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Abstract: The blood-brain barrier (BBB) blocks most drugs from entering the brain. Over 98% of small-molecule drugs and nearly
all biologics fail to cross this barrier. Nanoparticles (NPs) provide multiple ways to bypass the BBB. These include receptor-mediated
transcytosis, adsorptive-mediated transport, and intranasal delivery. NPs can also modify disease-related pathways. For example, they
promote amyloid-f clearance, reduce tau phosphorylation, and reprogram neuroimmune responses. Many preclinical studies have
shown promising results in Alzheimer’s, Parkinson’s, and Huntington’s diseases. However, no NP-based therapy has moved beyond
early-stage clinical trials. Several issues remain unresolved. Direct comparisons between different NP platforms are lacking. The long-
term toxicity of NPs in the brain is not well understood. Animal models also do not accurately reflect human disease. We suggest that
future work should focus on standardized characterization, better predictive models, and clinical trial designs that address NP diversity.
Researchers should also compare NP therapies with existing treatments in a rigorous manner.
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Introduction

Neurodegenerative disorders represent an under-recognized public health problem, associated with progressive deteriora-
tion of neurons in the central nervous system. Among them, Alzheimer’s disease (AD) and Parkinson’s disease (PD) are
the most common, impacting millions of individuals globally. Their occurrence is steadily increasing worldwide, due to
the intricate interplay of various factors, including genetic vulnerability, prenatal characteristics, nutritional status,
chronic stress and environmental exposures.'” AD is the most frequent type of dementia and now affects 50 million
people, a number estimated to climb to 150 million by 2050. This terrible scenario makes the discovery of therapies

for AD, and more generally for neurodegenerative illnesses, an essential goal.>*

Although several medications have been
approved for the treatment of neurodegenerative illnesses, their main role is still limited to symptom relief, and the
number of such drugs is quite limited. The most challenging problem for the treatment of neurodegenerative diseases
nowadays is that the blood-brain barrier (BBB) severely impedes the efficient delivery of drugs to the central nervous
system, thus most of the drug molecules cannot reach therapeutic concentrations in the brain.>® There are certain
medications that can treat the symptoms of diseases such as Alzheimer’s and Parkinson’s, but they are usually only
effective for a short time in roughly half of the patients and have considerable adverse effects. More significantly, current
available medicines are unable to stop or reverse the neurodegenerative development of the disease. Additionally, the
animal models used in conventional drug development are often unable to perfectly simulate the complex pathological
characteristics of human diseases. Many drug candidates that were efficacious in preclinical studies fail in clinical trials,
further exacerbating the therapeutic bottleneck.” Therefore, the development of new drug delivery technologies and
combination therapies is an urgent research goal.

Nanoparticles (NPs) typically range in diameter from 1 to 100 nanometers and possess excellent stiffness, stability,
porosity, and specific surface area, making them the drug of choice for drug delivery systems.® At the same time, their
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superior targeted delivery capabilities have also been applied to the delivery of drugs to the brain.’ Recent studies have
shown that nanoparticles possess significant advantages over conventional drugs in crossing the blood-brain barrier
(BBB).'*!'! Nanoparticles can overcome the BBB’s extreme selectivity, thereby enabling the safe and targeted delivery of
macromolecular therapeutics—such as proteins and peptides—to the central nervous system.'>'* Among these, nanoplat-
forms such as metal nanoparticles, nanomicelles, liposomes, and exosomes have attracted widespread attention.'®
However, despite their potential as drug delivery carriers, these nanoparticles still face challenges such as instability,
uncertain toxicity, and difficulties in clinical translation'>'® (Figure 1).

Unlike previous reviews, which primarily focused on a single disease or delivery vehicle, this review adopts
a different narrative approach. We have constructed an analytical framework comprising two core dimensions: “barrier
crossing” and “pathological regulation.” This paper also discusses a special phenomenon, in which some nanoparticles
(such as gold nanoparticles and nanoenzymes) are able to affect disease development without drug loading, based solely
on their intrinsic physicochemical properties (eg, multi-enzyme activity, ion-binding capacity or photothermal effects)
This work aims to explore the possible channels by which nanoparticles influence the inflammatory milieu, discussing
mechanisms and focusing on some specific processes such as metabolic reprogramming, ferroptosis pathways and
neuroimmune interactions. Furthermore, the paper states that positive results in animal models are not always predictive
of therapeutic potential. We discuss issues such as the lack of direct comparisons between different platforms in current
research, the lack of understanding of the long-term intracerebral toxicity of nanoparticles and propose a tiered
advancement strategy based on existing materials, local administration and physically assisted methods. In summary,
from the perspective of the synergy between delivery efficiency and intervention depth, this paper attempts to provide
a systematic knowledge framework and direction for research on nanoparticles for neurodegenerative diseases.

The Blood-Brain Barrier in Neurodegenerative Diseases
The blood-brain barrier (BBB) is primarily composed of brain microvascular endothelial cells. These endothelial cells are
interconnected via tight junctions (TJ) and adherens junctions (AJ), forming a physical barrier that restricts the free
exchange of substances between the bloodstream and brain tissue. Its core function is to maintain the homeostasis of the
central nervous system. It not only effectively prevents neurotoxic components, blood cells, and pathogens in plasma
from entering the brain parenchyma, but also highly selectively regulates the transport of nutrients (such as glucose and
amino acids), energy metabolites, and essential molecules (such as certain hormones and fatty acids) from the blood into
the brain, while actively excreting metabolic waste products from the interstitial fluid of brain tissue into the
bloodstream.'” ' Disruption of the BBB is a common feature of all neurodegenerative diseases;*” chronic neuroin-
flammation and dysfunction of the blood-brain barrier have been observed in Alzheimer’s disease, Parkinson’s disease,
amyotrophic lateral sclerosis, and Huntington’s disease.”' >

