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Alzheimer's disease (AD), as a common neurodegenerative disorder, seriously affects human health.
However, the treatment of AD has always faced significant challenges and has attracted extensive
attention in medical research. In recent years, nanoparticle-based therapeutic strategies have been
identified as a promising direction in AD research due to their unique advantages and potential. These
strategies leverage the distinctive physical and chemical properties of nanomaterials, enabling them to
effectively traverse the blood-brain barrier and directly target pathological sites, thereby minimizing
damage to normal tissues and enhancing therapeutic efficacy. This approach holds considerable promise
for AD treatment. Current literature indicates that nanomedicines can deliver therapeutic agents, such as
approved pharmaceuticals, natural compounds, antibodies, and metal nanoparticles, directly to lesion
sites, thereby reducing collateral damage to healthy tissues and improving treatment outcomes. With

continuous advancements in nanotechnology and ongoing scientific investigations, there is potential for
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Accepted 25th February 2026 developing safer and more effective treatment options for AD patients in the future. This review aims to

summarize recent developments in nanoparticle-based strategies for AD therapy and elucidate their

DOI: 10.1039/d5n200993f mechanisms of action, providing new insights for the future development and advancement of
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1 Introduction

Alzheimer's disease is recognized as the most prevalent form of
progressive, persistent neurodegenerative disorder, character-
ized by cognitive and memory impairments and serving as the
leading cause of dementia, predominantly affecting the elderly
population. According to estimates by the World Health
Organization (WHO), over 55 million individuals globally are
affected by dementia, with AD being the most common form,
potentially accounting for 60-70% of cases.' In the United
States alone, approximately 6.9 million individuals aged 65 and
older are living with the impact of AD.* As a disease that impairs
memory and cognitive abilities, although AD progresses slowly,
it eventually renders patients bedridden and reliant on care-
giving, imposing substantial economic and psychological
burdens on both individuals and their families.* AD also poses
significant challenges to aging societies. With increasing global
life expectancy, the number anticipated to be living with the
impact of AD is projected to reach 87 million by 2050, and the
WHO notes that costs related to dementia, estimated to be $1.3
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trillion per annum in 2019, are expected to double to $2.8 tril-
lion by 2030.%

Alzheimer's disease is an exceedingly complex chronic
neurodegenerative disorder attributed to a confluence of
multiple pathogenic factors.® Among the various implicated
pathological pathways, synaptic dysfunction, such as synaptic
loss and deficits in synaptic plasticity, is closely associated
with cognitive decline.” Neurotransmitter deficiencies also
contribute to a multitude of neurodegenerative symptoms
observed in AD, including cholinergic and glutamatergic
deficits related to cognitive decline, excitatory and inhibitory
neurotransmission imbalances leading to synaptic plasticity
deficits and seizure-like symptoms, and monoaminergic
neurotransmission deficits contributing to neuropsychiatric
symptoms.® Several approved therapeutics alleviating AD
symptoms are based on these mechanisms, such as donepe-
zil, which acts as an acetylcholinesterase inhibitor (AChEI) by
preventing the breakdown of acetylcholine (ACh) by acetyl-
cholinesterase (AChE), thereby enhancing ACh concentra-
tions and promoting neuronal communication.®'’ In general,
the major pathogenic hypotheses for AD can be broadly
categorized into several aspects: the amyloid-beta (AB)
cascade hypothesis," the tau hyperphosphorylation hypoth-
esis,” mitochondrial dysfunction,” the oxidative stress
hypothesis,” and neuroinflammatory responses.** It is
essential to note that these pathogenic mechanisms do not
exist in isolation but instead interact, collectively driving AD
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Fig. 1 Schematic diagram of various nano-targeted delivery strategies for Alzheimer's disease.

progression. Presently, scientists are exploring a range of
therapeutic strategies, including drugs and treatments tar-
geting amyloid proteins, tau proteins, inflammation, and
neurotransmitters, to slow AD progression and improve
patient quality of life.

Furthermore, therapeutic targets for AD primarily need to
exert their effects within the brain. However, the presence of the
blood-brain barrier (BBB) constitutes the greatest challenge to
drug delivery into the brain (Fig. 2).">'* The BBB is a physical
and biochemical barrier located between brain microvascular
endothelial cells, comprising endothelial cells (ECs) connected
via tight junctions, a basement membrane, pericytes, and
astrocytic end-feet encircling the capillaries.”” It is a complex
interface that closely communicates with the rest of the central
nervous system and is influenced by peripheral tissues. The
primary function of the BBB is to selectively permit certain
substances to enter the brain while blocking others, including
pathogens and most drugs, from accessing brain tissue—
a characteristic that also hinders most drugs from penetrating
the brain.”® It prevents most macromolecules and

2196 | Nanoscale Adv., 2026, 8, 2195-2214

approximately 98% of small molecules from entering the brain.
This has propelled researchers to develop effective strategies or
agents capable of penetrating the BBB to achieve targeted
delivery of therapeutic agents.' Current approaches include the
development of highly permeable and targeted nanomedicines
or leveraging specific proteins or ligands to enhance drug
translocation across the BBB.**

Given the aforementioned pathogenic mechanisms and the
complexities of drug delivery, researchers have explored
a variety of nanoparticle-based therapeutic strategies to inter-
vene in AD.”*** We classify and summarize these strategies
based on their primary therapeutic mechanisms as follows
(Fig. 1): (1) acetylcholinesterase inhibitor nano-delivery strate-
gies; (2) nanocarriers for the targeted delivery of anti-AP aggre-
gation drugs; (3) nanotechnologies for the targeted delivery of
agents inhibiting abnormal tau phosphorylation; (4) nano-
therapeutic approaches targeting inflammation to intervene in
AD; (5) nanocarriers focused on BBB penetration; (6) nano-
composites inhibiting oxidative stress; (7) autophagy-activating
nano-strategies. Detailed descriptions are provided below:

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Neuropathological features in the pathogenesis of AD.

