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Abstract: Neurodegenerative diseases—including Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and amyotrophic
lateral sclerosis—are characterized by progressive neuronal loss and complex pathological mechanisms such as protein aggregation,
mitochondrial dysfunction, and neuroinflammation. Conventional therapies offer limited efficacy due to the blood—brain barrier (BBB)
and lack of targeted delivery. Nanotechnology has emerged as a transformative strategy for precise brain-targeted treatment. This
review summarizes recent advances in nanoparticle-based drug delivery systems, including polymeric nanoparticles, liposomes,
inorganic nanomaterials, and biomimetic carriers, highlighting their design features, BBB-penetration mechanisms, and disease-
specific applications. Emphasis is placed on stimuli-responsive nanocarriers that react to pH, reactive oxygen species, or enzyme
activity, enabling site-specific drug release. Additionally, organelle-targeting strategies—particularly those directed at mitochondria
and lysosomes—are explored for their role in subcellular precision therapy. The integration of diagnostic and therapeutic modalities in
theranostic nanoplatforms is also discussed. By consolidating preclinical progress and emerging technologies, this review offers
insights into the future of nanomedicine in treating neurodegenerative diseases and lays the groundwork for clinical translation.
Keywords: blood-brain barrier penetration, stimuli-responsive nanocarriers, gene therapy, theranostic nanoplatforms

Introduction

Neurodegenerative diseases (NDs) are a group of chronic, progressive disorders characterized by the sustained degen-
eration and loss of neurons within the central nervous system (CNS). Representative conditions include Alzheimer’s
disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS). These
disorders are typically marked by region-specific neuronal loss, accompanied by complex pathological processes such as
abnormal protein aggregation, synaptic dysfunction, mitochondrial impairment, and chronic neuroinflammation.' With
the rapid aging of the global population, the incidence of NDs is steadily rising, making them a major contributor to
disability and mortality among the elderly.’

Although the precise pathogenesis of NDs remains elusive, they share common features of insidious onset, prolonged disease
course, and multifactorial etiology. Current therapeutic strategies are largely symptomatic, with drugs such as donepezil,
levodopa, and riluzole providing only limited symptom relief without halting or reversing disease progression.*® Moreover,
the presence of the highly selective blood-brain barrier (BBB) in the CNS significantly impedes drug penetration, resulting in

subtherapeutic concentrations within brain tissues and limiting treatment efficacy.” "'
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In recent years, the advent of nanotechnology has opened new avenues for the precision treatment of neurodegen-
erative diseases. Nanoparticle-based drug delivery systems (NDDSs), characterized by their nanoscale architecture, are
capable of efficiently encapsulating, transporting, and releasing therapeutic agents in a controlled manner. These plat-
forms provide excellent biocompatibility, tunable engineering properties, and multifunctional surface modification
capabilities.'>'* Compared to conventional formulations, nanocarriers can cross the BBB via various mechanisms
such as adsorptive-mediated transcytosis (AMT) and receptor-mediated transcytosis (RMT), enabling passive or active
targeting to diseased regions and enhancing local drug concentrations.'* Furthermore, NDDSs can be designed with pH-,
reactive oxygen species (ROS)-, or enzyme-sensitive mechanisms to achieve environment-responsive controlled release,
thereby minimizing systemic toxicity and adverse effects.'> Some advanced platforms also integrate theranostic func-
tionalities, combining therapeutic delivery with imaging modules—such as MRI, PET, or fluorescent probes—for real-
time disease monitoring and therapeutic evaluation.'®'’

Despite encouraging results from preclinical studies, the clinical translation of NDDSs continues to face significant challenges,
including inconsistent delivery efficiency, insufficient biosafety assessments, complex manufacturing processes, and difficulties
in large-scale production.'>'® This review aims to provide a comprehensive overview of the major types of nanoplatforms
currently employed in the treatment of NDs, highlighting their structural features, BBB penetration capabilities, targeting
mechanisms, delivery strategies, and therapeutic outcomes across representative diseases such as AD, PD, HD, and ALS.
Additionally, we will discuss emerging trends in stimuli-responsive systems (eg, pH-, ROS-, and enzyme-sensitive designs) and
organelle-targeted platforms (eg, mitochondria, lysosomes), while evaluating the design principles and translational prospects of
theranostic systems. This review seeks to provide a theoretical foundation and practical framework to support the precision
intervention and clinical application of nanotechnology in neurodegenerative diseases.

Nanocarrier Systems and Strategies for Blood-Brain Barrier Penetration
Neurodegenerative diseases are characterized by complex etiologies, prolonged progression, and multifactorial patho-
genesis, which not only complicate therapeutic interventions but also limit drug penetration into the brain due to the
formidable BBB. In recent years, advances in nanotechnology have opened new opportunities for enabling BBB crossing
and targeted drug delivery to the central nervous system. The selection of an appropriate nanocarrier and the full
exploitation of its structural and functional advantages are prerequisites for achieving efficient delivery and precise
therapeutic effects. Therefore, before discussing disease-specific diagnostic and therapeutic strategies, it is essential to
provide a systematic overview of the various types of nanocarriers, their physicochemical properties, and BBB penetra-
tion strategies, which lays the foundation for subsequent application and mechanistic analyses.

Nanocarrier Types and Characteristics

Nanocarrier systems form the cornerstone of precise drug delivery to the central nervous system, playing a pivotal role in
enhancing brain-targeting efficacy. In the treatment of neurodegenerative diseases, nanoparticle-based drug delivery
platforms are generally categorized into four major types based on their material composition and functional properties:
polymeric nanoparticles, liposomes, inorganic nanoparticles, and biomimetic nanoparticles. Each class provides distinct
advantages in terms of structural design, drug-loading capacity, biocompatibility, and ability to traverse the blood—brain
barrier, making them suitable for diverse therapeutic strategies.

Polymeric nanoparticles are among the most extensively employed delivery systems, owing to their excellent
biodegradability, drug-loading stability, and capacity for controlled release. Commonly composed of biodegradable
polymers such as PLGA, PEG, and chitosan, these carriers exhibit outstanding biocompatibility and facilitate sustained
drug release.'”?° By fine-tuning particle size, surface charge, and functional moieties, they can be optimized for the
efficient delivery of small molecules, proteins, peptides, and nucleic acids such as siRNA and ASOs.

For instance, Huang et al developed a PLGA-based nanocarrier system co-encapsulating a f-amyloid (Af) formation
inhibitor and curcumin. Surface modification with the brain-targeting CRT peptide enhanced its permeability across the
blood-brain barrier.?' In Alzheimer’s disease mouse models, this system significantly improved spatial learning and
memory, reduced AP plaque burden and neuroinflammation, thereby demonstrating promising potential in multi-targeted
therapeutic interventions. Similarly, Shin et al designed PLGA nanoparticles loaded with pl6Ink4a-siRNA to specifically
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target and reprogram senescent microglia. By downregulating pl6Ink4a expression, the system restored microglial
phagocytic function, markedly improved A clearance, and ameliorated cognitive deficits in SXFAD Alzheimer’s
mice.”> This study provided the first evidence that functional remodeling of immune cells via nanocarrier-mediated
delivery could effectively intervene in the core pathologies of Alzheimer’s disease.

These findings underscore the capacity of polymeric nanocarriers in addition to ensuring stable drug delivery and
BBB penetration, but also to enable intelligent design for multi-target therapy and immune modulation. Such systems
provide novel strategies and translational prospects for the treatment of neurodegenerative diseases like Alzheimer’s.

Liposomes, which mimic the architecture of biological membranes through their phospholipid bilayer structure, can
simultaneously encapsulate both hydrophilic and hydrophobic drugs. With high biocompatibility and low immunogeni-
city, liposomes were among the first nanocarriers approved for clinical use. In neurodegenerative disease research, they
are widely applied for delivering neuroprotective agents such as dopamine and curcumin, significantly enhancing drug
stability and prolonging therapeutic retention within brain tissue.

In recent years, a growing body of experimental evidence has confirmed the remarkable advantages of liposomes in
delivering therapeutics to the central nervous system. For example, Campisi et al developed curcumin-loaded solid lipid
nanoparticles (CUR-SLNs) to mitigate stress and inflammatory responses in AD mouse models.”> By modulating the
expression of tissue transglutaminase (tTG) isoenzymes, this system significantly improved mitochondrial function and
cognitive performance, suggesting that liposomes in addition to ensure superior drug stability but also exert neuropro-
tective effects through modulation of neuroinflammatory signaling pathways. Additionally, Zhang et al designed a drug-
pure liposomal platform for intranasal delivery aimed at modulating microglial polarization in AD mice.>* The system
effectively promoted M2 phenotype polarization and suppressed pro-inflammatory cytokine expression, thereby reducing
neuroinflammation and enhancing learning and memory, demonstrating the translational potential of liposomes in non-
invasive brain-targeted therapies. In Parkinson’s disease research, Sela et al developed a brain-targeted liposomal system
carrying anti-a-synuclein monoclonal antibody SynO4, utilizing receptor-ligand modification to improve BBB
permeability.>> This system significantly reduced a-synuclein aggregation and improved motor performance, under-
scoring the effectiveness of liposomes in delivering macromolecules and modulating neurodegenerative pathways.

In summary, liposomal nanocarriers, with their biomimetic membrane structures, excellent biocompatibility, and
versatile drug-loading capacities, have demonstrated outstanding drug delivery efficiency and neuroprotective effects in
models of AD and Parkinson’s disease, indicating broad application prospects for neurological disorders.

In comparison, inorganic nanoparticles such as gold nanoparticles, iron oxide nanoparticles, and mesoporous silica
nanostructures have attracted increasing attention in recent years for their theranostic potential in neurodegenerative
diseases. Their advantages include structural stability, large surface area, multifunctionality (magnetic, optical, or
chemical), and high potential for engineered modification. Each type provides specific benefits for molecular imaging
enhancement, targeted drug delivery, and intervention in pathological mechanisms.

For imaging diagnostics, superparamagnetic iron oxide nanoparticles (SPIONs) exhibit excellent MRI enhancement
capabilities. Ulanova et al developed DMSA-coated Fe;O, nanoparticles modified with anti-AB antibodies to enable
targeted recognition of AP plaques in AD brains.?® In 5xFAD mice, this system significantly enhanced T,-weighted MRI
signals, provided strong imaging contrast at lesion sites, and demonstrated high biocompatibility in multi-organ toxicity
assessments, providing a novel tool for early and precise diagnosis of AD.

In another study, Fe;O, nanoparticles were encapsulated with hyaluronic acid to form magnetically responsive
nanogels (Fe;O,-HyA), combining imaging capability with therapeutic function.”” The system retained magnetic
responsiveness and leveraged hyaluronic acid’s targeting ability to enhance brain tissue accumulation. In vitro studies
demonstrated it could inhibit AB1-42 aggregation and induce partial fibril disassembly, establishing a foundation for
integrated diagnostic and therapeutic applications.

