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Abstract: RNA vaccines have emerged as a revolutionary technology in vaccinology due to their rapid development
and high immunogenicity. This article systematically reviews the latest research progress in molecular design and
delivery systems of mRNA vaccines, with a focus on three major types: linear mRNA, circular RNA (circRNA), and
self-amplifying RNA (saRNA). It highlights that mRNA vaccines, with their rapid development, high immunogenicity,

and favorable safety profiles, have become a significant breakthrough in vaccine technology, demonstrating immense
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potentials, especially during the COVID-19 pandemic. In terms of design optimization, linear mRNA improves its
stability and translation efficiency through strategies such as 5'cap, untranslated region (UTR) optimization, codon
selection, and poly(A) tail elongation. Circular RNA, with its covalently closed circular structure, exhibits excellent
resistance to nucleases and long-lasting expression properties, providing a new avenue for sustained antigen
presentation. Self-amplifying RNA leverages viral replication mechanism to achieve intracellular self-replication,
significantly reducing vaccine dosage requirements and enhancing immune responses. The article also notes that while
mRNA vaccines inherently possesses certain immune-stimulatory effects (acting as a built-in adjuvant), excessive
activation of innate immunity may compromise their efficacy. Thus, balancing immunogenicity and expression
efficiency requires modifications of nucleotides (e.g., pseudouridine, N1-methyl-pseudouridine) and purification
processes (e.g., HPLC, FPLC). As for the delivery systems, lipid nanoparticles (LNPs) remain as the mainstream
platform. Through the rational composition of ionizable lipids, phospholipids, cholesterol, and PEGylated lipids, LNPs
achieve efficient mRNA encapsulation and prevent endosomal escape. Additionally, virus-like particles, as an emerging
bioinspired carrier, show great promise with their natural hollow structure, self-assembly properties, and high
biocompatibility, enabling enhanced uptake efficiency by antigen-presenting cells and mimicking viral invasion
pathways. Other delivery strategies, such as polymer nanoparticles, peptide/protein carriers, and ex vivo dendritic cells
loading, are also being continuously optimized. This article further explores the tremendous potential of mRNA
vaccines in personalized cancer therapy and the prevention of broad-spectrum infectious diseases. It also identifies
current challenges, including formulation stability (reliance on cold chains), limited targeting specificity, high
production cost, and the regulation of prolonged immune response. Looking ahead, the integration of interdisciplinary
innovations—such as artificial intelligence for sequence optimization, development of novel lyophilization techniques,
and modular manufacturing—will gradually overcome existing limitations, advancing mRNA vaccine technology
toward a more precise, safe, and efficient next-generation platform. This progress will not only play a vital role in

human medicine, but also promote the implementation of the “One Health” strategy in veterinary medicine.
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IR 5 e o095 5 45 04 B 1 gm B X 7. A A B 3 AR
saRNA [1 5 KL AR AL . O— /N8 & I W 1R 1 Gt
fih Y] DNA & #6i & RNA % A B (DNA-dependent
RNA polymerase, DARP) Ji 3 ¥ (41 T7. T3 5

SP6); @—ARIE T IR 5-UTR; @i i H
J9i 5 nsP (nsP1. nsP2. nsP3 FlnsP4) 3K, DA
FE A TE Y RARps @ 55 (1 268 02 52 K 5 3l 1 )7
bl ©% Y9 PUE K ORF; ©— ANk IE T H
#H M 3-UTR; @ — M poly(A)E; @ — M T
372 i 14 A A R 1) g 1) 7 B

saRNA L i AHE T S mRNA S W A £ &
ey, HAxOfE T REfEm TN e EEH, X
o R M B A T e i SO B T W46 R =
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1% 9% 11 RE DA R /D BT RNA 77875 5 AR 37 M 9% B
%o AN, ERXTUUERSE R, R nrRNA-
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REPL 1E AR 73 S 1 KM A 7= i £, A7
EEXERIAR IR R 0P 4 i RNA 3E AT 44 575 138 T
S RFA . T L E MR #F  (Chikungunya
virus, CHIKV) [f]taRNA J& i i e #k, K ¥ -
IS G2 SR, AN FE 1.5 pg (1.25 png &l B RNA
F10.25 ug TR-RNA) RNA 5| &2 B v i 5 i 2% M4
59 %%, D R4 N BRARAE 10° PFU o 8 L
& 7. Schmidt % 7 % 1T — B B XU taRNA %
BN, IS =M RNA (—Fh4mid CHIKV &
HIEE, W5 R B 4 S CHIKV AT RRV 4 i 85 [ (1)
TR-RNA) SZHL £ 470 5 4 )%
1.2.3 B fe il Fouk