NPs cross the BBB through various strategies, which are primarily categorized into mechanisms such as passive diffusion,
carrier-mediated transport, receptor-mediated endocytosis, adsorption-mediated endocytosis, and cell-mediated transport.
Among these, Receptor-Mediated transcytosis is one of the most common and efficient strategies. By conjugating a targeted
ligand to the surface of a nanoparticle, it can specifically bind to receptors on the surface of BBB endothelial cells (such as the
transferrin receptor), triggering endocytosis and transcellular transport, thereby enabling drug delivery to the brain. In
addition, adsorption-mediated endocytosis induced by cationic materials or cell-penetrating peptides, cell-mediated transport
using immune cells as “Trojan horses,” and the use of surface-modified hydrophilic polymers such as PEG to prolong
circulation time and reduce clearance by the reticuloendothelial system are also important strategies for improving the
efficiency of nanoparticle BBB crossing.”* ° At the same time, NPs loaded with various “drugs” can also bypass the BBB
through intranasal administration, ultrasound-assisted delivery, or delivery via the meningeal lymphatic pathway, enabling
direct delivery to the affected areas within the brain®’*® (Figure 2).

Nanoparticles for the Treatment of Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common neurodegenerative condition and is characterized by extracellular -
amyloid (AB) deposits and neurofibrillary tangles of hyperphosphorylated tau protein.****° Microglia and astrocytes
stimulated by AP plaques or other stimuli secrete substantial amounts of pro-inflammatory cytokines. These
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Figure | Administration and Efficacy of Nanoparticles in Neurodegenerative Diseases. Nanoparticles can be administered by many pathways such as intranasal, meningeal
lymphatic transportation, oral delivery, and BBB opening by photothermal therapy. Once inside the brain, nanoparticles modify the pathological microenvironment through
a number of mechanisms: they reduce neuroinflammation, decrease neuronal injury and provide neuroprotection by stimulating the polarization of microglia from the pro-
inflammatory M| phenotype to the anti-inflammatory M2 phenotype. The balance between degenerative effects (neurotoxicity, inflammation and neuronal damage) and
protective effects (anti-inflammation and neuroprotection) indicates the therapeutic potential of nanoparticles to treat central nervous system disorders such as Alzheimer’s
disease, Parkinson’s disease and Huntington’s disease.

inflammatory factors directly or indirectly promote hyperphosphorylation of tau protein at multiple sites and aggravate
abnormal aggregation and post-translational modifications (such as acetylation) of tau by activating key signaling
pathways such as p38 MAPK and GSK-3B, thus promoting the formation of pathological tau.’’ Memantine, an
NMDA receptor antagonist, and the acetylcholinesterase inhibitors donepezil, rivastigmine, and tacrine are among the
FDA-approved medications being utilized in the treatment of AD.** Despite intensive investigation, no medicine has
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Figure 2 Mechanisms by the Nanoparticles Cross the BBB. The primary mechanisms by which nanoparticles cross the BBB include: receptor-mediated endocytosis, active
“Homing effect”driven by chemokine gradients, “proactive openness” of the BBB mediated by nitric oxide or photothermal effects, and intranasal administration, which
completely bypasses the BBB. Representative nanoplatforms shown in the figure include nanogels, peptide-drug conjugate-based nanoplatforms (eg, DA-PPHAT<@PDA),
engineered extracellular vesicle (EVN) formulations, and nanophotothermal agents. Once delivered to the brain parenchyma, these nanoparticles act on the major
pathological cell types—microglia, astrocytes, and neurons—to clear pathogenic proteins, suppress neuroinflammation, reprogram immunometabolism, or promote
neurogenesis, thereby addressing Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease.

been able to arrest the degenerative course of AD. This has created a very large global health burden and has led to
increased study of innovative approaches in pharmacological treatment and combination therapies for AD.

Microglia in AD are resident immune cells of the CNS that serve a dual role as sensors and scavengers of pathogenic
stimuli and drivers of neuroinflammation and victims of functional impairment. In the early stages of AD, microglia can
quickly transition from oxidative phosphorylation under steady-state conditions to glycolysis by using their highly plastic
metabolic system, providing enough energy to enable AP phagocytosis and the generation of inflammatory cytokines. As
the disease advances, the prolonged exposure to aggregated AP and tau proteins triggers metabolic reprogramming in
microglia, pushing them into a “immune tolerant” state. It is characterized by downregulation of both glycolysis and
oxidative phosphorylation, decreased phagocytic capability and dysregulated inflammatory responses. Thus, microglia
targeting and their metabolic modulation have become a novel therapeutic strategy for AD.*> A modular nanodelivery
system including a peptide-drug conjugate and a polydopamine core was employed for the treatment of late-stage AD
(DA-PPHATK@PDA). The nanoplatform utilizes two targeting modules to deliver drugs. On the one hand, it employs an
Ab-peptide to target microglia in an immune-tolerant state and delivers hydroxychloroquine (HCQ) to activate their Akt/
mTOR/HIF-1a signaling pathway to reprogram the microglia’s metabolic profile from oxidative phosphorylation to
glycolysis to restore their energy metabolism and immune activity and thus regain their ability to phagocytose and clear
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AP; However, DAG peptides are employed to target reactive astrocytes and deliver all-trans retinoic acid to activate the
PI3K/Akt/NeuroD1 signaling pathway, which induces astrocytes to express the immature neuronal marker DCX and the
mature neuronal markers MAP2 and NeuN, leading to the reprogramming of astrocytes into synaptically active
neurons.”® Another form of transferrin-targeted self-assembled nanoparticle (SANP-TF-TEMNAP) can penetrate the
BBB to transport TEMNAP, a new TSPO ligand, to the hippocampus and cortex of animals with Alzheimer’s disease. It
has been shown to exert potent anti-neuroinflammatory and cognitive protective actions at the cellular level by blocking
pro-inflammatory signaling pathways activated by lipopolysaccharide (LPS) or AP pathology.’” Resveratrol-loaded
selenium/chitosan nanoparticles (Res@SeNPs@Res-CS-NPs) can improve brain energy metabolism via regulation of
dysregulated glycolipid metabolism. At the same time, they inhibit the INK/AKT/GSK3p signaling pathway, reduce the
phosphorylation of tau protein and B-amyloid (Ap) aggregation, and enhance the activity of antioxidant enzymes (SOD,
GSH-px, CAT) and suppress the release of inflammatory factors (IL-6, IL-1B, TNF-a), thus controlling central nervous
system inflammation to improve cognitive function.*® Then, a hybrid cell membrane-coated nanoliposome is developed
through hybridizing platelet membranes with HEK293T cell membranes significantly expressing CCR2. The platelet
surface membrane is abundant with proteins such as CD47, which can alleviate immune clearance, prolong circulation
time, and exploit the impaired BBB characteristics of AD for effective crossing by binding to the injured vascular
endothelium. CCR2 can recognize the inflammatory factor CCL2, which is secreted at high levels by activated glial cells
in the AD brain, thus achieving active targeting to inflammatory regions. The liposome contains rapamycin and TPPU,
a specific inhibitor of soluble epoxide hydrolase (sEH): Rapamycin stimulates autophagy through inhibition of the mTOR
pathway and promotes clearance of pathogenic proteins such as Af; TPPU inhibits SEH and lowers neuroinflammatory
responses; TPPU controls excessive activation of glial cells.*”

