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R fEEEEAY AR AR LR, EEREEA, FAZCRISPR-Cas9 7 5, TR A £ EFF TG
AHWERTE AW, fRNEERESEEL T EEERMEE LT EE IGE LR, A, &R E&H
R RERAELZ AW ACZ 2L RG], ARERT, J0RELR G RE LAY E % E A& A
BYEFAREENEEZ TR PRBEAFEETTRTHNFEN. R0 AN T W LR 28T ARN
Bw RITHRBERR G EEFARE TN, SR EAREEANKR, HE L RFHIETREHE
B, AXKENBIEMARRAT ZNERARBERRPPRERRR, AERLOMAFANKELRRALELEE RN
KB EEERE TR R, §ERTHREZRGAEEFARBIRO R RAAK, HELEGAEIRET
PAREIE S B SERR R A, A A 6 T Y R R BRI I SE SR

bR EERE, BRI, SRR, TR 4k

i PR i it B AR T AR AAZ IR XS = W A f H Y
BEREATREE B S, DTS B DR A Aa A L R 2R B
Blte, A OUB IR (5 B, F7E20
TEEB0AEAHI, B Z DI A T EHADNAFR, X2
kDRI AER AR s, SR — (LR S i 19824 2%
PRI U1 SEA% 2 N VT (meganuclease) ™), & BEAS IR B
DIFIK DNAFFHI(12~40 M EERT), M r VI FIA mi .
AAEEERREE, R, T RSO SRR E
Ze, W FZ B RS $120024F, HELT LA TAZR
it HEA ) 2 —ACKE R S, LA B HE LR (zine
finger nuclease, ZFN)FIF; s RN A% 2 il
(transcription activator-like effector nucleases, TALENS).
ZFNGE 3 846 B 1 5 5 2 DNAJT A 456 1 AT U1 )
(O~ 18 BEFERT), SEHURGHEREE 4, T TALEN
i i TALEZE 11 9230 % DN A 44 (14~20 1 BEE X)),
HV T FZENSE R i, HARStE s fEr

BRI T AL IR B ) BEFE— D4R T 1 DY S A
ROREREFPE. SR, 25 AP S a5 0 B Al 7R
i, TERRAEE AR SA J5 AT AR A7 A — 5 R A
ELEN20124F, SR AL BB 4 1] SCEAZ 357 (clus-
tered regularly interspaced short palindromic repeats,
CRISPR) J CRISPRAH K& 19 (CRISPR-associated pro-
tein 9, CasOYEIARMHIL, AR guEH AR FIESEA
ASAALEFOT). CRISPR-CasOF AN B 1Y 38 R4, @it
1] SFRNA (sgRNA)LE] HFRDNAFFSI AT YR, BE
fg ST BRSO AR VA A R B A (8T 1 (a)). CRISPR-
CasO RGN SRR, (EAERESE OL T 25 th BT
RN, RNt HARFED LSRR A e iR BT ). X AR
S P S 8 ] BRSO LR Y s A8 e, RIS | K
AR AR Bl B SR g T LR R R, B
HontE (base edit, BE)FIC S 4mtE(prime edit, PE)7E
CPISPR-CasOfy3Efili E#TF & ik, BATREREXTHRE 1)
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Figure 1 (Color online) Schematic diagram of gene editing®®. (a) ZFN, TALEN, and CRISPR-Cas editing systems; (b) non-homologous end-

reorganization and homologous end-reorganization repair mechanisms

AT S, I BT A DNAXUGE, 1X il &
0 R T S G R RS B A e O
TGP AL, JEN a7 B H R A L3, el
VAEARE R BOREEN, IIMAEARAS EIHERGN, T HI7
BAbARE R, WBIE B, X H AREN BT — b 2
HEAT LAPAFL A IR ROCR. 1A, RN ST ikd B
AR Ty, ) B A B R AR A, A
REAE N RO B E RN TR, DS 4
GO T

SN G 25 W) EEOE KO EIRZS Y, (Hh T
Moy T RAT SRR | TR S R R OR M, Xk
FEPEBR W TS E MR BE ), [RI ARR 25 ) B AR,
SEMERE, PR T BRI BRI o] i i o A iR 24
Yyidbik ZANMIAN, S H RPN PR PRz —.
I, T e 8 EL AR AE B 398 0 B A o e K] 25 24 ) 14 1
FZEEZL AR A IR AR AT A R R
Y R RN BRI REAR, SN B A i A A A |
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K, AR FR GE R T B FE TN G B 40T
MBFEE R, AIEIRRAORIRL . JEFR . REHN
KGO AN TEHLAK R 5 2 R 2, ks R PR
LS A AR AR S nT R B A S R, RERS A
A BB IEALIRZG Y, IFSL PR VR ). AL
R GV I T D G A 9 KB 18 R G, A 2R N
Kk ZRGELE S P i P A TS, TR AR HE A
G 25 A PR, B THE AR A KIS R
A OEFA R IC TG B AR, LI R 9oK388 3% RGEAR K 1Y
KSR Z BIPTTETT 1R, JUHOEHAE IR R 1k LAY
JS2H.