JE T H R EF 1 saRNA BT, A7 75 2 20 KU Fa
B RER SRR RS OL T . #ie b,
41 N R R ST OR U K saRNA 7 BE 5 i 7%
RNA KA H AL, T 7= A 87 B B4R S5 19 05 5 1k o
VEEV [ H & i & 2z v T HoAh B i 88, 72 H il
saRNA it (1% - &, 1H VEEV I /& & il # 5]
i) 2> 52 AR R A AR R R AR, T
ik A 23 R XS U7, Hick %5 7 #5 H saRNA
P E SR CRERIZ R VEEV %% & 1k 55 &
BRI D, AE 0 B I G Bl AR 1 2 IR A A E I B
B, WIRE ] R AR TR ) R AR o B A 1
HANE A OA P LuEdE,  HouE S5 35 k00 8 1
LA OC . 78 7 B ik % i & (Western Equine
encephalitis virus, WEEV) #f & SINV 55 VEEV #
H R EH A1

EEXIX — )@, WK taRNA REuE R E R
TR BRI B BH A 5 I A e PR AR5 B AR
HRFMEAME, HHTERIGHARLEEE
WEERE S, MM/ T E AR RENE, WA R
K. Beissert 25 U (R FCIESE, 1% HMSAEOR IR b
925 J P (1 TR] B 9k /> e 5 o R 2 B K/ o SR T
Z ARG B F R %% A RNA 2 5y, HOH BT R
FE R R AR i ik T =K

1.3 circRNARIZITS &

circRNA & — K B A L0 P & HOIR 55 14 1) B
RNA 7. BEEEVEARMNG FEFZHRKE, A
T citeRNA S48 KN — 8 T 5w 67
TR B 8 2 % T . 5 4R 1 mRNA %% 1A L,

circRNA A Z ML % . Ob T H AR IR
S5, circRNA TG F AR &40 B AT 30 Hh v RS AR
PEFIPL RNase (R, 5 TE(F: @M T 2
mRNA 75 248 A5 1 b 8 1R PR AR S i i, K&
A IR cireRNA A5 51 AL 1 28 5L 4 R B 1 1) 48 fif
B @cireRNA B A E K7 7= A4 O fFF A
NI RE ST T

1.3.1 circRNA 894 #

ETHAN I MEAANES FRECHEMH T4
SRR Z B RNA 751 (58~124n0) H, JLIRML
BRI 90% ., Chen 25K F B A H fif b BY B2
T e 1 MR B 4R T4 M B2 & BB (thymidylate
synthase, td) JEI [ YN 3 1 34T cireRNA
A ™. FTIVT B DNA SR 7 5 & 3N & 1 F
Bty gt A (green fluorescent protein, GFP)
OB 0> WL % % B (encephalomyocarditis virus,
EMCV) [ IRES 54, LA SW& TR B &
bh e S JE . 4% TR AE R 1.5 kb Y cireRNA.
Wesselhoeft %5 ) TF1b T BN S T R SG8, 6
% SCILAC B 1L 5 kb (7 B, IF HAE S AP
IR gt X, PR 24521 100%. H T340
PRI A RNA GBS S'FVRE . 3N F B AhET
B2y STINIBEET A SRS X . EMCV IRES.
b X3, AR . ' ERS IR A MR
Bl SRETRE. 3EEE (B itkE
ff) circRNA MY B = AR A KEHEEH, @@y
HPLC A &4l . 20224F, Jbui K80 O 2% 4
BA B R TR T B & F R G, MWD X 4G
AN B N KA LB A 3R B F (tissue
plasminogen activator, tPA) 1155 k/5%]. RBD
J7 51 DA B KR W8 B A T4 47 24 & A 1 = SR AL &5 4
B, R TE X SARS-COV-2 [ FR 4R RNA 1 .
A FIT R T NR A ERRE R S g, R
RNA J B R I tH FE 2R mRNA 2 1 56y Re A F S
E W B JR & 18 . Jaffrey ] L™ K ] Tornado
circRNA Rk R4, JFKR 1 —FPLEm 7L 30V 4 i
E I R IE R mRNA 1 7775 % HF AR
KK T R 1A 9% 1% SARS-CoV-2 Hll & & H 1Y
Tornado #i 4k, & CMV JE3h 1. 5k Twister 1% [
CELEHERTF D M= A EE B3 4! (Coxsackie
virus B3, CVB3) IRES. S [, 3'if Twister £ iff
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(BEHREREFHD . K11 F ik g
HEK293T 4 e, 0] SZ 3 42 & 4719 /M 4% 1 B 1)
2N