Also, intranasally delivered nanogel exhibits exceptional targeting efficacy, and uniquely for intranasal administra-
tion, where drugs can bypass the BBB and be delivered directly to the brain, this nanogel shows prolonged drug retention
time than intravenous administration.** BP-MB@Gel is a thermosensitive hydrogel intranasal delivery method mostly
composed of BP-MB nanocomposites created from loading the methylene blue (MB) on the black phosphorus nanosheets
(BP NSs). Upon intranasal administration, it undergoes a sol-gel transition at the temperature of the nasal mucosa
(approximately 34°C), forming a highly adhesive gel reservoir that enables prolonged retention and sustained release of
the drug in the nasal cavity. As the main part of this nanoplatform, BP-MB can successfully scavenge several reactive
oxygen species (ROS) and thereby relieve the oxidative stress damage induced by excessive tau protein phosphorylation.
Meanwhile, it greatly inhibits the hyperphosphorylation of tau protein at the location of Ser396 and its aggregation, thus
decreasing the formation of neurofibrillary tangles.*' In addition, intranasal delivery of H102 peptide nanoliposomes can
pass through the BBB, specifically bind to Ap monomers, prevent the formation of their B-sheet conformation, thus block
the abnormal aggregation and fibrillation of A, and can depolymerize existing AP fibrils, decreasing their neurotoxicity.
Moreover, the liposomal encapsulation shields H102 from enzymatic breakdown in vivo and allows effective transport to
the brain.*?

Nanoparticles for delivery of conventional medicines for treatment of Alzheimer’s disease are promising but still
cannot overcome the problem that conventional treatments cannot reverse the degenerative course of the illness. The
relevance of gene therapy in AD is that it can bypass the constraints of conventional small-molecule medicines, which
only relieve symptoms. Gene therapy acts directly on gene expression at the DNA or RNA level, therefore changing the
disease process, and offering high specificity and the promise for long term treatment or potentially a cure. However,
gene therapy for AD is hampered by three major obstacles, namely pathological heterogeneity among patients, unknown
druggable target mechanism and the arduous task of delivering functional therapeutic components (like nucleic acids and
gene-editing complexes) precisely through the blood-brain barrier to the site of lesions. Thus, as a new technique for gene
therapy of Alzheimer’s disease, the use of nanoparticles to overcome these problems has been developed.”> The
biomimetic nanovesicle system is a dual-gene delivery platform based on exosome-liposome hybrid vesicles, designed
to deliver siRNA targeting BACE1 (siBACE1) and a TREM2 expression plasmid (pTREM2). siBACE]1 inhibits the
production of AP at its source by knocking down BACEIl gene expression; meanwhile, pTREM2 upregulates the
expression of the TREM?2 protein in microglia, promoting their transition from the pro-inflammatory M1 phenotype to
the anti-inflammatory, repair-promoting M2 phenotype. This enhances their ability to phagocytose and clear A and
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alleviates neuroinflammatory responses. By surface-modifying the Angiopep-2 peptide and leveraging the natural
homing ability of exosomes, this nanoplatform can efficiently cross the BBB, accumulate at AD lesions, and release
drugs in a controlled manner in response to ROS. TSEL achieves the treatment of AD through a dual mechanism of
“inhibiting AB production” and “promoting AP clearance”.**

Exosomes are nanosized extracellular vesicles that are released by most cell types and are present in many bodily
fluids and tissues including the central nervous system (CNS). Such vesicles are thought to be involved in intercellular
communication, clearing of cellular detritus, and intercellular transfer of pathogens.*> The development of exosomes has
also offered a new vector for gene therapy.*® In one work, systemic injection of dendritic cell-derived exosomes modified
with RVG peptide targeting efficiently transported therapeutic siRNA to the animal brain, resulting in considerable gene
silencing and pathological amelioration in an AD model.*” First, the RVG peptide, a particular ligand for neuronal
acetylcholine receptors, was fused to the exosomal membrane protein Lamp2b, which endowed the exosomes with the
capability of targeting the central nervous system. Next, siRNA targeting beta-secretase 1 was loaded into these RVG-
targeted exosomes by electroporation. After tail vein injection into mice, these exosomes could pass the blood-brain
barrier and selectively transport the siRNA to neurons, microglia and oligodendrocytes in the brain. The RVG-targeted
exosomes showed great delivery efficiency, escaping significantly from nonspecific uptake in other brain regions
compared with unmodified exosomes. BACEI mRNA levels in the cerebral cortex were considerably reduced in animals
treated with a co-injection of RVG-targeted exosomes loaded with BACE1 siRNA, as well as BACE]1 protein levels. The
AB levels in the brain of the mice also fell dramatically and no clear adverse effects were found, which confirmed the
advantages of RVG-targeted exosomes in the gene treatment of AD.*’

