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WRYIKES (carbon nanotube, CNT) K EEEHA
[A] 1M 50 N B EERR 49 K (single-walled carbon nanotube,
SWCNT) ML EERRYIKE (multi-walled carbon nanotube,
MWCNT) , HAR R EDGERAE . AP S I A0 RS R
CL w2 N AT g v T 2 il gk i b,
SWCNT AJ LIRS A A S 0 305 2 — o B 7 1) 46 1 T
B 2R GE M, B2 0.4~2 nm (G KEL/2f) SWCNTs
AR FRWATH, HES FEEMEEERITEERE
K RAENCK B =K L MWCNT W] LU N 2
MAFRIEZR) SWCNTs HIlFHRERN, BEEAJLESR]
JLTEASE., &8 RESEEI /R 10, EEREE
N 0.34~0.41 nmP!. MWCNT fI4ME % 2~100 nm, N E
& 1~3nm, KE—REFMKEITZKER . BFIREFR
DL & KON E K R SWCNTs!™! Al
MWCNTs!**,
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SITEC, BAMR DGR T IOk, TR NEL &
A AR LAY . MPAE R KRN ERE
AR, A% WAESMEDR ZR AIREME, DSk ¢
T ONTs SEMifEMAE KR B R CRAT AP IR =L, 2
FRIRAE AR m P ACZE R, R RAMR K, 1
IR KGR, B IR AT ER SRR DL R R e N A
BifIAE 155 (H2 ONTs IRE R, BB A K2k
SBI . RFRRRR A i RE, AR
SCRR T HIRAED AN ZE . AR B B E 7 S BL RGN
KERIFE RO M IREEAT A5,
PR DU . D9 it S8 S — MO g — It 7T
MESE o B, ASSCHARYS T CNTs ZEAEPIRIT 5 bl BE 1 R
JHE B AR R a3 o

1 AR RREN R & RIIR YKL

L A7 4 P B 2 R 1) IR AR 4 70 1 i 18 B R ) A Y
M BERR, T4 B LR AR PR . A SR RUAN [ 17
ANIEL, B CAANIE 1 43— 2 ack 240 A 1) M 7 2 R
R FHRBUA f =B B2 20 nm fI44
KATRLE A A2 A AT,

{EVF 2 SCHRHRE 7 KRS CNTs o] DLEE A 40 i
BE, SMIRNOVA %5 % Bl & 7> B K 4h 42 Coutside
diameter, OD) 20~70 nm, 4% (inner diameter, ID) 5~
10 nm, KE =2 um ) MWCNTs 4350k o] BLisE X
Onobrychis arenaria FR AN, WILD 25 8 75
SIEUIAME 110~170 nm (KE <9 um) ) MWCNTSs 4
HOR KBS NI R I MWCNTs /] LRI 27 38 57 AR B 40
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ke, TR X . AREM B LR,

MWCNTs 3 NAHMLBEIREELIN 4 pme KB H 1]
(K 28 ) 2 FEFEAMMEER) MWCNTSs F=54 00,
{ELHEN VR B AT 4 um!"*'. KHODAKOVSKAYA %
RICFHIER 20 nm, K 0.5~1 um ] MWCNTs 7] LA
HEA MR -4l

(A, CNTSs 7E4H AR b AR B aT B T 4il R )
e, FEALLT LR

1) CNTs TEZH M BER A 572 Fasp 17 #T . TR
FUBR, FRELF Yt ee P AR AR, SRRk T
RISF CNTs msc™,

2) CNTs &iFSiH 4% (reactive oxygen species,
ROS) K&K, Hrh, OH [ A a2 HE
ZUfRRETE, SR REEARER SRR AN AR, T
AR EERA S, AALHRE, K, HEEPNEiES
) ROS 1 KA 2 B It KRS AoKRTRL (nanoparticles,
NPs) R fic2-22,