1.3.2  ZRIK RNA #9455,

I IVT 5k, AL T7 80 SP6 45 Wk B 4
RNA K4, LADNA NBCKEY 1 H bs7 54
FRERPERT AR . BT AR LR 1 RNA G L0 B & 8 A
AREEFIFRAT cireRNA, iZd 2@ % ik % . B ok
MBRER 5N T B

(1) b2k

1988 AF- 412 t 1) 4% R i 1 27 % 452 105 F il DNA %
1) S'BEIR F A 5 3/ F2 3, 78 2-(W-FE AR - 2, e i
iz (MES) {4k T, JEit BrCN A=l 1) SR ik A
T RO R i 4 7 1% 5 v R AR IE 0 B AR
RRNA WA B, EFEEZTR R fik
5780 3 850

1999 4F, Micura & & T — M Sk A B R
RNA [ 7% . 1% )5 i1t 2'-0-TOM RNA i ik [l
SEHLRNA B4 H sh a3, R e i B IR — R b2
76 [ A S FE 9 A BORIR RNA, JF il i i B v 1)
FIRAR AL =Y, FOR RNA 135 72 08
15% 7,

(2) BgvEA K

B A & ik R T4 RNAEREE T A,
1E ATP #5025 18 T AL 26 P RNA RTAA I - R
B 53 BRI, 5 - R et

T4 RNA #3876 1972 448 T 2 1t w4
A PN BRI, 7T RE PR AR Ay IR I I 2R
i, ARE IS RA SRR AT, F AL AT RO
Y, B 4H 6~8 nt i RNA 85 B ] 2R 4k 4, T4
RNA EFEEG T 090 3% 42 07 rit IR A 4 R 52 4 i 1 1R
(0 i 4 A T« 373 A% EF T8 52 R TR0 0 47 1 A > G
C>U, SUit% R /A N pC > pU > pA > pG ™,
HIR RS2 M RNA BRI s i ssmg, 8
FH 4 B Jd 580 5 A% 1 IR 1T LABT 1E 28 1% RNA 97 & A
FIGERY, MO s IR RCR o 18 2RV 4 B S i
FREIAEAE T, PR RNA BIF= 5K 40%, KI5
IR RNA 7% R0 100% ¥ B 7 3 i 4 B %
BRI, 38 T DA IR A 3 1 o E 3 A
—ifd, i RN 32K RNA 02K i AR 4 2~ 3 M
B HRLEE Y BbAh, TR B TE 2R RNA FI AR 5TR

3R Uity g B DX 3k, R R PN S R T R g
AR HERR AL

20024, Ho%% " §ilfiiR 7 T4 RNA JEH:H 1T 1)
Oy PR ERTE . 5 T4 RNAERRE [ M
b, T4 RNAEHEG I GE6% 554G 2% 32 dsRNA JIK
Y ERIER I, TN A E S ssSRNA [ K o DY AR
T4 RNA JE#G 1T A 1X —FR 1, 78 W 1H 47 RNA
RO 7 B, S AR 3757 fA iy e B2 b 4 5 2
SE R PR AR 1A 2 IRV E B ) TR B R KVP40
fFIE—F 5 T4 RNAEHR T FIEKESE. B
ATP {1 (1) 77 =M 1L 585 /N RNA FI3R 4L T, gt
4b, T4 RNA BN I A7 £ B IR A (249 M2 5
B2, TIFEJC ATP %A1 5 R A6 T B 1 4 1) RNA BR
DNA 5 RNA 1+, H T RNA ML X R
fii T4 RNA & £ B 7€ RNA 3460 BA7 72 N
AR