Photothermal therapy (PTT) is a multi-functional therapeutic method for AD via the localized thermal action of
nanophotothermal agents (NPTAs) under near-infrared irradiation. The local thermal effect can open the BBB reversibly,
allowing the delivery of therapeutic drugs into the brain. At the same time, the low thermal stability of AP aggregates
makes it possible for photothermal treatment to effectively depolymerize AP aggregates and tau proteins, inhibit further
AP aggregation, and thus reduce neurotoxicity and restore cognitive function.**>® Nb 2 C MXenzyme as a stable
neuroprotective platform can modulate metal ion-induced amyloid deposition through its multi-enzyme mimic capabil-
ities and effectively alleviate neuroinflammation in AD. The nanoparticle employs its outstanding photothermal conver-
sion efficiency to slightly raise the local temperature to about 43°C, which reversibly opens the BBB by the
downregulation of vascular endothelial calmodulin and the relaxation of tight junctions between brain microvascular
endothelial cells, enabling a large amount of intravenously injected nanoparticles to enter the brain parenchyma. Then,
Nb2C: on the one hand, specifically chelates pathologically excess Cu2+ through its highly negatively charged surface,
thereby breaking the chain of Cu2+-catalyzed AP aggregation and ROS generation; on the other hand, it has multi-
enzyme activities similar to superoxide dismutase, catalase and peroxidase, and can directly scavenge preformed
superoxide anions, hydrogen peroxide and hydroxyl radicals, thereby alleviating oxidative stress and neuroinflammation.
In addition, the treatment group mice had significantly less AP plaque deposition in the hippocampus. Reduced
expression of glial fibrillary acidic protein and calcium-binding protein 1 confirmed the suppression of activation of
astrocytes and microglia, and the levels of the pro-inflammatory cytokines interleukin-13 and tumor necrosis factor-o
also decreased significantly.’’ This indicates the remarkable capacity of NPTAs to cross BBB for drug administration and
the promise of nanoparticles in PTT for AD treatment. A nanomedicine, BP-MB, loaded nanoplates of black phosphorus
(BP) with methylene blue (MB) was prepared. The 808-nanometer near-infrared light irradiation could induce the
photothermal effect of black phosphorus to increase the local temperature to 4143 degrees Celsius and reversibly
downregulate the expression of ZO-1, a tight junction protein in the cerebral microvascular endothelial cells, temporarily
impairing the structural integrity of the BBB; Meanwhile, BP-MB is taken up by endothelial cells predominantly via
lamellin- and laminin-mediated endocytosis, followed by transport to the endoplasmic reticulum and Golgi apparatus,
and finally released into the brain parenchyma through the Golgi/membrane secretory pathway, leading to highly efficient
BBB delivery. Both BP and MB synergistically and efficiently scavenge excess ROS caused by neurotoxin OA or LPS to
relieve oxidative stress. In addition, BP-MB can significantly limit the excessive phosphorylation of tau protein and
reduce its neurotoxicity; BP-MB can successfully reverse neuronal apoptosis by restoring mitochondrial membrane
potential and function and downregulating the expression of pro-apoptotic proteins Bax and Cleaved Caspase-3 in terms
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of neuroprotection. Furthermore, this nanoparticle promotes the polarization of microglia from the pro-inflammatory M1
phenotype to the anti-inflammatory M2 phenotype, thereby reducing damage caused by neuroinflammation and improv-
ing the pathological conditions of Alzheimer’s disease from multiple dimensions.”> RPDA@RDb-A is an engineered
hybrid exosome nanoparticle constructed using membrane fusion technology; its unique multi-mechanism approach to
crossing the BBB represents a novel therapeutic strategy for AD. Exosomal components derived from cerebral micro-
vascular endothelial cells actively guide the nanoparticles across the BBB, while exosomal components from macro-
phages endow the nanoparticles with a natural tendency to migrate toward areas of inflammation within the brain.
Meanwhile, near-infrared light irradiation is used not only for subsequent PTT but also to temporarily open the blood-
brain barrier, further enhancing the efficiency of intracerebral delivery of the nanoparticles. This demonstrates the
immense potential of these nanoparticles to treat Alzheimer’s disease by utilizing specialized mechanisms to cross the
BBB.”

Nanoparticles for the Treatment of Parkinson’s Disease

Parkinson’s disease (PD) is a complex neurological illness marked by progressive loss of voluntary motor control. This is
the most common clinical symptom of the disease and its incidence gradually increases with age.>* PD is the second most
common neurodegenerative disease. PD is characterized by the conversion of soluble a-synuclein (a-syn) into neuronal
aggregates and the degradation of neurons and their processes. Alpha-synuclein is a protein of presynaptic neurons that
aggregates and accumulates in the development of Lewy bodies and Lewy neurons in the nervous system.>>->® Levodopa
is the most often used medicine in the therapeutic treatment of Parkinson’s disease, and is often used in combination with
anticholinergic agents, amantadine, monoamine oxidase inhibitors and dopamine receptor agonists. This pharmaceutical
treatment gives good outcomes in the early phases of Parkinson’s disease. However, as the disease develops, certain
patients eventually suffer difficulties such as “wearing off”, “on-off” occurrences, and motor abnormalities, which
significantly affect their quality of life.”” However, currently there are no dopaminergic neuron-protective medications
that can successfully delay disease development. Parkinson’s disease, thus, is a huge burden for the society and families,
and the diagnosis and treatment are still hard.”>>%>° Nanoparticles can penetrate the BBB and ameliorate the diseased
environment inside the brain by processes such as improving the intracerebral metabolic environment and decreasing
neuroinflammation, thus treating PD symptoms (Figure 3).

