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Fig.1 Microbubble structure diagram
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Table 1 Types and properties of microbubbles
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Fig. 2 Diagram of UTMD opening the BBB mechanism
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Table 2 The application of ultrasound—targeted microbubbles in various neurodegenerative diseases
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LN A K
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P4 BAE R 0 A 2 T A 25 Uk D
TgCRNDS8/) i, IVIg FF=1.68 MHz, PRF=1Hz, PD=10ms,  Js/b/NGUlk pYABBEERIMI S, 384N &40 [60]
SD=120's PR, BRACHE S AR N TNF-a7K -1
SXFAD/MR I FF=715kHz, PRF=1Hz, PD=20ms, /N ER I N AR tau 2 B TUAR 2 2 8D, i [61]
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St Ll ICHk
C57/ER, Q@CE- FF=1.0MHz, SD=120s, DC=20%, I=1.5 ©3EPD/) R (115 3h Tt R A2 jmic iz g, [74]
JEBEFHMTPTIRS BG W/em? P TTE S, TGE-p1#iE B, % Kk
JNPDIERL/NED ez
PDEH i FF=220 kHz W IKFUSIRIT R 1I3~4JH, MoCAMIR. #L3E [75]
1EAZ BB HAT RIS = [ Ty e A T el
WZE  G93A-SODI/M Wik FF=1.1MHz, PRF=1Hz, PD=9.09 ms,  SEH/PNRMMHENATIGE, WEME RAEH W [76]
4 TR SD=60's, PRPA=0.52 MPa AT & ISOD1H H
K G93A-SODI/MR, Arc FF=1.1 MHz, PRF=1Hz, PD=10ms, BN RIS E) T RERES, S HE LY g [77]
(& SD=60's, PRPA=0.6 MPa, ISP=0.49 MPa  J¥, Jl/b & c#4s
G93A-SOD1/) SOD1 FF=250 kHz, PRF=1Hz, PD=10ms, B A% /1N BR KA SOD LIV 2 1 B 3Rk, 3 niz [78]
ASOs SD=30's M ITIEE, WIS E A T AR
ALS iBEC PiTDP- FF=286 kHz, PD=20ms, SD=120s, (e BEPITDP-43 5115 HBBB, HIRIL6AITNF-a. [79]
43 PRPA=0.3 MPa H2IE
ALSHEH i FF=220 kHz, PRF=300ms, DC=0.88%  FUSH A-FBBBH AW EI i, HFINEEHE [80]
ZRIRAS AT 35 U

TgCRNDS/N: |72 F TR RS BGOFIE (0 S S ), l bl . REt B ABSEY , B AZEADRYRZL ORIV 5XFAD/I
Bl BRIV rTeaS10/N B : T2 (il FH A tau B PR AR SE DK /NERUERY ;. 3% Tg-AD/INEL: RIS 57 APP . PSTRItaus€ AR i) = Hif
FEPBUNEG APP/PSINEL: #EHFAPP . PSIZAEMYFEIEN/INEL; P301S/MEL: 3k AT AR taudh [ )7 R DA Bl JR S R AR AL/ N L ;- €57/
Bl: WM R I/ BALB/e/M R : [z AL 28 R 5280 /Nl SDIRBL: BFFE b VI 28 R 9280 KBl ; G93A-SODI/ML:
FIKSODIMGIIAZ AL, BMALS 2R AT MR HAER /N s iBEC: Z2RE 14 A VR A R S M P4 B2 4B (induced pluripotent stem
cell-derived brain endothelial cells), FUS: ZEA#S (focused ultrasound); 1VIg: #IkiF 5 R E M ; TNF-a: MRIFIEHE F-0 (tumor
necrosis factor-a.); ADU: AZRHPEERE Fy1 e MediiR (aducanumab); p-tau: #fR{LTaufE 1 (phosphorylated tau protein); Qc@SNPs:
Mk Kz ZAEMR BB 4K AL (quercetin modified sulfur nanoparticles) ; 07/2A mAb: Fi-BifCAAFRIABHIIA; 6-OHDA: 6-¥2FILL L, 5T
A 4 0 A B2 Sl B A9 20 AR T L Nrf2: B[R FAH G F2 (nuclear factor erythroid 2-related factor 2); MTPT: 1-F Jk-4- K3 -
1,2,3,6-UENEhE, —FPPZesEst, MHoEm AR ng 2 b % SR T CPC/PS 80 NPs: #2285 20 3R LU BL TR 8 01 1 £ 5 142419 K OO
(curcumin-loaded polysorbate 80-modified cerasome nanoparticles) ; BDNF: fi Jii ¥4t 28 %5 32 [ F (brain-derived neurotrophic factor) ;
GDNF: 25 B 4n il 2 A7k i 22 3201 (glia cell line-derived neurotrophic factor) ; Q@CEBG: $J2 CeO24/ A -5 K 2% 145 e H-
JKAG A 2R 1355 R K SOV 3% s TGF-Bl: b APl (transforming growth factor-beta 1); MoCA: ZEHFFI/RINHITEAE (Montreal
Cognitive Assessment) ; Arc: 4-3% T (arctigenin) ; SODI1: i & fb ¥ fL i 1 (superoxide dismutase 1); ASOs: S X ¥ # B2
(antisense oligonucleotides) ; TDP-43: TAR DNAZ%547E 143 (TAR DNA-binding protein 43); IL-6: [/~ 2-6 (interleukin-6); FF: JEJ5
(fundamental frequency); 1. 5%J¥ (intensity); PRF: fJkihE E 4% (pulse repetition frequency); PD: Jkuff5£:H}[E (pulse duration) ;
SD: ki fERFEem}E] (sonication duration); DC: 525 (duty cycle); ISP: IE{HMii#iA 1 (incident sparse pressure); PRPA: WE(EFii
HiJEYRIE (peak pare factional pressure amplitude); PNP: WE{H i/ EIRIF (peak negative pressure) .

