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Application of Nanomaterials in the Treatment of Ischemic Stroke

ZHENG Lingi', FENG Yicheng?, RONG Zhouting', CHEN Huabiao'**

('School of Biological and Environmental Sciences, Zhejiang Wanli University, Ningbo 315000, China;
’Health BioMed Co., Ltd., Ningbo 315800, China)

Abstract IS (ischemic stroke) is currently one of the leading causes of disability and mortality world-
wide. The primary challenge lies in the limitations of its treatment efficacy, including factors such as the narrow
therapeutic time window of conventional therapies, low blood-brain barrier penetration rates, and potential sys-
temic toxicity. Nanomaterials, leveraging their advantages in targeted delivery, controlled release and biocom-
patibility, offer novel approaches to overcome the challenges in IS treatment. This review shows the cascade of
pathological mechanisms in IS injury, including excitotoxicity, oxidative/nitrative stress, neuroinflammation,
and cell death. It focuses on key advances in therapeutic strategies based on liposomes, polymeric nanoparticles,
inorganic nanoparticles, and cell-derived biomimetic nanocarriers. It covers multiple strategies such as anti-
oxidation, anti-inflammation, regeneration/repair and multifunctional synergistic therapy as well as compares the
advantages and disadvantages of these approaches. Owing to their designable structures and tunable functional-
ities, nanomaterials demonstrate considerable potential for achieving multi-mechanism synergistic intervention
and precise drug delivery, thereby laying an important foundation for the development of precision medicine for
IS.
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An intravascular thrombus occludes a cerebral artery and causes focal ischemia and hypoxia, leading to energy failure and multiple downstream cas-
cades. The lower left quadrant depicts excitotoxicity: excessive glutamate release after ischemia overactivates AMPA and NMDA receptors, resulting in
Ca” influx, intracellular Ca*" overload, and loss of ionic homeostasis. The upper left quadrant shows BBB (blood-brain barrier) injury, characterized by
downregulation of tight junction proteins, disruption of the basement membrane, and increased BBB permeability. The upper right quadrant illustrates
neuroinflammation, with immune cell infiltration and release of pro-inflammatory mediators that aggravate tissue injury. The lower right quadrant rep-
resents mitochondrial dysfunction, where Ca®* overload and accumulation of ROS (reactive oxygen species) impair mitochondrial membrane potential
and further amplify oxidative stress and cell death.
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Fig.1 Pathophysiological features of ischemic stroke
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Damaged nerve cells release excessive glutamate, which diffuses across the extracellular space and overactivates NMDA and AMPA receptors on neigh-

boring neurons, leading to excessive Ca*" influx. The Ca®" overload enters mitochondria and triggers activation of degradative enzymes, causing mito-

chondrial dysfunction and increased production of ROS (reactive oxygen species) that further induce DNA damage. In parallel, impairment of sodium-

potassium pumps disrupts transmembrane ion homeostasis, together amplifying the excitotoxic cascade and exacerbating neuronal injury.
E2 AHEAERN SFHMETIRGIEIREERTESE SR 2911220)

Fig.2 Schematic representation of glutamate-mediated excitotoxic neuronal injury (modified from reference [29])
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Following cerebral ischemia, stress signals from injured neurons activate microglia and astrocytes, leading to excessive production of ROS (reac-
tive oxygen species) and RNS (reactive nitrogen species) and thereby driving oxidative and nitrosative stress. Accumulating ROS/RNS cause nuclear
DNA damage and enhance endoplasmic reticulum stress, resulting in oxidized and misfolded proteins. In parallel, mitochondrial dysfunction amplifies
ROS/RNS generation, while autophagy becomes dysregulated and fails to clear damaged components. Together, these oxidative and nitrosative stress-
induced organelle injuries weaken endothelial junctions and contribute to disruption of the blood-brain barrier.
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Fig.3 Oxidative and nitrosative stress-mediated cellular injury and blood-brain barrier disruption

in cerebral ischemia (modified from reference [37])
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After cerebral ischemia-reperfusion, injured brain microvascular endothelial cells upregulate adhesion molecules, initiating leukocyte-endothelium
interactions and BBB disruption. Leukocyte recruitment is initiated by the binding of P-selectin to PSGL-1, which mediates rolling along the endothe-
lium. This is followed by firm adhesion and transendothelial migration, a step that depends on the interaction between ICAM-1 and LFA-1. In parallel,
MMPs degrade tight-junction and basement-membrane components, increasing BBB permeability and facilitating leukocyte infiltration. Danger signals
released from damaged neurons, including ATP and HMGBI, activate microglia/macrophages through TLR pathways, promoting the production of
TNF-a, IL-1B, and chemokines that amplify inflammation and further exacerbate BBB injury.
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Fig.4 Neuronal injury, blood-brain barrier disruption and inflammatory cascade
after cerebral ischemia-reperfusion (modified from reference [13])
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i Rk S B 2 21 2R3 7R A S i 5 B0 77 (recombinant
tissue-type plasminogen activator, rtPA)1/} /& M — 3k
FDAfIL#EH T2 ISHA R 25, FOR YT & N4 ™
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[R5 12 2B IR B2 W B 26 S5 R ES VR TT L2 o A%
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Al PR 52 75 NBEECA . 55— J7 T, f58 HrtPAIEAT &
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AL () 06 2 ZAFE AR B IS, B T I B 43 £ B
BBB U 177 30 i i S5 A A I e, 7 S ) B
i I SRR E BRI, R R, R
IR ZK BN E « JE IR RL I B A 25 2 Pt —
A IRBEAE, R A 4 22 T e R AR R, 5 e i
Jao

FARIGIT F L5 ARG IT DA E &5
F IR ORI P ZE RIS B 3, %00 H An 2 i@ i MU
B2 o b 2 1A 1 A BB R, P SR 2H 2R T,
R EEARANIR B R . HERRITHE, T
AVEIT (WUBR AR A) I B 18] 7 11 AH 6 58 58, mli i
ST TR & 1B K 2 &0 f524 A, B R4 & 551
BARR G AR S0P AL 45 R & FIB . FARIGTT

YKL PR ZEVEIS 3 SR A 1 B iR T L FE, (=
WAL — RBIBRAL. H 5L, M &R ZA T ARG
JTHET B E . HIK, HUMIBUE AR &+ w5
(IR N TR, o 15 e AR B8 A 152 6 A0 B i ) 52 R
K ER W R fJa, FRIERE AT RE L2 A O
FAE, A0 AE B3 475 S EOR i BOR S 1 B A
5 R AR AP AR AR T RE 1 R i I A T,
TEUHT I BRI T

