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Strategies for Delivering Protein Drugs into the Cell Cytosol

HUANG Lin, SHI Yonghui, WU Junjun*
(College of Life Sciences, Fujian Normal University, Fuzhou 350117, China)

Abstract Protein drugs offer promising opportunities for treating complex diseases such as diabetes, can-
cer, and cardiovascular disorders, owing to their ability to selectively modulate intracellular biochemical processes
and their superior biocompatibility and safety. However, the clinical utility of most protein drugs is limited by
poor cell membrane permeability, because of their large molecular size and high hydrophilicity. This limits their
targeting to extracellular sites and reduces the range of druggable targets. Additionally, the complex tertiary struc-
ture and unique biochemical properties of protein drugs make them highly vulnerable to external factors that can
compromise their activity. These inherent limitations significantly constrain their application in disease treatment.
Therefore, the development of efficient delivery systems to overcome these barriers is essential. Recently, several
advanced delivery platforms capable of effectively transporting proteins into the cytoplasm have been developed,
opening new avenues for both research and clinical applications. This review will introduce the recent develop-
ments in protein delivery systems based on different materials, such as those based on liposomes, peptide/pro-
tein nanocarriers, polymers, and inorganic, in the field of cytosolic delivery of protein drugs.
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cape; membrane fusion
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A 2 AN IR B 7K 4 61 R A AL
KorF, HEaE G AR EE 18%~20%, JETEH
M5 55 S MM, SRR, i
o3RRG 5 i R vk s R B AR U
A D) REREAG 0] S 8 2 BB, WEDRE . SR
P T3 IO i I A e 3 55 20, (EARVE R A,
Fom & E B ARG R, Sz EmK OAE, X
43 B ATTHME LR AE S /N 25 IR B s, 3
wEBR AT EE & E - A LAEH (protein-
protein interactions, PPIs)fE 15 & & 4 57 1 b 1 i)
P I3 AH O I AR WD bR 7 ) BOAE I 3R T 2 A, ATTIA
B = RIS BOR M. Ah, A AT LA
P23 JL B G0 M b R FE D Re, B T g R 2R
i 259 7 51 11 DN A B RN A %% 4% 21 S8 410 i+ &1 1%
JE RAEAEH, XKW AL g 8 o 25 1) gk
DRI 25 W0 ) 000 A, B A% B 0 PR G 0 22 4 Hb R H5E V6 T
ROR .

H 19824F K [F £r i 24 dh M B2 2 R) (Food and
Drug Administration, FDA) & (X fitifE 55 41 5 1 i 24
Yy —EH AR E R DOk, A RIS TR E T
WP, 24 O I 1300 85 1 i 25 Y8 FDARLAE,
FFE$T PD-1(programmed cell death protein-1)$t 4 (11
MR ZR ST, 40 ). Pt PD-L1(programmed
cell death 1 ligand D)FLfR(WEEAFIICEST. FTEH
IR BLPT)FIPT CTLA-4(cytotoxic T lymphocyte-associ-
ated antigen-4, CTLA-4)HUAR (WA UL B 40) 5%, it 2]
20254F, RBRE AT R L B T2
7T, I BRI T a5t 2, HATRR
FH A PR DR 23 A 5 24470 3 S B ko 4 I 5 i A
B, R TR B BRAR R IR R 2k T I ER 1R
DM LA FE AN AR e M 22 W [ JR PR, 2 35 3 ]
ZIVMCEERR B H |, N AR BRI BRI A B, I
RAREEAE g ia g7 7 UM LATE B KR KR T
.

T 0T LN B A R B 2 P R ) L
JIRAE A JR BRI T, B R e R B Bk AR R
CBCAZ I R R U (B2, SRR A=
FH A [F) 2 B R 3 471 38 o 5 ) HE 2 R AT B 0% 1
HAR M A 4 A AN 50, IXAEAF 15 2 ik AR R e LA
R ERE AR . 5N TR, EE
JREGNVE NN RS, HABOREDIRE AT 52 2
Y A TRVE . SR, V2 AYDiis Ik R T EAE

Wity S5 HF R (A5 TR SRR B WLV 71 55 ) 1247 il 45
FZR e, IXAEAT TEVE 2 B 5 2500 SR 1 7 Z
BOR. AL, EE AP T EEE 10 kDalbl
b XN T AR AN R IR Y HE R R R
SO SR R FL S EE T B s ik 7 el
1 0T B4 3 2 B o, FLEX G T Yk AN T R At o
S M R il 1440, AT PR 1) 1 B AT T DRI IR
L AT AT I . ITAREOR, BEAE A RLRE SR A
(AN BT 35T, B B AR 2 M LRI A 2 ) PRI K e Dy S
PR B2 ) e . B e FURE ISR AL TR i AR
B, G180 T AR AR R TT IR . w2023
CHENZE BRI UgiW 40 53 I M ise it 17— AN EA T
R HEL A A KRR P 1 Geminid B 554 4 T JF (gemini
amphiphiles, GAs), H 1] i & [ )i (1) Jfl 5T 1 3%
20244 GAOS: PP AU 2L i B k., LR E BT A
RIS, K H 1% B 2 (hyaluronic acid, HA) I 4
H H (protamine, PRTM) H 2H % ¥ Jil 2 1 Joit 24 1%
i, K AL ZETE ApoE3 8 21 /5 % ¥ s &% H (recon-
stituted high-density lipoprotein, rHDL)H, k&
1 -HA-PRTM-rHDLAG A 9K 8044, 04k BE AT R
P E PSR, AT Er 5T 245 1) I e bR
[% (blood-brain barrier, BBB)#E A4l g . K1k,
AL IR N 4 T I R 5T 24 40 i o g 2% 4 3 1)
Fuidk R (1), FRIR NIRRT 8 DT ok 1 & 1) 3 ik
MUl SRR R T I 0 Bk ik A B AR ok 1) ke i
o

