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Research progress on engineered natural membrane-based drug delivery systems
for neuroprotection in ischemic stroke

YANG Yuang', FAN Jiahui?*, YIN Yanling?*

(1. Beijing Tiantan Hospital, Capital Medical University, Beijing 100070, China. 2. Department of Neurobiology, School of Basic Medical Sciences,
Capital Medical University, Beijing 100069)

Abstract  Various neuroprotective agents, including diverse natural extracts and synthetic compounds, can protect neuronal
cells within the ischemic penumbra, thereby limiting irreversible brain damage after ischemic stroke (1S). However, efficient
delivery and accumulation of these neuroprotective agents within the penumbra remain major challenges. Drug delivery systems
derived from natural biological membranes can be engineered using multiple approaches, enabling customizable drug loading,
high targeting precision, and improved neuroprotective efficacy. This review summarizes recent advances in the engineering
strategies and optimization methods of modified natural membrane-based drug carriers, aiming to outline advanced construction
paradigms for neuroprotective drug delivery systems in ischemic stroke.
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tissue-plasminogen activator, rtPA) 23547 1S B F EE£EM . SR, BT MR BVA T7 75 21 52 B0 i &
FEIE W] AR PR I TR B RO N DR AR AN 7 A S M 4 TSR AR TR IS I A 2 T AR T, A
M E 2R Kk, s @R, b7 XK e g f ks seT,
WD 1S 3 IR KBRS, ATz RN AT SRR T A (M

PLAEWF7E R W, 22 Rl W 5 Al o 2 52 (X 1) fp 2 R 9 4E T, 0 4 R P 25 4 N 40 4 i B il R
(recombinant human erythropoietin, rhEPO) ¥4 J7 R & 2 $& = o 1L % 4 Bz 4= K K] ¥+ (vascular endothelial
growth factor, VEGF) Fl i Ji 1 1 28 & 95 K T Cbrain-derived neurotrophic factor, BDNF) 7/KF, & 3K
1o R 1L B P R Th e 1) R s 2 ik b ke R R, i B 2 R4 75 BXOS110, AT HE i 5% fil
J5 % B A PSD-95, A &/ PSD-95 A/ T A B 446 . Ak, WH T 1S SRS R I UL
BRRRE T PUEAF BEREDA EEFRR 7. -2 2 TRZEESF . S5 E H
RIS MR EEN, X e 2 R W SURTTE RO N 1S SR X AR R T 2k . SR, AR
P25 0 N AT T NG 2 S IR DR, WK AN £E . XE DL R oM i BF = (blood brain barrier ,
BBB) . fRNIEH WM. ML E EELRXE. flan, SRS R T (a8 g
(superoxide dismutase, SOD) ) [XJoiZ: % i BBB 1fi A~ BE&L &K

IR, A 538 P R IR AT E A4 Chr B 20 i 4/ 3% 960 510 58 5 20 Jif IS TR s (R 384 ) 1) 2 52 [X ik
MR 259, B2 iE BBBE O i, JRE WM RRLZWMERR LA IR APLAMN
MW, R T 2 mEHRRA R BRERK, RAEKEILHT IS Y7 . Tian UM 2R BN 5K
Arg-Gly-Asp-D-Tyr-Lys £ BRI 4R, B cRGD-Exo, &5 5t bk il i 22 35 R sl oM R IG IT B A
b A TP AR X ) AR SN AT TS . Wang ZEBIRF R R, a- 4T & Co-mangostin, o-M) T
AR 2 i dife I/ P R VA A5 ) LSRRI R B 28500, [RIAE AR R SR SR IR 25 24, X 5 M R AR (L35 50
YH MR AN A0 M S VD) AT TREAE, IR SR I PUR BRI A A, TR AR R O R 2
WK . Mei Z0D)y 7 30 i AL AP LT VARG IR (tissue-type plasminogen activator, t-PA) G T & K Ik
DA FERIGHKAMNE, PR THE tPA NWEREHHEZE TFREMI KR (st
PA@IRNP) , #itm I t-PA WIZEWRI I T &K 17 25880 ], 3&B5 1k T t-PA@IRNP FEHRy 57 14 41 i
th, &% TRt HAZENE TR R A . T, TREAAE I AT G SR ), SEELVR YT
29 AL Lk, AT S SGE RARE IR I Re . DRIk, 22 B A 7 15 1 . B R R R A8 R R
BRI EEHED) . AL FE TREMAEM T LE 1.