(3) A% R AL A

55 FUREAE R A0 B F 0 44 27 R0 B 3% 82 07 VR AN )
—FET T BN & T B BT R BT R LT
B RN PIE W&, 1T LL7E 44 4 044 72 A 36 R
RNA. FIH T 24N &7 09 B 89 R0 00 75 72 3
BNz, HEHTKEERNA, HAM T30k
FNEGIE A AR RNA 75 BEAE MR R 5] NEAM 1L
RVEY AT, ZEEE R W LR R PN
GTP Al Mg {E A Bh IR 7 ™ iZ 5k R N 1
BN E RN EE AL I RNA B 878, iZid e
WP IR . B, —MMNERNSE OGS
FINE FHEAPOMGE A A, L 3-OH X+ s
BN AU BERR IR, 5N E TS — X
HERIE K 3", S5-I IR lRde, FFRRCH 5-4h 7.
B G, W 5-4h 5T 3'-OH My 37 BT HE A7 £ 1
i —WasE, (E5-4bRT53-4bETRAEEIFR
AT FETZMLE], M. Puttaraju 55 " F 1992
ERAT T NS T INETE#R RS (permuted
intron-exon, PIE), #H|F#%EEHT H B B4 il —
AR F AR T I E R FOR RNA. AR
535 B A R T AR BT HEAT 2 ) 3" AL B, RNA
BYRE I B A PR AE R AN R P A . AEIX R BT
AMIB TR P B 36 N A 557 F1 N & AL S 2 TR
FEAE AL S MR RNA B AR RNA . 7E 6 PIE &
grFtati I, Wesselhoeft 25 ™ fif tH 7 — R 514t 4k ,
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S8 i [ R A U] B A1) 7 AR B R B HOIR RNA, 3
BINIRES 34 I 2 1 83 203 . PIE SR 7E H 4 52 th
ZIEM =T RAEREE T IZ R e,

s, BT TN E T, THNE TR
DA A (0 3 HE 75 v TR 40 & BOAIR RNA,  H
MU T B8 &7 AHL. Mikheeva %5 " IER, W]
DK e REZE R AR FE A P TT B & T, M
PIEZit). 5 1A EFPIERGAR, THMHE
TR REBTEILAIA T ZFE SR T, A
WG G| NAMJEFS] . SundE M My T ICHA
BUBE N & TEE 0 RSV HB BLIAR RNA 1, TE4R
PN AT 0 LA Thi B8R ) Sy 3 1) 40 B A0 A4 R 4 73
%
133 ZRHKRNA 2h4b

PIE 5 W% & B IR 30Tk RNA Ff 25 BE17 75 (1) 44 iR
A5 R I I 26 RNA B4R . 378 1 RNA
WET B E =R IFHARNA. H T4
£ RNA Fi 74 F1JF 38 RNA [ T 5 5 X B circRNA
FHIT, LR PE RNA % N circRNA % 1 A 7=
HH e P, TSR A HPLC B RNase R i U] 25
BRZEPE RNA RIAARSE 24 50

PR RNA BT H I i & R g8, mT L
TE— & 12 B HOHU R B8 V) Wl 1) B e, TRtk ] A
FI % 45 A0 PR RNA #E474016 . RNase R g H
4 1% RNA, (HARETH LA IR RNAL % RNA,
3R AR > T 7 AL R [ XURE RNA DU HAA S
B TR 5K tRNA. 58 RNA 45 "), RNase R i
DIZRPE RNA A4 (1) 32 22 ) LAE T L A 1) 4
P 2= FE IR AT RNase R RO o RV il i #AF4k
R AT DU IR — g 45 8, (X 28 Jy 35 Rl R 3
JG B D BRI HMERE o BT 2R 1 RNA TE 30 4
HEIRAS IS B 5 # RNase R P& f#, w51 AL 2%
SERII TR [ poly CAD B T R4 iy B At sk o 1),
SR, K77 = RNase R 7] fig TG 9% 76 7 % At 2k 14
RNA, T 5 771 & X 7] fE 5 20 circRNA Wi, [t
TERAL SN A M AN, RNase R 4% & i,
PRI 7 H TN .