41 UTMD5AD

AD JE B R WA AR AT IR, N B2
TEAL3E BUE R FEE 1 (amyloid B-protein, APB) UL
R taw 2 Ok BEWRTR b5 P 22 IR 2T A il . 5 ik
SO ERE, IRIRFRIAIEA TS FA I
fig sl gt , 2R AEAE R AD N EOE o
500077, HERRMEBREKEE LA™, B
HI, AD MICHIG L, 1697 R —A 25 A
JEE B A I MELL 2 BBB, R TR i 4
ZUN AR RS

R, BMEAEIGITT 259, ol ]

FUS LHE A 80 2% i AD s WA etk ** . Poon
S AT T R FUSTRYT BRI PEAS A 22K
FUSIRYT B RBRCREAG . ZBURIK FUSIRIT)R ,
AR BEH PR FRTE - 75 5 R K N A 3 e D B SR LA R R
[ 62%+16% (P<0.001), Jf HiX Fpigi/n] £ 9
Jilo Zad 3~5 I FUSTRYT 1Y /N B AR BES A & 0 /D
27%+7% (P<0.01) , B He 3% i AL 7> 40%+10%
(P<0.01), FWLWKFUSIAITREA S8 B i
1] AD /NEUE T R AR BYTCAL . Lee %5 1 85 FUS AE
FHF R R BRI RS &30, /N BRI P T 9 1
AR B >, BLAh, FUS/MBEDE T AB A
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i S 5 [+) i B YR (cerebrospinal fluid, CSF) %%
¥, /NI i35 2 B k3% . Shen 55 1 I
A B, UTMD Ab BH5 /I BRI PN /0 I 5 200 5 S 9
M RBUER, IR EEARARTIRL [N, taudk
F1 7 Ser235/Thr231 1 Ser202/Thr205 i/ x5 (W 2 1L
AR, W ekcs T/NRIie 2 =2 ie 7.

AN, Liu %5 o D il 48 7 ik e R AZ i A
N KT (quercetin modified sulfur nanoparticles-
microbubble, Qc@SNPs-MB) . %5 H I /R
Qc@SNPs-MB %545 i 75 HE A 44 fTJF BBB, 2152}
YIAERRAH L A A TS, D N B B, 4
FRA0 ML N 55 25 1P, JFIEBRIG PSS (reactive
oxygen species, ROS), I3 o3/ FLUAY 2% > g
FHLICRE ST . VL E0F5E 2 UTMD 45 R il PR W H
PEAE T H BT

2018 47, Lipsman M BA ' 3 3k JF J& T
Definity® {5k & R A A IRYT AD Al AT PRI 4
YRR RBETE , BESEXTR N 5 2 AFRAE 50~85 % 2
]2 22 v B2 AD R, AT fi ] 220 kHz F9 5
A B TR R ARSI 5 4 R
BRI ST BBB R . W, 24 h)E
KB BBBSE MW A HIEARFMH L4 . Meng
GOV IR T —IiXE 9 44 AD & AT R G
B £ H# 7 (magnetic resonance-guided focused
ultrasound, MRgFUS) 43 BBB J it i¥ 5L Iifi R
e, B LR, H3IRTH, I e
RAIGHET . WA, ARSI 1 2 XU 5
A AT m] R AR A5 22 i XY I 1 BBB
T, HARWEIRIFHRARFHE. 1L4Hh, Chang
& 00 i FHf MRgFUS #F 47 ¢ 5T ) 4l Jifd 988 F1 AD 1)
BBB H i Yl R BFSE, Horb 5 ] AD | 452 T
AR AERYT, BIFE3AS, 4R EY], AD
S IR AB ORI D, s RAE AR R0 i 2800 31
SR o BUE B MGE . DA BRI R, UTMD
HARGERCHIRYT AD TSRS, (HE S S8 5
HLAFPEAS R UTMD BRI R e iy BExfE . R,
AR5 J A ) VI R g6 A4 AE AD A
[] [ B ) 22 A PRI 25 7R
42 UTMD5SPD

PD 25 ZRKH WA 2R ATV, HAZ O
S BILRR AR O TR BT 2 1 JHe RE M 2 ou i AT M &
g RHEOS Y RERERG R ABSE R, S
RERECE T N TR 2050 4F, 423K PD &
HHIK2 522,477, BE2021 4EHE 112% 57,

UTMD REF &0 i% S 4 % i BBB K #1697 1E
H . # K F E2 # & H F 2 (nuclear factor-E2-
related factor 2, Nrf2) S+ 40 it S i - 1
HobiE A+, 16 PD Ry A A & et # b & 4% 1
BAEH ™. Long % 7V il #8171 48 Nrf2 Jit A7 (1)
MB, 7F MRgFUS 7|5 T #E ]33 1% Nrf2 2 PD £ 14
MR RBTIX, R kM, kel i EREF
Nrf2 (R IRIFHH ROS 77 A, 18i/b PDBLRL/ )N Rl
ZRUH P . 22T ER AR LT B o SRl AR R
PDIGYTIER, A9 %] K H BBB 2% fig
%, R TIRRRNH ', Zhang 55 7 & T gk
208 2 1 B 1L AL R 80 & 1 1Y B & A& (curcumin-
loaded PS 80-modified cerasome, CPC/PS 80) N>k
ol FIHUTMD £ AR CPC/PS 80 44K ik i ik
NGO, B4 T 2B A RCR,, B3E T PD /)
FRYIE SRR

