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Abstract: Parkinson's disease (PD) is a common neurodegenerative disorder, characterized by typical symptoms
such as resting tremor and muscle rigidity, which can severely impair patients' quality of life. Therefore, early and
accurate diagnosis of PD is crucial for improving patient prognosis. Traditional detection methods have limitations
including low sensitivity and invasiveness, whereas nanoprobes, with their high specificity, high sensitivity, and
multimodal imaging capabilities, offer new opportunities for precise diagnosis and treatment of PD. This article
systematically reviews recent advances in the application of nanoprobes for PD detection, with a focus on the
classification and functionalization strategies of nanoprobes, as well as their applications in the detection of PD
biomarkers and related fields. Additionally, it analyzes current challenges such as biocompatibility and clinical
translation, and provides an outlook on future development directions, aiming to offer new insights and references
for the early diagnosis and precise treatment of PD.
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Improvement strategies
Synergistic optimization of BBB
penetration and targeting efficiency
(multi-site targeted synergistic
modification, responsive penetration
strategy, bionic modification)

Active targeting modification strategy
(antigen-antibody binding, aptamer
binding, peptide-mediated targeting)

Signal conversion and amplification
modification strategy (surface-enhanced
Raman scattering amplification,
fluorescence resonance energy transfer
amplification, electrochemical catalysis
amplification)

Multi-dimensional improvement of
biosafety (degradable bio-based
materials, active clearance
mechanism)

Application

Detection targets: a-synuclein,
neurotransmitters and
metabolites, small-molecule
bioactive substances (e.g.,
ROS), key enzymes

Application scope: PD mice,

human serum, human urine,

sweat, zebrafish, nematodes,
etc.
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Schematic diagram of core issues—improvement strategies—application correlation of PD nanoprobes. PD: Parkinson's disease
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Table 1 Different types of nanoprobes. QDs: Quantum dots; MRI: Magnetic resonance imaging; MOFs: Metal-organic frameworks

Type Core material

Functional characteristics

Application

Noble metal
nanoprobes nanoparticles (e.g., gold, and absorption properties

Inorganic

silver nanoparticles)

QDs (e.g., CdSe)
good photostability

Magnetic nanoparticles

High fluorescence quantum yield, tunable emission spectrum,

Strong surface plasmon resonance effect, excellent light scattering Surface-enhanced Raman scattering

imaging, photoacoustic imaging

Fluorescence imaging

Strong magnetic responsiveness, high T, relaxivity, stable MRI

Excellent biocompatibility, easy to encapsulate fluorescent dyes or Multifunctional imaging carrier/platform

(for fluorescence imaging, MRI, efc.)

Excellent biodegradability, controllable structural stability, easy to Fluorescence imaging

Building block of multifunctional
imaging probes (capable of integrating
fluorescent or paramagnetic modules)
Fluorescence/MRI multimodal imaging

(e.g., Fe,0,) magnetic properties, easy to achieve magnetic targeting
Organic Liposomes
nanoprobes MRI contrast agents, readily surface-modifiable
Polymer nanoparticles
functionalize, strong capacity for loading fluorescent molecules
Self-assembled peptides Good biocompatibility, easy to modify with targeting ligands,
capable of forming ordered structures
Mixed MOFs High porosity, ability to load fluorescent molecules/magnetic
nanoprobe nanoparticles, combining the stability of inorganic materials and

the tunability of organic materials
Combining the excellent fluorescence performance of QDs and

Quantum dot-liposome
composites
Gold-polymer
nanoparticles

Combining the local surface plasmon resonance effect of gold
nanoparticles and the biodegradability of polymers, capable of

Fluorescence imaging or MRI

the high biocompatibility of liposomes, readily functionalizable

Photoacoustic/fluorescence multimodal
imaging

simultaneously loading imaging reagents and targeting molecules
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Table 2

Performance summary of nanoprobes for PD detection. DA: Dopamine; NE: Norepinephrine; EP: Epinephrine; L-DOPA:

