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Research progress in nano-delivery system-based RNA pesticides and transgenic plants
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Abstract: In recent years, transgenic plants and RNA pesticides have drawn more attention as important
components of green and sustainable agriculture. The traditional delivery system for genetic engineer-
ing components and RNA pesticides is usually influenced by various external factors, leading to low ef-
ficiency or even failure. It is the biggest technical bottleneck for the development of plant genetic engi-
neering and RNA pesticides. The combination of the nanocarrier-based delivery system with plant ge-
netic engineering and RNA interference shows a broad application prospect. Based on the recent re-
searches, this review introduced new strategies of nanotechnology-based plant protection, nano-delivery
system-based RNA pesticides and the application of nanocarriers in plant genetic engineering. In partic-
ular, we also discussed the application prospects of nanotechnology in future plant protection.
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21 22 DIk BEE KR W W 2 8 1 R
Z2g Rl AR S M 9K B 52 2R A =
M Fem ok 2 e . IRBERUN, 99K p8k
R ARG RO B2 1% 2481, an b 3R T A
K RERE R GRIAE T & H ) R AE (f] 2245
2013) . & E EZ YK+ ARt (national nanotech-

nology initiative , NNI KR 44 K4 AR 5 R “TEZH KL
FE AT RS T AR FIEOR 9K SRR A A0 o
fHAE A W3 A R TR R AR )
Z W 7 (Bayda et al.,2020) . ZoKEE 22— JAEXT
BORMH e R GG () 2R | 8T 9 OK BRI 25 sk %
F G0 Al B A i e— FR 41 (0] Y DG 6 (Kuno & Fujii,
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2011;Jahangirian et al.,2017) . GKPREHE H T )
U] AR AT T N8 My A T 20
P VERZIRBARM DKM B E )2 F T e TR
I7 SRR AE S 0 25y Be 7 ) 5l S 24 4
il 8 5N 38 2% Ty T Ak #E AE HE B4 ) (Patra et al.,
2018;Yuan et al.,2019),

PR FARAE AW = 25 L D v 2 )5 i
ARG gl a5 & wRE ) R i AT 5, M
IR A MY B 2 e e Pt 1 SR CIEI A AL A
2019) . FEALON Y, 9K Bk 2R TR 2510 3
%, E R SRR R R BRI PR
gl D R A, SRR DD A T YL AR
FH o GRMPRR SAZ R i Bh A 25 3% AT LA
PR FRCR W2 R 25 5L, Yan et al.
(2019) e T A8 2 1) 2 TE BHES 1 58 & ¥ (star polyca-
tion, SPe) Sy — R AEAC 254451, AT LK i i
IR BRAE I, P2 = S d-Fr M BRI R
XT3 B iR RCR O AR 25 U8 BR T
VENAR Y IRAR 25 WAAC ), AR AR TR RE 1T LR 13
1% X 4% RNA (double-stranded RNA, dsRNA) . Bt #
T 45 )4 25 (Zheng et al.,201632019) . FT-4)
Kb ik R GEHY RNA K25 1] LI 5 dsRNA %5375 55 iy
PREE (A HE )1 A1 RNA T4 (RNA interference, RNAi)
R, I ELAT LA HE ) T FH [R]85 4R 1% AT g iy 74
RNA R 2, 7655 BB IR S e 20 ) 15 8 o FH i 5
(Yan et al.,2020a)

FEP LN TR R AN P HFEE R  RIR T &
BCFIAAEY) i el R A% DR o AR GERAE )
TR F A TR T E AN S AL B A L B
PAT T AL 32 B 1 4 S BR 1, S A 240
FEAEYAL(Ly etal.,2020) . FEHZ A =i
(s 8 TR GO B AMNEA Y oy @t WP 2
2 240 R R R 210 g P UL i i B % 3 AL 20
ST YRR TR 3 1% TR e B8 v IR AR A A
iR B A, [ BsF o A 2 KE DNA 5 RNA 36 3% AAEY)
RN, 77 2R R ) R 19 % 1k (Wang et al., 2019) .
NG PRGN K IR e % < 48R DNA , TERE S 9 VE
THRAAER T JE ARk - ek 25, il 2
W IEANEY) I 3G 2 5 R AY KL K 2H P (Zhao et al.,
2017) o A4 200 25 325 JIKORIT - 2 (K B 1] i 55 DNA il
G A R-DNA B G %24 W) RT LL S i 20
JE, It A 2 FF DNA 1% 3% 45 B K (Thagun et al.,
2019) . FHTFER 328 O 98 Kk 178 B — AR 3L A
VEY S & S EA T RE R A5

1 DR BER AR BRI EES

Wit 2 A VR b TE RO AT K L U 2 N
Wi , AL SR B 2L R A 71 4 R FE A AR 24
7R 5 I, G L iy , 3 A% 28 R A A R (]
AL B LB IR HUEZE AR IR AR
PTG AN e A ) R (22355, 2018) o [A)I, fb ik
2 3k B I ok 1 IREE ), Jgl s N2 3
PIRaER , 52mm 1 a4 A A ROl AT REEL
K. RG] DLSCEAL G bR 25 i AL
PEBT, S TR, [ I HAT — & B
{5 0 LIBCRR 5 A U 5 v ) 5 1) — A AR R oK
JReae , Y AR AR 2 S U Y SR E T, — Ak
BHREL TR GRS WA BEAE PSS, nJRE &
YE R — b A% HUR 22 B 5 52 (Wibowo et al., 2014) .
AR TR GE 2% HUR) , A0 K A 15 P40 Jo ) 24
PEA] DR N TR TE P A L A B d
e 1o P BRI AR 24t P S, Y SR R B 0 2 4 vk
(Gogos et al.,2012; Athanassiou et al.,2018) .