2278 3= (neurotrophic factors, NF) 7E
TP T T A P R AR R & B A A T
YER Y. Lin % 7 F H UTMD B2 AR 5 4 it 52
P28 F2 K (glia cell line-derived neurotrophic
factors, GDNF) e TE# 48 5% K F (brain-
derived neurotrophic factors, BDNF) & [H 1 i% &
PD AR IGZH Y, 697 5 7N BRI P 45 TR
Jl/>, caspase-3 KIK T, UM T I BEAL,
PR GAE N IER , M ToRE S B- U S Rk
s, RPN Z BN ST R Z IR . Gao
8 7B T B CeO, 4Kl S Mz 22 14 e H K
B TS R AR A (Q@CeBG), FFF
I UTMD % A # i JF % BBB, W 3 #& 7+ T
Q@CeBG 7E /N R L 2L (1) L ) ' B2 /K-, 2,
THBRROS, S AL, 5 /Mg B4 i Ak
i RIAEGIIAE ,, 9 PD AR/ N 2 R RE M 42
JG, R

2021 4%, Obeso M HHAIBN 7 $5E T 5 4471
TN 7.6 41 B PE PD FE AT LG RIS . 45
RE/R, UTMD R IS8 T 419 75 BBB HJ
AL, A2 IR S Bk, HoARUEE
SRR Il il 5™ AN R =

£i LRk, UTMD R4 8RN PD BURG R
JYRRTIEAS . SR, PD AN Bkl BBB JF i R i
MYk T R4 5, W7 H AT & ) PD AH G 43
TR RO D m e 5, FREEH TA
[FIGTF BARMRAE UTMD 284 4



2766+ EMUEEEYIEER

Prog. Biochem. Biophys. 2025; 52 (1D

43 UTMDS5ALS

ALS & —MEr MR T TR, FEEREN
KM R 2 . BT g8 . Fasghpigson ™,
RIHL) R 2.16/10 T3 N4, BE 1Y AL AEAA AR
T 3~5AE Y, HOm I R e B, B A R0h
Ir B

o kB, ALY B AL 1 (superoxide
dismutase 1, SODI) J&[ 75 )& ALS 1) 5 2 EUi
PIEE 2 Shen 5§ 7 F i BETH BRAMMGB R AR 1
AINERIARPY B 30 [ 7 ALS B/ B A
AT THGRRLZLE /N UK ZH 2 ) 38 PR
T A0E BRI YT SOD1, IR A/NRIZ shif 4ot
P70 P 7 42%, I 1 35 0 /N BUR Rl 22 JIL IR 2
fiE. Zhang % 7" N R F UTMD £ R4 24F 35 14
(arctigenin, Arc) #i% £ ALSH A/ )iz 3h |2
2, I TSI RO, B R TN s
e2yvei1) i 3770 NS E < I & AN = B emws B) 1 A a4
Ediriweera 25 8 ] F§ UTMD £ AR ¥ 11 28 SOD1 [
N EZH M (antisense oligonucleotides, ASO) HY
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A X I = AT ER SOD1, W/ IR S LR,
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Bl . TAR DNA %% 4 7 14 43 (TAR DNA-binding
protein 43, TDP-43) #ik A2 Hiz shtp oo H:
HUMHEWCEEA™ ., ETX KA,
Wasielewska 5 ) #3777 L F 975 5 I P4 B2 4 240 Jfd
(induced brain endothelial-like cells, iBECs) 4>
AR ALS (83 41 i BBB B R, & 3R felt J Xof Hi A
FUS/MB 4bPRZH Y iBECs H TNF, IL-6, CCL2%54i¢
RINTFFILTIH, P TDP-43 Pk ik RCR# T,
Horp b #RZH 1 iBECs Fh N 2.7 £%, B P ALS (1
iBECs 38 i 1.9 4%, 4 TR EEXT IR, [A] B 4cb 2
J&i 1 h e X HE A1 FUS/MB 4b B4 9 iBECs Y 5 P4
J2 Mg FH (trans-endothelial electrical resistance,
TEER) %W &M, 24 hJ5 TEER k&2 H & 75,
B UTMD £ AR g 14 it BBB 1) i 3% P JF #2 7+ 4t
TDP-43 FUAR IR BOR, XKLL R FTAF 582 UTMD
AR T ALSIRY AL 15080 30

2019 4, Abrahao 1 BA B £F%F 4 44 ALS 3%
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BBB WU 76 24 h G PR IEH , K™ &
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WA, I, SRR AR TR (R A A IRy T g 2
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5 SRETIRE

AESR, UTMD #ARE N —FALG 7 F B,
P AT R . Rl 3353 4T JF BBB M ifij 34 i1 25 497385 1
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JRTARYT SR IR ) A R R

UTMD £ A T #2038 A7 M550 14 1 PR 36
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KA BBB IF kR, H AR HE U B AR Ak 25 P ik
PETFR T HAEAEA R P75 b, IR 75 1 B ] A
FIRTHATTRCR, (HPERE A I 7] BE T 308
X 200 5 [ 1k SR B0 K ) PRl A 20 A %5 e PR X
P U0 %) TR YRV 2 R M 7 R o A 2o 1 A
AR S R B LAE TE AN [R) A i T
Sk 2= S R I s dL BRI RS L AR
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2 2R B PR BRAR 1, LA IR BE/pH i 1 R A Y
REfI R G MR EETHIE [ RS MEE , (R PRIE a7 3 (L
(PRSI S T SRR BE 22 . 2SO A PR 15 R g
(KA SO EEAFAE R R B ARMERE , LR AAR N Szt i)
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58%; e UTMD BN MY 224, (BB, =
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DA S AE S e RN e, )yl RaEE . R
i) R s R T o [

ZE LTIk, UTMD $ AR h # 2838 45 Pk 90 1)
RIFHER TRITAA BIPLE . FEE AR A
A AR B R, UTMD £ R 507 . k)7 .
BRES T IR SR GRIRTT T B IR A HE R Aok
WSS, HAh, NDsHRHEIPLHIE 22, Hp—J7
ERCRABR, Aok UTMD AR il 4 2 22 sh e 4Rk
&, NEEREE T RE T RA .