Levodopa; MAO-B: Monoamine oxidase B; MMP3: Matrix metalloproteinase 3; SSAO: Semicarbazide-sensitive amine oxidase; NA: Not

available; a pg-mL

Limit of detection

Probe Target Core material r Application scope Ref.
/nmol-L
SWCN a-Syn Mixed nanoprobe 1.00x10° Human serum [38]
Tb-MOF@Pt-Aptamer  a-Syn MOFs 0.04° PD mice [39]
ASOSN a-Syn Magnetic nanoparticle NA PD mice [16]
NR-CDs a-Syn Nile Red carbon dots NA NL5901 nematode [40]
NB-12 o-Syn Carbon dots 9.50 AS537 mouse, NL5901 [10]
nematode
PX30 a-Syn Nanobody-modified polydiacetylene NA Zebrafish [11]
AgNPs Multiple Silver nanoprobe 92.00 (DA), 93.00 (NE), Aqueous solution [41]
catecholamines 97.00 (EP)
Y-CDs, G-CDs, B-CDs  Multiple Multicolor carbon nanodots 32.00 (EP), 44.00 (NE), Human serum [42]
catecholamines 149.00 (L-DOPA)
Dop-imprinted MNPs Catecholamine ~ Magnetic nanoparticle 270.00 Human urine [43]
CuNCs@TA, Catecholamine ~ Copper nanoprobe 1.00 Aqueous solution [44]
CuNCs@AA,
CuNCs@PMAA
Mn:ZnS/BSA QDs DA Quantum dots 2.02 Human serum, human  [45]
urine
Eu-aCD DA MOFs 0.65 Human urine [46]
AgNPs DA Silver nanoprobe 4.28 Human body fluid [47]
N-CQDs DA Quantum dots 1.68x10° Rabbit serum [48]
ZGC/ZIF-8-NH, DA MOFs 75.00 Urine, sweat [49]
NGOZC L-DOPA Graphene oxide quantum dots 1.78 L-DOPA test solution [50]
Fe*' @cys@CuNC L-DOPA Copper nanoprobe 6.57 Human serum [51]
NPCDs L-DOPA Novel biomass (annona plant) carbon dots ~ 5.00x10* Fetal bovine serum [36]
CdTe QDs L-DOPA Quantum dots 18.30 Plasma [52]
NSGQDs Tyrosine Graphene quantum dots 4.20 (PBS), Human serum [53]
7.00 (human serum)
Eu-MOF Tryptophan, Cu®* MOFs 220.00 (Tryptophan), Aqueous solution [54]
90.00 (Cu*")
PEP-Au Tryptophan Gold nanoparticle 100.00 Porcine serum [55]
TAT-Polyp-QL H,0,, Fe** Organic nanoprobe 383.20 PD mice [56]
ZnNPs-H ROS Zinc oxide nanoparticle NA N2a cell [57]
HV-PEG-RVG29 H,0,, viscosity  Peptide bifunctionalized modified NA PD mice [20]
carrier-free nanoprobe

NIR-MNP MAO-B Phospholipid-PEG nanomicelle NA PD mice [58]
UCNP/AIEgens MMP3 Mixed nanoprobe 0.12 PD mice [59]
AuNPs@MEA SSAO Gold nanoparticle 252.00" Human serum [60]
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+ 2128 -

242 %4} Acta Pharmaceutica Sinica 2026, 61(6): 2123-2134

A

Composition/Structure of Tb-MOF@Pt-Apatmer
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Non-invasive Detection of Parkinson's Disease
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Figure 2 PD nanoprobes targeting a-Syn. A: Schematic of the non-invasive PD monitoring system and its working principle based on the

Tb-luminescent metal-organic framework probe (Tb-MOF@Pt-Apt). Adapted from Ref. 39 with permission. Copyright © 2022 Elsevier; B:

Schematic illustration of the principle of the T1-T2 switchable MRI probe ASOSN driven by a-Syn oligomers. Adapted from Ref. 16 with

permission. Copyright © 2024 Wiley; C: Fluorescence images of NL5901 nematodes labeled with probe (NR-CDs). Scale bar = 100 um.

