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Abstract: Parkinson’s disease (PD) is the second most prevalent neurodegenerative disorder globally. Despite significant research,
effective clinical treatments for PD remain limited due to its complex pathogenesis and the selective nature of PD-related lesions.
Advances in nanotechnology, however, have opened new avenues for PD therapy. Nanomedicines and nanomaterials, developed
through interdisciplinary research, have shown the potential to enable precise and targeted drug delivery while modulating key
pathogenic mechanisms involved in PD. This review first outlines the key pathophysiological mechanisms underlying PD before
providing an overview of nanomedicine-based strategies designed to target PD lesions by altering these mechanisms. We also
summarize clinical trials on emerging PD therapeutics, with particular focus on the development and translational potential of
nanomedicines. Although nanotechnology-based treatments for PD are still in their infancy, and a definitive cure remains out of
reach, this field shows considerable promise. Finally, we explore future prospects to guide the continued development of PD
nanotherapies. Overall, this review highlights the transformative potential of nanomedicine in the treatment of PD and underscores
its potential for the development of more effective and targeted PD therapies.
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Introduction

Parkinson’s disease (PD), the second most prevalent neurodegenerative disorder in the world, is a progressive condition
characterized by tremors, akinesia, rigidity, and postural instability, primarily resulting from the degeneration of dopaminergic
neurons.! At present, pharmacological interventions with dopaminergic agents, anticholinergics, monoamine oxidase
B inhibitors, and catechol-O-methyltransferase inhibitors remain the cornerstone of PD management.” While these treatments
provide symptomatic relief, they fail to target the pathophysiology underlying PD.? The lack of disease-modifying therapies,
alongside the increase in global population aging, positions PD as an escalating public health concern.

Understanding the pathogenic mechanisms underlying PD is crucial for alleviating its public health burden and
developing targeted therapies.* The pathological hallmark of PD is the progressive degeneration of dopaminergic neurons
in the substantia nigra (SN) coupled with the deposition of a-synuclein (a-syn), leading to the formation of insoluble
Lewy bodies (LBs).” Recent studies have revealed several pathogenic mechanisms contributing to PD — including a-syn

% neuroinflammation,'’ and alterations in the gut

aggregation,® apoptosis,” pyroptosis,® ferroptosis,” autophagy,’
microbiota'> — all of which have been implicated in progressive dopaminergic neuron loss. The multifactorial nature
of PD highlights the need to address these mechanisms in order to develop advanced therapeutic interventions for PD.

To address these challenges, researchers have proposed innovative therapeutic strategies for PD, including lifestyle
modifications and disease-modifying therapies that directly target PD pathology.'® However, clinical efficacy remains

limited, largely due to factors such as: (1) the physiological barriers of the central nervous system (CNS), particularly the
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blood-brain barrier (BBB),'* (2) the complex and multifactorial pathophysiology of PD, compounded by the current lack
of targeted approaches,'” and (3) the irreversible degeneration of the nigrostriatal pathway.'® Although there has been
some progress in the development of small-molecule drugs and monoclonal antibodies, these innovations alone are

insufficient to address the complexities of PD, underscoring the need for more comprehensive treatment strategies.
Accordingly, drug delivery systems with high loading capacity and efficient brain-targeting capabilities are critical for

improving therapeutic outcomes in PD.

In recent decades, the integration of nanotechnology into biomedicine has significantly advanced drug delivery systems.
Nanotechnology has helped in addressing the key limitations of conventional anti-PD drugs, including drug instability, poor
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solubility, and low bioavailability. Nanomaterials improve brain-targeting capabilities by facilitating BBB penetration and
enhancing drug accumulation within the CNS.'” Various strategies have been employed to enhance delivery efficiency to the
brain parenchyma, including photothermal modulation,'® ultrasound-mediated BBB disruption,'® intranasal delivery,” and
biomimetics-based approaches.?' Moreover, nanomaterials offer considerable versatility and can be tailored for targeted
delivery through techniques such as membrane coating,”> chemical conjugation,”® and other methods that ensure both
therapeutic efficacy and biocompatibility. Collectively, owing to these innovations, nanomaterials have been recognized as
a promising platform for developing more effective, precise, and personalized PD therapies.

To advance PD treatment, two key challenges must be addressed: (1) achieving targeted drug delivery across the BBB
to lesion sites and (2) regulating pathogenic factors. This review first outlines the fundamental pathogenic mechanisms of
PD, including a-syn aggregation, apoptosis, pyroptosis, ferroptosis, autophagy dysfunction, neuroinflammation, and gut
microbiota alterations, and discusses their pathophysiological impact on PD. It then evaluates current nanotherapeutic
strategies targeting these mechanisms, with a focus on design principles and their therapeutic applications. Finally, the
review addresses the prevailing challenges in the field, highlighting the clinical relevance and future prospects of
nanomaterial-based platforms, and proposes strategies to overcome existing barriers and improve therapeutic outcomes.

Key Pathophysiological Mechanisms in PD

A thorough comprehension of the physiological characteristics and molecular mechanisms underlying PD is essential for
the development of targeted therapeutic strategies. This section provides an in-depth examination of the major patholo-
gical processes driving PD and its progression, including o-syn aggregation (Figure 1A), apoptosis (Figure 1B),
pyroptosis (Figure 1C), ferroptosis (Figure 1D), autophagy dysfunction (Figure 1E), neuroinflammation (Figure 1F),
and alterations in the gut—brain axis (Figure 1G).
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Figure | Pathological role of biological processes in PD. (A) a-syn aggregation: Misfolded a-syn forms Lewy bodies, disrupting mitochondria and dopamine balance. (B)
Apoptosis: Programmed neuronal death via DNA fragmentation and apoptotic bodies. (C) Pyroptosis: Inflammatory cell lysis driven by membrane pore formation and
cytokine release. (D) Ferroptosis: Excess iron—catalyzed ROS trigger lipid peroxidation, causing membrane damage and cell death. (E) Autophagy: Lysosomal clearance of
damaged proteins/organelles; its failure leads to a-syn buildup. (F) Neuroinflammation: Chronic microglial activation releases cytokines that worsen neuron loss. (G) Gut-
brain axis dysbiosis: Microbiome shifts alter vagal, immune, endocrine, and circulatory signals, impairing SN function.
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a-Syn Aggregation and Pathological Progression in PD
a-syn is a small, acidic protein predominantly expressed in the SN, where it plays a crucial role in regulating neurotrans-
mitter release and reuptake.”* Under normal physiological conditions, a-syn exists in a dynamic equilibrium among
multiple conformational states, maintaining a balance between its unstructured monomeric form and tetrameric
assembly.”> However, when this equilibrium is disrupted, o-syn undergoes conformational changes, resulting in the
aggregation of o-syn into oligomers, protofibrils, and fibrils.*® These misfolded aggregates eventually form intracellular
inclusions known as LBs (Figure 2A), which accumulate in the dopaminergic neurons of the substantia nigra pars compacta
(SNpc), a region particularly susceptible to damage due to its extensive axonal branching and high metabolic demands.?’
Pathological a-syn aggregation disrupts critical cellular processes, including calcium homeostasis, synaptic vesicle
trafficking, and dopamine release, thereby intensifying neuroinflammation.?® Ultimately, the accumulation of a-syn within
LBs impairs dopaminergic signaling in the SNpc, resulting in motor dysfunction and accelerating PD progression
(Figure 2B).*°

Given the central role of a-syn aggregation in PD pathogenesis, reducing its accumulation and toxicity is vital for
halting disease progression. Various therapeutic strategies have therefore focused on stabilizing a-syn in its native, non-
aggregated tetrameric form to prevent the formation of toxic aggregates; modulating intracellular calcium homeostasis to
preserve neuronal integrity and maintain synaptic vesicle dynamics; and targeting neuroinflammation, since a-syn
aggregation stimulates microglial activation, which exacerbates neurodegeneration. Additional approaches include
enhancing the selective clearance of pre-formed LBs via proteasomal or autophagic degradation pathways, improving o-
syn-targeting drug delivery across the BBB through surface modifications or ligand-based systems, and employing
diagnostic tools for the real-time imaging and monitoring of a-syn aggregation in the brain. These strategies represent
a promising avenue for halting a-syn aggregation, thereby offering potentially effective PD therapeutic strategies.
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Figure 2 The role of a-syn in both physiological and pathological conditions associated with PD. (A) Under normal physiological conditions, a-syn primarily exists as
a monomer, playing a pivotal role in synaptic transmission and neurotransmitter release. In contrast, under pathological conditions, the delicate equilibrium between the
synthesis and clearance of a-syn is disrupted, leading to the aggregation of a-syn into toxic oligomers, protofibrils, and fibrils, which ultimately form Lewy bodies. (B) These
oligomers exert detrimental effects, particularly on dopaminergic neurons, which are inherently vulnerable. This results in mitochondrial dysfunction, impaired synaptic
integrity, and widespread cellular disruption, all of which contribute to the onset and progression of PD.
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Apoptosis Pathways in PD

Apoptosis is a tightly regulated, evolutionarily conserved form of programmed cell death observed across metazoans and
certain eukaryotic organisms.*® It is orchestrated through two primary signaling cascades: the intrinsic (mitochondrial) and
extrinsic (death receptor) pathways,”' both of which culminate in the formation of apoptotic bodies that are subsequently
cleared by phagocytes to maintain tissue homeostasis. Accumulating evidence shows that apoptosis acts as a “double-edged
sword”: it maintains neuronal homeostasis under physiological conditions but causes deleterious effects when dysregulated. In
PD, persistent mitochondrial dysfunction and excessive ROS abnormally activate apoptotic signaling, transforming apoptosis
from a homeostatic mechanism to a pathological factor driving dopaminergic neuron loss.

Given that dysregulated apoptosis drives dopaminergic loss in PD, targeting this mechanism can slow down PD
progression. PD is associated with excessive apoptosis, and the intrinsic apoptotic pathway is initiated by mitochondrial
outer membrane permeabilization (MOMP), which facilitates the release of cytochrome c.*” This activates the apopto-
some, leading to the activation of caspase-9 and its downstream effector caspase-3, ultimately resulting in cellular
apoptosis.®® This process is tightly regulated by BCL-2 family proteins, with pro-apoptotic members such as BAX
promoting MOMP, while anti-apoptotic proteins like BCL-2 inhibit it.>* In contrast, the extrinsic pathway is triggered by
the binding of ligands such as tumor necrosis factor-a (TNFa) and Fas ligand (FasL) to their corresponding death
receptors. These interactions induce receptor oligomerization, leading to the recruitment of adaptor proteins that activate
initiator caspases, particularly caspase-8 and caspase-10.*> These caspases mediate cellular fate decisions and modulate
inflammation, culminating in apoptosis.’® Both pathways share a common endpoint, namely, the release of signaling
molecules like cleaved receptors and phosphatidylserine (PS), which act as “eat me” signals to facilitate phagocytosis.”’
Apoptosis plays a critical role in the loss of dopaminergic neurons in PD, as evidenced by DNA fragmentation and
caspase-3 activation in dopaminergic neurons of the SNpc.*® Apoptotic mitochondrial dysfunction is exacerbated by
reactive oxygen species (ROS) accumulation and sustained cytochrome c release, further accelerating cell death.*®
Additionally, mitochondrial complex I inhibition by neurotoxins such as MPTP*° and rotenone amplifies oxidative stress,
enhancing dopaminergic neuron apoptosis and contributing to PD pathogenesis (Figure 3).*! These findings underscore
the pivotal role of mitochondrial dysfunction and apoptotic signaling in PD.