3) R AT U BI R ST CNTs 28 4 e
B, SERAG 558 UF 1 FH £ 4 2 BEAS 1 i 2R ity A0 B (1)
MRS IR E (ERVERE 60~100 nm) w] LLZE i i
T I LB, FE U@ AZ I T CNTs SR I £F4E R il
YT BE 2 8] ) SR SRR A s N, B, AR 4ER I
JE K MARALE T A B E

BAREYIXT CNTs BRI 5050 0E, {2 CNTs
TF AR A 6 R (1 5 B e FCAE A R 0] % 58 (1 30 ) % T
R Z BB

2 BAREAEEYARPHEZA

RNEMEMMETIE CNTs ZEVEIRT ST iR (i
B 1 ) WARE: 1) RIEWRER R IEILR) CNTs
BRI R EYE B M52, B0 CNTs AR &1
] CNTs HA MR ahtt, M7 81 R ZFR R,
RIERBF 2) AMKS T NEAR. ZRPE
BUFIEREEY (st R, B8 PEG. KL
Jii PEL. eIt PAMAMPOISE) 5 AWk 4y 3L FME i
fl] CNTs 1l SR i) A 4% e A Pk ik 17 DNA/RNA
BIESE; 3) RMVEMER (A HEREREREY SDS. IHEREN
SCP¥ B A AR AN SDC 25) B F 4l I A2 U i () CNTs
X ARAEVD R e A R T TH A2 B G0 K& AR e vh
BRI FH S ) A4

WG TR AN 2
SEmE KA P (/4452 | | Influence photosynthetic and
k locati i rate

of water and minerals

SR/ AR A Mk
Influence length of root and
shoot. quantity of roots

SEmIAE A RS . YR
Influence production of
flowers\fruits. and biomass

WHHT AT

JRUIEALCNTs
Pristine/oxidized CNTs

B 1 K E AR AR F 44 5L

Fig.1 Use of carbon nanotube in crop research

2.1 EHRAKREEEYES PRIL A

CNTs [/ FRAFER, IRmFh PR 2ER, HNZFEK
AR, AR A r R, G e Fn R SR, 1Y
A EHE, A ER, WMEMRAEYR,
SR KR IO R BRI LA B 3 v 18 T R 5
2.1.1 BRGAREXEMFT T H K GFm

2.3~23 mg/L CNTs 4bH i () 3+ 320 1 Lb 28 18 /K &b
HT )R AR, 50% 1) Fh T 2F BT T IR 46 8 T
44%, T 46 mg/L [ CNTs B S5 154 3 LY,
SMIRNOVA Z5# ] 0.1~10 mg/L K& MWCNTSs
S BURIR LA /X Onobrychis arenaria F -1, Fh-¥ ) & 2
RAA BRI, WMWK R R .,
HAGHIGHI %5 1] 10~40 mg/L KRBl MWCNTs (B
% 8~15nm, KE>10 um) SR EZHAMF, K
LR A PERRI/INES N3 R I (AL E G ARG AT 22
KHEm; 40 mg/L ) CNTs SRR F P2 A Y5
B, CANAS SR BLASMI SWCNTs 2411 & fii
PR, SR AU B AR {4, PABS-CNTs 2%
PO A SE IR R K, 105 O SRS N AR LR
SWCNTs [ 5z,

CNTSs S 1 & 149 5 1) 52 0 B S0 1 R A it R
FMH, MRIR LR CNTs X Fl1 185 R 7= A B2
2.1.2 BMAREMMEMY B ARG A

TIWARI Z5H] FH#E /39 +EH ) MWCNTs-BE R &4
(CNTs & 6~9 nm, KJF 5 um) EEEKMT, KM
MWCNTs fi 2 {0 2 i FIAR S A 2 L, PR /K (4
Wag . fEIEF R IR, (K& MWCNTs #0C2F
1), ATSCEARIOKYE . AR AL TN Cay Fe '8
FERIIREE, (BLERIREE R 7 KRG A KDY,
FEIMEHEHH 1000 mg/L {1 MWCNTs £ 5 /K840 K
P ELA% 30 nm LA ¥ MWCNTSs #0417 /KRG 4 i 14 K
HEAR KM /N, 1 B A2 KT 50 nm ) MWCNTSs 41
BERAL T AKREL A KB,

CNTs X %) AR B S AFAE IR FE AR, R A7AE
B RSTHKHE, 2200 CNTs 520 Fh 785 & 156t mT LUK
s fFFH KB CNTs FISCRRH, B4 5 CNTs XHEY)
BE M.