BT YKL R G RNA R Z51E A 4k (i i
WGBTS R T RMA AR CTE . RNALH T H &
(4 PP B AR S T Ry S — 22 42 1) 35 BT SR
(Yan et al.,2020a) . HAT/ER P E 2 KM 3K
RNAi il 1 , £ 75 /)y T 4L RNA (small interfering
RNA, siRNA )i # . 7#/)» RNA (micro RNA , miRNA)
i A1 Piwi £K 1 B E B9 RNA (Piwi interacting
RNA, piRNA) ifii 1% (Zhu & Palli, 2020) . i/& 1 fif
71N, 38 H F ] siRNA G B 54T B2 3L RN AT, dsRNA ¢
e AR IS, 7 56 R Dicer BV B siRNA, B
G5 Ago2 HAZ B M RNA UL E &9
(RNA-induced silencing complex, RISC) , siRNA 1
1E ST | T Ago2 TR AIHE mRNA, #F— 4 HLFE
T B2 1) L PR30 R A 2R (Matranga et al., 2005
Marques et al.,2010) . DA HA K Kk H OCHERL K
bR, B BAME dsRNA |, 3 15 9 K 8 A 40 3
K dsRNA, TIF AR AT, EF LT, H
BiE 21 % H T 250 dsRNA i#3% J7 % (Zheng et al.,
2019) , Horpr IR s ik VAARAE I, FH 8] 1 T i St di
U AR SR RE R AR 385 B 23 BHL 1L dsRNA #E A
FIARZH SV , AT RN AT R . PRI, 1458
{18366 12 57 P[] 7 T PP A A LA R s 2 5010 def 1
B, YRR T DAL 3 dsRNA #3572 BB IR 711
S, B2 71 dsSRNA B BR 58 A5 M, (] il LA 3 i
dsRNA, (= %8058 35 35 W g 8 BB IS 4 g s L £ =2
PR R 28 B i, AR B2 T RINAG R0, IR 75 KL 3
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HPE AR (He et al., 2013 ; Zheng et al., 2019; Yan

etal.,2020a),
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Fig. 1 Application of nanotechnology in RNA pesticides and transgenic crops

FE W i R TR A W R KSR W A
(Chen & Lai,2015) , & /EHHT L (Liu et al., 2015) |
T (Li et al., 2012) | $T B & 5| (Daniell et al.,
1998) B4 W id ek B (Zhang et al., 2009) L) f&
A A R (Himmel et al.,2007) %03 AR . 5%
F R A 2 35 s OB UL R, % 4 il L i
KA e E A EEE S W NE R F 1 —
AEE 7], (HAEYFEDR TRE A RESZ ) T4 i B 4F
KRB B B, A =5 280K S MR L R S A B 20
JIATE R 2t FE VR85 1 1) 32 215 (Baltes et all.,
2014) . AR AR T B Py BREG A T A L
FE R R 2L, FE DA 6 AT DA 300 58 1 200 it B 1)
Bt (A HEE A RCR AR AP EREDLIY) DNA A, 75
TV AL R T A T2 SRS A5

A, H B 5 S Ao Jopr il X i A
B B R BR M (Klein et al., 1987) . HLZEFLILfENS A
BEE XY R A AR o e BV AR R A T s AL
Al Bz 2R 1A B, HXTHEZH 2 2L ] RE

FARR M 1s 0 & A, IO 7= A 514 (Azencott et
al.,2007) . RFF R AR RAEY) I TR T35
AL s T HZ — (B RGeS T2 2e
Yy, HICH: HI T DNA-free 4 i 2k ki 444
DNA #% 4k (Herrera-Estrella et al., 1983 ; Baltes et al.,
2017). i R EE ] LI AR L R 54k, HRTZ
7 DNA | RNA i 753 34 £ 76 A5 20 ) 32 DR Hp 2 A6 il
i AR B TR BE B0 PE R/ R B A
< 8k 3Z PR (Gleba et al., 2007; Shahgolzari et al.,
2020), S5 HAMALTTEEA LG, PR FRESTE AT
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SR TIRIVE I 2 AR ) A0 L RE , BB a R Y
FRALAR M, P T 2 M e Y BT BA T 2 ik
AP (Cunningham et al.,2018) . ZE ik, 2 T44
KA % R G0 RNAT AR AR 3 R TR
gl R B HARE A LA

2 BETFHKIBEIXERGRI RNAKE

AHEETFAL 50 038 15 TR WS, A K2R RS 519 RN A
Wik R HA SR R & ERE . 9
KARARA T 0 dsSRNA 18 3% T2 HE 4 DB 4K
HAR SRS A UM A R kR Gk E A
VIR B SRR R . B 5T, ORI i F
YEH 5 RNA MBI L A1 45 6 8 B BRI 48 K
WOk 2 AW N TR RLE SV S5 A REES & 5
1 Ao 20 A VR HEE A AR T BB BN A, N
AR N WS 12 3T 5 RN NIR S &
1 NARTE A E 2 1 NS BAA , it DA IR 4 KAk
Ry A AN B ST Y AR NI YN i (i S
EARRERR . PR N RBER S | ZEAR R i 2 B 5
FIWERT , BHE R A Wt sl oK 2 4 A 2, 1
1 dsRNA/sIRNA Hi ZH K Z AR PO R, 8 AR
RNAi &A%, fii] 3 4P 55 mRNA R34 (Yan et al.,
2021),