Given the central role of apoptosis in PD, nanomaterial-based interventions must be designed with a multifaceted
approach. These include addressing mitochondrial dysfunction as a central driver of apoptosis by stabilizing mitochondrial
membranes to prevent MOMP and preserve cellular energy metabolism, modulating the expression and activity of pro- and
anti-apoptotic BCL-2 family proteins to rebalance apoptotic signaling, and scavenging ROS to mitigate oxidative damage
and support mitochondrial function. Additionally, the strategies must aim to inhibit cytochrome c release and downstream
caspase-9 and caspase-3 activation to preserve dopaminergic neuron viability. Moreover, they must promote the efficient
phagocytic clearance of apoptotic debris and reduce secondary neuroinflammation to protect surrounding neurons. Finally,
they must enable the targeted inhibition of initiator and effector caspases to suppress the apoptotic cascade, thereby offering
neuroprotection. Together, these strategies could be used to harness the therapeutic potential of nanomaterial-based
platforms in slowing down PD progression by directly targeting apoptosis.

Pyroptosis and Its Role in PD
Pyroptosis is a form of programmed cell death characterized by inflammatory necrosis. The term “pyroptosis” originates
from the Greek words pyro (fire) and ptosis (fall), reflecting its inflammatory nature.**

Pyroptosis is triggered by inflammasomes, which are multi-protein complexes that recognize pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs).** Once activated, key inflammasome
proteins, such as AIM2, members of the NOD-like receptor (NLR) family, and Pyrin, recruit the adaptor protein ASC to

1.** Activated caspase-1 cleaves pro-inflammatory cytokines, including interleukin-1p (IL-1B) and IL-18,*

activate caspase-
as well as Gasdermin D (GSDMD),*® generating membrane pores that mediate cytokine release.*’ In addition to this canonical
pathway, cytosolic lipopolysaccharide also directly activates caspase-4/11 (caspase-5 in humans), which cleaves GSDMD and
further promotes NLRP3 inflammasome activation, forming the non-canonical pathway. The pyroptotic cascade is further

regulated through various mechanisms, including NLRP3 phosphorylation,*® ubiquitination,*” and the Endosomal Sorting
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Figure 3 Mechanism of apoptosis. Apoptosis is mediated by intrinsic and extrinsic pathways. The intrinsic pathway is initiated by BAX/BAK oligomerization and MOMP,

which together induce cytochrome c release and caspase-9 activation. The extrinsic pathway is triggered by receptor activation (eg, TNFRI, TLRs), resulting in caspase-8

activation. Both pathways converge to activate executioner caspases (eg, caspase-2, caspase-6, caspase-8, caspase-|0), causing cell death. Apoptotic cells release “eat-me”
4] . .

signals, including nucleosomal structures and phosphatidylserine (PS), to facilitate phagocytosis. Adapted from™ with permission
which collectively modulate the amplitude of the inflammatory

Complex Required for Transport (ESCRT) pathway,
response. In PD, pyroptosis contributes to disease progression by exacerbating neuroinflammation, compromising the

BBB, and impairing cognitive function.*” Under PD-related oxidative stress, Nox4-dependent mitochondrial ROS activates
. P . 4851-53

the NLRP3/GSDMD signal axis. Subsequently, cell death promotes glial cell activation and amplifies inflammation
forming a feed-forward inflammatory loop. In addition, pyroptosis also increases BBB permeability, facilitating the infiltration
2* As these inflammatory signals spread

of peripheral immune cells and inflammatory mediators in the brain parenchyma

within the CNS, they can cause cognitive impairments and depressive behavior (Figure 4)
Nanodrugs that target PD-related pyroptosis aim to have the ability to modulate pyroptotic pathways through the

inhibition of inflammasomes, particularly NLRP3, to prevent caspase-1 activation and cytokine release. Further, they can
also regulate GSDMD to orchestrate pyroptotic cell death, thereby preventing membrane rupture and cellular lysis, which
are intrinsic to the pyroptotic process. Further, these agents may additionally suppress IL-13 and IL-18 production to
impede the inflammatory signaling cascade causing pyroptosis, thereby mitigating neuroinflammation. Pyroptosis-

modulating approaches for PD management can be developed based on these considerations
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Figure 4 Pyroptosis is a form of inflammatory cell death triggered by sensors such as NLRP3. The activation of this protein triggers inflammasome formation, activating caspase-|,
which cleaves IL-1, IL-18, and GSDMD. This induces pore formation, cytokine release, and cell swelling. The recognition of lipopolysaccharide activates caspase-4/1 1, further
promoting pyroptosis. This process is regulated by TLRs, TNFR, IL-IR priming, and various posttranslational modifications, including deubiquitination, phosphorylation, and

dephosphorylation. Adapted from*' with permission.

Ferroptosis and Dysregulation of Iron Homeostasis in PD
Ferroptosis is an iron-dependent form of programmed cell death characterized by perturbations in thiol, lipid, and iron

metabolism, which lead to the accumulation of lipid peroxides and ROS.>® These molecules overwhelm the cell’s
antioxidant defense system, triggering uncontrolled lipid peroxidation,”” membrane damage,*® and ultimately cell death.

The key mechanisms driving ferroptosis — including ferritinophagy,® the Fenton reaction,’’ and the activity of
enzymes such as arachidonate lipoxygenases®' and cytochrome P450 oxidoreductase®® — facilitate lipid peroxidation.
Polyunsaturated fatty acids (PUFAs), activated by acyl-CoA synthetase long-chain family member 4 (ACSL4)*? and
lysophosphatidylcholine acyltransferase 3,°° are incorporated into cellular membranes, making them susceptible to
peroxidation and intensifying ferroptotic cell death. Mitochondrial and peroxisomal dysfunction further promote lipid
peroxide accumulation, exacerbating the ferroptotic process.®* Therefore, ferroptosis can be mitigated by antioxidants
such as glutathione (GSH) and GPX4 or by increasing coenzyme Q10 (CoQ10) activity.®> The inhibitory mechanisms
involving ferroptosis suppressor protein 1 (FSP1),°® dihydroorotate dehydrogenase (DHODH),*” and GTP cyclohydro-
lase 1 (GCH1)®® help modulate antioxidant responses (Figure 5). The PKC/Nrf2 pathway and transsulfuration pathway
also mitigate ferroptosis by enhancing antioxidant defenses and cysteine biosynthesis.®>’® In PD, disruptions in iron
metabolism, lipid peroxidation, and a-syn aggregation, including abnormal iron accumulation and dopamine oxidation,
exacerbate ferroptosis and damage dopaminergic neurons.”' Microglial activation, in combination with changes in iron-
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Figure 5 Ferroptosis is an iron-dependent programmed cell death process characterized by lipid peroxidation and ROS accumulation. The key mechanisms contributing to
ferroptosis include the oxidation of PUFAs, which is facilitated by ACSL4 and lysophosphatidylcholine acyltransferase 3, mitochondrial dysfunction, and the Fenton reaction.
Antioxidant systems such as GPX4, FSP|, DHODH, and GCHI play crucial roles in regulating ferroptosis by controlling lipid peroxidation and maintaining the cellular redox
balance. These processes collectively drive membrane damage and cell death.

related proteins such as P2RY 12 and heme oxygenase-1 (HO-1), contributes to inflammation and neurodegeneration.”*”*

Thus, ferroptosis, through its association with iron and lipid metabolism, plays a major role in the progression of PD.

To design therapeutic strategies targeting ferroptosis for PD management, some key aspects need to be addressed.
Iron metabolism should be modulated through the regulation of iron-related proteins or chelators to reduce intracellular
iron overload and inhibit ROS production. Furthermore, lipid peroxidation can be inhibited by targeting enzymes like
ACSL4 and lysophosphatidylcholine acyltransferase 3, which lower PUFA levels, prevent lipid peroxides, and minimize
membrane damage. Mitochondrial function can be enhanced by incorporating antioxidants like CoQ10 into nanomater-
ials or targeting DHODH to modulate mitochondrial ferroptosis via the DHODH-CoQ10 axis. Furthermore, microglial
inflammation can be modulated by targeting iron-related proteins such as P2RY 12 and HO-1 to reduce inflammation and
mitigate PD-related neurodegeneration. In summary, targeting ferroptosis through these combined strategies could help in
the management of PD.
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Autophagic Dysregulation in PD
Autophagy is a process that maintains cellular homeostasis by degrading and recycling proteins and organelles.”> However,
dysregulated or excessive autophagic activity can disrupt this balance, potentially causing cell death. Autophagy is tightly
regulated through a series of key steps.”* Specifically, AMP-activated protein kinase (AMPK) inhibits mTORC1, which in
turn activates the ULK1 complex to initiate autophagic vesicle formation (Figure 6a).”” The Beclin-1/VPS34 complex,
activated by the JNK-mediated phosphorylation of BCL-2 and BIM, generates phosphatidylinositol 3-phosphate (PI3P),
a lipid that facilitates vesicle nucleation and elongation (Figure 6b).”° The ATG12/ATG5/ATG16L complex completes
polymerization and fuses with autophagic vesicles, while microtubule-associated protein 1 light chain 3 (LC3) is processed
into LC3-II and incorporated into the autophagosomal membrane (Figure 6¢ and d).”” In the final stage, the autophagosome
fuses with lysosomes via the Soluble N-ethylmaleimide-sensitive factor Attachment protein REceptor (SNARE) complex,
leading to the formation of autolysosomes that degrade cellular components (Figure 6e).”®

Impaired autophagy leads to the accumulation of misfolded proteins, such as a-syn, which contribute to PD.”
Dysregulation of the autophagic—lysosomal pathway impairs the removal of damaged proteins and organelles, resulting
in oxidative stress and neuronal damage.®” Genetic mutations in LRRK2, SNCA, PINK 1, and Parkin disrupt mitophagy and
chaperone-mediated autophagy, worsening the pathology of PD.*! For instance, LRRK2 mutations activate mTORC1%* and

inhibit autophagy, while PINK1 and Parkin mutations impair mitochondrial clearance.®® The aggregation of a-syn further
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Figure 6 Autophagy is a self-degradation process involving the following key steps. (@) AMPK inhibits nTORCI, promoting ULK| complex formation and autophagic vesicle
production. (b) The Beclin-1/VPS34 complex enables the formation of larger vesicles, with JNK activating Beclin-1 by phosphorylating BCL-2 and BIM. (c) The ATGI2/ATG5/
ATGI6L complex forms and fuses with vesicles. (d) LC3 is cleaved by ATG4 and processed by ATG3 and ATG7 to form LC3-Il, which is inserted into autophagosomes. (e)
Autophagosomes fuse with lysosomes to form autolysosomes, and this process is facilitated by the STXI7/SNAP29/VAMP8 SNARE complex. Adapted from”® with
permission.
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impedes lysosomal function, triggering a cycle of autophagic dysfunction.** Notably, restoring autophagic homeostasis by
targeting the autophagy—lysosome pathway is believed to enhance neuronal survival and inhibit PD progression.®®

Therapeutic strategies intended to restore autophagic equilibrium in PD should modulate autophagy pathways by
targeting AMPK/mTORCI1 or the Beclin-1/VPS34 complex to promote autophagosome formation and expansion.
Furthermore, they should enhance mitophagy by targeting PINKI1 or Parkin to promote the clearance of damaged
mitochondria. Therapies restoring lysosomal function could optimize autophagosome—lysosome fusion via the SNARE
complex, enhancing lysosomal activity and promoting a-syn degradation. Finally, gene-specific targeting via CRISPR-
Cas9, RNAI, aptamers, or antibodies could correct mutations in LRRK2, SNCA, PINK1, Parkin and enable the selective
binding of mutant a-syn. These strategies may restore autophagic equilibrium, enhance protein degradation, and thereby
mitigate PD-related neuronal damage.

