, consisting of APX and SOD. Increased activity of CAT,
SOD, and POD due to CuyO and Zn nanoparticles has also been confirmed for cucumber Cucumis
sativus L. in the study of Kim and Lee [106]. These authors, using low concentrations of both kinds
of nanoparticles, observed a significant increase in the activity of these three antioxidative enzymes.
However, with the increased concentration of metals nanoparticles in the culture media (above 100 mg
dm™1), the activity of these enzymes was markedly reduced. The concentration of the analyzed AgNPs
which significantly reduced the activity of APX and SOD was 5 mg-dm~3. The experiment carried
out by Gunjan et al. [107] examined the impact of gold nanoparticles on the activity of antioxidative
enzymes in Brassica juncea seedlings. It was established that the glutathione reductase (GR), ascorbate
peroxidase (APX), and glutathione peroxidase (GPX) activity increases with high AuNP concentrations
(200 mg-dm~3), and that they are significantly higher than the CAT activity. These results suggest
that the enzymatic complex in the form of APX, GPX, and GR forms part of the defensive mechanism
against oxidative disturbance produced by nanometals in Brassica juncea, and that CAT does not have a
substantial role in this case. In the study of Tripathi et al. [108], it was noted that silver nanoparticles
(at concentrations from 100 to 300 uM) markedly stimulate superoxide dismutase and ascorbate
peroxidase activity, while inhibiting the glutathione reductase and dehydroascorbate reductase activity
in Pisum sativum.

Our study revealed that the true lavender antioxidative activity under in vitro cultures depends
on the nanoparticle type and its concentration in the medium. Lavandula angustifolia is known for its
health-promoting properties, resulting from the presence of antioxidative substances in its tissues
(Miliasukas et al.) [109]. The chemical composition of plant metabolites and their antioxidative
properties are influenced by various factors, including the i.a. cultivation method, growing location,
climatic conditions, and plant genotype [2,110,111]. In our study, the free radical ABTS®** scavenging
analysis revealed a significant increase in the true lavender antioxidative activity after the addition of
gold and silver nanoparticles to all culture media. This result is similar to the study of Chung et al. [79],
where increased antioxidative activity was observed in transformed Corylus avellana roots under the
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impact of AgNPs. Fazal et al. [78] tested AuNPs and AgNPs as elicitors of Prunella vulgaris callus
cultures and observed a marked increase in antioxidative activity.

Increased antioxidant activity may be associated, for example, with an increase in the content of
substances with antioxidant activity, including polyphenols, in plant tissues. In our research we also
examined the influence of the addition of AgNPs and AuNPs to the culture media of in vitro cultures
on the polyphenol content. Polyphenols are secondary plant metabolites with strong antioxidants
properties and are produced by plant cells for protective purposes against pathogens and also contribute
in adaptation process to the external environment. Polyphenol compounds have also been suggested to
have the ability to support activity of the cellular enzymatic antioxidative system, as well as modulate
low-molecular antioxidant concentrations in the form of ascorbic acid (vitamin C) and alpha-tocopherol
(vitamin E) in plant organisms [112]. In conducted study for determination of total phenolic compounds
content in Lavandula angustifolia has been used the Folin-Ciocalteu assay. The sensitivity of this method
can be affected by other cellular compounds such as sugars, proteins and lipids. However, depend on
the plant organs, the total phenolic content can differ. Leaves of many plants are especially rich in
this compounds and eventual interference other co-extracted substances do not affect the quality of
assay [113]. Despite its limitations, Folin-Ciocalteu method is widely used to determine the content of
polyphenols in the tissues of plants grown in in vitro cultures [114]. It was used, inter alia, by Tian et al.,
(2018) [115] determining the content of polyphenols in Atropa bellladonna tissues treated with Mn, O3
NPs, callus tissues of Caralluma tuberculata treated with AgNPs [80] or Stevia rebaudiana shoots treated
with ZnONPs [42]. Previous research has stated that the influence of metal nanoparticles on the content
of polyphenols in vegetable plants is variable. An increased content of polyphenols under the impact
of AgNPs has been determined for Bacopa moonnieri [116] and Solanum tuberosum [117] and a reduction
for castor [118]. We obtained similar results in our research. The polyphenol content was higher than
in control plants when the plants grew on media with the addition of 10-50 mg-dm~ AgNPs and
2-5 AuNPs. The study of Jamshidi and Ghanati [119] provided evidence of the significant effect of
silver nanoparticle elicitation on the increase in phenol and flavonoid contents in hazel plants. In their
experiment, they utilized low AgNP concentrations (2, 5, 10 mg-dm™3), indicating their clear impact
on the content of the tested antioxidants in cell cultures. Ghorbanpour and Hadian [120] showed the
significant influence of MWCTs (multi-walled carbon nanotubes) in the culture of the callus tissue of
Satureja khuzestanica on the total flavonoid content in callus extracts for all MWCNT concentrations used.
However, the analysis of the polyphenol content showed that its increase was observed only for some
of the concentrations applied (50, 100, and 200 pg mL~! MWCNTS). Their experiment further revealed
that the maximum values for flavonoids and phenols were obtained using a MWCNT concentration of
100 ug-mL~1. In the present study, the nanoparticle concentrations used in culture media were lower.
Tian et al. [115] demonstrated the significant impact of MnyO3NPs at the concentration 25 mg-dm~3 on
the increase in the alkaloid content in Atropa balladona L. tissues.