1.1 Acetylcholinesterase inhibitor nanodelivery strategy

Acetylcholine is a neurotransmitter intrinsically linked to
learning and memory, and augmenting acetylcholine levels can
facilitate improved cognitive function in AD patients.** Inhibi-
tion of AChE is a common therapeutic strategy for AD. AChE
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(A) Detailed anatomical view of the blood—brain barrier, showing capillaries, endothelial cells, pericytes, the basal layer, and astrocytes. (B)

inhibitors prevent the breakdown of ACh, thereby increasing its
concentration in the synaptic cleft and enhancing cholinergic
neurotransmission. This augmentation of neuronal signaling
can subsequently ameliorate cognitive functions.”® Conse-
quently, numerous nanoparticle strategies targeting AChE have

been proposed (as depicted in Table 1).

Table 1 Summary table of acetylcholinesterase inhibitor nanodelivery strategies and molecular mechanisms

Name Active drug Carrier Model (in vivo/in vitro) Therapeutic pathways Ref.
— Donepezil Chitosan nanofibers Male Wistar rats The absorption rate of donepezil 28
(in vivo) was increased by chitosan
nanofibers
Donepezil free Donepezil NLC gel Franztype diffusion Improve the skin permeability of 29
base-nanostructured lipid cells the drug and increase the flux of
carriers (DPB-NLC) (in vitro skin the drug through the skin
permeation
study)
Carrier-free nanomodulator Donepezil Simvastatin FAD*" transgenic mice Brain delivery via the nasal route 33
(NanoDS) (in vivo) and overcoming the associated
gastrointestinal (GIT) side effects
Nanostructured lipid carriers Donepezil Nigella sativa (NS) Male Sprague Dawley Improves nasal permeability and 32
of donepezil hydrochloride hydrogen rats enhances drug distribution in the
(DNZ NLC) (in vivo) brain
Nano-lipid drug conjugates PAMs of M1 Nano-lipid — It improves bioavailability, 34
(LDC-NPs) receptors improves efficacy, and reduces the
therapeutic dose and side effects
Memantine-encapsulated Memantine — Sprague Dawley rats It has no toxic effect on cells, and 35
polymeric nanoparticles (in vivo) the absorption of the drug at the
target site is higher
— Piaglitazone Nano-lipid carrier Male Wistar rats The nasal permeability of PIO in 36
(in vivo) vitro was improved
— AChE GO — Can cross the blood-brain barrier, 37
inhibitor enhance free radical scavenging
capabilities, and achieve
additional therapeutic benefits
through bionnanometer synergies
Tacrine- Tacrine Benzimidazole SH-SY5Y cells (in vitro) Higher AChE inhibitory activity, 38
hydroxyphenylbenzimidazole (TAC) (BIM) high inhibition of Ap aggregation,

(TAC-BIM)

© 2026 The Author(s). Published by the Royal Society of Chemistry

and moderate free radical
scavenging activity and metal
chelating ability
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Donepezil is a widely utilized acetylcholinesterase inhibitor
that enhances acetylcholine levels by inhibiting AChE activity
within the brain.”® Since its approval in the late 1990s for the
treatment of AD, donepezil has become a standard pharmaco-
logical intervention, primarily used for mild to moderate AD.”
Multiple clinical trials have demonstrated that donepezil
significantly improves or maintains cognitive function and
quality of life in patients. Despite its overall favorable safety
profile, adverse effects such as nausea, vomiting, diarrhea, and
insomnia may occur. Hence, employing nanotechnology for
targeted drug delivery to enhance efficacy while reducing side
effects is a current research focus.

Nonetheless, oral administration of donepezil in clinical
practice is fraught with drawbacks that often lead to poor
patient adherence. Therefore, developing nanoparticulate
formulations of donepezil capable of traversing the blood-brain
barrier or nasal epithelium is crucial to address gastrointestinal
side effects associated with oral delivery. Researchers have
developed a spectrum of nanoparticle formulations using
delivery-competent and biocompatible materials, including
chitosan nanofibers, nanostructured lipid gels, hyaluronic acid,
and self-assembled nano-drugs.”®*' Notably, Tekade and
colleagues engineered a nanostructured lipid carrier containing
donepezil hydrochloride (DNZ HCI) for the effective manage-
ment of AD. This nanoparticle formulation significantly
enhanced nasal permeability and directly delivered the drug to
the brain, bypassing the BBB.*> Moreover, Duan et al. devised
a carrier-free nano-modulator (NanoDS) via the self-assembly of
donepezil and simvastatin, which facilitated rapid and efficient
transmucosal passage across the nasal epithelium, achieving
subsequent drug release and multiple therapeutic effects.*
Furthermore, to mitigate donepezil-induced adverse reactions
such as nausea, vomiting, and dizziness, Chintamaneni et al.
proposed surface-engineered nanolipid drug conjugates with
M1 receptor positive allosteric modulators (PAMs) to enhance
brain bioavailability, thereby reducing therapeutic dosage and
side effects.** Liu et al. also offered a nanoliposome carrier
based on spice-derived antioxidants as a potential “green”
alternative to synthesized AChE inhibitory drugs.** Additionally,
targeted brain delivery strategies have also been designed for
marketed AD drugs, memantine, and pioglitazone.**?®