I B A R A= i ) ) B B e, T 4 MK 4
JfL N AR ER BRI 4 TR, T B 38 R SR R A B B
SRR SEIKME BRI E BT 25 HE DL 2 4 i Ji
() <Pl 4, 5 FI35 B P EEFR AT AT el d o AN el A
TR ST %o B 25 e 4 i IS B HE O, K2 8K
() 2 1 5T B FL 3 18 B AA 25 T e P A /8 T A o
Fs B, e LR IE MY Dy T IR B 1 O LR A L A
EI A EEENS, BN EEI R T 2R
TAFERR B B S E A &R, B AR X 8
5 B, 0 58 2 o 245 B Y L, e
TEAH A RS E AT 2K

1 EARMBEE REE—IES A

2R 11 R 8 32 09 5 95 A LA AR g B
i, ST R SRS, DU
VPRI U B, 4 A LT BN £




916

5k

Phase-separating peptides

«~an Cell-penetrating peptides

S
~ Protein nanoparticles
Liposomes: %
. ,, Virus-like particles
&
=]
Microneedles U W W w =Y 2 N g
= o, Jq} Protein delivery into & \F
. ,'gl’] % %/ the cell cytosol & \.F‘, ") Fluori dpol
Electroporation ¢ % §a e uorinated polymers
% N
o, N
Focused ultrasound % H /;,a['é’amb 3
“alg =B

s

Microfluidic channels | =

Gold nanoparticles

Silica nanoparticles

B
B £
):B"SB T Boronic acid polymers

~ Guanidyl polymers

OB IE R R RT3 B SRS DL AR B SRS (RS IR Rk R . BT I AR G RAUK IR RS REMPIKILIE RGAENGK S %
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Protein delivery systems can be divided into physical strategies, and non-physical strategies (eg. liposome delivery systems, peptide/protein based

nanodelivery systems, polymer nanodelivery systems and inorganic nanodelivery systems).
Bl ZERAYIIEAEE R

Fig.1 Strategies for intracellular delivery of protein drugs

(G S VriEL A= NEEb: e DA Y P TR B b2 ]
TTEAS 52 36 1% 20 i SIS B AN 25 W0 1 Jog ) BR ok, e 23 TA
AR IR A A L AR ANt . 112018
H SHAREISE VUi F it (625 EL 5 [k TR, 724
JEE S I s 2N AL, AT v 280028 326 322 ) PD-111) Cas9
1 sgRNAKE &) (CRISPR-Cas9 ribonucleoproteins,
RNPs), 24k 5 TALHE 1 18T 402 (interferon-y,
TFNy)BA S 8 H 50T 79%, TFNy )% ' 5 2 1
T 90%, P 4 5 1 T2H 0[] 4 21) Tpk B A Y
AN, BER IR A IR . 20205, IBRA-
HIM % U0 nanobody-RINGRE & £ i HL %5 LI
77 RIENAM, 76 )L N7 A PR

SR, IX 48 BT [ s 1k () P B 7 VIR 2
IR WIAYER, 752 L TR R #E
EIBEAMLIE, X R e AT R RIS AR 7 A 1) 24 v
MR o e, 3 8 5 ¥75 175 5 110 Bk o 441 A 3 35 2 ]
Re S BCH A SR A B A 7 = ANAANGEIE, R

B AE R EIE Y.

2 EBRFRMERIEERE

Fi 03 40 K 326325 2 G5 LA 5 40 M A B 7 X 4
T IR GE R, 3 T RS0 i A 4T A% o0 A i
Boor. BRI, N aKEE RS S pi 2 [ BA
BRAISER T, Refis A R 5 20 o Bk A O I
AR BERE DO, dhAk, MR A KL RS R ILH f
R, & —J BT WM AT =24
HIERR Y, IRRACKIEIE RS HA K. A
SR AR TR AR A T B, ER O RT3 S g R A
I P R E. 2 (1) 4N K O R A P M B3
2.1 BBRRiK

HAE 2022 604X, B} ¥ BANGHAMAM
HORNE® 5 & 8L, i FiAA (liposomes)E A #4Y [y ¥k
TEEER, PRI e XU+ B N K% A . g

Ag Brh A&
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JR A R B H B 0 AR AR 5 I R AR B e . 7, R CA
A R 78 5 PR K PR s K 25, s A
AE FH SRONR o3 -5 200 o 75 17 P ik N\ i 21,
A20MH 20904 AX, BEAE AR NGE, #F7E N AT
B IR PGE 2 2 R G H T EET LEN
100 nmEE /N I R BIR BRI D2, DA 25 9K 203
(NG S AA 23, [, TN B3 A G T I A R G 7
BRI T BHES TR R 4 5 FI PEGEE 3T 4 43, A
T AR R BB K A A . AR SRR AN 5 18
PR . A 19874E, MALONEZPH YAEH] 1
JIE AR i 8 A 250K mRIN A 26 2 41 9 JH 44, 3
TR R UAT HAE] , T HE B R ) mRNAYE P 7
PR B 3 PR GIE T T R IE T R HE
H, B R AARTEST mRNA 3% 3% 7 TH C 42 HUE T 50
PEB R o 1T AR R S B O 2 R IR
PR AE20144F, XUSERM H BA 25 7 i Jod 34 15 ) g
PEERE, K BH BT 6 o A B 4 — % Sk R I 4
P 1) BB 2K (saporin) ] 4 49K kL EC16-1/saporin,
EC16-1/saporinfe A4 J 75 /)N B 7L M i 152 284 o (1) g
AL, HEAE RAME R AE K. R4, LIUZERYE A
AR FH 55T 115 R RNAIMA XK 5 4 17 HL T GFPAS M
() RNPs 1% 21| /N B B o sl D b2 A 1 4 & 20
T R B AT . T L, IR SRS R R
iR FEEORMIIAE. 5 mRNAMLE, EH
JR 252 FH AR TRV B 1R 7 5138 0 A s T HE B R AT 2
BRI, 2 T L far o AT N385, i I3 M LA v 25 47
WP —EARAY .. XM, 85 @6
TP (1 51N Hfar A8 1 5 [ sl 3 7R 3B % T BN
RNAZE = B2 B ey s v, (2 2k o AR 1)t 2