M e A e R0 1K R i AR e e 28 OR A 25 B R A R SR B AT Tt 3

JEAE A 77 1
Modification methods of membrane
Mg & TEAZ R
Membrane merging Click reaction
e
e
Ioe
B4 T30 1 - . fe
Membrane-molecule y v i JER TR
co-incubation e, L I (Y Gene engineering
-~
"4
WAL E AL
Cantents co-incubation ~ Electroporation
- P «
AN
]
7
A\
L J
BEA 0 Tk 2 > R
Mother cell pretreatment Ereeze-thaw

Wi T7 T
Modification methods of contents

Bl R TR R &K

Figure 1 Schematic diagram of the main engineering modification methods
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JIEE - L i 5 8 T ANk S R AE R o B SR A N R AE S A R G I A — AN, WA S 2 M RA
AR %A . Liang ZEUOMGF 50 R DM AR R T B A& R (W1 LBl oLB2) MBS [ (41 CD63.
CD81) il 5 A Bz i B kG B 2 7 A ELAE I %38 BBB. I HL7E KW 4 IR A& T A ek B 20 17-1 b
VAT R E ISR BBB X 40 g A A A R R - S AT T B AR e . L 2512 -
RV % T I /N AR EAS A () /N SR M, 38 i AR 0 IE AT I B IL-4 R P R ) £ o A
ML /ISR RESAS A A5 12 TR A /0N T Joi 40 ot 52 453 1 o 0L 75 2 B HE SRR B 12« Tang 250 4T1 Pijyge 4 A i
'?Jﬂl/J\ﬁH%rﬁé‘, e 3 T B A 2 T AN R %Eﬂézﬂafﬁ%m%%cﬂﬁﬁ%, ZARAAFI ] AT1 40 M B5 1) BBB

i 1t 5 /NS R N R RG B AT A b, B4 9R T BBB %A ME, RN SEIL T 2GR A R, X A
lﬁl&ﬁ(&%?ﬂﬂqﬁﬂ%%ﬁ%%éo J:izﬁﬁﬂﬁi%ﬁﬂHﬁ-ﬂ%%@é\ﬂﬁﬁ?%%%‘cﬁiﬂﬁ BBB ZFi%E .
112 HiBs

