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Abstract

Lipid nanoparticles (LNPs) are currently the most mature and widely used non-viral carriers for
mRNA delivery. However, their slow in vivo biodegradation, long-term tissue accumulation, and po-
tential chronic toxicity remain major limitations for further clinical translation. To address these is-
sues, self-immolative LNPs have been developed by incorporating cleavable chemical bonds and cas-
cade-degradable architectures into lipid backbones, enabling programmed disassembly under intra-
cellular reductive and enzymatic microenvironments. This strategy embodies a design concept of “in-
verse regulation of delivery performance via programmed degradation”, thereby simultaneously op-
timizing delivery efficiency and biocompatibility. This review classifies self-degradable lipid nano-
particles (LNPs) according to the chemical mechanisms underlying lipid degradation and variations
in lipid components, and summarizes recent advances in their application for mRNA delivery. Alt-
hough this strategy has demonstrated considerable promise, several critical challenges continue to
hinder its clinical translation, including the lack of design principles for degradable linkages that com-
bine high specificity with temporally controlled degradation, the absence of robust quantitative mod-
els correlating degradation Kinetics with delivery performance, and the limited systemic safety and
long-term metabolic data available from large-animal studies. Future efforts are expected to integrate
multi-responsive molecular design, high-throughput screening, and artificial intelligence-assisted
optimization to enable predictable and programmable delivery systems, thereby advancing their
translation in precision gene therapy and personalized medicine.
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1. 53|

mRNA J& 4 M FH AT SR ) R A IRz —, JEHZAE Moderna #l Pfizer JT K (181 7€ mRNA
P AR IR I S5, X — BRI AT AT P S A /14338 1 8 /0 5[ 1] [2]. B, mRNA $0R N
I AE R T IBR AN B e MR SR S R R T, DAt A i B AT A AN A TR
SRS, Aok T FarHEAALAE[3]-[6]. AR, mRNA VEN— R BHEUR . S5k M HAR f T 1 K7
WG AR N AL R A, (RIS E DU B2 R e e, A1 G ) 200 o (9% v 580 18 A7 T i S5 25 Bk [ 71-[ 101
BRI, JFRZ4. @A) mRNA BIE RS, 25 mRNA 25982 2 G R R B B R4 o

H AT mRNA 35618 800k 5 25 0 B R B AR MR SR 3R P K., i 8 ik AR B A B R 16 0%
RAEAE G 38 S v DA B A R4 N SRR R 56 1) R, BRI — IR IR B[ 11] [12]0 FE Tk, JFR AR
A 1y 2 A g AR I I B R R O o 12 U B LR A T I

ENZ AR IR R, 899Kk (Lipid nanoparticles, LNPs)/& H BiHF A IR AN IR AT
727 mRNA #IEHAE, TFF mRNA i FA. BAERIT . HUBE 5 HAESEZ AT RILE KT
IR Z3[1][13]-[15]o LNPs I8 A B AR WG, AR AT 08 & A IR B2, #5350 73 DI s A
HAHESCHE[16][17]. BEIEZS SRR 4540, =AM 5Ratt. HERRERSZ, 5#
TEIR 3. 3R & W (Polyethylene glycol, PEG)A 5t Ul rT #i] LNPs 54, JFfilid idiz S R 4R
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EHRE, ALW &

FEBRHLHRAE K LNPs A4 AR TRI[17]. AT H0 8 R B FRPEIASE T T B4, 4571 IE FL4 JF-15 mRNA
T L a A, A& LNPs AR O INALMGR Y 02 SEI e A B IR 1R R BN 3R 6] [17]

RUE LNPs CSBUIG PRI, (HIAEIR IR IR, 5 S5 BOR MBI RAE SN, A AE— 3
TP L2 FOAE 5 S B 4 2 SR 24 (O s T S R — D RLF18] 191 [RIL, Bl SE LNPs H i
JRARSY, JUH T B R U AT SR DA, B SN TT R MR RO T T A S MG TR A
B RS R, I A A R RO L DO A A AR R TR LNPs, DO AR Rk
AR E TR T 1