H AT, BRSO BF F# i R B R TR K
A 3 0 #E ) 4 B R AR 4 oK TR . 20204F STIEG-
WART %5 PR AL G 5 S AR A4 & A NN T 56 TR AR
55T ——FAE 7 DOTAP, B 5t &3, % DOTAP
VIR B EL BN, 9 R AR I R M
U 0L 1 6 A A RO S ) R SR ) . B JS STEG-
WARTEE P35 DL 5A2-SC81E A ] B T AL A BH &5 1
RE 5, [R)B 76 A o AR A 45 NS [R] B A7 FT DO TAPAA 2
JHF 3 1) 28 K 4R AR 5A2-DOT-5 LNPs A # i) 40 24 2
#45A2-DOT-50 LNPs, SZFIL T RNPsf 2 4 it 1% F1 45
BB R g (1 2A). R BETH, &0
PitE oG MR AR SIS T T 2 % . W WANG
25 29157 0 IR LBl e AR gk M R i 1) S O, R

AT 22 IRV B) 38 1 4504 1) i A4, 1218 s 44 mT LLad
Tk 5 24 i B PR RO R, K B T 24 A 04 0k B 4 i
i, JEGeid A e FH kG AR B AR P, ST
R sk A AR R s 1 (B13) . B E
JREG R RSy 5, TR 5 D e R A 32 R 3L
A ENENE . ARG AR BT TTE, Qi o B0
A BTN IE I AR 28 K02, 8 2 S AR
FNEIERENG, T2 B RE XUy T 25, SR k4T KA Ak
T BRI, AR5k R B A LI R T RE 2
HEBRAP YN, SECOE R 2 2k
%o
2.2 “AREAR B RAYANR TR

YK IR 5 51 R B 1) S BT, 330 TG
ERAE TR T R SR, 40 B A0 2 R 40 oK
(cell membrane-coated nanoparticles, CNPs) A~ AJ
DLAT 48 38 4 2% 22 48 B Bk, 3 RE WA B R U 4
MR IERFA R AR, LB, s, &
P2 Y4 S5 T AR PO I — 4 AR 6 22 4 oK JORE (1)
Af AT LUB 2] 201147, ZHANGS PUR A A B
T (SR, Fe 50 B8 (1) R AR 20 20 B 0 B E v A2 )
B it R0 SR A M Al oK BRE |, DL SRR DG 2 1 ) s
Ko WbAh, 212 MR PR AR AR 25 RT T R A M
Wk 8 70450 FE MR A PRI [A) B 25 i o T iR
ZHANGEE BT 0 1 K 4 BB ) A 405 40 K 245
P CTI-005 & 58 JHT A i AR BT 0 70l 56: . 25 222
AT . AR AR S B A R AME 5%
SHEZEN T, HREFE NIRRT T T &
() AR R S P o 26 3RS () S 4 o 65 S 90 DK R
A LB BIAS R & T H B9 B, filhn, LIUSE B 6 4k
G P e ) B 40 K RO 5 2 78 T R 0 A5 1 11 i 248 i
JIB5 P T ) SR e RE % o e 4 L T P R R 1 B
AR B S, X Bh BT A G 5 1 0k [ 28
JEANI S-S Re ), S m 1 250058 a) e i 2%,
[ B DR R e 1 T A R 45247 . ZHANG S BY
1) FH 5k D] TR 3R 2K 0 B i R I 1) 4 i R e
HmRNAFIACRFRL, Fr15 2] HA-mRNA-NPHED
RO B 1 S LA B AR R R, B 2% D mRNA
IR B IR A AN R H . YANGEE PR
FAR SR 40 (dendritic cells, DCs)/f bk B 45 ) S
PE, FFIR T —FDCs I A0 52 Ik B ) 4k, %3k d4
RE5 A R HIT A2 2 BT A D 25 SR 28 . 4
b R, 2 P 490 K SO i — ool 4 R M 1) 5 AR B



918 CGRR -

(A) 5A2-SC8 DPTAP (B)
® o—
DMG-PEG nn@=—

Chol  popg i
Fthanol .+ ©— Eihanol )\II/‘}\JI o
PBST ., PBS Y IN? Ny-CRI0
-
5A2-DOT-10 R, B 5A2-DOT-50 TNB-R10-ILFF 2

(C) (D) Stereotaxic injections
(loxP-tdTomato mice)
HBpep-SR A @\\
=% BN 7
Coacervate \ r/b !ﬁ)
. X —~—p
microdroplet ¥ P B 1 ‘ tdTomato expression
Extract and section brains
Mouse-targeting PVCs
(loaded with Cre)
(B) © .9
]\}\S}\ Fluorous — 0080 £ o ey
PEI ligand = / ) JIITIIT