HPLC & — M RS . REE . &EHuH
I EREEAR, BRI Z B TR RNA 44k,
Hp R B HERR (51 (SEC-HPLC) /& #¢ % F 1) 31
BRI, i i 45 4 RNase R 1), SEC-HPLC BEW%

FEIRRNAL FFFR IR RNA FIZE 14 RNA BT /4,
I E R m AR RNA S, BEAR L Gy ik e
SR, T IXEE RNA 2 7 HAMIT 4 7R
Gesky, EakEPITT R ILE S, R HRR
RNA fE4ifb i R A 5 B K F . WA T iEM T
ok, W22 AR B 1 A8 3 0 0 Bl A B 0 5 SEC Bk
H, R S s A 24 Clnid =y pHAE . In A FT
BRI LARE— 25 32 & 44k 20 2R I 984> PR RNA
(R 2R R e

1.4 SEEFEEET

HRUEME mRNA A BT EBA R flEsE, By
(e TN R ) YT SR e N
P SR T B A BT mRNA il £ 5 A 3L
B RNA (double-stranded RNA, dsRNA) i5 44,
XA TVT NI 5 7= 4 W A s 2 2k R 28 A
S A T AR AR s dSRNA J& — i R4 199 i A
K4y F AL (pathogen-associated molecular patterns,
PAMP), HEW 1 22 A 41 i (X == o A 48 = TR 1) 52 4
AT, AT dsSRNA VG R IVT mRNA #3755
S FEEAN T MR A, N R & A B
fit R (protein kinase R, PKR, %K EIF2AK2)
H 27,5 55 It B R & B (27, 5"-oligoadenylate
synthetase, OAS) WK IAFEIE, 77l 51 KB
40 1 DA & 40 B mRNA A #% BE 78 RNA Y &
fige o Kariko F BN ™ B FEOE 52, @ I A AR
O WM 3% (reversed-phase FPLC, RP-
FPLC) BY /& R0 A €18 (high performance liquid
chromatography, HPLC) %5 & 3% J7 v n] A5 2 25 B
1 b % S mRNA H 1) dsRNA 2% i, H+h FPLC 4f
L BE A mRNA 72 N 2 R AR 5 40 i b 1) 2 3 Rk
BT EIE 1000 5. AN, HEE mRNA 73 F A &
TEAMIR AL 156 25 40 U it 2 — M PAMP.  HL8E 5 1%
B A% R S LB i 7 W o W A AR A% IR EE TLRT
ATLRS A& W 2 200, AT 51 & T 84 F 8 5 1
[ S

WL RSB RZ TR URKE . 1-FHE
BRF (m1W) 5], AR EARTIE TLR7. TLR8 LA
e HoAth 5 R Ao P8 AR SR AR 0TS, 38 B A% 31 20 41 il
XF dsRNA 28 AL g iR ), 1 o B R Re g T



%74 www.synbioj.com

139

132 4

Kariko 25 U 2 41 4 i ' ¢ Ot R Y mRNA 5
lipofectin & & J5 7% YL 293 4Hffd, 45 RFKH & V&I
) mRNA 1% 24 25 9 R 21 mRNA 1 10 fi5, 1
£ m5C B I mRNA W77 25 4 £ 386 5 2% R

= K mRNA ¥ 1 E LA 7 Moderna. BioNTech
Hl Curevac B /& H) mRNA-1273. BNT162b2 Fl
CVnCoV 11, HARY 23N 94.1% . 95% >
F148% ™, CVnCoV A UM A g A 2 5t TR
M2 (WHO) MyFEEEIR, C&ibwk. 4H =
K mRNA T, AF S UTR FMUE ik 1 iR
A g2 FECVNCoV J& 1 R SRR R A

He 2 ~7

2 MRNA Rz ni i85 MG

AR Y mRNA 383 /& SE PR T I oG .
AMJE mRNA 20 % 375 A o J S 152 4 R a8k O\ 41 i )i
BET RN N ThREE R A (B 2). LR gl SR ]
H R B EUHE 7% mRNA. 38558 R 2 RN SN
T A FHE N GH L (0 4R 58 mRNA 2 IR AE R B R,
/> mRNA GEHE 2405 Y. mRNA B
S0 55 (0 L) 1 A B R SR AE, L AT g DR 4 A 2 A
M. HAh, mRNA I fE i &b s ik 78 41 g 7] 32

J—

mRNA Encapsulation

L ¥

hy

17284 . MR Z AR S, mRNA 1) F 3
Protein
[¢] (8)MHC Class Il
.‘. epitope

processing

(2)Cytoplasmic
translocation

W

(1)Uptake by (4);‘:5?1‘\
endocytosis Y MHC
Class I
Ia i &
\’ "‘“W\).O ©
o s (3)mMRNA release f protein