Production of bioactive secondary metabolites is generally associated with plant defense
mechanisms. However, the mechanism of action of nanoparticles and their influence on ROS
activation and the production of secondary metabolites is still poorly understood. According to Saha
and Gupta (2018) [121], who studied the influence of silver nanoparticles on the development of Swertia
chirata in in vitro cultures, ROS generated in presence of AgNP triggered an array of antioxidative
enzymes which later on balanced the ROS content in the treated plant system. These enzymes also
stimulated the shoot proliferations and helped in maximization of generation of number of shoots per
explant considered. According to the authors, the reduction of ethylene production due to AgNPs
may have a stimulating effect on plant development. Amir et al., (2019) [80] suggest that NPs might
act as signal compounds, those like in nature to the chemical elicitors and influence cellular growth
and secondary metabolism. Upon exposure to application of NPs, plant cell goes through a series of
events in a cascade manner, resulting in oxidative outburst and generation of reactive oxygen species
(ROS) in the surrounding environment of the plant cell. The ROS in turn can damage cell membrane
and nuclei. To cope with the intense stress situation and to scavenge the ROS, plants activate their
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metabolic pathways including the notable mitogen-activated protein kinase (MAPK) pathway. MAPK
activation propels the plant antioxidant elements to come in contact with ROS in a cascade fashion.
Several studies have shown that nanoparticles, especially AgNPs, affect the up-regulation of genes
related to the response to abiotic stress, including the production of enzymes such as SOD, CAT,
AXP [122,123]. Nair and Chung, (2014) [124] when examining the toxicity of AgNPs on rice, found a
significant up-regulation of SOD gene. In their opinion, induction of SOD gene in response to AgNPs
stress might be to maintain the redox homeostasis of the cell.

Our results suggest that gold and silver nanoparticles added to in vitro culture media have a
significant impact on the antioxidative potential (free radical scavenging capacity) and activation of
antioxidative enzymes of in vitro true lavender cultures. The defence mechanism of lavender exposed
to stress caused by AgNPs and AuNPs primarily consists of the APX-SOD enzymatic complex, with CAT
remaining insignificant in this case. It can additionally be stated that AgNPs at the concentration of
5mg-dm~3 result in the highest antioxidative activity of APX and SOD, and higher concentrations in the
culture medium inhibit their activity. AgNPs have a more toxic impact on lavender plants cultivated
in vitro than AuNPs. Silver and gold nanoparticles added to culture media have significant impacts
on the total polyphenol contents in true lavender cultivated in vitro and its free radical scavenging
capacity ABTS**, however this depends on the applied nanoparticle concentration.

4. Materials and Study Methods

4.1. Plant Culture under In Vitro Conditions

The study material comprised L. angustifolia cultivar “Munstead” plants growing under in vitro
conditions. The explants used for the experiment were single-node shoot fragments and apical shoot
fragments with several leaves and the apical meristem. They were placed on the Murashige and
Skoog (MS) media [125] with the addition of 2 mg dm™3 of kinetin and 0.2 mg dm2 of indole-3-acetic
acid [126] and 1, 2, 5, 10, 20, or 50 mg dm3 of AgNPs or AuNPs. The medium pH was set at 5.7 using
0.1 M solutions of HCl and NaOH. The culture medium was hardened with 7 g-dm~2 of agar and was
subject to a 20-min sterilization in an autoclave at 121 °C and a 1 ATM pressure. Propagation was
carried out in jars of 200 mL volume, containing 20 mL of medium. Eight explants were placed in
each culture vessel. The experiment was established in 10 replications for each type and concentration
of the nanoparticles used. The jars were placed for 28 days in a growth chamber at a temperature of
24 °C and relative air humidity of 70-80%. The cultures were illuminated with fluorescent light at an
intensity of 40 PAR (uE-m~2-s7!) for 16 h per day. After 28 days of culture, the study material was
collected and subjected to analyses.

4.2. Nanoparticles

In the experiment, aqueous solutions of AuNPs measuring 24.2 + 2.4 nm and AgNPs measuring
27.5 + 4.8 nm were used. The aqueous suspensions were synthesized using the methods of Turkevich
etal. [127] and Liu et al. [128] with modified synthesis conditions and two-stage microwave-convection
heating. For this purpose, aqueous mixtures of 3.5 mM sodium citrate with 7.0 mM tetrachloroauric
acid (HAuCly) and 7.0 mM silver nitrate (AgNO3), respectively, were prepared. Once their spectra were
plotted with a UV-Vis Epoch Microplate Spectrophotometer (BioTek, Winooski, VI, USA), the optical
density of the fractions obtained was adjusted to a common DEV value using the spectra absorbance
maxima (Amax = 520 nm for gold colloid and Amax = 445 nm for silver colloid). The similarities in
the morphology, shape, and size of the synthesized and prepared AuNPs and AgNPs were assessed
through analyzing their images obtained using a transmission electron microscope (TEM) JEM-2100
(JOEL Itd., Tokyo, Japan) (Figure 4).
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Figure 4. TEM image of AgNPs suspended in water; scale bar: 200 nm.

4.3. Antioxidant Enzymes Activity Assay

4.3.1. Sample Preparation

All the steps of the protein extraction were carried out at 4 °C on a cooled plate. Fresh leaf
samples weighing approximately 0.2 g were previously powdered in liquid nitrogen using a cold
mortar and pestle. The obtained powder was resuspended in 1 mL of cold 50 mmol L~! phosphate
buffer (pH 7.0) enriched with 1 mmol L~! of phenylmethylsulfonyl fluoride, 2mmol L~! of EDTA,
and 1% polyvinylpyrrolidone. The resulting solution was centrifuged at 15,000 rpm for 10 min at 4 °C.
The extracts were immediately used for the determination of the enzyme activity or stored at —80 °C
for further analysis.

