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Óçàãàëüíåíî ñó÷àñí³ äàí³ ë³òåðàòóðè ïðî á³îëîã³÷í³ 
åôåêòè âóãëåöåâèõ íàíîìàòåð³àë³â (ÂÍÌ), òàêèõ ÿê 
Ñ60 ôóëåðåí, îäíîøàðîâ³ òà áàãàòîøàðîâ³ íàíîòðóáêè, 
ãðàôåí, îêñèä ãðàôåíó, ó ñèñòåìàõ in vitro òà in vivo 
ðîñëèí. Ïðîàíàë³çîâàíî âçàºìîä³þ ÂÍÌ ç ðîñëèííèìè 
êë³òèíàìè/îðãàí³çìàìè, ¿õ âíóòð³øíüîêë³òèííó ëîêà-
ë³çàö³þ òà ïîòåíö³éí³ ìåõàí³çìè ä³¿. Âèÿâëåíî, ùî çà 
ä³¿ ÂÍÌ ïîë³ïøóºòüñÿ ïðîðîñòàííÿ íàñ³ííÿ, ð³ñò 
êîðåí³â ³ ïàãîí³â, çá³ëüøóºòüñÿ á³îìàñà ð³çíèõ âèä³â 
îäíîäîëüíèõ ³ äâîäîëüíèõ ðîñëèí. Íåãàòèâíà ä³ÿ ÂÍÌ 
íà ð³ñò ³ ðîçâèòîê ðîñëèí ñïîñòåð³ãàºòüñÿ ëèøå çà 
âèñîêèõ äîç, çàëåæèòü â³ä òèïó ÂÍÌ òà îñîáëèâîñ-
òåé óìîâ åêñïîçèö³¿. Çàâäÿêè íàíîðîçì³ðíîñò³ òà 
ã³äðîôîáíèì âëàñòèâîñòÿì ÂÍÌ çäàòí³ ïðîíèêàòè 
ó êë³òèíè ðîñëèí ÿê åíåðãåòè÷íî çàëåæíèì, òàê ³ 
åíåðãåòè÷íî íåçàëåæíèì øëÿõîì, íàêîïè÷óâàòèñÿ ïå-
ðåâàæíî ó ïëàñòèäàõ, âàêóîëÿõ òà ÿäð³, ùî âèçíà÷àº 
çàõèñíó ³ òàðãåòíó ä³¿ ÂÍÌ. Ìåõàí³çìè çàõèñíî¿ ä³¿ 
ÂÍÌ ´ðóíòóþòüñÿ íà àíòèîêñèäàíòíèõ âëàñòèâîñ-
òÿõ âóãëåöåâèõ ìîëåêóë òà ñóïðîâîäæóþòüñÿ çì³íîþ 
åêñïðåñ³¿ ãåí³â, ÿê³ â³äïîâ³äàþòü, çîêðåìà, çà êë³òèíí³ 
ïðîöåñè, ìåòàáîë³÷í³ ïðîöåñè òà â³äïîâ³äü íà ä³þ 
àá³îòè÷íèõ ÷èííèê³â. Ïîçèòèâíèé âïëèâ ÂÍÌ íà ïðî-
äóêòèâí³ñòü ðîñëèí, ñò³éê³ñòü äî îêèñíîãî ñòðåñó, 
à òàêîæ ¿õ âèñîêà åôåêòèâí³ñòü çà íèçüêèõ ä³þ÷èõ 
êîíöåíòðàö³é òà åêîëîã³÷íà áåçïå÷í³ñòü ñâ³ä÷àòü ïðî 
ïåðñïåêòèâó ¿õ âèêîðèñòàííÿ ÿê ðåãóëÿòîð³â ô³ç³îëî-
ã³÷íîãî ñòàíó, ðîñòó ³ ðîçâèòêó âèùèõ ðîñëèí.

Êëþ÷îâ³ ñëîâà: Ñ60 ôóëåðåí, ãðàôåí, îêñèä ãðàôåíó, 
îäíîøàðîâ³ òà áàãàòîøàðîâ³ íàíîòðóáêè, ðîñëèíè, 
ô³òîòîêñè÷í³ñòü.

Âñòóï

Çàãàëüíîâ³äîìî, ùî ðîñëèíè º äæåðåëîì ¿æ³ 
³ ë³ê³â, òðàíñïîðòåðàìè êèñíþ â íàâêîëèøíº 
ñåðåäîâèùå òîùî. Êð³ì òîãî, ðîñëèíè ìîæóòü 
ó âåëèêèõ ê³ëüêîñòÿõ íàêîïè÷óâàòè íàíî÷àñ-
òèíêè, ùî âèçíà÷àº ¿õ ïåðåì³ùåííÿ â ëàíöþç³ 
õàð÷óâàííÿ, ³ â ê³íöåâîìó åòàï³ íàäõîäæåííÿ â 
îðãàí³çì ëþäèíè. Ç ³íøîãî áîêó, íàíîòåõíîëî-
ã³¿ ìîæóòü áóòè âèêîðèñòàíí³ äëÿ ï³äâèùåííÿ 
âðîæàéíîñò³ òà ³íäóêö³¿ ñòðåñîñò³éêîñò³ ñ³ëü-
ñüêîãîñïîäàðñüêèõ ðîñëèí äî á³îòè÷íèõ òà àá³-
îòè÷íèõ ôàêòîð³â íàâêîëèøíüîãî ñåðåäîâèùà.

Øâèäêèé ïðîãðåñ íàíîòåõíîëîã³é ïðèçâ³â 
äî âèêîðèñòàííÿ âóãëåöåâèõ íàíî÷àñòèíîê 
(ÂÍ×) ó ð³çíèõ ãàëóçÿõ ïðîìèñëîâîñò³. Òàê, 
íàíîòðóáêè ³ ãðàôåíè âèêîðèñòîâóþòü ó ì³êðî-
åëåêòðîí³ö³ òà îïòèö³ äëÿ ñòâîðåííÿ ñîíÿ÷íèõ 
òà åëåêòðè÷íèõ áàòàðåé, îïòè÷íèõ ïðèñòðî¿â, 
ïðîâ³äíèê³â, êâàíòîâîãî êîìï’þòåðà, ìîëåêó-
ëÿðíèõ ïåðåìèêà÷³â, çàì³ííèê³â ê³ñòêîâî¿ òêà-
íèíè, à òàêîæ äëÿ î÷èñòêè á³îëîã³÷íèõ çà-
áðóäíåíü (Buzaneva et al, 2002; Warheit, 2004; 
Upadhyayula et al, 2009; Lacerda et al, 2012; Se-
rag et al, 2013: Sukhodub et al, 2018). 

Ôóëåðåíè òà ¿õ âîäîðîç÷èíí³ ïîõ³äí³ âèêî-
ðèñòîâóþòü â á³îëîã³¿, ìåäèöèí³ òà ôàðìàö³¿ 
äëÿ ö³ëåñïðÿìîâàíî¿ äîñòàâêè ë³ê³â, òåðàíîñ-
òèêè òîùî (Kostarelos et al, 2007; Scharff et al, 
2008; Cui et al, 2010; Prylutska et al, 2010; Ali-
Boucetta et al, 2011; Zhang et al, 2011; Grebinyk 
et al, 2019; Prylutska et al, 2019; Grebinyk et al, 
2021). ÂÍ× âèêîðèñòîâóþòüñÿ ó ôîòîëþì³íåñ-
öåíòí³é äåòåêö³¿ á³ëê³â òà ñåëåêòèâíèõ á³îìî-
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Êë³òèííî-á³îëîã³÷í³ òà ìîëåêóëÿðíî-ãåíåòè÷í³ åôåêòè âóãëåöåâèõ íàíîìàòåð³àë³â ó ðîñëèí

ëåêóë (Cherukuri et al, 2004; Heller et al, 2005; 
Cherukuri et al, 2006; Leeuw et al, 2007; Jin et 
al, 2008; Welsher et al, 2008), ÿê ïîëüîâ³ òðàí-
çèñòîðè äëÿ ñåëåêòèâíîãî âèÿâëåííÿ àêòèâíîñ-
ò³ îêñèäàçè, äåã³äðîãåíàçè òà áàãàòüîõ ³íøèõ 
ôåðìåíò³â ³ á³îìîëåêóë, õî÷à ç äåÿêèìè îáìå-
æåííÿìè (Byon et al, 2006; Kim et al, 2007). 

Îñòàíí³ì ÷àñîì çíà÷íèé ³íòåðåñ âèêëèêà-
þòü äîñë³äæåííÿ âçàºìîä³¿ ð³çíèõ òèï³â ³ ñòðóê-
òóð íàíî÷àñòèíîê (Í×) ç ðîñëèíàìè òà ¿õ âè-
êîðèñòàííÿ â ñ³ëüñüêîìó ãîñïîäàðñòâ³ (Gal-
braith, 2007; Torney et al, 2007; Liu et al, 2009; 
Khodakovskaya et al, 2013; Lahiani et al, 2015; 
Rico et al, 2015; Lahiani, 2016). 

Çàâäÿêè óí³êàëüíèì âëàñòèâîñòÿì íàíîìà-
òåð³àëè (ÍÌ) ìîæóòü âèêîðèñòîâóâàòèñÿ ÿê 
ïåñòèöèäè (Hamdi et al, 2014), ñòèìóëÿòîðè 
ïðîðîñòàííÿ íàñ³ííÿ òà ðîñòó ðîñëèí (Kho-
dakovskaya et al, 2012; Lahiani et al, 2013), à òà-
êîæ òðàíñïîðòåðè ãåðá³öèä³â, äîáðèâ, ÄÍÊ òà 
ô³-òîãîðìîí³â â êë³òèíè ðîñëèí (Bianco et al, 
2005; Torney et al, 2007; Nima et al, 2014; Burlaka 
et al, 2015; Burlaka et al, 2016; Sakhno et al, 2020; 
Burlaka et al, 2011; Burlaka et al, 2015à).

Â³äîìî, ùî á³îëîã³÷íà â³äïîâ³äü òà åôåêòè 
çàñòîñóâàííÿ ÍÌ çàëåæàòü â³ä ¿õ ñïåöèô³÷íèõ 
âëàñòèâîñòåé, òàêèõ ÿê ðîçì³ð (Chithrani et 
al, 2006; Prylutska et al, 2008; Albanese et al, 
2012;  Jiang et al, 2014), ôîðìà (Albanese et al, 
2012), êîíöåíòðàö³ÿ (Rico et al, 2015) ³ õ³ì³ÿ 
ïîâåðõí³ (Albanese A et al, 2012; Villagarcia et 
al, 2012). Ïîêàçàíî, ùî êë³òèíè ññàâö³â ïî-
ãëèíàþòü Í× çîëîòà ³ êðåìíåçåìó, îäíîøàðî-
â³ âóãëåöåâ³ íàíîòðóáêè (ÎÂÍÒ) àáî êâàíòîâ³ 
òî÷êè ä³àìåòðîì 50 íì (Jin et al, 2009; Chithra-
ni et al, 2006). Ç ³íøîãî áîêó, ôóíêö³îíàëüí³ 
ãðóïè íà ïîâåðõí³ Í× ìîæóòü âçàºìîä³ÿòè ç 
íåãàòèâíî çàðÿäæåíèìè ãåïàðàíñóëüôàòíè-
ìè ïðîòåîãë³êàíîâèìè ãðóïàìè íà çîâí³øí³é 
ïîâåðõí³ êë³òèí ³ çãîäîì ïðîíèêàòè â êë³òè-
íó. Îòæå, ô³çèêî-õ³ì³÷í³ âëàñòèâîñò³ ìîæóòü 
ïîñèëþâàòè àáî çàòðèìóâàòè ñïîíòàííèé åí-
äîöèòîç ÍÌ. Ïîêàçàíî, ùî ìàëîðîçì³ðí³, âè-
òÿãíóòî¿ ôîðìè òà ïîçèòèâíî çàðÿäæåí³ Í× ìà-
þòü ïåðåâàãè ùîäî ïðîíèêíåííÿ ó êë³òèíè 
ññàâö³â, ïîð³âíÿíî ç âåëèêèìè òà íåçàðÿäæå-
íèìè Í× (Nazarenus et al, 2014).