MEAL GBI L4 25K, KR S RNA A&
23 3% R G0 R R EL A R A B AR 5 M (Christiaens
etal.,2018) . i FH 51 1R R 5 WAE 2k 4k, vl B 1k
dsRNA B 8 H L A i i v W e i, ) PR SR 1
Ik Spodoptera exigua 2K Wik dSRNA & -EW )5 , 7]
AT IILAEAN LT A sBESE A i 1512 5% B
1 A6 T % M\ 16% $2 F+ & 53% (Christiaens et al.,
2018) . JEIRIE A AW (layered double hydroxide,
LDH) 44 K Zh + & — K THLZ AR BB, J2& i B koK
RDTTE B Z B B AR T [ 2R E i (Reddy et al.,
2006;2008; Xu et al.,2006) . LDH 4K o] LAg5 &
dsRNA JE i 44 4 BioClay ) dSsSRNA-LDH & &%) , H
H dsSRNA AN 52 RNA B2 0, Jy ARG 30 d J5 4R 9%
AT DA o FEXTHURE I Arabidopsis thaliana
R YU B TR, BioClay FIPTIR RERCRIAF
76% (Mitter et al.,2017) o

PR BRARA T 1) RNA A 2538 15 REMER T1%
G 1) 255 25 S ] LU 7 dSRNA B THER0R . Avila
et al. (2018) iz FH — Fh 4= Bk 44 >K #4 K} (branched am-
phiphilic peptide capsules, BAPCs) %% & 3 Ht P it [%
1 AR T 2R 1 56 X Bip 1Y dsRNA., f I i 5 0f
Acyrthosiphon pisum F 754U 4% ¥ Tribolium castane-

um , 5 % A A [7] & 49 BiP-dsRNA # Lt , £ J BiP-
dsRNA-BAPCs & A1) ] 80 5 4 2h i AT AET
K BiP-dsSRNA-BAPCs Fll Armet-dsRNA-BAPCs &
B R ARIEIN B, 29 75% 1 L AE 4y A i u
PUEBIZET , Bl 55 dSRNA JETREXK . s
R iE o 5 YRR ARG A, v DA — 24 T
FEHRTPACR N E HBBCRCR . Zheng et al.(2019)
TE R GWE Aphis glycines 1 #E1 T —Fp g Kb L (R
Tk IV JHle 40 K 2 4 ) 11 T 119 dsRNA 1A BE 38 16 2R 48, 7
KT IFFE B b S 9K 2 MR -dsRNA =2 A9, 4
i 5 PR T 280K 5K 95.4% , i B 40 ) 2500 36
80.5%. TERIIAMEFY B FERE I, Yan et al.(2020a) LA
B REBI Y SPe AN K AR, 38 1 JR B A BE A T it
FHABEG Y )7 2, 15 dsSRNA A 8% %5 35 K 3 A
e HAET R 5158 T 81.67% F178.50%. Guo et
al. (2021) LIAG /NSE B8 Bactrocera dorsalis Y8 % & 7
i 3L K wingless i RNAL B4R FE K, F1] H SPc #5 47
dsRNA HI1EE W , it N g8 L 201 3k
R 62 3%, 3R15 T RAFMIBF RO . DL ERISE R,
RNAi SR EARIA LRGSR AT T 458
(AL U AR B 2 H R e gk kA
PETHIETPReR  WF A2 (1 RNA A 24 ] LA i - i
W WS EYAE PR EHEARMHE ).,
SR RNAT A T H By A S IO 28 i
HE R fH B T dsRNA & BUSAS B S, PR _E 3 0 AL
B L B A BRI G R R X T
i PR R A T s, AT SE BRI A ik 21k dSRNA &5
LA EE AR RNA R 25 1 A 7= A . v Aol R 2
VLS 20 4% A BAF) FH KA FT 1 Escherichia coli HT115
(DE3) W #R 37 T — AR 408 1Y 3 U 2L ]
dsRNA & RS, SFLAL dSRNA A RGRFI G AL,
Z T AR A dSRNA B 7 BERE KIRFEAIK dSRNA 11
B IR (S IESE,2019) , feilT, 1A BAE S AR
JAFTFE BL21(DE3) iz Az iR 9 VI (ribonucle-
ase, RNase)IIT [ rnc FEH I 5 & H A T7 )5 8719
RNAi FIR AT G A EE T — 811 pET28-
BL21 (DE3)RNase III &4t , H: dsRNA F ik 3R 2
L4440-HT115(DE3) 19 3f5 D I, iZ R G KBS
L dsRNA $EHE T —FICRAS | R AR IH i, A
PEHERHBLIL R DI REMAT S 3T RNAUAAZ L3 L
BN & & (Ma et al.,2020)

3 MRPEEEDERTIRERHNA

AARBPRIE ] Z N T A9 0 5 AR5 3%
FU AT T A B D T AR A 4K 4R A 45 4 SR 4ok
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BT A GIRRL T BRIEGRA T R SEGORAL T |
REWANARLA DTS LR RGO R F . DNA
YRR -4, AT LA I A A A A sl g iR Ak, S
LA EE AL 14 R 2035 (151 1) (Burlaka et al., 20155
Cunningham et al.,2018;Lv et al.,2020) .