4.3.2. Guaiacol Peroxidase Assay (POX)

The activity of POX was determined according to the protocol of Chance and Maehly [129],
which was adapted to a microplate reader, by monitoring the rate of tetraguaiacol formation from
guaiacol by an increase in absorbance at 470 nm (e = 26.6 mM~! em™1). One unit of POX is defined as
the amount of enzyme that forms 1 umol of tetraguaiacol per minute. The results were expressed in
units per mg of the extracted protein.

4.3.3. Ascorbate Peroxidase Assay (APX)

The activity of APX was measured according to the protocol of Nakano and Asada [130] by
monitoring the decrease in absorbance at 290 nm (¢ = 2.8 mM~! cm™!). The measurements were
performed using a microplate reader. One unit of APX is defined as the amount of enzyme that oxidizes
1 pmol of ascorbate per minute. The results were expressed in the units per mg of the extracted protein.

4.3.4. Dismutase Assay (SOD)

The total SOD activity was determined based on the inhibition of the photochemical reduction of
nitroblue tetrazolium (NBT) according to the protocol of Beauchamp and Fridovich [131], which was
adapted to a microplate reader. One unit of SOD is defined as the amount of enzyme that inhibits the
NBT reduction by 50%. The results were expressed in units per mg of the extracted protein.
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4.3.5. Catalase Assay (CAT)

The activity of CAT was determined according to the protocol of Li and Schellhorn [132] based on
the rate of decomposition of hydrogen peroxide by measuring the decrease in absorbance at 240 nm
(¢ =43.6 mM~! cm™!). One unit of CAT is defined as the amount of enzyme that decomposes 1 pmol
of hydrogen peroxide per minute. The results were expressed in units per mg of the extracted protein.

4.4. Total Phenol Content and Free-Radical ABTS** Scavenging Ability Assay

4.4.1. Tissue Extract Preparation

A total of 100 mg of tissue (previously frozen at —80 °C) was powdered in liquid nitrogen using a
cooled laboratory mortar and pestle. The obtained powder was transferred to plastic tubes, mixed with
5 mL of cooled methanol, and left for 1 h in the dark. During extraction, the samples were mixed
periodically. Then, the samples were centrifuged at 15,000 rpm and the obtained extract was used for
further analysis.

4.4.2. Total Polyphenol Content Assay

The total content of polyphenolic acid in the tissue extracts was determined using Folin-Ciocalteu
reagent according to the method of Anastasiadi et al. [133] which was modified to a microplate reader
scale. The concentration of polyphenolic compounds was expressed as the mg of tannic acid equivalent
(TEA) per 100 g of dry weight of sample (mg TAE/100 gDW).

4.4.3. Free Radical ABTS** Scavenging Ability Assay

The free radical scavenging activity was assessed in the tissue extracts using the cation radical
discoloration of the 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt ABTS®**
assay adapted to a microplate reader scale, according to the method of Shi et al. [134]. Ascorbic acid
(AAE) was used as a standard for calibration. The results were expressed in the uM of ascorbic acid
equivalent per 100 g of dry weight of sample (UM AAE/100 gDW).

4.5. Statistical Analysis

The experiment was performed in three replications. An analysis of variance was performed,
followed by Tukey’s test (p < 0.05). Homogenous groups were labeled with successive letters of
the alphabet.
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Abstract. We determined the preservation properties of Lavandula angustifolia propagated on
media with gold or silver nanoparticles with a particle size of 13 and 30 nm, Cosmetic emulsions
prepared by using lavender tissue that was propagated on media containing AuUNPs and AgNPs
showed increased preservative capacities when compared with the control ones. In the case of
control cosmetic emulsions, which had no added plant tissues or dehydroacetic acid and benzoic
acid (DHA BA), bacterial and fungal colonies appeared after the second week of the experiment.
The addition of lavender tissue propagated on media without AUNPs or AgNPs protected the
tasted samples from microbial contamination; in this case, bacterial contamination was detected
after 4 weeks and fungal contamination after 6 weeks. The addition of lavender tissue propagated
on medium containing AgNPs with a particle size of 13 nm at a concentration of 1 mg - dm=3
prolonged the time of detection of bacteria colonies to 8 weeks (0.9) and this result was close and
comparable to the effect of DHA BA. Higher concentrations of AgNPs in the culture medium, as
well as a larger particle diameter (30 nm), resulted in the decreased preservative capacity of plant
tissues. The presence of AUNPs in the culture media showed a positive effect on the antimicrobial
activity of lavender; however, to a lesser degree than in the case of AgNPs. Disintegrated
fragments of lavender tissue propagated on media containing 1 mg - dm=3 AgNPs with particle
size of 13 nm can be used to preserve short shelf life cosmetic emulsions.

Key words: cosmetic emulsion, metal nanoparticles, silver, gold, micropropagation, elicitation.

INTRODUCTION

The global cosmetic production is one of the most rapidly developing personal care
industries. By the end of 2022, the global cosmetic market is expected to reap a profit
of approximately $429.8 billion, registering a compound annual growth rate (CAGR) of 4.3%
during the forecast period 2016-2022 (Allied Market Research 2016). The fulfilment
of increasing market demand requires continuous multidimensional control, namely, to monitor
toxic ingredients and microbial contamination (Halla et al. 2018). Inhibiting the growth
of microorganisms is one of the most important aspects of production of cosmetics. Microbial
contamination of a cosmetic product decreases its shelf life and increases the chances
of potential infection to the consumer. The application of a contaminated product might cause
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irritation to the skin and/or damage the skin thereby threatening the consumer’s health.
Furthermore, it may contribute to the spread and development of various infections (Groot et
al. 1995). Furthermore, microbial contamination of a cosmetic product leads to the decomposition
of the active ingredients contained therein, which might decrease its therapeutic activity
(Behravan et al. 2005). Modern-day cosmeceuticals contain water, which is the perfect environment
for the microorganisms to grow. Microbial contamination in cosmetics and in personal care
products might occur during the process of manufacturing or during their use by the customer.
In general, these products are exposed to temperature variations. Furthermore, once a cosmetic
product is opened, it is highly possible, until it is discarded, that the contamination is introduced
or accelerated by consumer use (e.g. by dipping with nonsterile fingers and contact with
nonsterile bodies) (Kerdudo et al. 2016). Therefore, it is impossible to mass-produce cosmetics
free of preservatives.