2. Bl LNPs Bt SRR
2.1. BB LNPs g9t =i

NI R 24 m 0 LNPs 804k, #7038 T s e R (5 28 4 h i R, 51N RIK A Ak 24 LU
AR N AR o BRIV R IR HLBS S BT DLin-MC3-DMA (1] 1(a)) B IFAERL “RT M7 A E T
Oy T BT, AE LB SR B B (R R EEELE A P i T A K RH R BT T 2L — i IR AR 77 (20], DRI P 4 DAL B
P B 7K A 2R T oL 8 IR PR o AT, iR S MR A R ELA T AR SZ IR (R A B o, B
W BRI RN NS, IR AE mRNA 535 808 7 T A A7 — 2 JRBR[18] [21].

BiJ5, SM-102 (|8 1(b)TE T4 B3I T 3 2 Has R SO A K B S S5 I T 7 5 B
2 BUHETE A Y, 5 5 4 A B LA FH 2 0 Py Al ik, AT 2 2 38 T mRNA B3R 23 [22]. 4R,
CABF TR, Ak R B R 10 2 AL B 0] BE7E — 2 FEBE 1 PR i MR o) st ) /K A, o L A ek 2 O oK
I T B S 1 T . R (221 B4, SM-102 FEAAR YT 3R B HE VR S 5B i BE K A RE A T BRI R
TR R DG R i KA LA MR A I g e T L I O (4 P B R IR [ 23] [24] 0 X — B B S MR IR R
B, PR —PREE Y SN G T A ORI A ELAE AT A, TR P B AR BN 0 2 R AT B R

a b
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Figure 1. Structures of DLin-MC3-DMA (a), SM-102 (b), 4A3-SCC-PH and 4A3-SCC-10 (c), and schematic diagram of the
degradation mechanism of self-immolative lipids (d)
1. DLin-MC3-DMA (a). SM-102 (b). 4A3-SCC-PH %1 4A3-SCC-10 (c)RI%54, VAR B EM@AEREENFI REEJ)

DRt fF 3 ik — 0 76 T LS I 1 S W ) 5 N T 5 A o 1A 2 R A (L
2y, Kk L B N R AT R AR AR B AR R . B, Chen 2% \FE AT HL 28 8 B 1 28 o [ A 5 NGB 15— i
PR FEITIE T 96 Flogi Y n] sLBs A BT, LA P A I 5 (4A3-SCC-PH F1 4A3-SCC-10, K 1(c)3R I ek
IEPERE[25]. FERRIKEA 2541, M%T DLin-MC3-DMA, i EiRflgF A& K LNPs £ F mRNA
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RIEACP LRI B 52 TH[25] RV XU N A A AR B8 2R _EAT BT o, FLAR A 0 A 75 32 2R BR T 1T
HELHZR, s CASEEUN T AN A R0EE . SEHR N, BUSRAE T 0 B R s 28 A B R R A
BRI s A2 SR Z DLRC ik A S AR, XU LA 5 DA PR R GS 7T RE S BURMRAEIR , 2 R I AE 1Y)
& BRI -

HT U, WU PR MRS GO RO SR, RIPE TR I SR A b SN E i
B, AR BRI T AR ARG R, F R SIR RS0 T PO N,  SSBUR o0 B A 2 M fi s (P
1(d)). HIEA R I ETH AR AT BB IR BT, JFA H DA 9% 0o E VA% LNPs, AMUOREE 1 %48 LNPs )&
ROEIEREST, LTI G5 YRR R PR RERLAR i 2 50T 1R stk