Beyond nanoparticulate delivery for existing medications,
numerous nanoparticle therapeutic strategies have been
developed based on the pathogenetic mechanism of AChE
inhibition. Phanrang et al. integrated AD drugs into graphene
oxide (GO) nanocomposites, facilitating targeted drug delivery
across the blood-brain barrier, thereby more effectively inhib-
iting AChE in AD patients.*” Chitosan, with its commendable
biocompatibility, bioadsorbability, and degradable products,
has been utilized in conjunction with the natural cholinesterase
inhibitor galantamine to create an innovative intranasal nano-
drug delivery system for AD treatment, aimed at AChE inhibi-
tion.** Additionally, novel tacrine-hydroxyphenyl-benzimidazole
(TAC-BIM) hybrids exhibited greater AChE inhibitory activity
(IC50 in the nanomolar range) and significantly repressed both
self- and Cu-induced AP aggregation (up to 75%) compared to
the monotherapy of tacrine (TAC).*®
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However, AChE inhibitors primarily provide symptomatic
relief and do not halt or decelerate the progression of AD. As the
disease advances, drug efficacy may wane. Thus, integration
with other therapeutic modalities remains necessary to
comprehensively address this complex disease.

1.2 Targeted nanocarriers for the delivery of anti-Ap
aggregation drugs

Amyloid-beta (AB) is a pivotal protein in the pathogenic
progression of AD. It is derived from the amyloid precursor
protein (APP) via enzymatic cleavage and can form toxic aggre-
gates. These aggregates accumulate in the brains of AD patients
as insoluble fibers and plaque deposits, known as amyloid
plaques. These plaques are pervasive in the brains of AD
patients, particularly in the hippocampal and cortical regions,
which are closely associated with memory and cognitive func-
tions. Ap aggregates disrupt intracellular signaling, leading to
neuronal dysfunction and cell death. They may also trigger
inflammatory responses, further damaging brain tissue.
Despite the crucial role of AB in the pathology of AD, therapeutic
strategies targeting A have not yet achieved groundbreaking
success. Currently, no pharmacological agents effectively clear
or prevent the formation of AB deposits in the brain. Therefore,
identifying therapeutic approaches that inhibit AB aggregation
or promote its disaggregation is a primary research objective in
AD studies. Various nanoparticle-based therapeutic strategies
targeting AP aggregation have been developed (as shown in
Table 2), which can be broadly categorized into nano-carriers
loaded with botanical extracts, combination-type nano-
materials, functional nanomaterials, and biomembrane-based
nanomaterials, as elaborated below:

Certain herbal extracts (e.g., silymarin (SIL),***° quercetin
(Que),**** cannabidiol (CBD),* ApoE-PLGA,* rutin (Cur),*
nattokinase,” and curcumin,*”®* among others®) possess
characteristics for disrupting amyloid aggregates, exhibiting
antifibrinolytic activity, and mitigating AB-induced cytotoxicity,
thereby holding potential for clinical AD treatment. However,
these extracts are constrained by poor solubility and inability to
reach target sites. Consequently, researchers have developed
a variety of nano-carriers (e.g., carbon dots, poly(lactic-co-gly-
colic acid) (PLGA), water-soluble PLGA, etc.) to overcome these
limitations and facilitate the targeted delivery of herbal extracts.

The application of combination-type nanomaterials also
offers a novel direction for the development of therapeutic
modalities. By physical and chemical amalgamation of two or
more nanomaterials or therapeutic agents, these combinations
enhance delivery efficacy or targeting capacity while preserving
drug activity, thus achieving enhanced therapeutic efficacy with
reduced adverse effects. Several combinatory strategies have
emerged in recent years.>*® A typical example is the work of
Singh et al., who conjugated multifunctional poly(amidoamine)
(PAMAM) dendrimers with tocopheryl polyethylene glycol
succinate-1000 (TPGS), creating a PIP-TPGS-PAMAM dendrimer
complex to mitigate the toxicity of AB1-42 fibrils on SHSY5Y
cells.’”  Similarly, Huang et al  utilized
sialotetrahexosylganglioside (GM1)-modified

mono-
reconstituted

© 2026 The Author(s). Published by the Royal Society of Chemistry
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high-density lipoprotein (GM1-rHDL) to construct a multifunc-
tional nanostructure aNAP-GM1-rHDL for better neuronal
protection against AP(1-42) oligomer-induced cytotoxicity.*
These studies underscore that nanotechnology provides diver-
sified strategies for AD treatment, offering new perspectives and
tools from antioxidant enzyme delivery to gene editing, and
from monotherapy to multifunctional theranostics.>*
Functional nanomaterials differ from combination-type
nanomaterials as they primarily leverage the intrinsic proper-
ties of the nanomaterials themselves to inhibit A aggregation
for AD treatment. Such nanomaterials primarily include
metallic nanoparticles, nanozymes, carbon dots,
chelators, and metal-organic frameworks, among others
(Fig. 3).°*** For instance, Miiller and colleagues synthesized an
inorganic high-energy polymer polyphosphate (polyP) and
discovered its capacity to reverse ATP level decline induced by
amyloid-beta.®* Karimi-Sales et al. synthesized ALZc3 via nano-
complexation technology and evaluated its therapeutic effects

nano-

© 2026 The Author(s). Published by the Royal Society of Chemistry

in a rat AD model, demonstrating that ALZc3 could notably
prevent AB(1-42) toxicity.” However, current studies lack direct
comparisons between functional nanomaterials and conven-
tional pharmaceuticals, and the biotoxicity and in vivo metab-
olism of these functional nanomaterials require further
elucidation.