F-PEI/OVA

A -
GEM-resistant 4T1 GEM-rAgs ~ MSNs ~ CpGODNs  MSNs@CpG@GEM-rAgs

A TE A A () O B A% 0o IR 1 RSk L, VAR I AN TR 400 5 1) e LEDOTAPH 46 T 48 150 99 K 44 (SA2-DOT-5 LNPs) A1l #8 15 44 K A4 (S A2-
DOT-50 LNPs). B: {£JFA i B RE B FCPP R % 1 /K NIRRT v, AR B CPPAEAN IR I PR B N IR] . C: HAT IR SR A% AR
MEAFIE I HBpep Ak fEpHG6.5 T REUSAH 43 29, T Mok s (K1, JFidid B HeRs i g 2, sSEBlEE . ARBORImRNA ) = AU fdi% . D: 4 Crelil
WA E R AR ST RGPV, FEAEloxP-tdTomatodf 5 /) B HFHEAT il A ST, 2 5 WL 5E 3 Cre /i3 (fitd Tomato 7L /N B i I 4
PRERIE . B EUGEHEE BH S 3R & WUF-PEIRE W 55 IR 41 N B0 I8 1o 37 BV 150 20 15 2 O K ORE,  fik A J 89 S P 25 77 T
IR IIRCR . Fr SRR 508 Bsh 71 CpG s it 42U % H 2 (CpG ODNs, TLROEAN 751) 14 FL - S RE G AU A A 200 [ bk L 485, 386
DCsX LR BN, (et DCs R, I 4235 SE L2 24 Rt i A I

A: based on the four core lipids originally used in liposomes, different molar ratios of DOTAP were incorporated to prepare liver-targeted nanoparticles
(5A2-DOT-5 LNPs) and lung-targeted nanoparticles (SA2-DOT-50 LNPs). B: hydrophobic amino acids are conjugated to act as anchors on the elec-
trophilically functionalized CPP tail to enhance the retention time of the CPP on the cell surface. C: the redox-responsive HBpep peptide can undergo
phase separation at pH6.5, forming stable microdroplets. By direct transmembrane transport, it facilitates the efficient cytosolic delivery of proteins,
peptides, and mRNA. D: Cre was loaded into the extracellular contractile injection system (PVC) produced by Photorhabdus asymbiotica and then
intracranially injected into loxP-tdTomato reporter mice. Following injection, Cre-mediated tdTomato expression was observed in the hippocampus
of the mice. E: the fluorine-grafted cationic polymer F-PEI can self-assemble into uniform nanoparticles by simple mixing with tumor cell membrane
antigens, exhibiting higher efficiency for triggering anti-tumor immune responses. F: the mesoporous silica nanoparticles loaded with antigen and CpG
oligonucleotides (CpG ODNs, TLR9 agonists) can effectively target lymph nodes, enhance antigen uptake by DCs, promote DCs maturation, and sig-
nificantly retard the growth of drug-resistant tumors.

B2 AR OS] % & B REYIA0IE X AR (R 185 3C#K(28,55-56,70,77,86] 1£25)

Fig.2 Delivery carriers of protein drugs prepared with different core materials (modified from references [28,55-56,70,77,86])

AR, & T AR L3858 U BT A a8 2R, R
B JTER, R 28 1K M g K RORE 75 EERE B 1 4
ARTFB, AT H AT f) 2o B A e . A A
7 RSP 3t PR T AR S A A R AE S
HIE 1
2.3 HfpSNEEIR

YH I Y FE I (extracellular besicles, EVs)#& H1 4]
JiL 1 R TR S5 1 % b LA R A M TR 4R
PR, JLFFrA I R S8 40 B 60 5 v 55 AR P 40 i (3h 4
D) RS (A0 B . B ) E AT LU= A
EVsPT, RLIE 201 40 604EAR, BONUCCIPYFERE 7
BT 4 O g R 5% 1) 4 2 4 WA LA 29100 nmf) /)

Fifl. 20134, EEFEZKROTHMAN,. SCHEK-
MAN Filf 5 A} 2 5 SUDHOF X 45 B4 41 i P9 1 336
SRR e 5 DUR2E . 20214, H B4t il o
FEWVATT (5% 25 ) exol L-12HE N LI AR 36 B9,
I, 40 A FE I A A o — PR AR A R BT 5 24
YAk, EVsEA RIGFMAEMMAENE. S
i ATTEAEYDPR N A lod ik A oy B i, DA S
U PSR ) P SR 1 1O /N T2 T B I ) B AL
S OPVEINEBEVsH i H E 5 2454 0 AT DLdE i 4
M YR PERIE I 7 2, B SEHGEEVs. 20114F,
ERVITIZ U g 7 il ik glcis a4 SR 41 i (DCs)
i i R IE Lamp2b(— Fh 5 #1128 7045 57 14 RV G Ak il
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fJVLPs.

Overview of the cytosolic protein delivery mechanisms mediated by various delivery carriers. Physical methods include techniques like electroporation,

sonoporation, and microinjection. Direct protein engineering methods mainly rely on the fusion and bioconjugation of virus- and bacteria-derived pro-

tein transduction domains. Protein engineering methods that require endocytosis include liposomes, polymers, inorganic materials, and bioengineered

VLPs.