1 JEPgaiE AR5

F PR G i B AR AN E SE R R P R B T B R B
S, RIEESE | RS2 ASE & T
YRR R ZENFITALENTE A K HHAE 5 22 |
BAR A e DA K ] e 0 R S A B A2 2 R, w
— AL L 5 N T TS i CRISPR-Cas9 % 4 4



ISk

AR H AR T ix— Bk, #idsgRNA Cas9
R4S 2, SCPL T S LN HO b0 5 i, o1 7
T EL k7). CRISPR-CasOHE A M Pk % i L
TLH 20 3R R LR S T ELAR K IR, e R DR i
AT I 10 4 R B SRR T 2o L, B K Hb I
BT IR I R R ().

1.1 CRISPR-Cas4iiii &5:

CRISPR-Cas R GL & AA1E T I A% AE Y vh B —F B 4
B, FE 2 TR T A S AN IR AL R 228
% Z 50 3 2 R R Y 2 0] SCEE 81 (CRISPR) LKA
KM Cas B AR AR, 78 I Y 52 S NIR 7 81) () e e s
CRISPR-Cas Z 4t 1 3 i 455 Bk 25 3 2oF F1 5 2 K U PAM
(protospacer adjacent motifs)/¥ 51 i i 5 (R f ¥ 51 Fifl
Jei, JRIE B 5 29 Cas B (A VI B9l 4 & 0k 15 £ 1)
CRISPRIFAI, TERLAHRYEIRREF. B 75 se it
HERBTRVER, 76 T UM RIS MIR s 1% 1 itk AR
#E5% JJCRISPR RNA (crRNA), H515:CasiE 1% Hilk
TR Y. B T CRISPR-Cas R G5 fE HcrRNAT | &
(4, DRI o A2 crRNA ) 3 370 AT S2 X6 A [i) 5 A
(DR, 3 Sk e PR G 0 R 19 o7 FH AR T 4 i T
HEE.

A e P 5 35K 1 S U5 9 CRISPR-Cas9 £ 4t (SpCas9)

#1 FREARMERGERER

Table 1 Characteristics of different gene editing systems

EENHT AR SE I CRISPR-Cas R 48, [RIAf
JE YN A2 BB g TR CRISPR-Cas9
ARG WAL —B o B R N VI ) BB
Cas9B [T, J—aBor & A& R 10 DI BE Y sgRNA(H
crRNA FlitractRNAF A M AT H4ERNA). sgRNATFFE
S RE BTN S A T HANEC AT, 5] S CasoFk AN H:
AT UIE], 51 & AR %4 (double-strand  break,
DSB). fEAMRANMIPY, X ELDSBIE i I ] 5 A i HE 40
(non-homologous end joining, NHEN# 1165, it
FOH S FEOE A S 54, IRk BRI, ik
B E i 5] A — A & A I 5 AR 1 TR R AR A
DNA, 2Lt RER [R5 5 2H (homologous  recombina-
tion, HDR)AIL i, 78 HFRIEDH 1147 FE D A A ol R e,
TSI RS 7 A e DR i T 1 (b)) AR G R —
SU IR B 7%, CRISPR-Cas9 2 40 B N 283 ik, it
WA HIsgRNA, AT SZI A [l 5 A0 3 D A 7
VI, ARG R L n ARG R B &Y K. Hile A £
T3 F CRISPREL A [ 5 [H] 4 87 12 i0E A I R 6 By
B, WHTIRYT ATTRIER FEAEENTLA-2001 LA K&
TR T AL P L% K B FUNTLA-2002020211 0 SR,
CRISPR-Cas9F AR L1 i — Lepk ik AR BR %, F2i4
FEAAE RO . G AR T B, DA SR A
AL (1R s DR e 2122,

RYATR B 35 Peik
R R I TR e .
D # e FUIERGEE R M, LR, S L T
SRR DNATEIL ficl IRl ST S i VR IR, WA, RN
S e PO i, by 00 oo P I L LA
et p o TALEETBUCIUIARL, 260 0P HZPNGIE, AFSHE R, BRI B, oo Tbikin,
T DA R FokIEZMBFIHIDNA WA AU A b
RNAG| SHYDNASEEL] E(gRNA i ‘ R -
. NA S (g GO A, BEESRR,  PAMITSURBIN S,
CRISPR-Cas 2247 QDNAHd(XZI‘Ji\I{é%ﬁ)PAMJ 2l T S48 85 Sl T
FTDNAGUGITEL, T \ )
) DINA LI &, AT BEUS RS S S, PRI kb B SR 4,
WOLZH “’Eﬁdhifgfg;@%‘w A e
P U S Cas9%h &, alEA L MMEREER B F BEIDNA, pegRNABH 4 Z¢,
S AR LR T SRR
S DNA FF S 4126 4 40 ’ T SR 122
- - . —o AAEDNAFS, dmiE AR AN ISR AInIR, ki e
e R LR &%i’%ﬁ(?ﬂ\%ﬂl%ﬂA/dCaﬂmﬂ HITHE, 224 bERs TS T o
B SEFHRMMTSIS S MZENSTALE et i), SIE SSHa R A o 75 EL Bk