In future research, early-stage investigation of AP aggregate
formation and identification of novel therapeutic targets will
remain focal points. By deepening the understanding of AP
pathogenic mechanisms, scientists aim to develop more effec-
tive therapies against this intricate neurodegenerative disease.

1.3 Targeted nanotechnology for the delivery of inhibitors
against abnormal phosphorylation of tau protein

Tau protein is an intracellular protein within neurons that plays
a crucial role in stabilizing the cytoskeleton and facilitating
nutrient transport under normal conditions.** However, in AD,
tau protein becomes hyperphosphorylated, leading to the
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composite (CeNC/IONC/MSN-T807) and its tau-targeted synergistic treatment.® (B) The optimized targeted nano_x0002_combination system,
CT-NP/H102 + CT-NP/NAP (2 : 1), for synergistic peptide combination therapy at Ap and p-tau in AD. PEG-PLA nanoparticles (CT-NP)/H102 +
CT-NP/NAP can effectively penetrate through the BBB and then accumu_x0002_late in diseased neurons by cascade targeting of CGN and Tetl
dual-modification. After endocytosis, the encapsulated peptides, H102 and NAP, were released intracellularly and interfered with A and tau
pa_x0002_thology respectively to exert synergistic effects, thereby rescuing neurodegeneration and ameliorating cognitive impairment.®®

formation of neurofibrillary tangles (NFTs). These tangles
impair neuronal function and contribute to cognitive decline.**
Thus, inhibiting tau hyperphosphorylation has emerged as
a promising therapeutic approach for AD.* Nevertheless, tar-
geting tau protein effectively remains challenging due to the
impediment posed by the BBB. In this context, Liu et al.®** and
Chen et al..* (Fig. 4A). independently developed nanoparticle
platforms utilizing nanomaterials as carriers to deliver methy-
lene blue, both achieving targeted brain delivery to inhibit tau
aggregation. Guo et al. also designed a nanocomposite system
using polyethylene glycol-polylactic acid copolymer (PEG-PLA)
nanoparticles (CT-NPs) to inhibit tau hyperphosphorylation
(Fig. 4B).*e Additionally, Zhou et al. employed flower-shaped
hollow ruthenium nanoparticles (Ru NPs) to devise a nerve
growth factor (NGF) delivery system capable of suppressing tau
hyperphosphorylation and significantly improving learning and

2202 | Nanoscale Adv., 2026, 8, 2195-2214

memory in AD mouse models.*” Currently, several tau-targeting
antibody therapeutics have exhibited potential in early clinical
trials, although further validation of their efficacy and safety in
long-term treatment is warranted.

1.4 Targeted inflammation intervention for AD
nanotherapeutic approaches

Recently, neuroinflammation has been underscored as a critical
aspect of the pathogenesis of AD. Neuroinflammation refers to
the inflammatory responses within the central nervous system,
primarily mediated by microglia and astrocytes.*® In the brains
of AD patients, aberrant activation of microglia can induce
neuroinflammation, thereby exacerbating neurodegenerative
processes.® Given that neuroinflammation is a pivotal factor in
AD progression, the targeted delivery of anti-inflammatory
nano-therapeutics may offer valuable insights for developing

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Granular C60 was able to cross the blood-brain barrier and
promote the transport of phosphorylated CamKio from the
cytoplasm to synapses in AB42 oligomer-treated cells and APP/
PS1 mice

effectively weaken the adhesion of AB42 aggregates to the cell
surface, and promote the phagocytosis of AB42 by microglia
CT/siRNA nanocomplexes are able to specifically target BACE1

PCDs have very low cytotoxicity and can cross the blood-brain
siRNA to brain neurons

barrier (BBB)
NBGQDs-ICGs can penetrate the blood-brain barrier,
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novel treatments. Nonetheless, certain anti-inflammatory
agents exhibit poor solubility in aqueous environments or
compromised stability during formulation. In this regard,
Tiozzo et al. refined the nasal-brain delivery of flurbiprofen for
early AD-related neuroinflammation by formulating flurbipro-
fen acid and flurbiprofen sodium salt, demonstrating advan-
tages in rapid dissolution and swift in vitro transport across
rabbit nasal mucosa.”” Subsequently, nanoparticles encapsu-
lating the anti-inflammatory agent bryostatin-1 and gold
nanocages loaded with fingolimod hydrochloride have been
developed to enhance therapeutic efficacy and fortify targeted
delivery capabilities.”*> Exosome formulations engineered
through genetic techniques have also been shown to signifi-
cantly downregulate pro-inflammatory genes IL1o, TNFa, and
NF-«kB while upregulating the anti-inflammatory gene IL10.%* In
addition, a recent modular nano-platform proposed by Liu
et al, composed of peptide-drug conjugates and an
inflammation-responsive core, has been reported to facilitate
transcellular transport across the blood-brain barrier, reduce
levels of toxic proteins and inflammation, and ameliorate
learning and memory deficits.”> However, these approaches face
certain limitations and challenges. For instance, prolonged use
of anti-inflammatory medications may lead to adverse effects.
Moreover, neuroinflammation is a complex biological process
involving multiple cell types and signaling pathways.”* A
singular pharmacological agent may not comprehensively
suppress inflammatory responses, underscoring the need for
the development of combinatory therapeutic strategies target-
ing multiple pathways.