E3 TREIEEHAN FHEBRMERIEENH IRIESE SCH93]11E250)

Fig.3 Mechanisms of cytosolic protein delivery mediated by different delivery vectors (modified from reference [93])

E BB BB EE )R P AE AR T HE I EVs. 20204F
LIUSE "2 it 75 B9 1) 23 (.58 Y B2 1 (green fluorescent
protein, GFP) E M AAF KW PE 11 58995 8 GEE [ (ve-
sicular stomatitis virus G protein, VSV-G)5 Wjfg 5 1
BURNPEFAEWE LR 7> T 33 B EVs, KK
S 1 R s BRI RCE, b TR EA
(FrERE S e . 20224F WANGS: R F 12055 # 4
SRR QR IT R 1 — i ik PD-L1H Hi[A]
70 )5 T A AT AR 1R 40 M Ah 23 (MSC-sEVs-PD-L1),
HAE B T MSC-sEVs-PD-L1 7] L@ PD-1/PD-L1
A B A1 A1) 8O0 S A M, S A 1 RS AL B
A3, 20234E 1 LEON ARDZE WI7E 21 g /b 38 it K 1
FH CD2HUR M VSV-G, A LLSE RS HE L F CasOfg i

BETHM, ST TR g i8R . 5164t
G RGUMLL, EVsAH ORI 45 2577 20 1 X LR 20
JRREAT 2 TRE G, AR EVs E 54T A
R ZhRE Y T REEVSIE MM RS AATF
2 WE AL, AR EVsH Iz B@ A2 FIHL ] AR
A M. EVsHsr B e iR E 2%, BT H
5 3 AR S s« DR/ BEL €0 T A e BE A 3R 55
AFAERCRAR . 1R AE R A A A 3 55 )

3 ERRMBREERE—ETIER
Bt R B0IEIE R4

I B R 0 5 s R A AR T 1
By, KSR SRR BR ALY, AT 235 L
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2% (PR S 1 U)o X b ) 326 3% T DA kb
XTAEFRAH A RE . hAh, BEFN AR AR AR N R AR AR
Wt , BAEBEFAEDEAENE. BARK 5% 5
G T B REE . DR, i AR SR N A
JR 243835 FRAR R 08 12 25 PR AR ARG BRERIAS R
RiI,
3.1 ‘HAREFERERK

19884F, FRANKEL% Mg {18 N\ 28 G 2 ik
[#39%5 B (human immunodeficiency virus, HIV)¥% 5K
I Al ¥ (transactivator, TAT)RE WM 73k N 40 M, Bt =,
W90 R I TAT 2 4 Be e 51 SN PR B 1 it
NG, Mb)E, VF2RBREY . WREELL L3
o BT 2 AT B R G 0 1) 22 IRAH 4k i R B, R4 A
2 NN 5 IR (cell penetrating peptides, CPPs). X
KL M@ /N T 30N LR, T 75 AR e I 52 14
Rk ST 2 A A (P 3) o IR PR 2 ik [
HIEME, CPPIERE N f5 24 P Al , H B A1)
AR ARV TR TE B 1 24 400 M 34 1o ATk o 3
TR,

SR, 0 234571 2 1 B 2570 1) CPPAE 7 I A
J3 B I A7 AE PR, S LG5 4 B B 0 4 F SR 0 2
FF R, A, Y2 CPPHE B EEKRIEN
TEHLAT, 7E RS PES 25 R mT e 5] R DL ) 25 5
PERT. DRIk, H AT 75 8 5 25903832 Ao CPPY
Wt 51 A IEXT LA IR EE T2 1AL, BA K
TR R K, DL3R VR T %R . HACKEN-
BERGER%; WIYE CPPAEMH AR AL S 4T T IR
WF7T, 3T 2008442 i CPPIAL AN CPP INFFIFL I8
20144F, A ORI I TAT 2 Ik BE %44 GFP 4
1 R Ay 386 3% 1) 200 )i o, T 4 14 B TAT 22 kAN g
SERCPY. AR CPPIAME 2 2748 22 K F 1) 1 WA 4 53
A, M F2 5 T CPPE: 3 A % 2 (1 R 25 M0 i)
RORFRE o X — W SRR HHES)) | CPPH L&
RN K . 1E20194F, HACKENBERGERZ5E Y
FHT T CPPIML ) SREmE , A F M TR &5 %o 485
BB B R SR B R KR AT 4 T R
b, IR RN G B 3 8 B e B, R4k
JOK e % 18 5 Th R B (10 ) v 40 B sk A E T . AN
AR 20 At 25 1 AR . 5 Bk R, A AT T 48
() CPPIA IR AT | W& ke BV, BLAE 2009
SEAAT IR I ) & AR 2R 1) CPP RS N 2H £ 2 1 il
D] Y] #1771 1136 7 v Bt GKPILFF, 3% 52

CPP I A8 R R 52, 20214, b ATT3E— B FI
4-(4- — BRI ) K R [4-(4-diMethylaMi-
nophenylazo) benzoic acid, DABCY L] i s 3 4
(RIS N 7R R AS 1 1) CPP, 38 3 45 vy P 1 06 36 25k 2% A
CPPAE 75 5 s ER B E ], S 35 14 1 R Al B /R
WS B R AR I B B3, 20234, HACKEN-
BERGERZ: B9k T CPP45 M, 7 CPPJE Bl &R BT
IKPESIL TR Y AR NS, IRORHb G 58 7 CPPIEAH
R R, R AR T SR ) IR AR T R s
KPR ], 5 AR R T ik T ORER
JIKCMR19LA K Cre H 411, FFUF AR R AT T A
()4 PR 1 (E]2B)

