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N Yy s B Br sl KT 1) AB A tau
WE AR 2RI TR T 2 Rk A R
%Eullj[33~35].

MERKRE, BAEMAKMEHE AD A
A 0 1F B AL 0 104 35 328 8 A8 A0 T AR Dy it HL s R
Al sh&S MR AR I E TR .
BT, ACKESREMRK . BT HEE
AL e 14 2 3 KA ARV R GRS
Bl RGLERHAE A tau 7 B A A R
RSt R, B8 aE AR )RR
Al RG] REAES SR
M IRAAY K 22 Dy RE W [F] - TS5 7 T ) R FH AR R
T 12 0 I B PR ) . 2 B R P I R
. IR RS T R AN FH A5 7 T T I )
Pk 5 & JETT IR AT IS



Par

FHrE

e REMINAMBHE BT R ICEER I 8 A A& 2 P IR FU i e

1871

AB Monomer

sAPPB

A

/

A

/—Secretase

AB Oligomers

AB Plaque

- :

R

Neuronal
Damage

Failure

Oxidative
Stress

0

APP D C?:::\:l:;e Microglial Neuroinflammation
—_—— Cleavage Activation
P99 PTTT ~) \a u 9 R FIRPIPR: 29999
AL AL R R R R R
Activation . 7
’: 'ljﬂls) C{J' ‘JG;El, Eéiﬁgééé::’ jjﬁi&;..u ,
Tau = 0 _’
Hyperphosphorylatlon o
Microtubule Detached Tau Tau Oligomers Neurofibrillary Intercellular
Disassembly Tangles Spreading

Axonal Transport
Impairment

Synaptic
Dysfunction

Mitochondrial
Dysfunction

v

Neuronal
Injury

Autophagy-Lysosomal
Dysfunction

Fig. 1 Mechanistic landscape of the amyloid-/ cascade and tau pathology in Alzheimer’s disease. This schematic illustrates
the interconnected pathological events that drive proteostasis imbalance and neurodegeneration in AD. In the amyloidogenic
pathway, APP is sequentially cleaved by BACE1 and y-secretase to generate SAPPS and A monomers, which further assemble
into Af oligomers and extracellular plaques. These pathological Af species induce microglial activation, ROS production,
oxidative stress, and neuroinflammation, while impaired microglial clearance further promotes Aff accumulation and neuronal

damage. In parallel, kinase activation induces tau hyperphosphorylation, leading to microtubule disassembly, tau detachment, tau
oligomerization, and neurofibrillary tangle formation. Pathological tau species further contribute to axonal transport impairment,

synaptic dysfunction, autophagy-lysosomal dysfunction, intercellular spreading, and neuronal injury. Together, Af accumulation,
tau aggregation, neuroinflammation, oxidative stress, and defective clearance form a self-amplifying pathological cycle, ultimately

resulting in progressive loss of protein homeostasis and neuronal degeneration.
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Fig. 2 Micelle-based nanochaperone for Af homeostasis restoration. (a) Schematic illustration of the mechanism by which the
nanochaperone MSPM-PAE captures Af species, suppresses A aggregation, promotes microglial clearance, and protects
neurons; (b) SDS-PAGE analysis showing the selective capture of Af by MSPM-PAE from a protein mixture containing Af,
BSA, and ubiquitin. After incubation in the presence or absence of micelles, the unbound proteins and micelle-bound proteins

were separated and analyzed; (c) Fluorescence images showing enhanced microglial uptake of MSPM-AfS complexes. Scale
bar, 10 um (Adapted with permission from Ref. [54]; Copyright (2019), Wiley); (d) Schematic illustration of the cascade-
targeting multifunctional nanochaperone for synergistic AD therapy via microenvironment remodeling; (¢) TEM images of the
end products after co-incubation of Cu(Il)-Af fibrils with KT-nChap@Cur for 7 days. Scale bar, 200 nm; (f) Fluorescence
images of Af plaques and 8-OHG in brain tissues of AD mice after KT-nChap@Cur treatment. Scale bar, 200 pm (Adapted

with permission from Ref. [56]; Copyright (2024), Elsevier).
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Fig. 3 Selective nanochaperones for tau pathology modulation. (a) Schematic illustration of Tau-nChap for selectively

capturing intracellular pathological tau and inhibiting its aggregation in neurons; (b) TEM images of pathological tau after

incubation with Tau-nChap at 37 °C for 7 days. Scale bar, 200 nm; (c) Immunofluorescence images of tau in the hippocampus
of AD mice after Tau-nChap treatment. Scale bar, 50 um (Adapted with permission from Ref. [61]; Copyright (2022),

Elsevier); (d) Schematic illustration of nanochaperone-mediated selective autophagy for pathogenic tau clearance in AD.