Human serum albumin (HSA)-based selenium nanoparticles (HSA/Se NPs), when administered orally, are able to
sequentially cross the intestinal epithelial barrier and the blood-brain barrier (BBB) and accumulate in the dopaminergic
neuron region of the compact part of the substantia nigra in the midbrain. HSA/Se NPs inhibit mitochondrial dysfunction
and apoptosis via the Bcl-2-cytochrome C-caspase pathway: They restore mitochondrial membrane potential and ATP
production, downregulate the expression of the mitochondrial fission protein Drpl, and upregulate the expression of the
mitochondrial fusion proteins Mfnl, Mfn2, and Opal, thereby maintaining normal mitochondrial morphology and
function; simultaneously upregulating the anti-apoptotic protein Bcl-2 and downregulating the pro-apoptotic proteins
Bax, cytochrome C, activated caspase-9, and activated caspase-3, thereby blocking the mitochondria-related apoptotic
pathway. HSA/Se NPs also inhibit ferroptosis by activating the GPX4-SLC7A11-GSH pathway: By upregulating the
expression of glutathione peroxidase 4 and the cysteine/glutamate antiporter SLC7A11, they increase GSH levels and the
GSH/GSSG ratio, thereby inhibiting cell membrane lipid peroxidation. At the same time, they downregulate the
expression of transferrin receptor 1, reducing intracellular iron accumulation and effectively inhibiting the occurrence
of ferroptosis. Since apoptosis and ferroptosis are the core pathological mechanisms underlying the progressive loss of
dopaminergic neurons in Parkinson’s disease, HSA/Se NPs protect dopaminergic neurons by inhibiting these two forms
of cell death, specifically manifested by a significant restoration of the number of tyrosine hydroxylase-positive
dopaminergic neurons and the expression levels of the TH protein in the substantia nigra and striatum, as well as an
increase in the concentrations of dopamine and its metabolite, o-hydroxyvanillic acid, in substantia nigra tissue. At the
same time, these nanoparticles demonstrated significantly low toxicity.®

As an innovative route of administration, the meningeal lymphatic pathway allows nanoparticles injected subcuta-
neously into the neck of mice to first be drained to the superficial and deep cervical lymph nodes. Subsequently, through
the connections between these lymph nodes and the meningeal lymphatic vessels, the nanoparticles are efficiently
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Figure 3 Nanoparticles Suppress Neuroinflammation. Under pathological situations, microglia switch to a pro-inflammatory M| phenotype that secretes pro-inflammatory
cytokines (eg, TNF-a, IL-1B, IL-6, IL-12, and CCL2), resulting in amplification of neuroinflammation and neuronal death. Nanoparticle treatment caused a phenotypic change
of microglia to the anti-inflammatory M2 phenotype as indicated by increased expression of Arg-1, TGF-B and IL-10 and reduced release of inflammatory mediators. This
phenotypic switch is achieved by nanoparticle-based processes, including the reduction of reactive oxygen species (ROS) and inhibition of phosphorylation of pathogenic
proteins. Switching M1-to-M2 polarization alleviates neuro-inflammation, accelerates tissue regeneration and restores immunological homeostasis, which is an essential
therapeutic strategy for the treatment of Alzheimer’s diseases, Parkinson’s diseases and other neurodegenerative diseases with nanoparticles.

transported into the brain, thereby completely bypassing the limitations of the BBB.®' Following administration via the
meningeal lymphatic pathway, IHM NPs act intracellularly in two ways: first, by inhibiting the expression of the RAGE
receptor on the surface of microglia, thereby reducing their excessive phagocytosis of a-syn aggregates; and, on the other
hand, by significantly increasing the levels of mature cathepsin D in lysosomes, they enhance the efficient degradation of
phagocytosed a-syn aggregates, thereby reducing the generation of a-syn antigenic peptides and decreasing antigen
presentation mediated by major histocompatibility complex class II (MHC II) molecules; extracellularly, IRCM in
heterozygous cell membranes, due to the high expression of inflammatory factor receptors such as IL1R1, TNFRI,
and CCR2, these nanoparticles can bind inflammatory cytokines (such as IL-1f and TNF-a) and chemokines (such as
CCL2 and CCLS8), thereby blocking the recruitment and infiltration of peripheral CD4" T cells into the brain and
suppressing harmful immune crosstalk between microglia and T cells.®!

Phytomolecules are essential for PD treatment because they act on the pathophysiological basis and exert neuropro-
tective effects via various mechanisms: antioxidant, anti-inflammatory, anti-apoptotic actions, inhibition of monoamine
oxidase activity, and reduction of a-synuclein aggregation, unlike conventional drugs that offer symptomatic treatment by
replacing dopamine. These phytomolecules can modulate several signaling pathways, boost the activity of endogenous
antioxidant enzymes, preserve dopaminergic neurons in the substantia nigra and delay or arrest the progression of
PD.®>% As indicated before, nanogels have very good physical characteristics and can be used for PD treatment. What
about mixing these nanogels with phytomolecules? Will this result in good therapeutic effects for PD? The simplest
hydrolyzable tannin is tannic acid (TA).** Tannic acid has gained considerable interest because of its broad physiologic
effects (and its capacity to interact with many proteins) and the prospective implications of this interaction in materials
science and engineering.>®® BSA/Fe-TA NPs are a nanoenzyme based on tannic acid-iron combination. They exhibit
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various enzyme-like activities by their iron-catalyzed center including superoxide dismutase-like, catalase-like, glu-
tathione peroxidase-like, ascorbate peroxidase-like and thiol peroxidase-like activities and can transform harmful
substances such as superoxide anions and hydrogen peroxide into water and oxygen, and also directly scavenge reactive
nitrogen species such as nitric oxide and peroxynitrite. More importantly, this nanoenzyme can also regulate the
polarization state of microglia in brain, in oxidative stress condition, to promote the polarization of microglia from the
pro-inflammatory M1 phenotype to the anti-inflammatory M2 phenotype, significantly decreasing the secretion of pro-
inflammatory cytokines (such as IL-6 and IL-1f) and increasing the production of anti-inflammatory cytokines (such as
IL-10), effectively alleviating neuroinflammation.®” The combination of phytomolecules with vesicles can also produce
synergistic effects in the treatment of PD. Engineered extracellular vesicle-based nanoformulations (EVN) were prepared
by coating nanocarriers (MSeN-DT) loaded with dihydrotanshinone I with CCR2-rich extracellular vesicles derived from
mesenchymal stem cells (MSC CCR2 EVs). Following intravenous injection, these formulations respond to the
concentration gradient of C-C motif chemokine ligand 2 (CCL2)—released by damaged neurons and capable of crossing
the BBB—and, through an active “homing effect,” are effectively enriched from the bloodstream, penetrate the BBB, and
enter the lesion sites in the brain parenchyma. Its shell suppresses neuroinflammation and delivers the dihydrotanshinone
I loaded in the core to M1-type microglia; subsequently, dihydrotanshinone I is released in response to the high ROS
environment at the lesion site. DT deeply activates the Nrf2-GPX4 signaling pathway: on the one hand, it promotes the
nuclear translocation of Nrf2 to scavenge upstream-generated ROS; on the other hand, it upregulates GPX4 expression to
specifically inhibit ferroptosis in microglia. This converts microglia from the pro-inflammatory M1 phenotype to the anti-
inflammatory M2 phenotype, further suppressing neuroinflammation and alleviating the pathological progression of
PD.%