B, SR ST A S

o RO T 1, SR 1/
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B T SpCas9 R4, HAhiF £ CRISPR-Cas R Gt i%
WIAR R AT & k. filn, g X SpCas9AYHNH (he-
patitis nuclease)fIRuvC (recombination protein UvrC)Zh
BRI RAR, TR AE R R AR Cas9/ [ C &k T XF
DNAR BT YITE M, (HiXFhoE A8 #Cas9 (dCas9)TEH
DNAJFHNEE GG, et il s s I+ S50y 51 1Y)
gh4y, IMTSCEE N AGETRHTER S, Ak, dCasonT LA
55 SRIE R F(WVP64 . POSTLTH A5 F )AL, DASE
IR 097 SRS . 5 — 7 T, 45 i Cas9fY B[R]
TR IEAE BRI S 3L R Gl T, ol 4 (i 4
Wi Cas9 (SaCas9)FIi i % 73 W Cas9  (Nme-
Cas9)**L gvsh, HABLDNAPK VIR, U1Cas12, FIRNA
PV, GnCas13, WLIEZESEATAROCAYRFSE 7,

1.2 BRAEERENIE Sl

A 35 2 4 R 50 A R T 2 T S Y SR M e T AL,
HEGL I CRISPR-Cas9 R G LL, BATTHAT B g ) ERf
AP TRV A (1 g k7 128

ol 35 A 4 A I T A 45T s W i e 25 (cy -
tosine base editor, CBE)FIRMEEM§f L4 %H #¥ (adenine
base editor, ABE)*([&12(a), (b)). %% A1 % Cas9ts
H AL TR B 25 A AT 98748, A2 YT #IDN A%
(R T, S A L 2 it e R i 2
Cas9E et 5 I 2 P il & 8 1, SRS 7EsgRNA
51, SEHXDNAFSIREEA. Sl G EN
H1a] &4 R-loopZ5 H Y FAEEDNA  (ssDNA)RT,  ffdmsng
JI 2 Bt RE 5 12 ssDNA L4575 31 [l PN 1) R P Mg e 16 R
PRUGENE, TS C-GRRHENT 1) T-A R4 0L i e
&> 58 2 i DR B RS B AL S ILEY, 4 A L A Bl A
FCXT I 234 RN Ay B MGG DR T- A X 46k C-
GPY. WEE A, A PAELE R IR EREDNAREEAL
T 216 52 R TE 1) PR W E B, DT ™ 52 ) s g i
B AR RN BROR, — M NI SR IE
DNABEFEAL BEHN 6] 7] (uracil glycosylase inhibitor,
UGI). e AR AT R DA R L, Sl T
X B — B P RS A, WOR bR = T i 1 M A
PEFIZE R, SR, BT HXT ssDNASERE X8 N 135 Rl
DI T4, AT RAFAE MR ARN;, o R AE 55 3 G
i (bystander editing) 5 1f], Hast% Rtk IR TERZ A IR A
IR

Se T dniR A I & B 7 S R G 48 A R TR
REE X B e 0y SR BR M. e AR A8 S BT A i 1) e
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e, FEAMIEXT MRS AR (E2(c)). 6T
Imtas P41 HH Cas9-H840A Y] I i (nCas9)5
JWik% S B (reverse transcriptase, RT)E AL S H, L
K51 5 F 5 pegRNALPY . pegRNA & 28 11 ik ol 3 4
gRNA, &7 54 G0N, AR T &8
i Y 9 R0 SRR 5 BipegRNARY S|, nCas92s
TEDNARYAE B AMEPAM IS =AY, Az hl
ssSDNA. ssDNA 5pegRNAKIS | Y)F545 4, BG4 8
T SR AR AT W R S O, AR T AN RS R
ssDNAH . Hf R Gt AY5" ssDNAZHE S IR N Vil
S IRIMITEEVIRE, e it N IRPE IS R AR BB = AL
S BUSE H i 0 SRR AR AN L, S e P
AR e S A 1 AT )32 A Iy A 50, SR HopegR-
NAFF A TR 2, e s t— et

1.3 AL P guiE R 5E

B 1 B3R AT R G R G, 1R HA
FEN GBS A E AR WIIT &, NuiiezZ N 22Kt dCaso Al
DNAH R LS G, KW T —F el n R R % S
HHEFCRISPROA, LIS T B Rr S PE DN A I Ak
PEFNFER D], Schubert 5 AP ThKeE 20 B o (4300 53 T
AL ARLR (retron library recombineering) K Zi 4545, 1%
i AT e 5%V QSR & R AN (TR af =83 Fs i 8w
FHCRISPRIYILE SCHE, LAXTECE JTAN 75 4 T
J3HF. XiangZ: NPMR B, Cas 1245 R YA JehE 13 ¢
IXFE B (transposase-associated protein B, TnpB)[FJ#f
JRBL A L R el T ELAYE ), HHAR%C T CRISPR
RGBT/, Huf NPV & 1 CyDENTHS S 4 4 2
(strand-preferred base editing system)’ &—Fh TG
CRISPR . HATHEBEREM: AT AR A0 Bk 5 G B 45,
RENE A BB X AZ S 2 | by (AL PR 2 % -2 A i
AT Ak, LR AR A2 B2 G,
LRI DsgRNAE A iE4E,  H BTEARR G4
K Z 8 1 7EZFN TALEN f5 45 19 B 248 L5 AL
5 AJF 5 (matrix-targeting  sequence, MTS)JSLH Jnti
RIS E N, WA T EE PRI PR 2 04, e,
Shoopi NI & T e S0 18] RN b 128 R A DN A
ARCUSHK; AT (mitoARCUS), F-iiEBA L BEM S 1) )
m.3243A>GR7E, MR TR H ERAEKF A
IR Thfe. 3 Se X H gl T HL [RIAE R B B R iR yT
W1, (RESCIHNBYTALRE, M4 | AR R HEHD
Wbk 2 HAnhakt.
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Figure 2 (Color online) The mechanism of base editing and prime editing. (a) Cytosine base editing®”; (b) adenine base editing®”’; (c) prime

editing!'"!
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PIZRAERICR. LAk, USSR DN 2 S R BEER 28167
HEAS, 2 R AR, 1 ™ A R A H

