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Abstract

Parkinson disease (PD) is still mainly treated with symptomatic therapies, while effective disease-modifying interventions remain
limited. Although emerging therapeutics such as biologics, nucleic acid drugs, neurotrophic factors, and gene-based approaches
offer new opportunities, their clinical translation is often restricted by inadequate brain delivery. Nanomedicine has, therefore, at-
tracted increasing interest because it can improve drug stability, protect fragile cargos, enable controlled release, and support mul-
tifunctional therapeutic design. Nevertheless, the blood—brain barrier (BBB) remains the principal obstacle to effective brain-target-
ed therapy in PD. This review discusses nanomedicine-based delivery strategies for PD from the perspective of BBB navigation
and classifies them into 2 major categories: strategies that cross the BBB and strategies that bypass it. BBB-crossing approaches
include carrier-mediated transport, receptor-mediated transport, adsorptive and biomimetic transcytosis, and physically assisted
methods such as focused ultrasound and photothermal modulation. BBB-bypassing approaches include intranasal delivery, men-
ingeal lymphatic-associated pathways, skull-meninges-related microchannel routes, and local intracranial administration such as
convection-enhanced delivery. We summarize their mechanisms, representative applications, advantages, and limitations, and
compare them in terms of cargo suitability, delivery precision, repeatability, safety, and translational feasibility. Overall, nanomedi-
cine provides important opportunities to expand the therapeutic potential of both conventional drugs and emerging biologics for
PD. Future progress will depend on developing cargo-matched and clinically realistic delivery systems that balance brain access,

therapeutic efficacy, safety, and manufacturability.
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1. Introduction

Parkinson disease (PD) is the second most common neurodegen-
erative disorder worldwide, clinically characterized by progres-
sive loss of dopaminergic neurons in the substantia nigra pars
compacta, striatal dopamine depletion, and a broad spectrum
of motor and nonmotor symptoms. Current pharmacotherapies
offer symptomatic relief but remain largely palliative; long-term
use is frequently constrained by diminishing efficacy, motor fluc-
tuations, dyskinesia, and nonmotor side effects, without halting
or reversing the underlying neurodegenerative process!?. This
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therapeutic shortfall is exacerbated by the rapidly escalating
global burden of the disease. PD is the fastest-growing neuro-
logical disorder in terms of prevalence and disability; the World
Health Organization projects that neurodegenerative diseases,
including PD and Alzheimer disease, will become the second
leading cause of death globally by 2040, surpassing cancer-re-
lated mortality. The total number of PD patients worldwide is
expected to reach approximately 25.2 million by 2050, impos-
ing immense socioeconomic costs on healthcare systems and
caregivers?®. These converging factors collectively underscore
the urgent and critical need for disease-modifying therapies that
can effectively and safely deliver therapeutic agents to the brain.

As the understanding of PD pathogenesis has expanded from
dopaminergic deficiency to include a-synuclein aggregation, oxi-
dative stress, mitochondrial dysfunction, neuroinflammation, ly-
sosomal impairment, and disordered neuroimmune interactions
(Figure 1), the therapeutic landscape has also broadened from tra-
ditional small-molecule replacement strategies to biologics, nucle-
ic acid therapeutics, neurotrophic factors, and gene- or cell-based
interventions!*®. However, the development of more effective
therapies for PD is constrained not only by the complexity of the
disease itself but also by the difficulty of delivering therapeutical-
ly meaningful amounts of drugs to the brain®. Many promising
agents show strong neuroprotective or disease-modifying potential
in principle, yet fail to achieve sufficient intracerebral exposure
after systemic administration!'?. This limitation is especially pro-
nounced for proteins, antibodies, nucleic acids, and other macro-
molecular therapeutics, whose pharmacological promise is often
offset by poor stability, rapid peripheral clearance, and restricted
access to the central nervous system (CNS)!"'l. Therefore, in PD, the
key challenge is often not simply whether a therapeutic molecule
can be identified, but whether it can be delivered efficiently, safely,
and reproducibly to disease-relevant brain regions!'?l.
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Figure 1. Major pathogenic mechanisms involved in Parkinson disease. This schematic illustrates the interconnected pathogenic processes underlying Parkin-
son disease. Impaired protein clearance, mitochondrial dysfunction, oxidative stress, iron accumulation, ferroptosis, and neuroinflammation interact to promote
a-synuclein accumulation and dopaminergic neuronal injury. PD-related genes, including LRRK2, DJ-1, PINK1, and Parkin, contribute to mitochondrial and

proteostatic dysfunction, further aggravating cellular stress.