TRAFIRIT (BN ZG P OR ST 1R 972 ISR T B LAl U7
XK, EHT A 8, THEEAMFGERSRTARGST
EMNAER R . DRFIR ST RJCTR B R I P 2E,
HARIT RORAAHAE e RIRE . RFIRITTIE 2 2259
BITE 5A RERMEI. mehaThaek 22218 H
AR I RS IR T 25 mT RE 51 K 2 Rl 254
AR REBETTE IR TR Xas T
FI FUEALR L TR FAN 20 55 2 Pk 22 (R4 5K
W, e rp 8 7 25 ) A0 A Al LG 2 FIAKIE i 78 CAE S 2
3G NAIE BN PR S, S AR T TRIS R 2 A B
FE. MR ThRENE SR T, (HANEBR BF, K&
WA R E 250 TR A SR sz B
P A B 0 A 51 AT AR A8 ) R, A4 wE DAAE R i
Jidi DX I BT KRB, A2 RS R AL RE U6 7 2
VB PEAS S ST, A28 ORAP 25 B Ak e 52 7
B R, LG 24)98% A I HE LA % BBB, oz
BB A LURAEIRITAEH, 2P R iR 7 RIEE
A &

R, ISHITBLA ¥R 7 5 S AE I ) . B 17 2
FEHN 22 A VETT AT AE )RR, 18 V) 75 2 RE R
BBB. EKIGYT B IS AL B[R] T €135 5K
o TP RAEW . ZeEfBIskILyE A iR T4
Yol R AE S B, k1 BT 25 W) 20 24 S (i
VR R E MRS RE ) O8N BERTAT kAR, A
BEH SN, GUREARNIRALISIR T #2401 % A Al 57
I oI5 5 o

3 PRMREISIATTRIN A

EIEH AR, BBBRHIE Tk, B A5 A
W8 55 Ko T gk N N, IX AR COR PRl T IS 12
WrAE TR GKA R R & B AARRL . RS R
M TH] 7 1 2% S S5 AL 34, FEISHZ Wi A VR T Hh Je
WM T ERIE 1. @K RHE AR N RSF = AR 1)
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B A FH AN 5 20 B 2 3 A FH 0 Pk = 4 1L 77 PN 2 4 At
W, HENH XS R R IE IR B 9K R 2
IR K&, SN K IBARAEISIR T v CEUE By BE I 3F
fE. HAT, BOA RS AR B SS A JE PRGN
KA. BEWPKTRL. ALK Bk & 40 i fiT
A EE AR R A
3.1 BERIRRE K

NE AR GOKR BRI BERAE T HREESE A
WA P (2 RS R FE AR AL, LA R A R AR AR A
HOTE5 MR AEMTIER. IR, TEHAAZ0KE
PRBES B3 2 M, CLFE S K RIS RE PR 259, 43
S 2 T T AR [ g U2 N BOR PR R O, R —
P IhREIIL T & .
301 PR R EMAMA BEFARYR R
B BENR AL AR, BENG 2 W oEME T, B SR K Sk
FIT 46 AR AR ME B K BE (B S), 3R S5 1 4k 75 i i /E
APV BT B A . AR BT K
B, SRR S S A i) T 5 7K 7 Bl T R KR U 2
WK, AH TSR ER . X 47 J2 T R AT 5]
FA RN BERE 7 T HEF A P RS R . N T K2
WOAE R PN (4 F B TR, AT DA E 3ok s /0N I TR A R A B

Environmentally sensitive
modifications technology

e.g. pH-sensitive liposomal
modifications, temperature
sensitive liposomal
modifications, enzyme-sensitive
liposomal modifications

Hydrophobic molecules
e.g. doxorubicin, cisplatin

RAEHRIEMIE £ —F% (polyethylene glycol, PEG)
RSP, 3 A, 5 AT A 200 5 T A S T
B AR 22 18] 5 7 AL BV E T, AT s ok A 3 i
TAER], A5 E H NN, PEfikiE, 2 80H
TR 170 55 245 1A I BT A A oK B AR A — A I FE 4
50~150 nm, LASHEBIAE MLBAE A A B0 RS R 1 A0 2 i
i e B E 0, HerboRiAR A 100 nm 8 49 K R0k 5
AR T 38 A AL P R 4 e N i S S
I T DO LA SRR YE LK R KPS
PSR SRR AE IO, B R S AR e 12 2 s It
PRIRAL T WTHRAE S0, fE UL EERS b, AT AR
T P S R pH i 7 1P I o s 73 A s R T i I P i
o IR B A R &R, A AR BRI Y R ROS BRI 1K 5%
PR TT fih A H5 e B HE BT, AT s 24 R T
HE 58 Jry P AR 2 R AP AR B

312 FERRMRBMRAFLEE N T RRAES
NG T AE R S A AT SR I EERIEH, RS
FLAE BRI X PR AT RO 5 3, W T0 3 20K 2 A i
RPN BB T R ik RS, —J7iH
] G 24 AP AL S PR R, R 55 50 i R (X 4
(BRI, 55— 7 T A R AR A 5, A

Ligand conjugation technology
e.g. PirB-Lip, T7&SHp-P-LPs/
Z1.006

Surface
engineering

Stealth liposome technology
e.g. PEG2000, PEG4000

Lipophilic molecules
e.g. Ibuprofen, vitamin A

Hydrophilic molecules
e.g. ribavirin, hemoglobin

Drug loading

El5 BeBAARE SRR E (R1ES % STk 2911220

Fig.5 Schematic illustration of a liposomal nanocarrier (modified from reference [29])
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B, EA2 21100 nm ) B 5K TEVRIX 351 & 4 i
R, ATV 3 AT T X T AN 0 5 5 A K
SRR, AT A A5 ) H e L T 2 AR sk % ik 2
M5 45, o is sh IhRERRAS . A T R IRH I &R
A(CsA)A: B B 1 14 [ B R 35 FL P00 T Fn bt 2 A H,
7 — DU S Cs AL 36 T Jlg Ak o, il &A= 20
1 E AJE AR (Lipo-CsA). TAKAY UKIZ5COHF 58 %
B, 3 B FKS06MPEGHE 1 i 53 1A vT 38 1o PR A 45 24
7 SR A R T AR . I AR KRR e
Bk B AL ZE AR o T R M 55 min 5§k T
Lipo-CsA, 183 Jig 53 44 2503 2459 o A FURE SRR 1, S
LT PRI 03 Dl N FEAR AR | ek i K
A T Ae, R E Id FERMPOTE 14 A TNF-a/K
SEHM I 9ERE S B2, AH BT 7 S B CsA R
MR IT B PN, IXUSRF TR IR R, R A a2