2.1.3 BARE AR EHZ "

E4N 78 MWCNTs 1) -3 fiiEKE L, MWCNTs
I 5 R R B A = A R R AR )
FHRS. fE4ME MWCNTs (K 50 mg/L, 200 mg/L,
OD 13~18 nm, KJF 1~12 um) A7 845 -3 b b
WK ER, B MIERE T 37%M 58% P9, fE4k
FRMIFTHEIL MWCNTs )3 A KA 7 4
(R4 2 A SR SIS 5 R IR 1517 . GONZALEZ-G %5 %
Bl MWCNTs (OD 30~50 nm, K& 10~20 pm) ¥y
FAMEDIHI R L= B TR A &, BT iR, 2%
B ) F AN B IR A v VR I, Ak
RO RNUGE . BRI R R & T a6 1E A
KA R R PY . MRS R I 4~12 mg/L KL
MWCNTs (OD 20~30 nm, KJ& 10~30um) X% ZH
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RZESCRE: BRARE ARV TT (KN P e 5 23 #r 3

AR S R A R ER, HA, 8 mg/L )
CNTs {F I RCR s,

5RAX B F o R EmAE, IR SCEk IR R K
PLEREE ) CNTs X RbFaf 285 i, 2R, TERIRLSE
K BB HI M .
2. 1.4 B REIAEMIZE 09 7 @A AL

CNTs 2x5[2HrkN ROS &K, SEUEHKEILIR
57, 4. TAN 28 %L CNTs 3535 7K RE40 i ROS 3410,
YIS JI R, MWCNTSs 58 H B A /KBS F 7R
MR &AL e K2 B BT, NS, 1A
P T LRI MWCNTs 55 H BB A it 51
IS, PURAEEE TR ROS St Lk
BARGEZ A HT ROS HIAET 24 i et

CNTs et AN BE SRR B Ca® i 2%, K5 e R 4t
Yodifsi: TIWARI 2505158 K1 CNTs 5 Fe*' [a] i 72 4E I,
MO Fe HI& &N, M Ca® i& &P, Hah,
CNTs 7] LL¥ FeX IR JE % Fe?', FeX'x4k4l: 5 Ca® KRR
B, TR Ca® F:ERE LT AufukE, ik, CNTs
IAEE SNSRI BE Ca> TS, AT Ak BAR 4 i B
WegEtl, RINEFRVIFINEG, BRI EER.

SCHERH CNTs TEH S5 RIFREYIFI . CNTs ZRALfN

WERARMAR, EEHBHEETERIS. By
BT CNTs P=AE iV A R EE A B, 244800 rp i 7 2
B . AE A KA RS, P2 AR 2 et g SRR
R R 1 H T MBSCER 1) CNTs 240, Bk E,
KERN. BEHE . GERER CNTs XHEMIL & it
FE R AE A o
2.2 BRAKREEEMITRAMBINE P BIR A
MARTINEZ %K ¥ MWCNTSs 7£ & ke T A LUsE
BRI A, R R EE S, A MWCNTSs %f NaCl 4b 2
T A K R R A B i R K 40 I Wi 8 g 4 R RO
PANDEY %% ¥l MWCNTs /> 7 NaCl 5l rFMEE
F s ERIE S T AREE I EK B MWCNTSs &G 1
I BEER: KEERE T E MR, M
e r A EmE. FEMEREEY, BokKELT,
ERBIHKFEA R 5N MWCNTs A] 38 S iE 17 E
2, A A A EEIRDY. WERERI 5 mg/L 1
MWCNTs 1] PLid it i 75 5 4 J8 #4512 ATP B 5 (ATPase5)
FE R R el B Il $ AR SRR BT TR I 1R K
DA A ik A B T B R T R paa
CNTs TEAEPDPUI o A I BE A A AR 34
REFRIE IR, VTR,