Â³äîìîñò³ ïðî ô³òîòîêñè÷íó ä³þ ÂÍ×, ¿õ
âçàºìîä³þ ç ðîñëèííèìè êë³òèíàìè/îðãàí³çìà-
ìè, ìåõàí³çìè âçàºìîä³¿ ³ åôåêòè ÂÍ× â àãðî-

ñèñòåìàõ º íå÷èñëåíí³ òà ñóïåðå÷ëèâ³. Òîìó íà-
ìè áóëî ïðîàíàë³çîâàíî ³ñíóþ÷³ íà ñüîãîäí³ø-
í³é äåíü äàí³ ùîäî ô³òîòîêñè÷íî¿ ä³¿ ÂÍ×, ¿õ 
âíóòð³øíüîêë³òèííî¿ ëîêàë³çàö³¿ òà ìîæëèâèõ 
åôåêò³â ó ðîñëèí.

Âïëèâ âóãëåöåâèõ íàíîìàòåð³àë³â íà ðîñëèíè
ó á³îëîã³÷íèõ ñèñòåìàõ in vitro òà in vivo

Â³äîìî, ùî á³îëîã³÷íà ä³ÿ áóäü ÿêî¿ ðå÷îâè-
íè çàëåæèòü â³ä ñòðóêòóðè, ðîçì³ðó, ôîðìè, 
ïîâåðõíåâîãî çàðÿäó, êîíöåíòðàö³¿, óìîâ òà 
øëÿõ³â ¿¿ ââåäåííÿ. Âàæëèâîþ ñêëàäîâîþ, ÿêà
âèçíà÷àº á³îëîã³÷í³ åôåêòè ðå÷îâèíè º, çâè-
÷àéíî, âèâ÷åííÿ ¿õ òîêñè÷íèõ âëàñòèâîñòåé, îñ-
ê³ëüêè òîêñè÷í³ åôåêòè ñóïðîâîäæóþòüñÿ çì³-
íàìè ô³ç³îëîã³÷íîãî ³ á³îõ³ì³÷íîãî ñòàíó ðîñ-
ëèí ³ ïðèçâîäÿòü äî íåãàòèâíîãî âïëèâó íà 
âåñü îðãàí³çì â ö³ëîìó, à òàêîæ íà îòî÷óþ÷å 
ñåðåäîâèùå. 

Ïîêàçàíî, ùî ÂÍ× â åêñïåðèìåíòàõ in vitro 
òà in vivo àêòèâóþòü êë³òèííèé ïîä³ë, ïðîðîñ-
òàííÿ òà ð³ñò ðîñëèí (Lahiani et al, 2016). Òàê, 
ï³ñëÿ 30 ä³á ³íêóáàö³¿ êóëüòóðè êàëþñó òþòþ-
íó çà ïðèñóòíîñò³ áàãàòîøàðîâèõ âóãëåöåâèõ 
íàíîòðóáîê (ÁÂÍÒ) ³ ãðàôåíó çà êîíöåíòðàö³¿ 
50 ìêã/ìë çíà÷íî çðîñòàëà ñèðà òà ñóõà ìàñà 
êàëþñó íà 35 ³ 33 % â³äïîâ³äíî ïîð³âíÿíî ç 
êîíòðîëåì. Ïîêàçíèêè ñõîæîñò³ íàñ³ííÿ òî-
ìàò³â (íà 5 äîáó) òà ñåðåäíÿ äîâæèíà êîðåí³â 
ïðîðîñòê³â òîìàòó (íà 20 äîáó) ï³ñëÿ îáðîáêè 
50 òà 100 ìêã/ìë ÁÂÍÒ àáî ãðàôåíó áóëè 
äîñòîâ³ðíî âèùèìè ïîð³âíÿíî ç êîíòðîëüíè-
ìè çðàçêàìè.

Ðàí³øå àâòîðè (Khodakovskaya et al, 2012) 
ïðîäåìîíñòðóâàëè, ùî ÂÍ× àêòèâóþòü ð³ñò 
êë³òèí òþòþíó ó êóëüòóð³ (íà 16 %) çà íèçüêèõ 
êîíöåíòðàö³é (5 ìêã/ìë) ³ âèêëèêàþòü òîêñè÷-
í³ñòü çà äîñèòü âèñîêèõ äîç (100 ³ 500 ìêã/ìë). 
ÎÂÍ× ³ ÁÂÍÒ ïîñèëþâàëè êàëþñîãåíåç äî 55 
³ 78 % â³äïîâ³äíî.

Âîäîðîç÷èííå ïîõ³äíå Ñ60 ôóëåðåíó ç 12 çà-
ëèøêàìè ãë³öèíó ó ä³àïàçîí³ êîíöåíòðàö³é â³ä 
20 äî 50 ìêã/ìë íå ñïðè÷èíÿëî òîêñè÷íî¿ ä³¿ íà 
êë³òèíè çåëåíèõ ì³êðîâîäîðîñòåé Chlamydomo-
nas reinhardtii (WT 2137) P. A. Dang. (Volvocales, 
Chlorophyceae) ³ ñòèìóëþâàëî íàêîïè÷åííÿ ï³ã-
ìåíòó (êàðîòèíî¿ä³â, õëîðîô³ë³â a, b àáî çàãàëü-
íîãî) ó êóëüòóð³ C. reinhardtii (Lang, et al, 2009).

Âñòàíîâëåíî, ùî Ñ60 ôóëåðåí çà êîíöåí-
òðàö³¿ 10 ìã/ë íå âïëèâàâ íà ô³ç³îëîã³÷í³ òà 
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á³îõ³ì³÷í³ ïîêàçíèêè ÿ÷ìåíþ (Hordeum vul-
gare L., ñîðò ßêóá) ó ã³äðîïîíí³é êóëüòóð³ (ó 
äèñòèëüîâàí³é âîä³ àáî æèâèëüíîìó ðîç÷èí³ 
Êíîïà), îäíàê, çà êîíöåíòðàö³¿ 50 ìã/ë Ñ60 
ôóëåðåíó âì³ñò õëîðîô³ëó òà ôëàâîíîë³â ó 
ïåðøîìó ëèñòêó çìåíøóâàâñÿ, â³äíîñíà âòðàòà 
âîäè ëèñòêàìè çðîñòàëà, ð³ñò ÿ÷ìåíþ, à ñàìå 
ðîñëèí, âèðîùåíèõ ó âîä³, óïîâ³ëüíþâàâñÿ 
(Molchan et al, 2021). Ï³ñëÿ äîäàâàííÿ äî 
ðîç÷èíó Êíîïà Ñ60 ôóëåðåíó çà êîíöåíòðàö³¿ 
50 ìã/ë ï³äâèùóâàâñÿ âì³ñò õëîðîô³ëó, çðîñ-
òàëà ñóõà ìàñà ïàãîí³â, ³íäåêñ àçîòèñòîãî áà-
ëàíñó õàðàêòåðèçóâàâñÿ ïðîëîíãîâàíèì çðîñ-
òàííÿì. Àâòîðè ïðèïóñòèëè, ùî â³äì³ííîñò³ 
ì³æ ÷óòëèâ³ñòþ ðîñëèí äî Ñ60 ôóëåðåíó ï³ä 
÷àñ ¿õ ðîñòó ó âîä³ òà æèâèëüíîìó ðîç÷èí³ 
Êíîïà çàëåæàòü â³ä àíàòîìî-ìîðôîëîã³÷íèõ 
òà ô³ç³îëîãî-á³îõ³ì³÷íèõ îñîáëèâîñòåé ðîñ-
ëèí, àêòèâíîñò³ ìåõàí³çì³â äåòîêñèêàö³¿, çì³íè 
ô³çèêî-õ³ì³÷íèõ âëàñòèâîñòåé Í× ó ðîç÷èí³ ñî-
ëåé ³ àêòèâ³çàö³¿ äîñòàâêè ïîæèâíèõ ðå÷îâèí.

Àâòîðè (Panova et al, 2015) ïîêàçàëè, ùî 
ïîë³ã³äðîêñèôóëåðåí (14 ìã/ë ôóëåðîë àáî ôó-
ëåðåíîë) ï³ñëÿ äîäàâàííÿ â æèâèëüíå ñåðå-
äîâèùå ñòèìóëþâàâ ð³ñò êîðåí³â ÿ÷ìåíþ (Hor-
deum vulgare L.) ïåðåâàæíî øëÿõîì çá³ëüøåííÿ 
ðîçòÿæíîñò³ êë³òèííèõ ñò³íîê ó çîí³ ðîñòó. 

Áóëî âèÿâëåíî, ùî ÁÂÍÒ çà âèñîêèõ êîí-
öåíòðàö³é – 2000 ìã/ë – íå âïëèâàëè íà ïðî-
ðîñòàííÿ íàñ³ííÿ ð³çíèõ ðîñëèí (Lin et al, 
2007) òà êîðåíÿ ïøåíèö³ (Wild et al, 2009). Çà 
ä³¿ ÁÂÍÒ çìåíøóâàëàñÿ á³îìàñà ãàðáóçà çâè-
÷àéíîãî, Cucurbita pepo (Stampoulis et al, 2009).
ÂÍ× ïîñèëþâàëè ð³ñò êîðåí³â îã³ðê³â ³ íàñ³ííÿ 
öèáóë³, àëå íåãàòèâíî âïëèâàëè íà ïðîðîñòàí-
íÿ òîìàòó, ñàëàòó, ìîðêâè òà êàïóñòè (Cañas
et al, 2008). Ïðîòå ÁÂÍÒ ó ä³àïàçîí³ êîí-
öåíòðàö³é 10–40 ìã/ë âïëèâàëè íà ïðîðîñòàí-
íÿ íàñ³ííÿ òîìàò³â (Khodakovskaya et al, 2009). 
ÎÂÍ× ñïðè÷èíÿëè òîêñè÷í³ åôåêòè ó ðèñó òà 
Arabidopsis, ùî ïðèçâîäèëî äî çàãèáåë³ ~ 25 % 
ïðîòîïëàñò³â ÷åðåç 6 ãîä (Shen et al, 2010).