According to the definition provided by the European Parliament and Council of the European
Union, a preservative is a substance of natural origin or is synthetic, which when added
to a cosmetic product inhibits the development of microorganisms during the production stage
and prevents repeated contamination in the later stages of its use. Numerous studies have
indicated that the presence of chemical preservatives in cosmetics cause allergies and skin
diseases (Orton et al. 2004; Mario et al. 2012). Some of the synthetic preservatives available
in the market are considered carcinogenic or mutagenic. Recent studies have confirmed that
parabens cause breast cancer and affect the development of malignant melanoma (Golden
et al. 2005). There are more than 12,000 synthetic chemicals that are used in the manufacture
of cosmetics, among which less than 20% are considered completely safe (O'Dell et al. 2016).
World Health Organization regulates the use of approved synthetic chemicals by the cosmetic
industries thereby considerably reducing the number of chemicals being used during the production.
Therefore, in recent years, there is an increasing demand for natural cosmetics that contain
at least 95% of substances derived from natural origin (Fonseca-Santos et al. 2015).

Many companies prefer to use natural alternatives instead of synthetic chemicals in their
cosmetics. Chemicals of plant origin act as active ingredients (e.g. moisturizers), excipients
(e.g. surfactants), and additives (e.g. preservatives) in a single formula (Kusumawati et al.
2013; Kerdudo et al. 2016; Andrys et al. 2018). Because of the antimicrobial and antifungal
nature of plant-based essential oils, cosmetics such as creams, gels, and ointments do not
necessarily require addition of chemical preservatives if they already contain essential oils
or those that contain a single compound as an active agent (Sticher et al. 2015).

Narrow leaf lavender (Lavandula angustifolia) (family Lamiaceae), originating from
the Mediterranean region, has been successfully used in the cosmetic industry as an antimicrobial
agent in various cosmetics and in personal care products (Upson et al. 2004). This ornamental
and medicinal plant is considered one of the most valuable species because of its widespread
use in the perfume, flavoring, cosmetics, and soap industries. Its use can be dated back
to ancient Rome and Greece (Wornouk et al. 2011; Brailko et al. 2017). Apart from being used
in aromatherapy, lavender is also used in the pharmaceutical industry and in medicine.
Due to the characteristic aroma and antiseptic properties of the essential oil, it has been used
in the production of cleaning agents (e.g. soaps and shampoos) and perfumes (Cavanagh
et al. 2005). Lavender oil shows antimicrobial and antifungal activity; its effect has been
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demonstrated in some of the antibiotic-resistant bacteria (Schwiertz et al. 2006). Lavender oil
has been shown to be effective against Staphylococcus aureus, Enterococcus faecalis
(Cavanagh et al. 2005), Candida albicans (D auria et al. 2005), and Botrytis cincerea (Adam
et al. 1998). Because of its antimicrobial property, lavender oil is used to alleviate skin
inflammation caused by acne and psoriasis vulgaris. Furthermore, lavender oil has been used
to treat wounds, burns, and purulent-states (Jopke et al. 2017).

The composition of the essential oil mainly depends on, among others, the plant’s
genotype, environmental conditions, and tissue propagation methods (Demissie et al. 2011).
Tissue culture is a method of obtaining a high amount of tissues of medicinal plants for
the production of secondary metabolites (Gongalves et al. 2013). Through in vitro cultures,
it is possible to produce genetically identical individuals that are free from contaminants, which
are of particular importance. Medicinal plants propagated through in vitro techniques are
characterized by a unique composition of essential oils than that of the plants cultivated
on fields (Amoo et al. 2012; Jakowijevi¢ et al. 2015). The addition of elicitors (i.e. stress-inducing
factors) to the media results in a considerable change in the composition of secondary
metabolites, including essential oils (Wesotowska et al. 2019). The change in the composition
of essential oils and other bioactive compounds may influence, among others, the change
in the antioxidative or microbiological activity of essential oils isolated from them. L. angustifolia
(Andrys et al. 2018), Ocimum basilicum (Bais et al. 2002; Ztotek et al. 2016), Dionaea
muscipula and Dionaea campensis (Krélicka et al. 2008), and Coleus blumeli (Szabo et al.
1999) cultures have shown increased antimicrobial activity under the influence of elicitor
in the culture media.

The latest, currently studied elicitors are metal nanoparticles (NPs) (Vanisree et al. 2004;
Shakeran et al. 2015; Moharrami et al. 2017; Golkar et al. 2019). It has been proven that metal
NPs are highly reactive toward plants, and due to their small size, they can easily penetrate
the cell membrane and get accumulated intracellularly (Jamshidi et al. 2014). Wesotowska
et al. (2019) demonstrated that the accumulation of nanoparticles in tissues of plants
propagated through in vitro culture technigue, depending on, among others, particle size
and diameter, may contribute to increased antimicrobial activity.