(7)MHC Class |
epitope
processing

i

B2 mRNA i#ix J5 Bl
LCD AFJEH mRNA BRI A E, BEANEEE: (2) B35 H mRNABREMMIT: (3) mRNAPGBEBA PR (4 s
1L fEHE mRNA FEfi#, BB AMIREMEA: (5 mRNABIREREAR: (6) HEFUEIT Wb 5550 W al A 23 WAHL ) 7 22 ff AT (E Th g«
(D AR ATURKRA, R RRE L EAS ARG (MHC) 77 b, 5 2 40 i 5% 143 S 28 2500 40 g i
A (8) FEPURIBANE . I3RS T 404N B LA 5 G5 B0 Fraltt, 50K 8 F B4 2 A MHC 1T 2R 9 72380 1X . ]
Fig.2 Principle of mRNA Delivery
[(1) Encapsulated mRNA is taken up by cells via endocytosis and enters the endosomal pathway. (2) Encapsulated mRNA is released into the

cytoplasm. (3) The mRNA is released from the delivery vehicle. (4) Translation termination is accompanied by mRNA degradation, catalyzed by

exonucleases. (5) The mRNA is translated into protein. (6) The protein

is secreted extracellularly via autocrine, paracrine, or endocrine mechanisms

to exert its function. (7) The protein product needs to be degraded into antigenic peptide epitopes. These epitopes are loaded onto major

histocompatibility complex (MHC) molecules and presented on the cell surface for recognition by immune effector cells. (8) In antigen-presenting

cells (APCs), to obtain T cell help for enhanced persistence of the immune response, the protein product needs to be directed to the MHC class Il

loading compartment.]
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CRAR TR, HLZEAR TR & I BRI RT o AR B BR
FORAMML (DC) 2/l Hb—— 1 L 41 ffy 75 34 55 %
FEREFE Hp R T RE S W40 AN, Rl B
AR DR AR AT 7 3K R I mRNA,  Hk
JEE 3@ Y BB TR AN B g Y. R, B RS
B S 3% mRNA, 75 25438 10 1 77 4R 7 44
HhHesk (IVT) mRNA %32 411 i #h RNase 47 3 () %
fi, FFOCHEILEE N0 . H AT mRNA % 8 #0%
B W PP AR . B — PP RSN mRNA 3
P ZOIR L (dendritic cell, DC) Ja 5 5% 4 (1 41 Al
R Y B AR Bl I R Ak
A A ) mRNA . K4 DC % YL B K 15
HIEEAE MR . R E SR, (AAE N A T
%, X R MO s A B BRE R . M
EEZ T, mRNA EEES H PRI A 5.

21 #HSMAEDCIE

DC 1E 3% 2 58 R o % 538 LA 5 9% 1) R BE MY
T T G0N B 32 BB R S0 g
s N A E J KR ThUR, IR i E
BB MAEME S K (major histocompatibility
complex, MHC) [ 28F1 11 354 P i &2 i3 45 CDS'
AICDAT 40/, AT S B3 RV S e N2 o b4,
DC & 0] ¥ 56 % fi J5t 535 45 B 40 A DABUK Pk
L DC X mRNA B et HA & B IE B, i
S A R mRINA 8 P AR B 51 77 (P A

SRR W DC gl il 2 Fh N Fr i 40 1 U
#& mRNA ™ B T R K AN G R L A AL
R PR 5 80 —— 1% 07 V3 5 ey R ke i 4
AL, {8 mRNA 7p 7 BB NG 5T . X Fh
34 32% 77 2 IR G 7 04 4 1 B AT S B0 v 280 G &
ZHER. Z464MiE mRNA B DC B J5 % 3 5 T
B H A B AR N LU Bh R RN . R 2L
PR AN N 1 DC %2 8 32 255 5 40 A 3 1 90
N, DR 32 B TR AR VR T Y