z % X #

[1]  Nahar L, Charoensup R, Kalieva K, et al. Natural products in
neurodegenerative diseases: recent advances and future outlook.
Front Pharmacol, 2025,16: 1529194



2025; 52 (1D

R, % BEREARMGBIAEA: MERTEHRRETHIHITFR

-2767-

(2]

[3]

(4]

[3]

(6]

(71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Temple S. Advancing cell therapy for neurodegenerative diseases.
Cell Stem Cell, 2023,30(5): 512-529

World Health Organization. Dementia[EB/OL]. Geneva: World
Health Organization, 2025[2025-03-31]. https://www. who. int/
news-room/fact-sheets/detail/dementia

Chen T, Dai Y, Hu C, et al. Cellular and molecular mechanisms of
the blood-brain barrier dysfunction in neurodegenerative diseases.
Fluids Barriers CNS, 2024, 21(1): 60

Qu Z, Luo J, Li Z, et al. Advancements in strategies for
overcoming the blood-brain barrier to deliver brain-targeted
drugs. Front Aging Neurosci, 2024, 16: 1353003

YangY, Liu R, Lv H, et al. Targeting tumor stroma via ultrasound-
activated nanodroplets: disrupting exosome-driven
microenvironment crosstalk for enhanced antitumor efficacy.
JControl Release, 2025,386: 114113

Zhang C, Zhang Q, Xu Q, et al. Ultrasound targeted microbubbles
for theranostic applications in liver diseases: from molecular
imaging to targeted therapy. Drug Deliv, 2025, 32(1): 2541656
Singh D, Memari E, He S, et al. Cardiac gene delivery using
ultrasound: state of the field. Mol Ther Methods Clin Dev, 2024,
32(3):101277

Sharma D, Leong K X, Czarnota G J. Application of ultrasound
combined with microbubbles for cancer therapy. Int J] Mol Sci,
2022,23(8):4393

Andrews L E, Chan M H, Liu R S. Nano-lipospheres as
acoustically active ultrasound contrast agents: evolving tumor
imaging and therapy technique. Nanotechnology, 2019, 30(18):
182001

Wegierak D, Nittayacharn P, Cooley M B, er al. Nanobubble
contrast enhanced ultrasound imaging: a review. Wires Nanomed
Nanobiotechnol, 2024, 16(6): €2007

Gramiak R, Shah P M. Echocardiography of the aortic root. Invest
Radiol, 1968,3(5): 356-366

Mahabadi H K, Ng T H, Tan H S. Interfacial/free radical
polymerization
formation. J Microencapsul, 1996, 13(5): 559-573
Navarro-Becerra J A, Borden M A. Targeted microbubbles for

microencapsulation: ~ kinetics of  particle

drug, gene, and cell delivery in therapy and immunotherapy.
Pharmaceutics, 2023, 15(6): 1625

Mohamed T M, Ji-Bin L M, John R E. Recent advances in
microbubble-augmented cancer therapy. Adv Ultrasound Diagn
Ther, 2020,4(3): 155

Rastegar G, Salman M M, Sirsi S R. Remote loading: the missing
piece for achieving high drug payload and rapid release in
polymeric microbubbles. Pharmaceutics, 2023, 15(11): 2550
BaiM, Dong Y, Huang H, et a/. Tumour targeted contrast enhanced
ultrasound imaging dual-modal microbubbles for diagnosis and
treatment of triple negative breast cancer. RSC Adv, 2019, 9(10):
5682-5691

JEIRIE, XA, A5, 45 20 AR BUO IR RE LR 75 22 4
AREITFFEIE R . 25208, 2021, 45(4): 290-304

Long M M, Liu D, Yang F, ef al. Prog Pharm Sci, 2021, 45(4):
290-304

Tsai C C, Fan C H, Lin C W, ef al. Focused ultrasound-triggered
escitalopram delivery using microbubble-liposome complexes for
rapid and sustained serotonin regulation in depression therapy.
Biomed Pharmacother, 2025,190: 118373

[20]

[21]

[22]

(23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

Wang D S, Panje C, Pysz M A, et al. Cationic versus neutral
microbubbles for ultrasound-mediated gene delivery in cancer.
Radiology, 2012,264(3): 721-732

Zeng W, Huang Z, Huang Y, et al. Dual-targeted microbubbles for
atherosclerosis therapy: inducing M1 macrophage apoptosis by
inhibiting telomerase activity. Mater Today Bio, 2025,32: 101675
Hu H, Zhao Y, He C, et al. Ultrasonography of hepatocellular
carcinoma: from diagnosis to prognosis. J Clin Transl Hepatol,
2024,12(5): 516-524

Tu B, Li Y, Wen W, et al. Bibliometric and visualized analysis of
ultrasound combined with microbubble therapy technology from
2009 to2023. Front Pharmacol, 2024, 15: 1418142

Jackson A, Castle J W, Smith A, et al. Optison™ albumin
microspheres in ultrasound-assisted gene therapy and drug
delivery//Otagiri M, Chuang V T G. Albumin in Medicine.
Singapore: Springer Singapore, 2016: 121-145

Xuan M, Fan J, Khiém V N, ef al. Polymer mechanochemistry in
microbubbles. Adv Mater, 2023, 35(47): 2305130

Li B, Aid-Launais R, Labour M N, ef al. Functionalized polymer
microbubbles as new molecular ultrasound contrast agent to target
P-selectin in thrombus. Biomaterials, 2019, 194: 139-150
Kancheva M, Aronson L, Pattilachan T, et al. Bubble-based drug
delivery systems: next-generation diagnosis to therapy. J Funct
Biomater, 2023, 14(7):373

Barmin R A, Dasgupta A, Bastard C, et al. Engineering the
acoustic response and drug loading capacity of PBCA-based
polymeric microbubbles with surfactants. Mol Pharm, 2022,
19(9):3256-3266

