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Fig. 1 Schematic diagram of the BBB structure
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Fig. 2 Schematic representation of molecular transport pathways across the BBB
E2 BmREESFEHRENTEE
RMT: ZANSHMAEVER (receptor-mediated transcytosis) ; AMT: WA S M7 1EH (adsorptive-mediated transcytosis); TMT: #%iz
A FEEHIAFER] (transporter-mediated transcytosis); TLP: SENRPERSANAIEE (transcellular lipophilic permeation) ,

Table 1 Major nanocarrier strategies for crossing the blood—brain barrier
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NPs: 4Kkl (nanoparticles); PEI: MM (polyethylenimine); TAT: TATHK (trans-activator of transcription peptide); Tf: #44k%E
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BBB#Uifk2; GLUTI: #4528 1 (glucose transporter 1); LAT1: LEIGZIELRI%ZHE 1 (L-type amino acid transporter 1)
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Fig.3 Schematic illustration of polymer—based nanocarriers for targeted therapeutic delivery in neurodegenerative

disorders
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Fig.4 Structural characteristics of dendrimers
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HAKRIRBBB ZF &V SRR HE, CDAT {5 5k
AR R, AT AR TE BR KA 25 W R 1n]
AD WY, S545 BeARAE 1 5l 2% Ah R fil 5 5 AL B )
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Fig. 5 Construction and in vivo therapeutic mechanism of RVG/TPP-modified biomimetic RSV nanoparticles coated with
red blood cell membrane
El5 RVG/TPP &ifI 4 AR f2 3k B 2 A B 4 KRR M 22 R A4 9 4 R AL

(a) RVG/TPPIi 2L 40 5540 % 24 1A 38 A Mgt K S5 M i 4% (RVG/TPP-RSV NPs@RBCm) Il & iR & & 97, (b) CCR2IEML
L/ INHR RS DR 4 Kok 2 5 4 ) 45 A HALARI /R BB T8, RSV FABE I (resveratrol) 5 NLC: AKRE5HJE kA (nanostructured lipid
carrier) ; RBCm: ZL4NfENIE (red blood cell membrane) ; PEG: R Z . (polyethylene glycol) ; RVG29: FF R #EHEE 298K (rabies
virus glycoprotein 29 peptide) ; TPP: = % & ¥ FH B F (triphenylphosphonium cation) ; CCR2: C-C%&JF#a 1k [ FZ K2 (c-c motif
chemokine receptor 2); CCL2: C-CH:FHAALIAFHIA2 (c-c motif chemokine ligand 2); HEK293T: AJEJG293 T8 (human embryonic
kidney 293t cell) ; RFP: ZL{t2¢ )6 1 (red fluorescent protein); Rapa: FHMAZEZE (rapamycin); TPPU: 1] ¥ M35 S Ak 4 7K fifk w0 i) 571
(1-trifluoromethoxyphenyl-3-( 1-propionylpiperidin-4-yl) urea) .
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Fig. 6 Schematic illustration of the synthesis of PCN-222@ICG nanoprobes conjugated with RVG peptide and their
therapeutic mechanism against A B—induced neurodegeneration ' 7*!
El6 {BEARVGZMPCN-222@ICGHXIRMA M REE R EITABF SHMET BT HLH 7
TCPP: DU (4-32 B ZEJE) UMWk (tetrakis (4-carboxyphenyl) porphyrin) ; Zr: 4% (zirconium); DMF: N,N- . HI 3£ HI EE Jiz (n,n-
dimethylformamide) ; PCN-222: %k 0p bk 3 4> J& 45 HLAE 42 222 (porphyrinic zirconium metal-organic framework 222) ; ICG: M| W ¥ 4¢
(indocyanine green); RVG29: FFRJGEEMEE F129/k (rabies virus glycoprotein 29 peptide); AB: PIEMEEE A (amyloid B-protein); AD: Fif
IRIFRAR (Alzheimer’s disease); *0,: “HAS (triplet oxygen); '0,: ML (singlet oxygen),

Table 2 Types and applications of nanocarrier systems for brain—targeted delivery