BT, B DS S e AR 1 AR BT T B S SRR A
IR, H UL T AR IR I R AT
ARSI T, XL R TR HOC IR IV RE ), fiE
10 g K R DR S e T LR 2R N, TR R AMERE R
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BB RGN R — BT A S DBk R, FA 2R
B, JUHIE IR A BRI AR e, DA RAFAY A
HAPEREREE, MR ENTERIIRYT PR K
RV GR). HEl, NRIAAIRL . IR IR, 2
B WK IORL AN JCHLAN K AL S50 K3 18 RGUAT 2L 2
B N T i AR A K, AR IR RN OK Ok
EL Ak H AT SEICh AR AOK 1% FR 561,

2.1 IRk

g B4 KBk (lipid nanoparticles, LNPs)/2 24 Fijfiff
FEECHT Z ARG REEA. B, LNPsEA LT 144
FAZSME, 3R B RO NR B AR AR SRR A R B
AR, XHOR T e TTEAR N AR R Rt A R B
RAFIY 2P LR, R, LNPsH AR A%
ROR, HARBUSUZ S5 5 99K G0 RO B A8 A %%
TEREAN R, NN KE TE 22 B A% R 4 F ik A 40 M
P00 5 X LNP A AR B4 4 LA B A% R 25 itk 7 3k
— Ak, R DR SR A g R KR R A A T —
AR AL GE I LNPs %% FR G050 H i DU Rh S5 AL
PR B AR . BEAS . MHREEEFR C AR
FRIVPEL3). AL 533 o AN 1) 9 AL 5 i
T LNPs W et 7 2 ny T gett. it 405

FRg RN E L, mT DA LNPs B9 P HR AL 2R 1
WA 25 5 PERE. B 4N, (&St LNPsTE Rk
ShiE, HA T 2 b 2 2k s S HE, IRA S
5 BE TR AR B 1 SZ R A I PP 5 AR D) 3l e B
HEARAT A M A S T B IR B, A BT
LNPs iR M 22600, peab, @it s 2 LNP
B4 5y, BN 2 BRAA EEL AT LNPsAE S =4 53 s E B A
TRV LNPSAE S L2 47, RV RE S LNPs ) il
)BT38 [ LNPs HP s N e 2 B 40 6) i I (selec-
tive organ targeting lipid, SORT )/ Ky 2f FL AP 43, JRAT
TR AR AT AN RE R, AR NP2 41 L B3,
R 2 —BEARRE T A5, AT DA g AR, AT
SCEIEPRAYTLO X AR REE IR T LNPSTERE ¥ T %
FE PRI YT N [ 245 47 356 325 25 48l i B A ) R A 1
A3

LNPs3RIFFDAME ] FRNAB %, FRILAESLRH
2y 7 LA B T 1. LNPsIr s % A R 25
AN AL T E AU SRR DNA (plasmid DNA,
pDNA). mRNA K Z Wi H & 5 WY (ribonucleopro-
tein, RNP), HFIEAL M AFRBR, PIHLFEXTLNPs
Ml BEAT Ak, DASEE B 0 SR Y. pDNAEL
mRNATE R G s ROT RO, 38 H 2 FRILNPs

£ RRMKBERENE S
Table 2 Characteristics of different nanodelivery systems
KR T S e Motk perteiing
et R RIFIALAIE e FUAT 2 R 0 e o
e G MR B ) RSB ) BRI, s TR
R Wb Ay PYOEDE, RUEPER, AEPIERE AR, B R RNP: £
Eiks e 2 & e i 4 cE. AT AR - AR
, - ' BREIERCRAE, ek mRNA:
. BRI OUZ IR ERL, T TRCEAE, ZBiR NA: 8
L RGBS TR R, kg [VORRIE RRFRERE T
- UM ARAE S, ST P T mRNA: 11
gy, HRIRBLA R 5> F(WPBAE . B Al e b e 2 e ESOTFTRRREME S (MTPE), {4 o
REMIARE " i, iappe | TR, B SRR D weeemre D O
%E(é)ﬁ%{h%(:ﬁ'fhﬁiﬂ% e =Sy VI, PNZYIn ﬁi%ﬁ%%‘ﬁ%, ﬁ?‘f&mﬁﬁ mRNA: iﬁf'ﬂx
AR ¥, PR L FRELL SOEROMY wgn T ok B R b
(P b PR, F AN RNP: %
s £ N N 2ok THE {E&ﬁaﬁg)ﬁ‘ﬁ, Ef’%éﬁi%ﬁﬁﬁ =7 a=N mRNA: iﬁf%
shappp SARIRILEIIS TESIER Guen, ooy PRAEEIRE SUTRIG I T g
8 (EEAND) RNP: %75
. faran
o SIRET SR A I TRAES, TR SR, TR TR T
SRAPUER i, R LB s e ), £ A 1 R e
B K NRCEshimt, R BRI, Rt TR B
- . )zﬁ?%é?f’ﬁéﬁé = (PEGTL), fKE:PE (G EE) RNP; ks