JUF‘%EEL_LJ EAMRS KA G AW S, WomBA P A m . BFARE, fEMm
ETR AN, AR AMNEERBRE FERE A, AR EER N PIEEGE S), HEORE
PR AL T vk mT UK o O B R BV b, Sl H AT T RE T 1S A Ak, I A
H A S (stroke-homing peptide, SHp). K2 R- H A M- K &2 =k (arg-gly-asp peptide, RGD) .
R B RE . BE R 4R AR BRI IO 4H I 5B K (matrix metalloproteinase activatable cell-penetrating
peptide, MAP)Z . You ZMSIWF 7T £ B, MAP W] it i K A E 4 B A& i 40 i 98 1 % 0 Capoptotic
vesicles, ApoV) , 724 ApoV-MAP E 4. 24 MAP Byl s e s s Rk 2 5 4 B B A B (matrix
metalloproteinase, MMP) ZLfiES, MAP #3800 H 78 MA B 27 & Ik, T fE it ApoV 7 i X I A 5
H e, Wang 5 MI[F] R B RGD JHoGF 85 AF /#5807 1) B8 1] A6 717 R /N B F mp XU A2 [X 85k 1) 53 A
FFRH — ik AR $RELY) (fatextract, FE) HIZKE A, BA & FEMILRMZ L, 4R EE
RGD fkM /M5, Bl RGD-PLT@PLGA-FE, 28U [r] 2 450H1 & 28 R LA, 76 dof I e i ) 9 A% [X
S T REAR R, BRI X AL n, AR TR IK R .
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A8 J BRI PE A= ) 2 R B bl o e B . R BCR B RN AT IE R, SRR
JF . HHEAL B R ALY -BRE IR N s B (copper-catalyzed azide-alkyne cycloaddition, CUAAC) #— i
OB IEAE ROV EAY, AR A A Eh T S ROy A A P AR TE R . TR -2 A A 7k 0 3K
3 3+2 ISR B, TR, T DU G B U A T S Ah, I8 AR S AN T o I I
oy Z ) A AR 25 PR B CRD TR RS 2 - S R Bk U i A2 6D, T4l AT A= 40 i 7 3296 Cstem celll-
derived extracellular vesicles, SC-EVs) T % £ Fhohfit 0 118, IEAS [ ik A Btk . BB B
R R . B SEIL 2 T REAL SRR 5, T A Bl IE 22 7 SO BRI 2 P4y AT ALOGE B MR .

Wang 210 ik M 2 mM e v R 3R (dibenzocyclooctyne, DBCO) 5 4 i #h 3E i I 5
i IE 4R N SR T, RGBT DBCO-B %4k W 5 [ 1 AR W 1E A8 I N3z H AR R AE R S HE B 1 29
(rabies virus glycoprotein 29, RVG29) , {5 F&0RF S 14 B8 [m) K Ak it 2 o0, (R IEMAEDIRERE . A
Ff, RGD ik th vl J8 i IF 28 J 87 5 T 960 4 BB LA 2 v BV 1 3 g 1k o Tian 25 UN@E T 1E A8 e b T2k
cyclo CArg-Gly-Asp-D-Tyr-Lys) Jk-5 HM AR, 2 a6 i P Ao (495 A% [X 35k, i b A 485 71y 22 38 3 A0
P99 7A8 IX 3 1) 48 0 I S R0 B T2 32 2030 . KAl , Jia SOV b A5 oAb S0k 0 s A JE S i 48R i
B -1 ¥ £ Ik (neuro-pilin-1-targeted peptide, RGE) {1, 43 i X 41 i i 48 iy 1 . You Z5[200f A g B
HEE TR G, 53 % Creactive oxygen species, ROS ) 5 & i Fid i 5 £ 7] 78 Jii T 40 j
(mesenchymal stem cells, MSC)Z& [ AE ) IE 28 HK, 15 2] MSC-TK-M/Lu, %Kk FREELE = ROS A7 & 7]
B T AR R AR R
114 ERIBEE

FED TR B S R B AR I B e sl S, M REANRAE R AR e B AR, AR %R
FIR 20 B Ab 3236 . Kim 252N 90 0 i B4 AH OG22 1 2b (lysosome-associated membrane protein 2b,
Lamp2b) 2 K] 1 J5 ks % Ge b SR 4t i, A FL 20 W & 48 RVG-Lamp2b 4R iAfA, Lamp2b it 5
RVG fik4 & Sl 5 & e R &5 A . Li &P CXC 2 F#afk K 7324k 4 78 (cxc chemokine receptor
4, CXCR4) Zwith ot # i Ju i B MSC, 70 & R B B 4 J5 T4 il i) 4 ik 44 (ExoCXCR4) , K
Z A WA AR B IR AR RORT CR A P 7 A M A R SR T . RN TR AT SR T e e, HR
B RS = B IR )

RNEBH R ERL Y. GRS L EARMEE - e, HiEm
W 0 B LFR 1.