x1 EMBEEMRDH CNTs S

Table 1 Parameters of CNTs in crop cultivation research
CNT 27 CNT 2% CNT &1 512 W [EULIES R RACR EE BTN
CNT type CNT parameters Functionalization Concentration/(mg-L™) Crop species Effects References
23
p Ji4h CNTs 6.9 . WE 46 mg L I B4R
%, o 3
MWCNT SME: 2930 nm UL ONTS 2 L= b (24]
46
S%: 6~9 nm » W 10 mg L7 I 6 5% 48
MWCNT EH: 5~20 JR 44 CNTs 40 =¥ I, 20, 40. 60 mg-L I e [30]
KJE#E: 0.1~0.5 um 60 5 2 B AR
AME: 20~70 nm Oil
MWCNT PWA&: 5~10 nm J5i#h CNTs 10 Y P TR R, KK [15]
KE: =2um 1000
SME: 110~170 nm . .
" i 2. %
MWCNT K <9um J5 4 CNTs 100 Nz T B AR [16]
0.1
HME: 2920 nm . 5 .
/3 A bt ¢ K
MWCNT K 051 um J5%h CNTs 100 M ok AR [17]
500
9 % A== +
L3 HHEE b . ,
J54E CNTs 56 w opye  ONTs XPZEAFIASEH fUlRE
4 . 9/,~9()° RN VERN - N e
SWCNT 4. 80%~90% PABS-CNTSs 315 Y1 ft[;m A W, AR B A, [29]
1750 P ALk
HMzE: %325 nm e L 50 . . N
Y A, DiTEA B S =R
MWCNT W% 2510 nm ALY CNTs 200 VG £ fii i T AERR S K [36]

7: SWONT: HEERRIPKE; MWCNT: ZEERPKE

Note: SWCNT: Single-walled carbon nanotube; MWCNT: Multi-walled carbon nanotube.

2.3 ERIAKREEIEY M P A Rz

BROE R B AR BRIk ssDNA Fr BLE I 1)
SWCNTs HARMG I L4 e, Sy iz %k
W S P AR A AR, JETUOL R AL i AR IR as T
YEIRFR AN 2a fli7R, 24 SWCNTSs J& B 4L 2308 5 A AR
BT, FLe 5 B B e K S R A ARk . A5
LAMBERT %# F ssDNA 48441 SWCNTs it £ P Hu ks
MK 3% #7555 % B1 (aflatoxin B1, AFB1) , TMANSAR
2 (fumonisin B1, FB1) 2582 HImm™), H4p,

FT CNTs [ i Ab 22 5 38 th m DUSE N B 1 75 2 1A
MU, WU Z3R3E 7 AT HyO, UK DNA & B A
Mif] SWCNTs KAl H,O,, SkBlilid SWCNTs %61
55 559 AR L SE I I AR 9 HL0, HI& B4R L, R
K 2b FRW, A5 S S Ele i N AEYI A ROS 221K (i
SRR E D M. LEW ZF)FH ssDNA &4
SWCNTs SEHL TR B IF. k. RSk TR
PURG I+ R G3 H Fr A H,0, 75 1 SR E 2R T 518,
EAR SWCNTs i n] LA 2% 5 Hig i 22 Rl A9k
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77, ERBHERE S SASER A DNA 5, 1Xn]
RES M SEEAR > T MR RS 5, XA S G2 15
FLA AT TR R ¢ e i [ 1 A 75 B A R ) 1] AL o

FEIA+CNT
[ ]

o v

ssDNA+CNT

0

ki K Fluorescent wavelength

5% £ Fluorescent intensity

6K Fluorescent wavelen gtTl
a. BT U8 JGm ML) CNTs £4 s A% R 21

a. Principle of fluorescent response based on CNTs sensors

RO Fluorescence

% ;3 % Fluorescent intensity

Excitation light

2

p =1
( \ 3
Q@ ) |
—~ =
=

R

¥

P Wavelength

- /

o FULBEK

b. T CNTs fRER IS 1215 ROS b i)™
b. In vivo ROS monitoring based on CNTs sensors
TE: MET ORI CNTs 4688 SRR &5, HIORDGEE O
BREREAZ N 6 R R, 6 NP LKL R,
Note: When the analytes combine with the fluorescence response based on CNTs
sensor, the intensity or central wavelength of fluorescence may change. J;: the
change in intensity, d;: the change in wavelength.