F g o OO A P 2 R AR A L BRI R T
B STT/RAH G 1 98 RE V=) 44t B 0 0 R0 4R 453 4
S OCH BRI YT, AEISEh Y b R I R B 24
ViR APP 2 LRI ) (RARBIE T 4875 W3R 1)
3.2 REMIKEHR
REMAKBRLZE — K HERECRAR S
PRI AR R 25 M e MALEAR TR BB, XK E
G Z NANES T, KR S AR L
T RAEE AR B AR S5 1), B T S R i
o TR 7R SR i AR A A S AT R
B BAIE AT AW B e DT R SR e, A SR LR
(polylactide, PLA). ZEFLIE 24k ZIRILEEY) (D,L-
lactide-co-glycolide, PLGA). % . Wi (polycapro-
lactone, PCL), AL AT PEGH M ik BOL R Y
S IR G IR B SR AE AR P I KA T R D LR
BRI, & = RRIEH I — 0. B
G REEAN, T TR R IR & RN
FLRNE. BERRY, B EEZ T
IR, & &R AEMA IS TR, T
SRR . BN BUORL e RS, AR PERE

®1 BERESREYNAMBERM MR RIGTT PR SRR LR

Table 1 A summary of representative studies on liposomal and polymeric nanomaterials for ischemic stroke therapy

YRR Y I it S Ak [EUSEE N 225 R
Nanomaterial Model Experimental design & Results Reference
treatment
Fasudil liposomes Rat t-MCAO Intravenous injection of Liposomes with a diameter of ~100 nm showed more pro- [59]
cerebral isch- fasudil-loaded liposomes ~ nounced accumulation in the ischemia/reperfusion region;
emia/reperfu- with different particle widely distributed within the ischemic area rather than being
sion injury sizes extensively taken up by microglia; effectively inhibited neu-

Cyclosporine A lipo-  Rat MCAO ce- Intravenous injection of
somes (Lipo-CsA) rebral ischemia/  low-dose Lipo-CsA (2.5

reperfusion mg/kg) at 5 min after
injury ischemia induction
PEG-PLGA nanopar- Rat MCAO Synthesis of an actively

ticles loaded with bu-  ischemia/reper-  targeted prodrug (DB-10)

tylphthalide (NBP) fusion injury followed by intravenous
administration

RGD peptide-target-  Rat ischemic Encapsulation of an HIF-

ed DMAPA-Amyp/ stroke model lo-AA plasmid into RGD

HIF-1a-AA nanocar- peptide-targeted DMA-

rier PA-Amyp nanocarriers

followed by intravenous

injection

trophil infiltration and brain cell injury, and improved motor
dysfunction

Compared with the control group and the high-dose free [61]
CsA group, Lipo-CsA significantly reduced infarct volume,
alleviated brain edema, and improved neurological function;
markedly decreased MPO activity and TNF-a levels, thereby
suppressing inflammatory responses

DB-10 was rapidly converted into the active drug in the [69]
brain; showed cytotoxicity comparable to NBP without caus-

ing obvious adverse damage; significantly increased drug
accumulation in the brain and improved therapeutic efficacy

in ischemic stroke

RGD-modified nanoparticles exhibited good biocompatibility  [70]
and high cellular uptake; showed greater in vivo accumula-

tion in vascular endothelial cells of the peri-infarct region;
significantly promoted angiogenesis and neurological func-

tional recovery
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FEE )R8 77 = KA O AR HE: (1) KA/, mIR] 28 b
BBB, MR AV A B AR A 1~100 nm; (2) B
UF A AT R ARVE S AR ZRE , BE DA B R
FIERIF R AT E 259, A SEE TR (3) 3K
1 % T PEGH B M Bl AR IR T A o

32,1 RedmsmRBEMAA  REWYCKER
BEEH 22 A BB AN SCRE L IR B A B A M M 245 21
R (E6), T RAEM B, RE 5 R
AWK BEWEM. GKER LW ERE S
M. Hoh, BEVRAGEE SRR B IL R Y
(WABZYELABA R fE K MER B o L 2T A, B
AR /INZI5~100 nm). SERFRE i 2% T S g7k
2GR I R R . R AV B [FRE
R BB (WAB. ABAELABCHY) [H 4H 241
B, AR TE A E A 28 s X 5y T 2 4 4, AT [R] B 6 3%
SRAKME S BKPE L) . FL A S 7Y 3 A0 455 25 R RS 1
1 B SCA IR BCIR A, DL R HHAS B R A ) N 4%
PRI K B o SRS AT I Ak 2= e . 2
RS Bl 71 LA SOt 2 R 25 Wi R Bie 70, R
B WK BHE 23308 8RR 5 H
[Fa) 38632 U7 T R I HY B 2 A AT X T E I B A
R ¥a 5 R IL R YIR 2, FLK A B J&) 3 T o 3ot 1A
PG, oy T A4 AR AR UR R B
FEI YRS 4871, AT DE B 2t A B0 S B AN TR 9G
I I [) B o) 2254 5 i BN (1) 75 3R 1940 22 T iR B,
PLGAELPLGAS: & 5 2 W& i i) 49 K JUkL £ £

—@-— Lipid-PEG

()  Functional group
(Targeting agent)

Active drug

50~200 nmebL A% ] A BE 25 5 8 52 R A S B B
I F i as o e B R, R T IS - 25 P el
P 254 356 305105000 A xof e o P 2H 2 1 300 55 R P R v
T T AU B B )RR R, SR M A K R 5
A pHELROSHUZAE, T LATE G 1 = W5 7 S i[5
FE AN R R 24, NI BE A O I R s MR IR R
i SN I DR AP R 42 T8

322 REMMMABrART AL  REVMHKM
LA RTRS A0 VR 42 1) S5 MR R T TR R 71, PN
ISH A [RDJ B A 5 (6 g ME M. B ARG e
. I8 EEA RS MEM . R R
B VARG T ISHI I IR BT i, 2 Fhdiik &
G ok ARy e FE R SRS ORI BT Ak Bl
TR RS B RN T X ar MR, BTN
B STNMDA 52 74 15 T ENR2BOCH 2 T A W40 K
Wik R, % ARG LAROSH N 5 7, R ILR—¥%
5 2R 3L R W [poly (ethylene glycol)-poly (lactic-co-
glycolic acid), PEG-PLGA) N JE Al # A, 21T 2040
Jfi(red blood cell, RBC)E L &M, [FIEHESHp/k
DLSIEIL X i I A 248 0 B ) s o sh s 6 45 1 I
IR, BAZR AWK BRLIE T Ja, K BRI AR A A AR
N, AT REVE o AT B A Tk TR
PR(NBP) 1 ik il 550 i P 5% 5 A PR I 249K FE Y 3l K
e, HANSE OV E il 1 AT E3h 8 m) 58 /) 1 AT 24
DB-10, Jf# 3 514 T PEG-PLGAYN K Ki b #F 7
KIL, K FHPEG-PLGAYHAKL B 25 T AR BK, 7 ki ki

M Polymer

Polymeric matrix
(PLGA, PLA, etc.)