2.2. HiEE LNPs W9OEERHE

WA T EH M DIRERI IR T 2 A, BLA B LNPs A EE PR, BB —IONRT Bl
F] R IR DA ) LNPs o 12 SRS I 2 T B IR B 10 701 8 2R b SN T R A S, (8 i o A e e A B
SR A 25 K Wi i A R SRR A o AR A AL BN R, R 2 S BT 73 D R i At
RO S W 2R . SO, BT FC 3R AT A 454 B 5| NSRBI IR (A0 PEG-AR S i L i iy 2
Poyrb, R R 3 2R T AR LNPs——% F i Al D i 52 X LINPs o 122 (A 22308 1o 5 B g o Y 7 5 s e %
P22 LNP HEEAR SSRGS, NI R E(E 2t ORL AR SR TSR . T SCR Al SEPI R R R, REEH IR
FL B AR fuk R AL B 7E mRINA 3 36 Hh 1) 2 FH AT 9088 e

2.2.1. BT BN B EEREER LNPs AR RS 55 A

(1) —FBElRAR B TR

T M SR ik A A SR TR A VR AR LNPs 1R 3EHE 22— . DL ssPalmO-Phe (SS-Cleavable pH-activated
lipid-like material with oleic acid scaffold and phenyl eter self-degradable linker) %, %O R ssPalmO-Phe
B asE T U) B, pH MR NS0 1R T A R (ssPalms) B ALK K. B9, 7E ssPalms F:fili 5] A
FRGK B, 193] ssPalmO 1R & #E— DAL TE5H b 5] NRERAE 9] B B, REMEIERL
ssPalmO-Phe W] HLEGJIRJ0T[26]. R AR REsi 0 ML AL 1Y) “ 4 N fid R G OBR T 2RL BRI (Pl 2): idE N )i
J&, FEREIREAMEH R (glutathione, GSHYYE R T, it e bRk 7 288 A8 piibi K 14 R B B L (4] 91 4E LNPs A
B EARRERAE ST NIRRT, RSN BRI R R N, AEK G KB D R AR
I PRSI B TR A E AL B B H IR (GSSG) [27]
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Figure 2. Schematic illustration of the self-immolative process of ssPalmO-Phe lipids
[& 2. ssPalmO-Phe fE R B FZENRER
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EAFERIE, 2R R B A — € Rl e, RS SRRER 77K, MM AETR T
T3 ORI [R5 AR AR AR 5 2 A PE[28] [29].

5, W FSE ssPalmO-Phe JIE 5T ¥ H WE AL S H mRNA &R RIT T RS FL. Tanaka
S NE N R OB A B R - BB DU 2O IRRE R RS2 TR, W1 48K
WAL % 4 M) = AN 2 T SGHIE T ssPalmO-Phe JIE B CEAHA P9 vl R AEA T, H IRBI B FE[27].

Tanaka 55 A\ ssPalmO-Phe 7 L, 25 I 57 5 I [ B 45 40 43 JL2H 2% T A ssPalmO-Phe-LNPs, R4t vl
H mRNA #IEPERE[27]. FEARSMEIG T, 24K 2R 0] 0s IR g i 580 R Y mRNA 226045 /) U 40
TEN 2 R 2 . AEAR N 9206 T, R ERIKE ST ssPalmO-Phe-LNPs i#:32% ) F AR 21 40 o 4= i & (mouse eryth-
ropoietin, mEPO) mRNA J&, A SEHFFEHE [F) F2% , HARIE K22 15 T R b % 441555 Invivofectamine 3.0,
FIR, ZE R B RIFER R 2522 M 76 CSTBL/6) /N A — i LIk R ki 3 B 3 AR 2040 B 2k
i % (human erythropoietin, hEPO) mRNA ] ssPalmO-Phe-LNPs J&, I3} /127453 #132 B hEPO 3RiX 2%
IR HIE W] & AR (271

THHN 2N FAE BE DR G B U R I L R A S 7 o W 95 A ssPalmO-Phe-LNP 2L 31% Cas9
mRNA S50/ 5% R IR 2 8 F (mouse transthyretin, TTR)FE K] (I4L 22451 sgRNA, S8 Bk 2 BT 2o~
21 55%[1) TTR 2[R H L Ih g [27]