A7 7 T % ol g R OK 22 LA Y
() v B B T A K I, 3k S P BB AR A6 A0
TEF A MRS, (RLAE A DA R 4 it 5 s RS 4 B 453
A, AT S 3 2 1R PR M B . A T R IX
— [l 8, FF R HT L R 40 B 2 TR 28 BRI N AR
WS . 20224F, MISEREZZEF i+ 17— B
I JE A SRR I HBpep ik, 76 pH6.5 | fEWSAH 4>
B, B R E BOTOR , IX Se R SRt 4 B N F iR
12, RENS B B2 A e 20 i S s A F KA T, B HE
/NF726 Dalflia 7 A FI K 22430 kDa i i (E2C). [
4, VALLISEE PR I —Fh e AR A 1) = R
B B4R B(tri-cTat B) A& — i i Z0ER 1 IR 15 24
BE TE ANl IR B U A B 1 10 A T L 326 2% 31 4
LR A0 BAZ o 7E CPP AR 5] N F EL f f) 35 [F v]
PLHE ORI CPP & i 4 A IE FELAAT , PAAEG Lo 40 e i 255
PEo FUTAKSS PSITE A 505 R A 0K 4 it s 3 128 (1)
BH 25 7 19 575 14 K B L1 7B 8 /K 26 T 51 N AF 6t Hi
AR IR, AT Y T — A2 AWK 1T %
JOR OB I 1 | e B L AR . 20244E 1,
FUTAKI% B gt — 20 78 i i ¢ 75 ik (mastoparan,
MP) [ N-5i A8 N 3N 2 B ik 5, 78 C-umf& iiias i b
16/ MR IRIRIE , Wit 7 —Fh w80t BARYN i 55
PEMI ¥ IKE3MPH 16

24 ik, BN G T R i 1 800F CPP,
HIZ N TR SR, Wsgn. EERY
Vi IRZY), ERRYUKRERL. 2RI, B4 MR
HAEAT—F CPPELCPP/ 2 E & W3R 15 FDARLHAE |
7o 76 CPPIG RN FH AR I RE A, 3T I 1% 2 i
P fif e () B2 () A, 451 G CPPAE AR A e =2 L 4Lk 57
PRI i A 2R R S e, T BRI 7 AR o 8 PR R



SRR BRI ML 1K S

921

B4, CPPIVES BN 1 AR 56 4= 1 B, mIREV KX 2
P FLAE FRIE AR, 552 2 PR 2RI, X Rl K
Hi 2 T I il RS B — 2P K R
3.2 ERRMKBN

R YK FRL (protein nanoparticles, PNPs){E
NEPEIERR ) —ANEES L, B TR
WIERG, BAEMELE . PNPAURE T & AR
B R, WEE ThRE. Frmtk. DM, &
A MRS, BEE T YRR,
TP AR R A AR E MR e S Tl
AL B S BT BE AL SRR (), TE R B T ix
#4, PNPIERE HRZWisik 2t R T E R
L 77 . B B MR 1 E R AL 2R T R
FEUKE (virus-like particles, VLPs)S2& H AT 75 5 £ ()
PNP. 20104, VOELKEL%: 3@ 136 $e 404 (4 7
I B30 4% L9 B Gag-PolBE R | PRI 2R 1 o 0.2 %
VLPsf) 77 2 K383% GFPAIThREVE Flp MG . KAF,
KACZMARCZY K% 2@ i 58 45 Bk Pol3E IR K=
A B BRIA I VLPs, 1% VLPs G H H R 41 2% 5 #E 1)
T3 BERURL , E I PR B FH A AN 2 51 kD0 25 110 4% 7R U
g, TR KRS T B &4, 3 Hi% VLPshE
BRIy A% T V2 IhRE R 1 (Cre EZHBE . P Bk
RAME). IR VPt T i )7 F%E K g5
. w2021 DOUDNA %5 ) B it (1) 995 245
L[] BN S BT T 200 R £ 45 e ke IR] i o AN e ik e
PE A . 202240 LIUSE i | —FJCDNA. A
e 200, 2 AR aef 1k i TR g Bl 1 (1) AR AL B RIORE
eVLPs, eVLP# ik [0 g 5 2% ) RNPRERS A 3 1&
B2 0L R B /)N BB R o (1 2 TR AR 55, T
PN AT o BR T ORI T4 B A5 55 IR PNP AL,
AT A SR MBI AR R B B ) B 1 AR D R R A 1
PNPHE|#E T2 260, flln, AFEE. LEEA.
BEAR B A S #H O T PNPIOJT R FIR . 20124F
BARBASZE S BLEE TR B2 1) Cyso-His ¥ F8 45 14
WHAA RN ERE 1. 20144ER), BARBAS
S OSIE — DN B T 2 A U T 2 M N B 1 R Bk
SIS g5 R R, B WA B AR 45 I B
fe i A B A KAl & T, e 5 EmGFP
FEE K S FRMG, Hoks FL a5 1k 2 2 Fb S5 AR AN
YR R R LA HEE M. S AR F LN R OOK B
Fe 5 [ N T35 3% CRISPR-Cas9'7 ., P& AT 14 4
£ # % (botulinum neurotoxin serotype A, BoNTA)

(SRI 6 48 A ) 52 Ak ¥ (deliver superoxide dismutase,
SOD)*. B Gt AR RA N —F B A2
32 P75 0 i3 PR A% 2 B SR Gl R, JRfEThRe R S
CPPHI#ESE . 20234F, ZHANGZ: i i AlphaFoldff]
SERI TN FNBE T I A THREXS A G AT T 7= 26 1 4 g ok
W43 5 & Bt (photorhabdus virulence cassette, PVC)
HUE, A 2 B DRI EE (W1 Cas9 BE: g
e MR )AL SR E A, JF BT TR ]
Ik R GUAE ) N SR B AN/ BROSCR T 100%, B A
W AR AT 2R RS 326 08 B AT 45 7€ N RGBT 77 .
XAXAN /& AlphaFold e 8 F 5T 2449 346 328 453 2 FH 1)
i S(E12D).