Çà âèêîðèñòàííÿ ïðîòîïëàñò³â Nicotiana ta-
bacum àâòîðàìè (Áóðëàêà òà ³í, 2015á) áóëî 
ïðîäåìîíñòðîâàíî, ùî ñòóï³íü ïîøêîäæåííÿ 
ðîñëèííèõ ïðîòîïëàñò³â ï³ä ä³ºþ ÂÍÒ íå çà-
ëåæèòü â³ä òèïó ìîëåêóë, âèêîðèñòàíèõ äëÿ
ôóíêö³îíàë³çàö³¿ íàíîòðóáîê. Ïîêàçàíî íèæ-
÷èé ð³âåíü ïîøêîäæåííÿ ïðîòîïëàñò³â âíàñ-

ë³äîê îáðîáêè ÎÂÍÒ ó ïîð³âíÿíí³ ç íàñë³ä-
êàìè îáðîáêè ÁÂÍÒ. Ó êîíöåíòðàö³¿ 1 ìêã/ìë
ÂÍÒ íå çíèæóâàëè ïîêàçíèê âèæèâàííÿ ïðî-
òîïëàñò³â. Âèêîðèñòàííÿ îäíîøàðîâèõ òà áàãà-
òîøàðîâèõ ÂÍÒ ó êîíöåíòðàö³ÿõ 20 ³ 15 ìêã/ìë,
â³äïîâ³äíî, àñîö³éîâàíå ³ç çíèæåííÿì ð³âíÿ 
âèæèâàííÿ ïðîòîïëàñò³â äî 75 %, ïîð³âíÿíî 
³ç 90 %-âèì ð³âíåì âèæèâàííÿ ó êîíòðîë³. 
Çà ä³¿ îäíîøàðîâèõ òà áàãàòîøàðîâèõ ÂÍÒ ó 
êîíöåíòðàö³ÿõ âèùå 60 ìêã/ìë ïîøêîäæóâà-
ëàñÿ á³ëüø³ñòü ïðîòîïëàñò³â. 

Äîñë³äæåíî âïëèâ ÁÂÍÒ çà êîíöåíòðàö³é 
0,100 òà 1000 ìã/ë íà ïðîðîñòàííÿ ³ ð³ñò ñî¿ 
(Glycine max (L.) Merr.), êâàñîë³ çâè÷àéíî¿ 
(Phaseolus vulgaris L.) òà êóêóðóäçè (Zea mays L.) 
(Zaytseva et al, 2016). Íàñ³ííÿ îáðîáëÿëè ÂÍÌ 
óïðîäîâæ 36 ãîä ï³ñëÿ ïîñ³âó äî ïîÿâè êîðåí³â 
ó äîñë³äæóâàíèõ ðîñëèí. Âñòàíîâëåíî, ùî çà 
îáðîáêè íàñ³ííÿ ÁÂÍÒ ïðîðîñòàííÿ íàñ³ííÿ 
çá³ëüøóâàëîñü íà 30 % ³ øâèäê³ñòü ïîãëèíàííÿ 
âîäè çìåíøóâàëàñÿ, çîêðåìà ó ñî¿. Ïîãëèíàííÿ 
í³òðàò³â áóëî íèæ÷èì ó ðîñëèí, ïîïåðåäíüî 
îáðîáëåíèõ ÁÂÍÒ, ùî â îñíîâíîìó ìîæå áó-
òè ïîâ’ÿçàíî ç îñîáëèâîñòÿìè êîðåíåâî¿ ñèñ-
òåìè. Åôåêòè ÁÂÍÒ çàëåæàëè â³ä êîíöåíòðà-
ö³¿, òðèâàëîñò³ îáðîáêè òà ñòàä³¿ ðîçâèòêó ðîñ-
ëèíè, âêëþ÷àþ÷è ïðîðîñòàííÿ ³ ðîçâèòîê ïðî-
ðîñòê³â.

Àâòîðè (Panova et al, 2018) ïîêàçàëè, ùî 
âîäîðîç÷èíí³ ïîõ³äí³ ôóëåðåíîëó òà àääóêòè 
Ñ60 ôóëåðåíó ç òàêèìè àì³íîêèñëîòàìè, ÿê 
òðåîí³í, ë³çèí, àðã³í³í òà ã³äðîêñèïðîë³í, ñïðè-
÷èíÿëè çá³ëüøåííÿ ìàñè ëèñòÿ, ñòåáåë ³ êîðåí³â 
ó ÿðî¿ ïøåíèö³ òà ÿ÷ìåíþ ó äâîõ âåãåòàö³éíèõ 
åêñïåðèìåíòàõ çà êîíòðîëüîâàíèõ óìîâ (àåðî-
âàíèé æèâèëüíèé ðîç÷èí, ôîòîïåð³îä äëÿ ðîñ-
òó ðîñëèí) ï³ñëÿ îáðîáêè íèìè ðîñëèí.

Âì³ñò ³ àêòèâí³ñòü ðîñëèííèõ ãîðìîí³â ââà-
æàþòüñÿ âàæëèâèì ôàêòîðîì äëÿ íîðìàëüíîãî 
ðîñòó òà ðîçâèòêó ðîñëèí (Blume et al., 2012). 
Òàê, àâòîðè (Hao et al, 2016) ïðîäåìîíñòðó-
âàëè, ùî ï³ñëÿ îáðîáêè ÁÂÍÒ çà êîíöåíòðà-
ö³é 10, 50 ³ 300 ìã/ë êîíöåíòðàö³ÿ ô³òîãîð-
ìîí³â: ³íäîë-3-îöòîâî¿ êèñëîòè (IÎÊ), ã³áå-
ðåëîâî¿ êèñëîòè (ÃÀ) òà ³çîïåíòåí³ë-àäåíîçèí 
(IPA) â êîðåíÿõ ³ ïàãîíàõ ðèñó (Oryza sativa 
L.) çíèæóâàëàñÿ, ùî âêàçóº íà òå, ùî ÂÍÒ 
ìîæóòü ïðèãí³÷óâàòè ð³ñò ðîñëèí øëÿõîì ³íã³-
áóâàííÿ âèñîòè òà ïðèðîñòó á³îìàñè ðîñëèí.
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Êë³òèííî-á³îëîã³÷í³ òà ìîëåêóëÿðíî-ãåíåòè÷í³ åôåêòè âóãëåöåâèõ íàíîìàòåð³àë³â ó ðîñëèí

Êð³ì òîãî, àâòîðè (Lahiani et al, 2013) ïðî-
äåìîíñòðóâàëèè çá³ëüøåííÿ á³îìàñè äî ~54 % 
çà ä³¿ ÂÍ× ó ðîñëèíàõ, ùî ï³äòâåðäæóº ïîãëè-
íàííÿ ðîñëèíàìè ÂÍ× òà ¿õ òðàíñëîêàö³þ.

Îòæå, ë³òåðàòóðí³ äàí³ ïðî ô³òîòîêñè÷íó 
ä³þ ÂÍÌ º ñóïåðå÷ëèâèìè ³ õàðàêòåðèçóþòü-
ñÿ äîçî- òà ÷àñîçàëåæíèìè åôåêòàìè, à òàêîæ 
çàëåæàòü â³ä îá’ºêò³â äîñë³äæåííÿ òà îáðàíî¿ 
ðîñëèííî¿ ìîäåë³ (íàñ³ííÿ, ïðîðîñòêè, òîùî). 
Âïëèâ ÂÍÌ íà ðîñëèíè óçàãàëüíåíî ó òàáëèö³.

Ìåõàí³çìè ïðîíèêíåííÿ òà âíóòð³øíüîêë³òèííà 
ëîêàë³çàö³ÿ âóãëåöåâèõ íàíîìàòåð³àë³â

ó ðîñëèíàõ

Ìåõàí³çìè âçàºìîä³¿ ÂÍ× ç ðîñëèíàìè º 
íåäîñòàòíüî âèâ÷åí³. Â³äîìî, ùî ïðîíèêíåííÿ 
³ âíóòð³øíüîêë³òèííà ëîêàë³çàö³ÿ ÂÍ× ó ðîñ-
ëèíàõ çàëåæèòü â³ä ¿õ ô³çè÷íèõ ³ õ³ì³÷íèõ 
âëàñòèâîñòåé ³ îñîáëèâî â³ä ðîçì³ðó.

Àâòîðè (Lin et al, 2009) ïîêàçàëè, ùî ôóëå-
ðåíè òà ôóëåðîëè ïîãëèíàëèñÿ ïðîðîñòêàìè 
ðèñó (O. sativa), âèðîùåíèìè â ã³äðîïîíí³é 
êóëüòóð³, ³ ïåðåì³ùóâàëèñÿ ÷åðåç êîð³íü äî 
ïàãîí³â ³ ëèñòÿ. Áóëî âèÿâëåíî íàêîïè÷åííÿ 
Ñ70 ôóëåðåíó ó òêàíèíàõ ñóäèí, íàâêîëèøí³õ 
êë³òèíàõ òà ì³æêë³òèííîìó ïðîñòîð³. Ñ60 ôó-
ëåðåí âèÿâëåíî ó êîðåíåâ³é ñèñòåì³ ñî¿ (G. 
max), òîìàò³â (S. lycopersicum), à òàêîæ ó êîðåíÿõ 
³ ïàãîíàõ ãàðáóçà (C. pepo) (De La Torre-Roche 
et al, 2012). Òàêîæ â³äîìî ïðî íàêîïè÷åííÿ 14C60 
ôóëåðåíó ó ðåäèñ³ (Raphanus sativus), âèðîùåíî-
ãî óïðîäîâæ 2 òèæí³â ó ï³ùàíîìó ñóáñòðàò³ òà 
ã³äðîïîíí³é êóëüòóð³ (Avanasi et al, 2014).

Çà äîïîìîãîþ ðàìàí³âñüêî¿ ñïåêòðîñêîï³¿ 
âèÿâëåíî íàêîïè÷åííÿ ÂÍ× ó ðåïðîäóêòèâ-
íîìó îðãàí³ òîìàòà (Khodakovskaya et al, 2011). 
ÂÍ× ìîæóòü ïîãëèíàòèñÿ ðîñëèíàìè ÷åðåç 
êîð³íü ³ ðîçïîä³ëÿòèñÿ â íàäçåìíèõ ÷àñòèíàõ, 
à òàêîæ íå âèêëþ÷àºòüñÿ çäàòí³ñòü ÂÍ× òðàí-
ñïîðòóâàòèñÿ ïî ðîñëèííîìó îðãàí³çì³ çàâäÿêè 
êàï³ëÿðíîìó ðóõó (Wild et al, 2009).

Áóëî âèÿâëåíî, ùî ÁÂÍÒ ìîæóòü ïðîíèêàòè 
÷åðåç íàñ³ííó øê³ðêó íàñ³ííÿ ÿ÷ìåíþ, ñî¿ òà 
êóêóðóäçè (Lahiani et al, 2013). ÁÂÍÒ ïðîíèêàëè 
òàêîæ â íàñ³ííÿ òîìàò³â ³ ëîêàë³çóâàëèñÿ â 
åíäîñïåðì³. Òàêå ïðîíèêíåííÿ ÂÍ× âñåðåäè-
íó ðîñëèííèõ òêàíèí áóëî ï³äòâåðäæåíî çà
äîïîìîãîþ ïðîñâ³÷óþ÷î¿ åëåêòðîííî¿ ì³êðî-
ñêîï³¿ òà ðàìàí³âñüêî¿ ñïåêòðîñêîï³¿. 