Mechanisms of Neuroinflammation in PD

Neuroinflammation is a multifaceted response to brain injury and is marked by glial activation, inflammatory mediator
release, and ROS and reactive nitrogen species generation.*® Neuroinflammation exacerbates neuronal injury by disrupting
cellular homeostasis, compromising BBB integrity, and triggering a chronic, dysregulated inflammatory cycle.®’

The inflammatory receptors on the surfaces of immune cells, particularly glial cells, function as critical sensors for
cellular damage.®® Upon recognizing DAMPs or PAMPs, these receptors activate signal transducers and transcription
factors, promoting the production of pro-inflammatory mediators that amplify the inflammatory response.® Under certain
conditions, this inflammation is not fully resolved, exacerbating neurotoxic effects, protein aggregation, and neurode-
generation through DAMP release’® (Figure 7). Immune dysregulation is especially deleterious in PD, as neuroinflam-
mation is known to drive disease progression. While a-syn aggregation is a hallmark of PD, it is not the primary cause of
neuronal death, as neuronal loss occurs even before LBs are formed. Instead, owing to microglial activation, neuroin-
flammation precedes the loss of dopaminergic neurons.”' The misfolded a-syn released from damaged neurons activates
microglia and astrocytes, leading to an amplified cycle of harmful effects.”® Importantly, a-syn—induced NLRP3
inflammasome activation can trigger the pyroptotic release of IL-1 and IL-18, amplifying neuroinflammatory signals
and creating a bridge between protein aggregation and inflammatory cell death. Accumulating evidence suggests that
neuroinflammation, driven by both innate and adaptive immune responses, actively contributes to neuronal death in PD.”

Targeting immune dysregulation in the early stages of PD could help in its therapeutic management. Such treatment
strategies could focus on modulating microglial and astrocytic responses to mitigate neuroinflammation through targeted
drug delivery in regions of inflammation, especially when BBB integrity is compromised. Such targeted delivery could
be achieved through the surface modification of nanomedicines with ligands, antibodies, or small molecules that regulate
inflammatory pathways. Incorporating materials with anti-inflammatory properties, such as those that target the NF-xB
signaling pathway, NLRP3 inflammasome activation, or other pathways that exacerbate neuroinflammation, could also
serve as a valuable strategy. Finally, integrating antioxidant and a-syn clearance effects could reduce immune-mediated
neuronal damage. Through such well-designed strategies, nanomaterials could be used to restore autophagic balance,
enhance protein degradation, and mitigate neuronal damage in PD.

Microbiota—Gut—Brain Axis in PD
Owing to its vital physiological role, the gut influences the onset and progression of various extraintestinal diseases.”
The gut microbiome represents a complex ecosystem that comprises commensal bacteria, archaea, fungi, and viruses that
interact with and modulate host physiology.”’

The brain regulates gut function through the hypothalamic—pituitary—adrenal axis and the autonomic nervous system.”®
For instance, the brain releases norepinephrine, which can promote the proliferation of certain gut pathogens.’” Conversely,
the gut exerts a modulatory effect on CNS function by releasing microbial metabolites,”® neuroactive substances,” and gut

%1 vagus nerve,'’” and immune pathways, '

hormones.'” These factors travel through the enteric nervous system (ENS),
thereby modulating brain activity. This bidirectional communication between the gut and the brain is integral for maintaining
physiological homeostasis and mediating disease progression.'®* The early stages of PD are associated with alterations in the

gut and ENS, before CNS pathology can be detected.'® Studies suggest that PD-related pathological changes induce
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Figure 7 In PD, a-syn aggregation, triggered by genetic and environmental factors, causes mitochondrial dysfunction and neurotoxicity. Mutations in proteins such as LRRK2,
PINK, PARK?7, and PRKN further exacerbate this dysfunction. Excess a-syn accumulation and impaired a-syn clearance both activate microglia, causing the spread of a-syn
to neighboring neurons, which expands neurotoxic effects. The DAMPs released by dying neurons further amplify microglial activation, promoting oxidative stress and
mitochondrial dysfunction and thereby accelerating disease progression. Adapted from® with permission.

gastrointestinal dysfunction. Disruptions in gut microbiota via the gut-brain axis contribute to PD through several inter-
connected mechanisms. First, the altered microbiota and microbial metabolites induce inflammation, disrupt the intestinal
barrier, activate immune cells, and promote o-syn aggregation (Figure 8a).'% Second, the increased intestinal permeability
197 amplifying
systemic inflammation (Figure 8b). Third, misfolded a-syn in the gut can be transmitted to the brain through the vagus

facilitates the entry of microbial signaling molecules, immune cells, and metabolites into systemic circulation,

nerve,'® likely in a bidirectional manner (Figure 8c). Finally, the compromised BBB and disrupted vagal pathways allow the
entry of pathological products into the brain,'® activating resident immune cells such as microglia and astrocytes (Figure 8d).
This cascade triggers neuroinflammation, leading to the degeneration of dopaminergic neurons and PD progression.

While designing nanomedicines that target the gut microbiome for PD treatment, several critical factors must be
considered. Mainly, there should be a focus on modulating the gut microbiome to restore microbial balance. Further,
intestinal barrier integrity can be enhanced by administering anti-inflammatory agents or tight junction modulators to
prevent the translocation of pro-inflammatory cytokines and a-syn into the systemic circulation. The vagus nerve can also
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Figure 8 Gut microbiota dysbiosis contributes to PD via the immune, endocrine, and nervous systems. (a) Alterations in microbial populations induce gut inflammation,
leading to the disruption of the intestinal barrier and promoting a-syn aggregation. (b) This increased intestinal permeability allows microbial and immune signals to cause
systemic inflammation. (c) Misfolded a-syn is transported from the gut to the brain via the vagus nerve. (d) Compromised BBB and vagal pathways enable a-syn entry,
triggering neuroinflammation and dopaminergic neuron loss in PD. Adapted from'% with permission.

be targeted to inhibit the transmission of misfolded o-syn via the ENS. Finally, optimizing BBB penetration and
implementing controlled release systems could ensure the precise, stimuli-responsive delivery of therapeutic agents to
target sites, maximizing therapeutic efficacy. Accordingly, nanomedicines can be designed to modulate the gut—brain
axis, alleviating PD symptoms and preventing disease progression.
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Strategies for Overcoming Biological Barriers and Multifunctional Design

Strategies That Enable Nanomaterials to Cross the BBB

The BBB remains one of the main pharmacological challenges in the treatment of PD, which prevents most small
molecules and almost all macromolecules from entering the CNS.” To overcome this limitation, endogenous BBB
transport systems and alternative access routes have become increasingly utilized in nanomaterial design. Among these,
receptor-mediated transcytosis has attracted considerable attention. Angiopep-2 can target LRP1 and continuously

enhance the accumulation of polymeric and protein nanocarriers in the brain,''®

the rabies virus-derived peptide
Rabies Virus Glycoprotein 29 (RVG29) can bind to nicotinic acetylcholine receptors to deliver antioxidants and
regulatory RNAs via systemic or intranasal administration.''" Other validated receptor-mediated transcytosis pathways
include transferrin receptor—mediated transport of neuroprotective agents.''? Glucose Transporter 1-mediated transport
using glucose- or trehalose-modified nanodots carrying o-syn modulators,''® and the ApoE-LRPI axis, which can
promote endothelial internalization.''* Ferritin nanocages have been shown to cross the BBB through synergistic
interaction with the transferrin receptor and Scavenger Receptor Class A Member 5.''

In addition to the receptor-specific strategies, adsorptive-mediated transcytosis using cationic peptides such as Trans-
Activator of Transcription provides an additional pathway for the transport of neurotrophic factors.''® Biomimetic platforms,
including macrophage-mimetic vesicles, Poly (2-methacryloyloxyethyl phosphorylcholine)-coated nanocarriers, and
mesenchymal stem cell (MSC)-derived exosomes, use natural membrane components to traverse the BBB and preferentially
accumulate in inflamed brain regions.''”''” Some nanomaterials also exhibit intrinsic BBB permeability: for example, the

chirality-engineered nanozyme Ptzyme@D-ZIF enters the brain through clathrin- and caveolae-mediated pathways,'*’

whereas ultrasmall black phosphorus nanosheets can directly enter the central nervous system and remodel a-syn fibrils. !
Other methods, such as focused ultrasound-mediated BBB opening'® and intranasal drug delivery,'* also offer temporary or
non-invasive approaches to bypass the barrier. Together, these diverse mechanisms form a practical and flexible framework for

constructing nanotherapeutics capable of reaching and modulating the key pathological targets of PD.

Multifunctional Nanomaterials Targeting Multiple Pathological Pathways in PD

Given the multifactorial nature of PD pathology and the convergence of oxidative stress, mitochondrial dysfunction,
neuroinflammation, ferroptosis, and protein aggregation, single-target therapeutics are unlikely to achieve meaningful disease
modification. Therefore, increasing attention has shifted toward integrating multiple therapeutic mechanisms into a single
multifunctional nanomaterial platform. Nanozymes are a particularly effective example: PtCu alloy nanozymes have been
shown to scavenge ROS, inhibit the intercellular transmission of pathogenic a-syn, and reduce dopaminergic neurodegenera-
tion in the PD model.'*?

and catalase-like activity, thus inhibiting mitochondrial oxidative injury and NLRP3 inflammasome activation in the PD-

More recently, Co—Cu diatomic nanozymes have been engineered to couple superoxide dismutase—

related inflammatory microenvironment.'** Single-atom nanozyme platforms combine catalytic, antioxidant, and cytopro-
tective functions within a single Fe-N—C framework to regulate ferroptosis- and inflammation-related pathways in neurode-
generative diseases.'*> A related concept involves microenvironment-responsive engineering: linkers such as thioether bonds
or ROS-responsive polymer shells remain inert in circulation but are selectively activated in the high-ROS or acidic
microenvironment of the substantia nigra, triggering on-demand drug release.'*°

Another complementary strategy focuses on multi-target regulation through biological network interactions.
Extracellular vesicle-based nanotherapies naturally integrate lipids, proteins, and nucleic acids, allowing the simultaneous
modulation of mitochondrial stress responses, synaptic function, glial activation, and cytokine release, while also
providing innate compatibility for delivering therapeutic miRNAs or antioxidant peptides. For example, MSC-derived

exosomes promote repair in PD models by inducing autophagy and inhibiting neuroinflammation, '’

whereas dental pulp
stem cell-derived exosomes protect dopaminergic neurons from 6-OHDA-induced apoptosis.'*® Recent studies have also
highlighted the importance of systemic factors, especially gut-brain axis dysfunction, in driving neuroinflammation and
a-syn pathology, showing that engineered nanomaterials capable of reinforcing intestinal barrier integrity, restructuring
microbial communities, and neutralizing pro-inflammatory metabolites can reduce peripheral inflammation and indirectly

ameliorate central pathology.'?>'*® Studies of metal-microbiome interactions further suggest that nanoplatforms
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modulating microbial metal metabolism may influence the inflammatory and oxidative pathways implicated in PD."*!
Multifunctional designs have also been extended to integrated theranostics. For instance, nanozymes containing iron
oxide cores can be used for magnetic resonance imaging-guided tracking to achieve synchronous monitoring and
therapeutic intervention.'** In conclusion, these advances show that nanotherapy is progressing towards multi-target,
system-level strategies capable of targeting both central and peripheral mechanisms that drive PD progression.