Gajbhiye K R, Salve R, Narwade M, e al. Lipid polymer hybrid
nanoparticles: a custom-tailored next-generation approach for
cancer therapeutics. Mol Cancer, 2023,22(1): 160

Price R J, Skyba D M, Kaul S, ez al. Delivery of colloidal particles
and red blood cells to tissue through microvessel ruptures created
by targeted microbubble destruction with ultrasound. Circulation,
1998,98(13): 1264-1267

Lammertink B, Deckers R, Storm G, et al. Duration of ultrasound-
mediated enhanced plasma membrane permeability. Int J Pharm,
2015,482(1/2):92-98

Wu D, Chen Q, Chen X, et al. The blood-brain barrier: structure,
regulation, and drug delivery. Signal Transduct Target Ther, 2023,
8(1):217

Wu Y, Liu Y, Wu H, er al. Advances in ultrasound-targeted
microbubble destruction (UTMD) for breast cancer therapy. Int J
Nanomedicine, 2025,20: 1425-1442

Helfield B, Sirsi S, Kwan J, et al. Cavitation-enhanced drug
delivery and immunotherapy. Pharmaceutics, 2023, 15(9): 2207
Ho Y J, Huang C C, Fan C H, ef al. Ultrasonic technologies in
imaging and drug delivery. Cell Mol Life Sci, 2021, 78(17): 6119-
6141

Dai T, Wang Q, Zhu L, et al. Combined UTMD-nanoplatform for
the effective delivery of drugs to treat renal cell carcinoma. Int J
Nanomedicine, 2024,19: 8519-8540

Zhang H, LiY, Rao F, et al. A novel UTMD system facilitating
nucleic acid delivery into MDA-MB-231 cells. Biosci Rep, 2020,
40(2): BSR20192573

Hernando S, Santos-Vizcaino E, Igartua M, et al. Targeting the
central nervous

system: from synthetic nanoparticles to


https://www.who.int/news-room/fact-sheets/detail/dementia

<2768

EMUFESEYIRHR

Prog. Biochem. Biophys.

2025; 52 (1D

[39]

[40]

[41]

[42]

[43]

[44]

[43]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

extracellular vesicles-Focus on Alzheimer’s and Parkinson’s
disease. Wiley Interdiscip Rev Nanomed Nanobiotechnol, 2023,
15(5): 1898

Davson H, Spaziani E. The blood-brain barrier and the
extracellular space of brain. J Physiol, 1959, 149(1): 135-143
Alluri H, Peddaboina C S, Tharakan B. Evaluation of tight junction
integrity in brain endothelial cells using confocal microscopy.
Methods Mol Biol, 2024,2711:257-262

Li J, Long Q, Ding H, et al. Progress in the treatment of central
nervous system diseases based on nanosized traditional Chinese
medicine. Adv Sci (Weinh), 2024, 11(16): €2308677

Tashima T, Tournier N. Non-invasive device-mediated drug
delivery to the brain across the blood-brain barrier. Pharmaceutics,
2024,16(3): 361

Hynynen K, McDannold N, Vykhodtseva N, et al. Noninvasive
MR imaging-guided focal opening of the blood-brain barrier in
rabbits. Radiology, 2001,220(3): 640-646

Cai X, LiuY, Luo G, et al. Ultrasound-assisted immunotherapy for
malignant tumour. Front Immunol, 2025, 16: 1547594

Arsiwala T A, Sprowls S A, Blethen K E, et al. Ultrasound-
mediated disruption of the blood tumor barrier for improved
therapeutic delivery. Neoplasia, 2021, 23(7): 676-691

Brighi C, Salimova E, de Veer M, et al. Translation of focused
ultrasound for blood-brain barrier opening in glioma. J Control
Release, 2022, 345: 443-463

FEFIH], AR IR A RESE, 45 P R BRI RO e B i -
T BRI S R . R 50 248, 2023, 52(8): 14-17

Tang L L, Zhu Z Q, Yang Q Y, et al. Journal of Medical Research,
2023,52(8): 14-17

Bulner S, Prodeus A, Gariepy J, et al. Enhancing checkpoint
inhibitor therapy with ultrasound stimulated microbubbles.
Ultrasound Med Biol, 2019,45(2): 500-512

McMahon D, Jones R M, Ramdoyal R, ef al. Investigation of
sonication parameters for large-volume focused ultrasound-
mediated blood-brain barrier permeability enhancement using a
clinical-prototype hemispherical phased array. Pharmaceutics,
2024,16(10): 1289

Guo Y, Lee H, Kim C, et al. Ultrasound frequency-controlled
microbubble dynamics in brain vessels regulate the enrichment of
inflammatory pathways in the blood-brain barrier. Nat Commun,
2024,15(1): 8021

Sun T, Samiotaki G, Wang S, et al. Acoustic cavitation-based
monitoring of the reversibility and permeability of ultrasound-
induced blood-brain barrier opening. Phys Med Biol, 2015,
60(23):9079-9094

Li B, Lin Y, Chen G, et al. Anchoring microbubbles on
cerebrovascular endothelium as a new strategy enabling low-
energy ultrasound-assisted delivery of varisized agents across
blood-brain barrier. Adv Sci (Weinh), 2023,10(33): ¢2302134
Picone P, Palumbo F S, Federico S, ef al. Nano-structured myelin:
new nanovesicles for targeted delivery to white matter and
microglia, from brain-to-brain. Mater Today Bio, 2021, 12: 100146
YeB S, Chang K W, Kang S, et al. Repetitive and extensive focused
ultrasound-mediated bilateral frontal blood-brain barrier opening
for Alzheimer's disease. J Neurosurg, 2025, 142(5): 1263-1270
Zhang S, Zhang S, Luo S, ef al. Ultrasound-assisted brain delivery

of nanomedicines for brain tumor therapy: advance and prospect. J

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Nanobiotechnology, 2022,20(1): 287