Gold nanoparticles (AuNPs), known for their exceptional optical properties and functionalization flexibility, have also
demonstrated efficacy in AP aggregation inhibition and brain drug delivery. The AuNPs@POM@PEG system designed
by Perxés et al inhibited over 75% of AB1-42 aggregation in vitro and demonstrated excellent BBB permeability in both
a microfluidic BBB-on-chip model and in vivo mouse studies.”® The system significantly reduced cerebral Ap burden and
improved cognitive behavior, highlighting its integrated therapeutic and delivery potential.
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Mesoporous silica nanoparticles (MSNs), with their tunable pore sizes and high drug-loading capacity, have also
demonstrated promise for sustained treatment of AD. Ribeiro et al loaded curcumin into MSNs and encapsulated them
within a thermosensitive hydrogel to form a slow-release system.”” In AD model mice, a single implantation enabled
sustained drug release for six weeks, significantly improved cognitive function, and reduced both AP deposition and
oxidative stress, validating the system’s potential for long-term disease management.

Collectively, current experimental evidence strongly supports the multifunctional capabilities of inorganic nanoma-
terials in enabling brain-targeted delivery, enhancing lesion imaging, and modulating disease pathology. In various AD
animal models, these materials have demonstrated both therapeutic efficacy and high biocompatibility, providing a solid
material foundation for constructing integrated platforms for diagnosis, treatment, and real-time visualization. Their
broad potential in the personalized treatment of Alzheimer’s disease is evident.

Biomimetic nanocarriers have recently emerged as a promising class of delivery systems. By coating conventional
nanoparticles with natural cell membranes—such as those from neurons, red blood cells, or stem cells—these systems
acquire “self-recognition” immune evasion, and brain-targeting capabilities. With favorable biodistribution and high
brain-targeting efficiency, they are particularly suitable for delivering siRNAs, antibodies, or neurotrophic factors.

For instance, Wang et al developed a biomimetic vesicle platform derived from cell membranes that co-delivers BACE1-
targeted siRNA and a plasmid encoding the Triggering Receptor Expressed on Myeloid cells 2 (TREM2).*® This system
modulated microglial polarization in AD mouse models, reduced AP plaque deposition, alleviated inflammation, and signifi-
cantly improved cognitive performance, demonstrating synergistic advantages in multi-target genetic interventions. Tang et al
further developed functionalized biomimetic nanoparticles (HM-DK@CM) capable of crossing the BBB and selectively
accumulating in brain lesions.®' In AD models, these particles simultaneously inhibited A aggregation and tau phosphorylation,
alleviated neuronal pathology, and enhanced spatial learning and memory, affirming their potent therapeutic efficacy.

In ALS research, Huang et al constructed a biomimetic nanoplatform (Protein-HA-PRTM-rHDL) combining high-
density lipoprotein structure with extracellular matrix elements for the efficient brain delivery of therapeutic proteins.*>
This system crossed the BBB and accumulated in diseased regions, significantly delayed motor function decline, and
prolonged survival in ALS model mice, providing a novel paradigm for protein-based therapies in neurodegeneration.

In conclusion, biomimetic nanoplatforms, owing to their membrane-derived architecture, demonstrate excellent brain-
targeting capacity, immune evasion properties, and multifunctional drug-loading potential. They have achieved efficient
brain delivery and pronounced neuroprotective effects in models of AD and ALS. Experimental evidence underscores
their broad adaptability in gene therapy, anti-protein aggregation, and neurotrophic factor delivery, revealing their
immense translational potential for precise and personalized treatment of neurological disorders.

Simultaneously, different nanocarrier types possess distinct advantages in structural configuration, biocompatibility,
drug-loading capacity, and delivery characteristics. Given the multifaceted pathogenesis and therapeutic challenges of
neurodegenerative diseases, the rational selection or synergistic integration of polymeric, liposomal, inorganic, and
biomimetic systems—combined with targeting strategies, stimuli-responsive release, and multifunctional modifications—
can maximize drug delivery efficiency and therapeutic precision. Moving forward, advancing these platforms toward
high efficiency, safety, scalable production, and clinical translatability will be essential for bridging the gap between
laboratory research and clinical application in nanomedicine for neurodegenerative diseases.

To facilitate a clearer comparison of the performance, structural attributes, and mechanisms of BBB penetration
among different nanocarriers, Table 1 provides a systematic summary of the main features and permeability profiles of
polymeric nanoparticles, liposomes, inorganic nanomaterials, and biomimetic systems, providing a theoretical reference

for strategy selection and design optimization in drug delivery systems.**’

Mechanisms of Blood—Brain Barrier Penetration and Nanostrategies

The blood-brain barrier is a highly selective interface located between the capillaries of the brain and spinal cord and the
surrounding neural tissue. It is composed of non-fenestrated endothelial cells, tight junction proteins, a basal lamina, pericytes,
astrocytes, and an exceptionally narrow extracellular space. This intricate structure plays a critical role in maintaining central
nervous system homeostasis but simultaneously restricts the entry of over 98% of pharmacological agents into the brain,

thereby presenting a formidable obstacle to the effective delivery of therapeutics for neurodegenerative diseases.”*’
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Table | Comparative Overview of Structural Characteristics, Mechanisms of Blood-Brain Barrier Penetration, and Relative

Permeability of Various Nanocarriers

Nanocarrier Structural/Compositional Features Main BBB Penetration Mechanisms BBB References
Type Potential
Ability
(Relative)
Polymeric Biodegradable polymers with tunable particle | Receptor-mediated transcytosis (RMT, Kk k Kk [21-25,36,37]
nanoparticles (eg, size, surface charge, and flexible eg, TfR, LRP), cell-penetrating peptides
PLGA, PLGA-PEG) | functionalization (CPP, eg, TAT), adsorptive-mediated
transcytosis (AMT)

Liposomes Spherical vesicles composed of one or more Receptor-mediated transcytosis (RMT, 22,8, 2.4 [26-28,38-40]

phospholipid bilayers, capable of encapsulating | eg, via transferrin or lactoferrin),

both hydrophilic and lipophilic drugs, membrane fusion, and intranasal nose-to

biocompatible and low immunogenicity -brain delivery
Inorganic High surface area with tunable physical Receptor-mediated transcytosis (RMT), | %k [29-32]
nanoparticles (eg, properties; support multifunctional integration | cell-penetrating peptides (CPP),
Fe304, AuNPs, for imaging and therapeutic delivery; microenvironment-responsive
MSNs) commonly functionalized with targeting ligands | mechanisms (eg, pH-sensitive or redox-

or polymers (eg, PEG, antibodies) sensitive release)
Biomimetic Nanoparticles camouflaged with natural cell Biomimetic recognition, receptor- %k ok Kk [33-35,41,42]
nanocarriers (eg, membranes (eg, erythrocytes, stem cells), mediated transcytosis (RMT), and
cell membrane- providing immune evasion, extended systemic | exosome-like or membrane fusion-
coated circulation, and BBB-targeted delivery mediated transport
nanoparticles)

Notes: This table presents a comparative summary of four major types of nanocarrier systems commonly employed in the treatment of neurodegenerative diseases:
polymeric nanoparticles, liposomes, inorganic nanomaterials, and biomimetic membrane-based nanoparticles. The comparison encompasses structural composition, principal
mechanisms for crossing the blood—brain barrier, and relative permeability. Drawing on data from relevant literature, this compilation aims to provide a theoretical reference
for the rational design and optimization of nanocarrier platforms tailored to specific therapeutic needs. Blood-brain barrier permeability is represented using a star-rating
system (k—k%%%%), indicating the relative strength of each carrier’s performance.

Additionally, the presence of diverse enzymatic systems within cerebral endothelial cells constitutes an “enzymatic barrier”

further hindering drug permeation and representing another physiological blockade to brain-targeted therapy.

To overcome these barriers, a variety of strategies have been developed to enhance the BBB permeability of

nanocarriers, primarily involving the following mechanisms:

(M

()

(€)

“)

Adsorptive-mediated transcytosis: This mechanism relies on electrostatic interactions between positively charged
nanocarriers and the negatively charged endothelial membrane, triggering nonspecific endocytosis. Cationic
polymers such as chitosan are commonly employed to construct such carriers, enabling a certain degree of BBB
penetration. However, this strategy suffers from low specificity and may result in off-target accumulation in
peripheral organs, compromising targeting accuracy and biosafety.*'

Receptor-mediated transcytosis: Currently the most widely adopted and efficient brain-targeting mechanism, RMT
utilizes the conjugation of specific ligands—such as transferrin, lactoferrin, insulin, ApoE, or Rabies Virus
Glycoprotein (RVG) peptides—on the nanocarrier surface. These ligands bind to corresponding receptors on
brain endothelial cells, initiating receptor-mediated intracellular transport. RMT provides excellent selectivity and
targeting efficiency and has been extensively applied in various neurological disease models.****
Carrier-mediated transport and cell-penetrating peptide strategies (CPPs): Some nanocarriers exploit transporters for
endogenous substrates (eg, glucose, amino acids) or are conjugated with cell-penetrating peptides like TAT or
Penetratin to induce nonspecific endocytosis, thus broadening the mechanisms and applicability of BBB
penetration.*

Surface modification and functional design: To further enhance brain specificity and nanocarrier stability, strategies

incorporating peptide or glycan ligand modifications have been employed to improve selectivity. Concurrently,
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environmental-responsive modules—such as pH-, oxidative stress-, or enzyme-sensitive components—are integrated
to enable controlled, site-specific drug release. For instance, Guo et al designed a dual-functional peptide (TPL),
comprising TGN and Tet1, to modify nanoparticles for efficient BBB penetration and neuron-specific targeting. In AD
mouse models, this system exhibited notable brain accumulation and neuroprotection. Additionally, peptide-
functionalized nanoparticles with pH-responsive elements have been developed to achieve lesion-specific drug release
and enhanced therapeutic outcomes.*® Another innovative strategy involves coating nanoparticles with exogenous cell
membranes—such as those from red blood cells, stem cells, or neurons—to construct biomimetic systems. These
enhance immune evasion, prolong circulation time, and improve BBB translocation efficiency.*’

Together, these mechanisms constitute the foundational strategies by which nanomedicines traverse the BBB. Each pathway
is associated with unique nanocarrier types, surface engineering techniques, and transport channels, providing distinct advantages
and application scenarios. In practice, these approaches are often combined to synergistically boost delivery efficiency and
targeting precision. Figure 1 provides a schematic overview of the primary BBB penetration mechanisms and representative
nanocarrier systems, serving as an intuitive reference for the future design and optimization of drug delivery platforms.
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Figure | Principal Mechanisms and Representative Nanocarrier Strategies for Blood—Brain Barrier Penetration. Nanomedicines can cross the BBB via multiple mechanisms,
including AMT, receptor-mediated transcytosis, carrier-mediated transport (CMT), cell-mediated transcytosis, membrane fusion, and exosome-mediated pathways. Each
route corresponds to specific types of nanocarriers—for instance, those with cationic surface modifications, transferrin or RVG peptide conjugation, glycosylation, cell
membrane coatings, or exosome-derived vesicles. Once traversing the BBB, these systems deliver therapeutic payloads (eg, small molecules or siRNAs) to neurons or glial
cells, enabling effective treatment of neurological disorders.