Multifaceted Nanomedicine-Based Therapeutic Strategies for PD
The primary goals of current PD treatment strategies are neuroprotection (preventing dopaminergic neuron damage)'*

and neuro-restoration (slowing or reversing neuronal degeneration).'** While several therapeutic approaches have

135

demonstrated some potential, their effectiveness is hindered by challenges such as limited BBB penetration, -~ sub-

optimal pharmacokinetics,'* and unwanted pharmacodynamic effects.'*” In recent years, advancements in nanomaterial-

140 and oxidative stress management'*' have

based therapies for drug delivery,'*® gene therapy,'*” immune modulation,
created new avenues for PD treatment. This section reviews the latest nanotherapeutic strategies targeting PD-related
pathological processes. Additionally, it discusses design considerations for future nanomedicines, offering insights

guiding the development of more effective nanotherapeutic approaches (Table 1).

Nanomaterial-Mediated Inhibition of a-Syn Aggregation in PD
The role of a-syn in PD progression has been thoroughly explored in previous sections. This section focuses on the recent
advancements in nanomedicines targeting a-syn to mitigate PD.

To maintain a-syn homeostasis, nanoformulations must have the ability to mitigate its abnormal accumulation and
neutralize ROS. Black phosphorus nanosheets (BPNSs) have shown promise in this regard due to their
biocompatibility,'*® BBB permeability,'>® and potent antioxidant properties.'®® BPNSs demonstrate affinity for amyloid
S (AB40), acting as multifunctional nanomedicines for eliminating both a-syn and ROS.'! In vitro, BPNS-PEG-Cy5
nanoparticles were found to exhibit a cellular uptake efficiency of 53.60% =+ 2.465%, confirming their effective
internalization. Thus, they have emerged as promising agents for treating PD (Figure 9A)."*' In a C. elegans PD
model, BPNSs displayed neuroprotective effects against 6-hydroxydopamine-induced neurotoxicity (Figure 9B), reduced
a-syn aggregation, promoted a-syn aggregate degradation, and activated autophagy to enhance a-syn clearance
(Figure 9C). Notably, BPNSs induced the dissociation of a-syn fibrils after 24 h of treatment (Figure 9D), reducing
ThT fluorescence to 37.38% of baseline, markedly lowering both cellular and mitochondrial ROS, and restoring LC3B
puncta from approximately half the levels detected in the control back to baseline levels (Figure 9E and F).

Membrane binding is a critical mechanism in the pathogenesis of a-syn-associated PD.'®* The engineered nanocha-
perone aS-nChap was found to inhibit fibril formation by binding to monomeric a-syn, preventing its oligomerization
and reducing ThT fluorescence by 90% at 72 h, and promoting the lysosomal degradation of aggregates, thereby lowering
intracellular o-syn deposition from 64.6 + 10.1% to 16.2 + 8.3%.'** However, the BBB poses a significant challenge,
limiting drug delivery to the brain parenchyma. To address this, a self-targeting nanotherapeutic platform (PR-EXO
/PP@Cur) was developed for synergistic PD treatment.”® This system integrated curcumin, which promotes o-syn
clearance, with MRI-tracked superparamagnetic iron oxide nanoparticles (SPIONs). These components were encapsu-
lated within a MSC -derived shell modified with the RVG29 peptide for neuron-specific targeting. Upon intranasal
administration, the nanocarrier could cross the nasal-brain barrier, target dopaminergic neurons via acetylcholine
receptor recognition, and release its payload (miR-133b, which promotes neuroregeneration, and curcumin for a-syn
clearance and anti-inflammatory effects) through membrane fusion and ROS-triggered micelle disintegration. This triple-
action platform integrated real-time tracking, BBB penetration, and microenvironment-responsive drug release, offering
a precise and minimally invasive approach for comprehensive PD management.

To design a nanomedicine targeting a-syn for PD treatment, the following critical factors must be considered: (1) Targeting
a-syn aggregation: The nanodrug should inhibit a-syn aggregation and induce the disaggregation of pre-formed toxic fibrils to
mitigate neurotoxicity; (2) Antioxidant properties: The nanodrug should efficiently scavenge ROS to protect neurons from
oxidative stress; (3) BBB penetration: The nanodrug must effectively cross the BBB to deliver therapeutic agents to brain
cells; (4) Nanomaterial selection: Multifunctional nanomaterials, such as BPNSs, should be selected owing to their high
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Table | The Application of Nanomaterial-Based Platforms for Neuroprotection and Neuronal Restoration

pathway

Nanoplatform | Cargo Size (nm) Zeta Potential | Drug Loading Mechanism of Action BBB-crossing Administration References
(mV) (DL)/ Entrapment Mechanism Route
Efficiency (EE) (%)
Nanosheets Black phosphorus 50-60 -10 / a-syn, ROS scavenging, Penetration In vivo injection [121]
degeneration
Nanoparticles a-Syn oligomers 61.3+94 —1.76 +15.80 / Dynamic capture / Intracellular [142]
Nanoparticles Curcumin, miR-133b 148.8 -16.7 75.53 Synergistic treatment Multiple membrane | Nasal [20]
barriers
Nanoparticles Minocycline, Fe304 70-200 —26.2 91.07 ROS reduction, Photothermal Injection + NIR [143]
neuroprotection effect irradiation
Nanoparticles Triterpenoids 152 + 12 / / Antioxidation, Cellular uptake / [144]
mitochondrial protection
Nanoparticles Triterpenoids 18 -16.3 7.1 Akt signaling pathway Ultrasound- Intravenous injection [145]
mediated
Nanoparticles ROS scavengers 106 =17 / ROS scavenging, Bypasses the BBB Intracerebroventricular | [146]
inflammasome inhibition injection
Nanoparticles Nanozyme-integrated ~70 (D-ZIF)/ | +18.4 (D-ZIF)/ / ROS scavenging, apoptosis, | Endocytosis Intravenous injection [120]
chiral ZIFs ~82 (L-ZIF) +25.05 (L-ZIF) ferroptosis inhibition
Nanosheets DFO 144.7 —47 86.5 Ferroptosis inhibition BBB penetration Intravenous injection [147]
Nanoparticles ACSL4-siRNA 147.5 / / ACSL4 targeting, Microglial Intraperitoneal injection | [148]
ferroptosis modulation membrane
modification
Nanoparticles pDNA, trehalose 38.1 -1.7 5.23 £0.21 ROS-responsive Glut-1-mediated Intravenous injection [149]
degradation transcytosis
Nanoparticles Melatonin 116.8-129 / 14.3/ 47.18 Mitophagy enhancement Paracellular Intraperitoneal injection | [150]
transport,
endocytosis
Nanoparticles SACs Pt/CeO, 159.06 1199 £ | / ROS scavenging, Mitophagy | BBB penetration Intravenous injection [I51]
Nanocapsules Catalase 59 +92.1 -22 0310 Neuroinflammation BBB penetration Intravenous injection [152]
mitigation
Nanoparticles Zr-FeP 200 / / ROS scavenging, NLRP3 Mannitol-modified Intravenous injection [153]
inhibition
Nanoparticles DT 122.5 —13.83 + 0.45 39.67 Nrf2-GPX4 activation, M2 | CCR2-mediated Intravenous injection [154]
polarization chemotaxis
Exosome-like tFNAs, AMP 150 —40.24 / Microbiota regulation MGBA modulation | Oral [155]
nanovesicles
Microsphere GABA, GCSF, GLP-1 150 um / / Gut-brain axis regulation MGBA modulation | Oral [156]
Nanoparticles GABA 68 + 57 0.7 £ 0.04 / GABA, p38MAPK/NF-xB GABA modulation | Oral [157]
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Figure 9 (A-C) Schematic illustration showing the neuroprotective effect of BPNSs in C. elegans and mouse models of PD. (D) Transmission electron microscopy (TEM)
images of pre-formed a-synuclein fibrils at different time intervals (I, 3, 5, and 7 days) in the absence (top) and presence (bottom) of BPNS treatment; scale bars: 100 nm (E)
Mitochondrial ROS scavenging effects of BPNSs in cell models of PD, with white squares indicating magnified regions; white scale bars = 10 pm (main) and 5 ym (detailed).
(F) Effects of BPNSs on the expression levels of LC3B in PCI2 cells after transfecting a-syn Aggregation Assay Kit and A53T plasmids for 48 h; white arrows indicate co-
localization of a-syn and LC3B. Scale bar, 5 um. Adapted from
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affinity for a-syn and their antioxidant properties; (5) Membrane binding and a-syn interaction: The nanodrug should inhibit
the binding of a-syn to lipid membranes to prevent aggregation; (6) Synergistic action: The nanomedicine should provide anti-
aggregation, anti-inflammatory, and neuroprotective effects to enable comprehensive treatment; (7) Real-time monitoring and
targeting: Nanocarriers with real-time tracking abilities should be employed to monitor drug distribution and efficacy. Overall,
addressing these factors will facilitate the development of a comprehensive and effective a-syn-targeting nanodrug for PD
treatment.

Nanomaterials as Apoptosis Modulators in PD

In the previous section, we explored the associations between excessive oxidative stress, mitochondrial dysfunction,
apoptosis, and PD progression. Although ROS dysregulation and neuroinflammation serve as upstream triggers, recent
nanomaterial-based approaches increasingly emphasize the direct regulation of apoptotic pathways. This section reviews
the latest advancements in nanomaterials designed to inhibit neuro-apoptosis for PD treatment by modulating key
apoptotic nodes, including caspase activation, the BCL-2/BAX ratio, and mitochondrial membrane permeabilization.

Emerging research indicates that minocycline, a tetracycline antibiotic, exerts neuroprotective effects in PD by
reducing microglial activation'®® while inhibiting pro-inflammatory cytokine (eg, IL-1B) production'®* and ROS accu-
mulation, thereby attenuating downstream caspase-3—mediated signaling and mitigating apoptosis. Photosensitizer-based
nanoplatforms such as iron oxide (Fe;0,4) NPs can enhance drug delivery to the brain by mediating photothermal effect-
induced BBB traversal upon near-infrared (NIR) light irradiation.'*> When minocycline (MIN) is loaded into hollow
porous Fe;O4 NPs (Fe;O04-MIN NPs) and activated by NIR, it improves BBB penetration in PD models, promotes
cerebral drug accumulation, and scavenges ROS. This leads to the inhibition of caspase-3 activation and protects
dopaminergic neurons from apoptotic death.

Extracellular vesicles (EVs) are membrane-bound particles with sizes ranging from the nanometer to the micrometer
scale. These vesicles are released by cells in response to various physiological and pathological stimuli.'®> Owing to their
intrinsic biocompatibility and cell-targeting potential, EVs have emerged as next-generation nanocarriers and are known
to overcome several biological barriers. EVs from Salvia sclarea and Salvia dominica have been isolated using plant
hairy root bio-factories and meticulously characterized.** These plant HR-derived EVs have been found to mitigate
6-hydroxydopamine-induced neurotoxicity and apoptosis, highlighting their potential as innovative therapeutics for PD
management. Moreover, the EVs reduce cleaved caspase-3 levels while preserving neuronal viability, demonstrating
a specific anti-apoptotic effect that extends beyond antioxidant effects.