Shumer-Elbaz M, Ad-El N, Chulanova Y, et al. Low-frequency
ultrasound-mediated blood-brain barrier opening enables non-
invasive lipid nanoparticle RNA delivery to glioblastoma. J
Control Release, 2025,385: 114018

Shin J, Kong C, Cho J S, et al. Focused ultrasound-mediated
blood-brain

examination of efficacy and safety in various sonication

noninvasive barrier modulation:  preclinical
parameters. Neurosurg Focus,2018,44(2): E15

Burgess A, Dubey S, Yeung S, et al. Alzheimer disease in a mouse
model: MR imaging-guided focused ultrasound targeted to the
hippocampus opens the blood-brain barrier and improves
pathologic abnormalities and behavior. Radiology, 2014, 273(3):
736-745

Poon C T, Shah K, Lin C, et al. Time course of focused ultrasound
effects on f-amyloid plaque pathology in the TgCRNDS mouse
model of Alzheimer’s disease. Sci Rep, 2018, 8(1): 14061

Dubey S, Heinen S, Krantic S, et al. Clinically approved IVIg
delivered to the hippocampus with focused ultrasound promotes
neurogenesis in a model of Alzheimer’s disease. Proc Natl Acad
SciUSA,2020,117(51):32691-32700

Lee Y, Choi Y, Park E J, et al. Improvement of glymphatic-
lymphatic drainage of beta-amyloid by focused ultrasound in
Alzheimer’ s disease model. SciRep, 2020,10(1): 16144

Kong C, Yang E J, Shin J, et al. Enhanced delivery of a low dose of
aducanumab via FUS in 5XFAD mice, an AD model. Transl
Neurodegener, 2022, 11(1): 57

Antoniou A, Stavrou M, Evripidou N, et al. FUS-mediated blood-
brain barrier disruption for delivering anti-Af antibodies in 5%
FAD Alzheimer’s disease mice. J Ultrasound, 2024, 27(2):
251-262

Karakatsani M E, Kugelman T, Ji R, ef al. Unilateral focused
ultrasound-induced  blood-brain  barrier opening reduces
phosphorylated tau from the rTg4510 mouse model. Theranostics,
2019,9(18):5396-5411

Shen Y, Hua L, Yeh C K, et al. Ultrasound with microbubbles
improves memory, ameliorates pathology and modulates
hippocampal proteomic changes in a triple transgenic mouse
model of Alzheimer's disease. Theranostics, 2020, 10(25): 11794-
11819

Liu Y, Gong Y, Xie W, et al. Microbubbles in combination with
focused ultrasound for the delivery of quercetin-modified sulfur
nanoparticles through the blood brain barrier into the brain
parenchyma and relief of endoplasmic reticulum stress to treat
Alzheimer's disease. Nanoscale, 2020, 12(11): 6498-6511

Bathini P, Sun T, Schenk M, et al. Acute effects of focused
ultrasound-induced blood-brain barrier opening on anti-Pyroglu3
abeta antibody delivery and immune responses. Biomolecules,
2022,12(7):951

Lipsman N, Meng Y, Bethune A J, et al. Blood-brain barrier
opening in Alzheimer’s disease using MR-guided focused
ultrasound. Nat Commun, 2018, 9: 2336

Meng 'Y, Goubran M, Rabin J S, ef al. Blood-brain barrier opening
of'the default mode network in Alzheimer’s disease with magnetic
resonance-guided focused ultrasound. Brain, 2023, 146(3):
865-872

Chang K W, Hong S W, Chang W S, et al. Characteristics of



2025; 52 (1D

R, % BEREARMGBIAEA: MERTEHRRETHIHITFR

<2769

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

(82]

[83]

(84]

[85]

focused ultrasound mediated blood-brain barrier opening in
magnetic resonance images. J Korean Neurosurg Soc, 2023, 66(2):
172-182

Long L, Cai X, Guo R, ef al. Treatment of Parkinson’s disease in
rats by Nrf2 transfection using MRI-guided focused ultrasound
delivery of nanomicrobubbles. Biochem Biophys Res Commun,
2017,482(1): 75-80

Zhang N, Yan F, Liang X, et al. Localized delivery of curcumin
into brain with polysorbate 80-modified cerasomes by ultrasound-
targeted microbubble destruction for improved Parkinson’s
disease therapy. Theranostics, 2018, 8(8):2264-2277

Lin CY, Lin Y C, Huang C Y, et al. Ultrasound-responsive
neurotrophic factor-loaded microbubble- liposome complex:
Preclinical investigation for Parkinson’s disease treatment. J
Control Release, 2020,321: 519-528

GaoY, Zhai L, ChenJ, et al. Focused ultrasound-mediated cerium-
based nanoreactor against Parkinson’s disease via ROS regulation
and microglia polarization. J Control Release, 2024, 368: 580-594
Gasca-Salas C, Fernandez-Rodriguez B, Pineda-Pardo J A, ef al.
Blood-brain barrier opening with focused ultrasound in
Parkinson’s disease dementia. Nat Commun, 2021, 12(1): 779
Shen'Y, Zhang J, Xu'Y, et al. Ultrasound-enhanced brain delivery
of edaravone provides additive amelioration on disease
progression in an ALS mouse model. Brain Stimul, 2023, 16(2):
628-641

Zhang J, Chen K, Chen Y, ef al. Pathology reduction and motor
behavior improvement associated with ultrasound-mediated
delivery of arctiin to the motor cortex in a mutant SOD1 mouse
model of amyotrophic lateral sclerosis. Ultrasonics, 2024,
144: 107449

Ediriweera G R, Sivaram A J, Cowin G, et al. Lipid nanoparticles
and transcranial focused ultrasound enhance the delivery of SOD1
antisense oligonucleotides to the murine brain for ALS therapy. J
Control Release, 2025,378:221-235