B2 CNTs AWt 3 T RIEE LR
Fig.2 Working principle and application of CNTs biosensors
TR K 2 7E DNA/RNA i33% th 84 57 F
SWCNTs I EARIR/N, K& DNA JEE &Y H
AT R/ TRE A B FLBR R S) (9, R4 SWCNTs
Bt 1.3nm, REWEMEMEEN 8.1 nm, 4 DNA
B RNEZ N 16.3 nm ™), G815 5 B FH Y4 i BEC,

[47]

2.4

E&4i k%) DNA 3£ /M4 RNA (small interfering
RNA, siRNA) Jiti 77N E, CNTs /15 1f) DNA/RNA i
% HAT BRI A R s 5 B2, i HL ONTs 38 /] AR 2
B R R AR . H AT, SWCNTs #il\ it dk
[R5 A BEARARARL Y, it KWAK 255 FH 58 pHE i
) SWCNTSs IR R DNA ik rhapik, 76
MIFFSE ArMEqe . MHERNEE SERA ) LA K 73 25 ARG it P
JR AR ST AR SR T I A ) B R R IR RN R, B
1L 88%°), DEMIRER 25 i S4B 1 AR LA &1
) SWCNTs SZHL T EA RMAEL, ZRRE. /. Mt AiZE
PRSI TR A AR L 12 DNA S Ao i (A ik,

APARTSIN Z53#3R 1 siRNA 485€ CNTs LR E &)
BT BRI AT RIS siRNA-CNTs 524 LA K 4 i
M siRNA Qfafi#gr2:5%, EDWARDS 2544 %% DNA
(double-stranded DNA, dsDNA) iE# 3| BltiE-& B &Y
(PAMAM) &/fif{) MWCNTs K] PAMAM- CNT-
dsRNA E &S 2 A MG B9 Bk pwE, KB
PAMAM-CNT 7E4H iy /6 FH 20 A% A e O, v L A~
FE IR - T R AR R RNA SR A i A4 R 9k /K T S 25 3
Tne HEAES dsSRNA (REEEH o-fEEA) M, 3
I PAMAM-CNT-dsRNA ¥4 g I % 8 (1) R AR R
HZ, XRY, FHIEEII CNTs 47 dsRNA ik n]
DS RNA TPt 3 s i) o 2>

TRANKE FI T DNA/RNA 38325 AR FE R )«
B o BRAVKERIGERE T dsRNA F dsRNA 1RAEE
Pgige s CNTs B0, ek b 32 224 i F o K se ol
dsDNA/dsRNA J#i%: 1) Sl B AN EE DNA
(single-stranded DNA, ssDNA) /ssRNA 43 7| %8 %] CNTs
K, M ERIEEHENAMG, ssDNA B ssRNA 5
CNTs fEW I, P dsDNA B{ dsRNA, JRFEA1E 3a
FRP 2) Jefli RSB CNTs, SR 585 Bk
FHE FH BRIE B A 055 7 20K dsDNA 5% dsRNA [l 52 78
CNTs %, JREWE 3b Finl™. 5ok, E&F—F 5%
ATt JFERAIPE 3¢ FoR, # dsDNA BF dsRNA

ARL, SWCNTs [REEATRE UM L AlfuEE, It 5B ssDNA 1%, ssDNA i n-n HERIZESE 3] CNTs
AR SWONTSs Ak FIfJE, BIFLK; dsDNA B¢ dsRNA [ESE7E CNTs L.
sSRNAS# H#FmRNA
Desorption . Target nRNA
Hybr/;::lization ﬁ 3
¥ - -~ — —
5 siRNA
Q I HmRNA

ssSRNABH BRI AR
ssSRNA-CNTs

a. /NFHE RNA [19363% 5 50150

Cleaved mRNA

a. Principle of siRNA delivery®”

dsRNA/dsRNA
Polymer

b. BAWMEMN CNTs 3% dsDNA 53

b. Delivery principle of dsDNA by polymer-modified CNTs!*”!

dsRNA/dsRNA

sSRNA/ssRNA

c. ssDNA fEffiff] CNTs #3% dsDNA J#E¢)
¢. Delivery principle of dsSDNA by ssDNA-modified CNTs®!%!