Âèÿâëåíî íàêîïè÷åííÿ ÁÂÍÒ â çàðîäêîâ³é 
òêàíèí³ íàñ³ííÿ ñî¿ áåç âèäèìèõ îçíàê ìå-
õàí³÷íîãî ïîøêîäæåííÿ íàñ³ííî¿ øê³ðêè 
(Zaytseva et al, 2017). ÁÂÍÒ íàêîïè÷óâàëèñÿ, 
çîêðåìà, â êë³òèíàõ ê³í÷èêà êîðåíÿ. ¯õ ñêóï-
÷åííÿ òàêîæ âèÿâëåíî ïîáëèçó ìåðèñòåìè êî-
ðåíÿ. ÁÂÍÒ áóëî âèÿâëåíî íå ëèøå â êë³òèí-
íèõ ñò³íêàõ, à ïåðåâàæíî ó âèãëÿä³ ìíîæèííèõ 
ãðàíóëüîâàíèõ àãëîìåðàö³é, ùî çàïîâíþâàëè 
âåñü âì³ñò êë³òèíè.

ÂÍ× ìîæóòü íàêîïè÷óâàòèñÿ â òêàíèíàõ 
ðîñëèí ³ âèêîðèñòîâóâàòèñÿ ïðè ñèíòåç³ âóã-
ëåöü-âì³ñíèõ á³îîðãàí³÷íèõ ñïîëóê. Ïîêàçàíî, 
ùî ÷àñòèíêè âóãëåöþ âåëèêîãî ðîçì³ðó íå 
ìîæóòü ïðîíèêàòè â ðîñëèííó êë³òèíó ³ òîìó 
ìîæóòü ëèøå àäñîðáóâàòèñÿ íà ¿¿ ïîâåðõí³ (Lin 
et al, 2009). ßêùî ðîçì³ð âóãëåöåâî¿ íàíî÷àñ-
òèíêè çàíàäòî ìàëèé, òî âîíà ìîæå äèôóíäó-
âàòè ÷åðåç ñò³íêó ðîñëèííî¿ êë³òèíè (Serag et 
al, 2013). Áóëî ïðîäåìîíñòðîâàíî, ùî ÎÂÍÒ, 
ì³÷åí³ ôëóîðåñöå¿í ³çîò³îö³àíàòîì (FITC), ïðî-
íèêàëè ÷åðåç êë³òèííó ñò³íêó æèâèõ ðîñëèí ³ 
ïîãëèíàëèñÿ êë³òèíàìè Nicotiana tobacum L.cv. 
ë³í³¿ BY-2 øëÿõîì åíäîöèòîçó (Samaj et al, 
2004; Liu et al, 2009).

Áóëî ïîêàçàíî, ùî ÎÂÍ× çäàòí³ ïðîíèêàòè 
ÿê ÷åðåç êë³òèííó ñò³íêó, òàê ³ ÷åðåç êë³òèííó 
ìåìáðàíó òþòþíó òà Catharanthus (Liu et al, 
2009; Serag et al, 2011; Serag et al, 2012). Çà äî-
ïîìîãîþ êîíôîêàëüíî¿ ì³êðîñêîï³¿ áóëî ïî-
êàçàíî, ùî ÎÂÍÒ, ì³÷åí³ FITC, ëîêàë³çîâà-
ëèñÿ ëèøå ó âàêóîëÿõ (Liu et al, 2009). Çà âè-
êîðèñòàííÿ ïðîñâ³÷óþ÷î¿ åëåêòðîííî¿ ì³êðî-
ñêîï³¿ áóëî âñòàíîâëåíî, ùî ÁÂÍÒ ìîæóòü íà-
êîïè÷óâàòèñÿ ó ñóáêë³òèííèõ îðãàíåëàõ ðîñ-
ëèííèõ êë³òèí, çîêðåìà ó ïëàñòèäàõ, âàêóîëÿõ 
òà ÿäð³ (Serag et al, 2013).

Òàêèì ÷èíîì, ÂÍ× çäàòí³ ïðîíèêàòè ÷å-
ðåç êë³òèííó ñò³íêó ðîñëèí øëÿõîì àêòèâíîãî 
àáî ïàñèâíîãî òðàíñïîðòó, ëîêàë³çóâàòèñÿ ó 
êë³òèíàõ ðîñëèí ³ íàêîïè÷óâàòèñÿ ó îðãàíåëàõ.

Âóãëåöåâ³ íàíîìàòåð³àëè ÿê íàíîïëàòôîðìà 
äîñòàâêè ïîæèâíèõ ðå÷îâèí

Ó ñ³ëüñüêîìó ãîñïîäàðñòâ³ íàðàç³ ³ñíóº ãîñ-
òðà ïðîáëåìà ³ç çàñòîñóâàííÿì àãðîõ³ì³êàò³â, 
ÿê³ íåêîíòðîëüîâàíî, ³ çà âèñîêèõ äîç, ó íå-
ñòàá³ëüíîìó ñòàí³ âèêîðèñòîâóþòüñÿ. Òîìó, ïðî-
ïîíóºòüñÿ âèêîðèñòîâóâàòè íåòîêñè÷í³ àáî íèçü-
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êîòîêñè÷í³ ñïîëóêè ó êîìïëåêñ³ ç íàíî÷àñ-
òèíêàìè ç ìåòîþ ï³äâèùåííÿ åôåêòèâíîñò³ 
ì³íåðàëüíèõ äîáðèâ òà ¿õ òàðãåíòíî¿ äîñòàâêè. 
Ñìàðò íàíîïëàòôîðìà äîñòàâêè àãðîõ³ì³êàò³â 
òà îðãàí³÷íèõ ìîëåêóë ó êë³òèíè ðîñëèí º 
ïîòåíö³éíèì çàñòîñóâàííÿì íàíîá³îòåõíîëîã³¿, 
ÿêà áàçóºòüñÿ íà çäàòíîñò³ ÂÍM ïðîíèêàòè 
÷åðåç êë³òèíí³ ñò³íêè òà ìåìáðàíè êë³òèí 
ðîñëèí (Liu et al, 2009). 

Àâòîðè (Giraldo et al, 2014) ïîâ³äîìèëè ïðî 
ìîæëèâ³ñòü äîñòàâêè ÎÂÍÒ ³ íàíî÷àñòèíîê 
öåð³þ â ³çîëüîâàí³ õëîðîïëàñòè. Ö³ íàíî÷àñ-
òèíêè, ïàñèâíî ïðîíèêàþ÷è ÷åðåç ìåìáðàíó 

õëîðîïëàñò³â çà äîïîìîãîþ äèôóç³¿, âïëèâàëè 
íà ôîòîñèíòåòè÷íó àêòèâí³ñòü, òðàíñïîðòóþ÷è 
ó ôîòîñèíòåòè÷íèé ëàíöþã åëåêòðîíè.

Çà äîïîìîãîþ àòîìíî-àáñîðáö³éíî¿ ñïåêòðî-
ìåòð³¿ ïðîäåìîíñòðîâàíî çíà÷íó àäñîðáö³þ 
ì³êðîåëåìåíò³â (Zn, Mn, Cu) ó íàñ³íí³ ñî¿ 
(Glycine max), îáðîáëåíîìó ÁÂÍÒ (1000 ìã/ë), 
ùî ìîæå áóòè âèêîðèñòàíî äëÿ ðåãóëþâàííÿ 
ãîìåîñòàçó ì³êðîåëåìåíò³â ó ðîñëèí (Zaytseva 
et al, 2017). Áóëî äîâåäåíî ñèíåðã³÷íó ä³þ äî-
áðèâ, ùî ì³ñòèëè âóãëåöü, ³ ïîêðàùåííÿ äî-
ñòóïíîñò³ ïîæèâíèõ ðå÷îâèí äëÿ ðîñëèí (Gogos 
et al, 2012).

Âïëèâ âóãëåöåâèõ íàíîìàòåð³àë³â (ÂÍÌ) íà ðîñëèíí³ îá’ºêòè

Îá’ºêò ÂÍÌ Êîíöåíòðàö³¿ìã/ë Òåðì³í ä³¿, äîáà

Îã³ðîê, öèáóëÿ
Òîìàò, ñàëàò
Òîìàò
ß÷ì³íü, êóêóðóäçà, ñîÿ

Òîìàò
Òþòþí
Ïøåíèöÿ, ð³ïàê
Àðàá³äîïñèñ

×àáåð
Òîìàò
×åðâîíèé øïèíàò

Öèáóëÿ
Îã³ðîê, ðèñ, ñàëàò, ÷åð-
âîíèé øïèíàò
Ðèñ
Ïøåíèöÿ
Òþòþí
Ïøåíèöÿ, ðèñ,
îã³ðîê, ìààø
Àðàá³äîïñèñ

Ô³òîïëàíêòîí
Ðÿñêà
Ðåäüêà
Ãàðáóç
Çåëåí³ âîäîðîñò³, àðàá³-
äîïñèñ
Äèíÿ

Êâàñîëÿ 

Òîìàò

ÎÂÍÒ
ÎÂÍÒ
ÎÂÍÒ
ÁÂÍÒ

ÎÂÍÒ
ÎÂÍÒ
ÁÂÍÒ
ÁÂÍÒ

ÁÂÍÒ
ÁÂÍÒ
ÁÂÍÒ

ÁÂÍÒ
ÁÂÍÒ

ÁÂÍÒ
ÁÂÍÒ
ÁÂÍÒ
C60

Ìàëîíàòíå ïîõ³äíå ôóëå-
ðåíó C70(C(COOH)2)4–8)
nC60

C60

C60

C60

Ôóëåðîë

Ôóëåðîë

Îêñèä ãðàôåíó

Ãðàôåí

28, 160, 900, 5000 ìã/ë
28, 160, 900, 5000 ìã/ë
50 ìã/ë
50, 100, 200 ìã/ë

10, 20, 40 ìã/ë
1, 15, 30, 45, 60, 75 ìêã/ìë
1000 ìã/ë
10, 60, 100, 600 ìã/ë

25, 50, 100, 250, 500 ìã/ë
50, 100, 200 ìã/ë
125, 1000 ìã/ë

5, 20, 50 ìã/ë
20, 200, 1000, 2000 ìã/ë

20 ìã/ë
10, 20, 40, 80, 160 ìã/ë
1, 15, 30, 45, 60, 75 ìêã/ìë
10–500 ìã/ë

0,005–0,2 ìã/ë

0,09 ìã/ë
2–16 ìã/ë
34 ìêã
1670 ìã/êã ãðóíòó
1–200 ìã/ë

0,943, 4,72, 9,43, 10,88, 
47,2 íM
400, 800 ìã/ë

40 ìã/ë

2–3 äîáè
2–3 äîáè

10 ä³á
10 ä³á

20 ä³á
24 äîáè

7 ä³á
7 ä³á

21 äîáà
10 ä³á
15 ä³á

24 ãîä
15 ä³á

6 ä³á
7 ä³á
24 ãîä

5–12 ä³á

5 ä³á

3 äîáè
7 ä³á
14 ä³á

21 äîáà
3 äîáè

2 äîáè

Äî ïðîðîñòàííÿ íàñ³ííÿ

11 ä³á
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Ðàçîì ç öèì, âàæëèâèì çàâäàííÿì º àíàë³ç 
ìîæëèâèõ òîêñè÷íèõ âïëèâ³â âóãëåöåâèõ íàíî-
ìàòåð³àë³â íà ðîñëèíè.