B e, AHCHFFLEE— g T ssPalmO-Phe-LNPs [N i1 5. Sakurai &5 AW HH T A B40 L
PR A mRNA 3832, B 5e s 1A LR, [ LA i 25 1 2 351K T 7 Ik 4% 443771 Lipofectamine Mes-
senger MAX, NN mRNA BRI SR 122 4 m AR B SRBE [30]

U4, Kawai 25 AJFA 7 %:T ssPalmO-Phe /) mRNA ZE WA R, AMUES H 545 LNPs 4124114
TR AT SN, 30 S 2 S ik A e B 2, FEAE RIS S e S F AR A rh R A B o ORI SR (28] B S
Xu %5 N0 1% mRNA-LNPs i 3R S SUR RARRAENL AT 7 RGiass, Jrat— Bt
FEA IR A5 5 AR A 77 TS T s Bk AR [29] -
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Figure 3. Self-immolative process of SILs lipids

3.SILs BE AV BiHR I TE

KRtz b, 5 ssPalmO-Phe IgJ5i it AL, Mukthavaram 25 A\ Bt 7 A] B B AR R 45 h 5l N E
T A 2 (R 5 PP R I B B i Q= 2 FR R e ) A, 1531 T VM R IR 3 (Self-immolative lipids, SILs),
FEIE LT A B -~ R B B AR B R e AT IB S, B8R T SILs MR I REAEALEI( 3) [22]. 45 E
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WY, FEEBERRIAEE T, it R A A, BE S S il kB T R R A R M R, B
LIV AT HE— AT BR B U R IR 0T B A P 22

B 5, WA E S BIAER N IR RGEPEL 7 B SILs fE . AE AR BE AR WEAE AR . R [E S A 3R 2 %
&4 ) — P 2 % Bk H Il (1,2-dimyristoyl-rac-glycero-3-methoxypolyethyleneglycol, PEG-DMG)ZH 4 4 % H
SILs-LNPs [R5 77 . R Ahscih 2 Je W, SILs-LNPs 7545 N\ 40 HLE P9 1 2 Fh i il 3R 38 R B
DL mRNA JBIERCR . AN SEIRES Rit— P R, £ BALB/c /MR H, (%55 hEPO mRNA (1
SILs-LNPs SZH 7 3 2 5 T ssPalmO-Phe-LNPs ()45 [1 %5 /KF[22].

(2) BreRMTRMmR B HR

EITHAE LNPs [¥1 55 — 2832 Hh e W 2 fl & () B VE AR R o 1228 LNPs 76 0] LBl o i &5 A 1 i
H, A% T Chen S8 NTRH BT R Ar: FRAR A AT HE B8 I 03 S Fh P F B Sk S /K I B DA R mT AR )
R i (R B O A RN [ 250 FE SRR b, D456 Zhang S5 NIHF T 4518 —— S Wy e 45 04 (1) mT RS AR ot
T 5 R R BG f A KA, TR ) TR 5 SEEE MR 25 I S [3 1], BF A AE S T 38 I NI BRES 1, Ha
HASEERTE T . TSR PR BT SRS R 0 IRk e BV AR R I IR o 4, 3R Rt — S R R B T SR A A 1 B
THfi# LNPs.

FET B, Dong 5 N VAR AEBAE S (d FAL S BB H KBS EG) Ay B i A K 2, 43
AR T A 2 A AT B BT, IT S 2 MR R S K e R TP S, RGTT R 128
Aol e g 7 14 XA AT FR 29 i I (stimuli-responsive bivalent ionizable lipids, srBiv iLPs) [6]. F 773 ARG BN
REARSSAN AT LB R BUONARE, X HFEMENLEEAT T IR UE(E] 4). S5REKM, ERIAEERXMET, 279
Py et SRR, AR AR 1,6-TH BRI N 5 K i B, BRI A4 iz A — DK, e 2
G SRS =) o DX B AR AR AT B AN BRI, BERE(10 U-mL™") W] PR By R0 25 B R 47 2,
BRI BRI 95%, Bt AL BCR R, FFRAE 30 min P72 AR D EREE ) (m/z = 1123) [6]. #t—3D
WFFER B, srBiv iLPs 7£ PBS 22 A1 40 i s 2 5 b 3 A B s e (24 h NIRRT 10%); 2817,
FEMR AN, HrTRE R AR LR RS, FidE— PR B KA, A S Sk AR (1) 78 AR