BVNC binds pathological tau, stabilizes microtubules, activates in situ autophagy, and promotes autophagic flux and tau

degradation; (e) Western blot analysis of autophagy-related proteins in tau-SH-SYS5Y biosensor cells after different
nanochaperone treatments; (f) CLSM images of acetylated a-tubulin in tau-SH-SYSY biosensor cells treated with PBS or

BVNC. Scale bar, 25 pm; (g) Immunofluorescence images of LC3B in the hippocampus of PS19 mice after BVNC treatment
(scale bar, 200 um) (Adapted with permission from Ref. [62]; Copyright (2024), Wiley).
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Table 1 Molecular chaperone systems for aberrant protein intervention in Alzheimer’s disease.
Type Material Key function Mechanism/trend Ref.
Polymeric micelles MSPM-PNIPAM Recognize exposed hydrophobic AS From carriers to chaperone- [53]
segments and inhibit aggregation mimetic regulators
Polymeric micelles MSPM-PAE Capture AS, suppress aggregation, From aggregation inhibition to [54]
and promote clearance proteostasis restoration
Polymeric micelles K-out-MSPM Disassemble fibrils, capture released From fibril inhibition to post- [55]
species, and reduce secondary toxicity disassembly detoxification
Polymeric micelles ~ KT-nChap@Cur Enhance BBB penetration and From protein regulation to brain ~ [56]
coordinate Af clearance, metal delivery-enabled multitarget
regulation, and oxidative stress relief microenvironment intervention
Polymeric micelles MSPM-PHF6 Inhibit PHF6 aggregation, block From Af nanochaperones to tau [59]
neuronal entry, and facilitate feasibility validation
proteolytic degradation
Polymeric micelles NanoTLK Inhibit tau aggregation and seed- From Ap targeting to tau targeting  [60]
induced propagation
Polymeric micelles Tau-nChap Enable intracellular and pathology- From extracellular targeting to [61]
selective tau recognition intracellular selectivity
Polymeric micelles BVNC Selectively recruit and clear From pathological recognition and  [62]
pathological tau while restoring inhibition to selective clearance
autophagic flux and microtubule with autophagic flux restoration
homeostasis
Genetic degraders R-NDF8-2 Selectively clear aggregated tau while From aggregate recognition to [63]
mRNA system sparing monomeric tau activated degradation
Genetic degraders ~ RING-tau-RING  Clear tau assemblies and reduce tau From aggregation regulation to [64]
mRNA pathology in vivo selective clearance
Polymeric PFBZ Selectively binds to Af4.,;, inhibits From amyloid inhibition to [65]
Ap aggregation neuroprotective effects
Peptidomimetic S-Hsp90 Inhibits Tau aggregation and restores From aggregation inhibition to [66]
Tau-microtubule interaction functional recovery
Nanogels CHPNH2 Captures Af, inhibits aggregation, From aggregation inhibition to [67]