In this context, nanomedicine has emerged as a highly at-
tractive platform for PD therapy. By enabling drug protection,
controlled release, multifunctional integration, and flexible sur-
face engineering, nanoplatforms offer opportunities to improve
the therapeutic performance of both conventional drugs and
emerging biologics without necessarily redesigning the active
molecule itself!’l. At the same time, nanomedicine does not au-
tomatically solve the brain delivery problem. The blood-brain
barrier (BBB), as a highly selective neurovascular interface, con-
tinues to represent the central biological obstacle to effective
CNS therapy. Even when nanocarriers improve drug stability or
circulation, they still face the fundamental challenge of crossing
or circumventing this barrier in a manner that is efficient, re-
gionally relevant, and clinically feasible!'*.

Accordingly, current nanomedicine-based approaches for PD
can be understood from a delivery perspective as 2 broad and
complementary categories: strategies designed to cross the BBB
and strategies intended to bypass it!!>!¢l. The former include
carrier-mediated, receptor-mediated, adsorptive, biomimetic,
and physically assisted approaches that attempt to negotiate
directly with the barrier!'”. The latter seek alternative routes
to the brain, such as intranasal delivery, meningeal-associated
pathways, skull-meninges-related channels, or local intracranial
administration!'$-2°l. Each category offers distinct opportunities,
but each is also shaped by different constraints in transport ef-
ficiency, regional distribution, repeatability, safety, and transla-
tional practicality.

In this review, we first summarize the current pharmacother-
apy of PD and its limitations, and then discuss why nanomedi-
cine provides a meaningful therapeutic and delivery framework
for this disease. We next examine the BBB as the central ob-
stacle to brain delivery, followed by a systematic discussion of
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nanomedicine strategies for crossing or bypassing the BBB. Fi-
nally, we compare these 2 strategy groups from a translational
perspective and outline the key challenges and future directions
for clinically realistic nanomedicine design in PD. Through this
framework, we aim to highlight that the future of PD brain de-
livery lies not in identifying a single universally optimal route,
but in developing cargo-matched, target-aware, and clinically
translatable delivery strategies.

2. Current treatment strategies for PD and their
limitations

Current pharmacotherapy for PD remains predominantly symp-
tomatic?!l. Levodopa, as the gold standard, effectively amelio-
rates motor symptoms. However, its long-term use is inevitably
associated with motor complications such as wearing-off phe-
nomena and dyskinesia, and its efficacy progressively declines
with disease progression??. Dopamine agonists, monoamine
oxidase-B inhibitors, and catechol-O-methyltransferase inhibi-
tors are frequently employed as adjunctive agents to prolong
dopaminergic stimulation, yet they are equally incapable of
halting the neurodegenerative process?’). Nondopaminergic
drugs, such as anticholinergics and amantadine, provide only
supportive symptomatic benefit?*2¢, From a drug delivery per-
spective, current therapies carry inherent shortcomings: even for
levodopa, the cornerstone of clinical management, brain uptake
is highly variable due to extensive peripheral metabolism and
competition with large neutral amino acids, making precise con-
trol of central exposure difficult to achievel®l.