Typically, essential oils of various plants are used as preservatives in cosmetics (Aburjai
et al. 2003; Nostro et al. 2004; Herman et al. 2013). Fresh tissues and dried plants are far less
commonly used as preservatives. This might be because of the contamination of the material
growing in natural conditions, low content of secondary metabolites, and process issues
associated with the usage, such as problems with disintegration due to the presence of high
content of phloem. Sterile plant tissues without the thick epidermal tissue, plant tissue
propagated through in vitro techniques, those with a high content of secondary metabolites
may be an alternative to plants growing under natural conditions, as long as they provide
a suitable level of sterility to the products. Therefore, in this study, we aimed to verify
the preservative properties of disintegrated true lavender tissues propagated in vitro on media
enriched with gold and/or silver nanoparticles (AuNPs and AgNPs, respectively) with
a different particle size.
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MATERIAL AND METHODS

In vitro cultures

Narrow leaf lavender (Lavandula angustifolia cultivar Munstead) constituted the plant
material. Shoot explants were placed in the media with a mineral composition according
to Murashige and Skoog (1962) containing 2 mg - dm™ kinetin (KIN), 0.2 mg - dm™
indole-3-acetic acid (IAA), and 1 or 10 mg - dm= AgNPs or AuNPs with the particle size of 13 or
30 nm (NPIN Poland). Lavender tissue grown on media that did not contain AUNPs or AgNPs
constituted the control sample. The pH of the medium was set to 5.7 by using 0.1 M solutions
of HCI and NaOH. To the media, 7 g - dm™of agar, 30 g - dm™2 of sucrose, and 0.1 g - dm™
of inositol were added. Subsequently, the media were subjected to 20-minute sterilization
in an autoclave at 121°C and a pressure of 1 atm. Tissue propagation was conducted
in 200 mL glass jars containing 20 mL medium. At the culture initiation stage, jars with plants
were placed in a growth chamber at a temperature of 24°C and relative humidity of 70-80%.
The cultures were illuminated with fluorescent light at an intensity of 40 PAR (uE - m™- s™%)
for 16 h per day After 28 days of culture growth, the experiment was completed, and
the tissues of the propagated plants were used to prepare cosmetic emulsions after
disintegration in liquid nitrogen.

Preparation of cosmetic emulsions

Ingredients of the aqueous and oil phase were prepared in separate beakers. The oil phase
consisted of 18 g lanolin, 12 g beeswax, 14 g shea butter, and 88 mL of jojoba oil. In order
to prepare the aqueous phase, 6 g D-panthenol 75%, 6.4 g glycerin, and 68 mL water were
added to a beaker. Both beakers with contents were tightly closed with aluminum foil and were
placed in a water bath, where they were kept until all oil-phase ingredients were dissolved.
The entire oil phase was added to the beaker containing agueous phase which was placed
in the water bath. Subsequently, the contents of the beaker were stirred for about 1 min, after
which the beaker was removed from the water bath. Stirring was continued until the cream
reached a temperature of 40°C.

The cosmetic emulsions were divided into 5 mL portions and were supplemented with
the dehydroacetic acid and benzoic acid (DHA BA) as the chemical preservative or the material
obtained from tissue propagation. During the study, 12 types of cosmetic emulsions were
prepared (Table 1). To each of the variants, 0.1 g fresh plant tissue, which was ground in liquid
nitrogen, was added, which constituted 2% plant material. The negative control contained
12.5 pL of DHA BA (Esent, Poland), containing 7% Dehydroacetic Acid (DHA) and 83% Benzyl
Alcohol (BA) as the preservative, which constituted to 0.25%. The final cosmetic emulsions
were placed in sterile Petri dishes and stored in a refrigerator maintained at 4°C. Emulsions
without the addition of preservatives and plant tissues constituted the control samples. One
of the control samples was stored in a refrigerator, and the other was stored at 24°C.

Microbial purity test
After a period of 4 weeks, 0.1 g of cosmetic emulsion was dissolved with 0.9 mL of saline
using Vortex (IKA). Subsequently, 0.1 mL of the test material was placed on a microbiological
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medium and a surface culture test was performed. For this experiment, Sabouraud medium
with chloramphenicol and Brain Heart Infusion Agar medium (BHI) (Biomaxima SA, Poland)

were used.

Table 1. Types of cosmetic emulsions and the preservatives added to them

Storage temperature

Designation Type and concentration of the preservative tC)
°C
Control 24°C None 24°C
Control 4°C None
Control DHA BA 0.25% DHA BA
] 2% of lavender tissue propagated on media without the
Variant 1 . .
addition of nanoparticles
] 2% of lavender tissue propagated on media with addition
Variant 2 )
of 1 mg - dm=3 AgNPs, size 13 nm
] 2% of lavender tissue propagated on media with addition
Variant 3 )
of 10 mg - dm=2 AgNPs, size 13 nm
] 2% of lavender tissue propagated on media with addition
Variant 4 )
of 1 mg - dm= AgNPs, size 30 nm 4°C
] 2% of lavender tissue propagated on media with addition
Variant 5 )
of 10 mg - dm=2 AgNPs, size 30 nm
] 2% of lavender tissue propagated on media with addition
Variant 6 .
of 1 mg - dm= AuNPs, size 13 nm
] 2% of lavender tissue propagated on media with addition
Variant 7 )
of 10 mg - dm=3 AuNPs, size 13 nm
] 2% of lavender tissue propagated on media with addition
Variant 8 .
of 1 mg - dm= AuNPs, size 30 nm
2% of lavender tissue propagated on media with addition
Variant 9

of 10 mg - dm=2 AuNPs, size 30 nm

Explanations: AuNPs — gold nanoparticles, AgNPs — silver nanoparticles.

Each culture test was performed with six replicates. Cultures on the BHI medium were
incubated at 37°C and the cultures on the Sabouraud medium were incubated at 25°C.
The cultures were incubated for up to 24 h (bacteria) and 48 h (fungi). After this, the colonies

were counted.