11020 ‘e International Journal of Nanomedicine 2025:20



Gao et al

In summary, research on nanocarrier-based BBB penetration has evolved from early passive diffusion strategies
toward more active, tunable, and precisely engineered multi-mechanism approaches. Whether through receptor-ligand
mediated transcytosis or microenvironment-responsive release triggered by stimuli such as pH shifts, oxidative stress, or
enzymatic activity, the structural configuration and functional modification of nanocarriers remain central determinants of
their capacity to cross the BBB and achieve precise therapeutic action in brain-targeted regions. Moving forward,
a critical challenge will be to simultaneously enhance delivery efficiency while ensuring systemic stability, biocompat-
ibility, and long-term safety. Addressing this challenge will be essential for advancing nanocarrier platforms from
preclinical research to clinical translation in the treatment of neurodegenerative diseases.

Advances in Disease-Specific Applications of Targeted Nanocarrier Systems
With the continuous evolution of nanomedicine in the treatment of neurodegenerative diseases, nanocarrier-based drug
delivery systems have emerged as a promising solution to address long-standing therapeutic challenges—particularly the
limited efficacy of conventional treatments and the formidable barrier posed by the BBB.'* Although AD, PD, HD, and
ALS differ in clinical manifestations and pathological mechanisms, they share a common pathological foundation:
progressive degeneration and apoptosis of specific neuronal populations, accompanied by aberrant protein aggregation,
mitochondrial dysfunction, and chronic neuroinflammation.’®>* Nanocarrier systems, endowed with excellent biocom-
patibility, engineering versatility, and superior BBB penetration capabilities, provide unprecedented opportunities for
precise modulation of these complex pathological processes.

In recent years, researchers have developed a variety of functionalized nanoplatforms tailored to disease-specific
pathologies, enabling the delivery of small-molecule drugs, neurotrophic factors, monoclonal antibodies, siRNAs, and
CRISPR/Cas9 therapeutic payloads. For instance, in AD models, targeted nanoparticles delivering anti-Af} agents or
siRNAs have effectively reduced Ap deposition.'* In PD, nanocarriers have been applied to regulate a-synuclein aggregation
and protect dopaminergic neurons,”” while in HD and ALS, nanoformulations delivering neurotrophic and anti-inflammatory
agents have demonstrated promise in preserving neural function and delaying disease progression.”* > These studies in
addition to highlight the multifaceted value of nanomedicine across diverse neurodegenerative disorders but also provide
essential experimental foundations for mechanistic refinement and clinical translation.

Alzheimer’s Disease

Alzheimer’s disease is the most prevalent neurodegenerative condition, characterized by hallmark pathological features
such as B-amyloid (AP) plaque deposition, abnormal tau phosphorylation, dysregulated brain metal ion homeostasis,
reduced acetylcholine (ACh) levels, enhanced oxidative stress, chronic neuroinflammation, and synaptic dysfunction.’”
The impermeability of the BBB presents a major limitation for most conventional drugs, severely restricting their
therapeutic efficacy. In recent years, nanotechnology-enabled drug delivery systems have been extensively explored
in AD treatment, demonstrating potential for multi-targeted intervention and precision therapy.

Nanotherapeutic Strategies Targeting B-Amyloid
AP accumulation is regarded as one of the earliest and most central pathogenic events in AD. Its abnormal production
and impaired clearance provoke neurotoxic cascades, leading to neuronal apoptosis and cognitive decline.’® Given that
AP primarily accumulates in the brain parenchyma, and most conventional agents fail to cross the BBB effectively,
developing nanocarriers that specifically target and eliminate AP has become a critical therapeutic strategy. These
systems typically employ surface modification with anti-Af antibodies, peptides, or glycan ligands (eg, RVG peptide)
to achieve precise localization of cerebral Ap plaques.”®®°

A diverse range of nanoplatforms has been employed to deliver Ap-interfering agents. Curcumin, a natural inhibitor of
APB1-42 oligomerization, exhibits potent anti-amyloid activity but suffers from poor water solubility and low bioavailability.
Encapsulation in PLGA nanoparticles significantly enhances its brain-targeting efficiency and Ap-binding affinity.®' Studies
have demonstrated that curcumin-loaded PLGA nanoparticles exhibit pronounced cerebral accumulation, reduce A plaque
burden, and improve learning and memory in AD mouse models.’ To further enhance neuronal delivery, Tet-1 peptide-
modified PLGA nanocarriers have been developed. For instance, Mathew et al conjugated curcumin to Tet-1-functionalized
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PLGA nanoparticles, improving neuronal uptake and demonstrating antioxidant and anti-Ap aggregation effects in vitro.*>
More recently, Saleh et al engineered Tet-1-PLGA platforms to deliver small flavonoids like berberine and isoflavones, which
alleviated tau pathology and cognitive deficits in AD models.®*** These findings validate the efficacy of Tet-1 modification
and extend its applicability to diverse therapeutic payloads, paving the way for individualized interventions in neurodegen-
erative disease.

Donepezil, a widely used AChE inhibitor, has also been incorporated into nanocarrier systems to overcome its
pharmacokinetic limitations. Although donepezil enhances cholinergic neurotransmission and alleviates cognitive defi-
cits, its low oral bioavailability, limited brain distribution, and peripheral side effects compromise its therapeutic
durability. To address these issues, various nanodelivery systems have been developed to enhance CNS targeting and
prolong drug action. For example, Silva et al compared PLA-PEG nanoparticles and exosome-based formulations loaded
with donepezil in AD animal models.®> Exosomes demonstrated superior BBB penetration, brain accumulation, and
cognitive improvement. Similarly, Parviz et al designed chitosan-PEG composite nanospheres that significantly enhanced
cerebral drug retention and improved behavioral outcomes in AD mice.®®

Nanoemulsions have also emerged as promising platforms for CNS delivery of donepezil. Studies have demonstrated
that donepezil nanoemulsions possess uniform particle size and gastrointestinal stability, with enhanced in vitro drug
release compared to standard formulations. In animal models, they exhibited higher peak plasma concentrations (Cmax)
and prolonged half-life (ti/,), suggesting superior pharmacokinetic and brain-targeting properties.®” Additionally,
intranasal delivery has gained attention as a non-invasive route that bypasses first-pass metabolism and exploits the
olfactory pathway for direct brain access. Kaur et al developed a nasal nanoemulsion formulation of donepezil, which
significantly enhanced brain accumulation and improved learning and memory in AD mice.®® Together, these findings
underscore nanoemulsions as potent platforms for enhancing donepezil solubility, stability, and delivery efficacy, with
future research warranted on integrating other delivery routes such as gels and nasal sprays to optimize therapeutic
compliance and specificity.

Resveratrol, a natural polyphenol with antioxidant, anti-inflammatory, and anti-Af aggregation properties, has
attracted considerable attention in AD research. However, its clinical application is hampered by poor solubility, rapid
metabolism, and low bioavailability. Nanodelivery platforms have been employed to overcome these limitations and
enhance its therapeutic performance. Polymeric nanoparticles, liposomes, nanoemulsions, and solid lipid nanoparticles
have all been utilized for resveratrol encapsulation and delivery. For example, Loureiro et al developed solid lipid
nanoparticles co-loaded with resveratrol and grape extract, functionalized with OX26 monoclonal antibodies targeting the
transferrin receptor to facilitate BBB penetration. This system exhibited strong brain-targeting ability and A inhibition
in vitro.*

Abbas et al constructed a theranostic platform co-encapsulating resveratrol and SPIONs within chitosan-coated
liposomes, enabling magnetic-guided intranasal brain delivery and MRI imaging. This system effectively targeted Ap-
rich regions in AD animal models, enhanced imaging contrast, and demonstrated AP plaque clearance and neuroprotec-
tion in histopathological assessments.’® Nanocarriers provide a promising strategy to improve resveratrol’s solubility and
stability, increase cerebral accumulation, and prolong therapeutic action. Future studies should focus on optimizing
targeting efficiency and validating efficacy and safety in large-animal models.

In conclusion, nanocarrier-based therapeutic strategies have demonstrated remarkable advantages in the treatment of
Alzheimer’s disease—particularly in enhancing AP clearance, restoring cholinergic function, and delivering multi-
targeted natural products. Future research should emphasize structural optimization, improved brain-targeting precision,
and integrated theranostic design. Rigorous evaluation in large-animal models and preclinical studies will be essential to
lay the foundation for successful clinical translation.

Combined Nanotherapeutic Strategies Targeting Tau Pathology, Inflammation, and Oxidative Stress

Beyond AP deposition, hyperphosphorylation of tau protein and the subsequent formation of neurofibrillary tangles
(NFTs) constitute another pivotal pathological hallmark of Alzheimer’s disease, closely associated with disease progres-
sion. In addition, AD is frequently accompanied by chronic neuroinflammation and heightened oxidative stress,
manifested by overactivation of microglia, dysregulated inflammatory cytokine secretion, and elevated levels of ROS.
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These pathological processes act synergistically to exacerbate neuronal injury. Accordingly, multi-targeted intervention
strategies that concurrently address tau pathology, inflammation, and oxidative stress have become a focal point in AD
therapeutic development. Nanocarrier-based delivery systems, with their capacity for co-loading multiple agents, precise
targeting, and microenvironment-responsive release, provide an ideal platform for implementing such combinatorial
approaches.”!

In the realm of tau-targeted therapies, studies have reported the use of polyethyleneimine (PEI)-modified liposomes to
deliver tau-specific siRNA, resulting in significant reductions in phosphorylated tau expression and cognitive improve-
ment in murine models. For example, Wen et al developed PEG-PEI nanoparticles to deliver siRNA targeting ROCK II,
which effectively alleviated cognitive deficits in AD mice, highlighting the potential of this strategy in modulating tau-
associated signaling pathways.”? Furthermore, Wang et al engineered a neuron-targeted nanocomposite capable of
systemically delivering BACE1 siRNA, successfully traversing the BBB, reducing cerebral AP burden, and improving
cognitive function.”

In targeting inflammation and oxidative stress, natural polyphenolic compounds such as quercetin, ginkgolide, and
rapamycin have garnered significant attention due to their multifunctional properties, including ROS scavenging,
inhibition of microglial activation, and regulation of mTOR/NF-«kB signaling. Encapsulating these agents into PLGA
nanoparticles, nanomicelles, or solid lipid nanoparticles improves their solubility, bioavailability, and enables targeted
brain release, thereby amplifying neuroprotective efficacy. Quercetin-loaded PLGA nanoparticles, for instance, signifi-
cantly extend plasma half-life and reduce cerebral AP levels and oxidative stress markers in AD models, ultimately
improving cognitive performance.’* Ginkgolide has similarly demonstrated potent anti-inflammatory and neuroprotective
effects by suppressing NF-«xB activation.”