T 5 N
Esterase NH
o @ 1 ; ~o OCN_/—/_
(°]
HNLO i /\/\/Q o™ Q "\ O/‘\jkN/\/\/N\) Amine head

Degraded product (m/z=1123)

(a) FERRRGMEAL T, MYlRsE R MR (b) RS fRAR 1,6-THRR B A S KR AR, AR Ul kIE,  JFIE U PP AN 2R
ks (o) iR EAE— D RGK AR, BT A .

Figure 4. Schematic diagram of the self-immolative process of esterase-responsive dimeric ionizable lipids

& 4. EeBEne 2N AT R B s B BiHE I IR R R
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ERERE R, PRI AR = A iR R A A m] it v 40 B P v 1 28K, 3 T 0 2 R 928 1 5
T AN, (R REPUERF R T R R MR ALURE, FINEZE AR RIS e R i, o
A BN 6 RS R e )N, AT A &5l g E K 6]

W ICE WG AN R SR () seBiv iLPs 5 HARGH B AR BT ZH 7 L R4 e, o 48 HA R S 08 SRR Sz A7y
NE A K KL (srBiv-LNPs), FH T ik gmhd i o B 2 (4 5k 8 (1 (EGFP)F] mRNA. 7E5 DC2.4 4 Lo
B 24h J5 R, TERTAMREA G, FEE N R e Y EGFP KA, 1 HA 2R srBiv-LNPs ¥
PR AR A 6]

BE B IR SR, RIS AR POE K EE mRNA ¥ stBiv-LNPs &, (XSRS LNP
BEME =5 HEFF A MO R RIE . FEULEERE I, 7038 R G e 12 28 SN i 5 4 AR A 8 i 5 e
JEPLEINE B I (OVA) mRNA, 4% 1 e g e B2 20000 7] B IS it mRNA J 15 [6]

f£ C57BL/6 /N B16-OVA (A 0 [F] R AE AR AL, 12008 W mT Sl 3 4101 Jieh g A K I I A e /) B
MAEAE I K ZIE W 550 PD-1 PURER S F T R AR R AR AR, il 4 78 b 4 B kb, fpsi /s
BRI A AR B — 2P e K [6]

2.2.2. BT BEEAHEAE RAZERY LNPs MPERRIFI R BB

Nk — R IAE S PEG AR AT FEME . 5 51 RN B RREE I, B FE# I8 H 64 “ BiEm” et
PSR R A LNPs AR BIIE BT ZH 7 - Golba S8 NFF K T —FhdE T 1,2,4-=WEk-3,5-—(1,2,4-triazoline-3,5-
diones, TAD)I¥] PEG MBI J7E[32]. KIS HFIH TAD fESEOGRE&4F F 15 PEG F 4 C-H # K
AR BRI N R B RV, 7E PEG B 8 H 51 N TT/K R IR 4R R ek 5, AT IR 7> PEG i BL T B A BE T,
SEEL LNPs 1 PEG 01 “FEFL 2R .

O

R
hY
2\ NH 10 T
o} 7 a ) N
Y Hydrolysis of hemiacetal amine ether bond 7 o ° ©
ydrolysis of hemiacetal amine ether bon Y Y
/k/o\)i v’(\o/\/ ’ HN—NH
o

b

Nucleophilic attack by water

----------------------------------------------------------

-H(\OH + H)J\/O\)& IIydrolysisot‘theiemlacetalmtermedlate 3/\0)\/0\)5 i.................»............................»....O.......g
(a) FEZKAHMEG Y, AR mEsE o Je R A KOS, PEBE IR ML 25 (b) RS, BRAREEHZEK 0 5 HIPRIZEE
B TERCEARRE AR () %P4l o At — K AR, R 28 A AR L 1 I 8 5 1 2 =)