Ele REMMATMNNEERERIESETHE 6211520

Fig.6 Schematic illustration of the polymer nanoparticles (modified from reference [62])
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X {1 115 25 98 5 pP 4 Thie K 52, DENG & VM HIF-
la-AAJF KP4 T RGDAK1E i 1) DMAPA-Amyp %
EWank AT, R H DMAPA-Amyp 3 & Y& 44 %
1% HIF-10-AAJFURL A K BROR Fo 5 1f J&] 322 () S22 70 J I
Yif, BEMHE T MR S A ThEEE, W T
FFEARA . ZF IR 545 R WK 1. SAHINEE!
{# F§ Z-DEVD-FMK (Caspase-3 311|771 fi B TFTRMAb-
PEG-7e M, & 845 25 {3 K S I X B 5L il 4% 1
HEMERA, MBI ARFE T, BMEFEARR, i
WHITIRE . 25 b, SRA VYK BURLE A% HE ) 4544
Wit 52 4EThfe B, NS ISZ Y s Rusi% 5
Z ALK RGPt T BB RS

Metals and metal
oxide
" nanoparticles

uctors

QDs

El7 TR FRIE IR E

Fig.7 Schematic illustration of the inorganic nanoparticles
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(nanoparticles, NPs)FPRHEA 22 FotuRe il 14 )5 , 5 H:
TEAEW R 240, TR AE ISTRYT R B ) R B
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Sl TE 27 6 BBB U7 THI R B H JURRAL 35, AT AT B o
kAt G225 245 77 X R BR A
33.1 RAGARBALAH  TCHLGRRON 3 2
(1) &R LA GOREL, 4. R, . A
R BRMREE  (2) 3, W& T A (3) EHLAE
SEMEL, k. BEEE T, X LREARTE 25
B AHZERS: mRmA. RSP 5B,
TR Al B WAE G RE ST UL AT TR 5L
TEZE (B 7). o, “ReT 530 T 43 LN
KARURL BE 6 30 W 7 RS  TRAN R i 4 44, Sl
XA REIICE 2R K AR A ELAE F RS f R
25 5 10 P AE B RE T R AR VR TT i A2 i —

Inorganic non-
metallic
materials

SeNPs

Semicond
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JiE T 288 9 245 AN K SR P 2 B T A R R K 7 T
{15 i P55 22 BB B % 1 ) /1, 2% B0 HA AR 57 1) 40
PR R A 2 B AT N ApHIR 5 KR, A 0% Rkl &
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KINBE. EFRTISITHE H RF LA AE I A A LA e 22
FRE, T — T 7OR B AL B 90 K Uk (ZnS NPs)# it
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BARAS B R B B A T AN B AT S A
FRIH S5, KRR Z AR A BEERIE M 7,
REME S A UL S 41 S BB B IR 1 15 518 %
o TR, 7 A 9K B ol Sl BB A
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(10 490 K 8 Ak DA B 56 - L Ath 40 B 465 4 PR 4 K AR
5 H A A B KA R B, 4742 9 K A B
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Table 2 Overview of representative studies on inorganic and bioinspired nanocarriers in ischemic stroke therapy

AN R e LR it S AL 4R EEPEN
Nanomaterial Model Experimental design & treatment Results Reference
Bimetallic phenolic Rat t-MCAO; Intravenous injection of multifunc- Exhibited good dispersibility; in vitro, effectively [76]
network nanopar- in vitro oxygen-  tional nanoparticles self-assembled crossed the blood-brain barrier (BBB), scavenged
ticles (Sr**/Mn*'@ glucose depri- from Mn?*, Sr**, and Rh (rutin ROS, prevented neuronal death, modulated mi-
Rh) vation/reperfu- hydrate) croglial polarization, and promoted angiogenesis;

sion (OGD/R) in vivo, markedly reversed brain tissue damage

model and neurological deficits and reduced cellular

inflammation and apoptosis

Zinc sulfide nanopar-  [n vitro cellular ~ ZnS NPs used as a sustained-release At the cellular level, reduced oxidative damage, [77]
ticles (ZnS NPs) OGD/R; ratce-  H-S bio-reactor; administered intra-  promoted microglial polarization toward the M2

rebral ischemia/  venously to evaluate neuroprotec- phenotype, and decreased inflammatory factors

reperfusion tion and neuronal apoptosis; in vivo, significantly re-

injury duced infarct size and promoted recovery of motor

function in rats
Ultrasmall super- Rat MCAO PEG-based labeling and enrichment ~ PEG labeling increased MRI contrast by 3.6-fold; [89]
paramagnetic iron ischemic stroke  of human mesenchymal stem cell- enabled successful tracing of the initial in vivo
oxide (USPIO)- derived extracellular vesicles with biodistribution of extracellular vesicles, facilitat-
labeled extracellular USPIO, followed by real-time and ing evaluation of delivery efficiency and therapeu-
vesicles longitudinal monitoring using MRI tic potential
Erythrocyte-derived  In vitro throm- Construction of an erythrocyte Under near-infrared fluorescence imaging, visual-  [86]
theranostic nano- bus model membrane-derived nanostructure ized thrombus location while simultaneously
structure loaded with indocyanine green dissolving thrombi effectively, enabling integrated
(ICG) and surface-conjugated with imaging and therapy (theranostics)
t-PA

Macrophage mem- In vitro in- Fabrication of macrophage mem- Showed high affinity to inflamed brain endothelial ~ [87]
brane-biomimetic flamed brain brane-coated biomimetic liposomes  cells and enhanced BBB penetration; actively
co-loaded liposomes  endothelial co-loading ginsenoside Rg3 and targeted ischemic brain regions and accumulated

cell model; rat

middle cerebral
artery occlusion
(MCAO) model

Panax notoginseng total saponins;
delivered via intranasal adminis-
tration; systematic evaluation of
targeting, pharmacokinetics, and
therapeutic efficacy

at lesions; after intranasal delivery, significantly
increased drug levels in the brain, improved
neurological scores, reduced infarct volume, and
alleviated brain edema, neuroinflammation, and

cellular apoptosis

Biomimetic membrane : .'
[ )
[

M Drugs, siRNA, peptides, etc.

B8 {HEMREAFRERKE

Fig.8 Schematic illustration of the bioinspired nanocarrier
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HEZIEL130~150 nmyt [ P, BEA R 78 Mk Fa
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WAE R AWM KAZ O AMZE, 7T RIS B AR R 42
£)80~200 nm. [A] i H 25 RIRE & 1R Dhse &
B A AZ R 24 B8 7 0 A2 oK AR el e ot 12 i
Apep L 44T R B A% S0 S Sk YR 1) 4 A AR K
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Table 3 Comparison of different nanocarriers for ischemic stroke therapy
PR AR LA ) s S FEARH TR E 5

Nanocarrier type

Main targeting or responsive strategy

Key advantages

Key limitations & applicable scenarios

Liposomal nano-

carriers

Polymeric nanopar-

ticles

Inorganic nanocar-

riers

Biomimetic
nanocarriers (cell
membranes & ex-

tracellular vesicles)

Regulate particle size and surface proper-
ties to enable passive accumulation in
ischemic or reperfusion regions; used to
mitigate reperfusion-associated inflam-
mation, cellular injury, and neurological
deficits