Rapamycin, owing to its multifaceted role in autophagy modulation, mTOR pathway inhibition, and antioxidant
response, has recently emerged as a promising agent in AD therapy. Animal studies have demonstrated that rapamycin-
loaded nanocarriers promote AB clearance through autophagy activation and ameliorate cognitive deficits.”® Wang et al
further revealed that in a diabetes-induced AD model, rapamycin suppressed the mTOR/p70S6K pathway, reduced both
AP and phosphorylated tau levels, and improved mitochondrial function.”” Moreover, Lai et al demonstrated in a zinc-
induced tau phosphorylation model that rapamycin simultaneously modulates the mTOR and Nrf2/HO-1 pathways,
mitigating oxidative stress and inhibiting aberrant tau phosphorylation, thereby exerting significant neuroprotective
effects.”® Collectively, these findings underscore rapamycin’s therapeutic promise through its coordinated regulation of
multiple neurodegenerative mechanisms.

In summary, nanocarrier-based systems provide significant advantages in simultaneously targeting tau pathology,
neuroinflammation, and oxidative stress. Future investigations should focus on optimizing drug combinations and
nanostructured design to enhance delivery efficiency and targeting precision, ultimately advancing multidimensional,

precision-based interventions for Alzheimer’s disease.

Theranostic Platforms and Future Perspectives
In the treatment of Alzheimer’s disease, early diagnosis, targeted drug delivery, and therapeutic monitoring have
traditionally existed as disjointed processes, limiting the timeliness and efficacy of precision interventions. In recent
years, the concept of theranostics—the integration of diagnostic imaging and therapeutic delivery into a unified nanoplat-
form—has gained prominence in neurodegenerative disease research. This approach enables real-time visualization of
drug biodistribution and treatment response, aligning with the broader goals of precision medicine.”®

Contemporary theranostic systems are typically constructed using magnetic nanoparticles (eg, Fe;0,4), quantum dots,
near-infrared dyes, or PET imaging probes, co-loaded with therapeutic agents to create dual-functional platforms. These
systems in addition to facilitate precise imaging of brain-targeted regions but also incorporate stimulus-responsive drug
release mechanisms that enhance therapeutic efficacy. For example, one study reported the development of an FezO,-
based ranibizumab delivery system with robust MRI contrast capabilities. This platform enabled targeted drug release at
AB-rich sites and significantly improved cognitive function in animal models while enhancing imaging contrast in

affected regions.®
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Although research on theranostic nanoplatforms in AD remains in its infancy, the approach aligns well with the
evolving landscape of precision medicine, particularly for chronic neurodegenerative diseases requiring dynamic, long-
term management. Future development should focus on enhancing imaging resolution, refining controlled-release
mechanisms, and ensuring biosafety and reproducibility in large-scale manufacturing—critical factors for facilitating
clinical translation.

Parkinson’s Disease

Parkinson’s disease is a prevalent neurodegenerative disorder primarily characterized by the selective degeneration of
dopaminergic neurons in the substantia nigra pars compacta of the midbrain, leading to a marked reduction in dopamine
levels within the striatum and triggering a spectrum of motor dysfunctions.®' Beyond the classical mechanism of neuro-
transmitter deficiency, PD pathogenesis involves multifactorial pathological processes, including abnormal aggregation of a-
synuclein, neuroinflammatory responses, oxidative stress, and mitochondrial dysfunction.**® Clinically, treatment remains
largely dependent on small-molecule drugs such as levodopa (L-DOPA), yet these agents are limited by short half-life, poor
BBB permeability, and pronounced peripheral side effects, severely constraining their long-term efficacy and safety.** Hence,
there is an urgent need to develop more precise, efficient, and brain-targeted drug delivery systems. In recent years,
nanomedicine has emerged as a promising avenue for the precision treatment of PD, owing to its controlled-release
characteristics and enhanced brain-targeting capacity. The following sections summarize recent advances along three principal
therapeutic strategies.

Nanodelivery Optimization of Dopamine Replacement Therapy

The hallmark pathological feature of PD is the progressive degeneration of dopaminergic neurons in the substantia nigra,
resulting in a substantial depletion of striatal dopamine and the emergence of classic motor symptoms such as tremors and
bradykinesia. Dopamine replacement therapy remains the frontline clinical approach, with principal agents including
levodopa, dopamine receptor agonists (eg, pramipexole, ropinirole), and monoamine oxidase-B inhibitors (eg, selegiline).
However, these small molecules face multiple therapeutic challenges, including limited BBB permeability, short plasma half-
life, and significant peripheral side effects, all of which compromise their long-term utility and patient compliance.®>5¢

Nanocarrier-based delivery systems provide novel solutions for optimizing dopamine replacement therapy.
Biodegradable polymeric platforms such as PLGA nanoparticles, when PEGylated, demonstrate enhanced systemic
stability and can be further modified with brain-targeting ligands (eg, transferrin, lactoferrin, RVG peptide) to traverse the
BBB and accumulate within the striatum. Studies have demonstrated that such surface-modified PLGA nanoparticles
effectively deliver levodopa, increase its cerebral bioavailability, prolong therapeutic duration, and mitigate peripheral
side effects such as gastrointestinal irritation and hypotension.'*

Intranasal administration, a non-invasive route bypassing the BBB, allows for direct CNS delivery. Researchers have
developed various nanomicelles and nanoparticles capable of delivering dopamine or its precursors via the nasal pathway,
significantly enhancing brain drug concentration while reducing systemic exposure and peripheral toxicity.®” For
instance, Tang et al designed nanoparticles co-modified with lactoferrin and borneol, achieving efficient intranasal
delivery of dopamine and improving motor performance in PD model rats. This study highlighted the excellent brain-
targeting and therapeutic efficacy of lactoferrin-modified nanoparticles administered intranasally.®®

Inhibition of a-Synuclein Aggregation and Gene Regulation

a-Synuclein (a-syn) is a key pathogenic protein in PD, whose abnormal aggregation into Lewy bodies is considered
a principal source of neurotoxicity. Overexpression, structural misfolding, or impaired clearance of a-syn can lead to
toxic accumulation, triggering neuroinflammation and dopaminergic neuronal degeneration.”> In recent years, diverse
strategies have been developed to inhibit a-syn aggregation and regulate its expression.

One such strategy involves the use of single-chain variable fragment antibodies (scFvs) to specifically recognize and
neutralize a-syn aggregates. Schlichtmann et al engineered scFvs targeting a-syn aggregates and delivered them into PD
mouse models via adeno-associated virus (AAV) vectors.* The scFvs significantly reduced a-syn expression in the substantia
nigra and improved motor functions, underscoring their therapeutic potential in halting PD progression.
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Another approach utilizes receptor-mediated transcytosis to deliver biologics across the BBB. Pardridge et al
proposed a fusion protein strategy wherein therapeutic antibodies are conjugated to IgGs targeting endogenous receptors
such as the insulin or transferrin receptor, facilitating their transcytosis via the RMT pathway.*® This “molecular Trojan
horse” strategy has been successfully employed to transport neurotrophic factors, detoxifying receptors, and therapeutic
antibodies into the brain, providing a novel route for PD treatment. Furthermore, lipid nanoparticles (LNPs) modified
with receptor-specific IgGs have been developed for the delivery of plasmid DNA encoding therapeutic genes. These
LNPs can traverse the BBB through RMT and represent a promising avenue for non-viral gene therapy in PD.

In summary, scFv-mediated blockade of a-syn aggregation effectively reduces neurotoxicity and represents a critical
therapeutic strategy. Meanwhile, the RMT-enabled delivery of biologics provides a practical and scalable method for
crossing the BBB. Together, these approaches in addition to broaden the therapeutic landscape for PD but also pave the
way for targeted intervention at the molecular origins of disease.

Neurotrophic Factor Delivery and Neuroprotection

The progressive loss of dopaminergic neurons in the substantia nigra underlies the motor deficits characteristic of PD.
Given the limited regenerative capacity of CNS neurons, neurotrophic factors (NTFs) such as brain-derived neurotrophic
factor (BDNF), glial cell line-derived neurotrophic factor (GDNF), and nerve growth factor (NGF) have emerged as
promising agents for neuroprotection and repair.”® °* These NTFs activate signaling pathways including PI3K/Akt and
MAPK/ERK to inhibit neuronal apoptosis, promote axonal regeneration, and sustain synaptic integrity.

However, the clinical application of NTFs is hindered by their large molecular weight, high hydrophilicity, and vulner-
ability to enzymatic degradation, which prevent them from efficiently crossing the BBB. To address this, researchers have
explored a range of nanocarrier-based delivery systems. Zhang’s team developed a non-viral, TfR-targeting “Trojan horse”
liposomal platform to encapsulate GDNF plasmid DNA, achieving targeted gene delivery to the brain via intravenous
injection. This system facilitated receptor-mediated endocytosis of the GDNF vector into the striatum, significantly enhancing
local GDNF expression and tyrosine hydroxylase (TH) activity, thereby nearly restoring motor function in PD rats.”*

Chen et al further advanced this strategy by combining it with ultrasound-targeted microbubble destruction to enhance
delivery efficiency. They formulated PEGylated liposomes loaded with GDNF plasmid and conjugated them with micro-
bubbles. Under focused ultrasound, transient BBB permeability was induced, promoting efficient GDNF transfection and
expression in the midbrain. This approach significantly improved rotational behavior and motor coordination in PD rats.”

In recent years, researchers have developed a variety of innovative nanoplatforms to address the challenges of NTF
delivery in PD, aiming to enhance both selectivity and safety. One notable advance is the development of stimulus-
responsive nanocarriers. For example, glucose- and trehalose-functionalized polymeric carbon dots (GT-PCDs) exhibit
ROS-responsiveness, enabling efficient release of loaded plasmid DNA under oxidative stress conditions. This system
significantly increased GDNF expression in the brain and improved motor function and neuroinflammation in PD mouse
models.”® Such multifunctional nanocarriers represent a promising strategy for gene therapy and autophagy modulation
in neurodegenerative disease.

Huntington’s Disease

Huntington’s disease is an autosomal dominant neurodegenerative disorder caused by the expression of a mutant huntingtin-
(mHTT) protein. Clinically, it manifests with progressive motor dysfunction, cognitive decline, and psychiatric
disturbances.”” The underlying pathogenesis is multifactorial, involving toxic protein aggregation, transcriptional dysregula-
tion, mitochondrial dysfunction, and neuroinflammation.”® At present, there is no definitive cure, and available therapies are
largely symptomatic, providing limited capacity to slow disease progression. Consequently, molecular strategies aimed at
suppressing mHTT expression or eliminating its aggregated products have garnered growing research attention.

Nanodelivery of Gene Expression-Modulating Therapeutics
The persistent expression of mutant huntingtin protein is regarded as the fundamental driver of HD pathogenesis. Gene-
silencing strategies such as small interfering RNA (siRNA), antisense oligonucleotides (ASOs), and CRISPR-Cas9

systems can suppress mHTT at the mRNA or DNA level, thereby reducing the production of toxic proteins.”” !
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However, these macromolecular therapeutics are highly susceptible to enzymatic degradation and face formidable
barriers in crossing the BBB, rendering effective delivery systems essential.