For patients with advanced or medically refractory disease,
deep brain stimulation can markedly improve symptoms by
modulating pathological activity in the basal ganglia circuits®’..
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Nevertheless, the procedure is invasive, resource-intensive, and
associated with surgical risks, hardware-related complications,
and neuropsychiatric adverse effects?!l. With respect to regen-
erative and restorative strategies, cell replacement therapies
using fetal tissue, induced pluripotent stem cells, or embryonic
stem cell-derived dopaminergic neurons have raised consider-
able hope®, but limited graft survival, insufficient functional
integration, immunological concerns, and safety issues have pre-
vented their translation into widely applicable clinical solutions.
Taken together, neither existing pharmacological nor surgical
interventions can arrest disease progression!3°l,

With increasing insight into the molecular pathogenesis of PD,
disease-modifying therapies have become a central research pri-
ority. Representative strategies include reducing the a-synuclein
burden, interfering with its aberrant aggregation and cell-to-
cell propagation, and suppressing the expression of disease-
causing genes using antisense oligonucleotides or small interfer-
ing RNAsP!32l, However, the most promising disease-modifying
candidates, such as anti-a-synuclein antibodies, RNA-based
therapeutics, and neurotrophic factors, are biologics or nucleic
acid-based agents. Following systemic administration in their
free form, these molecules confront a 3-fold delivery barrier:
negligible penetration across the BBB, rapid enzymatic degrada-
tion in plasma, and the consequent failure to reach therapeuti-
cally effective concentrations within the brain parenchymal®¥l. In
essence, the core challenge is not the lack of pharmacologically
active molecules, but the inability of these molecules to access
their intracranial targets in sufficient quantities.

This delivery predicament is not unique to disease-modifying
approaches; existing small-molecule drugs such as levodopa like-
wise suffer from highly variable brain uptake and poorly control-
lable BBB penetration. The key delivery bottleneck facing phar-
macotherapy for PD can therefore be formulated as follows: how
to deliver centrally active therapeutic molecules, whether small
molecules or biologics, across the BBB at sufficient concentrations
and with spatiotemporal control to reach the diseased regions*¥.
Nanomedicine offers a systematic engineering framework to
overcome this bottleneck. In contrast to conventional formu-
lations, nanocarriers can simultaneously fulfill multiple func-
tions: protecting fragile payloads from enzymatic degradation,
prolonging systemic circulation half-life, actively traversing the
BBB via mechanisms such as receptor-mediated transcytosis and
adsorptive-mediated transcytosis (AMT), or bypassing the barri-
er through routes such as intranasal delivery and the meningeal
lymphatic pathway. It is precisely this versatile and engineerable
nature that positions nanomedicine as one of the most promising
platforms for solving the brain delivery challenge in PD.

3. Nanomedicine provides distinct therapeutic and
delivery advantages for PD

The progression of PD is driven collectively by a-synuclein ag-
gregation, oxidative stress, mitochondrial dysfunction, ferropto-
sis, neuroinflammation, and other factors®!. However, conven-
tional drugs are largely ineffective at blocking these pathological
processes due to low BBB penetration efficiency, short half-life,
poor targeting, and significant systemic toxic side effects. The
limitations of current pharmacotherapy have prompted increas-
ing interest in therapeutic platforms that can improve drug per-
formance without necessarily redesigning the active pharmaceu-
tical ingredient itself. In this context, nanomedicine has emerged
as a promising strategy for PDI4],

One important advantage of nanomedicine lies in its ability
to improve the delivery profile of existing small-molecule drugs.
Many conventional agents suffer from suboptimal aqueous sol-
ubility, rapid clearance, poor metabolic stability, or unfavorable
systemic distribution®®. Nanocarriers can mitigate some of these
limitations by enhancing drug solubilization, prolonging circula-
tion time, modulating biodistribution, and reducing premature

https://journals.lww.com/medmat/

degradation®®”). Such formulation-level optimization is particular-
ly attractive in PD, where long-term treatment is often required
and where maintaining more stable therapeutic exposure may
help improve efficacy and tolerability. In this sense, nanomedicine
does not simply replace established drugs, but may expand the
therapeutic value of already available pharmacological agents!3®l.