Statistical analyses

The results of all the experiments were statistically analysed using one-way analysis
of variance. To evaluate the significance of the differences between treatments, Tukey’s test
was performed at p = 0.05.
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RESULTS

Microbial contamination may occur during the manufacturing process (primary
contamination) and/ or during consumer use (secondary contamination) (Mitsui T. 1997). Most
cosmetic products are multi-use products that are also required to maintain low levels
of contamination during consumer use, which means that their preservation systems need
to be effective against contaminants that come in contact with the product after opening.
An ideal preservative should protect the product from microbial contamination, both in its original
closed packaging until use and in an open container throughout its use (Pitt et al. 2015).
To estimate the level of microorganisms in a sample of a cosmetic product, it is required
to select the appropriate conditions of each culture (e.g. culture medium, dilution, temperature,
and period of incubation). These conditions encourage the microorganisms to grow, resulting
in the inactivation of the preservative system present in the sample (Office of Regulatory
Affairs, 2015). In this study, we investigated the preservative properties of true lavender tissue
that was cultivated in vitro on media supplemented with AuUNPs or AgNPs at a particle size
of 13 and 30 nm and ground in liquid nitrogen. Tables 2 and 3 present the results of this analysis.

In this study, only the addition of synthetic preservative (DHA BA) resulted in complete
inhibition of growth of bacterial and fungal colonies for up to 8 weeks of the experiment. The
most rapid development of microorganisms was observed for control cosmetic emulsions, to
which no plant tissues and DHA BA were added.

Table 2. Number of bacterial colonies in tested cosmetic emulsions per dish (+SD)

Cream preservation method Bacterial colony count/dish

- Storage
) Type and concentration
Preservative temperature 2 weeks 4 weeks 6 weeks 8 weeks
of NPs in the medium
None 24°C 0.6°+0.47 2.3°+0.47 4.5°+0.71 20.9°+0.96
None 5.22£0.68 14.72+1.37 35.42+2.06 62.32+1.97
DHA BA o¢ oc 0e of
Control medium without NPs 0¢ (08 3.5b0d+(0.32 8.5¢+0.75
1mg-dm3 0c oc 0° 0.9¢"+ 0.69
13 nm AgNPs
10 mg - dm™3 o¢ oc 1.49%+0.47 3.9%+1.07
2% tissue 1mg-dm3 4°C 0° oc 1.8%%+0.68 4.5%+0.96
30 nm AgNPs
of in vitro 10 mg - dm™3 0¢ (08 2.2bcde+(0.37 4.99 +1.34
plant 1mg-dm3 0° 0c 3.0%d+0.57 7.1%9%1.21
13 nm AuNPs
10 mg - dm™ o¢ oc 2.9b¢d+ 0,69 6.1%9+1.21
1mg-dm3 o¢ oc 45°+0.74 .6.9%+1.57
30 nm AuNPs
10 mg - dm™3 o¢ oc 4.0°¢+058 559+1.21
LSD o,05 0.10 0.12 2.35 2.31

Explanations: NPs — nanoparticles, AuNPs — gold nanoparticles, AgNPs — silver nanoparticles, LSD — least

significant difference, DHA BA — dehydroacetic acid and benzoic acid.
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A significant effect of temperature on the appearance of bacterial colonies was observed in
the case of samples collected from variants stored at 24°C than those stored at 4°C. After
8 weeks of storage at 24°C, the samples showed a three-fold greater count of bacterial
colonies (62.3) than those stored at 4°C (20.9). However, storage temperature did not have
any effect on the count of fungal colonies — in the case of variants stored at 24°C, 5.2 colonies
were observed, whereas in the case of one stored at 4°C, 5.8 colonies were observed.

Table 3. Number of fungal colonies in tested cosmetic emulsions per dish (£SD)

Cream preservation method Fungal colony count/dish
Storage
i temperature
Preservative Type anq concentrgﬂon P 2 weeks 4 weeks 6 weeks 8 weeks
of NPs in the medium
None 24°C 0.22+0.37 0.2°+0.37 0.3°+0.47 5.82+2.19
None 0.22+£0.37 2.12+1.34 452+1.80 5.22+1.34
DHA BA ob ob 0d 0°
Control medium without NPs ob ob 0d 2.5+ 0.37
1mg-dm3 ob ob 0d 0.7¢+ 0.47
13 nm AgNPs
10 mg - dm™3 ob ob 0.2¢d+0.37 0.9e+0.81
1mg-dm 4°C (ol ob 0.3+ 0.47 1.3%+1.37
2% tissue 30 nm AgNPs
of in vitro 10 mg - dm™3 o QP od 1.16+1.11
plant
1mg-dm3 ob ob 0.6°+0.47 2.9°+1.06
13 nm AuNPs
10 mg - dm™3 ob ob 0 1.9%9+ 1.67
1mg-dm ob ob 0od 2.7°+ 2.67
30 nm AuNPs
10 mg - dm™3 ob ob 0.2¢+0.01 3.1P+2.41
LSD o,05 0.01 0.05 0.16 0.61

Explanations: NPs — nanoparticles, AuNPs — gold nanoparticles, AgNPs — silver nanoparticles, LSD — least

significant difference, DHA BA — dehydroacetic acid and benzoic acid.

Addition of lavender tissue propagated on control media that did not contain AuNPs
or AgNPs protected the samples against the development of bacteria for 4 and fungi for
6 weeks. After 8 weeks of storage, these variants showed 9.5 bacterial and 1.2 fungal colonies.