F1 R TR SR 1) ELA

Table 1 Comparison of membrane surface engineering strategies
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AT R, ECURTRSE Rl (& waes Do B IR MIEORAVD

& Vi B 1) IR/ 2 Ak AL R
Applicable 7l FE. oM Peptides, protein, probes Targeting peptides/receptors and
Small molecules, nanoparticles, Targeting peptides, albumin; A ’ > S

payloads ) ™ 4 . responsive micelles, and small nucleic acid drugs

proteins/factors, and sonosensitizers compatible with FE, a-M

molecules

b j STER N =11\ I < I PR, KA BB AT o2 bz

- Jﬁﬂgﬁﬁigg;g% i hi%ﬁﬁﬁxﬁﬁﬁ,%%gﬂﬁ%%;,;gggiléﬁﬂq%EMWﬁﬁﬁﬁ%m,ﬂﬁﬁ
iy Bt ! e 72 th T B AL S

Main Combines BBB permeability, adhesion
advantages  chemotaxis, and immune evasion of
multiple membranes.

High selectivity, controllable
coupling position and density, easy
to achieve multifunctionality.

R HBIRB R A 2R RIS G s BIE SR AAiiL, fEAERRE

> Mild operation, fewer steps, no
genetic modification required.

Stable membrane positioning and
orientation, sustainable production
of functional exosomes.

W ommie, s AR R

— AR 1 B Tyt RRFURUOR: AR BB AR el
. Difficult to control fusion ratio and Non-covalent binding is prone to Requires activation and L R
Main . " . . . . . . Long cycle; transfection/viral
Limitations membrane protein reorganization; multi- detachment; difficult to control purification; risk of copper residue, vectors and expression stabilit
membrane and tumor membranes modification density, reagent cost, and membrane increase re Il)a tory difficult y
increase quality control burden orientation, and protein batch protein damage gulatory y

RGD-PLT fifk 5544 2 fr,  MSC RAALLG 52 4 1fi:

. S z A2 11 & . "
e BT 29 i AR 7.5 6 Apov-MAP shixitzy 3.5 CRODIRRBIAIMIEA LU o ot
Brain signal ~ 2.9 fold; brain retention ~ RGD-PLT lesion signal ~2 fold; Promotes cell uptake and functional

7.5 fold ApoY-V-MAP ischemia/ MSC system lesion §1gnal 4.1 fold; recovery
. cRGD system ischemia/
contralateral ratio ~ 3.5

contralateral ratio ~ 11 or 19

5 R LB K s SR A R L) s MO ROYR W R SRE BRI SR R R Rk

Targeting

U2 KRS JBu 7% AN G S LA DA JET I 5 AR LI 55 DA B R AL IR B S S SR A A DAl
2 I BELGVARAF AL . s . N . J S
ES . L No obvious abnormality in short No obvious abnormality in short ~ No obvious abnormality in acute

No obvious abnormality in short term; . . . . . .
Safety . o term; long-term ligand shedding term,; residual reagent and phase; viral vectors, residual nucleic

long-term immunogenicity and repeated . . SR, R . .

L Lo and immune response to be  liver/lung accumulation risks to be acids, and immunogenicity to be
administration risks to be evaluated
evaluated evaluated evaluated

e B U T4 GG T N ELES, A BB T SRIG R Shi/XE S A ST AR RS AL R T 5 2

Note. Data are intended solely for within-study comparisons in the original publications and should not be used directly to rank strategies against one
another; the ischemia/contralateral signal ratio is distinct from the fold-change relative to unmodified controls.
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1.2.1  HREuRIHE

YK IORL AR ] DL RO B ks B . e e e, KRR T R H G W AN 4 Bh A o
FI2E 5. Kim 22300 % 7 A8k 45 K Bk Ciron oxide nanoparticles, IONP) , 3fH H b3 MSC, Wk
HAOw s g8, RIIESBEIS T, Z40 M 530 2 AL T it A8 XIS = n 7 5.1 fi%.
Li 5461 & 7 1 /MR L RS E R A y-Fe203 REMEA KR, S8l 7 RS R A0 A e ) s 3%, JRAE
BT A ACREAL A, R SR G A, R R IR A N . N KRR R B I 1 £ A TR A A
JREI 259 S A e B AR R, RBKIEE . AR SRS, KPR T EIRA M, B
BT MBS, a7 At
122 HEBREZE