F2 WEBEMNKEERGHOLRB SN A

YKiRE RYKT SRR T SR I #BBB HIENRIT I B AL 5 2R 5%
MLt SCHk
JIEYUIEEN PEGHLIEKIEH ; & F14b RMT/ZilEE mRNA. /NoF25%). 18 mBBBEI%E M 5 ik H 212459 & 5 2% [36-38]
JiE T Al AL 1) Z K2 2, A UL ) di%
SLNs 2 P B 1) B AR/ A AE RMT RSV. DON BBB#% iz R4 i3~41, B5RAChEHN [39-41]
(TfR. ApoE) il 5z fRA
NLCs {f £ LDL 45 ¥y ; Lf. Tf RMT/IEEAN Cur. Rapa Wi H A B, SCEADRIAE) [44-45]
&1 FHE LN IR
TR RIS AT AMT/AEIY H BRI, AR IR EA R R, Hi ABUTAR [26-29]
B EREATILi Y (1f = il 71
REVPURELE ¥ B s RS . RMT/AMT OT. HERZW)  mMi &R, Mk e, scoliy  [s0]
BRI ADFTH
PMs BBB % i Ik + #f £ 76 41 ) AMT Rapa. Cur AR R, B eEaEieiz [57-60]
Jiks ROSHH B
PAMAM ZH AR E KRB ; AR RMT/AMT/EPR  $iEAblik. /N1 ZH¥EAENGST, SEMIOE. S [53-55]
W] 7 2 5ABUIH

R AKEBURL RBCm. BRI 4 RMT/RAEEM A, OT  KIEH. Gk, Hkibix 2 RREm [66-68]
5 ik LRI ARE
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Aot BBB%i%
RMT: ZRANFHMAEVER (receptor-mediated transcytosis) ; SLNs: [E{AJIE B 40 K4 (solid lipid nanoparticles) ; TfR: #58k%E 521k
(transferrin receptor) ; ApoE: ZJEZEIE (apolipoprotein E); NLCs: #A4KZ5H) IR 4A (nanostructured lipid carriers); LDL: &% g
# M (low-density lipoprotein) ; Lf: FLEKH H (lactoferrin) ; Tf: FEk#HE H (transferrin) ; AMT: WA S5 & /EH (adsorptive-
mediated transcytosis) ; AB: BIEMFEEE A (amyloid B-protein) ; PMs: R AWK (polymeric micelles) ; ROS: i PEA IS (reactive
oxygen species); PAMAM: REH-IAM AR K43 F  (polyamidoamine) ; EPR: oy il g o Al B %0 (enhanced permeability and retention
effect) ; RBCm: ZL4NHUAR (red blood cell membrane) ; MOFs: 4@ A HLHEZL (metal-organic frameworks) ; shRNA: 5 % J £ B A% iR
(short hairpin ribonucleic acid) ; mRNA: {Fffi#Z %2 (messenger ribonucleic acid); RSV: [1ZE) [ (resveratrol); DON: 488 iR
(1-deoxynojirimycin); AChE: ZFAHAKELEEF (acetylcholinesterase); Cur: £¥5% (curcumin); Rapa: FHMA%EZE (rapamycin); OT: /=

% (oxytocin); BBB: [filfsifEFE (blood-brain barrier) .,

24 ARWMKIEZERFEEADBIT NG SELE
BEELITEN

AN[E NDDSs 75 % i BBB %4 M ki P #2 [f7] 336 1%
T A 25 5, HAUIATE ZH0 TR BT Je
BTN, AR RS . B X AD B[R]
FRERTT, B RYOKRT- G R ARG . TGk
B (1 AuNPs, CeONPs #l MOFs) 3= %5 3 )
il AR BAE | TR ROS M G2 fift Ak W i & 354
R T PR PNPs I GG A R 471 224 e ) Rl AE i
LR /N T2 . A AR, SCELAR. Tau
SN HRE S T AR A i A Bl S A AR
GER L B R AR BECEE A AR e, e L oy
PERN G RERRIRBE T, A4S 9 E TR FIRS U366 7
1 HA 3 1 BBB 45 7 3 2 5 s D) il i 12 F
ABAMIES S BRBEDIRE , M BRI Sk s R 42R
FrtEsi .

M BBB 5l fig 712k F, RMT &M AR B {4 |
PNPs J% {5 A= 288 1A 22 B0 HH 5 v 00 i ) o 4 35
MR NEENE, SR, BBB I AR T4 %%
fi N 1%, 1 2R R BARTE Transwell 254K 45 Y
RIS B RHCR, (BRI AT g2 28 A
TN SRR R GG R AR R A 80 A
HZE s, SNSRI, Bk,
NDDSs i, N 25575 R 520404 . 20 B
o LT AR S PR Ak 77, B G 3 BBB
FiBhe).

2.5 ETFBBBUIREAZESEEMFEETER

H AT 25U NDDSs 7£ AD H 1 58 FE R ET
i3k AMT 8¢ RMT 1 142 5 25495 8 BBB [N 80%
SK1MT, BBB IIREREAiTA B JE4E S AD i e i 81 2 [
R, FESRIUNRZE NIRRT . N R ASTIR

M ABTEBRSZIR . L, BRI IEZ#ih “i
BBB#25” # 1 “BBBIjfigiH#E 5L Miife
it ABAME.