2.2 EBETFERBEERE

AR R EA T, RTRE®E RS
(UNLNP. JEFE. JRRE AW S lAm
BIiEFE D (E3). DOTMA (N-[1-(2,3-—7H

B ) WRI-N, N, N-ZFEREE) 2E A
T A A8 3 3% G 5 2 Ot Z I IVT-mRNA (19 & 1 FH =
TR, CRIISEEL T 28 Can AL KRB /DB
FE Y TORES FO 08D 20 i 1) A A B e Pl it 5 R
I DOTMA fi7 A DOTAP (1,2- it FE-3-=H
B - bE) A I ) 1) £ B B vy 11 3 16 AL
R Leownal oG T DOTAP A 5 19 IVT-mRNA #
PR, ZohraZs U 7F DOTAP A AR H A H 51 A
WRIR SR KA (— ok 1% B8 2L A 5 R0 7 1) TE AL
Em A, il YL R B B 4l DOTAP %o IR 2 4 i 5~
1545 . JG 47 R B, 1F DOTAP- K 1 ik o %
HEPEEREA R oSpl B &R MRAEF),
{4 HeLa 40 g o IVT-mRNA KI5 R ik CGE M
e BT AR Uk . S SR T Rk B
B JIE )5t DOPE (1, 2- i Ik -sn-H i -3-15 1% 2, %
%) 5 DOTAP I A AT {2 2 3 5 2[RI 3R 048 V. [
B 7 FR A RE FH T 4 BHES T 40K 7L (CNB), i
Ik ¥ 5 AR ORI K A A S 5 mRNA R A M
B, Bogers 25 U HIE AT & IR 48 ] CNE 3% 3% 4 A5
HIV C V760 58 28 11 1 saRNA S 187, 78 e A% o
FEG T MARIERZ . Luisi 28 ™ ] H sa mRNA
ARFEELEAHE TYKF (cationic nanoemulsion,
CNE) #BIX RS K 7 E AT 2R EE (Zika virus,
ZIKV) LA BT A i ik 2% v . e, VRC5283
SAM (CNE) FEHifE/NRAIE N R KRB i
HHY RERF LTS SN ZIKV 1 58 4 R

bE & R P R B R, BT SR BH S /AT
FLES AR AR . R R PEBE S . H [E EE R0 PEG 1k g R
R £ LNP,  KIEHE T+ mRNA 140 35 5 F1 i e 2k
U9 25 F FDA ik # [ Patisiran. BNT162b2 il
mRNA-1273 =K AT INPHE A, H&5H
TheeWAffh: PHES 7/l iR @ Elm g &
mRNA J- B kb i%; s (W DOPE. DSPC)
T H ] B A RF 45 i AR 0E s PEGALAIR R (W DMG-
PEG2000) AJ /b I 8 B AERr Rt 8 & AR
PRI P FEImR B, LNPHER A HA
PR IR R m YL R R, R 2
O AR AR T2 5 TR0 AR AT T Il
)P R B L 9B TE RN K e A e R I Bk
H 2B AR IR A A, X B R

HT LNP W R SRR = K5 ) B B R B



$£7% www.synbioj.com 141

WA T BB i o A Gt Wit 5 e i i 1
Sk A L K R BE R I B A R o AR IR R 4
UYL DhREALIE R 7 TH , Oyama %5 U B 5L HF K&
I4EdE R E A6 (ssPalmE) BEBE T 74 T4k
FIE T @M RPN fu ;s Tang 55 Y HRIE 1R
T 22 15 4 [ 5 1 I J5 PBA-BADP 1 5 J88 41 it 2 1
IERIA R VR R R RS A, R TR IR 9 1k
R B2 4V 1) B, Bang [ B3 T ) i 5 B
B TDO J8 ok S0 B A e WURL 45 0, 78 PR FF 3 16 4%
RE (%) [F] IF RIS T B B e o #E, RI T LNP R
] A e e R B R R Y ERER
M2, R T2 M BOR 1 905 LNP il fl 32 it T 4
B AR E MR T R —— il W R R L 2] Sk
Pl mRNA-LNP J% 1 7F 25 °C44F F K, HA
S LAY IEVE S R R, X bR LNP HOR
IERASE B . 22 A5 R AR e Ak I 5 9 5 1)
R,