3988



Bl 3 (W RUR ()36 B i A28 M SRt o 1 el D70 7 2R P N 1 3£ SR AU LN

Figure 3 (Color online) Food and Drug Administration (FDA)-approved LNPs consist of four simple lipid components

FRB AR, A a1 X KB LNPsEC 7 251 7 128 AR
o v B 1R AR Y L TR R A S AT ST B R R
. Kieu%s NI fifik T — M & 16F0 3 Al n] By
BN, B3RS T — il H B AT L B R i Lipid
10, ZJB T AEmRNAJFAEE 2% Hh R PL S e, IF
FEMEE R /N R PR i 3 T 0 A PLIARTE . Kim
At \LOMSE 3o e B0 E N LNPSHEC 77, i LNP496FI
LNP470fE 0% B 550K Cas 1 3a-gRNA TR 2% 2 K FT
B, CISCEL T X AN R AR 3R Y. Zhe S N
Ao X B A o 2K TR R I B 40 L IR A T, SEER T
PP A mRNA R SR AN 1 sk 1%, 771
R P9 R I L 5 B ) B N A S TR T . ERAR
LU0 A FR IR BRAL A PR B LN P 7 L K] 2 4 25 1 8
PEOT HRI AT FRCE, (HN KRS ik
e 1) TAE AR B KA, a0 i
] KN R AR R AR Y T & . Sago i ALO ]
Bf# 2% Cre mRNAFIBarcode |45 2L K /NRAAR N, 18T
ST Cre B AE AN [R) g #8300 ) Barcode & 2 72 i SC L
LNPsHYERl e, 7R LR F, Rhym% A HiXue
2t N\ 1803 3ot JIK 2Bt 1 25 T A5 AR DL B2 DNA ST AR
[FAESEEL T LNPsI) sl s ik, ST /MR AR N LA
SR 6 AR ) SR ) O . PRI R RNP RS T
5L R 20 0 A DA O R R 1 K R O A 1O,
{ERNP K A 52 AP, Q6L IR 45 i 2 1 R0 R RS
FELNPi#il &t B2 P RNP AT e K A A8 1, 3502 R A v il
(k. TaoZE AR FHLNPsi# 3% CRISPR-Cas9 RNP,
T 34 B AR /N R T R S S R g, R A

[53]

T AN B AEIE IR T W I ThRE, SR LR S
BRI A L. HolubowiczZ A7 i {1t Ak 4t 3%
BRI S 4B I S iR I LNPs, 776 3 1 ] L 25 B
BRI, H R 2 —FALRR I Fu i, (EASA N 11
F KGR RCR R THR T 3005 (S HERNPEEE AR L), [F]
Ah i AR T AR 4R 1 R . RSG5 SE R i
AHILNPSTEVE A MR AGIR 5 2 8 PRI, DA B il
T HABZS B AFEDNAIT AR, 8 A X LNPsE T4 E
HGE, DASUE YRR v, Pl DASE B A B
(R e, Weide A2 it TR LGB LNPs, %
DOTAPIH LU, T % A ELIR R A W iR o 4 K kL
o e R NG 5 ORISR I oK B0k, S8 T 76/ R
WLP . R A ZH 20 oS RNP R BE ]335 . Heah, Sd sk
B A 250 AL REA RS BT A% . Elia%e AR
A7 A LNPsid of PP B 252, P # CRISPR-
RNPi% A/ FUIMES, SCEUEL g, 7500, SRR ms A
il JFEHIE P Cas 9 196 A 1 A JHF A/ 356 DX 4 B 4R 43E T T .
Sago5: N7Ei$3% Cas9 mRNAFIsgRNAZ B, B 56H
R CasOr) siRNAE 1% 2 IE, MR ReAIS 1 4
Hh L PR i 1 B, ST 70 BB R G £ 32 R .

SATH 2, LNPsTES 63 K g de 2% 7 R B T
PR AT R, BET, LNPsEIG Pk F 54 P4
—JEARPRLNPs (1) P AR b 38 ) A5 D 8 g s s R, —
JESEHILNPsHY /M 6. SEPR L, LNPsHYSS AL
O IGEE T RE R A EEAEA, XWRERT ERE
e AR Z A S AL T B, 70 ) 3 2 7 T
PSSR A Y KAV AR08, AR, SR FH ol i
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Sift— A SELNPSHL [ 1B S IS REE BTTEA
BORSINPsI I A, 27 R PR TR AT

22 Rk

i 1A (liposomes ) Je&— A i IR OBUZ H4 1A /N R
P, JE R R B RS AR R R SR A W L K
TR A AR AEL ) LR, 38 3t L PR A A 4 e ot
IO ). AR TS A RTINS, i A
AW XUZ B0 45, If B A i B