Neuronal apoptosis in PD is linked to an altered BCL-2/BAX ratio'®® and elevated caspase-3 activity,'®” underscoring the
need for therapies that preserve synaptic integrity. Targeting Akt kinase, which regulates cell survival and neurogenesis, can
enhance the BCL-2/BAX ratio and inhibit apoptotic signaling. SC79, a small-molecule Akt phosphorylation agonist, has
demonstrated potential in alleviating excitotoxicity and has been encapsulated in Cu,_,Se NPs to improve its BBB penetration.
The release of Cu®" ions from these NPs has been found to promote neuronal proliferation and migration via Akt and ERK
pathway activation. Additionally, evidence shows that coating the NPs with RAW 264.7 cell membranes (CSS@CM NPs)
enables the precise targeting of neurons via a431-VCAM-1 interactions, enhancing neurite outgrowth, reducing synaptic
degeneration and apoptosis, and improving therapeutic efficacy in PD models (Figure 10A).'* Notably, it also directly
modulates intrinsic apoptotic pathways by restoring the BCL-2/BAX ratio, suppressing cleaved caspase-3, and maintaining
mitochondrial membrane potential (Figure 10B). In MPP"-induced neurotoxicity models, the co-administration of the Akt
inhibitor MK-2206 reverses the effect of CSS@CM NPs on cleaved caspase-3 expression and the BCL-2/BAX ratio
(Figure 10C and D). This effect is mediated by the elevation of the p-Akt/Akt ratio (Figure 10E and F). Additionally,
CSS@CM NPs mitigate MPP "-induced apoptotic cell death, as evidenced by the quantification of the cellular apoptosis ratio
(Figure 10G). Furthermore, JC-1 staining shows that the mitochondrial membrane potential is preserved following CSS@CM
treatment (Figure 10H). In vivo, CSS@CM-SC79 administration can restore the expression of tyrosine hydroxylase (TH),
IBA-1, and GFAP to near-normal levels, reflecting the attenuation of synaptic damage and recovery from apoptosis.

Building on these characteristics, the design of apoptosis-targeted nanoplatforms for PD should consider the
following: (1) Optimizing BBB penetration through photothermal/photoacoustic triggers or receptor-mediated targeting
for enhanced brain accumulation; (2) Constructing multifunctional payloads showing anti-inflammatory, antioxidant, and
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Figure 10 (A) CSS@CM NPs promote neurite outgrowth, inhibit apoptosis, and protect neurons from synaptic damage in PD models. (B) CSS NPs enhance BCL-2
expression and inhibit BAX signaling in MPP*-treated cells. (C and D) Western blot analysis shows differences in p-Akt and Akt expression between untreated PCI2 cells
and PCI2 cells treated with SC79, CSS NPs, and CSS NPs + MK2206. (E and F) BCL-2, BAX, and cleaved caspase-3 levels in different groups of cells. (G) Apoptosis rates
analyzed by flow cytometry. (H) and mitochondrial depolarization observed via JC-1 staining and CLSM; white scale bars = 10 pm. Statistical significance assessed using the
Student’s t-test (mean % SD, *P < 0.05, *P < 0.01, and ***P < 0.0001). Adapted from'*® with permission.
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neurotrophic effects with gene/nucleic acid therapeutics and designing stimuli-responsive release mechanisms for precise
control; (3) Enhancing biocompatibility and immune evasion using plant- or mammalian cell-derived EVs, biomimetic
membranes, PEG modifications, or “don’t eat me” signals while minimizing long-term accumulation; (4) Inducing the
targeted inhibition of dopaminergic neuron apoptosis through the suppression of neuroinflammation, ROS scavenging, or
the activation of the PI3K/Akt/CREB axis; (5) Beyond anti-apoptotic effects, achieving synergistic anti-inflammatory,
antioxidative, and neuroregenerative effects. By focusing on these aspects, a comprehensive and effective nanodrug for
PD treatment via apoptosis inhibition could be developed.

Nanomaterials Suppressing Pyroptosis Pathways in PD

As discussed previously, pyroptosis is closely linked to the release of inflammatory factors that cause tissue damage and
exacerbate neuroinflammation, contributing to PD progression. This section explores the nanomedicine strategies aimed
at targeting pyroptosis for PD treatment, with a particular focus on the molecular execution processes of this pathway,
including caspase-1 activation, GSDMD cleavage, and pore formation, which distinguish pyroptosis from general
inflammatory signaling.

As discussed earlier, there are several mechanisms through which pyroptosis contributes to PD. The NLRP3 inflamma-
some, expressed in microglia, plays a central role in PD progression. In the presence of PAMPs or DAMPs, the NLRP3
inflammasome is rapidly assembled in microglia, leading to the activation of caspase-1."® This, in turn, cleaves the IL-1p
precursor into its mature form, stimulating pro-inflammatory responses and cleaving GSDMD to initiate the membrane pore
formation that executes pyroptosis. Therefore, blocking NLRP3 is a critical strategy for treating PD.'®

Over the past decade, artificial nanozymes have garnered increasing interest due to their adjustable catalytic
activities,'’® multifunctional enzyme-like activities,'’' and high stability.'”> Prussian blue, an FDA-approved antidote
for poisoning caused by thallium and other radioactive elements,'’® has been combined with nanozymes to develop
Prussian blue nanozyme (PBzyme). Notably, PBzyme exhibits intrinsic enzyme-mimicking catalytic functions, including
ROS scavenging (eg, *OH, *OOH, H,0,).'"*® Additionally, PBzyme also functions as a direct pyroptosis inhibitor,
mitigating PD progression by suppressing the assembly of the NLRP3 inflammasome and subsequent GSDMD-mediated
membrane rupture, which is characteristic of pyroptotic cell death. Furthermore, PBzyme can inhibit microglial
pyroptosis in both in vivo and in vitro PD models (Figure 11A). The cytoprotective effect of PBzyme, mediated by
pyroptosis attenuation, is evidenced by its ability to reduce pore formation in BV2 cells (Figure 11B). Western blot
analysis has confirmed that PBzyme significantly suppresses the expression of cleaved caspase-1 and cleaved GSDMD,
both of which are markedly upregulated by MPTP/ATP treatment (Figure 11C-E). This indicates that PBzyme can
attenuate microglial NLRP3 inflammasome activation and disrupt the execution phase of pyroptosis. Furthermore,
PBzyme reduced IL-1 and IL-18 levels in BV2 cells, as evidenced by enzyme-linked immunosorbent assay (ELISA)
results (Figure 11F and G). Meanwhile, immunocytochemical staining showed that PBzyme treatment can diminish
NLRP3 expression and ASC speck formation in MPTP/ATP-treated microglia (Figure 11H). Furthermore, immunofluor-
escence staining for TH, a marker of dopaminergic neurons, confirmed that PBzyme treatment significantly preserves
TH-positive cells in MPTP/ATP-treated cultures (Figure 111). Finally, PBzyme was also found to ameliorate the
mitochondrial depolarization induced by PD pathology (Figure 11J).

Inspired by the pyroptosis-targeting strategies of PBzyme, some key considerations for designing nanoparticle (NP)-
based therapeutics for PD can be identified. These include: (1) Elucidating the role of pyroptosis in PD, particularly with
regard to GSDMD cleavage, pore formation, and the accompanying cytokine release and using nanomaterials to
modulate this pathway to prevent neuronal loss; (2) Targeting the NLRP3 inflammasome, which is activated by oxidative
stress and a-syn aggregation, to halt pyroptosis at both the inflammasome assembly and execution stages; (3) Utilizing
nanozymes to scavenge ROS and block the biochemical triggers required for NLRP3 activation and subsequent GSDMD
processing, thereby mitigating PD progression; (4) Preserving mitochondrial function, as mitochondrial dysfunction is
central to PD pathogenesis. Nanomaterials designed based on such strategies hold significant promise in directly
modulating pyroptotic signaling while also alleviating neuroinflammation and inhibiting the progression of PD.
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Adapted from ™ with permission.
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Nanomaterials Restoring Ferroptosis in PD

In the previous section, we discussed the mechanism of ferroptosis and its relationship with PD. As a form of cell death
induced by iron overload and lipid peroxides, ferroptosis has been implicated in the early stages of PD, often preceding
apoptosis.'”* Given the role of ferroptosis in PD progression, this section focuses on emerging nanotherapeutic strategies
designed to target ferroptosis and provide neuroprotection.

Traditional therapies utilizing free enzymes often fail to meet clinical requirements due to their susceptibility to
inactivation,'” short half-life,'”® and limited membrane permeability.'’” Therefore, when developing nanomedicines for
PD, it is crucial to optimize antioxidant activity, stability, retention time, and transmembrane transport capacity. In recent
years, various nanozymes with superoxide dismutase (SOD)-,'’® catalase-,'”* and uricase-like activities'** have been explored
for biomedical applications. To address the neuronal damage caused by PD-related excessive ROS production and inflam-
matory dysregulation, novel nanozyme platforms, Ptzyme@L-ZIF and Ptzyme@D-ZIF, were designed.'?® These systems
incorporated chiral metal-organic frameworks (MOFs) that encapsulate Ptzymes within L- and D-type chiral ZIF shells,
designed to target both apoptosis and ferroptosis in PD. The protective effects of these agents against oxidative stress in PD
mouse brains were evaluated by measuring ROS and malondialdehyde (MDA) levels (Figure 12A). Ptzyme@D-ZIF
demonstrated superior ROS scavenging capabilities when compared to Ptzyme@L-ZIF (Figure 12B), with significantly
lower MDA levels observed after Ptzyme@D-ZIF treatment in MPTP-induced PD mouse models (Figure 12C). Moreover, the
expression of the neuroinflammation markers GFAP and Iba-1 was markedly reduced in MPTP-induced PD mice following
Ptzyme@D-ZIF treatment, and the gene expression levels of pro-inflammatory factors like TNF-a, IL-6, and IL-1f were also
downregulated (Figures 12D-G). Importantly, the enhanced brain accumulation of Ptzyme@D-ZIF can be attributed to its
superior BBB penetration via clathrin- and caveolae-mediated transcytosis, as well as its prolonged plasma residence time
relative to the L-enantiomer. In conclusion, Ptzyme@D-ZIF not only exhibited strong cascade SOD- and catalase-like
mimetic activity but also demonstrated efficient brain penetration, improved brain accumulation, and plasma stability, offering
a promising ferroptosis-targeted therapeutic strategy for PD.

The labile iron pool (LIP) is a critical driver of ferroptosis within dopaminergic neurons in PD, as it disrupts iron
homeostasis and promotes ROS generation.”' The LIP serves as a rapid source of Fe?" and Fe®" and excess free Fe**
reacts with H,O, to generate Fe’”, causing ion dyshomeostasis, lipid peroxides accumulation, and ferroptosis.'** To halt
this cascade, engineered deferoxamine (DFO)-integrated nanosheets (BDPR NSs) that target the LIP were developed in
a previous study.'*’ Functionalized with the RVG29 peptide and nicotinic acetylcholine receptor ligands, these
nanosheets showed enhanced BBB penetration. Owing to polydopamine (PDA) loading, the BDPR NSs could effectively
deliver DFO to mitochondria in PD models, reducing mitochondrial Fe** and ROS accumulation. This chelation of free
iron and consumption of ROS mitigated LIP dysregulation and prevented LPO, thereby providing neuroprotection.