Nanomedicine is also especially relevant for the delivery of
biologics and other vulnerable therapeutic cargos that are dif-
ficult to use in conventional formulations. Proteins, peptides,
nucleic acids, and other macromolecular therapeutics are often
limited by poor stability, enzymatic degradation, rapid systemic
elimination, or loss of bioactivity before reaching the desired
site of action®>*°l, By providing a protective microenvironment,
nanoplatforms can help preserve the integrity of these cargos
and improve their in vivo persistence!*!l. This feature is of par-
ticular importance for emerging PD therapies aimed at reducing
a-synuclein burden, modulating pathogenic gene expression, or
restoring cellular function, many of which rely on fragile biolog-
ical molecules rather than traditional small drugs“?.

Beyond simple drug protection, nanomedicine offers oppor-
tunities for controlled and multifunctional therapy. Through ra-
tional design of material composition and nanostructure, nano-
carriers can be tailored to achieve sustained release, stimulus
responsive release, or codelivery of multiple therapeutic
agents!*>*I, These properties are potentially valuable in PD, a
multifactorial neurodegenerative disorder involving dopami-
nergic neuron loss, a-synuclein aggregation, oxidative stress,
mitochondrial dysfunction, and neuroinflammation*!. Because
a single intervention may be insufficient to address such a com-
plex pathological network, nanoplatforms provide an attractive
basis for combination therapy and multimodal intervention. In
addition, some nanomaterials may contribute auxiliary func-
tions such as reactive oxygen species (ROS) scavenging, imag-
ing contrast, or energy responsiveness, further broadening their
therapeutic potential*6471,

Another major strength of nanomedicine is its high degree
of engineerability. Nanoparticles can be tuned in terms of size,
shape, surface charge, material composition, ligand decoration,
and biomimetic coating, creating opportunities to optimize their
biological behavior in a more versatile manner than is usually
possible with free drugs alone!*®#l. This structural tunability is
particularly important in brain-targeted therapy, where thera-
peutic success depends not only on the intrinsic activity of the
cargo but also on whether it can be delivered to the relevant
brain regions in sufficient amounts and with acceptable safe-
tyl®1, Thus, the value of nanomedicine in PD lies not merely
in carrying drugs, but in enabling programmable interactions
between therapeutic agents and biological barriers.

Leveraging these engineering advantages, nanomedicines
can transcend the limitations of conventional therapies, en-
abling precision design against the core pathologies of PD and
advancing toward disease-modifying treatment. For instance,
a-syn aggregation represents a hallmark pathological event
that can be targeted through nanomaterial-protein interac-
tions. Nanomaterials can prevent fibrillization through specif-
ic surface interactions with hydrophobic regions of a-syn; for
example, carboxyl groups on the surface of quantum dots can
induce the disassembly of preformed a-syn fibrils into nontoxic
monomerst®233, Regarding the progressive loss of dopaminergic
neurons in the nigrostriatal pathway, which is the pathological
alteration directly responsible for clinical symptoms, nanocar-
riers are required to achieve specific delivery to and long-term
protection of this pathway. Encapsulating levodopa in PEGylat-
ed liposomes or poly(lactic-co-glycolic acid) nanoparticles en-
ables sustained intracranial drug release, significantly reducing
the “on—off” phenomenon and motor complications associated
with oral administration®*. For large-molecule proteins suscep-
tible to enzymatic degradation, such as glial cell line-derived
neurotrophic factor (GDNF), nanocarriers not only provide
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effective protection but can also be surface modified with li-
gands to achieve precise targeting of dopaminergic neurons**..

Neuroinflammation acts as a disease amplifier throughout the
entire course of PD, with its core pathological feature being the
excessive activation of microglia into a pro-inflammatory M1
phenotype and the concomitant release of abundant inflamma-
tory cytokines, which necessitates the precise targeting of acti-
vated microglia by nanocarriers. Certain nanomaterials possess
intrinsic immunomodulatory activities; cerium oxide nanopar-
ticles can simultaneously scavenge ROS and inhibit microglial
activation®®l. Oxidative stress and mitochondrial dysfunction,
as the final common pathways leading to neuronal death in PD,
have driven the development of mitochondria-targeted antioxi-
dant nanosystems. By modifying nanocarriers with the lipophil-
ic cation triphenylphosphine, therapeutic agents can be accumu-
lated in the mitochondrial matrix, driven by the mitochondrial
membrane potential, thereby significantly improving mitochon-
drial function and reducing ROS production®”!. The character-
istic microenvironment of the PD brain, including elevated ROS
levels and increased matrix metalloproteinase (MMP) activity,
provides natural triggers for the design of stimuli-responsive
smart nanocarriers. For example, block copolymer nanoparti-
cles containing ROS-sensitive chemical bonds such as thioether
or boronate ester linkages undergo rapid drug release under the
high-ROS conditions in the PD brain*®l; and nanoparticles mod-
ified with MMP-9-sensitive peptides can release drugs specifi-
cally at inflammatory sites, further enhancing therapeutic safety
and efficacy®.