Ìåõàí³çìè ô³òîòîêñè÷íîñò³
âóãëåöåâèõ íàíîìàòåð³àë³â

Â³äîìî, ùî ìåõàí³çìè öèòîòîêñè÷íî¿ ä³¿ 
ðåàë³çóþòüñÿ øëÿõîì ³íäóêö³¿ îêèñíîãî ñòðåñó, 
ÿêèé ñïðè÷èíåíèé íàäì³ðíèì óòâîðåííÿì 
àêòèâíèõ ôîðì êèñíþ (ÀÔÊ). Âèñîêèé ð³âåíü 
ÀÔÊ ìîæå ïðèçâåñòè äî ïîøêîäæåííÿ ÄÍÊ 
â   ÿäð³, õëîðîïëàñòàõ ³ ì³òîõîíäð³ÿõ (Imlay et 
al, 1988), îêèñëåííÿ á³ëê³â, âèòîêó åëåêòðîë³ò³â, 
ïåðåêèñíîãî îêèñëåííÿ ë³ï³ä³â ³ ïîøêîäæåííÿ 

ìåìáðàí, ùî âðåøò³ ñïðè÷èíÿº çàãèáåëü êë³òèí 
(Sharma et al, 2012).

Ïîõ³äí³ Ñ60 ôóëåðåíó ç íåçàì³ííèìè àì³íî-
êèñëîòàìè – òðåîí³íîì, ë³çèíîì, àðã³í³íîì
çíèæóâàëè ³íòåíñèâí³ñòü ïåðåêèñíîãî îêèñ-
ëåííÿ ë³ï³ä³â, óòâîðåííÿ ÀÔÊ òà àêòèâí³ñòü 
ñóïåðîêñèääèñìóòàçè (ÑÎÄ) â ëèñòêàõ ³ êî-
ðåíÿõ ÿ÷ìåíþ (Panova et al, 2018). Áóëî ïî-
êàçàíî, ùî ÁÂÍÒ ïðîäóêóâàëè ÀÔÊ ó ñóñ-
ïåíç³éíèõ êë³òèíàõ ðèñó (Tan et al, 2009), 
çíèæóâàëè àêòèâí³ñòü ÑÎÄ ó êë³òèíàõ ñóñïåí-
ç³¿ Arabidopsis thaliana (Lin et al, 2009) òà ï³ä-
âèùóâàëè àêòèâí³ñòü ïåðîêñèäàçè ðîñëèíè Ono-
brychis arenaria (Smirnova et al, 2012).

Åôåêòè Àâòîðè

Çá³ëüøåííÿ äîâæèíè êîðåíÿ 
Çá³ëüøåííÿ äîâæèíè êîðåíÿ
Çá³ëüøåííÿ ñèðî¿ òà ñóõî¿ á³îìàñè ðîñëèí
Çá³ëüøåííÿ äîâæèíè ëèñòê³â ³ á³îìàñè ó êóêóðóäçè, çá³ëüøåííÿ äîâæèíè 
êîðåí³â ó ñî¿
Çá³ëüøåííÿ äîâæèíè ñòåáëà òà á³îìàñè ðîñëèí 
Çíèæåííÿ âèæèâàíîñò³ ïðîòîïëàñò³â
Íå ÷èíèòü âïëèâó
Çìåíøåííÿ ñóõî¿ á³îìàñè, âì³ñòó õëîðîô³ëó òà àêòèâíîñò³ ñóïåðîêñèääèñìó-
òàçè, æèòòºçäàòíîñò³ êë³òèí
Ïîñèëåííÿ ðîñòó êàëþñó
Çá³ëüøåííÿ á³îìàñè, àêòèâ³çàö³ÿ ñòðåñçàëåæíèõ ãåí³â
Ïðèãí³÷åííÿ ðîñòó êîðåí³â ³ ïàãîí³â, çìåíøåííÿ á³îìàñè, ïëîù³ ëèñòÿ, ïî
ñèëåíå ïîøêîäæåííÿ åëåêòðîë³ò³â ³ ÀÔÊ
Ïîøêîäæåííÿ ÄÍÊ
Çìåíøåííÿ äîâæèíè ïàãîíà, á³îìàñè, ï³äâèùåííÿ ïëèííîñò³ êë³òèííèõ
ìåìáðàí
Çíèæåííÿ æèòòºçäàòíîñò³ êë³òèí, ï³äâèùåííÿ ÀÔÊ
²íäóêö³ÿ åëîíãàö³¿ êë³òèí êîðåíÿ, çá³ëüøåííÿ äîâæèíè êîðåí³â, á³îìàñè
Çíèæåííÿ âèæèâàíîñò³ ïðîòîïëàñò³â
Íå âïëèâàº íà ïðîðîñòàííÿ íàñ³ííÿ

Íå âïëèâàº íà ïðîðîñòàííÿ íàñ³ííÿ, âèÿâëÿº çàõèñí³ åôåêòè

Ïðèãí³÷åííÿ ïðîöåñó ôîòîñèíòåçó ³ ïîãëèíàííÿ ³îí³â Mg
Ïðèãí³÷åííÿ ðîñòó, íàêîïè÷åííÿ õëîðîô³ëó
Òðàíñïîðòóâàííÿ â îðãàí³çì³ ðîñëèí
Çá³ëüøåííÿ á³îìàñè ïàãîí³â, çìåíøåííÿ á³îìàñè êîðåí³â
Ïîñèëåííÿ ðîçìíîæåííÿ âîäîðîñòåé ó êóëüòóð³; ïîñèëåííÿ ðîñòó àðàá³äîïñèñó

Çá³ëüøåííÿ ðîçì³ðó òà ê³ëüêîñò³ ïëîä³â, ¿õ á³îìàñè

Çíèæåííÿ ð³âíÿ H2O2, ïðîöåñ³â îêèñëåííÿ ë³ï³ä³â ³ á³ëê³â; àêòèâàö³ÿ àñêîðáàò-
çàëåæíî¿ ïåðîêñèäàçè òà êàòàëàçè; ï³äâèùåííÿ âì³ñò ïðîë³íó òà âîäè ó íàñ³íí³
Çá³ëüøåííÿ äîâæèíè êîðåíÿ ³ ïàãîíó, çìåíøåííÿ á³îìàñè

Cañas et al, 2008
Cañas et al, 2008
Khodakovskaya et al, 2011
Lahiani et al, 2013

Khodakovskaya et al, 2009
Burlaka et al, 2015á
Larue et al, 2012
Lin et al, 2009

Ghorbanpour et al, 2015
Khodakovskaya et al, 2011
Begum et al, 2012

Ghosh et al, 2011
Begum et al, 2012

Tan et al, 2009
Wang et al, 2012
Burlaka et al, 2015á
Kumar et al, 2015

Liu et al, 2010

Tao et al, 2015
Santos et al, 2013
Avanasi et al, 2014
Kelsey et al, 2013
Gao et al, 2011

Kole et al, 2013

Anjum et al, 2014

Zhang et al, 2015
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Áóëî âèÿâëåíî, ùî ÁÂÍÒ âïëèâàëè íà ðÿä
ãåí³â ó íàñ³íí³ òîìàò³â, ÿê³ áåðóòü ó÷àñòü ó 
êë³òèííèõ ðåàêö³ÿõ ³ ïåðåäà÷³ ñèãíàë³â ïðè ñòðå-
ñ³. Âïëèâ ÁÂÍÒ íà åêñïðåñ³þ ãåí³â ó íàñ³íí³ 
òà ïðîðîñòêàõ òîìàò³â, îáðîáëåíèõ 25 ìêã/ìë
ÁÂÍÒ, äîñë³äæóâàëè çà äîïîìîãîþ ÏËÐ-àíà-
ë³çó ó ðåàëüíîìó ÷àñ³. Çà äîïîìîãîþ öüîãî 
àíàë³çó áóëî âèÿâëåíî çì³íè åêñïðåñ³¿ äåÿêèõ
ãåí³â. Òàê, ãåíè ïðîë³íäåã³äðîãåíàçè (LesAffx.
3568.1.S1_a_at) – ôåðìåíòó, ÿêèé áåðå ó÷àñòü 
ó ðîçìíîæåíí³ òà ðåàêö³¿ íà âîäíèé ñòðåñ (Yo-
shiba et al, 1997) ³ çàõèñò³ ïàòîãåí³â ó Arabidop-
sis (Cecchini et al, 2011), ïàòîãåí-çàëåæíîãî 
ïðîòå¿íà P2 (Les.4345.1.S1_at) òà ðèáîíóêëåàçè 
(Les.50.1.S1_at) çíà÷íî àêòèâóâàëèñÿ ïîð³âíÿ-
íî ç êîíòðîëåì. ÂÍ× òàêîæ àêòèâóâàëè åêñ-
ïðåñ³þ ãåíà àêâàïîðèíó òîìàò³â (LeAqp) â íà-
ñ³íí³ ÷åðåç 12, 24 òà 48 ãîä ïîð³âíÿíî ç êîíò-
ðîëåì.

Âèêîðèñòîâóþ÷è áàçó äàíèõ ôóíêö³îíàëü-
íî¿ ãåíîì³êè òîìàò³â, áóëî ïîêàçàíî, ùî ÁÂÍÒ 
âïëèâàþòü íà åêñïðåñ³þ ãåí³â, ÿê³ â³äïîâ³äàþòü 
çà ñïåöèô³÷í³ á³îëîã³÷í³ ïðîöåñè. Òàê, ÁÂÍÒ 
â íàñ³íí³ âïëèâàëè íà òðè îñíîâí³ ïðîöåñè, 
çîêðåìà êë³òèíí³ ïðîöåñè, ìåòàáîë³÷í³ ïðîöå-
ñè òà â³äïîâ³äü íà ä³þ àá³îòè÷íèõ ÷èííèê³â 
(Lahiani et al, 2016). 

Ôóëåðîëè, ôóíêö³îíàë³çîâàí³ ÎÍ-ãðóïàìè 
ôóëåðåíè, ïîçèòèâíî âïëèâàëè íà ð³ñò ðîñëèí, 
çîêðåìà ñòèìóëþâàëè ïîä³ë êë³òèí ó êóëüòóðàõ 
çåëåíèõ âîäîðîñòåé Pseudokirchneriella subca-
pitata òà ð³ñò ã³ïîêîòèëþ ó Arabidopsis thaliana 
(Gao et al, 2011). Ï³ñëÿ îáðîáêè íàñ³ííÿ ôó-
ëåðîëàìè çá³ëüøóâàëàñÿ ê³ëüê³ñòü ³ ðîçì³ð ïëî-
ä³â òà ê³íöåâîãî âðîæàþ äî 128 % ó Momordica 
charantia, à òàêîæ âì³ñò á³îëîã³÷íî àêòèâíèõ 
ñïîëóê ó ïëîäàõ, òàêèõ ÿê êóêóðá³òàöèíó-Â, 
ë³êîï³íó, ñàïîí³íó òà ³íóë³íó (Kole et al, 2013). 