Improve circulation via biodegradable
polymer backbones and PEGylation;
combine receptor-mediated targeting or
peptide ligands to deliver therapeutics
against excitotoxicity, energy metabolism

impairment, and vascular remodeling

Leverage physicochemical properties of
metals/metal oxides or semiconductors

to scavenge ROS, modulate microglial
polarization, and promote angiogenesis;
can serve as MRI/fluorescence probes for
theranostics

Use cell-membrane coating or extracellular
vesicles to retain membrane proteins/glycans
from platelets, erythrocytes, macrophages,
monocytes, and mesenchymal stem

cells; exploit natural homing to thrombi,
inflamed endothelium, and injured brain
tissue plus some BBB-crossing ability for
targeted thrombolysis, anti-inflammation,

and neuroprotection

Generally good biocompatibility
and membrane-like structure; can
co-load hydrophilic and hydropho-
bic drugs; may reduce the effective
dose and systemic adverse effects
of agents such as cyclosporine A
and fasudil

Highly designable structure and
functions; enables multi-drug
loading and controlled release;
facilitates multi-mechanism com-
bination therapy toward specific
targets (e.g., NMDA receptors,
HIF pathways)

Strong antioxidant and imaging
capabilities; can achieve multiple
functions at relatively low doses;
supports monitoring of biodistri-
bution and treatment response

High biomimicry and relatively
low immunogenicity; strong
thrombus/inflammation target-
ing without extensive synthetic
ligands; markedly increases local
drug concentration at ischemic
lesions; some systems also offer
imaging functionality

Limited active BBB penetration; brain
targeting largely depends on altered
permeability; suitable as adjunct neu-
roprotective formulations in the acute/
subacute phase on top of thrombolysis or
thrombectomy; relatively mature clinical
manufacturing foundation

More complex synthesis and modifica-
tion; scale-up and batch-to-batch con-
sistency can be challenging; suitable for
validating integrated intervention strate-
gies in preclinical and early translational
stages; moderate clinical translation
potential

Many materials have limited biodegrad-
ability; long-term retention and potential
toxicity require careful assessment; cur-
rently mainly used in animal studies and
early translational research; clinical use
constrained by safety considerations
Complex preparation; substantial source
and batch variability; high cost; difficult
standardization and scalable manufac-
turing; best suited for individualized/
precision approaches explored in well-
equipped research centers and selected
populations; predominantly preclinical in

the near term

Z BTN RAE R Y HE DL SE S BAR, ¥ BT & AR
0 <5 Jog 85 R TS DRIz A7 s G s PR e 1 P G B B o
D7 2B AR AR D) 368 T 52 ) 4 A 2 b 9 ) R
T AL AV SERF L, AEAEIAR A TR, S e ki AN s
BBBRCH 5 T H 4408, & M T MR e P A I A
TRAP S SOIE P B AL [ RIS I~ 1515 E 7] B AR 553755
(HH R AR EVIRIRERL, IF % T2k, &%
LR ZE 5K, H SE 215 B A I PR AT AR B BL

4 lImREHRRSRE
4.1 RSB

JRUE KA AR TE L A4 A P 29T e R L
FLIEF il 5%, (L DA S 56 =2 S0 PR 2 i 073 T s 2 2 1 £
FeALRRG . BRAEMZ A WUBLIL A P e e
S AL, A ISR SR AL % 1 S
FOURELARE, [ Bt A i 5 o A S 72 R0 L ]

T AN S o T 0 B 2R A, XA N T A
ANHRE PP,

Xt TR AR AN R Vg RE, 3 Bk T
TR ] SER = R R AL . 9
KUTTE S5 TTIRALTIORAE 72, 8 5 i BURLAR 73 A6
AL da FORN R T B U RE B2 R 4t 18] 22 S5, 30 T 5 i ) 751
Fa R PEANAR Py 2 A DA, 75 B L T A e
2 A G 2RF R IESAL K % T 2R i R R
PEFEHIbRHE. TR BAR W IR KL AL a0
KBURE, B SR AE I 80 B A AR SAos BT T R
DL, EA )2 ARNIE 1 75 1 2 BELAS e PR 3 AL R A%
Lo ) FP, Rl 2 Bt AR T S M S, Sz
ARG IED A R . OB 9K
7T, LAZR AR A 4 K R AT 41 L A1 FE I AR,
HABIANE S BRI A B AR ORI 22 57
CLBAG BB HEEESR,, 49068 1 A L FH A B PR A1, [ IS



ABIRILEE GUOKAPRHE SRR A h e T b S

839

YRR FE AR R A 35 P PO TR T SR 3 Y b R )
P A 1) 26 B B R 3, 40T A

MR B, LA K2 B K 25 it /¢
BT {3 A 1 0k U7 2 h W 1 K i 0 Jhk B 2 AR AR,
55 FUSZIG R N BEAE SR I8 S5 4 & 0 I A A RIB 07
AP A AR S T T A B 22 R, B
Y s 5 v g AR ZEAR B A S B 2 ThRE YR 0y, 5
I PR S 3 p B S K e T . R R
M54 55 25 R P AR IR AN 58 A5 B, X BN T s 56
&5 S 1A I RTT R S M AR 52 12

DRI, A% ok 90 K 26 90 1) s R A A T 72, — 5 THI
T B AN [F) K B A S T T Jo 5 AT o e 1) e 4
PR AN T2, B — 5 T B R SR
BERRAG IO PRI S5 A FERE TS S N 8 I IR PR I
e i i 2 R SRR, KRR S R AR S ThRESE R
MGE A NIT RO & 5, HFERI ER D HES
Tk A B B A S5 s v Y 9 ) BB B BT B N
FH, CABR i 40 oK i ) S 78 3 S I PR IR B8 Hp 1) ml 47
PR
42 RE

BE T A L3R BT R BRI 45 2895 KR 9T S, 1SHY
YRR = 2 A0E 78 IR AL T DI RE IR 22 10 I R A 5 1)
KB B . AR R AL PR B — AR s A
(M, B NARH T Rt SHERALIBIH . B %,
BB K R G0 R BN T N 5 4 A IS B A
T FE ML 0 R, f 0 BT 2 e 2 R I X395 1) )
SIS, LI — AR — BB E %
BRVATT o FLUR, T 0 EE A I PR A A B A i
&, JFRIETFDA CHLAEM B H b 9y KT &
I ARHELGMP T 2R AR AR P2 B A BT ARAEAL R
BNYIREAY, R G0 VAl 9 K R 1) G 928 JiR 1 5 K 3 o
ZREVE, NIRARHT 7SR gL R Se I RE S k. o, ¢
BERHE, 25% ., a5 N TR RS RO,
I HE SIS HE AL 999K 2 2 1 R FE, DA T A 8 T 7 2
B AR RIT IR R

SE T #K (References)

[1] HATHIDARA M Y, SAINI V, MALIK A M. Stroke in the
young: a global update [J]. Curr Neurol Neurosci Rep, 2019,
19(11): 91.