Despite remarkable progress in nanomedicine design based
on PD pathological features, numerous challenges remain:
nanoplatforms are not inherently capable of efficient brain de-
livery, nor do they guarantee clinical benefit simply by virtue
of nanoscale design. Their real promise lies in the possibility
of rational engineering: by improving drug stability, support-
ing multifunctional therapy, and offering flexible interfaces for
biological interaction, nanomedicine creates new opportunities
to enhance PD treatment. At the same time, these opportunities
can only be realized if the central obstacle to brain delivery, that
is, the BBB, is effectively addressed!®”.. Importantly, this barri-
er is not unique to nanomedicine; it represents a fundamental
challenge for virtually all therapeutic agents aimed at the CNS.
Thus, the key question is not whether nanomedicine faces the
BBB, but how its engineerability can be leveraged to address a
barrier that equally limits conventional therapies. This leads to
the next question: why brain delivery remains so difficult and
how the BBB continues to constrain nanomedicine-based inter-
ventions in PD.

4. The BBB as the central obstacle to brain
delivery in PD

The BBB is a highly specialized and selectively permeable inter-
face that regulates molecular exchange between the systemic cir-
culation and the CNS. By maintaining the biochemical stability
of the brain microenvironment and limiting the entry of harmful
substances, the BBB plays an essential role in preserving neuro-
nal function and CNS homeostasis'®!l. However, the same prop-
erties that protect the brain also create a major obstacle for ther-
apeutic intervention in general, regardless of whether the drug
is a conventional small molecule, a biologic, or a nanoparticle-
based formulation. Efficient and sustained delivery to specific
brain regions remains exceptionally difficult for the vast major-
ity of therapeutic agents!¢?.

Importantly, the BBB is not a single anatomical wall, but a
dynamic and integrated neurovascular system. Its structural
basis is formed primarily by brain microvascular endotheli-
al cells (BMECs), which are tightly connected and supported
by pericytes, astrocytic end-feet, and the basement membrane
(Figure 2)1%1. Among these components, BMECs constitute the
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principal physical barrier by severely restricting paracellular dif-
fusion and tightly regulating transcellular transportl®¥. Pericytes
contribute to vascular stability, barrier integrity, and local ho-
meostatic regulation, while astrocytes help maintain BBB prop-
erties through close neurovascular signaling and modulation of
endothelial function. Together, these cellular and extracellular
elements establish a highly selective interface that is fundamen-
tally different from the vasculature of most peripheral tissues!®’l.

From a drug delivery perspective, the restrictive nature of
the BBB arises from several interrelated functional features.
First, the intercellular junctions between BMECs greatly limit
passive paracellular movement of solutes!®’l. Second, transcel-
lular trafficking across the BBB is tightly controlled, allowing
only selected endogenous molecules to enter the brain through
specialized transport systems!®’l. Third, endothelial cells express
metabolic enzymes and active efflux transporters, which can de-
grade therapeutic molecules or pump them back into the circu-
lation, thereby further reducing intracerebral exposurel®®. As a
result, although some small molecules can partially access the
CNS, most macromolecules, biologics, and nanoparticle-based
systems cannot simply diffuse into the brain in therapeutically
meaningful amounts!.,

These BBB properties are particularly relevant in the context
of nanomedicine. While nanocarriers can improve drug stabili-
ty, prolong circulation, and support multifunctional therapeutic
design, they do not inherently possess efficient brain-penetrating
capacity’. On the contrary, their size, surface properties, and
interactions with biological interfaces often make them even
more dependent on active transport mechanisms, transient bar-
rier modulation, or alternative delivery routes. In other words,
the challenge in PD is not merely to develop nanomedicine for-
mulations, but to design nanomedicine systems that can interact
with the BBB in a controlled, effective, and safe manner!"!l.