To this end, various nanoplatforms have been developed to facilitate efficient mHTT gene silencing. Joshi et al engineered
PLGA nanoparticles encapsulating a cocktail of three anti-aggregation peptides—QBP1, NT17, and PGQyP?>—surface-
modified with Polysorbate 80 to enhance BBB permeability.'®® In R6/2 transgenic HD mice, this system markedly reduced
mHTT aggregation in the striatum and significantly improved motor coordination and neuronal morphology, underscoring its
therapeutic potential. Additionally, self-assembling B-cyclodextrin-based nanoparticles were developed for siRNA delivery
targeting HTT. In vitro, this system effectively downregulated HTT expression in rat striatal cells and primary human HD
fibroblasts, while exhibiting low cytotoxicity, suggesting its promise for gene therapy in HD.'*?

These nanocarriers in addition to provide protection and controlled release for nucleic acid therapeutics but also
enhance BBB penetration through surface engineering, providing a robust platform for gene-based interventions in HD.

Inhibition and Clearance of Protein Aggregates
In addition to aberrant expression, mHTT is pathologically characterized by the formation of neurotoxic oligomers and
inclusion bodies within neurons, leading to profound cellular dysfunction. Therefore, strategies aimed at modulating
mHTT conformation or promoting its degradation represent a critical axis in HD therapy. Small-molecule aggregation
inhibitors (eg, EGCG), molecular chaperone activators (eg, HSP90 regulators), and autophagy modulators (eg, CMA or
mTOR pathway inhibitors) have demonstrated therapeutic efficacy in cellular and animal models.'** %7

Yet these small molecules frequently suffer from poor solubility, low bioavailability, and limited BBB penetration.
Nanodelivery platforms have thus been employed to enhance their stability and brain-targeting capacity. Ehrnhoefer et al
demonstrated that EGCG could directly interfere with the misfolding of mHTT, suppress aggregation, and ameliorate
toxic phenotypes in cell and Drosophila models.'®® Building on this, Cano et al encapsulated EGCG in PEGylated PLGA
nanoparticles, which significantly increased its accumulation in the striatum of 3-nitropropionic acid-induced HD mice,
reduced mHTT-associated pathology, and improved motor deficits.'® This study highlights the feasibility of using
nanocarriers to deliver aggregation inhibitors, providing a tangible solution to the pharmacokinetic limitations of
traditional small molecules. Looking ahead, the development of multifunctional nanoplatforms with brain-targeting
specificity, subcellular localization capabilities, and stimuli-responsive release features holds great promise for the
precise modulation of mHTT aggregation and toxicity, thus advancing therapeutic strategies for HD.

Multi-Pathway Synergistic Interventions and Adjunctive Protective Strategies

As a multifaceted neurodegenerative disorder, HD encompasses a complex interplay of genetic mutation, protein
aggregation, oxidative stress, mitochondrial dysfunction, energy dysregulation, and neuroinflammation. Given this
intricate pathology, single-target approaches—such as merely suppressing mHTT expression or inhibiting aggregation
—often fail to yield sustained and substantial therapeutic benefits. Thus, multi-targeted interventions, particularly those
enabled by nanotechnology, have emerged as a compelling direction in HD research, providing new opportunities for
precision therapy.

One representative approach involves the construction of dual- or multifunctional delivery systems co-delivering gene-
silencing molecules alongside neuroprotective agents. For example, Sanchez-Ramos et al developed a chitosan-based
nanoparticle system for intranasal delivery of siRNA targeting mHTT. This system in addition to effectively downregulated
mHTT expression across multiple brain regions in HD mice but also conferred neuroprotection through the intrinsic
immunomodulatory properties of chitosan.''® Likewise, Zhang et al developed a cyclodextrin-modified nanoplatform with
optimized surface functionality to enhance siRNA delivery efficiency into neural cells, achieving potent suppression of mutant
HTT expression.''" The design philosophy of this system emphasized simultaneous optimization of targeting, stability, and
cellular uptake, underscoring its strong therapeutic potential and translational viability.

These multifunctional nanodelivery strategies in addition to improve brain-targeted delivery of nucleic acid therapeutics such
as siRNA, but also facilitate coordinated intervention across multiple pathological pathways through strategic carrier design.
Compared to conventional monotherapies, these composite platforms provide broader applicability and therapeutic depth,
providing a viable blueprint for multi-mechanistic HD treatment strategies and laying a foundation for future clinical translation.
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Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis is a progressive motor neuron disease that primarily affects upper and lower motor neurons
within the brain and spinal cord, ultimately leading to muscle weakness, respiratory failure, and death. Its pathogenesis is
complex and multifactorial, involving abnormal protein mutations (eg, superoxide dismutase 1, SOD1, TDP-43, FUS),
excitotoxicity, mitochondrial dysfunction, oxidative stress, and neuroinflammation.''? Although riluzole and edaravone have
been approved for ALS treatment, their therapeutic benefits are limited and insufficient to meaningfully halt disease
progression.

In recent years, nanocarrier-based delivery systems have demonstrated therapeutic potential in ALS, particularly in
enhancing the delivery of neurotrophic factors, modulating inflammation and oxidative stress, and enabling gene
expression regulation. These strategies aim to improve the penetration of macromolecular drugs across the blood—

cerebrospinal fluid barrier, increase therapeutic efficacy and tissue specificity, and ultimately delay neurodegeneration.

Nanodelivery Strategies for Neurotrophic Factors

Neurotrophic factors play a crucial role in maintaining motor neuron survival, supporting synaptic function, and promoting
neuronal regeneration, making them promising therapeutic candidates for ALS.'"* However, due to their macromolecular
nature, they are rapidly degraded or cleared in vivo and face significant challenges in crossing the blood—cerebrospinal fluid
barrier, which compromises their therapeutic efficacy via conventional administration routes.''*

To overcome these limitations, various nanodelivery platforms have been developed to enhance the stability and
delivery efficiency of neurotrophic factors. For example, Leyton-Jaimes et al constructed mesoporous silica nanoparticles
(MSPs) encapsulating mimetic peptides of CNTF, GDNF, and VEGF, which were directly injected into the cervical
spinal cord of SODIG93A mice. The treatment significantly delayed disease progression, prolonged survival, and
improved motor function.''” Similarly, PEG-PLGA nanoparticles have been employed to deliver BDNF and IGF-1 via
the intranasal route in ALS models, achieving enhanced accumulation in the brain, improved neuronal survival, and
ameliorated motor deficits.''® These findings indicate that nanocarriers in addition to stabilize neurotrophic factors

in vivo but also enable their targeted delivery across the blood—CSF barrier, thereby improving their clinical applicability.

Strategies for Inflammation and Oxidative Stress Modulation

Neuroinflammation and oxidative stress are pivotal contributors to motor neuron degeneration in ALS. Inflammatory
processes are marked by microglial activation and pro-inflammatory cytokine release, while oxidative stress involves the
accumulation of ROS, leading to mitochondrial impairment and lipid peroxidation.''” Anti-inflammatory and antioxidant
therapies have thus become focal points in ALS research.

Nanodelivery systems have proven advantageous in enhancing the bioavailability of ALS therapeutics. Edaravone, a free
radical scavenger, exerts neuroprotective effects by mitigating oxidative damage to motor neurons. Its mechanism involves the
clearance of excess ROS, thereby decelerating neurodegeneration. For instance, Ferreira et al developed a polymeric
nanoparticle system to encapsulate edaravone for sustained and stable release.''™ This platform enhanced edaravone’s CNS
penetration, increased its accumulation in brain tissues, and bolstered its antioxidant activity, significantly reducing ROS-
induced neuronal damage. In both in vitro and animal models of ALS, the nanoformulation demonstrated superior neuropro-
tective efficacy compared to free drug, indicating its promise in delaying disease progression. Additionally, Medina and
colleagues developed a PLA-PEG nanoparticle system encapsulating the RARP agonist adapalene. Following intravenous
administration in SOD1G93A mice, the nanoparticles successfully delivered adapalene to the CNS, activated retinoic acid
signaling, and improved motor performance, neuronal survival, and lifespan.'"’

Collectively, these studies demonstrate that nanodelivery systems provide novel therapeutic avenues for ALS by
improving drug stability, targeting efficiency, and CNS bioavailability. The use of edaravone and adapalene within
nanoformulations in addition to enhances local drug concentrations in diseased regions but also achieves superior
neuroprotection compared to conventional formulations. Future research focused on integrating multifunctional nano-

carriers with mechanistic precision interventions may further accelerate the clinical translation of ALS therapeutics.
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Targeting Pathogenic Genes and RNA Interference Strategies

Over 10% of ALS cases are familial (fALS), commonly associated with mutations in genes such as SOD1, C9orf72,
TDP-43, and FUS.'?%"!22 RNA-based therapeutic strategies, including siRNAs, ASOs, and CRISPR/Cas9 systems, have
been extensively investigated for their potential to silence these pathogenic genes. However, challenges such as poor
in vivo stability, nuclease susceptibility, and limited BBB permeability have severely hindered their clinical translation.

To address these issues, nanocarriers have been widely employed for the precise delivery of RNA therapeutics,
providing protection from degradation and facilitating BBB penetration. Moeller et al designed a core—shell mesoporous
silica nanoparticle (MSN) platform equipped with multifunctional polymeric caps for siRNA delivery. The system
achieved high siRNA loading via electrostatic interactions and enabled efficient intracellular release, significantly
enhancing gene silencing efficacy. In vitro experiments demonstrated up to 90% gene knockdown at low doses,
confirming its excellent delivery performance and biocompatibility.'*

These findings illustrate that nanocarriers provide considerable advantages in protecting RNA therapeutics, enhancing
their enrichment in target tissues, and enabling multi-target interventions. As such, they have become indispensable tools
in the advancement of precision therapeutics for ALS.

Figure 2 illustrates the core pathological mechanisms of multiple neurodegenerative diseases—Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease, and ALS—alongside mainstream nanodelivery strategies and their therapeutic
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Figure 2 Schematic Representation of BBB-Crossing Mechanisms and Therapeutic Outcomes of Nanocarriers in Neurodegenerative Diseases. Representative mechanisms
and therapeutic outcomes of nanoparticle delivery in Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS)
are shown. Nanocarriers cross the blood-brain barrier (BBB) via adsorptive-mediated transcytosis (AMT), carrier-mediated transport (CMT), or receptor-mediated
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targets and effects in the brain. This comprehensive visual aids in understanding both the shared and distinct mechanisms
of nanocarrier actions across different disorders.

Given the complex etiology of neurodegenerative diseases, the dispersed nature of drug targets, and the formidable
challenge of BBB penetration, effective therapeutic options remain scarce. Nanotechnology has demonstrated promise by
enhancing drug stability, improving pharmacokinetics, and facilitating BBB transit, contributing to delayed neuronal
degeneration and improved neural function. To date, nanocarriers have been broadly employed to deliver a range of
therapeutic agents—including small molecules, proteins, nucleic acids, and neurotrophic factors—demonstrating beneficial
effects in mitigating pathological protein aggregation, reducing neuroinflammation, and repairing neuronal damage. Various
nanoplatforms—such as polymeric nanoparticles, liposomes, nanomicelles, and biomimetic systems—have been designed to
accommodate diverse disease conditions, with several demonstrating promising efficacy in preclinical animal models. While
most research remains at the preclinical stage, ample evidence suggests that nanotechnology may open a transformative
therapeutic avenue for neurodegenerative disorders and serve as a powerful complement to conventional approaches.