Beyond targeting iron homeostasis, the modulation of ACSL4 expression has also shown therapeutic potential in PD.
ACSLA4 inhibition alleviates behavioral deficits, reduces neuroinflammation, and protects against neuronal degeneration in
PD."® Evidence shows that RNA interference (RNAI), via small interfering RNAs (siRNAs), can be employed to target
ACSLA4. However, due to the inherent instability of siRNAs, NP-based delivery systems are essential for protection and
targeted delivery. To enhance BBB penetration, PLGA NPs can be modified with cell membranes. One such integrated
delivery system, GM@ACSL4-siRNA/NPs — consisting of LPS-stimulated microglial cell membrane-coated PLGA NPs —
was developed to cross the BBB and target the SN in PD mouse models. This system restored iron homeostasis, serving as an
effective intervention for PD-related ferroptosis.'*® This integrated approach that targeted both the LIP and ACSL4 offered
a comprehensive strategy for mitigating ferroptosis and providing neuroprotection in PD.

Designing nanoplatform-based drugs for ferroptosis therapy in PD requires the careful consideration of several key
factors to enhance efficacy and specificity: (1) Targeting the mechanism of ferroptosis, specifically iron overload and
LPO; (2) Enhancing antioxidant activity through SOD and catalase mimetic functions; (3) Reducing neuroinflammation
by downregulating pro-inflammatory cytokines such as TNF-q, IL-6, and IL-1p; (4) Ensuring effective BBB penetration
for optimal brain delivery; (5) Incorporating iron-chelating agents, such as deferoxamine, to regulate the LIP and
suppress ROS generation; (6) Ensuring the stability, prolonged half-life, and biocompatibility of the nanomaterials. In

conclusion, a well-designed nanodrug system targeting ferroptosis holds significant potential for effective PD treatment.
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Nanomaterials as Autophagy Modulators in PD

As discussed, autophagy dysfunction exacerbates a-syn aggregation and accelerates PD progression. Thus, targeting
autophagy to clear protein aggregates could help in PD treatment. This section discusses some nanomaterials designed to
modulate autophagy pathways for effective PD management.

Recent advances in gene therapy show potential in inhibiting a-syn synthesis but fail to eliminate pre-formed
aggregates. In this context, trehalose has been explored for its ability to modulate autophagy and promote a-syn
degradation.'® However, both gene therapy and trehalose treatment show limited efficacy due to BBB-related brain
delivery challenges. Glucose transporter 1, which facilitates glucose uptake into the brain, can be leveraged to enhance
nanomaterial delivery across the BBB. Using this approach, researchers developed ultra-small, positively charged
particles with surface carboxyl groups called polymer dots (CDs) and functionalized them with glucose and trehalose
via PEG and ROS-sensitive thioketal linkers. These NPs were subsequently loaded with plasmid DNA (pDNA) to
generate Glu-Tre-PEG-CDs@pDNA NPs.'* This multifunctional system successfully silenced SNCA gene expression,
restored autophagy, and alleviated a-syn-induced neurotoxicity, providing a novel therapeutic approach for PD.

Mitophagy, the selective autophagic degradation of damaged mitochondria, also plays a critical role in PD. Mutations in

184

key mitophagy regulators such as PINKI'®® and Parkin'®* are thus associated with autosomal recessive PD. Impaired

mitophagy leads to the accumulation of dysfunctional mitochondria and increased oxidative stress. Melatonin, a well-

%% and neurotransmitter,'® promotes mitophagy through receptor-mediated pathways, ubiquitin-

known antioxidant
independent mechanisms,'>® and the activation of the PINK I-Parkin pathway, thereby mitigating the oxidative stress caused
by mitochondrial dysfunction.'>® Polycomb group proteins, particularly the BMI1 complex, also regulate mitophagy via
chromatin modifications. In one study, human serum albumin NPs (HSAnps) loaded with melatonin (M@HSA NPs) were
found to modulate BMI1-PTEN interactions, reduce neurotoxicity, and alleviate PD symptoms, highlighting the potential of
mitophagy modulation for PD treatment.'>® However, despite the potential of inorganic catalytic NPs in inducing mitophagy
and suppressing ROS production, challenges such as limited brain-to-blood ratio, complicated synthesis, and large particle
size (>10 nm) still remain. However, natural antioxidants like lycopene, a carotenoid known for its high singlet oxygen ('O,)
scavenging capacity, offer an alternative approach to modulate autophagy in PD and overcome these challenges.'*® However,
the therapeutic potential of lycopene is also hindered by its low retention time, poor BBB penetration, and limited bioavail-
ability. To address these limitations, a biocompatible neural enrichment platform was developed using recombinant human
H-ferritin (rHuHF) nanocages.'®” These nanocages, which supported receptor-mediated transcytosis across the BBB and
contained an ideal loading cavity, were modified with lipophilic triphenylphosphonium (TPP). The NPs could easily cross the
BBB and subsequently enhance mitochondrial homeostasis, and promote PINK 1/Parkin-mediated mitophagy in dopaminer-
gic neurons, offering a viable PD therapeutic strategy.

Cost-effective inorganic catalysts with multi-enzyme activities and high stability are emerging as agents for combating
ROS production. Single-atom catalysts (SACs), which demonstrate superior ROS decomposition kinetics, have shown
promise in reducing neuroinflammation. However, they primarily eliminate extracellular and cytoplasmic ROS, without
addressing the root cause of ROS generation. Moreover, the ROS levels often rebound following catalyst removal. Studies
show that Pt/CeO, not only decomposes ROS but also decreases the cytoplasmic NAD+/NADH ratio, facilitates the
dissipation of mitochondrial membrane potential (Aym), and indirectly induces mitophagy. To improve BBB penetration,
Pt/CeO, NPs can be coated with an activated HL-60 cell membrane (AHM) and functionalized with RVG29, leading to the
fabrication of the RVG29@AHM@Pt/CeO, NP system (Figure 13A).">" In cells with CCCP-induced mitochondrial
membrane potential loss, treatment with Pt/CeO, led to NP accumulation in mitochondria owing to electrostatic attraction
(Figure 13B). JC-1 staining confirmed a marked reduction in Aym after treatment with Pt/CeO, (Figure 13C). Further,
mitochondrial autophagosome and lysosomal co-localization assays demonstrated robust mitophagy induction after Pt/CeO,
treatment (Figures 13D-F). These findings validate the ability of RVG29@AHM@Pt/CeO, to induce autophagy and enhance
mitophagic activity.

In conclusion, PD pathophysiology involves a-syn aggregation, mitochondrial and lysosomal dysfunction, and
mutations in autophagy-related genes. Nanoparticle-based strategies can address these challenges by integrating three
essential features: (1) BBB penetration, (2) Nuclear localization, and (3) Cell-specific targeting. This could enhance the
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translational potential of a-syn-targeted gene therapies. To effectively alleviate mitophagy defects, the focus should be
placed on key molecular mechanisms, including (1) Hypoxia-induced mitophagy, (2) Aym-dependent mitophagy, and (3)
Key regulatory proteins associated with mitophagy. By targeting autophagy and mitophagy, integrated nanomaterial-
based strategies could offer a comprehensive approach for restoring cellular homeostasis and mitigating cellular
dysfunction in PD.

Nanomaterials Mitigating Neuroinflammatory Responses in PD

Although neuroinflammation is initially protective, its persistence can become detrimental, causing oxidative stress, o-
syn aggregation, and neuronal damage and impairing cellular degradation systems. Collectively, these alterations
contribute to PD progression. This section highlights emerging nanotherapeutic strategies that target oxidative stress
and neuroinflammation in PD.

Conventional nanocarriers can accumulate within the neuronal milieu and hinder microglial phagocytosis.'** Thus, there is
an urgent need for carrier-free, biocompatible nanomaterials that are capable of delivering multi-modal treatment agents for
PD management. Carrier-free nanocapsules, fabricated from DA and 4-formylphenylboronic acid, show superior biocompat-
ibility and do not exhibit the safety issues inherent to exogenous carriers. By incorporating cyclo (CRGDfK) (cRGD)-
modified catalase into these nanocapsules, one study exploited the elevated integrin expression on brain endothelial cells in PD
to enable targeted delivery at lesion sites and mitigate neuroinflammation.'>> Moreover, the peptide ligand Angiopep-2 (Ang),
which shows high affinity to low-density lipoprotein receptor-related protein-1 (LRP-1) at the BBB, was also previously used
to achieve efficient BBB transcytosis.'®’ This carrier-free nanoformulation effectively shielded DA from oxidation while
concurrently ensuring targeted delivery at lesion sites, providing comprehensive PD therapy. Recent studies have also shown
that regulating chemokine communication between neurons and immune cells can block the amplification of inflammatory
responses. Based on a similar carrier-free concept, a microgel based on functional monomers was assembled to prevent the
rigidity and safety issues of traditional carriers. In this carrier, MPC enabled acetylcholine-like BBB targeting, while PDA
degradation supplied dopamine to support neurogenesis. Moreover, Cu—PDA—imidazole networks enabled stable SOD/CAT-
like cascade catalysis to reduce oxidative stress. By lowering neuronal ROS levels and limiting microglial activation, the
microgel could inhibit CX3CL1 release and suppress CX3CR1-dependent NF-kxB-NLRP3 signaling, thereby producing
synergistic anti-inflammatory and neuroprotective effects.'*’

Meanwhile, other studies have shown that targeting neuroinflammation via strategies like modulating the NLRP3
inflammasome can also boost anti-PD therapeutic efficacy. NLRP3 activation leads to the release of pro-inflammatory
cytokines like IL-6 and IL-1pB, exacerbating inflammation and promoting dopaminergic degeneration.'”’ To combat this,
MOF-derived nanozymes with a high surface area, good porosity, and diverse functional groups have been developed to
enhance gas adsorption and storage, catalytic activity, and molecular sieving.'”? Specifically, a hollow spherical Zr-FeP
MOF nanozyme, coordinated with Fe-TCPP (Fe-5,10,15,20-tetra(4-carboxyphenyl) porphyrin), benzoic acid, and triphe-
nylphosphine, was engineered to target NLRP3-mediated inflammation.'>® This nanozyme was functionalized with
ligand-targeting moieties and conjugated with mannitol (Man) to enhance delivery at the site of inflammation.
Treatment with Zr-FeP MOF@Man liposomes was found to alleviate mitochondrial dysfunction. ROS levels were
reduced by approximately 130% and MDA levels by 44%.