Adapted from Ref. 40 with permission. Copyright © 2024 Elsevier; D: Upper panel: Representative developmental images of a-Syn-mimick-

ing embryos treated with and without probe PX30. Lower panel: Interaction between a-Syn-Cy5.5 and PX30 in 96 h early larvae, monitored

by fluorescence imaging and Raman imaging. Scale bar = 200 um. Adapted from Ref. 11 with permission. Copyright © 2025 Wiley. NR-

CDs: Nile red based carbon dots
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i PRI B2 B HIAS A, Zhang 25203 — B4R 1“2
P =R L Rl e S M O S i BUIE A SR VLB N
& (Y-CDs/G-CDs/B-CDs) &5 & #8667 &, LA
I3 ) L2 B i i) T R IX 43 5 B, Aar R 32.08 &
149.44 nmol-L", i& B s R I3 B -

% EL AR N B ) L2 T e b 40388 o, OV FE S
50 4 AR5 B R AR R R B VDA 9% . 2020 4F Abha
LW RS AL EE B T S (Mn: ZnS/BSA QDs), fifi

DA KR FEHE IR G LA R 1%, IR 2.02 nmol- L, i& it
LR BRI . 2022 4F Xie 261953 — 15 A Iy
RIS R T 3K, TPR 7 — Pl #1 Tobs ic 4 2 4
J& A HLHESE Bu-aCD, H Tl PD & 3% JRIK 1 (1) DA,
£ 107 2 10 mol-L™ & F&E Y1 Bl P mi B R 47, ks I PR Ay
0.65 nmol L', Jyilfii & 56k DA (1) A 4046 AT EL 373 46 ) 12
BT B RS (B3B). 2024 FE DA KGN R 2RSS
SR o | £ a3, Park SR F 3R RS Uk T AR 40K ORL
T (AgNPs) 5 48 [1) 32 [ 38 9 B 2 Bl 0 T AR IR
A, Kl BR A 4.28 nmol- L' (R* = 0.99); Han 25 D) J&
BB ) & B T S N-CQDs %¢ 6 4R &, K6 I R Ky
0.168 mmol L™, 4 3F [BIYS #  98% % 103%; Pan 25
RAAZNIER AT ERES (ZGC/ZIF-8-NH,), SEPLIRIE
FIVFIH DA B T6 00 SRS DU, A8 IR 9 0.075 pmol-L,
T A AL, JE D PD & K Ash A M.
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Figure 3 PD nanoprobes based on the detection of neurotransmitters and metabolites. A: UV-visible spectra of AgNPs in the presence of

interfering substances such as DA, NE and EP. Adapted from Ref. 41 with permission. Copyright © 2025 Royal Society of Chemistry; B:

Flow chart for the treatment of patient urine and DA detection process using Eu-aCD nanoprobes. Adapted from Ref. 46 with permission.

Copyright © 2022 Elsevier; C: Schematic diagram for the detection of levodopa using Fe**@cys@CuNC nanoprobes. Adapted from Ref. 51

with permission. Copyright © 2024 Wiley; D: Schematic diagram of the synthesis of Eu-MOF and its application in the detection of trypto-

phan and Cu?'. Adapted from Ref. 54 with permission. Copyright © 2025 Springer

fEJie % B2 (levodopa, L-DOPA) 15 N IH 4 2% 16 7
Hh i 10 22 M i A 2454, JFG I 24 R R B 0 % 9 2
WA SA R RN EREREE. SR s RE
2 B 15 FORS A0 RE IR 26 A RS R4S, TR b R e v o %
P L SEI A I 720 83 Y. 2019 4F Moslehipour 2515
J¥ & CdTe QDs bt 2 BUGRER, EBEPEMR 57, WIAE LK H
WA L-DOPA . 5 Moslehipour 2552l & % £ 11 5
5 AR E AN [R], Biswas 25050 ) 55 5 A K il R A
JE B 2T, AR A2 MG 9K B L-DOPA S #E 58 5 7 R
2024 47 Biswas 5P A B S A B E T A
KA R NGOZC, 46 FR A 42 1.78 nmol-L™, Z8fif &
FENRS . [F4FE, Varghese Z5°" QI8 TT R WU 5 i 9L R
B, FH Fe® VK 1 2 bt 20 B8 A 5E 1) A 90 K 1 7% (Fe®™
@cys@CuNQC), 1E 2y Lk (e B & T 46 0 L-
DOPA. H:AE0.06~1.31 mmol-L K £ 135 A, 4
F M 6.57 nmol-L", [B1 Y % K 85.75%~115.07%, Bk i@
UG5 A8 AR T T #ER P, O R ARG 37 5
(Pt w/t e i) gt T RiE ! (B30). 2025
4 Huang 55V FH 2 7 15 J& 16 4 1] % NPCDs 4= 4 i