Îòæå, ìåõàí³çìè ô³òîòîêñè÷íîñò³ âóãëåöå-
âèõ íàíîìàòåð³àë³â ðåàë³çóþòüñÿ øëÿõîì ³í-
äóêö³¿ îêèñíîãî ñòðåñó, îäíàê äîâåäåíî ³ çà-
õèñíó ä³þ ÂÍ×.

Çàõèñíà ä³ÿ 
âóãëåöåâèõ íàíîìàòåð³àë³â ó ðîñëèí

Àâòîðàìè (Khodakovskaya et al, 2009) âè-
ÿâëåíî ïîçèòèâíó ä³þ ÂÍÒ íà ð³ñò ³ ðîçâèòîê 
ðîñëèí òîìàò³â, ùî ìîæå áóòè ïîâ’ÿçàíî ç ¿õ 
âïëèâîì íà ïðîöåñè ïîãëèíàííÿ âîëîãè íàñ³í-

íÿ. Ìåõàí³çì ä³¿ ÂÍÒ ïîÿñíþºòüñÿ ñòâîðåííÿì 
ÂÍÒ ïîð â øê³ðö³ íàñ³íèíè ïðè ïðîíèêíåíí³ 
êð³çü íå¿. ÂÍÒ çäàòí³ ðåãóëþâàòè ðîáîòó âîä-
íèõ êàíàë³â, çîêðåìà ÷åðåç àêòèâí³ñòü àêâà-
ïîðèí³â.

Ïîõ³äí³ Ñ60 ôóëåðåíó ç àì³íîêèñëîòàìè ðå-
ãóëþâàëè ôîòîñèíòåç ó ðîñëèí. Òàê, àâòîðè 
(Panova et al, 2018) ïîêàçàëè, ùî ó ñòðåñ-
³íäóêîâàí³é ìîäåë³ (ÓÔ-B îïðîì³íåííÿ, 
20 êÄæ/ì2) ï³ñëÿ îáðîáêè ôóëåðåíîëîì, C60-
òðåîí³íîì òà C60-ã³äðîêñèïðîë³íîì ó ëèñòÿõ 
ÿ÷ìåíþ ïîñèëþâàâñÿ ñèíòåç ³ ï³äâèùóâàâñÿ 
âì³ñò ôîòîñèíòåòè÷íèõ ï³ãìåíò³â: õëîðîô³ë³â 
(ChlRI) òà àíòîö³àí³â (ARI). Àâòîðè ïðèïóñ-
êàþòü, ùî ïîçèòèâíèé âïëèâ àì³íîêèñëîòíèõ 
ïîõ³äíèõ Ñ60 ôóëåðåíó òà ôóëåðåíîëó íà ïðî-
äóêòèâí³ñòü ðîñëèí, ñò³éê³ñòü äî îêèñíîãî 
ñòðåñó, à òàêîæ ¿õ âèñîêà åôåêòèâí³ñòü çà 
íèçüêèõ êîíöåíòðàö³é òà åêîëîã³÷íà áåçïå÷-
í³ñòü ñâ³ä÷àòü ïðî ïåðñïåêòèâí³ñòü ¿õ âèêî-
ðèñòàííÿ â ðîñëèííèöòâ³.

Âñòàíîâëåíî, ùî ïîë³ã³äðîêñèôóëåðåíè (ôó-
ëåðîë àáî ôóëåðåíîë) çàïîá³ãàëè îêèñíîìó 
ñòðåñó â êîðåíÿõ ÿ÷ìåíþ (Hordeum vulgare L.)
³ ïøåíèö³ (Triticum aestivum L.), ³íäóêîâàíîìó 
ÓÔ-Â îïðîì³íåííÿì (0,5 Âò/ì2, 15 õâ, 320 íì)
(Panova et al, 2015). Òàê, çà âèêîðèñòàííÿ 
çîíäó äèõëîðôëóîðåñöå¿íó (DCF) áóëî ïîêà-
çàíî, ùî ï³ñëÿ îáðîáêè 14 ìã/ë ôóëåðîëîì 
àáî ôóëåðåíîëîì ó çîí³ ðîñòó êîðåíÿ çíè-
æóâàâñÿ ð³âåíü ÀÔÊ. Îòðèìàí³ ðåçóëüòàòè 
ñâ³ä÷àòü ïðî àíòèîêñèäàíòíó àêòèâí³ñòü ïîë³-
ã³äðîêñèôóëåðåí³â òà ¿õ âèêîðèñòàííÿ äëÿ ïî-
êðàùåííÿ ðîñòó ðîñëèí â óìîâàõ ñòðåñó íàâ-
êîëèøíüîãî ñåðåäîâèùà.

Çàõèñíà ä³ÿ âóãëåöåâèõ íàíîìàòåð³àë³â ó
ðîñëèíàõ ðåàë³çóºòüñÿ çàâäÿêè ¿õ àíòèîêñè-
äàíòíèì âëàñòèâîñòÿì òà çäàòíîñò³ âëîâëþâà-
òè â³ëüí³ ðàäèêàëè.

Âèñíîâîê

Öåé îãëÿä ïðèñâÿ÷åíèé ïîòåíö³éíîìó âïëè-
âó ÂÍÌ íà ðîñëèíè, ïðîíèêíåííþ ³ âíóòð³ø-
íüîêë³òèíí³é ëîêàë³çàö³¿ ÂÍÌ ó êë³òèíàõ ðîñ-
ëèí, ìîæëèâèì ìåõàí³çìàì ô³òîòîêñè÷íîñò³ 
ÂÍÌ. Á³îëîã³÷íà àêòèâí³ñòü ÂÍÌ çàëåæèòü 
â³ä õ³ì³÷íîãî ñêëàäó, ðîçì³ðó òà ôîðìè, ñòðóê-
òóðè ïîâåðõí³, êîíöåíòðàö³¿, ðîç÷èííîñò³, àãðå-
ãàö³¿, øëÿõ³â çàñòîñóâàííÿ òà ìîäåëåé ðîñëèí.
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Îòæå, ÂÍÌ çäàòí³ ³íäóêóâàòè ïðîðîñòàííÿ 
íàñ³ííÿ, ð³ñò êîðåí³â ³ ôîòîñèíòåç, çá³ëüøåííÿ 
á³îìàñè òà òðàíñïîðòóâàííÿ ïîæèâíèõ ðå÷î-
âèí. Êð³ì òîãî, ÂÍÌ ìàþòü ÷èñëåíí³ ïîòåí-
ö³éí³ ìîæëèâîñò³ çàñòîñóâàííÿ â ñ³ëüñüêîìó 
ãîñïîäàðñòâ³: ïî-ïåðøå, äëÿ ï³äâèùåííÿ ïðî-
äóêòèâíîñò³ ñ³ëüñüêîãîñïîäàðñüêèõ êóëüòóð ÿê
ñòèìóëÿòîðè ðîñòó ðîñëèí; ïî-äðóãå, äëÿ çìåí-
øåííÿ âèêîðèñòàííÿ àãðîõ³ì³êàò³â ÿê íàíî-
êàïñóëüîâàí³ çàñîáè çàõèñòó ðîñëèí (ïåñòè-
öèäè, ãåðá³öèäè) òà äîáðèâà ç ïîâ³ëüíèì 
âè-â³ëüíåííÿì; ïî-òðåòº, ÿê çàñîáè çàõèñòó ðîñ-
ëèí, âêëþ÷àþ÷è ïåñòèöèäè, ãåðá³öèäè, ³íñåê-
òèöèäè.

Êîíôë³êò ³íòåðåñ³â. Àâòîðè çàÿâëÿþòü ïðî â³ä-
ñóòí³ñòü êîíôë³êòó ³íòåðåñ³â. 
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Current research data on the biological effects of carbon 
nanoparticles (CNPs) such as Ñ60 fullerene, graphene, 
graphene oxide, single- and multi-walled nanotubes, in 
in vitro and in vivo plant systems are summarized. The 
interaction of CNPs with plant cells/organisms, their 
intracellular localization, and potential mechanisms of 
action are analyzed. It was found that CNPs improve 
seed germination, growth of roots and shoots, increase 
the biomass of different species of monocotyledonous 
and dicotyledonous plants. The negative effect of CNPs 
on plant growth and development is observed only at 
high concentrations, depending on the type of CNPs 
and the peculiarities of exposure conditions. Due to 
nanoscale and hydrophobic properties, CNPs are able 
to penetrate plant cells in both energy-dependent and 
energy-independent ways, accumulating mainly in 
plastids, vacuoles, and nuclei, which determines the 
protective and target action of CNPs. The protective 
mechanisms of CNPs are based on the antioxidant 
properties of carbon molecules and are accompanied by 
changes in the expression of genes that are responsible, 

in particular, for cellular processes, metabolic processes, 
and the response to abiotic factors. The positive effect of 
CNPs on plant productivity, resistance to oxidative stress, 
as well as their high efficiency at low concentrations 
and environmental safety indicate the prospect of their 
use as regulators of physiological conditions, growth and 
development of higher plants.

ÑÏÈÑÎÊ Ë²ÒÅÐÀÒÓÐÈ

Albanese A, Tang PS, Chan WC. (2012) The effect of 
nanoparticle size, shape, and surface chemistry on 
biological systems Ann Rev Biomed Eng 14:1–16. 
doi: 10.1146/annurev-bioeng-071811-150124

Ali-Boucetta H, Al-Jamal KT, Müller KH et al. (2011) 
Cellular uptake and cytotoxic impact of chemically 
functionalized and polymer-coated carbon nanotubes 
Small 7:3230–3238. doi: 10.1002/smll.201101004

Anjum NA, Singh N, Singh MK et al. (2014) Single-
bilayer graphene oxide sheet impacts and underlying 
potential mechanism assessment in germinating faba 
bean (Vicia faba L.) Sci Total Environ 472:834–41. 
doi: 10.1016/j.scitotenv.2013.11.018

Avanasi R, Jackson WA, Sherwin B et al. (2014) C60 
fullerene soil sorption, biodegradation, and plant 
uptake Environ Sci Technol 48:2792–2797. doi: 
10.1021/es405306w

Begum P, Fugetsu B. (2012) Phytotoxicity of multi-
walled carbon nanotubes on red spinach (Amaranthus 
tricolor L.) and the role of ascorbic acid as an 
antioxidant J Hazard Mater 243:212–222. doi: 
10.1016/j.jhazmat.2012.10.025

Begum P, Ikhtiari R, Fugetsu B et al. (2012) Phytotoxicity 
of multi-walled carbon nanotubes assessed by 
selected plant species in the seedling stage Appl Surf 
Sci 262:120–124. doi: 10.1016/j.apsusc.2012.03.028

Bianco A, Kostarelos K, Prato M. (2005) Applications of 
carbon nanotubes in drug delivery Curr Opin Chem 
Biol 9:674–679. doi: 10.1016/j.cbpa.2005.10.005 

Blume YB, Krasylenko YA, Yemets AI. (2012) Effects of 
phytohormones on the cytoskeleton of the plant cell 
Rus J Plant Physiol 59(4):515–529. doi: 10.1134/
S1021443712040036