1.5 Nanocarriers that penetrate the blood-brain barrier

The BBB is an anatomical protective barrier that separates the
brain from direct contact with systemic circulation.® It consti-
tutes a vital component of the neurovascular unit, facilitating
communication with the central nervous system while restrict-
ing the free exchange of substances within brain cells. The
primary constituents of the BBB include endothelial cells,
astrocytic end-feet, the basement membrane, tight junctions,
and pericytes.®**® Despite the availability of numerous phar-
maceuticals for neurological disorders, the specialized micro-
vascular structure of the BBB permits the selective passage of
only a limited number of drugs following systemic adminis-
tration, resulting in suboptimal therapeutic efficacy.

In recent years, various nanoformulations based on nano-
carriers, broadly classified into nanoparticles, liposomes, cell
membranes, carbon dots, polymers, and others, have been
developed to penetrate the BBB for the treatment of AD (as
illustrated in Table 3). These nanostrategies offer controlled
drug delivery, prolonged circulation time, targeted specificity,
and enhanced efficacy, most importantly reducing toxicity
through a biomimetic approach. Below is a comprehensive
description of different types of nanocarriers and delivery
systems:

Researchers have developed a series of nanoparticle-based
intelligent delivery systems for the treatment of AD. Notably,
oral brain-targeting nanoparticles (FTY@Man NP) employ

© 2026 The Author(s). Published by the Royal Society of Chemistry
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using borneol-modified Schisandra B micelles (Bor-Sch B-MB).3*

a glucose-modulating strategy to effectively traverse multiple
barriers, enabling multi-targeted therapy.”” The citicoline
sodium (CIT) drug is encapsulated within sphingosine and
modified with hyaluronic acid, resulting in enhanced nasal-to-
brain drug delivery.'* The hexagonal boron nitride (hBN)-folic
acid (FA) system integrates folic acid motifs into hexagonal
boron nitride nanoparticles for AD therapy.'** Polymeric nano-
micelle PM systems deliver 3D6 antibody fragments to inhibit
AP aggregation.'” The quercetin-modified sulfur nanoparticles
(Qc@SNPs) in microbubbles (MB) nanosystem utilizes focused
ultrasound technology to temporarily open the BBB for nano-
particle delivery."” Casein coated-gold nanoparticles (BCas
AuNPs) successfully abrogate AP toxicity in a zebrafish model.***
The mesoporous nano-selenium (MSe) release delivery system
(MSe-Res/Fc-B-CD/Bor) employs resveratrol-loaded B-cyclodex-
trin nanovalves, facilitating passage through the BBB by
releasing Bor.'”* Additionally, a bifunctional nanoparticle drug
delivery system loaded with the B-sheet breaker peptide H102

© 2026 The Author(s). Published by the Royal Society of Chemistry

(TQNP/H102) is designed specifically for BBB transport and
AB42 targeting.'® These innovative systems provide novel
strategies for AD treatment, with the potential to enhance
therapeutic outcomes.

Liposomal drug delivery systems have also been engineered
to improve BBB penetration. The Res and Sal encapsulated in
the liposome-modified with ApoE (ApoE-Res/Sal-Lips) system
significantly enhances BBB permeability and drug transport
efficiency by modifying the liposome surface with ApoE.'””
Similarly, the Ang-Sal/Ica-Lip system encapsulates the neuro-
protective agents salidroside (Sal) and icariin (Ica) within lipo-
somes, employing angiopep-2 as a targeting ligand to efficiently
cross the BBB and enhance therapeutic efficacy.'*®

The use of cell membranes as drug delivery vectors leverages
the intrinsic properties of biological membranes by encapsu-
lating drug molecules within the cell membrane, forming
nanoparticles or micelles physically or chemically. For example,
TGN decorated erythrocyte membrane-coated poly (lactic-co-

Nanoscale Adv, 2026, 8, 2195-2214 | 2205
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glycolic acid) nanoparticles (TRNNs) significantly improve
permeability across BBB models.'” Mmolybdenum disulfide
quantum dots (MoS, QDs)-macrophage membrane (MM) nano-
drugs are modified with macrophage membranes (MM) and
combined with NIR irradiation to effectively target the brain."®
The erythrocyte membrane-camouflaged nanodrug delivery
system (TR-ZRA), modified with a transferrin receptor aptamer,
targets and crosses the BBB to improve the immune milieu in
AD."" Traceable CNS delivery nanoformulations (RVG-NV-NPs)
employ neural stem cell membranes overexpressing Lamp2b-
RVG to encapsulate bexarotene and silver-gold-selenium
quantum dots for CNS delivery."*> These technologies utilize the
advantages of cell membranes, such as biocompatibility, tar-
geting specificity, and reduced immune response, enhancing
the safety and efficacy of drug delivery.

Nanocarrier systems employing specific carbon dots have
also been developed. PEHA-derived CDs (PCDs) exhibit
extremely low cytotoxicity compared to polyethyleneimine (PEI)
and have demonstrated BBB penetration capabilities, crucial for
drug delivery."™®* Moreover, nano C60 therapy significantly
facilitates the translocation of phosphorylated CaMKIIa from
the cytoplasm to synapses in AP42 oligomer-treated cells and
APP/PS1 mice, potentially aiding neurological delivery."**
Another novel nanoassembly of indocyanine green-modified
graphene quantum dots (NBGQDs-ICGs) is utilized for photo-
dynamic therapy (PDT), inhibiting Ap42 self-assembly and di-
sassembling preformed fibrils, achieving BBB penetration
under irradiation at 808 nm."*