Another important consideration is that the BBB in PD should
not be viewed as a completely static barrier. Aging, chronic neu-
roinflammation, vascular dysfunction, and disease progression
may alter BBB integrity and transport behavior in a region- and
stage-dependent manner®*l, Astrocyte activation, endothelial
dysfunction, and neurovascular remodeling have all been im-
plicated in BBB dysregulation in neurodegenerative conditions,
including PDV274. Although these changes may in some cases
create transient opportunities for drug entry, they also introduce
additional heterogeneity and uncertainty into delivery design and
therapeutic evaluation”’!. Therefore, successful nanomedicine-
based intervention in PD requires not only overcoming the BBB
as a general barrier, but also accounting for its dynamic patho-
logical context!®l.

Taken together, the BBB remains the central biological con-
straint on brain delivery in PD. Its structural selectivity, tight-
ly regulated transport behavior, and disease-related variability
explain why many therapeutics fail to achieve adequate expo-
sure in the target brain regions, even when they show prom-
ising pharmacological activity in principleV”78. This chal-
lenge has driven the development of 2 broad categories of
nanomedicine-based delivery strategies: those designed to cross
the BBB and those intended to bypass it. The following sections
discuss these 2 approaches in detail.

5. Nanomedicine strategies for crossing the BBB

Given that the BBB remains the principal obstacle to brain de-
livery in PD, considerable effort has been devoted to the de-
velopment of nanomedicine strategies capable of crossing this
barrier. Unlike bypass approaches, these strategies seek to nego-
tiate directly with the BBB by harnessing endogenous transport
mechanisms, promoting vesicular translocation, or temporari-
ly increasing barrier permeability. Their appeal lies in the po-
tential to achieve brain delivery while preserving the anatom-
ical integrity of the delivery route and avoiding more invasive
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Figure 2. Structural organization of the BBB and the neurovascular unit. This schematic illustrates the cellular architecture of the BBB and the neurovascular
unit. Brain microvascular endothelial cells form the vascular wall and are closely associated with the basement membrane, pericytes, astrocytic end-feet, neu-
ronal elements, and microglia, which together contribute to BBB formation and maintenance. The lower panel highlights the major intercellular junctional com-
plexes between adjacent endothelial cells, including tight junctions, adherens junctions, and gap junctions, with representative components such as claudin,

occludin, junctional adhesion molecules, cadherins, and connexins.

procedures!'”l. Based on their underlying principles, current
approaches can be grouped into transport-mediated systems,
adsorptive or biomimetic transcytosis strategies, and physically
assisted BBB-opening technologies (Figure 3).

5.1 Carrier-mediated transport-based strategies

Carrier-mediated transport (CMT) is one of the major endog-
enous transport mechanisms that support nutrient exchange
across the BBB. To meet the metabolic demands of the brain,
brain endothelial cells express a variety of saturable and bidirec-
tional transporters responsible for the uptake of essential small
polar molecules, including glucose, amino acids, vitamins, fatty
acids, and other nutrient-related substrates. These carriers rec-
ognize specific ligands and undergo conformational transitions
that enable substrate translocation across the endothelial barri-
er. Based on this principle, nanomedicine platforms can be func-
tionalized with transporter-recognizable substrates or substrate-
mimicking moieties in an attempt to exploit these physiological
transport systems and enhance brain delivery!™!.