FEAE B BE DA RS U TR e B 2 LI AL
BT BIE O , &R aRRL A iR FEG8 Kk 1
G AN KA TT LA 1o R 485 77 55 R A T A ) e
o ER-S R AIKRRLA , 90K 4 M & HIE L
Tt 55 19 A L = S8 A6 ik 49 2K OKE 1~ (mesoporous silica
nanoparticle, MSN) , 7E BE AR I5 UGl B T, 4 &5 &
£6,2¢ (. 76 11 (green fluorescent protein, GFP) J& K] /)
Jo A B AR 2 3R 175 0 L 2 B 3% %8 M 5 Nicotia-
na tabacum M Fl LK Zea mays M, 38 i fh 24155
SR R AN K 42 THUNE 5 MSNs i 42, LT
FFFH T 3 T A0 299 K 4 T 555 J= SR 1 5k PR 3Rk (Toor-
ney et al.,2007) . Ff: -4 J8 99K R+, ¥ 4 MSNs
TEE AL A B T R & A 1 aR 8 GFP B
mCherry 9 W6 HFE D | BSA 5 H FE R B9 JFURL A 2
16 3% 2 E A Allium cepa 3¢ % 41 Jfd (Martin-Ortigosa
etal.,2012) K& AmCyanl .DsRead2 ¢ 55 H 3
PR ) 5T 6E 5 Cre B 41 it 25 11 PR 0 % 28 ROK IR
(Martin-Ortigosa et al.,2014) , #& 49K 4k F 1
WEPERE AL Y B 23K B~ 2 Wl I ity Ak K]
() SR B Py 326 3% 28 H % Y % Brassica napus I A
JRARFIEELN M, I N #3k (Hao et al.,2013) . #
T Fe, O, AR FAEMETEF AL BB T W 3Rk ik
BEbRIC S R 1 kLI 3% 2 fili WA Gossypium hirsu-
wum AR RS T 29 1% F2 8 AL B A (Zhao et
al.,2017) . REWAAKLT , FIHEPIIGTR — 1 il He
CPRREUTER & B AR AT B T Rk
OO G A GEP DR JiRE B 28 1% 28 00
15 8 Ceratodon purpureus J5./4 AR | 15 2
763k (Finiuk et al.,2017).,

FEAE BT R B A8 OL T, 9 Kok -t
AT 028 2o 20 Jf BE X A P IR AT A Ak . T AR
Je R4 (carbon nanotubes, CNTs) , i H 2 FUsE
W44 K4 (single-walled carbon nanotubes, SWCNTs/
SWNTs) 5 4258 , [RS8 T DNA (RNA %) 4
WA (Zep A i SR Y i s 1% . SWCNTs & Bk
AP R R RIEAR RGN, B R L,
REAE DY Bl 28 5 M SR ARG B FNAE ) A AR . At A%
& A SWCNTs il i B K AL Y CNTs (COOH-CNT) 5
R L) W% (polyethyleneimine , PED) JE 471641 LA 48
A7 IE HLAT , BE SR DNA BRI 42 75 PEL Y 10, 4

SWCNTs #5775 A 4l , 764X FR 4R Nicotiana ben-
thamiana W A BN FRIR MR FE DA [ st fi oA /)N
F Triticum aestivum .= W2 Eruca sativa M i WP R
R T HERIGSNEFE R K (Demirer et al., 2019a,b) .
1 Gt 20 MIAZ 328 3K 23 R VT 22 TE R A= 5 AR, -
TREA NG B R il , ANFAEAE I I B RS
H i FIZARRI R, SR A5 Ak T 58 1 7 A
T M 5 AT MIEEE R A i i 7K 1Y
I #1k (Yan et al.,2015;2018;2020b) . £75 bk
1B ) PREE B 40 K A (chitosan-wrapped SWNT, CS-
SWNT) it o IR S 2 i L A A, e 5%
W A 308 3o 5 A P S B H AT % BORE DNAJE ISR
AW, NI 37 5T KL DNA % 52 4% 2 16 B i, CS-
SWNT S T 1R 2 BRSR J5 AR SR A B B £,
PG H AL S AL Ak, A TR & 1%
PEG /5 1) 2 R 5 4k , CS-SWNT {75 4 b it 1) It
ki DNA (Kwak et al.,2019) . SWNTs 7£ RNA I #k
T I 1A R RO A SWNTs ] T3k ik
siRNA JLERA QU I gl 5% A1) mGFP5 ( Cy3 3
I, 75 mRNA K F3RAG T 249 95% HIDHLER
RO TE A0 N SR TP B SRS AR T B 1Y siR-
NA, SWNTs | (1) siRNA 77 7€ i [a] 4 K T 12 h
(Demirer et al.,2020) .

DNA 94 K 25 A5, f2 30T 39 2 6 1) 7 8 v S5UAH )
BN T H . W e BN &8 T REARR
/IR AR ) DNA 4K 2548, F 2 4528 T 254 (Li
etal.,2013) RNA(Lee et al.,2012) % L FpHMNFE ) 5
A4 35 2% v FH (Douglas et al., 2009; Lin et al., 2009;
Sun et al.,2015), DNA 44K 458 3% siRNA, BESS
TE RNA /KR H K ik BIX) GFP FE A 40%~
59% 1L ER %R (Zhang et al., 2019;2020) . [t
JHiz - i 38 4 ¥ (polyamidoamine , PAMAM ) 4 K i
T T 3Rk GFP 3P 0 J5RAE 3 41 2L 11
1# 1% (Pasupathy et al., 2008) . 4= 90K b RL, B iR
55 2 K H7 - (calcium phosphate nanoparticles, CaP-
NPs) 5 T Feik GUS I A (1) Ji R £E I+ 3% Bras-
sica juncea  JRFIZMEARF A9 1% , HJRBLH 80.7%
B Fe e % AL R (Naqvi et al., 2012) B FE 40 Kk
T BRAIK SR TR AU et Solanum
Iycopersicum M v () GFP & K () 71 ¥k (Schwartz et
al.,2020) .

4 B2

Xt TR T YORBHE AT RNA AR 2K 10, 440K
BRI R 22— A S 00U, WKLY LA
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Al e A A TP I, XS S EOT AR
Bt AV TR /6 FE (Kah, 2015) . RIGRIA Y%
PR dSRNA 2R 1 FZE S8, 5 76 0 H BT HE T
fli(Xu et al.,2014;Gao et al.,2016) . FETZKFHE
149 8 RNA AR 28 1) A 77 AR 56 28 31 L3 ) i o .
giRobr 0] DU FH BRAT 1R 1R A U , Bl Li et
al. (2019 )t FHH-30 75 FH AL 25 i 22 S U BEAE it bh
B, R THEAEL TR, B T —F B T3
G, HE P AR & 1.5 3£ o0/g, [F A, i
RNase #4898 ¥k 235 dsRNA, 7] LA 523 dsRNA )
KA LA A B (Ma et al., 2020) .