and reduce Ap toxicity

neuroprotection
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Fig. 4 Supramolecular assemblies for aberrant protein regulation in Alzheimer's disease. (a) Schematic illustration of the
possible mechanism by which the cyclodextrin-calixarene co-assembly ameliorates AD-like pathology; (b) Disassembly of
pre-formed Af, 4, fibrils in the absence or presence of disassemblers (CD-CA (20.0/20.0 pmol/L) and CD-CA (13.33/26.67
umol/L)) monitored by ThT fluorescence, with each disassembler added to the 20.0 umol/L Af|_4, aggregation solution at 96 h
post-initiation; (c¢) ThioS staining of the hippocampus in 5XFAD mice after treatment with the CD-CA co-assembly (scale bar,
200 um) (Adapted with permission from Ref. [72]; Copyright (2021), Wiley); (d) Schematic illustration of the IP6@GCA/AP
co-assembly for coordinated regulation of Af fibrillation and oxidative stress; (e) Therapeutic effects of the IP6@GCA/AP co-
assembly on Af plaques, neuroinflammation, and neuronal apoptosis in SXFAD mice, as shown by 8-OHG and TNF-a
immunofluorescence (Adapted with permission from Ref. [73]; Copyright (2024), Wiley); (f) Schematic illustration of
GC5AY as a single-molecule multifunctional scaffold for intranasal AD therapy; (g) Representative in vivo fluorescence
images of different formulations (Adapted with permission from Ref. [75]; Copyright (2025), Wiley).
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Table 2 Applications of supramolecular assemblies in Alzheimer’s disease therapy.

Type Material Key function Trend Ref.
Supramolecular CD-CA Recognize Af, inhibit fibrillization, From single recognition to [71,72]
assemblies and dissociate fibrils heteromultivalent recognition
Supramolecular  [P6@GCA/AP Co-regulate Af pathology, fibril From single-target modulation to [73]
assemblies disassembly, and oxidative stress multi-pathology intervention
Supramolecular GC5A/PEG/ Enhance BBB delivery and promote From supramolecular recognition [74]
assemblies PDPP Ap fibril disruption under to BBB-penetrating responsive
photothermal assistance intervention
Supramolecular ~TLB@GCSAY  Enable noninvasive intranasal brain ~ From supramolecular regulation to [75]
assemblies delivery with concurrent Af noninvasive brain delivery
modulation and neuroprotection
Supramolecular GCD-INS Couple Af recognition with insulin From A/ regulation to metabolic [76]
assemblies release to ameliorate brain metabolic co-intervention
dysfunction
Supramolecular CB[7] Recognize Ap, inhibit fibrillation, and From single recognition to [77]
assemblies modulate hydrophobic interactions multivalent interaction
Supramolecular ~ Calix[4]arene-  Inhibit fibrillation/f-sheet transition, From molecular inhibition to [78]
assemblies GPGKLVFF reduce oligomer cytotoxicity Ap-targeting inhibition
Supramolecular MPD Ap-responsive, regulate Af clearance, From single delivery to [79]
assemblies cross BBB, dual-drug synergy Ap-targeted supramolecular therapy
Supramolecular Nanorods Reduce Ap deposition, inhibit From protein assembly to brain- [80]
assemblies aggregation, and enhance clearance targeted multi-modal therapy
Supramolecular CLRO1 Inhibit tau and Af aggregation, From single-target inhibition to [81]
assemblies improve behavior, and reduce dual-target modulation

tau pathology
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Fig. 5 Peptide-based assemblies for aberrant protein regulation in

AD. (a) Mechanistic illustration and biological evaluation of

LK7@PLGA-NPs. LK7@PLGA-NPs redirect pathological Afy, into off-pathway aggregates, alleviate cytotoxicity at 20 pg/mL,
and induce aggregate formation, as confirmed by TEM (scale bar, 100 nm); (b) CD spectra of Af,, treated with 100 pg/mL
LK7@PLGA-NPs (Adapted with permission from Ref. [89]; Copyright (2015), American Chemical Society); (c) Schematic

illustration of the nanosweeper mechanism for Af capture via

hydrogen-bonded co-assembly and subsequent autophagic

degradation; (d) Western blot analysis of LC3-II after M3 treatment in vitro; (¢) CLSM images of brain sections from AD mice

treated with PBS or M3, with WT mice as the control, where GFP-LC3 puncta indicate autophagy activation (scale bar, 20 pm)

(Adapted with permission from Ref. [93]; Copyright (2018), Springer Nature).
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Table 3 Applications of peptide-based assemblies in Alzheimer’s disease therapy.
Type Material Key function Trend Ref.