[2]  ESENWA C, GUTIERREZ J. Secondary stroke prevention: chal-
lenges and solutions [J]. Vasc Health Risk Manag, 2015, 11: 437-
50.

[3]

(4]

(3]

(6]

(7]

(8]

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

GUZIK A, BUSHNELL C. Stroke epidemiology and risk factor
management [J]. Continuum, 2017, 23(1, Cerebrovascular Dis-
ease): 15-39.

GBD 2019 STROKE COLLABORATORS. Global, regional,
and national burden of stroke and its risk factors, 1990-2019: a
systematic analysis for the Global Burden of Disease Study 2019
[J]. Lancet Neurol, 2021, 20(10): 795-820.

WU S, WU B, LIU M, et al. Stroke in China: advances and chal-
lenges in epidemiology, prevention, and management [J]. Lancet
Neurol, 2019, 18(4): 394-405.

MARTIN-SCHILD S, ALBRIGHT K C, HALLEVI H, et al.
Does study enrollment delay treatment with intravenous throm-
bolytics for acute ischemic stroke [J]? Stroke, 2009, 40(2): 663.
GREENE C, CAMPBELL M. Tight junction modulation of the
blood brain barrier: CNS delivery of small molecules [J]. Tissue
barriers, 2016, 4(1): e1138017.

STINEAR C M, LANG C E, ZEILER S, et al. Advances and
challenges in stroke rehabilitation [J]. Lancet Neurol, 2020,
19(4): 348-60.

ZHANG W, WANG W, YU D X, et al. Application of nanodi-
agnostics and nanotherapy to CNS diseases [J]. Nanomedicine,
2018, 13(18): 2341-71.

YANG C, HAWKINS K E, DOR 8, et al. Neuroinflammatory
mechanisms of blood-brain barrier damage in ischemic stroke [J].
Am J Physiol Cell Physiol, 2019, 316(2): C135-C53.

DONG X, GAO J, SUYY, et al. Nanomedicine for ischemic stroke
[J]. Int J Mol Sci, 2020, 21(20): 7600.

LI'Y X, WANG H B, JIN J B, et al. Advances in the research of
nano delivery systems in ischemic stroke [J]. Front Bioeng Bio-
technol, 2022, 10: 984424.

LI C, SUN T, JIANG C. Recent advances in nanomedicines for
the treatment of ischemic stroke [J]. Acta Pharm Sin B, 2021,
11(7): 1767-88.

JIANG C, ZHOU Y, CHEN R, et al. Nanomaterial-based drug
delivery systems for ischemic stroke [J]. Pharmaceutics, 2023,
15(12): 2669.

LIU Z, XIA Q, MA D, et al. Biomimetic nanoparticles in isch-
emic stroke therapy [J]. Discov Nano, 2023, 18(1): 40.

ZHANG J, CHEN Z, CHEN Q. Advanced nano-drug delivery
systems in the treatment of ischemic stroke [J]. Molecules, 2024,
29(8): 1848.

MEI T, KIM A, VONG L B, et al. Encapsulation of tissue plas-
minogen activator in pH-sensitive self-assembled antioxidant
nanoparticles for ischemic stroke treatment-synergistic effect
of thrombolysis and antioxidant [J]. Biomaterials, 2019, 215:
119209.

ARUL M R, ALAHMADI I, TURRO D G, et al. Fluorescent
liposomal nanocarriers for targeted drug delivery in ischemic
stroke therapy [J]. Biomater Sci, 2023, 11(24): 7856-66.

SO P W, EKONOMOU A, GALLEY K, et al. Intraperitoneal
delivery of acetate-encapsulated liposomal nanoparticles for neu-
roprotection of the penumbra in a rat model of ischemic stroke [J].
Int J Nanomedicine, 2019, 14: 1979-91.

ZHAO 'Y, JIANG Y, LU W, et al. Dual targeted nanocarrier for
brain ischemic stroke treatment [J]. J Control Release, 2016, 233:
64-71.

JOSE S, SOWMYA S, CINU T A, et al. Surface modified PLGA



840

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

nanoparticles for brain targeting of Bacoside-A [J]. Eur J Pharm
Sci, 2014, 63: 29-35.

HE L, HUANG G, LIU H, et al. Highly bioactive zeolitic imid-
azolate framework-8-capped nanotherapeutics for efficient rever-
sal of reperfusion-induced injury in ischemic stroke [J]. Sci Adyv,
2020, 6(12): eaay9751.

DONG X, GAO J, ZHANG CY, et al. Neutrophil membrane-
derived nanovesicles alleviate inflammation to protect mouse
brain injury from ischemic stroke [J]. ACS Nano, 2019, 13(2):
1272-83.

SHABANI L, ABBASI M, AZARNEW Z, et al. Neuro-nano-
technology: diagnostic and therapeutic nano-based strategies in
applied neuroscience [J]. Biomed Eng Online, 2023, 22(1): 1.
KARASZEWSKI B, WARDLAW J M, MARSHALL I, et al.
Early brain temperature elevation and anaerobic metabolism in
human acute ischaemic stroke [J]. Brain, 2009, 132(Pt 4): 955-
64.

LEW N A, MATZ P, CHAN P H. Free radical pathways in CNS
injury [J]. J Neurotrauma, 2000, 17(10): 871-90.
GRSOY-OZDEMIR Y, BOLAY H, SARIBAS O, et al. Role of
endothelial nitric oxide generation and peroxynitrite formation in
reperfusion injury after focal cerebral ischemia [J]. Stroke, 2000,
31(8): 1974-81.

ROTHMAN S M, OLNEY J W. Glutamate and the pathophysiol-
ogy of hypoxic: ischemic brain damage [J]. Ann Neurol, 1986,
19(2): 105-11.

ZHANG Q, HUANG S, LIU X, et al. Innovations in breaking
barriers: liposomes as near-perfect drug carriers in ischemic
stroke therapy [J]. Int J Nanomedicine, 2024, 19: 3715-35.
GASC N S, SOBRADO M, RODA J M, et al. Excitotoxicity
and focal cerebral ischemia induce truncation of the NR2A and
NR2B subunits of the NMDA receptor and cleavage of the scaf-
folding protein PSD-95 [J]. Mol Psychiatry, 2008, 13(1): 99-114.
BESANCON E, GUO S, LOK J, et al. Beyond NMDA and
AMPA glutamate receptors: emerging mechanisms for ionic im-
balance and cell death in stroke [J]. Trends Pharmacol Sci, 2008,
29(5): 268-75.

SIES H, JONES D P. Reactive oxygen species (ROS) as pleio-
tropic physiological signalling agents [J]. Nat Rev Mol Cell Biol,
2020, 21(7): 363-83.

WANG A, ZHANG X, LI S, et al. Oxidative lipoprotein markers
predict poor functional outcome in patients with minor stroke or
transient ischaemic attack [J]. Eur J Neurol, 2019, 26(8): 1082-
90.