PNEZ S E S T 0] R Y R AR (=R L7/ B
PA] 44 58 7 1T LA B R PR32, (BRI T oK 4
EFEALRY BRI /D (Ly et al.,2020) . H T
LA Fe,0, A /D BULFR KR REGE SE AR 2
(4 5 DR A, DT I ) P e A S 307K A G 2 A
YR TRy EE %2 & '€ J7 1n] (Zhao et al.,2017) . Ji-
ang et al.(2014) F| FH—Fh 2 AU SR RE W e 0K AR
P A K R O HESE N Y dsRNA, B DR A5
Yk E A 9RZRAATT DU SR R Tk,
TR A R e o (RIS, 6 FH 9 Kok: 38 1T A
PEFT JC DNA ()33 3% , 7] LA [R] B 3k 3% Cas 25 1 5
gRNA AT DL 47 35 PR 4 48 ks 14) I s 26 A A7k
Al ARG M BAAG, AR T v 38 1 1Y)
9 5 O 0 R G, I 2 A B A R (Liu et al.,
2020) . F:[H g% AR CRISPR-Cas9 & #Afi A 1] Ji
TR R 25 T, ) ands =g, 38 e
AR PO , PUS H 7 %F (Zhu et al.,2020) . CRIS-
PR-Cas13 94 i I\ 0T b7 I F 48 99 5 RNA 19 T
P, B 456 RNA B8R PEASELRT Dl F T
Y B & mRNA ) 85 $ J8 #5 (Mahas et al., 2019) .,
CRISPR-Cas12 5 CRISPR-Cas14 [ H: 45 5l B A 1y
gRNA BN, T T 06 5L [R] B 0 AH SR L 17 S50 K 4
P PRt EL A N R T AR A i PR TR A VR AN
(Manghwar et al.,2019) .

& #¥ 3 Bk (References)

Athanassiou CG, Kavallieratos NG, Benelli G, Losic D, Rani PU,
Desneux N. 2018. Nanoparticles for pest control: current status
and future perspectives. Journal of Pest Science, 91(1): 1-15

Avila LA, Chandrasekar R, Wilkinson KE, Balthazor J, Heerman M,
Bechard J, Brown S, Park Y, Dhar S, Reeck GR, et al. 2018. Deliv-
ery of lethal dsRNAs in insect diets by branched amphiphilic pep-
tide capsules. Journal of Controlled Release, 273: 139-146

Azencott HR, Peter GF, Prausnitz MR. 2007. Influence of the cell wall
on intracellular delivery to algal cells by electroporation and soni-
cation. Ultrasound in Medicine and Biology, 33(11): 1805-1817

Baltes NJ, Gil-Humanes J, Cermak T, Atkins PA, Voytas DF. 2014.
DNA replicons for plant genome engineering. Plant Cell, 26(1):
151-163

Baltes NJ, Gil-Humanes J, Voytas DF 2017. Genome engineering and
agriculture: opportunities and challenges.//Weeks DP, Yang B.
Gene editing in plants. San Diego, United States: Academic Press,
pp. 1-26

Bayda S, Adeel M, Tuccinardi T, Cordani M, Rizzolio F. 2020. The his-
tory of nanoscience and nanotechnology: from chemical-physical
applications to nanomedicine. Molecules, 25(1): 112

Burlaka OM, Pirko YV, Yemets Al, Blume YB. 2015. Plant genetic
transformation using carbon nanotubes for DNA delivery. Cytolo-
gy and Genetics, 49(6): 349-357

Chen Q, Lai HF. 2015. Gene delivery into plant cells for recombinant
protein production. BioMed Research International, 2015: 932161

Christiaens O, Tardajos MG, Martinez Reyna ZL, Dash M, Dubruel P,
Smagghe G. 2018. Increased RNAI efficacy in Spodoptera exigua
via the formulation of dsRNA with guanylated polymers. Fron-
tiers in Physiology, 9: 316

Cunningham FJ, Goh NS, Demirer GS, Matos JL, Landry MP. 2018.
Nanoparticle-mediated delivery towards advancing plant genetic
engineering. Trends in Biotechnology, 36(9): 882-897

Daniell H, Datta R, Varma S, Gray S, Lee SB. 1998. Containment of
herbicide resistance through genetic engineering of the chloroplast
genome. Nature Biotechnology, 16(4): 345-348

Demirer GS, Zhang H, Goh NS, Gonzélez-Grandio E, Landry MP.
2019a. Carbon nanotube-mediated DNA delivery without transgene
integration in intact plants. Nature Protocols, 14(10): 2954-2971

Demirer GS, Zhang H, Goh NS, Pinals RL, Chang R, Landry MP.
2020. Carbon nanocarriers deliver siRNA to intact plant cells for
efficient gene knockdown. Science Advances, 6: eaaz0495

Demirer GS, Zhang H, Matos JL, Goh NS, Cunningham FJ, Sung Y,
Chang R, Aditham AJ, Chio L, Cho MJ, et al. 2019b. High aspect
ratio nanomaterials enable delivery of functional genetic material
without DNA integration in mature plants. Nature Nanotechnolo-
gy, 14(5): 456-464

Douglas SM, Dietz H, Liedl T, Hoegberg B, Graf F, Shih WM. 2009.
Self-assembly of DNA into nanoscale three-dimensional shapes.
Nature, 459(7245): 414-418