While conventional microglia-targeted therapies can transiently reduce neuroinflammation, they fail to address the
sustained influx of peripheral immune cells. This perpetuates a hyperactivated cerebral immune environment in PD."* To
restore the neuroimmune balance, an EV-based nanoformulation (EVN) that suppresses microglial inflammation and
prevents peripheral immune cell infiltration was engineered.'>* C-C motif chemokine ligand 2 (CCL2), a key chemokine
secreted by activated microglia and astrocytes, binds to C-C chemokine receptor 2 (CCR2), causing CCR2 overexpres-
sion at the lesion site in PD. This interaction further drives inflammatory factor release from microglia, further
exacerbating the imbalance in the brain’s immune environment. In this context, EVNs can be engineered to modulate
immune responses and restore homeostasis. In a previous study, EVNs conjugated with the MG1 peptide displayed
selective affinity for pro-inflammatory M1 microglia, enabling targeted delivery. To inhibit the CCR2—-CCL2 axis,
mesenchymal stem cell-derived EVs enriched with CCR2 (MSC““®? EVs) were engineered as delivery shells. Recent
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studies have also shown that engineered EVs derived from human umbilical cord MSCs can regulate microglial
activation and inhibit NLRP3-associated neuroinflammation in PD models.'**

Nrf2 is a transcription factor regulating anti-inflammatory responses via the Keap1-Nrf2 system.'®> Dihydrotanshinone
I (DT), an active compound from Salvia miltiorrhiza, promotes the nuclear import of Nrf2 and inhibits its export.'”® By
loading DT into MSC““®? EVs and integrating them with diselenide-bridged mesoporous silica NPs (MSeN-DT), targeted
delivery to high-ROS environments can be achieved, eliminating over-oxidation via enhanced Nrf2 expression (Figure 14A).
In a previous study on this system, immunofluorescence imaging showed reduced Iba-1 expression following EVN treatment
(Figure 14B). EVN administration induced a shift from the M1 to the M2 phenotype in SN microglia: CD86" M1 cells were
downregulated, such that CD206" M2 cells were markedly upregulated (relative to the PBS group) (Figure 14C). Furthermore,
the EVN's significantly reduced GFAP expression in the SN (Figure 14D). Additionally, they downregulated pro-inflammatory
markers (TNF-o, IL-6) and upregulated anti-inflammatory factors (IL-10, Arg-1) in the striatum, creating a favorable anti-
inflammatory environment (Figure 14E-H). These results confirm that EVNs can promote the DT-dependent activation of the
Nrf2-GPX4 pathway, facilitate M2 polarization, restore neuronal function, and provide potent anti-inflammatory effects,
collectively offering a synergistic nanotherapeutic strategy for PD.

When designing nanoplatform-based therapies targeting neuroinflammation in PD, several key aspects should be
prioritized: (1) Microglial targeting: Nanomedicines should specifically target M1 microglia and promote their polariza-
tion toward the anti-inflammatory M2 phenotype; (2) Antioxidant delivery: The effective delivery of antioxidants is
critical for reducing ROS levels and alleviate neuroinflammation in PD; (3) Improved BBB penetration: Ligand-
functionalized NPs should be employed to ensure efficient BBB crossing and brain accumulation; (4) Immune modula-
tion: The activation of key regulatory pathways such as the Nrf2-GPX4 pathway can modulate the immune response and
support neuronal survival; (5) NLRP3 inflammasome inhibition: Nanoparticles that suppress NLRP3 inflammasome
activation can alleviate chronic inflammation and protect dopaminergic neurons. Neuroinflammation-targeting nanother-
apeutic strategies developed based on these principles offer significant promise in improving PD management and
slowing down disease progression.

Nanomaterials Modulating Gut Microbiota for PD Therapy

The gut-brain axis is a complex bidirectional communication network between the gut microbiota and CNS, affecting
behavior, immune responses, and neurochemical signaling. In PD, gastrointestinal symptoms often exacerbate both motor
and non-motor impairments. As gut microbiota influence neurotransmitter function and disease progression, the gut—
brain axis has garnered growing interest as a target for PD treatment.

8 and

Emerging evidence indicates that gut commensals such as Escherichia coli (E. coli),'®’ Segmentomycetes,"”
Akkermansia muciniphila*®® contribute to the initiation and progression of PD by modulating immune responses and
influencing neural activity. DNA-based nanomaterials, particularly tetrahedral framework nucleic acids (tFNAs), have

201 and biocompatibility.’** These tFNAs can be engineered with

gained attention for their programmability,”’° stability,
antimicrobial peptides and targeting ligands to precisely modulate the gut microbiota for PD therapy. Interestingly, EVs
offer a promising platform for the delivery of these agents, enabling the targeted release of tFNAs to modulate
macrophages, microglia, and enteroendocrine cells.'> This approach not only alleviates neuroinflammation but also
enhances serotonin and dopamine precursor synthesis, mitigating a-syn deposition.

Optogenetic techniques, in which light is used to induce gene expression in engineered gut microbes, also provide
a non-invasive and efficient strategy to control microbial activity in the gut.”*®> To ensure precise delivery to the small
intestine, Lactococcus lactis can be encapsulated in pH-responsive sodium alginate microspheres, which ensures payload
release in the small intestine. Meanwhile, modification with proton-dependent transporter 1 (PepT1) facilitates targeted
delivery. Engineered Lactococcus lactis strains, designed to synthesize therapeutic compounds such as GABA, GCSF,
and GLP-1 upon light irradiation, can serve as powerful tools to modulate PD pathology.'>® These strains can be
manipulated through an optogenetic NIR-light-triggered upconversion nanosystem, enabling precise CNS modulation via
the gut-brain axis. Such integrated nanoplatforms provide a promising multi-modal approach for addressing PD through
targeted gut microbiota modulation and neural signaling enhancement. In addition to intestinal-guided optogenetic
regulation, the nano-optogenetic platform could also realize minimally invasive control of PD-related neural circuits. Up-
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Figure 14 (A) Schematic illustration showing the preparation of extracellular vesicle-based nanoformulations overexpressing CCR2 and their therapeutic role in PD. (B)
Representative immunofluorescence images and corresponding quantitative analysis of Iba-| expression (red) in the SN of mice (n = 3). (C) Phenotypic analysis of microglial
cells in the midbrain of mice via flow cytometry and the corresponding percentage of CD86" and CD206" microglial cells under different conditions (n = 3). (D)
Representative immunofluorescence images and corresponding quantitative analysis of GFAP (red) in the SN of mice (n = 3). (E) IL-10, (F) Arg-1, (G) TNF-q, and (H) IL-6
expression in the striatum of mice (n = 5). I: sham, II: PBS, IlI: MSCER2 Evs, IV: MSeN-DT, and V: EVN. Adapted from'>* with permission.
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conversion nanoparticles (UCNPs) convert near-infrared light into visible light, which can activate deep motor nuclei

204 Wireless transcranial

expressing opsins and restore basal ganglia activity in PD models without implanted fibers.
systems combining UCNPs with high-sensitivity opsins can further achieve two-way intracranial regulation of subcor-
tex—striatum projections under near-infrared irradiation, enabling precise circuit control while minimizing tissue
damage.?% In addition to intestinal-based optogenetic regulation, these nanotechnology-driven neuroregulation strategies
demonstrate how phototransresponsive materials enable multi-level interventions along the intestinal-brain axis, provid-
ing a unified and tunable platform for next-generation PD treatment.

Microbial therapies aimed at short-chain fatty acid (SCFA) generation have demonstrated therapeutic efficacy against
conditions such as colorectal cancer,?’ enteritis,”"” and diabetes mellitus.?® Given the vulnerability of microbial therapeutics
to environmental stressors during gastrointestinal transit, strategies to enhance microbial resilience are essential. In this regard,
an intelligent microbial therapy agent inspired by dormant bodies, which is activated within 648 h and is then eliminated, has
shown considerable promise.””” A recent study described an efficient strategy for fabricating biomimetic dormant bodies. This
strategy involved coating with a pH-responsive anionic copolymer of methacrylic acid and ethyl acrylate (L30D-55) through
supramolecular self-assembly at the biological interface. These structures remained dormant even when exposed to the strong
acids in simulated gastric fluid. Moreover, they maintained mucosal adhesion, colonization, and proliferation until they
reached the intestine, where the pH was different (Figure 15A). The gastrointestinal bioavailability of dormant probiotics (L.
p@L30D-55) was found to be over 3.5-fold greater than that of unmodified microorganisms.'>’

PD therapeutic efficacy can also be substantially enhanced through the in situ microbial production of the inhibitory
neurotransmitter y-amino-butyric acid (GABA) following probiotic administration. Evidence shows that GABA antag-
onizes the p38MAPK/NF-kB signaling axis and ameliorates PD phenotypes in murine models (Figure 15B). In
a previous study, immunofluorescence analysis demonstrated that L.p@L30D-55 preserves TH expression and signifi-
cantly reduces dopaminergic neuron apoptosis in the striatum (Figure 15C and D). Both the open-field and forced-
swimming tests—which are standard assays for evaluating spontaneous motor activity in PD models—revealed improve-
ments in PD-related motor symptoms after L.p@L30D-55 treatment. Compared with wild-type mice, the L.p@L30D-55-
treated cohort crossed more gridlines and exhibited greater rearing behavior in the open-field test. Similarly, in the
forced-swimming test, this group achieved higher swimming scores and demonstrated enhanced spontaneous locomotor
activity (Figure 15E-H). In summary, these findings showed that biomimetic dormant bodies can be reactivated under
specific conditions to enable the production of bioactive therapeutics in situ. Such oral bionic systems could enable the
synthesis of small-molecule drugs such as SCFAs, 5-HT, and DA directly at target sites to treat PD.

The gut microbiota-based interventions for PD developed so far share several key hallmarks: (1) The gut-brain axis is
used to deliver engineered microbial strains that are capable of producing neuroactive compounds (eg, GABA, 5-HT, DA
precursors, GCSF, GLP-1) that attenuate neuroinflammation, inhibit a-syn aggregation, and preserve dopaminergic
neurons; (2) Biocompatible and pH-responsive nanomaterials systems can optimize the retention time, mucosal adhesion,
and colonization and enable precise delivery at lesion sites; (3) Temporal control via external stimuli (eg, NIR-triggered
upconversion enabling blue-light-activated gene expression) or pH-dependent “dormant body” coatings that allow the
programmable activation of bacterial therapeutics can be employed.

Based on these insights, we infer that gut microbiota-based nanotherapeutic systems for PD should prioritize: (1) The
selection and safety of probiotic strains that secrete disease-modifying factors; (2) The development of stimuli-
responsive, gastroresistant carriers to maximize intestinal bioavailability and minimize off-target release and effects;
(3) The integration of spatiotemporal control mechanisms to coordinate microbial activity with the therapeutic windows;
(4) Rigorous in vivo assessment of biocompatibility, immunogenicity, and long-term colonization dynamics to ensure
safety and sustained efficacy. Overall, restoring gut microbiota balance and expanding anti-inflammatory bacterial
populations could improve BBB function and alleviate PD symptoms.

Status of Clinical Trials

Current PD treatments mainly focus on symptom management, and therapies targeting the underlying pathological mechan-
isms of PD are largely unavailable. Therefore, there is an urgent need to develop novel drugs targeting the root causes of PD in
order to improve patients’ overall quality of life. a-Syn, a key marker of PD, is also considered a central target for PD
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Figure 15 (A) Schematic of probiotics dormant body preparation and BBB penetration. (B) Mechanism of PD symptom amelioration via p38MAPK/NF-«B inhibition in
microglia. (C) Immunofluorescence analysis of TH expression in the striatum across various experimental groups. (D) TUNEL staining in the striatum across various
experimental groups. (E) Randomized movement trajectories in the open-field test. (F) Path length in the open-field test (mean * SD; *P < 0.05). (G) Randomized
movement trajectories in the forced-swimming test. (H) Immobility time in the forced-swimming test (mean + SD; *P < 0.05). Adapted from'®” with permission.
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treatment. Some clinical trials, such as the Phase I trial NCT06445465, are exploring the efficacy of a-syn-targeting
therapeutics for PD. In addition to a-syn-targeting therapies, other therapeutic strategies based on levodopa-sparing agents,
gene therapies, neuroprotective agents, and immunotherapies have also been developed and tested in clinical trials.