Wi E R BIE RGN TN S AL RS, S EMRAYEE FE S SN
Sun ZEI T R 5N T bk AT Bk CR A R AT A I AN I AR A, I A 2T R AN A
1.2.3 BAETMAEEL

Ramon %5 28V fF 72 41 B Tl A BEBEGH B AT A5 R0 H 6 2k H bR 2590 R AN B A B8 36, ok 92 AT R
A RARIEAR RSN 2580 Ye ST o 49 50 240 SR B TLAR 2 5F 5 MSC, K Ab B IS 7= 2E 1
AN AR T 55 3 % 87 K i o 2 Jbk A 2 (transient middle cerebral artery occlusion, MCAO)E A K A&,
SIE#ANBARATEL, AL BE S AMBA S E £ VEGF, LLE EIHRIEEE mIRNA, R NGRS — 5 et T
IS J5 I BRI E T REMK L o 1% 77 2 T A8 By A B I AR AR 28, B T R UG
1.2.4 GRELIEER

15 Rk 25 R W A B A B RN i AR BR 2 W i AT IR A R RV R, ARG o A8 % O VR TR SR AR U
JEL5E H I R I DD BB S5 FRAn . Gul ZT28VA N I S ok Y5 A A4 2B 40 R M ey, R B R 7 S 300%
JESEHEME AR R . A etk 3 MR K .
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1.25 EBEfE

HA 2 LV SR A 8T B v, FE B AR PR AR R O, nE R KA S R Y T (0 siRNA - BY
miRNA) %53 SC-EV . Singh SR 1 5 FLF 41 B AN B I (R BRAL 1 RS, & BILi% 0 92536
FTRRKAGY » FERBPE S R AETRESECRE. BRI, & FEMIEIE.
1.2.6 BEHFE

BTN S B A S R A EAE Y, AT MR R B RS I, K in#kE] SC-EV . f
Wi, B -MERMIEMER ST, W5 KRR AFAE I RE B A B AE R, (R 2R I8 M () 3 0 DL AT
B2,