Finiuk N, Buziashvili A, Burlaka O, Zaichenko A, Mitina N, Miagkota
O, Lobachevska O, Stoika R, Blume Y, Yemets A. 2017. Investiga-
tion of novel oligoelectrolyte polymer carriers for their capacity of
DNA delivery into plant cells. Plant Cell Tissue and Organ Cul-
ture, 131(1): 27-39

Gao Z, Huang WQ, Zheng Y, Lu YJ, You SS, Shen J, Yin MZ. 2016.
Facile synthesis of core-shell magnetic-fluorescent nanoparticles
for cell imaging. RSC Advances, 6(52): 46226-46230

Gleba Y, Klimyuk V, Marillonnet S. 2007. Viral vectors for the expres-
sion of proteins in plants. Current Opinion in Biotechnology, 18
(2): 134-141

Gogos A, Knauer K, Bucheli TD. 2012. Nanomaterials in plant protec-
tion and fertilization: current state, foreseen applications, and re-
search priorities. Journal of Agricultural and Food Chemistry, 60
(39): 9781-9792



24 FHBUESE . JET9K% R G0N RNA R 25 K SE R R 5t e 273

Guo SK, Guo XY, Zheng LY, Zhao ZH, Liu LJ, Shen J, Li ZH. 2021. A
potential genetic control by suppression of the wing developmen-
tal gene wingless in a global invasive pest Bactrocera dorsalis.
Journal of Pest Science, 94: 517-529

Hao YZ, Yang XY, Shi YZ, Song S, Xing J, Marowitch J, Chen JM,
Chen J. 2013. Magnetic gold nanoparticles as a vehicle for fluores-
cein isothiocyanate and DNA delivery into plant cells. Botany-
Botanique, 91(7): 457-466

He BC, An CJ, Yi MZ, Shen J. 2013. Application of nanomaterials in
entomology. Sciencepaper Online, 2013-10-15 (in Chinese) [{i] 24
TR, LA, P OT, TN 2013, GORBTRNME R dAE i H
P RS SCAELR, 2013-10-15]

He BC, Chu Y, Yin MZ, Miillen M, An CJ, Shen J. 2013. Fluorescent
nanoparticle delivered dsRNA toward genetic control of insect
pests. Advanced Materials, 25(33): 4580-4584

Herrera-Estrella L, Depicker A, Van Montagu M, Schell J. 1983. Ex-
pression of chimaeric genes transferred into plant-cells using a Ti-
plasmid-derived vector. Nature, 303(5914): 209-213

Himmel ME, Ding SY, Johnson DK, Adney WS, Nimlos MR, Brady
JW, Foust TD. 2007. Biomass recalcitrance: engineering plants
and enzymes for biofuels production. Science, 315(5813): 804-807

Jahangirian H, Lemraski EG, Webster TJ, Rafiee-Moghaddam R, Ab-
dollahi Y. 2017. A review of drug delivery systems based on nano-
technology and green chemistry: green nanomedicine. Internation-
al Journal of Nanomedicine, 12: 2957-2977

Jiang L, Ding L, He BC, Shen J, Xu ZJ, Yin MZ, Zhang XL. 2014. Sys-
temic gene silencing in plants triggered by fluorescent nanoparti-
cle-delivered double-stranded RNA. Nanoscale, 6(17): 9965-9969

Kah M. 2015. Nanopesticides and nanofertilizers: emerging contami-
nants or opportunities for risk mitigation? Frontiers in Chemistry,
3: 64

Klein TM, Wolf ED, Wu R, Sanford JC. 1987. High-velocity micropro-
jectiles for delivering nucleic-acids into living cells. Nature, 327
(6117): 70-73

Kuno N, Fujii S. 2011. Recent advances in ocular drug delivery sys-
tems. Polymers, 3(1): 193-221

Kwak SY, Lew TTS, Sweeney CJ, Koman VB, Wong MH, Bohmert-
Tatarev K, Snell KD, Seo JS, Chua NH, Strano MS. 2019. Chloro-
plast-selective gene delivery and expression in planta using chito-
san-complexed single-walled carbon nanotube carriers. Nature
Nanotechnology, 14(5): 447-455

Lee H, Lytton-Jean AKR, Chen Y, Love KT, Park Al, Karagiannis ED,
Sehgal A, Querbes W, Zurenko CS, Jayaraman M, et al. 2012. Mo-
lecularly self-assembled nucleic acid nanoparticles for targeted in
vivo siRNA delivery. Nature Nanotechnology, 7(6): 389-393

LiJ, Fan CH, Pei H, Shi JY, Huang Q. 2013. Smart drug delivery nano-
carriers with self-assembled DNA nanostructures. Advanced Mate-
rials, 25(32): 4386-4396

Li JH, Qian J, Xu YY, Yan S, Shen J, Yin MZ. 2019. A facile-synthe-
sized star polycation constructed as a highly efficient gene vector
in pest management. ACS Sustainable Chemistry & Engineering, 7
(6): 6316-6322

Li T, Liu B, Spalding MH, Weeks DP, Yang B. 2012. High-efficiency

talen-based gene editing produces disease-resistant rice. Nature

Biotechnology, 30(5): 390-392

Lin C, Liu Y, Yan H. 2009. Designer DNA nanoarchitectures. Biochem-
istry, 48(8): 1663-1674

Liu WS, Rudis MR, Cheplick MH, Millwood RJ, Yang JP, Ondzighi-
Assoume CA, Montgomery GA, Burris KP, Mazarei M, Chesnut
ID, et al. 2020. Lipofection-mediated genome editing using DNA-
free delivery of the Cas9/gRNA ribonucleoprotein into plant cells.
Plant Cell Reports, 39(2): 245-257