B 3 DNA/RNA i i% 69446 7 ik
Fig.3 Operational approaches of DNA/RNA delivery
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RZESCRE: BRARE EAE VI TT (L e 5 3 #r 5

3 R R RN R ERYE R B RE S 4

3.1 AKREIBEARENEYORE B

WM T CNTs SZmifEY A K K B W2 = 1)
ZH, BRSCERh A s T T B CNTs 8597 259K
5, {H S B RE % 14E N AE A 40 B i 20 CNTs I BE A2 AN
SE A, IR IR A — 8 43 Sk PR R 7 L B SR
UEARAMEMRT CNTs, 73 BRCR B, CNTs RERIERZ (0
da FIT7RU), sk ab N BEHE ], Copyright 2009 American
Chemical Society) ; 55— SCHRF F 5 2 B & 1
FREALH) CNTs, TS CNTs 58 AR EL YY)
WK, HAE— @R e R A R . UTTE.

JUE SR R 2 S H T R B B S R R AR )
YA CNTs FEAE /N RER (il 4b fis™),
Copyright 2021 American Chemical Society), .5} 7E#{ um
BEEH um 245, HERHEERA BEAEEIER CNTs
A VVRER SN 52 MxEZ&, HUSEN
SRR T2 CNTs i BA01E A wdn ik 208 8 8k 45 11 0
I5f, CNTs R IFHSEE F=Y It — D i sh (1 imiE e
MARTINEZ 543 Fi 2 75 73 BUKI R A& 1 MWCNTs-FEA% ==
W (HAZ 6~9nm, K 0.1~0.5um) KE 74T,
KIUAEFE R AN 25306 CNTs # 42 PLEAAR B 7% 047
R, 2z B4y M, CNTs BiiZ 2 LR 2 5 ot 40 B
FESTEAM P R SR 4R, 1T CNTs B 373 R SR L R A
AT REBEARIE NAE DA DRI, AR 5038 0 2y =
& CNTs A JOKEE .

4ilHf4  Intracel lular

*CNTsREH
4% €NTs aggregates

CNTs%&f 7 °
CNTs aggregate

b. RN CNTs 4
b. CNTs aggregate in plant cell®!

a. CNTs 7ERH#F M () E A
a. Morphology of CNTs on the
surface of root!'®)

B4 K+ CNTs 49 A&
Fig.4 Morphological structures of CNTs in experiments

3.2 BHAKREBEHFRMIER M

RLG AR CNTs fidh g, R RmA L.
BRI ER I IN TLZE . BT IR AR R HAS R 2R T e
IR R, RUTER FAEYIREIE SZ CNTSs SEMRRT, CNTs £+
HERPCUE— PR RS EME A, s Rt 5 K
BBAF ) NPs (U1 CeO,. TiO,« ZnO 25) SHEYIRE B KR
WA AT AR5 R FIFEIR . AR KRR
XTHUMNE R P AR R, SR s AT R AR, Y
KRR ARSI LR, EAILZEH T NPs
ATDL S AN B 2 L, MG T OKIIR . 2O T R T I
U R G5, JRENEAE A KT, 534 NPs
FELG, A B AR IR BB 1) CNTs Hok B HAT ke

I FA SR
3.3 BAKREERMERLLEM

TR T N smiarr . AL, &
JEW T Ak, CNTs AR — BRI 1R 1 ) .
T NS/ = 250 CNTs B R, Rl
Hh I 75 T e L M e )
3.3.1 R RF e HEENR