RSN AT . RO BES A R TR
PoKiErE2a, SER AR R A EERRE], IR IR ARE
A fEE RS BE R s, X —
SRR (il i A 25 93 16 U2 )92 i, il
SETEIRYT AR AL P AR 259 R, B RS AL
PR IE R gl T B 2R B R AT, RS B s 2
e, BRI R PTG —Se ki, bR 72 r= AR
E K RREEA AN, BR AR TR Z i — Aok
PR R L S A SV SR i i TP

HAET, IEFRMIEILRS ZF i, flan, ik
HHORAS . e F TSR B AL e, AT DL R T T
A A TRECHCE. LA, BB e T T i it R Al
A= 5T I A, 2 L P AR S, 3
TESER S 25 W 36 % i 2 e B B8, Liang%5 A
8 T B X1 AR 0 M ) R RS AR, 3845 T LCO09, Jf:
BH SR FARLE A, LLidik CRISPR-Cas9fiikr, ALIIfE
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HE T CRISPR-CasOTE J5U AL PR Hh L [ 2B 2%, AT
il e R A R RS, I T I AE AR R
HHH. Zhao NPWERS FARSME [5IA T T4 (re-
active oxygen species, ROS)I i Bl 45 #), FF & H—
Pl R A Wi e mhA IR TR, iz mhA I AR A s LA
Rt R 2 B Lk 57 [ (blood-brain  barrier, BBB),
TE R ROSTKAF- A4 fisi e g 20 2 4 T2, T2l
Yy, WL SR AR, P TR SR TR Y
LAk B TR B T, K A 6 kA
(AnZ I AR B K B ) il A5t 2 1 T 38 206 2503 AR 1)
—FA 0 2. Lin%e A\ T — b T ik S
ANIMA R A KL, T AR R R RS ks, IS8
T CRISPR-Cas9 R GEAE ] 7t i T 4L ik ik. Chenss
NI £ 7 — LT g o R 5 7K B e ) 7K 8 e 4 A
i, TR ZKBERE A5 46 F T 2% Cas9-RNP, Tii4MBAR BT
IRZEFGI A TR L. XGOSR S T 2
JE R Cas9Tm] I g AT )i ik, -9 I L A %) b
AR

ZE TR, BRBUIARAE N 3 R 4R 25 1038 1% R G
FRIAR KR T J1. B AT a8 32 224 T HAEAE
(A= 7 AR e RS AN SR R, R SR AR 0 %
M TR AR B R Al & 12, DR ILAER
PRA N TS, teAb, 58 R B4 S 40 2 [l AH
FAEHIBIAILEN, AT LA S R ik SR, i — 2D
S CHE ] PR BEFIIB IR ROR, XA BRI 9T Y B
JrlaZz—. BEE R RR BUARMREST &, HAR AT &
HoAth A= Wy 2454 3% 5T v BT A AR VR R 2 H R 3G 5.
23 REUahARkL

RE WAL (polymeric nanoparticles)il # H 1=
STFREVHIN, KRG YT LU RIR R IR A B
B9, W WLAYA R M W HE (polyethylenimine, PEI), %
(B-Z LR (poly(beta-amino ester), PBAE). X M
(polyvinyl alcohol, PVA)LL K FEZLIR (polylactic acid,
PLA)%. TR 25PN, Frik IR &Y
ZNHEFEA, ZRREYE S IR 5 i
af AR IR S A= T AR ELAE I, MR IR 245 W) L 3
SACR ISR A, BRA AR T I 5 RAAE 32 22
RITE RS B i SO HES 7 =X, i R R R RN Ag
B RE, T LA R 2t ik e TR 0L b —2b b,
PRGN AR RIS TIIREA B, HEfs W2
SRR A s U s 1 7% B, PEIRG

YIMIPBAER & W2 H TR IR LM h e )2 1
REAEYIREL

PEIR AR B A A 0 RH 251 B s 00 1) S R 4 YL i
e 32 . PEI—f it ]AVE U AAIN, i
R K PEI /31t o] AR S R o, (Rt
ZffZ FHE . @ X PEIRY > T S a5 kA Tk,
A DAFE—E R I S B YR S A i R 2 TR 4 -F
70 @3 5 AR S RERL A 5 5 Hifth A 454, AT
DIAT 08 o FL IR R 06 50%, JRRR AT 20 i iy
me®t. i, X PEIZK I T 5 £ —F(polyethylene gly-
col, PEG)EHMifiEs w5 o s ik ex ™. Lide A
FFPELS A5 Wy A [ it U PE G -b- SR BR IR Tk ik B AL SR Wy 45
B TE B TR R T, BTN T Heag bk, I3
T PRI IR 50N 3 TG URCR, i i% Cas9
JEAEHeLafi i 52 A B A /)N BRURBTRY v SIS T Fifos 0 o)
SRIM, PEIAY 275 1 22 I PR S F i fe ) 5 A Bk
%, ARG IR R 1 A % R S PEIE
B, SR ELAH I 14 35 26 SR, Qo) 1y 760 3a6 16 SR ik,
DI/ I H AN PRI B AR, MR I 7 P O e
k.