Smart and Organelle-Targeting Nanocarrier Systems

Stimuli-Responsive Nanocarriers

The pathological regions of neurodegenerative diseases are often characterized by distinct microenvironmental changes,
such as acidic pH, elevated ROS levels, and abnormal expression of specific enzymes (eg, esterases, proteases).'>* '
These features provide a biological foundation and activation mechanism for designing stimuli-responsive nanocarriers
with site-specific drug release capabilities.

Stimuli-responsive nanocarriers are engineered platforms capable of releasing therapeutic agents in response to
specific pathological stimuli, demonstrating high spatial precision and temporal control.'*” Compared with conventional
delivery systems, these platforms enable precise on-site drug release within diseased tissues, significantly enhancing
targeting efficiency and local therapeutic effects while minimizing systemic toxicity. In the treatment of neurodegenera-
tive diseases, such systems have demonstrated considerable promise, particularly in improving central drug delivery
efficiency, achieving on-demand release, and reducing systemic exposure.

pH-Responsive Nanocarriers

Among intelligent delivery strategies, pH-responsive systems are among the most extensively developed. Their design
capitalizes on the acidic features of pathological or intracellular environments—such as lysosomes, endosomes, and
activated microglia—to trigger carrier disassembly or swelling, thereby achieving precise drug release at the site of
action.'?® These systems effectively identify acidic conditions, increasing drug concentrations in lesions while reducing
toxicity to healthy tissues and improving central nervous system drug delivery. Intracellular structures such as lysosomes
and endosomes typically present an acidic milieu (pH ~4.5-5.5), and activated microglia and diseased regions also often
exhibit localized acidification (pH ~6.5-6.8), providing a physiological basis for pH-triggered release mechanisms.'*

A critical aspect in the construction of such systems lies in balancing chemical stability with acid-sensitivity.
Common strategies involve introducing hydrazone, Schiff base, or acid-labile ester bonds that hydrolyze in acidic
environments, triggering drug release.'*® Additionally, polyelectrolytes such as polyacrylic acid exhibit excellent con-
formational responsiveness and mucoadhesive properties under acidic conditions, enhancing drug retention and penetra-
tion in the nervous system. Related studies have demonstrated that polyacrylic-acid-based nanocarriers significantly
improved brain drug accumulation and therapeutic outcomes in Alzheimer’s disease mouse models.'*!

In an experimental study, Gisbert-Garzardn et al designed a pH-responsive mesoporous carbon nanoparticle system
that efficiently released drugs at lysosomal pH (pH 5.0) while remaining stable at physiological pH, thereby significantly
enhancing intracellular targeting efficiency.'** Although the model in the present study was not specific to neurological
diseases, the design concept holds broad translational relevance for CNS-targeted delivery.

In summary, pH-responsive platforms dynamically respond to pathological microenvironments, enabling precise
“site-specific” drug release within cellular compartments or diseased tissues. They demonstrate substantial potential
for enhancing efficacy and minimizing adverse effects. Future development may focus on combining pH-responsive
systems with brain-targeting ligands and ROS-responsive mechanisms to improve CNS delivery specificity and accuracy.
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ROS-Responsive Nanocarriers

Reactive oxygen species play a pivotal role in the pathogenesis of numerous neurodegenerative diseases, including
Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, and Huntington’s disease. Abnormally elevated
ROS levels arise from mitochondrial dysfunction, misfolded protein-induced stress, and microglial hyperactivation.'*
Excess ROS induces lipid peroxidation, DNA damage, and protein modifications, activates inflammatory cascades, and
triggers neuronal apoptosis—key drivers of disease progression.'**

To address this, researchers have developed ROS-responsive nanocarriers utilizing sulfur, selenium, boronate, or
thioether oxidation-sensitive linkers to enable selective drug release in high ROS environments. These systems remain
stable under normal physiological conditions but rapidly disassemble in pathological sites, maximizing therapeutic
efficacy while reducing exposure to healthy tissues and enhancing lesion-specific targeting.'’

Several studies have confirmed the efficacy of ROS-responsive systems in PD models. Lei et al developed polydopamine-
based curcumin-loaded nanoparticles (pDA-Cur NPs), which released curcumin in response to ROS, reduced ROS levels,
inhibited a-synuclein aggregation, and improved motor function and nigral neuron survival in PD mice.'*® Another study
employed graphene quantum dots capable of crossing the blood-brain barrier and inhibiting a-synuclein aggregation,
alleviating striatal damage and improving behavioral outcomes in PD mice, highlighting their neuroprotective potential.'*’

Collectively, ROS-responsive platforms provide powerful mechanisms for targeted drug release and neuroprotection
in neurodegenerative disecase models. Their ability to enhance local drug concentrations while reducing systemic side
effects makes them promising candidates for clinical translation. Future work may integrate other stimuli and targeting

moieties to further enhance multifunctionality and clinical applicability.

Enzyme-Responsive Nanocarriers

Neurodegenerative diseases are often accompanied by inflammatory responses and proteostasis disruption, leading to
upregulation of various enzymes such as matrix metalloproteinases (MMPs), lysosomal enzymes (eg, Cathepsin B/D),
and acetylcholinesterase (AChE)."*® '*° These enzymes are critically involved in inflammation regulation, phagocytosis,
autophagy, and pathological protein degradation, making them ideal “pathological microenvironmental triggers” for
designing enzyme-responsive delivery systems.

The core strategy involves incorporating enzyme-cleavable peptides or chemical bonds into nanocarriers, which are
selectively recognized and cleaved by target enzymes such as AChE, MMPs, or Cathepsin B. Upon entering the lesion
site, enzyme-mediated cleavage initiates carrier disassembly and precise drug release. For instance, in AD models,
AChE-responsive mesoporous silica systems with polyglutamic acid gates demonstrated efficient site-specific release,
confirming their spatial selectivity and release efficiency.'*' Si et al reported elevated MMP-9 expression in MPTP and
AS53T mouse models, which impaired AQP4 polarization and brain lymphatic flow. Inhibition of MMP-9 restored AQP4
polarity, improved lymphatic clearance, and protected dopaminergic neurons, highlighting MMP-9 as a valid therapeutic
target and trigger for enzyme-responsive systems.'®

In AD, AChE is in addition to a key enzyme in ACh hydrolysis but also facilitates AP aggregation, forming
neurotoxic AChE-AB complexes that accelerate plaque formation and neurotoxicity.'**'** These complexes induce
oxidative stress, mitochondrial dysfunction, and inflammation, ultimately exacerbating neuronal apoptosis.'**> Bartolini
et al further demonstrated AChE’s interaction with phosphorylated tau (p-Tau), promoting neurofibrillary tangle forma-
tion and aggravating neuropathology.'*

Other proteases, such as Cathepsin B/D and Asparagine Endopeptidase (AEP), also play vital roles in disease
pathology, including autophagy imbalance and pathogenic protein processing. In lysosomal dysfunction settings,
Cathepsin B can cleave APP, promoting AP generation and plaque formation under pathological conditions, though it
may also facilitate AP clearance depending on enzymatic activity and local context.'*’'>! Cathepsin D, a major
lysosomal aspartyl protease, is involved in a-synuclein degradation, and its dysfunction contributes to toxic protein
accumulation and neurodegeneration in PD.'*?

Given their lesion-specific expression and substrate specificity, Cathepsin-responsive systems have been developed
using sensitive peptide linkers for lysosomal targeting and precise drug release in diseased environments. These
platforms enhance targeting accuracy while minimizing off-target toxicity.
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AEP, also known as d-secretase, has recently emerged as a pivotal lysosomal cysteine protease in both AD and PD
pathologies.'>*!3* Activated by acidic lysosomal pH and inflammatory mediators such as C/EBPp, AEP cleaves APP and Tau
into highly aggregation-prone fragments, promoting plaque and tangle formation in AD.'*>'*° In PD models, AEP cleaves a-
synuclein into toxic fragments, facilitating Lewy body formation and neuronal damage.'>”"'*® Notably, AEP expression is
markedly upregulated during the early stages of disease and is regulated by inflammation and oxidative signaling pathways,
exhibiting a distinct lesion-specific activation profile.'>® This makes AEP an ideal trigger for enzyme-responsive drug delivery
systems. Nanocarriers incorporating AEP-recognition motifs (eg, Asn—X) have shown promising results in selectively
disassembling and releasing drugs within AEP-enriched regions, demonstrating therapeutic efficacy in preclinical models.'®

In conclusion, stimuli-responsive nanocarriers that sense pathological microenvironmental signals characteristic of
neurodegenerative diseases provide powerful strategies for precise drug delivery. pH-responsive systems leverage the
acidic nature of lysosomes and inflammatory regions, facilitating intracellular and microglial targeting. ROS-responsive
platforms align with oxidative-stress-driven pathogenesis, particularly in AD and PD models. Enzyme-responsive
carriers target overexpressed proteases to intervene in inflammation and protein aggregation with high specificity.
Emerging dual- and multi-responsive systems further enhance targeting precision, although design complexity and
clinical translation hurdles remain challenges to be addressed.

Organelle-Targeting Nanocarrier Systems

In neurodegenerative diseases, cellular dysfunction often originates from damage to specific subcellular organelles such
as mitochondria, lysosomes, and nuclei. The pathological disruption of these structures in addition to initiates neurotoxic
cascades but also accelerates the widespread progression of disease. Accordingly, achieving precise drug delivery at the
subcellular level has emerged as a key strategy for enhancing both therapeutic efficacy and targeting specificity. In recent
years, advances in nanotechnology have made organelle-targeted delivery increasingly feasible, enabling the transport of
antioxidants, neurotrophic factors, and gene-editing tools directly to sites of pathology, thereby promoting a paradigm
shift from “cellular-level” to “organelle-level” precision therapies.'®’

Take mitochondria, for example—these organelles are central to oxidative phosphorylation, ATP production, and
ROS generation, and their dysfunction plays a pivotal role in the pathogenesis of AD, PD, and ALS.'®® In both AD and
PD, depolarization of mitochondrial membrane potential, disruption of respiratory chain complexes, and excessive ROS
production are considered major drivers of neuronal degeneration.'®®

To achieve mitochondrial-specific therapy, researchers have developed active targeting strategies based on mitochon-
drial membrane potential differences. Among them, the lipophilic cation triphenylphosphonium (TPP) is most widely
used. TPP-modified nanoparticles can exploit the negative inner mitochondrial membrane potential to achieve effective
accumulation and elevate local drug concentrations.'®® For instance, Zhang et al designed a TPP-functionalized
nanovesicle system encapsulating ursodeoxycholic acid (UDCA), which demonstrated remarkable efficacy in a PD
mouse model. This system was capable of crossing the blood—brain barrier and specifically localizing to mitochondria in
striatal neurons, significantly reducing ROS accumulation, increasing ATP levels by approximately 42.6%, and markedly
improving both motor coordination and mitochondrial function.'®