2.3 ETREVEXRR

7R B IVT-mRNA Al i e Bk S

Cationic/ionizable lipids

Cholesterol

Phospholipids m

PEGylated + s

mRNA

=

mRNA

FHE T REMLRE A . PELZ H fi i 7t fit
ITEZ IR IEEREY, HFEENRETRME S
25 R IE LA LS mRNA B35, JfiEd ‘T i
457 RN ST ) Py AR kR T SR T PET A B
() mRNA 18 f7 R R -FE R R AT R & 1 &
PEI B AR M HMWHEERE, Ky TR
PEI E AR EN R A E Y Guo &5 ™ Tk 4>
F®PEI (1.8 k) M T 14 REAEWGFIEE, &%
i i 1 Re S A B0 B A\ Bk bt 2 B 1Y POctS.
POctS MU AE mRNA i3 15 H J i 2 35 13867 4 =
P, BT EZS STING EAMAAEH, %54
&5 4> ¥ TBK1 1 IRF3 BB R fk, FFEadk [ &+
PLE 57 W . POctS i 1% OVA mRNA & 3 )1 il i
RAKHFFE SR, BRI T Alum/OVA %
T 131X MLKL mRNA 7] i 5 G i 40 f st ,
IR OB, 5 PD-L1 400 550 by [ 40 9%
7 R T P AR . POCtS RAEFEMEAL, RIER T
KFRasE, BARAR R RS, AR HER
175 R0 G BT AN B fi R ZH 2K

ANT] BRI PELAEAE T (E BRI W R, 1w AR )
ViR R B-5 JE TS (PBAR) Ef& 5 & k. Bk 5

Microfluidics
chip

Polymer
(b)
B3 ik RGN WA
[Ca) MRBIGORBIL: H @ TR &, RO afiEes (IE T80T E T TR, IReRm. BEE IR, (b RE
MEAR: BIRELHILNE (PED. W T LM RN Janus BIECIROK 70 7 (TAJD) FIZeSEREeE, mdid ] 8008 & B 28 mRNA JE A E gk
k. ]

Lipid nanoparticles
(LNPs)

(a)

Polymeric nanoparticles

Fig. 3 Common structures of the LNP delivery system

[(a) Lipid nanoparticles (LNPs): Typically prepared via microfluidic technology, their components include conventional (cationic or ionizable) lipids,

functionalized lipids, cholesterol, and helper lipids. (b) Polymer-based carriers: These include polyethylenimine (PEI), ionizable amphiphilic Janus

dendrimers (IAJD), chitosan, efc. They can form stable nanoparticles encapsulating mRNA through simple mixing.]
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SRR T A AL B ARIERE . Chen 55 M & L
T 108 PhE5H 2 FE R 3R B-2 R IR, d i Wi ok
BRKME 0B B B K R S R E R, B
L5556 W JIg o 55 45 5 T2 05 & - IR B 4 oK kE
(PLNP), DAFF % e RICHE ) 346 3% B 2 4 4 T L 10
BRI . % B DA Ik LR Y SRS 7C8C8, I
mRNA %R R FDA #LAERI IR %k ik (4n ALC-
0315%%), HzwatitR (LD,=403.8 mgkg). %%,
WA G R E KIS 2/ H R B 2 i 2 % ik
70%, I 18 i B [F) @ BR PCSK9 A ANGPTL3 2
[Al, SEILLDL-C $F 42 £ 1K 60% UL F o SR K0+
ERNBA BRI 43 LM SR A Y, o S i i
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MS2 K 72 5 R 10 19 MEZE R 238 (pac fir
RO MEAER, K H bR RNA @ ZE 3 VLP Do),
Li 55 W79 R] A I J7 v R 8 T B R A A R 2 T
MS2 VLP f] hPAP-GM-CSF mRNA J% 7 . It
mRNA £ 1 5] & T 50204 WORT 41 i G 28 8
R R S A B 1 T RS 4 (cytotoxic
T lymphocytes, CTL) F1°F-# ] Th1/Th2 x5, Jf
564 R4 C5TBL/6 /) B A 32 il 91 it ee i A2 35« Bl
Jei > % BRI FH 3L 75 7258 MicroRNA-122 4, 5533t fi#
7 HIV TAT Ak () MS2 VLP w1 J -F & 97 BT 40 ffd g2
(hepatocellular carcinoma, HCC) "™, £5 R EL Y,
J&& 7 TAT 1) MS2 VLP Be % 4 20 5 175 4 f I I 3k 1%
miR-122. M4k, H 7 Hep3B. HepG2 F1 Huh7 4
Jfl 2 Hep3B AH 2 2 4745 284 o (1) %5 HCC 41 1) 280
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