5 [ B R B 2 4 T AT T BT e BR L P e i 50 4
TEHR IR ONTs FEUE U, (B — T R,
Ffil CNTs F9 TN B8 A 4 R A Xof 19 ol ol A= 4k st g
ZHERE I ERE TR ThREME Fut I MR

REZAEI “580% 7 H T4 &2 i vk 28 5
R MWCNTs 1] g7 R 14 Fe B PEAG - &, B CNTs
TGRS PRI N, R ERITE 2 51T
Tl s B A B S B A Bos B RN, R
TR T BEE A FRA AR CNTs HUEA
& DA/ B P A
3.3.2 ER&RF eI AN

CNTs R E 7 E B DL sp” ZALTERAEAE, R BERR
JRFH P T RO B AR B 3« P, A
MR PUE - HEFY (m-stacking) 5 HAth & F BRIRR 45
MR (5 & &Y &&0, Bk, Rime
Wivth 58 TS, WRHKFESRE T B\,
o BB ) VRSO AR B A e T AR
f#i79 CNTs 1] LMEN B MK SRS Y nia i R IEYIT %
ANERAL, B RANEAE B AEAEAR A AR, Bl

1) CHEN %558 R, 7R /8 MWCNTs 5
159 (NEZE HCB. i p-p’ DDT) MIFR/ER R,
HYYTEIT RN E 4, R T UM 39t 3)
J1EAEGE Y, WILD S5 DU /3B MWCNTs %%
I FR /N MR 2 B B N 5 A5 Ko SERE N %4 ),
BRI BT o HERLE B 35 7R B — ke it
NFIE 2 BB B R 1 4 Bt B L E N 1) 40 B o

2)WANG It R B, ALK MWCNTs 5 Pb+Cd
MG PRGN EFCEA T, HHH Pb M Cd
ST ST S 1) = W A7/ 5 7 O R R A O
MWCNTs-COOH &Y, Pb+Cd 1 EIV AT ik 2 582,

AT S, %A CNTs FI/EY& 4 i, wrel
HES L NKEE CNTs R TR FH T RS
B2, EEEERYNEREKIASES, CNTs 284
TR PR W 5 3R N AR A R 1) 10 2 7 M ) R RN
I 5T o

4 FEMIRR R R ERAIR BRI 5 FRE W

4.1 EREAKREIRBLEIN

SWCNTs 5 MWCNTs H A [F 2R B R, #REA TR
IR T AR K AR . R Ak 2 S B R 28, ]
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BGOSR 7 AR Bl Sa fFToR™, Copyright 2009
American Chemical Society) ; 3) # CNTs {E A% GHIH
PERR: HENANRHT, 3% B E IR AT 9 i 16 94 O 1 AN
CNTs 2 o> S5, (3R R. NS,
MRE S HssE A G, BTHRKRESL, ReHmb
B CNTs RIS 9O (il sb s>

fili & P14 Fused image

a. LM HICHIFAE CNTs )

a. Fluorophore represented CNTs

g
£8
WG Wt E" ;
Excitation light mRNA [ Excitation light 5
9 § 7
Fluorescence =
——— 56
\ 5
£6
”
4
X5
A TERITOCH E 5
Quenched fluorophore &

b. WR-WE I RIE CNTs Jii 5

b. On-off working principle of fluorophore labelled CNTs!*!

(=3
=1

sn S U o W
o o O O O

f=3
=}

7
6~
=
58
<
z
Z
=
g
£
24
£

1

0

900
ER 5% Emission wavelength(nm)

c. SWCNT Hy5 e i 5 )
c. Fluorescence property of SWCNT

[95]

or KT

Root surface

P 2 THT B Bk oK
/CNTs at the root surface

FIEMMEE R CNTSs
CNTs piercing
the cell wall

1100 1300

Root cell

d. TPEM i 3D {41

196 d. TPEM image of CNTs!'®!