Moreover, studies have demonstrated that TPP-modified platforms can restore mitochondrial respiratory chain
activity, regulate membrane potential, and ameliorate oxidative stress and metabolic imbalance in models of AD and
PD. Compared with non-targeted systems, TPP-modified nanoparticles exhibit superior targeting and drug-release
efficiency, enabling reduced therapeutic doses and attenuated systemic toxicity.'°*'®” A recent study developed a TPP-
functionalized MoS, nanocomposite system with catalase and superoxide dismutase mimetic activities, which effectively
scavenged ROS in AD models. By modulating microglial polarization from the pro-inflammatory M1 to the anti-
inflammatory M2 phenotype, this system alleviated neuroinflammation and provided neuroprotection, further demon-
strating the broad adaptability of mitochondrial targeting strategies in various neuropathological contexts.'®® In parallel,
additional research has explored the encapsulation of coenzyme NAD', antioxidant enzymes, and mitochondrial
biogenesis-promoting molecules within TPP-modified platforms to achieve multi-pathway synergistic interventions.
These approaches in addition to enhance cellular energy supply but also interrupt mitochondrial-mediated apoptotic

signaling, thereby amplifying neuroprotective outcomes.'®*'%>
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In addition to mitochondria, lysosomes—central to autophagy and macromolecular degradation—also play vital roles
in neurodegeneration. The accumulation of pathological proteins such as AP in AD and mHTT in HD has been closely
linked to impaired lysosomal function.'®®'®® Encouraging experimental results have emerged from nanocarrier-based
strategies aimed at restoring lysosomal integrity and promoting the clearance of protein aggregates.

In one study, researchers administered epigallocatechin gallate nanoparticles (nano-EGCG) to aluminum-induced AD rats.
Nano-EGCG significantly enhanced the brain bioavailability of EGCG, restored lysosomal acidification, reduced plaque and
neurofibrillary tangle formation, and improved cognitive performance in the Morris water maze.'®” Another study in APP/PS1
transgenic AD mice developed a dual-drug nanoplatform co-delivering EGCG and ascorbic acid (EGCG/AA NPs) using
a PEG-PLGA carrier, which enhanced the stability and sustained release of EGCG in brain tissue. This system notably reduced
AB deposition and neuroinflammation, increased synaptic protein expression, and ultimately improved cognitive function.'”’

These pH-triggered, lysosome-targeted nanoplatforms in addition to improved drug delivery efficiency and bioavail-
ability in the brain but also effectively restored the lysosome-autophagy axis, facilitating the clearance of pathological
proteins such as AP and phosphorylated tau. Behavioral and histopathological analyses confirmed the therapeutic
benefits, reinforcing the promise of lysosomal targeting strategies for neurodegenerative disease treatment.

Beyond mitochondria and lysosomes, other subcellular organelles such as nuclei and autophagosomes are also emerging as
precision therapeutic targets. In ALS, where SOD1 mutations are prevalent, researchers have developed adeno-associated virus
nanocarriers bearing nuclear localization signals (NLS) to deliver CRISPR-Cas9 components into motor neuron nuclei for base
editing or knockout of mutant G93A-SOD1, thereby delaying disease progression. In a study by Lim et al, a split base editor
delivered via AAV successfully corrected the SOD1 mutation in ALS mice, significantly improving motor function and
extending survival.'”! Wu et al further used CRISPR-Cas9 to knock out mutant SOD1, observing a marked reduction in spinal
cord mutant protein expression, evident neuroprotection, and an approximately 25% increase in lifespan relative to controls.' "

Preliminary studies in HD models have also demonstrated that autophagosome-targeting nanotechnologies can
promote the clearance of mHTT. For example, MnFe,O, nanoparticles have been demonstrated to enhance mHTT
degradation in cells and mouse models, significantly reducing neurotoxicity and underscoring their potential in modulat-
ing protein aggregation and autophagic flux.'”

It is worth noting, however, that despite the clear therapeutic advantages of organelle-targeted nanocarrier systems,
numerous challenges impede their clinical translation. Variations in organelle structure, membrane potential gradients,
and permeability among different neuronal subtypes may compromise targeting universality. Intracellular trafficking and
suborganelle localization may also be confounded by nonspecific degradation and off-target release. Additionally, most
current studies are limited to in vitro or small animal models, lacking comprehensive pharmacokinetic, biodistribution,
and long-term toxicology evaluations.

To visually illustrate the key strategies and limitations of organelle-targeted nanocarriers, Figure 3 summarizes the major
biological barriers, representative targeting mechanisms (eg, membrane potential-driven, pH-triggered, or nuclear signal-
mediated), and application pathways of various nanoplatforms directed toward organelles such as mitochondria, lysosomes,
autophagosomes, and nuclei. This schematic helps clarify the current landscape and optimization directions of subcellular
targeting strategies.

In summary, organelle-targeting nanocarrier systems significantly enhance therapeutic precision and biological
efficacy by enabling localized drug delivery to key pathological structures within cells. They represent a critical
breakthrough in deep-targeted intervention for neurodegenerative diseases. In the future, advances in high-throughput
pathological target identification, membrane permeability modulation, and programmable release design, coupled with
systematic pharmacological and toxicological validation, are expected to facilitate the translational journey of these
platforms from bench to bedside.

Gene Therapy and Theranostic Platforms

Gene Delivery Systems
A substantial proportion of pathological alterations in neurodegenerative diseases can be attributed to specific genetic
abnormalities, such as the overexpression of a-synuclein in PD, SOD1 mutations in ALS, and dysregulated expression of
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mHTT in HD. To target these genetic aberrations, modalities including small interfering RNA (siRNA), antisense oligonu-
cleotides (ASO), messenger RNA vectors, and CRISPR-Cas9-based gene editing systems have been widely explored in recent
years as therapeutic strategies.'”""'”*"'7® However, given the intrinsic instability of these nucleic acid agents in vivo, their
susceptibility to enzymatic degradation, limited ability to traverse the blood-brain barrier, and low uptake efficiency,
nanocarrier-based delivery systems have emerged as essential structural platforms to overcome these bottlenecks.
Representative platforms include cationic liposomes (eg, LNPs), polymeric nanoparticles (such as PEI and PEG-PLGA),
hybrid nanocarriers, and proteinaceous capsules, often combined with targeting ligands like RVG peptides, transferrin (Tf), or
ApoE, as well as pH- or enzyme-responsive designs to achieve high-efficiency delivery to neurons and other cells.

In ALS research, AAV-mediated delivery of siRNA or miRNA has been utilized to suppress mutant SOD1 expres-
sion. For example, a research group developed an AAV-miRSOD1 system administered via lingual and intrathoracic
injection in SOD1G93A mice, which significantly downregulated SOD1 expression in the spinal cord and respiratory
muscles, delayed motor decline by approximately 50 days, preserved neuromuscular junction integrity, and effectively
postponed disease endpoints.'”” In PD models, siRNA targeting a-synuclein delivered via RVG-modified polymeric or
lipid nanoparticles successfully enhanced brain delivery and reduced protein aggregation, exemplifying the efficacy of
RVG-based targeting in CNS RNA therapies.'”® Furthermore, in the realm of CRISPR-mediated gene editing, AAV9-
CasRx/HTT gRNA systems enabled precise knockdown of mHTT RNA in HD knock-in pig models, markedly reducing
mutant protein levels and restoring neuronal function, thereby underscoring the effectiveness and clinical promise of

subnuclear gene editing strategies.'”’
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Collectively, gene delivery platforms that integrate nanomaterials with molecular biology tools provide robust
technological support for precise intervention in a range of pathogenic genes implicated in neurodegenerative disorders.
Whether through RNA interference, mRNA expression, or CRISPR-based genome editing, these therapies rely on
efficient and safe vectors for targeted delivery. While current studies have demonstrated promising outcomes across
various animal models, clinical translation still faces challenges such as tissue specificity, off-target effects, and long-
term safety. Future research will likely focus on optimizing carrier materials, enhancing BBB penetration efficiency, and
developing individualized treatment strategies as the field’s core directions.

Theranostic Nanocarriers

In the treatment of neurodegenerative disorders, theranostic nanocarriers—nanoplatforms integrating both diagnostic and
therapeutic functionalities—are rapidly emerging as powerful tools for precision intervention. These systems typically co-
encapsulate imaging probes and therapeutic agents within a single nanostructure and leverage disease microenvironment-
specific triggers (eg, acidic pH, oxidative stress, or enzyme activity) or surface biomarker recognition to achieve localized drug
release synchronized with imaging signal output. For instance, in AD models, researchers have constructed magnetic FesO,
nanoparticle-based systems functionalized with anti-Af antibodies and anti-inflammatory agents, enhancing MRI contrast and
modulating plaque-associated inflammation to improve cognitive outcomes.’® Similarly, Shojaei et al developed a 64Cu-
labeled TREM2 antibody nanoplatform for PET imaging of microglial activation, enabling early detection of neuroinflam-
matory states;'® while THK-565, a near-infrared II probe, allows for high-resolution visualization of deep-brain plaques.'®'
To enhance synergistic functionality, current nanocarriers often employ liposomes, polymeric nanoparticles, metal-organic
frameworks (MOFs), or hybrid architectures, aiming to optimize signal intensity, drug stability, and targeting efficiency.'®*
Such integrated systems have demonstrated closed-loop control capabilities—from lesion identification to therapeutic feed-
back—in models of AD, PD, and HD, providing highly modular, controllable, and visualized intervention platforms that are
shaping the future of theranostic approaches in neurological diseases.

Moreover, a growing number of studies are incorporating smart response mechanisms into theranostic nanocarriers to
improve the selectivity and timing of drug release. These systems typically harness specific pathological features of the
disease microenvironment as triggering signals for precise drug deployment. Typical mechanisms include oxidative stress
response, pH-sensitivity, and enzyme activation. For example, ROS-responsive carriers can detect elevated oxidative
stress in AD lesions and release antioxidants locally, effectively scavenging reactive oxygen species and mitigating
neural injury. Yuan et al developed a Ru-based nanoplatform with diselenide bonds that, via this mechanism, significantly
alleviated neuroinflammation and cognitive deficits in AD models.'® Similarly, Yang et al designed a dual pH/ROS-
responsive nanoplatform co-delivering BACE1-siRNA and rapamycin, intranasally administered in AD mice, which
simultaneously suppressed B-secretase expression and improved cognitive behavior.'®* These responsive designs enhance
local drug bioavailability while minimizing off-target toxicity, representing a key strategy for clinical translation of
theranostic systems.