Exosomes have also been applied in the treatment of PD. QAE NPs, composed of exosomes derived from
mesenchymal stem cells co-loaded with the hydroxyl-terminated phospho-dendrimer AK76 and quercetin, Following
intranasal administration, these nanoparticles efficiently penetrate the nasal mucosal barrier by leveraging the intrinsic
biological properties of the exosomes and the strong interaction between the hydroxyl groups on the AK76 dendritic
molecule and receptors on nasal mucosal epithelial cells, thereby bypassing the BBB to directly enter the brain. Once
inside the brain, the exosomes, AK76, and quercetin carried by the QAE NPs jointly exert potent antioxidant and anti-
inflammatory activities. They effectively scavenge ROS and, by downregulating the p-p65 and NLRP3 inflammatory
signaling pathways, significantly inhibit the secretion of pro-inflammatory factors such as tumor necrosis factor-a,
interleukin-1pB, and interleukin-6, while promoting the polarization of microglia toward the anti-inflammatory and
neuroprotective M2 phenotype, thereby reshaping the brain’s immune microenvironment; On the other hand, QAE
NPs can also induce neuronal autophagy (by increasing LC3B staining and decreasing p62 protein levels) and restore
mitochondrial membrane potential, thereby alleviating damage and apoptosis in dopaminergic neurons, and have
demonstrated good biosafety in animal models.®” The biomimetic nanomodulator L@HT is constructed by fusing
neuron-derived exosomes with ionizable liposomes, achieving highly efficient delivery across the BBB through T7
peptide-exosome synergy and ultrasound-assisted delivery. It improves motor dysfunction in Parkinson’s disease by
elevating dopamine levels; simultaneously, by inhibiting the phosphorylation of TBK1/IRF3 downstream of the STING
pathway and promoting the transition from the pro-inflammatory M1 phenotype to the anti-inflammatory M2 phenotype,
it suppresses symptoms of neuroinflammation, thereby achieving a synergistic treatment for PD.”°

Many nanoparticles utilize the unique characteristics of drug delivery and adjunctive therapies to overcome or bypass
the BBB and deliver “drugs” to pathological regions in the brain; however, some nanoparticles still achieve active
targeted transport by triggering receptor-mediated endocytosis. A multifunctional nanoparticle formulation based on
nitrogen-doped carbon dots binds to lactoferrin (Lf) receptors overexpressed on BBB endothelial cells via Lf on its
surface, triggering receptor-mediated endocytosis to achieve active targeted transport; On the other hand, the carbon dots
(CDs) in the nanoparticle core can release NO under oxidative stress, inducing downregulation of tight junction proteins
(such as ZO-1 and Claudin-5) and increased activity of matrix metalloproteinase-9, thereby reversibly increasing BBB
permeability—effectively “actively” opening the BBB; Subsequently, CD efficiently chelates Fe** using the lone pair of
electrons provided by its pyridine nitrogen site. The resulting complex not only blocks the catalytic cycle of iron in the
Fenton reaction, preventing the continued generation of toxic hydroxyl radicals, but also transports the chelated iron ions
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out of the cell. Meanwhile, lactoferrin efficiently prevents the reabsorption of external iron ions into the cell by inhibiting
the expression of divalent metal transportation 1 (DMT1), which in turn reduces the levels of the labile iron pool in the
neurons. Furthermore, the nanformulation itself has strong reducing ability, which directly consumes excess intracellular
ROS while removing iron ions, thus cutting off the source of oxidative stress damage, reshaping the brain microenvir-
onment, and significantly reducing iron deposition in animal models, restoring the number of TH-positive dopaminergic
neurons, suppressing neuroinflammation, and reducing inflammatory factors. More importantly, the BBB opening
induced by this nanoparticle is temporary and reversible, and the nanoparticle can be cleared from the brain through
the circulation of cerebrospinal fluid after treatment. Therefore, it does not cause significant toxicity to the major organs
and shows extremely high biosafety. This gives new promise for treatment of PD.”'

Nanoparticles for the Treatment of Huntington’s Disease
Huntington’s disease (HD) is an autosomal dominant, progressive neurodegenerative disorder caused by a cytosine -adenine-
guanine (CAG) repeat expansion in the HTT gene, leading to an increase in polyglutamine repeats in the HTT protein and
resulting in toxic gain-of-function. It is characterized by a unique phenotype, including chorea and dystonia, coordination deficits,
cognitive decline, and behavioral abnormalities.”*”* Currently, there are no approved disease-modifying therapies targeting key
pathway proteins in Huntington’s disease; many drugs can only alleviate symptoms (eg, tetrabenazine for relieving Huntington’s
disease-related chorea), and previous disease-modifying drug candidates have encountered clinical setbacks due to an unfavorable
benefit-risk ratio Therefore, exploring alternative disease-modifying mechanisms and therapeutic approaches is crucial.”
Research progress on nanoparticle-based therapies for Huntington’s disease primarily lies in their ability to achieve efficient
crossing of the BBB through surface engineering modifications, enabling the precise delivery of therapeutic agents—such as
siRNA, neurotrophic factors, and antioxidants—to affected regions of the brain, including the striatum and cortex. This has led to
significant reductions in mutant huntingtin protein aggregation, alleviation of oxidative stress and mitochondrial dysfunction, and
improvements in motor and cognitive function across various preclinical models.”>"®