Neuroprotective agents can protect dopaminergic neurons and inhibit neurodegeneration. Notably, the NCT06612593
trial evaluated the impact of a novel neuroprotective agent on neuronal survival. Meanwhile, the goal of levodopa-
sparing agents is to reduce levodopa dosage, thereby minimizing its long-term side effects. For example, the Phase II
clinical trial NCT04778176, which has now been completed, evaluated the safety and efficacy of a novel levodopa-
sparing agent. Although the gene therapy trial NCT04287543, designed to correct PD-associated mutations, was with-
drawn, it provided a valuable proof-of-concept for PD-related gene therapy.

Recently, the role of the gut—brain axis and gut microbiota in PD has gained significant attention, highlighting the
importance of gastrointestinal dysfunction in disease progression. Accordingly, the NCT04730245/NCT04451096 trials
are currently exploring the role of gut microbiota in PD, and higher-phase trials are being conducted, despite some delays
due to the COVID-19 pandemic. At the same time, therapies targeting metabolic pathways and mitochondrial dysfunc-
tion are also emerging as promising avenues for addressing the multifaceted pathological mechanisms of PD.

Personalized and precision medicine are expected to become increasingly important in the future. To ensure the
sustainability and safety of PD treatments, long-term follow-up studies will be essential. Despite ongoing challenges,
numerous clinical trials based on different drug formulations and mechanisms are currently underway, signaling a shift
towards multi-targeted, diversified approaches in PD treatment (Table 2). Beyond conventional drug trials, rapid progress
in artificial intelligence (AI) could also revolutionize the field of drug development. By harnessing the capabilities of Al,
therapeutics that are more precisely tailored to individual patient profiles can be produced, enhancing therapeutic efficacy
and expediting their adoption.

Table 2 Clinical Trials for PD Treatment in Recent years

Clinical Trial First Agent Intervention Target Phase Status
Identifier Posted
NCT05094050 2021 ABBV-951 / Phase | Completed
NCTO04455555 2020 LY03003 / Phase Il Completed
NCT04584346 2020 Liquigen MCT oil / Phase | Completed
NCT04403399 2020 Varenicline a4p2* nAChRs Phase Il Completed
NCTO04778176 2021 Continuous oral delivery of levodopa/carbidopa | / Phase Il Completed
NCT04730245 2021 Sodium phosphate enema, oral rifaximin, and Gut microbiota Phase | Completed
polyethylene glycol
NCT04380142 2020 ABBV-951 / Phase IlI Completed
NCT04287543 2020 Melatonin PERI and BMALI clock genes Phase II/lll Withdrawn
NCT05492019 2022 Doxycycline / Phase Il Unknown
NCT05885360 2023 Istradefylline pill / Phase IV Active, not recruiting
NCT05948761 2023 Hypoxia through a modified hypoxic generator | / Phase /1l Recruiting
NCT05669170 2022 Methylphenidate / Phase I Not yet recruiting
NCT05959044 2023 Folic Acid tablet / Phase Il Recruiting
NCTO05110053 2021 Spinal cord stimulator / Phase | Unknown
NCT04524351 2020 Posiphen / Phase /1l Completed
NCT04990284 2021 Opicapone / Phase IV Active, not recruiting
NCT04346394 2020 Yohimbine HCI / Early Phase | | Withdrawn
NCT04451096 2020 Probiotics with prebiotics Gut microbiota Phase llI Completed
NCTO05152394 2021 AlloRx / Phase | Not yet recruiting
NCTO06115382 2023 Self-cueing training / Phase Il Recruiting
(Continued)
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Table 2 (Continued).

Clinical Trial First Agent Intervention Target Phase Status
Identifier Posted
NCT05855577 2023 Terazosin Nuclear factor erythroid 2- related Phase IV Not yet recruiting
factor 2 (Nrf2)
NCT05214287 2022 Hypoxic gas mixture Oxidative stress response Phase I/1l Completed
NCT04220762 2020 WIN-1001X / Phase Il Unknown
NCT04292223 2020 Pimavanserin / Phase IV Completed
NCT04986995 2021 Opicapone / Phase IV Not yet recruiting
NCT04629404 2020 LY03003 / Phase | Completed
NCT04693039 2021 Phenlarmide / Phase | Completed
NCT04821687 2021 Opicapone / Phase IV Completed
NCT05274568 2022 ['®FlUCB-2897 / Phase | Unknown
NCTO05551182 2022 Nicergoline / Phase llI Not yet recruiting
NCT05009199 2021 ['®FIMNI-444 Adenosine A2A receptors Phase | Completed
NCT06006247 2023 CVN424 / Phase Il Active, not recruiting
NCT06612593 2024 Neuroinflammation Neuroinflammation Phase Il Not yet recruiting
NCT06068465 2023 Pimavanserin tartrate / Phase IlI Recruiting
NCT06418152 2024 Multi-modal treatment / Early Phase | | Active, not recruiting
NCT06203990 2024 Barre exercise / Phase | Completed
NCT06442033 2024 High-intensity stationary cycling / Phase II/1lI Recruiting
NCTO06212089 2024 TR-012001 / Phase Il Completed
NCT06553027 2024 CVN424 / Phase IlI Recruiting
NCT06530290 2024 Mirtazapine / Phase Il Recruiting
NCT06602193 2024 BlIBI22 Pathogenic LRRK2 variant Phase Il Recruiting
NCT06247410 2024 Rotigotine / Phase Il Completed
NCT05766813 2023 Lenrispodun / Phase Il Recruiting
NCT05670782 2023 KM-819 / Phase Il Active, not recruiting
NCT06445465 2024 ['®F MNI-1216 a-synuclein Early Phase | | Active, not recruiting
NCTO05516875 2022 JM-010 / Phase I Terminated

Note: Information obtained from ClinialTrials.gov. The symbol “/” denotes not specified. The asterisk in the term “a4p2* nAChRs” is part of the standard receptor
nomenclature and does not denote statistical significance.

Conclusion and Future Perspectives

Nanotechnology holds immense promise for revolutionizing the treatment of PD by enabling drugs to cross the BBB and
enhancing drug accumulation within PD lesions. Advances in nanomedicine have enabled the targeted distribution and
prolonged retention of PD therapeutics in the SNpc. Owing to their versatility, biocompatibility, and precision,
nanomedicines have emerged as a powerful tool for PD therapy, guiding the development of more effective, personalized
treatments for this neurodegenerative disease.

This review discusses the key pathophysiological mechanisms driving PD and categorizes different nanotherapeutic
strategies based on the pathogenic factors they target. Accordingly, we highlight various nanomedicine-based treatment
approaches for PD. For instance, nanomedicines can serve as nanochaperones that chelate misfolded proteins, preventing
their further aggregation. Alternatively, they can be engineered to develop nanosponges that are capable of adsorbing and
promoting the degradation of pathogenic proteins. Moreover, some nanomaterials allow the precise delivery of ther-
apeutic agents at target sites. Diverse nanomedicine platforms — including nanozymes, EVs, nutritional agents, and gene
delivery systems — have been developed for PD treatment. Broadening the application of these technologies to not only
eliminate disease-driving factors but also support tissue regeneration represents a key direction for future research. The
multifunctional nature of nanomedicines underscores their potential to go beyond conventional drug delivery and address
complex neurodegenerative pathways.

Although nanotechnology has only been applied in the field of PD therapy over the past few decades, it has
significantly improved treatment efficacy when compared to traditional drug formulations. However, a cure for PD is
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still unavailable. Based on the current developments in this field, we believe that future studies should prioritize the
following aspects to achieve enhanced anti-PD efficacy with nanomedicines.

1. Safety: While the biocompatibility of anti-PD nanomedicines has been rigorously evaluated in preclinical animal
models, intrinsic species differences hinder a comprehensive understanding of their clinical safety in humans.
Moreover, some inorganic nanomaterials may produce metabolites that elicit deleterious responses in the human
body. Therefore, meticulous studies are required to optimize the therapeutic advantages of anti-PD nanomedicines
while mitigating their potential toxicity.

2. Preparation: Ensuring reproducibility in the synthesis of anti-PD nanomedicines remains a significant challenge.
Even in small-scale laboratory settings, these formulations frequently exhibit heterogeneity, which can compro-
mise their consistency and efficacy.

3. Drug availability: In some cases, nanocarriers function exclusively as delivery vesicles, and the therapeutic
efficacy of the encapsulated drug determines the final treatment effects. Hence, more potent and disease-specific
drugs are required for maximizing the therapeutic potential of nanomedicine-based PD treatments.

4. Targeting efficiency: To be effective, nanomedicines must target three critical disease components: lesions,
diseased cells, and pathogenic factors. This is even more challenging in PD therapy because of the additional
hindrance created by the BBB. Although various agents capable of targeting the BBB, neurons, and microglia have
been developed, concerns about specificity remain. Alternative administration routes, such as nasal or intrathecal
administration, help in bypassing the BBB but present additional challenges, including undefined brain entry
mechanisms and the absence of suitable delivery devices. Therefore, more refined targeting strategies are required
to enhance the therapeutic efficacy of nanomedicines while minimizing off-target effects.

5. Targeting key pathological processes: In the mechanism-based treatment of PD, diverse nanomedicine-based
strategies can be used to modulate key pathological processes: (a) a-Syn aggregation: Nanodrugs should inhibit a-
syn aggregation and promote aggregate clearance, and surface modifications should be optimized to enhance BBB
penetration and selective targeting. (b) Apoptosis: Nanomedicines should stabilize mitochondria, regulate apopto-
tic proteins, scavenge ROS, and clear apoptotic debris to reduce inflammation and neuronal loss. (c) Pyroptosis:
Nanodrugs should inhibit the activation of inflammasomes, particularly NLRP3, to inhibit pro-inflammatory
cytokine release and protect mitochondrial function. Meanwhile, BBB penetration should also be enhanced. (d)
Ferroptosis: Nanomedicines should regulate iron metabolism, prevent LPO, and enhance antioxidant activity,
restoring mitochondrial function and mitigating oxidative stress in PD brains. (e) Autophagy: Nanodrugs should
modulate key autophagic pathways to enhance a-syn degradation and restore mitophagy, supporting neuronal
health. (f) Neuroinflammation: Nanomedicines should target microglia, astrocytes, and inflammatory pathways
such as the NF-xB axis to reduce neuroinflammation, ensuring effective targeting and BBB penetration. (g) Gut—
brain axis: Nanomedicines should restore intestinal barrier function and modulate gut microbiota to prevent the
transmission of misfolded a-syn to the brain, optimizing therapeutic efficacy through targeted, stimuli-responsive
delivery.

6. Effectiveness of pre-clinical models: The use of animal models remains one of the most significant challenges in
PD research. Current models are typically established through drug treatments or gene editing and cannot fully
replicate the complex pathological features of PD. Thus, it is essential to develop animal models that more
accurately reflect the clinical manifestations of PD to improve the clinical translation of PD therapeutics.

In conclusion, nanotechnology presents an innovative therapeutic opportunity for PD treatment, as evidenced by
preclinical studies. Although the number of clinical trials remains limited at present, ongoing research targeting multiple
disease mechanisms holds considerable potential for the gradual clinical integration of anti-PD nanomedicines.
Therefore, researchers must continuously stay informed regarding the latest advancements in PD research. In the future,
the clinical advancement of precise, multi-targeted nanomedicines will be instrumental in addressing the complexities of

this key neurodegenerative disorder, heralding a new era in PD management.
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