Looking ahead, the construction of smart closed-loop systems integrating multimodal imaging (eg, PET/MRI,
NIR-II/MRI) with multifunctional therapies (including drug release, gene modulation, and immune regulation) is
a promising frontier. Such platforms have made substantial progress in synchronizing imaging output with ther-
apeutic feedback, and the integration of AI and machine learning further supports automated treatment decision-
making based on real-time imaging data.'®® Regarding BBB traversal, membrane-derived hybrid carriers—such as
exosome- and cell membrane-coated nanoparticles—as well as RVG/TGN-modified systems, have significantly
improved brain-targeting efficiency in AD and PD models, providing cutting-edge technological support for the
precise delivery of nucleic acids, proteins, and small molecules.'®® As illustrated in Figure 4, these platforms enable
simultaneous imaging (via MRI/PET) and therapeutic delivery, while the efficacy of neuroprotection can be
validated through immunohistochemical analyses (eg, Iba-1, TNF-a), forming a complete closed-loop pipeline

from imaging to pathological confirmation.
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Biosafety and Clinical Translation Challenges of Nanomedicine Systems

Biosafety of Nanomedicine Systems

Inorganic nanomaterials—such as AuNPs, silver nanoparticles (AgNPs), silica nanoparticles, and iron oxide nanoparti-
cles—are often classified as carriers with the highest risk of chronic tissue accumulation and long-term toxicity due to
their structural stability and resistance to degradation. Multiple studies have demonstrated that, following injection, these
particles rapidly accumulate in the liver and spleen, remain there for prolonged periods, and may also distribute to the
lungs, kidneys, muscles, and even the brain.'®’

For instance, 20 nm AuNPs coated with bovine serum albumin exhibited a striking biodistribution pattern in mice:
approximately 41% of the injected AuNPs accumulated in the liver and 1.3% in the spleen on the first day. Over time,
hepatic AuNP content gradually declined to around 25% by day 120, whereas splenic levels rose. Histological and
molecular analyses revealed that long-term retention of AuNPs elevated the expression of inflammation-related markers
(Tnfa, Cxcl2) and induced early signs of fibrosis. These findings highlight the poor clearance efficiency of AuNPs
in vivo, their complex kinetics of tissue migration and re-aggregation, and their latent risk of chronic toxicity.
Consequently, even AuNPs, often regarded as relatively biocompatible, require rigorous evaluation of their long-term
in vivo behavior and safety.'®®

Comparative studies have further characterized the in vivo distribution and toxicological profiles of AgNPs and
AuNPs following repeated intravenous administration. Yang et al reported that both nanoparticle types predominantly
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localized to reticuloendothelial system (RES) organs such as the liver and spleen; however, AgNPs exhibited markedly
higher accumulation in the lungs, kidneys, and heart, and showed greater levels in blood and feces, implying broader
systemic distribution and a higher risk of systemic toxicity.'

Takeuchi etal compared the biodistribution of bare AuNPs and polyethylene glycol (PEG)-modified AuNPs (20—
30nm and 50 nm) in mice.'”® PEGylation significantly reduced initial liver and spleen enrichment and prolonged
circulation time. Notably, PEG-AuNPs exhibited higher brain accumulation than their unmodified counterparts, indicat-
ing an enhanced ability to cross the BBB.

Similarly, Daems etal investigated the pharmacokinetics, tissue distribution, and toxicity of antibody-conjugated
AuNPs (Cetuximab-AuNPs) in healthy mice.'”’ These functionalized nanoparticles were rapidly cleared from the
bloodstream, preferentially accumulated in the liver and spleen, and remained long-term. Short-term studies detected
mild hepatic injury and inflammatory responses via biochemical markers, although gross tissue morphology remained
largely normal within four weeks. At six months, however, mice displayed renal tubular casts, increased splenic
apoptosis, and occasional pulmonary immune-cell infiltration, underscoring the non-negligible risk of delayed toxicity.

Collectively, these studies indicate that, despite surface functionalization or engineering, noble metal nanoparticles continue
to preferentially accumulate in the liver and spleen with long-term retention, potentially impacting the kidneys and lungs.
AgNPs, in particular, demonstrate broader systemic distribution and stronger toxicity. While PEGylation and antibody
conjugation can improve targeting and circulation, they do not eliminate the hazards of bioaccumulation and chronic toxicity.

Immunogenicity and Inflammatory Responses of Nanomedicine Systems

While nanocarriers enhance drug delivery efficiency and prolong blood circulation, they may also trigger host immune
activation and inflammatory responses. Both metallic nanoparticles (eg, AuNPs, AgNPs) and organic platforms (eg,
PEG-modified nanocarriers) have demonstrated varying degrees of immunogenicity and pro-inflammatory potential in
animal studies.

Spherical AuNPs, for example, display measurable immunogenicity and pro-inflammatory activity in murine
models.'”* Following intravenous administration, AuNPs predominantly accumulate in the liver and spleen, induce
elevated levels of inflammatory cytokines (TNF-a, IL-1B, IL-6), and provoke mild local macrophage infiltration,
suggesting an inherent risk of in vivo inflammation.

Niikura etal observed that AuNPs of varying diameters (15-50 nm) exhibited distinct recognition efficiency by
antigen-presenting cells and differential T-cell activation when used as vaccine carriers, with ~40 nm AuNPs eliciting the
strongest immune response, emphasizing particle size as a critical determinant of nanovaccine immunogenicity.'*?
Moyano etal (2016) further reported that peptide- or protein-functionalized AuNPs significantly modulated cytokine
expression and macrophage polarization under lipopolysaccharide (LPS) stimulation in vitro and in murine models,
thereby reshaping immune-response patterns.'**

Surface engineering has proven similarly impactful. Qie etal demonstrated that PEG coatings selectively reduce
nanoparticle phagocytosis by distinct macrophage phenotypes (M1/M2), prolonging circulation and attenuating immune
activation.'” Lastly, La-Beck etal systematically analyzed the effects of nanoparticle size, charge, and shape on
complement activation, identifying complement activation-related pseudoallergy as a notable clinical risk requiring

careful evaluation in translational settings.'*®

Metabolism and Clearance Pathways of Nanomedicine Systems
The metabolic fate and clearance of nanocarriers are highly dependent on particle size and surface characteristics,
primarily proceeding via renal filtration or hepatobiliary routes. Zhang etal demonstrated that glutathione (GSH)-
stabilized Au nanoclusters with hydrodynamic diameters below ~5-6 nm undergo efficient glomerular filtration and
urinary excretion, with negligible long-term retention in the RES, representing a rapid renal-clearance profile.'®’

In contrast, PEGylated AuNPs experience reduced renal filtration due to protein corona formation, exhibit extended
circulation, and gradually accumulate in the liver and spleen. Animal studies have detected PEG-AuNPs in these organs
even at day 28, accompanied by mild hepatic vacuolization and splenic apoptosis, highlighting risks of long-term

retention and tissue responses.198
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Li etal further revealed that surface chemistry dictates intrahepatic clearance pathways: PEG-coated AuNPs can
traverse fenestrated liver sinusoids into the space of Disse for hepatocyte-mediated biliary excretion, whereas charged or
rough-surfaced nanoparticles are preferentially sequestered by Kupffer cells, resulting in slower clearance and altered
hepatic metabolic responses.'”’

These findings suggest that ultrasmall clusters favor rapid renal excretion, whereas surface-modified particles, while
offering prolonged circulation, heighten the risk of hepatic and splenic retention and chronic toxicity. Notably, some
ultrasmall nanoclusters can reside in muscle tissue as a temporary reservoir for weeks to months, followed by delayed
systemic redistribution to organs such as the liver, spleen, heart, and lungs, potentially precipitating late-onset toxicity.*’

Accordingly, nanomedicine design should balance pharmacokinetic optimization with long-term safety: For rapid
clearance, particles <6 nm with stable surface modifications are preferred. For prolonged circulation and targeted
delivery, ~20 nm PEGylated nanoparticles are suitable but require chronic accumulation and toxicity assessment.
Systems prone to storage and redistribution necessitate >90—120 days of pharmacokinetic and histopathological evalua-

tion to assess latent risks.

Clinical Translation Challenges and Future Perspectives

Despite their remarkable promise in neurodegenerative diseases, oncology, and immunotherapy, nanomedicines face
formidable hurdles on the path to clinical translation. Long-term safety remains the primary limiting factor. Preclinical
studies indicate that certain nanocarriers can provoke immunogenicity or complement activation and exhibit persistent
hepatic and splenic retention, phenomena that may be more complex and heterogeneous in humans.

Manufacturing and quality control also pose challenges. Particle size, surface chemistry, and protein corona formation
critically influence in vivo distribution and clearance, yet scalable GMP-compliant production and standardized quality-
control systems remain underdeveloped. Moreover, the scarcity of long-term pharmacokinetic and chronic toxicological
data in both preclinical and clinical studies hampers comprehensive risk evaluation.

Recent advances in functionalized nanoplatforms have offered promising translational directions. For instance,
nanotechnology-based traditional Chinese medicine immunotherapies have demonstrated robust immune activation and
antitumor efficacy in gastrointestinal tumor models, highlighting the potential of nanotechnology to expand the clinical
utility of conventional agents.?®" Similarly, PEG-coated magnetic nanoparticles loaded with curcumin exhibited excellent
biocompatibility and anti-inflammatory effects in neuronal and macrophage models, suggesting that rational surface
engineering and drug-loading strategies can enhance therapeutic efficacy while mitigating immunological risks, provid-
ing a blueprint for translational research in chronic inflammatory and neurodegenerative disorders.?’?

Looking ahead, successful clinical translation of nanomedicines will require breakthroughs in material degradability
design, in vivo behavior tracking, and comprehensive long-term safety evaluation, coupled with multicenter clinical trials
with extended follow-up to validate efficacy and safety. Achieving equilibrium between pharmacokinetic optimization
and risk management is essential for nanomedicines to bridge the gap from bench to bedside.

Conclusion

Neurodegenerative diseases, characterized by complex etiologies, protracted courses, and limited therapeutic options,
remain a major challenge in neuroscience and clinical medicine. The rapid advancement of nanotechnology has
opened new avenues for intervention. A broad array of nanocarriers—including polymeric nanoparticles, liposomes,
inorganic nanomaterials, and biomimetic systems—has shown promising drug-delivery and neuroprotective potential
in models of Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and amyotrophic lateral sclerosis.
Through smart-responsive design, subcellular targeting, BBB penetration, and theranostic integration, nanomedicine
systems enable precise drug delivery and multi-target intervention, offering unique advantages for early diagnosis and
therapy.

Nevertheless, the journey from laboratory to clinic is fraught with challenges. Long-term safety, immunological risks,
complex pharmacokinetics, and potential chronic toxicity remain central obstacles. Additionally, reproducible manufac-
turing, large-scale production, quality standardization, and long-term clinical monitoring are imperative for successful
translation.
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Future research must prioritize material degradability, the balance between delivery efficiency and safety, in vivo
tracking of nanoparticle behavior, and rigorous long-term pharmacokinetic and toxicological assessments.
Multicenter clinical trials with extended follow-up will be indispensable for validating both therapeutic efficacy
and safety.

In summary, with continuous advances in materials science, pharmacokinetics, and neurobiology, nanotechnology is
poised to become a pivotal tool for precision intervention in neurodegenerative diseases, ultimately offering patients
safer, more effective, and accessible therapeutic strategies.
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