The hydrogel system is based on a self-assembling peptide (Fmoc-DDIKVAV) that is employed for the delivery of an adeno-
associated virus (AAV-DJ) vector encoding the brain-derived neurotrophic factor (BDNF) gene, hence allowing the therapy of
HD. The secret to this approach is the physical entrapment and subsequent controlled release of the AAV-DJ-BDNF viral vector
from the nanofiber mesh of the hydrogel. This entrapment and controlled release is possible because of the mesh-like structure of
the hydrogel (with pore diameters of roughly 20 nm, smaller than the 2426 nm diameter of the AAV virus). After injection, the
hydrogel constantly releases the viral vector in vivo, infecting local neurons and triggering long-term production and secretion of
the BDNF protein. BDNF is a neurotrophic factor that protects neurons from excitotoxic injury and slows down or halts the
neurodegenerative process induced by the mutant Huntington protein.”’ Nano-EGCG(1) with surface dopamine functionalization
preferentially binds to dopamine receptors that are highly expressed on the surface of neurons, thereby efficiently entering the
cytoplasm through the membrane via endocytosis. The green tea polyphenol epigallocatechin-3-gallate molecules covalently
linked to the NPs firmly attach to the mutant Huntington protein with multivalent interactions after internalization. The strong
binding not only inhibits the conversion of soluble mutant protein into insoluble aggregates, but also promotes the disassembly of
already produced intracellular aggregates, therefore drastically lowering the quantity of harmful aggregates inside the cell.”®

Metal nanoparticles have intrinsic and therapeutic benefits in the treatment of neurodegenerative disorders. For
instance they are easy to synthesis, have adjustable size and can be easily surface functionalized. Moreover, metal
nanoparticles are also characterized by good biocompatibility and low toxicity, high specific surface area, excellent drug-
loading capacity and flexible surface modification, so that they can produce therapeutic effect without additional
drug.'*""®* Prime examples include spherical gold nanoparticles (Au3@PEG1k NP) extensively modified on their
surface by polyethylene glycol (PEG). After intravenous administration, these nanoparticles cross the BBB through
active transport by endothelial cells, leading to significant enhancement of the oxidative phosphorylation pathway in the
brain. The considerable overexpression of numerous proteins (such as Cox4il, Cox5a, and Ndufb11) in the brains of HD
mice reflects this, hence improving ATP generation efficiency and NAD+/NADH ratio, which further reverses the
neuronal functional impairment caused by energy metabolism problems in HD. Meanwhile, these nanoparticles can
effectively inhibit two pivotal kinases closely associated with HD pathology, p38a mitogen-activated protein kinase
(p38a MAPK) and pyruvate dehydrogenase kinase 1, resulting in the suppression of neuroinflammation and restoration
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of the capacity of oxidative phosphorylation, which improves energy metabolism in the brain and alleviates the
deterioration of the microenvironment caused by neuroinflammation.”* On the other hand, citrate-functionalized
Mn;0,4 nanoparticles (C-Mn;04 NPs) can efficiently mimic the activity of glutathione peroxidase. With glutathione as
a cofactor, they selectively catalyze the reduction of hydrogen peroxide to water and regenerate themselves to continue
participating in the reaction, successfully scavenging ROS within and outside cells and avoiding the production of
damaging free radicals. In an HD mouse model, these metal nanoparticles significantly reduced lipid peroxidation level
in brain tissue and restored the activity of superoxide dismutase, catalase and glutathione peroxidase. They also
attenuated mitochondrial swelling, stabilized mitochondrial membrane potential, increased ATP level and restored the
activity of respiratory chain complexes II and IV, contributing to a decrease in mitochondrial ROS production and
protection of neurons from oxidative damage. Histopathological sections of brain tissue of the treatment group of mice
showed preservation of basal ganglia structure and Purkinje cells in the cerebellum with respect to therapeutic efficacy.
This demonstrates the therapeutic efficacy of C-Mn;0, NPs against HD.**

Nanoparticles offer considerable promise for therapeutics and can be used in a range of therapy techniques. Nanoparticles can
deliver small-molecule medications and utilize their unique capabilities to traverse the BBB, achieving therapeutic effects that
conventional small-molecule pharmaceuticals cannot achieve. Moreover, nanoparticles have the ability to deliver gene therapy
vectors like siRNA to allow for precise targeted therapy, enabling novel options for the complete cure of neurodegenerative
illnesses. However, the most important therapeutic approach is to improve the pathological environment in the brain. For example,
regulating microglia to change from the pro-inflammatory type (M1 type) to the anti-inflammatory type (M2 type) can reduce the
damage of neurons caused by neuroinflammation. Meanwhile, nanoparticles can realize the therapeutic effects through targeting
the metabolic pathways for metabolic reprogramming, such as blocking the phosphorylation of several critical proteins and
scavenging the ROS generated in the brain. What’s more, nanoparticles can degrade certain pathogenic proteins related to
neurodegenerative illnesses to block the progress of the disease, delivering truly “targeted, highly effective and low-toxicity” drug
delivery.

Challenges in the Clinical Translation of Nanoparticle-Based Drugs

Although NPs have demonstrated tremendous preclinical potential in overcoming the BBB and improving therapeutic
outcomes in animal models, very few drugs for the treatment of neurodegenerative diseases have currently advanced to
late-stage clinical trials, and there are virtually no clinical trials for NP-based treatments for neurodegenerative diseases
(Table 1). The translation of this technology remains limited due to insufficient brain targeting in humans, toxicity issues
associated with NPs, the complex pharmacokinetics and clearance processes of different NPs, and the difficulty of

achieving large-scale production under Good Manufacturing Practice (GMP) standards.®**®