PBAE 3 1ot e B4R DS s R T 14 36 3R S by A
B, HATHE 5> T m RS F T T A LR G 2 2o
e R R S . 3 e R T R BRI A4 R TR 1)
A, AT NPBAES T, Al LIk &
HA R R INPBAEZ K.  Elana AP i %t 5%
NRPBAES T IEMEATHfBE, & B i 3 X DC AN I 11
Y LT, Rotolo NP T — MU 166
FRPBAEM /3 F %, F M i v H —Fh R -B- 2 - At
BERAYIPT6, XEARLE Z R A YA R B H AL 55 136
PEROR, Il LA 25 %L 6 Cas13a, T 5L B
1E TG SARS-CoV-2 /B BRI R F N[, sk,
I PBAE HAWZR ARG &, 0l g — 25 SCBURS v A i)
k. YanZ \PEPBAE/ Tk 44 K 5 4 W) 2 1h 40, 7 —
2585 7 TS S P RSy TR D AR AR, e TS A
IR, 5 A 20 0 A5 R T A 2E A CRIS PR -
CasOzZy¥y, WIS T X RAEVERIR R HEIRTY. ST
XTPBAEM BHB £ ORI e, A PR R & im] if—
AR R HAR R AE S, ChenZ APk T—Fh B
RO YR RE ST IIPBAE29, %M Rl LA DU oy Se bk
4, FREAEAR P B A A S ELAE 10 S R0 I U A 4R K
7o ik AT O 0 2 Ao R v W AT ) R S .
KM B TRCHBERERZ, AR 65 m
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LW 2R I 2 T Y H R M2 4, 2eKE CasRx (CRISPR-
associated ribonuclease Cas13d)Fkridhix 2 /N E W40
J, SEER A BERD ISR ()35

PBAE H IR 0A ELR A R 25 ). il i o
IREZERRIRG 5, 0T DL E AL 2 i a6 M fE.
[FHF, PBAERY AT 45 SRR 20 58 R mg S It 1 n]
REtE. SR, PBAETENGRA H it s —2e Pk AR, JUH:
SE LR AR R R b, PR A 2 R B R, A
MR X AL RE AR 0 8 ). XA S35 HAR P ARL
W, SRR RAS. I, WArs i ¥ i PBAESY
FEfif %, LUFR T HAR e A d 25 W ks B R, &
JEAKPBAEN T M5 7 1],

2.4 JCHLGRERE

T 1B R 259 B TG K ik (inorganic  na-
noparticles) & EALFE G GORPR . AL AEGH KRBTk
SRR LA B G Re e L LS AE A A
g TOIREACIIRAE, FERTRAG SRR T
MR, LeeE NS I 4 49 K ik 4 24 CRISPR-
Cas9 RNP, JEa{CRISPR-Gold, i& it % 4 E ST CRISPR-
Gold, FIFEZ RN B AY Hh SIS 5E D ) 1o 28
Chen NPDR A T i K SE LLAYPHIE R A DIRE &N
KA1 CRISPR-CasO ks, il AR Py # [n] Fastk
P TRV NG A e e Vg L N TR VA B 2
AR BAIEI TN, TangZE NI4T
FHESF S KRR Sy 2044 3%3% CRISPR-Cas9, %41 4 7F
A AR PESET-ECAR L (programmed cell death ligand 1,
PD-L 1) [l B4R 2T MG I A A i A B 347 LA
FICDHICas9 My SN F2IK,  SCHNUER S8y ik A5
AR, I oK PR A TIE 1, RedE— 4Tt
HAG R IR RfE S, N, ZhangZe N0 BHES T
HIV-1 GBS S T IR S S 90KR 4 &, HiE— 8
SR FURHE AR B2 T, YR CRISPR-Cas9 & 4t
H0 )33 26 B HFAE, FFX%FPcsk9 (proprotein convertase sub-
tilisin/kexin type 9)JEAT 44, £/ B MR8 BE i
B A SRR

AR G R R [ R LR S 1 A 0 AE At R
APPSO, Hehh, HEAMEER 2454, e
W AU AR 25, R LAR RN, AT LA
SRR IE TR, — M5, RS RR IS R4
Z IR Z5W). BN, Lee®e NUOPVG pl T8 KALAER) —
SEALREANR AT, N84 T KB CRISPR-CasOR %
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BAEAY, %5 DEIE T REAERRsE. Ak,
A AR PR AZ R 24 W 1) v f Bk e T LS
Bk R A R A, DTSR S (ARG v TS
NoureddineZ A2 i i 0 32 7E — S ALk 4 K 0B (1)
M, AT CRISPR TR FIR NP 1% 2548 21 it P i
ATHEPR ey, 3B 1B 7 2 s s AL e S BR AR AA Y
A AR H AT A S, Wang® A% i —
PR e H s R — SRR K, RENS ST 2 B4,
SN 5, SRR ERAE Bk, FERLEh I Ail144t
/NI 1% CRISPRZi 4 i A S BLEE A 4.