Furthermore, polymeric delivery systems characterized by
large surface area and strong loading capacity have garnered
significant attention. A novel nano-delivery vehicle system
composed of lactoferrin-conjugated (Lf-PIC@Se) micelles
exhibits higher cellular uptake rates than PIC@Se micelles,
successfully traversing the BBB in murine models."** PEG-
PDMAEMA siRNA nanocarriers, modified with CGN and Tet1
peptides, facilitate BBB penetration and neuron-specific
binding, directing siRNA specifically to brain neurons
(Fig. 5A).*"” Chitosan nanoparticles loaded with Abeta serve as
a vehicle for Abeta, crossing the BBB to assess performance and
immunogenicity.”*® The SNV intelligent nanocarrier system,
integrating chitosan polymers and IgG4.1 polyamine-modified
F(ab’) fragments, penetrates the BBB to target cerebrovascular
amyloid formations in AD and cerebral amyloid angiopathy
(CAA).IIQ

These nanotechnologies and delivery systems enhance drug
delivery through various mechanisms, improving BBB perme-
ability and addressing AD-specific pathological features, thus
offering new strategies for AD treatment. Further in-depth
studies into the complex pathophysiology of the human brain
and a better understanding of the BBB are critical for devel-
oping novel small molecules, advanced drugs, and carriers.

1.6 Nanocomposites that inhibit oxidative stress

Research has shown that oxidative stress-induced mitochon-
drial dysfunction plays a critical role in the pathogenesis of AD.
Oxidative stress arises from an imbalance between the
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Fig. 6 (A) Graphic illustration of the autophagy pathway and its impairment in CRND8 glial cells at two levels: lowered autophagy induction and
lysosomal proteolytic dysfunction, which are believed to contribute to AD pathogenesis,®?” macroautophagy, hereafter referred to as autophagy,
involves induction steps dependent on the inhibition of mMTOR, elongation of a membrane structure (phagophore) around a substrate or a region
of cytoplasm, closure of this structure to form an autophagosome, and fusion of the autophagosome with lysosomes creating an autolysosome
within which autophagosomes are degraded by acidic hydrolases, yielding a lysosome. To assess autophagy, we assayed the activation state of
mTOR (induction), formation, and translocation of LC3-1l to autophagosomes (autophagosome formation), and autolysosomal degradation of
autophagy substrates, including two autophagy related proteins, LC3-1l and p62. Lysosome function is monitored by assay of cathepsin D (CatD)
activation (proteolysis), CatD maturation (enzyme activation and lysosomal pH), and lysosomal acidification. The graphic depicts the sites of
action of ingle-walled carbon nanotubes (SWNTSs), internalized by endocytosis, in restoring normal autophagy function by depressing mTOR
activity (asterisks) to stimulate autophagy induction and enhancing lysosomal proteolysis by increasing cathepsin activation possibly by restoring
normal acidification of lysosomes (asterisks).**>. (B) Designed fabrication of THN with autophagy-activating capacity for AD treatment. (a)
Preparation of THN. (b) Schematic illustration of THN for activating autophagy-mediated clearance of pathogenic tau in AD. THN is given via
intracerebroventricular (i.c.v.) injection and can penetrate into the pathological hippocampus. THN can simultaneously target and bind to the
intracellular hyperphosphorylated tau (p-tau) and/or PHFs and selectively accumulate in the tauopathy-associated cells and brain regions. Also,
THN is capable of enhancing autophagic flux by concurrently inhibiting mTOR and activating TFEB, which promotes efficient clearance of
pathogenic tau and thus restores tau homeostasis in the brain.*4¢
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production of reactive oxygen species (ROS) and antioxidant
defenses, resulting in free radical damage to mitochondria.**®
Mitochondrial dysfunction initiates the production of Ap and
increases tau phosphorylation. The elevated levels of Ap may
augment ROS production, alter oxidative phosphorylation, and
interact with mitochondrial dynamics and matrix proteins,
exacerbating mitochondrial damage and creating a “vicious
cycle” that ultimately leads to neuronal injury.*** Consequently,
therapies aimed at reducing oxidative stress and regulating
homeostasis in AD have garnered increasing attention. Current
reports highlight that nano-strategies developed for AD therapy
target oxidative stress primarily through the delivery of anti-
inflammatory agents, such as natural anti-inflammatory
compounds and metal nanoparticles (as depicted in Table 4).

Plant extracts with antioxidant properties are often utilized
in treating various diseases; however, practical factors such as
poor solubility and the inability to target disease sites have
significantly impeded further research and clinical application.
In response, researchers have encapsulated various plant
extracts such as resveratrol, schisandrin B, naringin, curcumin,
etc. into novel nano-systems to achieve targeted delivery across
biological barriers, while also mitigating the side effects of
these extracts (Fig. 5B).*"'2>**” For instance, Pan et al. encap-
sulated silicristin into human serum albumin (HSA) nano-
particles to formulate silicristin-HSA nanoparticles, which
exhibited superior neuroprotective and antioxidant activity
compared to free silicristin, thereby enhancing its antioxidative
efficacy.”® Similarly, Yang et al developed selenium
nanoparticle/chitosan nanoparticle-loaded flower-like nano-
flowers containing Res (Res@SeNPs@Res-CS-NPs) to modulate
oxidative stress and inhibit AB aggregation and tau
phosphorylation.'*

Certain metal particles or ions (such as cerium oxide nano-
particles, nano-selenium, Cu(u), iron ions, etc.) also exhibit
antioxidative stress properties and therefore have been explored
for antioxidative stress therapy in AD.">*74° Among these,
cerium oxide nanoparticles (CNPs) have recently emerged as
therapeutic candidates for AD due to their antioxidative prop-
erties, holding potential for intranasal CNP development in
experimental AD treatments.” Similarly, chondroitin sulfate
nano-selenium (CS@Se) can reduce oxidative stress injury,
inhibit tau hyperphosphorylation, slow AD progression, and
enhance learning and memory in AD mice."**