ANE N EY B BRMSAEE AR FERA. FERREU et LA e s, HiEgnks
I 5 B ILEE 2,

2 DB AR R 1 L

Table 2 Comparison of cargo loading strategies

LB e

c : KR L AR [2324) Lo A e R ffu Tk 387 126.27) 15 R e 2 28) L2 FLI2) O
d(;;lgzglizzn Nano-co-loading Co-incubation loading Parent cell pre-treatment Freeze-thaw loading Electroporation Detergent method
. A 5 i B K . . . o S
T s TR R T B SRNAL miRNA KK AR
N DRy | ZN ~ H /1 ==
i i # Hvdrontom o RNA Btk AT ¥
Applicable Small molecules, mo}{ecu{)es capable of  Endogenous proteins Small molecules, siRNA, miRNA, and  Small molecules that
cargo proteins, and inorganic transmeml}))rane lipi dgs and rgi RNA 4 proteins, and hydrophilic are difficult to
materials diffusion s, liposomes macromolecules passively diffuse
. X WIRREE, AEVRAENE BRI, AR . -
ST, TR e e I B, BEOT s
B et A, TG g5, A s e e S i,
TR0 Wide r‘an ‘é ;fcar 0; can Bk AT A Suitable for e
Main inte rfte ma. niti’c Simple and gentle, no Endogenous loading with ~ Simple operation, . - © © " oves | Canimprove
advantages res fnse con%rolle f specialized equipment  good biocompatibility; can promote loading ca ’aci tp' loading capacity;
P > required capable of enriching membrane fusion g capacity; simple operation
release, and membrane ltin] i+ fact d G parameters are adjustable
targeting multiple repair factors and cargo entry
RARE A PR A BRI R[]
o ) 5. ok =
%ﬂ”ﬁ’ﬁjﬁfﬂ% e AR, TRIERE. W e oa g fij?iﬁgﬁ@ﬁ
FERR i il TEBRIFAY MRS AR5 B R *;Ef:w—‘»:» s
B Complex system; . L. . . 4R ULIE May disrupt
Mai . . Efficiency limited by  Difficult to precisely May cause .
| viam material degradation, drug properties;  control cargo composition; aggregation May lead to aggrggatlon, membrane
limitations cargo leakage, and requires removal ’of affected by cell state and’ membrane dam’a e membrane alteration, and - cholesterol, residual
control of coating 1 free drugs l:}:atch or careo leaka i > nucleic acid precipitation and
integrity need to be K & & cytotoxicity need to
addressed be controlled
KRB BRI A = KTEW B Y. WA KT FIFR R . 4 ﬁﬁ%;%ﬂé%mﬁ; TP R . R AR Bk B g 5
YIRS oS KR ol e 4y o T IEROEE A AE LR je3
Gz . R HTRE I . Requires verification . .
Z4tk Long-term material Concerns reeardin Concerns regarding pre- of membrane Requires assessment of Requires assessment
Safety accumulation and free drugs s<g)lven tsg treatment residues, cell inteerit membrane damage, nucleic of membrane
degradation products and remit’ure re]ea;e source, and long-term avore a%ior? and acid aggregation, and integrity, saponin
pending evaluation p immune safety %(%tei%\ func;tion unencapsulated proteins residues, and
P ) cytotoxicity

2 BEEIEMWMIRKE

Lie KM 2 M TR T iR AT 0L, AV AT S5 25 189 5 R R I 28 £ SR 1L~ 52 DI et R 38 1) A
KA1, LR ROE KWL R NIRRT (8] 52 i BBB ) 7 3B 0K
21 BBRARRES

211 BEBEESEREID T

AR oSPL AT avP3 78 i BRI 2 52 X I N 52 40 i 2% 54 5 28 R BY, B DUYE A B8 30 34 36 1 R S
#55. Deng ZBARFFL R RGD RKAIMENEARIEMER, DLEEM R RS &% A5 % avB3. Tian
B8R RGD k5 IS W HE X5 MR iA 0 T avB3 M4 FIESER /7, #9887 cRGD-Exo, iZ#{A7E
MCAO #5 1 BR, fty Bl af i #5345 X 3RS B 7 BB R f 8. Tian Uk — B8 3 R In# N\ cRGD-
Exo, &5 SRS I 21 B i g 45345 DX 31 2ORE [ NIRRT R N, w0, DURBEE X mRE S TN
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B RO A BV AT B U AT RO PR S R I M A AUR R . R R EE R IR, %R HA
B AE A S RIS, TIEHE B mA R E.
212 HRFEESKERXE

I P R s DX 1 e A S8 T A S S I 2 D P S TR R . B TR, IS S et af B KT T v B4,
LT St L R R N7 D 24 0 R AR . Xu ZEESIR T — el i/ R A ZE R AN K Bk sl I/ R
B diAE ZL006e 1 H M 4E EAS A M (m-E KRR AW GOKRBR R, 10 rtPA T sz
NSRRI . A LTPRGWRLGGC I AT &k ML EE 24 Ak, 5IEE Tat-410
FIERAENIER T, 33 tP-NP-rtPA/ZL006e, 52 I B A B fil & (1) rtPA B 1% M mT 7 i 4 B Rl 1
A () 458 1B 1A R R tPA R IR R AE R o SR B A AR 22 57 K, S B B I8 75 25 RE R i B 1) 2
AT EE I XU
213 BEFES ROS XiF