In the case of cosmetic emulsions supplemented with tissue-propagated lavender on media
enriched with NPs, the appearance of bacterial colonies was observed after 6 weeks
of storage. An exception was the variant containing lavender tissue propagated in medium
containing 1 mg - dm= AgNPs with a particle size 13 nm; in this case only a few colonies were
observed after 8 weeks of storage (0.9). This result is comparable to the variant preserved with
synthetic preservative — DHA BA. In the remaining variants, i.e. lavender tissue propagated
on media containing AuNPs or AgNPs, the count of bacterial colonies determined after
8 weeks of storage ranged between 3.9 and 7.1.
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In the case of fungal colonies, lavender tissue propagated on media containing AuNPs
or AgNPs, inhibited their development up to 4 weeks of storage (independently of the particle
size and type). However, after 6 weeks of storage, the appearance of fungal colonies was
detected in cosmetic emulsions containing lavender tissue propagated on media that did
not contain AUNPs or AgNPs. Fungal colonies were also detected in cultures enriched with
10 mg - dm™ AgNPs with a particle size of 13 nm, 1 mg - dm™ with a particle size of 30 nm
AgNPs, and in 10 mg - dm™ AuNPs with a particle size of 13 and 30 nm (Table 3). After
8 weeks of incubation, fungal colonies were observed in samples collected from all the tested
variants. The lowest colony count was determined for variants containing lavender tissue
propagated on media containing 1 and 10 mg - dm~ AgNPs with a particle size of 13 nm,
which was only 0.7 and 0.9 colonies, respectively.

A comparison of antimicrobial activity of plant tissue propagated on media containing
AgNPs and AuNPs showed that lavender tissues propagated on media containing AgNPs
showed higher activity than that of AUNPs.

DISCUSSION

In this study, we conducted experiments to determine the possibility of using true lavender
tissue propagated on media containing AuNPs or AgNPs as preservatives for cosmetic
emulsions. According to our results, the tissue-propagated lavender demonstrated preservative
properties. Tissue propagated in the absence of NPs ground in liquid nitrogen and added
to cosmetic emulsion protected the cosmetic from the development of microorganisms for up
to 4 weeks. Andrys et al. (2018) studied three cultivars of L. angustifolia and demonstrated that
plants propagated in in vitro cultures are characterised by a comparatively higher antimicrobial
and antioxidative activity than those cultivated in field conditions. This is probably linked
to the content of essential oils in their tissues. Muyima et al. (2002) studied the essential oils
of L. officinalis plants and demonstrated their efficiency in the reduction of microbiological
contamination in an aqueous cream formulation. The bacterial population was markedly
restricted up to day 7 of the experiments. Herman et al. (2013) compared the efficacy
of synthetic versus essential oils toward inhibition of growth of microorganisms. Their results
showed a higher inhibitory activity by essential oils against microorganisms than that
of synthetic preservatives in cosmetic emulsion. They tested the essential oils obtained from
L. officinalis, Melaleuca alternifolia, and Cinnamonium zeylannicum and methylparaben
as the preservative. Our study provides further information on the possibility of using essential
oils as preservatives instead of synthetic preservatives.

Lavender tissue propagated on media containing 1 mg - dm™ AgNPs with a particle size
of 13 nm was characterised by higher antimicrobial activity than that of control. The bacterial
contamination was detected after 6 weeks of incubation, and the inhibition was found
to be marked for up to 8 weeks. Kim et al. (2006) demonstrated that methyl jasmonate sprayed
on Ocimum basilicum L. plants significantly increased the content of rosmarinic acid and
caffeic acid, as well as it increased eugenol and linalool. These compounds show strong
antimicrobial and antioxidant activity. Poulev et al. (2003) showed a powerful effect
of elicitation of stress on increasing the antibacterial and antifungal activity of root extracts
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of many plant species. Furthermore, Andrys et al. (2018) confirmed the possibility of using
essential oil isolated from L. angustifolia elicited with jasmonic acid in in vitro cultures
as a cosmetic emulsion preservative (Patent Andrys, Kulpa).

In our pervious study we showed that AuUNPs and AgNPs have a significant effect
on the composition and content of essential oil in true lavender propagated in in vitro cultures.
AuNPs and AgNPs increased notably the content of antimicrobial compounds such
as, borneol, y-cadinene, caryophylleneoxide, 1-cadinol, cadalene, cis-14-nor-muurol-5-en-4-one,
and bisabolol oxide A. The percentage increase in these compounds was dependent
on the concentration of the nanoparticle used. For instant in case of 1-cadinol, there has been
an increase in content up to 37%,for bisabolol oxide A up to 31%, for cis-14-nor-muurol-5-en-4-one
up to 66%,and for y-cadinene up to 22%. (Wesotowska et al. 2019).

Higher concentrations of AgNPs in the culture medium, as well as the particle size of 30 nm,
resulted in the decreased preservative capacity of plant tissues used in our experiments. This
result may be an outcome of two factors: On the one hand, bigger patrticle size, which did not
allow to penetrate the cell membranes, prevented the accumulation of AQNPs in the tissues.
On the other hand, excessive concentration of AgNPs in the culture medium produced
excessive oxidative stress, which in turn exhausted the defensive capacities of lavender
(it produced lower amounts of secondary metabolites).

The increased antimicrobial activity of lavender tissues propagated on culture media
containing AgNPs and AuNPs may be associated with the presence of NPs in plant tissues,
which penetrate the cell membranes. Domokos-Szabolcsy et al. (2012) and Lee et al. (2008)
demonstrated that NPs penetrate the plant cells during the growth in the media in in vitro
cultures. The antimicrobial activity of AgNPs and AuNPs is widely known in the literature
(Rai et al. 2009; Gong et al. 2007; Zhang et al. 2015). AgNPs show positive effects
on problematic skin suffering from acne because of its antimicrobial properties. It shows
healing properties by accelerating wound healing, and it prevents the formation of scars
(Gajbhiye et al. 2016). AgNPs is currently used as an additive in a range of beautifying face
and body masks, as well as in products for improving skin conditions and in mouthwashes
(Pardeike et al. 2009). The introduction of NPs along with plant tissues into a cosmetic product
may be favorable — they can have a synergistic effect on the skin.