The development of nanozyme or nanomedicine-based
nano-platforms has also substantially enriched the anti-
oxidative stress treatment landscape for AD. For example, Yang
et al. designed and constructed an innovative nanozyme-
enhanced MOF-CRISPR platform (CMOPKP) capable of main-
taining redox homeostasis and rescuing the impaired AD
microenvironment.*** Taliyan et al's thiazolidinedione nano-
medicine demonstrates potent neuroprotective effects by
upregulating growth factor mRNA expression and inhibiting
oxidative stress and neuroinflammation, thereby preventing
neuronal damage in AD."** Additionally, multifunctional nano-
platforms with multiple targeting effects, including anti-
oxidative stress, have been developed, such as a novel tacrine-8-
hydroxyquinoline hybrid that reduces AP levels and exhibits

© 2026 The Author(s). Published by the Royal Society of Chemistry
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commendable antioxidant properties."*> Wang et al. developed
a near-infrared-II aggregation-induced emission (AIE) nano-
theranostic agent for precise AD therapy, which can specifi-
cally inhibit AP fibril formation and effectively scavenge ROS
and inflammation to enhance therapeutic efficacy.'** A multi-
functional combinatorial peptide comprising antioxidant
peptide SS31 and neuroprotective peptide S14G-Humanin
(HNSS) also effectively alleviates mitochondrial dysfunction
and inhibits AB deposition and tau hyperphosphorylation.***
Although antioxidative stress therapy holds promising
potential in AD research, its limitations—such as uncertain
efficacy, significant side effects, and low bioavailability of anti-
oxidants—suggest the necessity of multifaceted therapeutic
strategies that incorporate interventions targeting various
mechanisms to effectively tackle this complex disease.

1.7 Nanotechnology-based strategy targeting cellular
autophagy

Autophagy is a conserved degradative process that involves the
lysosomal degradation of defective proteins or organelles,
thereby recycling essential components of eukaryotic cells.
Depending on the distinct mechanisms by which autophagic
cargo is delivered to lysosomes, autophagy is generally catego-
rized into three types: macroautophagy, chaperone-mediated
autophagy (CMA), and microautophagy."” In recent years,
dysfunctional autophagy has been shown to be closely associ-
ated with AD. Initially, electron microscopy revealed an accu-
mulation of immature autophagic vesicles and degenerating
neurites in the brains of AD patients.**®* Moreover, the aggre-
gation of abnormal autophagic vesicles was observed preceding
the formation of amyloid plaques.'* Recently, it has been
identified that the expression of several autophagy-related
proteins is downregulated in AD brains.”®**** These findings
strongly suggest that autophagy is impaired in AD and that
defective autophagy contributes to AD pathogenesis. Conse-
quently, reversing or ameliorating impaired autophagy may
represent a potential therapeutic avenue for AD.

Multiple nanotherapeutic strategies targeting autophagy in
AD have been reported. Li et al. developed an RP-1 peptide-
modified reactive oxygen species (ROS)-responsive micelle
(RT-NM) loaded with rapamycin or gypenoside XVII. This
nanoplatform activates the entire autophagy-lysosome pathway
by inducing autophagy and improving lysosomal function,
thereby enhancing the degradation of neurotoxic aggregates
and inflammasomes, promoting the phagocytosis of AB, and
consequently ameliorating memory deficits in 3 x Tg-AD
transgenic mice.'” However, existing mitophagy inducers are
often constrained by toxicity and inadequate brain accumula-
tion. To address this, researchers developed a nanoscopic
mesenchymal stem cell-derived extracellular vesicle platform
(MSC-EVs-SHP2), utilizing high expression of tyrosine
phosphatase-2 (SHP2) for AD treatment. These vesicles can
traverse the BBB, facilitating SHP2 delivery to the brain, and
significantly inducing neuronal mitophagy.***

Additionally, hyperphosphorylation and aggregation of tau
protein are closely related to autophagic defects in neurons.

Nanoscale Adv, 2026, 8, 2195-2214 | 2209
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Liposomes Polymeric microspheres Dendrimers Exosomes MOFs
Size range (nm) 50-200 100-1000 2-15 30-150 50-300 (tunable)
Zeta potential (mV) —10 to —40 —15 to —30 +5 to +30 —10 to —25 —20 to +20
Main Intravenous and Intramuscular, Intravenous and Intravenous, intranasal, Intravenous and
administration intranasal subcutaneous intranasal and oral oral
routes implantation, and

sustained-release devices

BBB Moderate Weak Strong High Moderate
Therapeutic efficacy Delivery of anti-AB Sustained release of Inhibition of AB Delivery of High drug-loading
in AD models antibodies, siRNA; and cholinesterase inhibitors;  aggregation and neurotrophic factors capacity;

reduction of amyloid cognitive improvement modulation of and miRNA; antioxidant and

Biocompatibility
Immunogenicity
Clearance
mechanisms

plaques

High

Low

Primarily via MPS
uptake; renal filtration

Moderate
Moderate

Slow degradation with MPS

involvement

neuroinflammation

Moderate
Moderate to high
Renal clearance and

neuroprotective effects

Very high
Very low
Endogenous metabolic

metal-chelating
functions

Low

Moderate to high
Hepatic and renal

for smaller particles

Potential organ Low

toxicity

Researchers reported a tauopathy-homing nanostructure (THN)
that binds and clears pathological tau, selectively accumulating
in affected cells, thereby rescuing neuronal viability and
cognitive function in AD rats (Fig. 6B).**® Similarly, polyethylene
glycol (PEG)-ceramide nanomicelles synthesized by Yin et al
can induce tau degradation through autophagy.'** Moreover,
simple functionalized single-walled carbon nanotubes (SWNTs)
can facilitate the elimination of autophagic substrates by
reversing the abnormal activation of mTOR signaling and
lysosomal proteolytic defects, thereby restoring normal auto-
phagic processes (Fig. 6A).'** These studies offer new method-
ologies and perspectives for AD therapy. However, the current
paucity of research on autophagic mechanisms in AD and the
lack of clinical trials limit the further development of nano-
therapeutic strategies.