1E3%— R, NDDSs A FAVAE J 254484k,
2P BBB DhREVE Y 00, 3 ad kG e T 10
PNz AR A e as AL, R K P AB A SN HE B
T EARFAE M SR 2 2N B AR 59 LRP 1 %
Hikd: SERZIEN TR S 2R AR 7
AJA], Fif BBB 15 4 NDDSs /] F1] FH 45 56 1 )
2 AHEAER, B LRP1 (B 00 i A 1 i
1A B A 1] 22 PACSIN2 A5 I A R A 4 e i 3 I8
AT 6 AR IF 28 4% S 8 14 19 (] B 52 B AR 179 7= R0 i85
BBB #lME. IBECHHFEIT 7 & 1 “E0F2i9”
T TCAN T ER AR5, B AT S 2 AL P Y5 R A
TP M BBB A T AP 5 R i, Dk P AR i A
ABIKFIF NI T E ;. Chen 45 7 #4221 LRP1
O A2 (A-POs) W] 7E APP/PST /DR H T
2 h NI I AR T [ 24 45%, I [FIEIR THA1E AB
K-, o K 5 BBB 555 T e S B R S
ABERRE AT

SRS KRR EFERET ABUIBIIH . Tau
T, PR A BT A% A i P R A B R AR AN TR
BBB & BRI L AE T BELABBB A G M
DR, Sl E NIEETEBREE S, SCEL AR H
“P NHERRLT 1 AR EHESET BT A, X —
MUHRIASCAE B ] RUBE BB, i ELAE AR PG e
HRGM, ko T Rl & 25 A NG I R 1y 1)
TR SR T UG . SR, IR Ak
TR B, KR BBB DB 2 a1 |
o3 3 s T A AR AR S TR FE S I, DL RTER
] AD SR F2E B BE A FHPEA B = R G014 -
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N RE— 4B R AR AR ZR B AL S 0TS BBB
N MINBEEZ R R, IR Stid

25 NDDSs 5387 2% BBB 4% 5 & 75 5 BBB HIL 1| &2
RITVERH RS, FHOCERIE R 4s T2 3.

Table 3 Comparison between BBB-crossing strategies and BBB-regulating strategies of conventional nano-delivery systems

R3  (EGMKIE X RFEHBBBE M K SBBBIAE RIEAI LR

YRR RER RFiR/mm REE WA EBBBHLA PRI SGEADK BBBEZEVERMN S 5%
&4 RS GRIHEED SCik
JilzIoiE 80~150 PEGHL/HLfE /NyF. WA, AMT/RMT 450, BF AP, Tau %5 Fi 42 +PEG famtkz. [35-36]
&4 %R (TfR. Ji2 I TRAGIN: Bk HPaER
LRP1) JRERMT, {HAL
FATIR
PNPs 100~200 FIYHHLT /N siRNA - RMT+NE DNREZER #0E. AR Riitfi K—BBB FEf#™=4). [46-48]
e fige AR EEMERZ M OE BRI
P Y 5 5% L AH 1Y
InEETE
PAMAM 5~20 HEIEHEE  JE. siRNA  AMT/ZUML  /BRGEZIM WE R B/AVRER T F . &l [51-52]
Fif %, EmEmEss Bk
¥ 4" BBB
SLNs 50~200  BiKAZ+ B K 254 RS /AMT FHEETT ABUTR AR IR BT RS [39-40]
QK i G R TN 47
i
PIRUAEN 30~150 RAMEEH miRNA, EH  JEEG/ZE T Eon 2HA BRAGEH-m BB SR [69]
W JBE 5D BBBI#EZE M L #EALIAHE
G i
BBBI#ER  20~100  ThEACI & HizEmfE BBBANEANM ARG R AR X A BLHIE A, [75]
NDDSs (LRP1%) W (20~80 nm) +%  IFINMEAR
T#HZD Wk BEE AR
Jioke
LRPIE[E]  50~80 Zfirh&ss ThRERL PACSIN2/ BBBW ML ABSMIE &GSk AN Ty e IRH:MLS  [76]
KA AR Sl e fip e R oS 7 NI oL
(A,,-POS) fiukas 1t #% BBB 4t
MFE

RMT: ZRAN S MIAEVER (receptor-mediated transcytosis) ; AMT: W34 4 VEH (adsorptive-mediated transcytosis); TfR: %4k
HHAZk (transferrin receptor) ; LRP1: MU NG HZAMEHE A1 (low-density lipoprotein receptor-related protein 1); AB: BIEMFEER
[1 (amyloid B-protein) ; Tau: TauZE [1 (Tau protein) ; BBB: IiL/Xi5# [ (blood-brain barrier) ; PNPs: &4 401 K Wikl (polymeric
nanoparticles) ; siRNA: /NTHEAZHEZER (small interfering ribonucleic acid) ; PAMAM: B i - i i 21k K70 T (polyamidoamine) ;
SLNs: [EMARIG B4 KAL (solid lipid nanoparticles) ; miRNA: f/MZFEZER (micro ribonucleic acid) ; NDDSs: Z4 K251k 2 4: (nano-
drug delivery systems) ; PACSIN2: & [IECHFIF5 5 8 (14573 812 (protein kinase C and casein kinase substrate in neurons 2); A,-POS:

AR TR EHE (AB,-derived polymeric vesicles)

3 REH5RE
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RERZE M T o OKRZYIEIE R G KRN AD 2
JrERME TR RIRE . AR B MRk R
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REFREIE 1, MJCHLAR R R S HT A7
R . SR, HRRR L2t DRER IR
JEE 5l R ] S A Z [R5 A AU

AT AR B TR 5 BBB 2R ) R
MELAAEN A2 AR TR W 32 BR T 32 (AR 1 A fe g2 i
PR, WA T R W 5 5 | R AR R S A [RI,
IRe e R I AR 2 A 1 5 AL i 48 [ R AT
fefive, boh, ADRBEZINE 24, MBA MR L
PR, Bz REMEE T

PTG 7R 8 K A R A S BR AR T iR SR
o TP A R TR A5 B AR RGN OKT 15 1T B X
kb pH., B . &Mt H AL (glutathione, GSH) /ROS
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Abstract  Alzheimer’s disease (AD) is pathologically characterized by cerebral amyloid B-protein (AP)
aggregation, neurofibrillary tangles and progressive cognitive deterioration. There is an urgent clinical demand for
targeted therapeutic agents against AD, whereas the blood-brain barrier (BBB) acts as a critical physical barrier
that blocks over 98% small-molecule drugs and nearly all biomacromolecules from entering brain parenchyma.
Nanomedicine-based drug delivery systems (NDDSs) with tunable physicochemical properties can cross the BBB
via multiple transcytosis pathways including adsorptive-mediated, receptor-mediated and transporter-mediated
routes, opening a promising avenue for targeted AD treatment. A core academic viewpoint proposed herein is that
robust in vitro endothelial penetration of nanocarriers cannot guarantee effective accumulation in brain target
cells. Comprehensive evaluation of BBB-crossing delivery efficiency should not merely rely on in vitro
permeability tests, but cover the full multi-step transcytosis cascade, cellular tropism in brain tissues and in vivo
therapeutic outcomes. This review systematically sorts out diverse nanoplatforms applicable to BBB penetration
for AD intervention. Inorganic nanomaterials such as gold and ceria nanoparticles possess large specific surface
areas and intrinsic antioxidant capacity, which eliminate reactive oxygen species and hinder A fibrillization.
Liposomal formulations and solid lipid nanoparticles exhibit superior biocompatibility with biomimetic
phospholipid bilayer architectures, capable of co-loading hydrophilic nucleic acids for Tau regulation and
lipophilic AP inhibitors; relying on receptor-mediated transcytosis, they achieve sustained drug retention in the
brain. Polymeric nanocarriers including nanogels and polyamidoamine dendrimers enable multi-target
combinatorial therapy, and can be engineered to release cargo in response to inflammatory microenvironments,
thereby suppressing excessive microglial activation and protecting neuronal mitochondria. Beyond conventional
nanocarriers, this work elaborates two cutting-edge BBB-crossing delivery platforms: biomimetic nanosystems
and metal-organic frameworks (MOFs). Biomimetic nanoparticles camouflaged with erythrocyte, platelet or
macrophage membranes, as well as natural exosomes, evade immune clearance, prolong systemic circulation and
inherently home to inflammatory lesions. Serving as “nano-decoys”, they neutralize AP neurotoxins and remodel
cerebral inflammatory microenvironments simultaneously. MOFs feature high porosity and customizable pore
channels for co-delivery of multiple therapeutics, and can be integrated with near-infrared photothermal and
photooxidation modalities to facilitate focal brain lesion therapy. This review highlights a transformative
paradigm shift in the field of BBB-targeted AD therapy: research focus has shifted from simply maximizing
cerebral drug penetration toward active modulation and functional restoration of the BBB. Impaired BBB
transporters intrinsically impede endogenous AP clearance. Accordingly, BBB-regulating nanocarriers are
designed to remodel the low-density lipoprotein receptor-related protein 1 (LRP1) trafficking cascade, redirecting
endocytic vesicles from lysosomal degradation to non-degradable transcytosis and restoring the intrinsic AP efflux
capacity of the BBB. Distinct from conventional strategies that only exert local lesion inhibition, this systemic
clearance strategy eliminates cerebral A} deposits by accelerating peripheral excretion.
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