LIU P K, ROBERTSON C S, VALADKA A. The association
between neuronal nitric oxide synthase and neuronal sensitivity
in the brain after brain injury [J]. Ann N'Y Acad Sci, 2002, 962:
226-41.

BAYIR H, KAGAN V E, CLARK R S, et al. Neuronal NOS-
mediated nitration and inactivation of manganese superoxide
dismutase in brain after experimental and human brain injury [J].
J Neurochem, 2007, 101(1): 168-81.

JIAO H, WANG Z, LIU Y, et al. Specific role of tight junction
proteins claudin-5, occludin, and ZO-1 of the blood-brain bar-
rier in a focal cerebral ischemic insult [J]. J Mol Neurosci, 2011,
44(2): 130-9.

DHAPOLA R, MEDHI B, HARIKRISHNAREDDY D. Insight

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

into the pathophysiological advances and molecular mechanisms
underlying cerebral stroke: current status [J]. Mol Biol Rep,
2024, 51(1): 649.

RANSOHOFF R M, PERRY V H. Microglial physiology: unique
stimuli, specialized responses [J]. Annu Rev Immunol, 2009, 27:
119-45.

YENARI M A, KAUPPINEN T M, SWANSON R A. Microglial
activation in stroke: therapeutic targets [J]. Neurotherapeutics,
2010, 7(4): 378-91.

DUAN J, GAO S, TU S, et al. Pathophysiology and therapeutic
potential of NADPH oxidases in ischemic stroke-induced oxida-
tive stress [J]. Oxid Med Cell Longev, 2021, 2021: 6631805.
CHEN S, SHAO L, MA L. Cerebral edema formation after
stroke: emphasis on blood-brain barrier and the lymphatic
drainage system of the brain [J]. Front Cell Neurosci, 2021, 15:
716825.

OLLER-SALVIA B, S NCHEZ-NAVARRO M, GIRALT E, et al.
Blood-brain barrier shuttle peptides: an emerging paradigm for
brain delivery [J]. Chem Soc Rev, 2016, 45(17): 4690-707.
ZHANG D, WEI Y, CHEN K, et al. Biocompatible reactive
oxygen species (ROS)-responsive nanoparticles as superior drug
delivery vehicles [J]. Adv Healthc Mater, 2015, 4(1): 69-76.

HU C M, FANG R H, WANG K C, et al. Nanoparticle bio-
interfacing by platelet membrane cloaking [J]. Nature, 2015,
526(7571): 118-21.

BRIENS A, BARDOU I, LEBAS H, et al. Astrocytes regulate the
balance between plasminogen activation and plasmin clearance
via cell-surface actin [J]. Cell Discov, 2017, 3: 17001.

ADEOYE O, HORNUNG R, KHATRI P, et al. Recombinant
tissue-type plasminogen activator use for ischemic stroke in the
United States: a doubling of treatment rates over the course of 5
years [J]. Stroke, 2011, 42(7): 1952-5.

SABAT M, BRUGALETTA S. Thrombectomy and stroke: guilty
or innocent bystander [J]? J Am Coll Cardiol, 2018, 72(14):
1597-9.

CHA S J, KIM K. Effects of the edaravone, a drug approved for
the treatment of amyotrophic lateral sclerosis, on mitochondrial
function and neuroprotection [J]. Antioxidants, 2022, 11(2): 195.
CHAMORRO A, DIRNAGL U, URRA X, et al. Neuroprotection
in acute stroke: targeting excitotoxicity, oxidative and nitrosative
stress, and inflammation [J]. Lancet Neurol, 2016, 15(8): 869-
81.

AFZAL O, ALTAMIMI A S A, NADEEM M S, et al. Nanopar-
ticles in drug delivery: from history to therapeutic applications [J].
Nanomaterials, 2022, 12(24): 4494.

KIM K S, KHANG G, LEE D. Application of nanomedicine in
cardiovascular diseases and stroke [J]. Curr Pharm Des, 2011,
17(18): 1825-33.

MOHAPATRA P, GOPIKRISHNAN M, DOSS C G, et al. How
precise are nanomedicines in overcoming the blood-brain barrier?
A comprehensive review of the literature [J]. Int J Nanomedicine,
2024, 19: 2441-67.

O’COLLINS V E, MACLEOD M R, DONNAN G A, et al. 1,026
experimental treatments in acute stroke [J]. Ann Neurol, 2006,
59(3): 467-77.

CAI X D, DRUMMOND C J, ZHAI J L, et al. Lipid nanopar-
ticles: versatile drug delivery vehicles for traversing the blood



ABIRILEE GUOKAPRHE SRR A h e T b S

841

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

brain barrier to treat brain cancer [J]. Adv Funct Mater, 2024,
34(41): 2404234,

HOU Z, BRENNER J S. Developing targeted antioxidant nano-
medicines for ischemic penumbra: novel strategies in treating
brain ischemia-reperfusion injury [J]. Redox Biol, 2024, 73:
103185.

CHEN D, JIANG H, SUN L, et al. Neuron-targeted ROS-
responsive liposomes for puerarin delivery remodel ischemic
microenvironment via microglial modulation and neurovascular
regeneration [J]. J Nanobiotechnology, 2025, 23(1): 677.

KELLY P J, MORROW J D, NING M, et al. Oxidative stress
and matrix metalloproteinase-9 in acute ischemic stroke: the
biomarker evaluation for antioxidant therapies in stroke (BEAT-
Stroke) study [J]. Stroke, 2008, 39(1): 100-4.

LU Y, LI C, CHEN Q, et al. Microthrombus-targeting micelles
for neurovascular remodeling and enhanced microcirculatory
perfusion in acute ischemic stroke [J]. Adv Mater, 2019, 31(21):
¢1808361.

FUKUTA T, ASAI T, SATO A, et al. Neuroprotection against ce-
rebral ischemia/reperfusion injury by intravenous administration
of liposomal fasudil [J]. Int J Pharm, 2016, 506(1/2): 129-37.
ISHII T, ASAI T, OYAMA D, et al. Treatment of cerebral isch-
emia-reperfusion injury with PEGylated liposomes encapsulating
FK506 [J]. FASEB J, 2013, 27(4): 1362-70.

PARTOAZAR A, NASOOHI S, REZAYAT S M, et al. Nanoli-
posome containing cyclosporine A reduced neuroinflammation
responses and improved neurological activities in cerebral isch-
emia/reperfusion in rat [J]. Fundam Clin Pharmacol, 2017, 31(2):
185-93.

SHARMA A, SHAMBHWANI D, PANDEY 8, et al. Advances
in lung cancer treatment using nanomedicines [J]. ACS Omega,
2023, 8(1): 10-41.

BEACH M A, NAYANATHARA U, GAO Y, et al. Polymeric
nanoparticles for drug delivery [J]. Chem Rev, 2024, 124(9):
5505-616.