2 Discussion

Currently, the majority of therapeutic drugs used in clinical
trials for AD are mostly based on monoclonal antibody-based
biological agents and small molecule inhibitors. This trans-
formation gap highlights the ongoing challenges in scalability,
long-term biological safety assessment, and regulatory stan-
dardization of nanocarrier systems.'*

Firstly, the manufacturability of nanotherapeutics repre-
sents a primary bottleneck in their clinical translation.
Laboratory-scale synthesis methods employed during preclin-
ical development are inherently difficult to scale up directly to
Good Manufacturing Practice (GMP)-compliant production.®>
For instance, lipid-based nanoparticles are prone to inter-batch
variability in particle size distribution and drug encapsulation
efficiency during scale-up, leading to inconsistent pharmaco-
logical activity. The field is increasingly exploring continuous
manufacturing platforms, including microfluidic technologies,
to enhance reproducibility and process efficiency.**

2210 | Nanoscale Adv, 2026, 8, 2195-2214

Hepatic and renal burden

MPS uptake pathways and partial clearance
hepatic processing
Neurotoxicity risk Very low High risk

Secondly, regulatory evaluation of nanotherapeutics remains
hampered by the absence of harmonised global standards.*>'>¢
Regulatory bodies such as the U.S. Food and Drug Adminis-
tration (FDA) mandate comprehensive physicochemical char-
acterisation, but current analytical techniques, such as dynamic
light scattering, may lack accuracy in complex biological
matrices. Moreover, long-term toxicity assessment necessitates
the development of specialised models, as conventional animal
studies often fail to reliably predict risks associated with cere-
bral bioaccumulation.®” Table 5 summarizes the comparisons
of various properties of different types of nanodelivery
materials.

Additionally, the development cost of nanotherapeutics
substantially exceeds that of traditional therapeutics. Custom
synthesis of AB-targeted antibody-nanoparticle conjugates, for
example, may incur per-batch costs reaching several million
U.S. dollars. Although innovative delivery routes, such as
intranasal administration, may partially alleviate costs, the
overall economic feasibility remains a significant challenge.®®
Addressing these barriers demands interdisciplinary collabo-
ration: the establishment of standardised manufacturing plat-
forms, the creation of international regulatory frameworks, and
the investigation of cost-effective alternative raw materials. Only
through overcoming these translational hurdles can nano-
medicines progress from benchside innovation to bedside
application in the treatment of AD.

Finally, although rodent models provide insights into
mechanisms, their reproducibility in human blood-brain
barrier physiological characteristics and disease heterogeneity
is limited, which further complicates the extrapolation of
results to the clinical setting.”® Therefore, we believe that
although nanomedicine brings transformative potential for AD
treatment, its path to clinical application is still limited by
scientific and operational obstacles.’® To bridge this gap,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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interdisciplinary collaboration, unified feature detection stan-
dards, and reliable translational frameworks are needed to
convert promising preclinical research results into nano-
therapies with clinical application value.

3 Perspectives and conclusions

Alzheimer's disease, as a neurodegenerative disorder, remains
without a definitive cure despite notable advancements in
therapeutic research over recent years. Over the past few
decades, researchers have successfully developed various
nanomaterials for drug delivery and targeted therapy that not
only traverse the blood-brain barrier but also demonstrate
significant therapeutic efficacy in animal models. However,
despite the encouraging progress in nanoparticle therapies for
AD, several challenges and limitations persist.

Firstly, while nanotherapeutics for AD have demonstrated
considerable promise in traversing the BBB and selectively
targeting pathological proteins, challenges pertaining to bi-
odistribution, bioaccumulation, and clearance remain pivotal
obstacles to clinical translation. The accumulation of nano-
materials within cerebral tissues may lead to irreversible
neurotoxic effects. Similarly, biomimetic nanocarriers may
elicit chronic inflammatory responses due to inherent immu-
nogenicity, thereby accelerating neuronal degeneration.
Furthermore, the efficiency of nanotherapeutic clearance is
profoundly influenced by BBB integrity. Heterogeneity in
nanoparticle size contributes to inconsistent clearance kinetics.
These findings underscore the necessity of optimising nano-
carrier design to balance targeted delivery with safe elimination
profiles. Future strategies should prioritise biodegradable
formulations, stimuli-responsive release mechanisms, and real-
time monitoring of biodisposition to mitigate long-term risks
and enhance the therapeutic index in neurodegenerative
interventions.

Secondly, the in vivo distribution, metabolism, and excretion
mechanisms of nanoparticles remain incompletely understood.
Looking ahead, key areas for the development of novel nano-
particle therapeutics include the optimized design of nano-
particles, personalized therapeutic regimens, combination
treatment strategies, as well as preclinical and clinical research.
In summary, nanotechnology holds the potential to offer safer
and more efficacious therapeutic options for AD patients in the
future.
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