Burlaka OM, Pirko YaV, Yemets AI et al.(2015) 
Application of carbon nanotubes for plant genetic 
transformation. In: Nanocomposites, Nanophotonics, 
Nanobiotechnology, and Applications (Eds. Fesenko 
O., Yatsenko L.), Springer-Verlag: Springer Pro-
ceedings in Physics, V. 156, Chapter 20, p. 233–255. 
https://doi.org/10.1007/978-3-319-06611-0_20 

Burlaka OM, Yemets AI, Pirko YaV, et al. (2016) 
Non-covalent functionalization of carbon nanotubes 
for efficient gene delivery. In: Nanophysics, 
Nanophotonics, Surface Studies, and Applications 
(Eds. Fesenko O, Yatsenko L), Springer-Verlag: 



56 ISSN 0564–3783. Öèòîëîã³ÿ ³ ãåíåòèêà. 2022. Ò. 56. ¹ 4

Ñ.Â. Ïðèëóöüêà, Ä.Â. Ôðàíñêåâè÷, A.I. ªìåöü

Springer Proceedings in Physics, V. 183, Chapter 30, 
p. 355–370. https://doi.org/10.1007/978-3-319-
30737-4_30

Burlaka OM, Pirko YaV, Yemets AI, Blume YaB. 
(2011) Carbon nanotubes and their application for
plant genetic engineering. Nanostructural Material
Science 2:84–101. http://dspace.nbuv.gov.ua/handle/
123456789/62783. (In Ukrainian) 

Burlaka OM, Pirko YaV, Yemets AI, Blume YaB. 
(2015a) Gene material delivering into plant cells 
using carbon nanotubes Dopov Nac Akad Nauk 
Ukr, 8:122–130. doi: 10.15407/dopovidi2015.08.122. 
(In Ukrainian) 

Burlaka OM, Pirko YaV, Yemets AI, Blume YaB. (2015b)  
Investigation of the effect of carbon nanotubes on 
tobacco protoplasts for the development of novel 
approaches in plant biotechnology Factory Exp Evol 
Org 17:121–125. http://utgis.org.ua/journals/index.
php/Faktory/article/view/486 (In Ukrainian) 

Buzaneva E, Karlash A, Yakovkin K et al. (2002) 
DNA nanotechnology of carbon nanotube cells: 
physico-chemical models of self-organization and 
properties Mater Sci Engineer C 19(1–2):41–45. 
doi.org/10.1016/S0928-4931(01)00425-8

Byon HR, Choi HC. (2006) Network single-walled 
carbon nanotube-field effect transistors (SWNT 
FETs) with increased Schottky contact area for 
highly sensitive biosensor applications J Am Chem 
Soc 128:2188–2189. doi.org/10.1021/ja056897n

Cañas JE, Long M, Nations S et al. (2008) Effects of 
functionalized and non functionalized single-walled 
carbon nanotubes on root elongation of select crop 
species Environ Toxicol Chem 27:1922–1931. doi: 
10.1897/08-117.1

Cecchini NM, Monteoliva MI, Alvarez ME. (2011) 
Proline dehydrogenase contributes to pathogen 
defense in Arabidopsis Plant Physiol 155:1947–1959. 
doi: 10.1104/pp.110.167163

Cherukuri P, Bachilo SM, Litovsky SH et al. (2004) Near-
infrared fluorescence microscopy of single-walled 
carbon nanotubes in phagocytic cells J Am Chem Soc 
126:15638–15639. doi.org/10.1021/ja0466311

Cherukuri P, Gannon CJ, Leeuw TK et al. (2006) 
Mammalian pharmacokinetics of carbon nanotubes 
using intrinsic near-infrared fluorescence Proc Natl 
Acad Sci USA 103:18882–18886. doi: 10.1073/
pnas.0609265103

Chithrani BD, Ghazani AA, Chan WCW. (2006) 
Determining the size and shape dependence of gold 
nanoparticle uptake into mammalian cells Nano Lett 
6:662–668. doi: 10.1021/nl052396o.

Cui D, Zhang H, Sheng J et al. (2010) Effects of CdSe/
ZnS quantum dots covered multi-walled carbon 
nanotubes on murine embryonic stem cells Nano 

Biomed Eng 2:236–244. doi: 10.5101/NBE.V214.
P236-244

De La Torre-Roche R, Hawthorne J, Deng Y et al. 
(2012) Fullerene-enhanced accumulation of p, 
p’-DDE in agricultural crop species Environ Sci 
Technol 46:9315–9323. doi: 10.1021/es301982w

Galbraith DW. (2007) Nanobiotechnology: silica breaks 
through in plants Nat Nanotechnol 2:272–273. doi: 
10.1038/nnano.2007.118

Gao J, Wang Y, Folta KM et al. (2011) Polyhydroxy 
fullerenes (fullerols or fullerenols): beneficial effects on 
growth and lifespan in diverse biological models PLoS 
One 6:e19976. doi.org/10.1371/journal.pone.0019976

Ghorbanpour M, Hadian J. (2015) Multi-walled carbon 
nanotubes stimulate callus induction, secondary meta-
bolites biosynthesis and antioxidant capacity in medi-
cinal plant Satureja khuzestanica grown in vitro. Carbon 
94:749–759. doi: 10.1016/j.carbon.2015.07.056

Ghosh M, Chakraborty A, Bandyopadhyay M et al. 
(2011) Multi-walled carbon nanotubes (MWCNT): 
induction of DNA damage in plant and mammalian 
cells J Hazard Mater 197:327–336. doi: 10.1016/j.
jhazmat.2011.09.090

Giraldo JP, Landry MP, Faltermeier SM et al. 
(2014) Plant nanobionics approach to augment 
photosynthesis and biochemical sensing Nat Mater 
13:400–408. doi: 10.1038/nmat3890

Gogos A, Knauer K, Bucheli TD. (2012) Nanomaterials 
in plant protection and fertilization: current state, 
foreseen applications, and research priorities J Agric 
Food Chem 60:9781–9792. doi.org/10.1021/jf302154y

Grebinyk A, Prylutska S, Buchelnikov A et al. (2019) 
C60 fullerene as effective nanoplatform of alkaloid 
berberine delivery into leukemic cells Pharmaceutics 
111:586. doi: 10.3390/pharmaceutics11110586

Grebinyk A, Prylutska S, Grebinyk S et al. (2021) 
Antitumor efficiency of the natural alkaloid ber-
berine complexed with C60 fullerene in Lewis lung 
carcinoma in vitro and in vivo Cancer Nano 12:24. 
doi.org/10.1186/s12645-021-00096-6 

Hamdi H, De La Torre-Roche R et al. (2014) Impact 
of non-functionalized and amino-functionalized 
multiwall carbon nanotubes on pesticide uptake by 
lettuce (Lactuca sativa L.) Nanotoxicology 6:1–9. do
i:10.3109/17435390.2014.907456

Hao Y, Yu F, Lv R et al. (2016) Carbon nanotubes filled 
with different ferromagnetic alloys affect the growth 
and development of rice seedlings by changing the 
C:N ratio and plant hormones concentrations PloS 
One 11. doi: 10.1371/journal.pone.0157264

Heller DA, Baik S, Eurell TE et al. (2005) Single-walled 
carbon nanotube spectroscopy in live cells: towards 
long-term labels and optical sensors Adv Mater 
17:2793–2799. doi: 10.1002/ADMA.200500477



57ISSN 0564–3783. Öèòîëîã³ÿ ³ ãåíåòèêà. 2022. Ò. 56. ¹ 4

Êë³òèííî-á³îëîã³÷í³ òà ìîëåêóëÿðíî-ãåíåòè÷í³ åôåêòè âóãëåöåâèõ íàíîìàòåð³àë³â ó ðîñëèí

Imlay JA, Linn S. (1988) DNA damage and oxygen 
radical toxicity Sci (Washington) 240:1302–1309. 
doi: 10.1126/science.3287616

Jiang Y, Hua Z, Zhao et al. (2014) The effect of carbon 
nanotubes on rice seed germination and root growth 
Proc Int Conf Appl Biotechnol (ICAB 2012) p 1207

Jin H, Heller DA, Sharma R et al. (2009) Size dependent 
cellular uptake and expulsion of single-walled carbon 
nanotubes: single particle tracking and a generic 
uptake model for nanoparticles ACS Nano 3:149–
158. doi.org/10.1021/nn800532m

Jin H, Heller DA, Strano MS. (2008) Single-particle 
tracking of endocytosis and exocytosis of single-
walled carbon nanotubes in NIH-3 T3 cells Nano 
Lett 8:1577–1585. doi: 10.1021/nl072969s

Kelsey JW, White JC. (2013) Effect of C60 fullerenes on 
the accumulation of weathered p,p’-DDE by plant 
and earthworm species under single and multispecies 
conditions Environ Toxicol Chem/SETAC 32:1117–
23. doi: 10.1002/etc.2158

Khodakovskaya MV, de Silva K, Biris AS et al. (2012) 
Carbon nanotubes induce growth enhancement 
of tobacco cells ACS Nano 6:2128–2135. doi.
org/10.1021/nn204643g

Khodakovskaya M, de Silva K, Nedosekin D et al. (2011) 
Complex genetic, photothermal, and photoacoustic 
analysis of nanoparticle-plant interactions Proc 
Natl Acad Sci USA 108:1028–1033. doi:10.1073/
pnas.1008856108

Khodakovskaya M, Dervishi E, Mahmood M et al. 
(2009) Carbon nanotubes are able to penetrate plant 
seed coat and dramatically affect seed germination 
and plant growth ACS Nano 3:3221–3227. doi: 
10.1021/nn900887m.