i 5, KRR 0.05 mmol- L, 4 i 25 4 5 A%, AR L-
DOPA Ifil 24 #& i SIS AR IR BT B R 35 7€ FE Al

PD ) 20 P2 340 £ B % 208 (tyrosine, Tyr) 8%
M2 (tryptophan, Trp) HIAX U K &L 5 40 5 1 (Cu™) &
7 X AR DRI PD 2 4 FEVPAG A T AN TS .
2024 4 Anh I RN, S 45 00 0 B4 & T AR
NSGQDs, SEHLA ML A 37 5 - L- 1% S 6 bR R St )
(PBS H KM BR 4.2 nmol- L™, # % A L3+ 7 nmol-L™),
SHe FL T o U Y R 5 I PR A& S P o TR 4, Wang 555
147 PEP-Au Lt f5 86 8%, 1 i K& iC 7R - £ 90 oK kL 1
TR AT I L- 5 24 B8, ZePMEJE 1% 1 000 pmol L7,
SOREIF T AN 10 s, B8 THR M 2% e o i 9 TOUAIE 9 3 S 0f
PR bR B EAS I T, M Gong P ik — 25
B AT BT DRI ) SR PR, SR A PD € SRR AR U 35 L
5 Ccu® KA 1) P [ BN 3K o 2025 4F Gong PR AR
Z TP RS R, JF R T B T4 00 4 IR A HLAE B2
(Eu-MOF) 1) 5%t A PR B, Al 75w MK IE W (pH =
7.4) b [E] B A W€ S TR R Cu®t, LA 0 BR 43 53 0.22
F10.09 pmol- L', eI H R 47 1) 2 43§ 4 [F) 0 A%l g
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Wi . 2024 4 Prasad ZP" i H ZnNPs-H &AL £ 40 K i
i, 45 {60 A 0 5 B 99K B 5 3 B ROS
1 TR T, TR PD VT FHLL AESH 5 i
JT I TR FE RS I, Zhang IR @A B3 — 0SBl T 1297 —
PRAGH TR . 2025 4F Guo SR 2 1 fini 8 1) T B4 4
KIRE HV-PEG-RVG29, iZ 4R £ AN BE 1 % 325 ifi i ¢
Wi, 34 BEAE H,O, A1 B RIS R A 7 AR I 2041 52
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W 5HE, MOy PD S T TR R . B,
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H8 02 3 B0 i R B0 ER X 2 KBRS, X
55 PD FER I AR AL DIAH K oAb, s ph 42
FE 1) 5L i 4 8 & A B 3 (matrix metalloproteinase 3,
MMP3) x5 A0 R I 21 JDE 22 I % B i S AL Bl
(semicarbazide-sensitive amine oxidase, SSAQ)1 %5
AHYE ML SE S5 PD R ERAR OC . T 4F 2K, BHIF N T XX
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2023 4F: Zhang S P HRAE | — RO IR 50
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Figure 4 PD nanoprobes based on the detection of small-molecule bioactive substances and enzymes. A: Fluorescence imaging of
HV-PEG-RVG29 nanoprobes in PD mice. Adapted from Ref. 20 with permission. Copyright © 2025 Elsevier; B: Schematic diagram of
bioimaging of MAO-B using NIR-MNP nanoprobes. Adapted from Ref. 58 with permission. Copyright © 2023 Elsevier
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