MOIN A, RIZVI S M D, HUSSAIN T, et al. Current status of
brain tumor in the kingdom of saudi arabia and application of
nanobiotechnology for its treatment: a comprehensive review [J].
Life, 2021, 11(5): 421.

MAKADIA H K, SIEGEL S J. Poly lactic-co-glycolic acid
(PLGA) as biodegradable controlled drug delivery carrier [J].
Polymers, 2011, 3(3): 1377-97.

CAI Q, WANG L, DENG G, et al. Systemic delivery to central
nervous system by engineered PLGA nanoparticles [J]. Am J
Transl Res, 2016, 8(2): 749-64.

WU F, ZHANG Z, MA S, et al. Microenvironment-responsive
nanosystems for ischemic stroke therapy [J]. Theranostics, 2024,
14(14): 5571-95.

LV W, XU J, WANG X, et al. Bioengineered boronic ester modi-
fied dextran polymer nanoparticles as reactive oxygen species
responsive nanocarrier for ischemic stroke treatment [J]. ACS
Nano, 2018, 12(6): 5417-26.

HAN Y, ZHOU S, XIANG H, et al. A brain-targeting dl-3-n-
butylphthalide prodrug to treat ischemic stroke [J]. Eur J] Med
Chem, 2025, 290: 117474.

DENG L, ZHANG F, WU Y, et al. RGD-modified nanocarrier-
mediated targeted delivery of HIF-1a-AA plasmid DNA to cere-

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

brovascular endothelial cells for ischemic stroke treatment [J].
ACS Biomater Sci Eng, 2019, 5(11): 6254-64.

SAHIN A, YOYEN-ERMIS D, CABAN-TOKTAS S, et al.
Evaluation of brain-targeted chitosan nanoparticles through
blood-brain barrier cerebral microvessel endothelial cells [J]. J
Microencapsul, 2017, 34(7): 659-66.

BAYDA S, HADLA M, PALAZZOLO S, et al. Inorganic
nanoparticles for cancer therapy: a transition from lab to clinic [J].
Curr Med Chem, 2018, 25(34): 4269-303.

BHARTI S, KAUR G, JAIN S, et al. Characteristics and mecha-
nism associated with drug conjugated inorganic nanoparticles [J].
J Drug Target, 2019, 27(8): 813-29.

ZENYCH A, FOURNIER L, CHAUVIERRE C. Nanomedicine
progress in thrombolytic therapy [J]. Biomaterials, 2020, 258:
120297.

CHEN Y, CONG H, SHEN Y, et al. Biomedical application of
manganese dioxide nanomaterials [J]. Nanotechnology, 2020,
31(20): 202001.

CHEN S, ZHANG L, YUE Y, et al. Bimetallic phenolic network
nanoparticles mitigate ischemic stroke by alleviating neuroin-
flammation and promoting vascular normalization [J]. Colloids
Surf B Biointerfaces, 2025, 256(Pt 2): 115065.

LI G, ZHANG R, CHEN K, et al. Zinc sulfide nanoparticles
serve as gas slow-release bioreactors for H,S therapy of ischemic
stroke [J]. Biomaterials, 2025, 315: 122912.

A2, BROTAH, BRSO ER I AL AL ) 2 2
FRGUATT G ARG A p B FEICY/ ST\ o B 2 T 2
AP 2, ta i1, 2024,

MENDANHA D, VIEIRA DE CASTRO J, FERREIRA H, et al.
Biomimetic and cell-based nanocarriers: new strategies for brain
tumor targeting [J]. J Control Release, 2021, 337: 482-93.

LI A, ZHAO J, FU J, et al. Recent advances of biomimetic nano-
systems in the diagnosis and treatment of tumor [J]. Asian J
Pharm Sci, 2021, 16(2): 161-74.

FANG R H, GAO W, ZHANG L. Targeting drugs to tumours us-
ing cell membrane-coated nanoparticles [J]. Nat Rev Clin Oncol,
2023,20(1): 33-48.

DU S, GUANY, XIE A, et al. Extracellular vesicles: a rising
star for therapeutics and drug delivery [J]. J Nanobiotechnology,
2023, 21(1): 231.

LIYJ, WUIY, LIU J, et al. From blood to brain: blood cell-
based biomimetic drug delivery systems [J]. Drug Deliv, 2021,
28(1): 1214-25.

LU W, LIU Y, LI S, et al. Nano drug delivery system based on
natural cells and derivatives for ischemic stroke treatment [J].
Chin Med J, 2025, 138(16): 1945-60.

XU J, WANG X, YIN H, et al. Sequentially site-specific delivery
of thrombolytics and neuroprotectant for enhanced treatment of
ischemic stroke [J]. ACS Nano, 2019, 13(8): 8577-88.
VANKAYALA R, CORBER S R, MAC J T, et al. Erythrocyte-
derived nanoparticles as a theranostic agent for near-infrared
fluorescence imaging and thrombolysis of blood clots [J]. Macro-
mol Biosci, 2018, 18(4): €1700379.

KIREF. B4 0 A L N2 R EHRg3M = L B iF )i
R S e IS B VR T R MR AR Hh [D]. 5 AR AR, 2024,
FHE . SR T RE AL B I B R AN K 2 VA T M kL P
BEEBU W F[D]. B KK, 2021,



842

[89]

[90]

[91]

[92]

HELSPER S, YUAN X, JESKE R, et al. Superparamagnetic iron
oxide nanoparticle-labeled extracellular vesicles for magnetic
resonance imaging of ischemic stroke [J]. ACS Appl Nano Mater,
2024, 7(20): 24160-71.

DORDEVIC S, GONZALEZ M M, CONEJOS-S NCHEZ I,
et al. Current hurdles to the translation of nanomedicines from
bench to the clinic [J]. Drug Deliv Transl Res, 2022, 12(3): 500-
25.

METSELAAR J M, LAMMERS T. Challenges in nanomedicine
clinical translation [J]. Drug Deliv Transl Res, 2020, 10(3): 721-5.

XU K, LIU Y, CHEN C. Future prospects in clinical translation
of inorganic nanoparticles [J]. Acta Pharm Sin B, 2024, 14(11):

[93]

[94]

[95]

5082-4.

SUSHNITHA M, EVANGELOPOULOS M, TASCIOTTI E, et
al. Cell membrane-based biomimetic nanoparticles and the im-
mune system: immunomodulatory interactions to therapeutic ap-
plications [J]. Front Bioeng Biotechnol, 2020, 8: 627.

LIU Y, LUO J, CHEN X, et al. Cell membrane coating technol-
ogy: a promising strategy for biomedical applications [J]. Nano-
micro Lett, 2019, 11(1): 100.

MATUR AV, CANDELARIO-JALIL E, PAUL S, et al. Translat-
ing animal models of ischemic stroke to the human condition [J].
Transl Stroke Res, 2023, 14(6): 842-53.