Khodakovskaya MV, Kim BS, Kim JN et al. (2013) 
Carbon nanotubes as plant growth regulators: 
effects on tomato growth, reproductive system, and 
soil microbial community Small 9:115–123. doi: 
10.1002/smll.201201225

Kim SN, Rusling JF, Papadimitrakopoulos F. (2007) 
Carbon nanotubes for electronic and electrochemical 
detection of biomolecules Adv Mater 19:3214–3228. 
doi: 10.1002/adma.200700665

Kole C, Kole P, Randunu KM et al. (2013) Nano-
biotechnology can boost crop production and 
quality: first evidence from increased plant biomass, 
fruit yield and phytomedicine content in bitter melon 
(Momordica charantia) BMC Biotechnol 13:1. doi.
org/10.1186/1472-6750-13-37

Kostarelos K, Lacerda L, Pastorin G et al. (2007) 
Cellular uptake of functionalized carbon nanotubes 
is independent of functional group and cell type 
Nat Nanotechnol 2:108–113. doi: 10.1038/nnano.
2006.209

Lacerda L, Russier J, Pastorin G et al. (2012) Trans-
location mechanisms of chemically functionalised 
carbon nanotubes across plasma membranes 
Biomaterials 33:3334–3343. doi: 10.1016/j.bioma
terials.2012.01.024

Lahiani M, Chen J, Irin F et al. (2015) Interaction 
of carbon nanohorns with plants: uptake and 
biological effects Carbon 81:607–19. doi: 10.1016/j.
carbon.2014.09.095

Lahiani MH, Dervishi E, Chen J et al. (2013) Impact 
of carbon nanotube exposure to seeds of valuable 
crops ACS Appl Mater Interfaces 5:7965–7973. doi.
org/10.1021/am402052x

Lahiani MH, Dervishi E, Ivanov I et al. (2016) 
Comparative study of plant responses to carbon-
based nanomaterials with different morphologies 
Nanotechnology 27(26):265102. doi: 10.1088/0957-
4484/27/26/265102

Lang J, Melnykova M, Catania M et al. (2009) A 
water-soluble [60]fullerene-derivative stimulates 
chlorophyll accumulation and has no toxic effect on 
Chlamydomonas reinhardtii Acta Biochimica Polonica 
66(3):257–262. doi.org/10.18388/abp.2019_2835

Larue C, Pinault M, Czarny B et al. (2012) Quantitative 
evaluation of multi-walled carbon nanotube uptake in 
wheat and rapeseed J Hazard Mater 227–228:155–
63. doi: 10.1016/j.jhazmat.2012.05.033

Leeuw TK, Reith RM, Simonette RA et al. (2007) 
Single-walled carbon nanotubes in the intact 
organism: near-IR imaging and biocompatibility 
studies in Drosophila Nano Lett 7:2650–2654. doi: 
10.1021/nl0710452

Lin C, Fugetsu B, Su Y et al (2009) Studies on toxicity 
of multi-walled carbon nanotubes on Arabidopsis 
T87 suspension cells. J Hazard Mater 170:578-583. 
doi:10.1016/j.jhazmat.2009.05.025

Lin D, Xing B. (2007) Phytotoxicity of nanoparticles, 
inhibition of seed germination and root growth 
Environ Pollut 150:243–250. doi: 10.1016/j.
envpol.2007.01.016

Lin S, Reppert J, Hu Q et al. (2009) Uptake, trans-
location, and transmission of carbon nanomaterials 
in rice plants Small 5:1128–32.  doi.org/10.1002/
smll.200801556

Liu Q, Chen B, Wang Q et al. (2009) Carbon nanotubes 
as molecular transporters for walled plant cells Nano 
Lett 9:1007–1010. doi: 10.1021/nl803083u

Molchan OV, Zubei ES. (2021) The effect of fullerene 
on the physiological and biochemical parameters of 
barley plants in hydroponic culture Proc Nat Aca 
Sci Belarus Biological series 66(1):74–87. doi.org/
10.29235/1029-8940-2021-66-1-74-87

Nazarenus M, Zhang Q, Soliman MG et al. (2014) 
In vitro interaction of colloidal nanoparticles with 



58 ISSN 0564–3783. Öèòîëîã³ÿ ³ ãåíåòèêà. 2022. Ò. 56. ¹ 4

Ñ.Â. Ïðèëóöüêà, Ä.Â. Ôðàíñêåâè÷, A.I. ªìåöü

mammalian cells: what have we learned thus far? 
Beilstein J Nanotechnol 5:1477–1490. doi: 10.3762/
bjnano.5.161

Nima ZA, Lahiani MH, Watanabe F et al. (2014) 
Plasmonically active nanorods for delivery of bio-
active agents and highsensitivity SERS detection in 
planta RSC Adv 4:64985–64993. doi.org/10.1039/
C4RA10358K

Panova GG, Kanash EV, Semenov KN et al. (2018) 
Fullerene derivatives influence production process, 
growth and resistance to oxidative stress in barley and 
wheat plants Agric Biol 53(1):38–49. doi: 10.15389/
agrobiology.2018.1.38rus

Panova GG, Ktitorova IN, Skobeleva OV et al. (2015) 
Impact of polyhydroxy fullerene (fullerol or fullerenol) 
on growth and biophysical characteristics of barley 
seedlings in favourable and stressful conditions Plant 
Growth Regul 9 doi: 10.1007/s10725-015-0135-x

Prylutska SV, Grynyuk II, Matyshevska OP et al. (2008) 
Estimation of multi-walled carbon nanotubes toxicity 
in vitro Physica E 40(7):2565–2569. doi: 10.1016/j.
physe.2007.07.017

Prylutska SV, Grynyuk II, Palyvoda KO et al. (2010) 
Photoinduced cytotoxic effect of fullerenes C60 on 
transformed T-lymphocytes Exp Oncol 32(1):29–32 

Prylutska S, Grynyuk I, Skaterna T et al. (2019) Toxicity 
of C60 fullerene-cisplatin nanocomplex against Lewis 
lung carcinoma cells Arch Toxicol 93(5):1213–1226. 
doi.org/10.1007/s00204-019-02441-6

Rico C, Peralta-Videa J, Gardea-Torresdey J. (2015) 
Chemistry, biochemistry of nanoparticles, and their
role in antioxidant defense system in plants Nano-
technology and Plant Sci (Cham: Springer) pp 1–
17. doi.org/10.1007/978-3-319-14502-0_1 

Sakhno LO, Yemets AI, Blume YaB. (2020) Carbon 
Nanotubes and Fullerenes as DNA/RNA Carriers 
for Plant Genetic Transformation. In: Research 
Advances in Plant Biotechnology (Ed. YaB Blume), 
Nova Sci. Publ., New York, Chapter 1, pp. 1–31

Samaj J, Baluska F, Voigt B et al. (2004) Endocytosis, 
actin cytoskeleton, and signaling Plant Physiol 
135:1150–1161. doi: 10.1104/pp.104.040683

Serag MF, Braeckmans K, Habuchi S et al. (2012) 
Spatiotemporal visualization of subcellular dynamics 
of carbon nanotubes. Nano Lett 12:6145–6151. 
doi: 10.1021/nl3029625

Serag MF, Kaji N, Gaillard C et al. (2011) Trafficking 
and subcellular localization of multiwalled carbon 
nanotubes in plant cells ACS Nano 5:493–499. 
doi: 10.1021/nn102344t

Serag MF, Kaji N, Habuchi S et al. (2013) Nano-
biotechnology meets plant cell biology: carbon 
nanotubes as organelle targeting nanocarriers RSC 
Adv 3:4856–4862. doi: 10.1039/c2ra22766e

Serag MF, Kaji N, Venturelli E et al. (2011) A functional 
platform for controlled subcellular distribution of 
carbon nanotubes ACS Nano 5:9264–9270. doi: 
10.1021/nn2035654

Scharff P, Ritter U, Matyshevska OP et al. (2008) 
Therapeutic reactive oxygen generation Tumori 
94(2):278–283

Sharma P, Jha AB, Dubey RS et al. (2012) Reactive 
oxygen species, oxidative damage, and antioxidative 
defense mechanism in plants under stressful conditions 
J Bot 2012:1–26. doi.org/10.1155/2012/217037

Shen CX, Zhang QF, Li J et al. (2010) Induction of 
programmed cell death in Arabidopsis and rice by 
single-wall carbon nanotubes Am J Bot 97:1602–
1609. doi: 10.3732/ajb.1000073

Smirnova E, Gusev A, Zaytseva O et al. (2012) Uptake 
and accumulation of multiwalled carbon nanotubes 
change the morphometric and biochemical chara-
cteristics of Onobrychis arenaria seedlings Front 
Chem Sci Eng 6:132–138. doi.org/10.1007/s11705-
012-1290-5

Stampoulis D, Sinha SK, White JC. (2009) Assay-
dependent phytotoxicity of nanoparticles to plants 
Environ Sci Technol 43:9473–9479. doi.org/10.1021/
es901695c

Sukhodub LB, Sukhodub LF, Prylutskyy YuI et al. 
(2018) Composite material based on hydroxyapatite 
and multi-walled carbon nanotubes filled by iron: 
preparation, properties and drug release ability Mater 
Sci Engineer C 93:606–614. doi.org/10.1016/j.msec.
2018.08.019

Tan X, Lin C, Fugetsu B. (2009) Studies on toxicity 
of multi-walled carbon nanotubes on suspension 
rice cells Carbon 47:3479–3487. doi.org/10.1016/j.
carbon.2009.08.018

Torney F, Trewyn BG, Lin V et al. (2007) Mesoporous 
silica nanoparticles deliver DNA and chemicals into 
plants Nat Nanotechnol 2:295–300. doi: 10.1038/
nnano.2007.108

Upadhyayula VKK, Deng S, Mitchell MC et al. 
(2009) Application of carbon nanotube technology 
for removal of contaminants in drinking water: a 
review Sci Total Environ 408:1–13. doi: 10.1016/j.
scitotenv.2009.09.027

Villagarcia H, Dervishi E, de Silva K et al. (2012) 
Surface chemistry of carbon nanotubes impacts the 
growth and expression of water channel protein in 
tomato plants Small 8:2328–23-34. doi: 10.1002/
smll.201102661

Wang X, Han H, Liu X et al. (2012) Multi-walled 
carbon nanotubes can enhance root elongation of 
wheat (Triticum aestivum) plants J Nanopart Res 
14:841. doi: 10.1007/s11051-012-0841-5

Warheit D. (2004) Nanoparticles: health impacts? Ma-



59ISSN 0564–3783. Öèòîëîã³ÿ ³ ãåíåòèêà. 2022. Ò. 56. ¹ 4

Êë³òèííî-á³îëîã³÷í³ òà ìîëåêóëÿðíî-ãåíåòè÷í³ åôåêòè âóãëåöåâèõ íàíîìàòåð³àë³â ó ðîñëèí

ter Today 7(2):32–35. doi: 10.1016/S1369-7021(04)
00081-1

Welsher K, Liu Z, Daranciang D, Dai H. (2008) 
Selective probing and imaging of cells with single 
walled carbon nanotubes as near-infrared fluorescent 
molecules Nano Lett 8:586–590. doi: 10.1021/
nl072949q

Wild E, Jones KC. (2009) Novel method for the direct 
visualization of in vivo nanomaterials and chemical 
interactions in plants Environ Sci Technol 43:5290–
5294. doi: 10.1021/es900065h

Yoshiba Y, Kiyosue T, Nakashima K et al. (1997) 
Regulation of levels of proline as an osmolyte in 
plants under water stress Plant Cell Physiol 38:1095–
102. doi: 10.1093/oxfordjournals.pcp.a029093

Zaytseva O, Neumann G. (2016) Differential impact 
of multi-walled carbon nanotubes on germination 
and seedling development of Glycine max, Phaseolus 

vulgaris and Zea mays Eur Chem Bull 5(5):202–210. 
doi: 10.17628/ECB.2016.5.202

Zaytseva O, Wang Z, Neumann G. (2017) Phytotoxicity 
of carbon nanotubes in soybean as determined by 
interactions with micronutrients J Nanopart Res 
19:29. doi: 10.1007/s11051-016-3722-5

Zhang M, Gao B, Chen J et al. (2015) Effects of graphene 
on seed germination and seedling growth J Nanopart 
Res17:78. doi: 10.1007/s11051-015-2885-9

Zhang W, Zhang Z, Zhang Y. (2011) The application 
of carbon nanotubes in target drug delivery systems 
for cancer therapies Nano Res Lett 6:555. doi.
org/10.1186/1556-276X-6-555 

Íàä³éøëà â ðåäàêö³þ 10.01.22
Ï³ñëÿ äîîïðàöþâàííÿ 11.03.22

Ïðèéíÿòà äî äðóêó 18.07.22



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Uncoated FOGRA29 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS <>
    /UKR <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