Peptide-based Poly(LVFF-co- Inhibit AS,, aggregation, From free peptides to polymerized [88]
assemblies f-amino ester) fibrillization, and S-sheet formation display

Peptide-based LK7@PLGA-NPs Enhance Af,, inhibition while From peptide inhibitor to nano- [89]
assemblies reducing peptide self-toxicity enabled presentation

Peptide-based BKP Capture Af, and reduce membrane- From inhibition to co-assembly- [90]
assemblies associated toxicity based sequestration

Peptide-based PEP NPs Inhibit Ap fibrillization and From inhibition to chemo- [91]
assemblies disaggregate Ap fibrils photothermal disaggregation

Peptide-based nanosweeper Capture extracellular AS and From aggregation control to active [93]
assemblies promote intracellular degradation clearance

Peptide-based St-CI-Pr-ANG Enhance brain delivery and provide =~ From active clearance to delivery- [94]
assemblies multimodal neuroprotection therapy integration

Peptide-based CuZn-PEP NZs Attenuate Af aggregation and ROS From Ap modulation to AS/ROS [95]
assemblies co-treatment

Peptide-based PKNPs Enhance BBB permeability, From non-specific phototherapy to [96]
assemblies selective A photooxygenation target-driven Af-responsive

phototherapy

Peptide-based MPGLT Simultaneously clear AS and ROS, From single-target modulation to [97]
assemblies reduce cytotoxicity multifunctional co-treatment

Peptide-based APNDs Promote Ap clearance and enhance From aggregation inhibition to [98]
assemblies BBB penetration multi-target brain delivery

Peptide-based mP-1AfS5 Disassemble Ap fibrils From free peptides to polymerized [99]
assemblies display
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Antibody Clearance and Nanochaperone Proteostasis in AD
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Fig. 6 Antibody-based clearance versus nanochaperone-mediated proteostasis regulation
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in AD. (a) Structural features of

conventional antibodies, relying on Fab regions for epitope-specific recognition and Fc regions for microglial recruitment,

compared to nanochaperones driven by functionalizable surfaces and hydrophobic microdomains; (b) Summary of key

differences in action sites, core functions, and clearance modes; (c) Mechanistic pathways contrasting exogenous immune-

mediated clearance via microglial phagocytosis (left) with chaperone-like proteostasis regulation involving pathological

protein capture, aggregation remodeling, and degradation coupling (right); (d) Performance evaluation highlighting the

advantages of nanochaperones in target coverage, BBB penetration, and ARIA risk mitigation. This comparison underscores

the therapeutic transition from exogenous immune clearance toward endogenous-like proteostasis reconstruction.
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Review

Advances in Polymer Nanomaterials for the Regulation of
Protein Homeostasis in Alzheimer’s Disease
Si-lei Wang, Lin-lin Xu®, Lin-qi Shi"

(Key Laboratory of Functional Polymer Materials of Ministry of Education, Institute of Polymer Chemistry,
College of Chemistry, Nankai University, Tianjin 300071)

Abstract In Alzheimer’s disease (AD), the disruption of Af and tau proteostasis during misfolding, aberrant

aggregation, clearance, and degradation represents an important pathological basis driving neurodegeneration and

cognitive decline. The related pathologies do not occur in isolation, but are closely coupled with neuroinflammation,

synaptic damage, and neuronal death. In this context, conventional strategies targeting pathological proteins still

face several limitations, including imprecise recognition of pathological species, insufficient coordination between

aggregation regulation and clearance, single-target intervention, and restricted brain delivery. Owing to their

designable structures, tunable assembly behaviors, and extensible functionalities, polymeric nanomaterials have
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gradually expanded beyond drug delivery carriers to become functional systems capable of actively participating
in abnormal protein regulation and multi-pathological intervention. Focusing on three representative material
systems, including polymeric micelles, supramolecular assemblies, and peptide-based assemblies, this review
systematically summarizes their design principles and research progress in the regulation of Af and tau pathology.
Particular attention is given to their characteristics in inhibiting abnormal protein aggregation and promoting
clearance, enabling multifunctional synergistic intervention, and optimizing brain delivery. Finally, this review
summarizes the research trends in this field from passive delivery to active regulation and from single-target
intervention to multifunctional synergy, providing a reference for the design and translational development of
materials for abnormal protein regulation in AD.
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