IS AFREVE 5] R 2ok R Bk NI 2 72 A2 K& ROS, 7 AR KUK S s iR FE AL B . BF 0 R IR
PREE . R R A Y32 F) ROS At v] se L 240, Ly 26 B7R H SHp H#E R . 2040 R
FAREE M AT ER 2544 K ) ROS M B PE A4 2 T 5 34 4R 5777 NR2BOC FIR A Wnak ik, A ROS #
PR B NR2BIC, A %022 7 MCAO BRI B I Pk ki 453475 . Quan Z:BELK 3 47 5 A2 771 tPA ALK 259
Rl =] VCAR Cacetylsalicylic acid, ASA) & ALY g AR 5 v VR R 1% 1 /N AR B, #3125
ARG, ZARGAH /N R B0 e v 20 IA AR S04, 7E ROSAER T il fb B, Z590BEIL,
M SEBLZGAE AR AL (0 s R FE A R . You Z5PON@E R A ) IE 28 B MSC 5§ AR R B 3 1 5 it
BB A ARSI, FIH MSC SEILA 25 R4 M AR E AL TR, JFiEit ROS 24 AE A I SR it oK
HER, BAHARGEAMINFRZXIREGRER T ROS, {#47 MSC 4 52id B, &3 7 e %
FEB R FUUE S T ) 2 51X v AR A 5T A S R 3 24 A R S A e L 1 4 24 ) RT AT L
2.1.4 EERAFEMRE pH X

VTR B, IS SEUIME %2 S0 KA, T PEREMRIG G, FLIRFIE, pH PP i
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Table 3 Comparison of endogenous pathological signal targeting and responsive strategies

e At B L R A 43 B33 FL I R LR DRSS B L ROS [XIR036391 P BLAIG pH X IRD4041
Comparison Targeting pathological overexpressed Targeting pathological regions Targeting pathological regions with ~ Targeting pathological
dimension molecule with overexpressed enzymes elevated ROS regions with low pH

ROS ##44}; NR2BIC.
s C.

& A RGD. SHp VNEE?;'QC% HUR. T FiEUk; rtPA. ZLOOGe tPA/ASA. TRBORGY: (PA. JRIIR
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FUFH G P RS2 RSB IR R, 7 kB T RN AR, B % ROS TR FTABURER BRI Al R, s>

TR BAAR AR A 5 ROS Hi 2} IEH AR
Main Utilizes upregulation of ischemic endothelial Triggers release upon elevated Releases according to ROS levels, Acidic lesion triggers
advantages receptors for lesion recognition, highly  lesion enzyme activity, reducing capable of both ROS scavenging release, reducing premature

platform compatible off-target exposure and drug delivery release in normal tissues
G SEAAA 22 B . S| ot 5 FEL AR ~
Skt el g s, e WY TIREIERs TR pog npaspmpi, mapmor PHIURTERIL, JMEE
SRl BRI ] % 5 I AR AR SR AN

pH changes with disease
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specific release

High inter-individual variability
in enzyme levels; requires
control of release kinetics and
bleeding risk

High spatiotemporal heterogeneity
of ROS, risking insufficient release
or non-specific triggering

Main Receptors are also expressed in other
limitations  inflammatory/angiogenic tissues, leading to
off-target effects and time-window differences

IR ERIL BRI SRR
MSC & & HAE 52 4.1 £i5; DHL ] 37 3 B 4% 1 B il

RGD-PLT /#1554 2 fi5; cRGD AR M

B o YN SEHLIEE N Bk 5 BT Achieves ROS T Z4% Bl MSC system  Shows preferential release in
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A AL SRR B R R TR P IR
24 SR ML B8 S G088 S FUREI B o
w4t . S " . . Attention needed for
Attention needed for non-brain tissue Focus on monitoring bleeding, Need to evaluate degradation . . .
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. and release in non-target
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Table 4 Comparison of exogenous signal guidance strategies

ELA 4t

o 7 5] 5142 ] )
omparison Magnetic field guidance Ultrasound guidance
dimension
& HA TENEARIBIRL K L3 2454 AR B /R T RO A iR 25
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