Figure 5. Schematic diagram of the self-immolative process of PEGylated lipids modified with TAD derivatives
5. & TAD T MIERI PEG IR M BIEI BB E

W Loy T8N 2kDa 58 4 AR, EHAMER T HARI 5, 700 5 TAD T4
Y)—— T ZHUR TAD AR TAD—— T8 EK, 52T 2k TAD 21 PEG 55 .8 TAD &1fi PEG.
BHSKIERSLRE, I AH AR "H NMR 94T, 36IE 7 HAE KIS R PR AR AR 240 4 e i
BRI AKRR, IRRIEIAIES 25, Bl SRR K o T BOY B AR Ak, B 2t — P KR A
MR SRR P14 5) [32].

TEMIEA b, B E A PEG-DMG 7375 FIR W TAD fiTAEYMEEL, #4432 T % TAD-PEG-DMG
5T TAD-PEG-DMG, 50 H B Ig5i(ALC-0315) Al It KL i Mot AELmac . JIE [ Pt — 20 4 3 e xof
FZ ) LNPs (TAD-PEG-DMG-LNPs), FREPEAliHAE mRNA 1832 F1 11 B 71321

A sz v, AL 4D EGEP ) mRNA /Y TAD-PEG-DMG-LNPs 43 51| 5 /)N B 45 iz 96 49 s MC38.
INREE BN CT26. /NP ZOIRGIAE DC2.4 FIA T M8 A MR AN Jurkat 55 24 h, 7£ 200 ng
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mRNA/SLFE T, il TAD 181 PEG-DMG %[ LNPs £ 776 40 il & PRI H & TAE G A 7T Ffi
PEG JigJii LNPs [#5 Y2 [32], AN SEEGE— 23K, BT 3 TAD-PEG-DMG %) LNP 5464 PEG
I8 LNPs 2 AR N AV D AGRE, FEEE T MM, (HHE SRR T 145 PEG B
LNPs [32].

3. ZitERE

H ¥ LNPs {F 98 —40 mRNA SiL AR BHESRIAER, IEEEfR A 3L b 51N AT RE AL 28 K
GURWT R LR, SEEL T BUALEMI PR IR B S BTRIB T BORE AL B R B AR . 2SR AE DR R RO
IEBEDTIRII A B AR DR AT T P 2 IR R R PAY 3 B i S A ) R AR A G B BRI, LNPs ) %2
SPERIT]E R 25 259 IR RIS IER T . SULFEK, B MAILEI I S BIES) LNPs 98 AL SR AT
JERE ) EBIE, WD Ah RIS a7 4 BN IR KR T U

MR A A AL AN, 41T E AR LNPs 2 2 it W Rl . MREE T 2 A 55 2 2RI . %3k
BOHACER 7 LNPs B MSH R R, SEEZFGRIRE 17— F “ DUREMRAT 9 S A8 IA AT 8 7 (KRR
weityEa, BLE R R B AR AR N iR R A, IR BN )2 5 A A

JRAE M LNPs CRBLH 2005, ol PR A e T i R 48 [ 25 A SR 27 il B, ol «

(1) GnAR[E I A TR I 5T R S 0 R R A B S (A D N T I O AR 50) B A e R B8 A )
JS2 R A BORTBE SR £ I KA 5 P AR H AR AR 5 (U ML SR R SR i s A, SLRE SN 22 B 6 a #2 8L
I FPAR RIS, ITTD S AT 4 e 0 BB e AR it 2 2

(2) QFTEESLAENS E RARAL “ FRME AR -mRNA AR ME R AEEABA, JRRIL eI i
DG P DX i) (0 P00 -5 S T 15t WHRAS it ke o g 81 7 2 5 338 B8 2 TR ST A7 RS At 2

() AW T LT /DR 2 e 5258 R, B RSIRR R & MBVNRA R R
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