Liu YQ, Wu H, Chen H, Liu YL, He J, Kang HY, Sun ZG, Pan G,
Wang Q, Hu JL, et al. 2015. A gene cluster encoding lectin recep-
tor kinases confers broad-spectrum and durable insect resistance
in rice. Nature Biotechnology, 33(3): 301-305

Lv ZY, Jiang R, Chen JF, Chen WS. 2020. Nanoparticle-mediated gene
transformation strategies for plant genetic engineering. Plant Jour-
nal, 104(4): 880-891

Ma ZZ, Yan S, Shen J. 2019. An effiient dsSRNA production method
based on engineering bacteria for targeted insect genes. Chinese
Journal of Applied Entomology, 56(2): 342-347 (in Chinese) [
FROE, IEA, TS . 2019, BT AR B S 0CE U A B HORE A 1Y
dsRNA fY ¥k . I FH R HL24 41, 56(2): 342-347]

Ma ZZ, Zhou H, Wei YL, Yan S, Shen J. 2020. A novel plasmid-esche-
richia coli system produces large batch dsRNAs for insect gene si-
lencing. Pest Management Science, 76(7): 2505-2512

Mahas A, Aman R, Mahfouz M. 2019. CRISPR-Cas13d mediates ro-
bust RNA virus interference in plants. Genome Biology, 20: 263

Manghwar H, Lindsey K, Zhang XL, Jin SX. 2019. CRISPR/Cas sys-
tem: recent advances and future prospects for genome editing.
Trends in Plant Science, 24(12): 1102-1125

Marques JT, Kim K, Wu PH, Alleyne TM, Jafari N, Carthew RW.
2010. Logs and R2D2 act sequentially in the sirna pathway in Dro-
sophila. Nature Structural & Molecular Biology, 17(1): 24-30

Martin-Ortigosa S, Peterson DJ, Valenstein JS, Lin VSY, Trewyn BG,
Lyznik LA, Wang K. 2014. Mesoporous silica nanoparticle-medi-
ated intracellular cre protein delivery for maize genome editing
via loxp site excision. Plant Physiology, 164(2): 537-547

Martin-Ortigosa S, Valenstein JS, Lin VSY, Trewyn BG, Wang K.
2012. Gold functionalized mesoporous silica nanoparticle mediat-
ed protein and DNA codelivery to plant cells via the biolistic
method. Advanced Functional Materials, 22(17): 3576-3582

Matranga C, Tomari Y, Shin C, Bartel DP, Zamore PD. 2005. Passen-
ger-strand cleavage facilitates assembly of siRNA into Ago2-con-
taining rnai enzyme complexes. Cell, 123(4): 607-620

Mitter N, Worrall EA, Robinson KE, Li P, Jain RG, Taochy C, Fletcher
SJ, Carroll BJ, Lu GQ, Xu ZP. 2017. Clay nanosheets for topical
delivery of RNAI for sustained protection against plant viruses.
Nature Plants, 3(2): 16207

Nagqvi S, Maitra AN, Abdin MZ, Akmal M, Arora I, Samim M. 2012.
Calcium phosphate nanoparticle mediated genetic transformation
in plants. Journal of Materials Chemistry, 22(8): 3500-3507

Pasupathy K, Lin SJ, Hu Q, Luo H, Ke PC. 2008. Direct plant gene de-
livery with a poly (amidoamine) dendrimer. Biotechnology Jour-
nal, 3(8): 1078-1082

Patra JK, Das G, Fraceto LF, Campos EVR, Rodriguez-Torres MDP,
Acosta-Torres LS, Diaz-Torres LA, Grillo R, Swamy MK, Sharma



274 How R 48%:

S, et al. 2018. Nano based drug delivery systems: recent develop-
ments and future prospects. Journal of Nanobiotechnology, 16: 71

Reddy MKR, Xu ZP, Lu GQ, da Costa JCD. 2006. Layered double hy-
droxides for CO, capture: structure evolution and regeneration. In-
dustrial & Engineering Chemistry Research, 45(22): 7504-7509

Reddy MKR, Xu ZP, Lu GQ, da Costa JCD. 2008. Effect of SO, adsorp-
tion on layered double hydroxides for CO, capture. Industrial & En-
gineering Chemistry Research, 47(19): 7357-7360

Schwartz SH, Hendrix B, Hoffer P, Sanders RA, Zheng W. 2020. Car-
bon dots for efficient small interfering rna delivery and gene si-
lencing in plants. Plant Physiology, 184(2): 647-657

Shahgolzari M, Pazhouhandeh M, Milani M, Khosroushahi AY, Fiering
S. 2020. Plant viral nanoparticles for packaging and in vivo deliv-
ery of bioactive cargos. Wiley Interdisciplinary Reviews-Nano-
medicine and Nanobiotechnology, 12: ¢1629

Sun WJ, Ji WY, Hall JM, Hu QY, Wang C, Beisel CL, Gu Z. 2015. Self-
assembled DNA nanoclews for the efficient delivery of CRISPR-
Cas9 for genome editing. Angewandte Chemie-International Edi-
tion, 54(41): 12029-12033

Thagun C, Chuah JA, Numata K. 2019. Targeted gene delivery into var-
ious plastids mediated by clustered cell-penetrating and chloro-
plast-targeting peptides. Advanced Science, 6: 1902064

Torney F, Trewyn BG, Lin VSY, Wang K. 2007. Mesoporous silica
nanoparticles deliver DNA and chemicals into plants. Nature Nan-
otechnology, 2(5): 295-300