PNP#Z 040 77 22 S i, X A1 PNPAZ 3| iR
15T A a8 1t R s, AE i A s fnd R, PRI
F(UNR L. pHIE . HIREESE IS v e S UL 45
AT E B R ThRE K. [N, HEIVFZ PNPR
V5T TR B R S EOR R, R I R TR
RN A7 T2 5 T B S SR 1 Bl
B, (EAIHME DL SE R UE K 2 . JTHRAE
KIS AL FH IO T, AT RE 2 R BiAR S R
B PS R

4 EARMBRBERE—REY

REMBARREG IR @2, BA R
RV SRS 2T R P AR AT L 3 20244F,
FDACEHLHE T 2008 & R AW S 510697 77
X, BEME AN —F B RN AT
IR U KER S B A 2 A, Rt
7, RS YRR R 5 2 B ER R 3 (Wil 2 . pH
{B55 ) B2 T R AE B O TE o SR s A 1) 2 4%
DR E AR A e v, SRR B E A R4
1255 ok 4 i B B e B R HL R BRI R I R
FSUECR ORI . B AT, 7 8 5 253k U,
A WA W TR T B TR TR S ROR AL T R
WEREY), X 72 H T8 A B2 A E 751 1) 2 5L R
EFIH & MR, R BA o mAY. KREE
MR G EA S S O R RAH BAE 058, ok
B A REBIEE AR . RN RAEWEL I
FrE BRER], W, AR, B, 23RS, REE
B VAR R, JRIE I BRI SR S A T
GRS R A B ES& 71, (EREx 8 F 5 df 3 )
(E3).
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TEARZ R A YMEI RIS T, WA RN
L 730 % (fluorine, F)FEEEMARE _FHAG &

R FL A PR (R3.98) Rl iR /N R I T AR (VLR ) . 96
BE 5] N8 2T R AV A E A B, X R
Rt 22 e 3F 58 & WA TR R AR B A A
B, BB TR EAMN EA R R OEER,
T H it — PR B B A DE I U4 7E 20144,
CHENSE P I A0 58 & W AE R DR s i i 2 vp
PR ER IR SO, RIS S D R A T H B R A )
MBI AV e . AN . IR IR
AR B SEYERE , 10— PR TT T A B I 175
1o #£2018%, CHENSE VMG A 7t # A% n) £ 1 I
ZGWIRIE I o AR TRUE B B SR SR M W Ji
(polyethylenimines, PEI) I, H T Mii & [ ifik . &5
RRY, S ARG EA B ) E A PR AR, b
WA DRy B BT 250, B ik ARV SR, A RE A
AL . AL, X Ph IR G W AE i 4 i ) B
WAk, HEARATE AT BRI al g N . fE
Z Ja W FE b s s A 3R S Y F13-PELSEAT AN 14K
i 928 e (MR, ORI R Y 3 1 SR L A 0k e g 1)
F PR, FEA ARG ) /N R G SZ R 1
I U(E 2E) . 20205 CHENSE I it | —Ff
BA e R 5 B E & 2R R R IR 4+ (PBA-
rich fluorinated dendrimer, PFD). PFD3ft E KR 1)
RE AT G AE R A Iy s, vf
DA 36 s 2800 e A7 AF0 53 20502 1) A TR P, B I &
5 8 AU s B S, IF HAERER 7+

N
S

.
=}

=]

A

& Z IR B 16 (1 R &) L LA R P ob
S8 AR T RUFRIRCR , (BT T I VF 2 o AR 8
(IPRAl . T St A R EE 20 5 S WA R0 i i 2 P A
FRBRIHERR, R X — MR, BE N RAE R EW&
B ARSI pHAE BUR I A8 (st . LR
BESE), XA AR IR MR SR T WA, BB 254
F R TR AR NI A AR S A, X2 H AT
FRR AV ARG TR IT%, (HIZIE pHBUR
REVTT e AERIE HARE R AT, FERIRHIED)
M35 FF B AR TSR, 3 B R 23R AT R
BT B, B TCIRIE BT RGBT
UV 2 G B TS I RHE AR 3 TE 1545 21 K (1
Bee e, BEAE 25 OCBONI 8 Y, SR A VIR RHEEY)

(LSRR Gy A
e

& HAT ZONEIAE RS B 7S

5 ERRMREERE—TAR

PLZSARE . &, B AIERSE AL R i O 4
o3l £ B R A Bk A, B RSP R, K
RS AL 2 LR B AL G Tt AT R
et B, P ANE T NS B R AL &, Wi
HAH BEAEA . BiKAH BAE R . B U LA S 45
RES I B e v o T E B SR KB E T, ik 3
Wi )P R TSR H B I(EL3) 6