Wasielewska J M, Chaves J C S, Cabral-da-Silva M C, et al. A
patient-derived amyotrophic lateral sclerosis blood-brain barrier
model for focused ultrasound-mediated anti-TDP-43 antibody
delivery. Fluids Barriers CNS, 2024, 21(1): 65

Abrahao A, Meng Y, Llinas M, et al. First-in-human trial of blood-
brain barrier opening in amyotrophic lateral sclerosis using MR-
guided focused ultrasound. Nat Commun, 2019, 10(1): 4373

Noel R L, Batts A J, Ji R, et al. Natural aging and Alzheimer’s
disease pathology increase susceptibility to focused ultrasound-
induced blood-brain barrier opening. Sci Rep, 2023,13(1): 6757
Song S, Li T, Lin W, et al. Application of artificial intelligence in
Alzheimer’s disease: a bibliometric analysis. Front Neurosci,
2025,19: 1511350

Bae S, Liu K, Pouliopoulos A N, et al. Transcranial blood-brain
barrier opening in Alzheimer’s disease patients using a portable
focused ultrasound system with real-time 2-D cavitation mapping.
medRxiv, 2024:2023.12.21.23300222

Géraudie A, Riche M, Lestra T, et al. Effects of low-intensity
pulsed ultrasound-induced blood-brain barrier opening in P301S
mice modeling Alzheimer’s disease tauopathies. Int J Mol Sci,
2023,24(15): 12411

Morris H R, Spillantini M G, Sue C M, ef al. The pathogenesis of

[86]

(87]

[88]

[89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

Parkinson’s disease. Lancet, 2024,403(10423): 293-304

AR, A A, X AT 0, 45 . 28U PR TR G AR IR T T
AR s 54 PRt R, 2023, 50(1): 25-37
LiCC,YanglJJ,LiulJ Z, et al. Prog Biochem Biophys, 2023, 50(1):
25-37

Popescu B O, Batzu L, Ruiz P J G, et al. Neuroplasticity in
Parkinson’s disease. J Neural Transm (Vienna), 2024, 131(11):
1329-1339

SuD, CuiY, He C, et al. Projections for prevalence of Parkinson’s
disease and its driving factors in 195 countries and territories to
2050: modelling study of Global Burden of Disease Study 2021.
BMJ,2025,388: 080952

Jakel R J, Townsend J A, Kraft AD, et al. Nrf2-mediated protection
against 6-hydroxydopamine. Brain Res, 2007, 1144: 192-201
Merghany R M, El-Sawi S A, Naser A F A, et al. A comprehensive
review of natural compounds and their structure-activity
relationship in Parkinson’s disease: exploring potential
mechanisms. Naunyn Schmiedebergs Arch Pharmacol, 2025,
398(3):2229-2258

Sampaio T B, Savall A S, Gutierrez M E Z, et al. Neurotrophic
factors in Alzheimer’s and Parkinson’s diseases: implications for
pathogenesis and therapy. Neural Regen Res, 2017, 12(4): 549-557
Irwin K E, Sheth U, Wong P C, et al. Fluid biomarkers for
amyotrophic lateral sclerosis: a review. Mol Neurodegener, 2024,
19(1):9

Riva N, Domi T, Pozzi L, et al. Update on recent advances in
amyotrophic lateral sclerosis. ] Neurol, 2024, 271(7): 4693-4723
Eck R J, Stair J G, Kraemer B C, et al. Simple models to understand

complex disease: 10 years of progress from Caenorhabditis

elegans models of amyotrophic lateral sclerosis and
frontotemporal lobar degeneration. Front Neurosci, 2023,
17:1300705

Bradford D, Rodgers K E. Advancements and challenges in
amyotrophic lateral sclerosis. Front Neurosci, 2024, 18: 1401706
Asakawa K, Handa H, Kawakami K. /n vivo optogenetic phase
transition of an intrinsically disordered protein. Methods Mol Biol,
2024,2707:257-264

Wu S K, Tsai C L, Mir A, ef al. MRI-guided focused ultrasound for
treating Parkinson’s disease with human mesenchymal stem cells.
SciRep,2025,15(1):2029

McMahon D, Poon C, Hynynen K. Evaluating the safety profile of
focused ultrasound and microbubble-mediated treatments to
increase blood-brain barrier permeability. Expert Opin Drug
Deliv,2019,16(2): 129-142

Antoniou A, Evripidou N, Damianou C. Focused ultrasound
heating in brain tissue/skull phantoms with 1 MHz single-element
transducer. J Ultrasound, 2024,27(2): 263-274

Tsitsos F N, Batts A J, Jimenez D A, et al. Characterization of
microbubble cavitation in theranostic ultrasound-mediated blood-
brain  barrier opening delivery.  bioRxiv,
2025:2025.01.17.633644

Bai Y, Du Y, Yang Y, et al. Ultrasound-targeted microbubble

and gene

destruction increases BBB permeability and promotes stem cell-
induced regeneration of stroke by downregulating MMPS. Cell
Transplant, 2024, 33: 9636897231223293



<2770+ EYUFSEYYIEH#E  Prog. Biochem. Biophys. 2025; 52 (11)

Ultrasound—targeted Microbubbles Destruction: a New Approach to The
Treatment of Neurodegenerative Diseases”

LI Ling-Yan"", ZHENG Ruo-Quan"”", HU Huo-Jun®", YOU Cheng-Cheng", YANG Yi",
SHENG De-Qiao", ZHOU Jun”"", HUANG Yi-Ling"""

(VCollege of Basic Medical Sciences, Hubei Key Laboratory of Tumor Microenvironment and Immunotherapy, China Three Gorges University,
Yichang 443002, China;
DDepartment of Neurosurgery, The First Clinical Medical College of China Three Gorges University (Yichang Central People’s Hospital),
Yichang 443000, China;
dDepartment of Ultrasonography, The Second People’ s Hospital of China Three Gorges University (Yichang Second People’ s Hospital),
Yichang 443003, China)