Wang AQ, Wang D, Wang CX, Cui B, Sun CJ, Zhao X, Zeng ZH, Yao
JW, Liu GQ, Cui HX. 2018. Reseach progress on nanocapsules
formulations of pesticides. Journal of Agricultural Science and
Technology, 20(2): 10-18 (in Chinese) [ £%& 3, £k, LK, 4
P, PMCITE, X, B8 TR, BRI A, XI5, HiIEE . 2018, RZY
KGR BB S I . i L R 541, 20(2): 10-18]

Wang JW, Grandio EG, Newkirk GM, Demirer GS, Butrus S, Giraldo
JP, Landry MP. 2019. Nanoparticle-mediated genetic engineering
of plants. Molecular Plant, 12(8): 1037-1040

Wibowo D, Zhao CX, Peters BC, Middelberg APJ. 2014. Sustained re-
lease of fipronil insecticide in vitro and in vivo from biocompati-
ble silica nanocapsules. Journal of Agricultural and Food Chemis-
try, 62(52): 12504-12511

Xu ZJ, He BC, Wei W, Liu K, Yin MZ, Yang WT, Shen J. 2014. Highly
water-soluble perylenediimide-cored poly (amido amine) vector
for efficient gene transfection. Journal of Materials Chemistry B, 2
(20): 3079-3086

Xu ZP, Stevenson GS, Lu CQ, Lu GQ, Bartlett PF, Gray PP. 2006. Sta-
ble suspension of layered double hydroxide nanoparticles in aque-
ous solution. Journal of the American Chemical Society, 128(1):
36-37

Yan S, Hu Q, Li JH, Chao ZJ, Cai C, Yin MZ, Du XG, Shen J. 2019. A
star polycation acts as a drug nanocarrier to improve the toxicity
and persistence of botanical pesticides. ACS Sustainable Chemis-
try & Engineering, 7(20): 17406-17413

Yan S, Qian J, Cai C, Ma ZZ, Li JH, Yin MZ, Ren BY, Shen J. 2020a.
Spray method application of transdermal dsRNA delivery system
for efficient gene silencing and pest control on soybean aphid
Aphis glycines. Journal of Pest Science, 93(1): 449-459

Yan S, Ren BY, Shen J. 2021. Nanoparticle-mediated double-stranded
RNA delivery system: a promising approach for sustainable pest
management. Insect Science, 28(1): 21-34

Yan S, Shen J. 2019. Prospects for the application of nanotechnology in
green pest control. Chinese Journal of Applied Entomology, 56(4):
617-624 (in Chinese) [IEfl, PL75 . 2019. K ARAEH Rt
B4R o 5 R R . N T R LA, 56(4): 617-624]

Yan S, Yu J, Han M, Michaud JP, Guo LL, Li Z, Zeng B, Zhang QW,
Liu XX. 2020b. Intercrops can mitigate pollen-mediated gene
flow from transgenic cotton while simultaneously reducing pest
densities. Science of the Total Environment, 711: 134855

Yan S, Zhu JL, Zhu WL, Li Z, Shelton AM, Luo JY, Cui JJ, Zhang
QW, Liu XX. 2015. Pollen-mediated gene flow from transgenic
cotton under greenhouse conditions is dependent on different polli-
nators. Scientific Reports, 5: 15917

Yan S, Zhu WL, Zhang BY, Zhang XM, Zhu JL, Shi JZ, Wu PX, Wu
FM, Li XR, Zhang QW, et al. 2018. Pollen-mediated gene flow
from transgenic cotton is constrained by physical isolation mea-
sures. Scientific Reports, 8: 2862

Yuan Y, Gu Z, Yao C, Luo D, Yang DY. 2019. Nucleic acid-based func-
tional nanomaterials as advanced cancer therapeutics. Small, 15
(26): 1900172

Zhang GY, Chen M, Li LC, Xu ZS, Chen XP, Guo JM, Ma YZ. 2009.
Overexpression of the soybean GmERF3 gene, an AP2/ERF type
transcription factor for increased tolerances to salt, drought, and
diseases in transgenic tobacco. Journal of Experimental Botany, 60
(13): 3781-3796

Zhang H, Demirer GS, Zhang HL, Ye TZ, Goh NS, Aditham AJ, Cun-
ningham FJ, Fan CH, Landry MP. 2019. DNA nanostructures coor-
dinate gene silencing in mature plants. Proceedings of the Nation-
al Academy of Sciences of the United States of America, 116(15):
7543-7548

Zhang H, Zhang HL, Demirer GS, Gonzalez-Grandio E, Fan CH,
Landry MP. 2020. Engineering DNA nanostructures for sirna de-
livery in plants. Nature Protocols, 15(9): 3064-3087

Zhao X, Meng ZG, Wang Y, Chen WJ, Sun CJ, Cui B, Cui JH, Yu ML,
Zeng ZH, Guo SD, et al. 2017. Pollen magnetofection for genetic
modification with magnetic nanoparticles as gene carriers. Nature
Plants, 3(12): 956-964

Zheng Y, Hu YS, Yan S, Zhou H, Song DL, Yin MZ, Shen J. 2019. A
polymer/detergent formulation improves dsRNA penetration
through the body wall and RNAi-induced mortality in the soybean
aphid Aphis glycines. Pest Management Science, 75(7): 1993-
1999

Zheng Y, You SS, Ji CD, Yin MZ, Yang WT, Shen J. 2016. Develop-
ment of an amino acid-functionalized fluorescent nanocarrier to
deliver a toxin to kill insect pests. Advanced Materials, 28(7):
1375-1380

Zhu HC, Li C, Gao CX. 2020. Applications of CRISPR-Cas in agricul-
ture and plant biotechnology. Nature Reviews Molecular Cell Bi-
ology, 21(11): 661-677

Zhu KY, Palli SR. 2020. Mechansims, applications, and challenges of in-
sect RNA interference. Annual Review of Entomology, 65:293-311

(FTiE%%. T 3k)