G YN KA 5 SR AR R T TRI I 4 Bk A 3 AR —
2, VERTCALGURERL, TRk e, 25 7F
RN, ] RE P B II AR R, EAh, Xt
ORI 25 5 W e RGN B, PR A SE B g
HH T R R 2 T R MRS Y
GAEZ IR M= | RIS 2 g
2R, Rl e DAl e g oK URLZE AR N 1) K 5 i,
RARGTHISEAE B ERLE,  DABA O LRI A R H rp
()2 4t 03],

2.5 HAWGPRER £S5

BR T LR 2R K RE R G4, MAVFZIL
BT 24 Y 2 K 3B 3% FR GE i D azs HH 3] 88 326 5 D e 2
. Han®: A4 DNA F BEAERL i F1dCas9 RNPif
VIR e S NMARE R S TR, RN 48]
G, SE R RECE  geEAY, ST /N
R R HE ] FEUIE R 2 . Zhang AU it 45 & T
{745 Cas9 RNPZE A S & 2R R AUKIR L, FER0E
FIRRSTT, MEE=AEROS, FFFVIEIELDTH RSN
Cas9 RNP—EAEH], il 7/ EUME A . Alyami
28 NHOSLTF S 17—l A 98 200 A 08 %) A K s P A 2
FHF % Cas9 RNP, Ff7E/N AR PIIESE T X v 40 a4
BT IR . X AR I 15 R G R R T 7E
FEPR Gt ATk i RV 7. SR I ] LA — AR )
TXLEYKBIR R G5 HAIGYT F BRI HROR, it
AANFGOKIBIE RGFER, A B D L R g
BRI e TR, RIS, R ReILIbgh KRk
B AR S R A: W R g LA 0 22 4, DA T 3G i 35
PRI 2 BB 72 R s PR g FH T 5.

3 LR
B SORBEAR BRI, 55 29K PR, 4505



ISk

FRAORRRL . IRBRIAR . SRS WA OB S TCHLAA A
KA, T2 TR G 21838 REEpse. =
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2%, MNITHENN Tl PREG AL RIMERE. DRI, W58 A0
WA R GRS A PR 2 1A FRoP A K,
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R YR AR PR L A R B 2 AR rp T IR i) R 3
M2, DERTTURIEIR RGNS UL 0] 7 1 Y
M. AR, RHITIURE THE T Z WIS, 124t
XA HELL S 4K 28 RIS IBUS 1 W 5 bR, Bl

5% 3k

EHFEHITRA, ORI R GEAEAL ) i 18 Je ML R
7T AT B S E R Y. i, ARk R GTB = by
WEALBIPPAE DT i, FVRG, BUA BOPPH A R i BEAR g X
RORANGL ] PERESEAR. SR, 110 LN 245 W) A3 15 AR,
HAE AR 77 5 22 V7 T 75 S0 5 N P AR AR, 4K
Ry PR R R BRI AR 2P Ve, 5 20 H — VAT
DAL, LRI ASREAS A E e 300 oy X LA 6 A2 X
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With the rapid development of genomics and biotechnology, gene editing tools such as CRISPR-Cas9 have become a core
technology for biomedical research and disease treatment. However, traditional gene editor delivery systems still face
serious challenges in terms of delivery efficiency and targeting specificity. Although the current mainstream viral vectors
have a high transfection efficiency, their applications are significantly limited due to the potential for triggering immune
responses, insertion mutations and other safety hazards. Against this background, nanodelivery systems, with their unique
physical and chemical advantages, are breaking through the key technological bottlenecks in gene editing therapy.
Compared with traditional delivery methods, nanodelivery systems show revolutionary technical features: first, their
chemical structure can be precisely regulated by surface modification, which can not only improve the stability of carriers,
but also enhance targeting through ligand modification; second, the use of biodegradable materials significantly improves
the biocompatibility of the system and effectively reduces the toxicity of side effects; what’s more, through the regulation
of particle size and functionalized design, the precise delivery to specific tissues and organs can be realized. For example,
lipid nanoparticles can efficiently deliver gene editors to different organs and tissues by adjusting the composition and ratio
of the formulation, which opens up a new way for gene therapy. The current research on nanodelivery carriers mainly
focuses on lipid nanoparticles, liposomes, polymer nanoparticles and inorganic nanoparticles. In addition, many emerging
nanodelivery systems are being developed, such as metal-organic frameworks to enhance delivery efficiency by virtue of
their high drug loading capacity, and exosome carriers to achieve low-immunogenic delivery by taking advantage of their
natural delivery properties. The research on these nanodelivery systems has greatly contributed to the development of the
gene therapy field. This review systematically introduces the widely researched gene editing systems and nanodelivery
systems, and focuses on the application cases of different nanodelivery systems, especially lipid nanoparticles, in gene
editing. Data show that more and more nanodelivery vectors have been able to achieve efficient targeted delivery to
different organs and tissues for gene therapy of various diseases. For example, precise vector design can break through the
blood-brain barrier, achieve tumor microenvironment-responsive release, and other special delivery needs. These studies
are driving the development of gene editing towards visualization and controllability. Although significant progress has
been made in nanodelivery systems, their clinical applications still face challenges such as standardized production and
long-term safety assessment. Future development will focus on the development of multimodal delivery systems, in vivo
dynamic tracking technology innovation and breakthroughs in large-scale preparation processes. With the deep integration
of materials science and molecular biology, nanodelivery technology is expected to play a more important role in the
eradication of genetic diseases and precision cancer therapy, providing solid technical support for the transformation of
gene therapy from laboratory to clinic. It is hoped that by reading this review, readers will gain more inspiration in related
research areas and contribute their part in making greater breakthroughs in the fields of nanodelivery vectors and gene
editing.

gene editing, nucleic acid drugs, nanomaterials, drug delivery, nanomedicine
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