Graphical abstract

Ultrasound microbubbles-mediated drug delivery

——> Microbubble shell ) d _—
s °o ® ', Lipids Chemotherapeutic drugs " Ultrasound frequency
e © ) i .
e o° Proteins o% * Genes Ultrasound intensity and duty cycles
e ° @ Polymers ===
. - _—%
@ o 9 © o———Gascore Antibodies %r v Mechanical index =g
OO e e © o CsFy (peak negative pressure and center frequency)
® o0 Oo Y C4Fio @ Traditional Chinese medicine :
) e SFg Duration of ultrasound exposure @
e Air 7] W :
,f;‘ ......
Composition of ultrasound microbubbles Medicine carrying Ultrasound parameters

Mechanism of microbubbles and its treatment application in neurodegenerative diseases (NDs)

Alzheimer’s disease
Pathological clearance and cognitive improvement
Targeted delivery of neurotrophic factors

Physical effects mechanisms Biological effects mechanisms

Thermal effect

Cavitation /0\
Stable cavitation —
Inertial cavitation (sonoporation)

Acoustic radiation force

permeability X
Immunomodulation of the tumor
microenvironment

Blood-brain barrier opening

Microbubble-mediated drug delivery mechanisms

Enhancement of vascular and tissue -

Mild cognitive improvement
Parkinson’s disease

Mild cognitive improvement

Enhanced drug delivery efficiency

Amyotrophic lateral sclerosis
Antioxidant drug delivery

Treatment of NDs

# This work was supported by grants from The National Natural Science Foundation of China (82371992), Medical Research Achievement
Transformation Project of Hubei Province (WJ2023ZH0031), and Hubei Provincial Key Laboratory of Tumor Microenvironment and Immunotherapy
Open Fund (2022KZL2-05).

## These authors contributed equally to this work.

w4 Corresponding author.

HUANG Yi-Ling. Tel: 86-717-6397328, E-mail: yilinghuang@ctgu.edu.cn

ZHOU Jun. Tel: 86-717-6741005, E-mail: zhoujun1230101@163.com

Received: June 4, 2025 Accepted: September 10, 2025



2025; 52 (1D R, % BERERIARIAEAR: MERTEERATHHFER 2771+

Abstract Neurodegenerative diseases (NDs) are a group of disorders characterized by the progressive loss of
neuronal structure and function, leading to clinical manifestations such as cognitive decline, motor dysfunction,
and neuropsychiatric abnormalities. NDs encompass a range of conditions, including Alzheimer’s disease (AD),
Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS), etc. With the intensifying trends of global
population growth and aging, the incidence of NDs continues to rise, yet no curative treatments are currently
available. The blood-brain barrier (BBB) plays a crucial role in maintaining central nervous system (CNS)
homeostasis by blocking harmful substances in the bloodstream from entering brain tissue. More than 98% of
small-molecule drugs and nearly 100% of large-molecule therapeutics fail to cross the BBB and reach brain
parenchyma. Ultrasound-targeted microbubble destruction (UTMD) is an emerging interdisciplinary technology
integrating materials science and bioengineering, which combines the advantages of microbubble carriers with the
physical properties of ultrasound. This innovative approach enables transient and reversible opening of the BBB,
and enhancing drug delivery efficiency. Microbubbles (MB) are the core component of the UTMD system,
consisting of two fundamental structural elements: a gaseous core and a biocompatible outer shell. The drug-
loading capacity of MB has been significantly expanded, evolving from traditional chemotherapeutic agents to
encompass nucleic acid drugs, macromolecular antibodies, and even traditional Chinese medicines. Concurrently,
their drug-loading strategies have advanced from initial passive physical adsorption to active targeted delivery.
UTMD possesses the following 4 biological advantages. (1) UTMD can transiently and reversibly enhance the
permeability of cell membranes and blood vessels. The biocompatible shells commonly used in microbubbles can
be metabolized by the body, posing no risk of long-term accumulation. (2) UTMD not only significantly improves
drug delivery efficiency but also simultaneously serves as an ultrasound contrast agent and therapeutic carrier,
achieving the integration of diagnosis and treatment. (3) UTMD technology offers dual advantages of spatial
targeting and molecular targeting, allowing for precise drug delivery. (4) UTMD only requires conventional
ultrasound equipment, and the raw materials for microbubble preparation are readily available with simple
synthesis processes. Whether applied in diagnostics or treatment, the cost remains relatively low. The mechanism
by which UTMD opens the BBB is primarily associated with cavitation effect and sonoporation effect. The
cavitation effect induces mechanical stretching of both cellular membranes and capillary walls, creating transient,
reversible channels that facilitate macromolecular drug passage, to enhance BBB permeability. Meanwhile, the
sonoporation effect promotes drug penetration through dual mechanisms: (1) augmenting passive diffusion across
biological barriers; (2) potentiating active transport processes. This synergistic action significantly elevates both
local drug concentrations and therapeutic efficacy at target sites. The permeability of BBB is predominantly
influenced by both microbubble characteristics and ultrasound parameters. Microbubble characteristics and
ultrasound parameters are key factors affecting BBB permeability. By adjusting the composition of microbubbles
and optimizing ultrasound parameters, effective BBB opening can be achieved while minimizing tissue damage,
to regulate the dosage of drugs delivered to the brain parenchyma. Both preclinical investigations and clinical
trials have consistently shown that UTMD holds significant therapeutic promise for NDs. This article outlines the
fundamental properties of microbubbles and elucidates the potential mechanisms underlying UTMD mediated
BBB opening. Furthermore, it systematically reviews recent advances in UTMD technology for the treatment of
treating various NDs, aiming to provide a theoretical foundation and future directions for developing novel

therapeutic strategies and drugs for NDs.
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