When considering the use of nanopatrticles as elicitors or adding plant tissues grown on
nutrients with them to cosmetics, careful attention should be paid to the health aspects
associated with them. In a study by Asha Rani et al. (2009) it was found that AgNPs with
a diameter penetrated inside human cells and induced DNA changes. However, the research
was carried out by adding silver nanoparticles to the media in which the lung fibroblast cells
(IMR-90) and human glioblastoma cells (U251) were multiplied, instead of treating living
organisms with a protective layer with them. The toxicity of AuNPs towards Arabidopsis
thaliana root cells was also indicated by Taylor et al. (2009).

Most of the published research results indicate the lack of toxicity of nanoparticles added
to cosmetics. It is assumed that NPs are safe for the consumer in the cosmetic industry.
At minimal and reasonable concentrations of NPs, there are no side effects on human health.
According to a previous study, NPs in the current cosmetics do not penetrate the human skin,
even in cases when the skin is damaged (Gajbhiye et al. 2016). Kokura et al. (2010) showed
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that Ag nanoparticles are not able to penetrate human skin. However, when the barrier function
of human skin is disrupted, Ag hanoparticles on the skin surface may penetrate the skin. It may
be possible that 0.2% to 2% of Ag nanoparticles could penetrate the skin (0.002—-0.02 ppm).
At these levels Ag nanoparticles did not show any toxicity. Zang (2013) believes that
the penetration of AUNPs depends on the particle size. Nanoparticles with a diameter less than
10 nm could reach the deeper layer of the stratum corneum, while NP larger than 40 nm could
only reach 5-8 pm into the stratum corneum. Campbell et al. (2012), who stated that
nanoparticles (20 to 200 nm) contacting intact or partially damaged skin cannot penetrate skin
barrier and permeate to lower strata making them safe as cosmeceuticals.

The presence of AuNPs in culture media also had a positive effect on the antimicrobial
activity of lavender; however, the effect was lesser than that of AQNPs. Lavender propagated
on media containing AuNPs independently of the used concentration and particle size
protected the cream from bacterial growth up to 4 weeks and fungal growth, depending
on the particle diameter, for up to 4—6 weeks. This result is in-line with the results obtained
by Wesotowska et al. (2019), who examined essential oils isolated from L. angustifolia tissue
elicited with AUNPs and AgNPs determined that AgNPs has a stronger impact on the change
of the composition of essential oils than AUNPs.

CONCLUSIONS

Narrow leaf lavender tissue propagated in vitro showed preservative properties.
The addition of AuNPs and AgNPs to the culture media increases the preservative potential
of lavender in various forms of cosmetic products; however, the effect depends on the particle
size of the metal and its concentration in the medium. Disintegrated fragments of narrow leaf
lavender propagated in vitro on media containing 1 mg - dm™ AgNPs with a particle size
of 13 nm can be used to preserve cosmetic emulsions, particularly those with short shelf life.
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Lavandula angustifolia NAMNAZANA W KULTURACH IN VITRO

NA POZYWKACH ZAWIERAJACYCH AgNP i AUNPs — ALTERNATYWNE
ROZWIAZANIE DLA SYNTETYCZNYCH KONSERWANTOW

W KOSMETYKACH

Streszczenie. Okreslono wifasciwosci konserwujgce lawendy waskolistnej namnazanej
na pozywkach z nanoczastkami ziota lub srebra o rozmiarach czgsteczek 13 i 30 nm. Emulsje
kosmetyczne, przygotowane przy uzyciu lawendowej tkanki namnazanej na podtozach
zawierajgcych AuNPs i AgNPs, wykazaty zwiekszone wiasciwosci konserwujgce w poréwnaniu
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z emulsjami kontrolnymi. W przypadku kontrolnych emulsji kosmetycznych, kitére nie zawieraty
dodatku tkanek roslinnych ani kwaséw dehydrooctowego i benzoesowego (DHA BA), po drugim
tygodniu trwania doswiadczenia zaobserwowano pojawianie sie kolonii bakteryjnych
i grzybowych. Dodatek tkanki lawendy namnazanej na pozywkach bez nanoczgstek chronit
badane probki przed zanieczyszczeniem mikrobiologicznym; w tym przypadku kontaminacja
bakteryjna zostata zaobserwowana po 4 tygodniach, a grzybowa po 6 tygodniach. Dodatek tkanki
lawendy, namnazanej na pozywce zawierajgcej AgNPs o wielkosci czgstek 13 nm, w stezeniu
1 mg - dm=3 wydluzyt czas pojawiania sie kolonii bakteryjnych do 8 tygodni (0,9); wynik ten byt
bliski i porownywalny z efektem DHA BA. Wyzsze stezenia AgQNPs w pozywkach, a takze wieksza
srednica czgstek (30 nm) spowodowaly zmniejszenie aktywnosci konserwujgcych tkanek
roslinnych. Obecnos¢ AuNPs w mediach hodowlanych wykazata pozytywny wplyw na aktywnosé
antybakteryjng lawendy, jednak w mniejszym stopniu niz w przypadku AgNPs. Rozdrobnione
fragmenty tkanki lawendy, namnazane na pozywkach zawierajgcych 1 mg - dm= AgNP,
o wielkosci czastek 13 nm, mogg by¢ stosowane do zachowania emulsji kosmetycznych
w krotkim okresie trwatosci.

Stowa kluczowe: emulsja kosmetyczna, nanoczastki metalu, srebro, ztoto, mikropropagacja,
elicytacja.
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