AL =AM EE YN K Bk (mesoporous silica
nanoparticles, MSNs) [ H BA K F LR TR . =L
PR A0 S 0 25 4 A7 soRE TBURR PR 2 B R I AR
HOTE IR L B B T E B AHEL T /N oy T 254
EEEFAYME 7 TRREZ, BEHEE R
LA REAYY . LINGE BUE 450428 5.4 nm()
MSNsHF F B Toi% s I 0 20 i £ 25 cidbidt 2N 5 2
HeLa4f i i 240 i Joa o, FF 00 %2 21 A MSNsRE TS 2
L3R AT ORFR LR A A v P . X W], MSN
1) 288 288 I A e el B 1 o () AE BRI RE o MSNs3R [ ¥
AR R LA A ik 8 E At 7 rlRe,
9 [E 478 22 M g M) S B P [ T SR 4 1 — e 1
[, ZHANGZE BULL MSNsVE AAZ 0o AA , [ f1 %,
Fe G 2 L% (polydopamine, PDA). AH 7 J5 G
5 25 1 (ovalbumin, OVA) R JE B U 2 T IR &
¥ (ammonium bicarbonate, ABC)fil| & iESE 1 - 7
SFJa, P CA R B BRI TR G572, HEAT B IR
BT, SEILHUR ) PRI TEOF VA B A ok iR, 535 1 iR
DCZH A 3 A R R, B 24075 5 5K B P I g e e
SBEo YANG A8 1 FLA2 4 15.4 nmf) i R4
(reactive oxygen species, ROS)i W MSNs, [F] ] $& 4k
HH 1y T 7% 3 e A% /M 45 5 B 11 1 (high mobility group
nucleosome-binding protein 1, HMGB1). ¥4 5/
(resiquimod, R848)F anti-PD- 141 & 116 7 14 Ja i
YT TheraVac. e % 1 5 e 2k 25 S 40 (im-
mune checkpoint blockade, ICB)JTiEBCA ], BEF5
T SRR S OB, LEVRYT iR /N BN, YR R A
100%, I H A E @i/ OB AE A w2 I S % id 42
OBTAE 7T H MIN 2] BA B H] MSNs[R] i 47 28 75 P Al
1 (gemcitabine, GEM, — F 8 247 ) ib 3 (1) GEM
T 24 = [ 1 L e AT 140 M e s F S22 B30 77 Cp G
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SEWANRZ TR (CpG ODNG), 56 iiF 7% B FLRE i 25 48 in
JiRg P T MR, 2 0T T 24 i 8 1R T RO (1
2F).

G YKL T (gold nanoparticles, AuNPs) & —F
SEBAUKIRL, BAMRERE. a8
PRL AR LA 5 TR B EIL. H 2014890
ARG, b 2 A& —Fi A i 5 1) 25 2548
Z I, ANE LR K (REEHAD BEA % B AT
R R e, XS B BRI B A A A . B
H R U B 1R ) AuNPsRE 98 B 5 Rt s
A oy = I N B Y L AL NN T B B e g S 2]
W ) dt 25 A6 X% . 20104E ROTELLO%: Bk
PAEFH BH B8 7 K A5 25 D BE A 1) AuNPs e & i 7
FHE AR 71456 FF 58 7 5 far (9 B-1: 2L 05 5 il
(B-galactosidase, B-gal)Z| &Mt R4, I H M
Tl Rk iR, A E B-gal A K AEDEME. 2013
£ ROTELLO%: POk — 35 fd FH BH 25 HKRK (His-
Lys-Arg-Lys)iK#r25 T REAL I AuNPs, & ILIhREAL 1
AuNPsH: 2 58K 7 2K 175 1 Caspase-3 i A RiHb i 1%
A, IF HiF T T, 20174 ROTELLO
UG N TR IR BE 1Y) GFP -5 45415 b 20 R 1 o i
A ()% 0> AuNPsiE 322 25 I B4R F B 42 A4
BT JZ K G5, FEPEAL T SRR AR RN R pI
B E o s IR 5 L, E B D ALY AuNPs 2 fiid
JREE HIBIEIEH RS

TEHLAKBURLE A B DR B IR A H o
RRCRTTIHRA BERS, (AR Im PR AL 12 AT
FE N AR R, o N ) R A DL e e . R
BRI, ALK B 5 A A 2 0 AR I
B, (HHAEAR N BITEBR A8 7 2 AR K I EE
HARAS BN 7853 B0 0E P2 PR VF 22 A0 DA A6 9T 77
A A R AEAAR N A SR B B, A DA NI R BT B
BIASE A /D H LR TE ML AR G 32 13E N\ I PRI SR B
B, W2 R TR R, 1F 925k 2 4 1) it
Fbz b

6 SEETRE

LR 25 11 T LA R B I A 2
HEE NS 4. ARG . ST AR FERHE G E R
B EAA T LU L 2R R Ak AR R R, 1E
R, Rae k. G RN, B
PR AR A BRI 3409 (E13) .

BEE I 405E 1K) WA B, A L3 ) 1 2 Fhikik
SR, AEARAEAEA J L Pk (1) RE&EA
Wik, CRIIT R T 2R A kiR iEx 20k, (2
FESKEBRRL I, KBS BAREREN H ARG A, 14
X LA Jd 7 Bl A ) B Ak o (2) AR 2R 1 B2 4%
RGN E R EAZEE BT, i, o EA=
PR, 22 BOBARME LU BAT A [R5 (14 88 o
2y R —RaoE AR EONIRIE . (3) FZ IR A
5 YL R A RH T AN K . IR S
SRR AEROR , — BRI R L AR i B R
IR D, T RE S BOA AT R R 5477, 328 1T X 240 i
IR A E e B AL A EE . RE I,
B o A SR A P = 2 U ) L AT SR AR T
i, ARG B S EANESS 7, UL RSk EAN
AHPRERAT B BUE . A BRI RAR 5 EH
JREGY)—[R], AL I T, D9 N2 4 SRR SN
N [ (R 9 BB
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