B S HARA CNTs 897 B &RAEF X
Fig.5 Characterization methods of CNTs in crop plants



%8 #

RZESCRE: BRARE ARV TT (KN P e 5 23 #r 7

F4h, SWCNTs BEAIEHMFSRID R, Hik
JEE A 550~800 nm, 7 TEE 900~ 1 400 nmPI (fy1
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Progress and analysis of carbon nanotube applications in crop research

LIU Xuewen', GAO Juntao?, LI He', YANG Zishang', CHEN Jing"*

(1. College of Mechanical&Electrical Engineering, Henan Agricultural University, Zhengzhou, 450002, China; 2. CETC New Defense
Technology Co., Ltd., Zhengzhou, 450047, China)

Abstract: The promotion and biotoxic effects of carbon nanotubes (CNTs) on crop cultivation have drawn much attention over
the last decade. The studied species have covered common crops, such as rice, corn, wheat, tomato, and grapes. There was
great inconsistency in the previous experiments, including the various species, growth stages, and cultivation methods of crops
as well as the various types, dispersion, application, and concentrations of CNTs, resulting in the diversification of test results
in the literature. To establish a relatively unified experiment framework for carbon nanotubes, this study first reviewed the
progress of the application of carbon nanotubes in following four crop research directions: crop cultivation, stress resistance,
physiological index monitoring, and agricultural genetic engineering, and summarized the carbon nanotube parameters used in
the literature and their application effects. It was found that the ultrasonic method or carboxylation covalent modification was
commonly used to disperse the CNTs for crop cultivation research, which would result that the effective concentration of
carbon nanotubes in crop research being unknown. Meanwhile, this kind of non-selectively modified CNTs was used as the
type of nano-sized material. There was no significant difference in the effects between NPs and CNTs on the crops. It is still
lacking in the unique effects of CNTs on crop growth. Then, the non-covalently modified CNTs were proposed to establish the
unique role of CNTs in crop cultivation, for example, they can aggregate at the target sites after CNTs were modified by
macromolecules that can be decomposed by special plant enzymes. Biomolecules (e.g., proteins, and nucleic acids), and
polymers (e.g., chitosan, PEG, PEI, and PAMAM) can non-covalently be modified on the surface of CNTs, and further used to
adsorb the molecules with negative charges, which can be used as carrier or sorbent. In addition, the non-covalent modification
caused no defects on the CNT surface, indicating the fluorescence properties of SWCNTs were retained. So, CNTs were often
used for DNA/RNA delivery and the development of biosensors. The working principles and application scenarios of
selectively modified CNTs were also summarized as: 1) The CNTs were undoubtedly an important research direction for the
applications as the carriers of gene transfer. However, the DNAs that were carried by CNTs were difficult to achieve stable
gene transformation, in terms of transgenic applications. By contrast, the siRNA-CNTs complexes shared unique advantages,
in terms of administration cycle, plant cell uptake, and protection of RNA from degradation during non-transformative gene
delivery. One of the future development directions was in the field of agricultural non-transgenic insect-resistant. 2) The
surface of SWCNTSs was non-covalently modified with a variety of organic substances. The target molecules were then bound
to the organic substances. A variety of sensors were obtained using their fluorescence or electrochemical properties. Some of
them were more suitable as implantable sensors for the real-time online monitoring of multiple chemicals in plants, compared
with the in vitro sensors. The reason was that the CNTs were used to penetrate the cell walls, indicating excellent near-infrared
fluorescence properties. There was no biotoxic effect on the crops at appropriate concentrations (and even beneficial to crop
growth). Furthermore, the toxicity problem was caused by the accumulation of exogenous toxic substances in the plant, due to
the adsorption or ion exchange with the modified CNTs. It was more worthy of investigation than the toxicity problem of CNT
itself. Finally, suggestions for the CNTs experiment program in crop research are given, including the selection of carbon
nanotubes, the preparation of medium and characterization methods. To sum up, unlike the previous crop cultivation using
pristine and covalently modified CNTs, in the future, using non-covalently modified CNTs or non-covalent stacking of CNTs
for crop research is an important development direction.

Keywords: nanometer; crops; carbon nanotube; surface modification; crop cultivation; biotoxicity
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