Table | Clinical Trials of Drugs for Neurodegenerative Diseases

Drugs Conditions Sponsor Status NCT References
Number
'8F_FCOB04 Neurodegenerative Diseases Peking Union Medical Not yet NCT07470710 -
College Hospital recruiting
Pimavanserin Neuropsychiatric Symptoms Related to ACADIA Pharmaceuticals Completed | NCT03575052 [89]
Neurodegenerative Disease Inc
SAGE-217 Parkinson Disease Biogen Completed | NCT03000569 -
RO7234292 Huntington’s Disease Hoffmann-La Roche Completed | NCT03761849 [90,91]
3K3A-APC Amyotrophic Lateral Sclerosis Macquarie University, Completed | NCT05039268 -
Protein Australia
Nanovector Alzheimer’s disease Parkinson’s disease IRCCS SYNLAB SDN Completed | NCTO05761535 -
Drugs
Nano-PSO Parkinson’s Disease Distribuidora Biolife SA de Unknown NCTO05142085
cv status
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The toxicity of nanoparticles is a critical factor that must be considered when using them for drug delivery, current research
focuses primarily on the ability of nanoparticles to reduce the toxicity of the drugs they carry, with little attention paid to the
toxicity of the nanoparticles themselves.” In particular, local or systemic toxicity resulting from nanoparticle-based therapies—
such as that caused by cationic nanoparticles of gold and polystyrene, which have been shown to induce hemolysis and blood
clotting—has been documented, and certain concentrations of both anionic and cationic nanoparticles have been found to be toxic
to the BBB.”® The increased reactivity resulting from the large specific surface area of NPs not only enhances drug delivery
efficiency but also increases the toxicity of the NPs themselves.”**> The physical properties of nanoparticles, their concentration,
and their in vivo biodistribution and clearance characteristics all modulate cellular endocytosis and nanoparticle toxicity.”® *® The
solubility of nanoparticles is a key property influencing their acute toxicity; and the free ions released upon intracellular dissolution
of certain metal oxide nanoparticles (such as zinc oxide and iron oxide) are associated with their toxicity. At the same time,
because the use of nanoparticles for therapeutic purposes is a long-term process, their chronic toxicity should also be a focus of

99,100

attention, especially since some nanoparticles can cause severe neurotoxicity (excessive ROS production, release of

inflammatory factors, DNA damage, and apoptosis).'"!

At the same time, the most critical point is the difference in nanoparticle delivery between animal models and the human body.
At this stage, research on nanoparticles for the treatment of neurodegenerative diseases is primarily focused on basic research.
Although studies have shown that nanoparticles, as drug delivery systems, can treat neurodegenerative diseases through various
therapeutic approaches, it remains to be seen whether they can demonstrate the same therapeutic effects in humans. Furthermore,
the extent of the difference in nanoparticles’ ability to cross the BBB in vivo versus in vitro remains unclear, as does whether this
will have a significant impact on delivery efficacy. Therefore, the most critical step at this stage is to advance nanoparticle research
into clinical trials. Translational research is a key step in transforming basic research into clinical applications, and this is
particularly important for nanoparticles. However, the process of translational research is lengthy and involves numerous
requirements; fewer than 10% of basic research projects are ultimately translated into clinical applications. However, in the
specialized field of nanoparticles—where different nanomaterials possess distinct mechanisms of action and target different sites
—substantial financial support is required.'”> At the same time, human trials require ethical approval; however, early-stage
nanoparticle trials are unlikely to provide any benefit to participants, making the implementation of clinical trials extremely
difficult.'® Furthermore, to enable the clinical application of nanoparticles, their preparation must adhere to predetermined
standards of quality, controls, and good manufacturing practices.'® The cost of manufacturing nanoparticles cannot be over-
looked; the probability of successfully translating small-molecule drugs from the preclinical proof-of-concept stage to commer-
cially available products is extremely low.'® Even without considering development risks, the formulation of nanoparticles is
complex, the process is lengthy, and the cost of production is high; furthermore, the cost-effectiveness of nanoparticles must be

weighed against that of less expensive drug therapies.'**'%

Conclusions

Nanoparticles hold significant potential for technology to cross the BBB and treat neurodegenerative diseases. This review
systematically summarizes the different applications of nanomaterials in Alzheimer’s disease, Parkinson’s disease, and
Huntington’s disease, covering a range of strategies including receptor-mediated endocytosis, intranasal administration, menin-
geal lymphatic pathway, photothermal-assisted barrier opening, and biomimetic delivery systems based on exosomes and cell
membranes. The research had showed significant therapeutic efficacy in animal models, demonstrating the adaptability and
promise of nanoparticle platforms for delivery of tiny drugs, nucleic acids, proteins and gene-editing tools.

However, we must clearly recognize that a fundamental gap still exists between animal experiments and clinical application.
Currently, no nanomedicines targeting neurodegenerative diseases have entered Phase I1I clinical trials; this reality suggests that
current “successes’” remain largely confined to the proof-of-concept stage. Existing studies generally share the following common
issues: a lack of head-to-head comparisons between different nanotechnology platforms; extremely limited understanding of the
long-term retention, metabolism, and chronic toxicity of nanoparticles in the brain; animal models (especially transgenic mice)
that fail to adequately simulate the heterogeneity of human diseases and age-related pathological backgrounds; and the fact that
most studies focus on a single target or mechanism as an endpoint, neglecting the multifactorial nature of the disease.

Therefore, we need to gradually address the challenges of clinical translation for nanoparticles. First, we can build upon
nanoplatforms based on theoretically well-supported materials (such as exosomes and metal nanoparticles), as their relatively
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mature toxicological and pharmacokinetic data allow for faster entry into the pathway for modified new drugs; At the same time,

we can focus on researching intranasal nanogel or thermosensitive hydrogel systems, as they bypass the BBB and offer

controllable risks associated with local administration, demonstrating good feasibility and safety; and we can adopt physical

strategies for opening the BBB centered on photothermal therapy or ultrasound-assisted methods, which, through a combination

of in vivo and in vitro approaches, use ex vivo interventions to enhance the ability of nanoparticles to cross the BBB and facilitate

efficient drug release, which reduces the complexity of nanoparticle design. Subsequently, we must establish uniform standards

for nanoparticle production, including mandatory requirements regarding preparation methods, cost, safety, and drug-loading

efficiency.
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