Compared with passive diffusion, CMT-based strategies are
attractive because they rely on intrinsic BBB transport routes
rather than nonspecific permeabilization. In principle, such ap-
proaches may improve brain entry while preserving barrier in-
tegrity and reducing the need for invasive intervention’. For PD
therapy, this concept is especially relevant for cargos that cannot
achieve sufficient intracerebral exposure in free form but may
benefit from transporter-assisted entry when incorporated into

a nanoplatform. In addition, because some endogenous trans-
port systems are highly expressed at the BBB, they provide a
biologically rational interface for the design of brain-targeted
nanocarriers!®sl,

Several representative studies have explored this strategy. For
example, a polymer containing choline- and acetylcholine-like
moieties was reported to cross the BBB under the mediation of
choline- and acetylcholine-related transport systems, thereby
enabling the delivery of protein therapeutics into the CNS[. In
another study, a gold nanoparticle-based composite nanovehicle
loaded with plasmid DNA was modified with docosahexaeno-
ic acid (DHA) and nerve growth factor (NGF). In this design,
DHA was intended to facilitate BBB transport through interac-
tion with fatty acid-related transport pathways, while NGF was
further used to promote neuronal targeting after brain entry®!l.
These examples illustrate how CMT-inspired nanodesign can
be combined with secondary targeting elements to improve not
only BBB interaction but also subsequent distribution toward
disease-relevant cells.

Although CMT is conceptually attractive, its practical appli-
cation still faces several key challenges. First, the number and
transport capacity of endothelial carriers are inherently limited,
and saturation and competition effects exist. This necessitates
nanocarrier designs that balance high affinity with low endoge-
nous interference. To this end, 1 can select carriers that are highly
expressed on brain endothelial cells and possess relatively large
transport cavities as targets, and employ nonnatural amino acid/
sugar mimetics or allosteric modulators to avoid competition
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Figure 3. Major biological transport mechanisms for crossing the BBB. This schematic summarizes several representative biological pathways by which thera-
peutic agents or nanomedicines may traverse the BBB, including carrier-mediated transcytosis, receptor-mediated transcytosis, adsorptive-mediated transcy-
tosis, and biomimetic drug delivery. Carrier-mediated transcytosis exploits endogenous solute transport systems to facilitate BBB passage. Receptor-mediated
and biomimetic strategies rely on ligand-receptor interactions on the luminal surface of endothelial cells to trigger endocytosis and vesicular transcellular trans-
port. Adsorptive-mediated transcytosis is driven by electrostatic interactions between positively charged nanomedicines and negatively charged components
of the endothelial surface. Together, these mechanisms provide distinct routes for enhancing brain delivery across the BBB.

with natural substrates for the active site, thereby achieving se-
lective delivery without sacrificing overall transport flux. Second,
most carriers are naturally adapted to small-molecule substrates
and exhibit limited compatibility with complex nanoplatforms;
however, this can be addressed by multivalent ligand modifica-
tion or biomimetic mineralization strategies to enhance apparent
affinity, thereby improving the transport efficiency of larger-sized
carriers. Furthermore, the heterogeneity of transporter expression
across species, brain regions, and pathological conditions suggests
that clinical translation should incorporate individualized assess-
ment or imaging guidance®>-$4. Importantly, these challenges are
not inherent flaws of CMT-based strategies, but rather drivers for
innovation in precision nanoengineering. Compared with non-
specific permeabilization or invasive approaches, CMT offers a
physiologically compatible and regulatable route for brain deliv-
ery, and with rational design, it still holds the potential to achieve
efficient and low-toxicity brain-targeted delivery.

5.2 Receptor-mediated transport-based strategies

Receptor-mediated transport (RMT) remains one of the most
intensively investigated routes for brain-targeted nanomedicine,
largely because it harnesses endogenous endocytic and trans-
cytotic machinery expressed on the luminal membrane of the
BBBI®SI, Unlike carrier-mediated systems, which are evolution-
arily tuned for small nutrients, RMT exploits ligand-receptor
recognition to trigger vesicular trafficking of macromolecular
cargos, an attractive feature for delivering proteins, antibodies,
nucleic acids, and multifunctional nanocarriers that otherwise
show negligible free penetration into the brain®l. In PD, this
strategy gains additional relevance from the need to not only
cross the BBB but also reach vulnerable dopaminergic neurons,
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a dual requirement that has spurred considerable innovation in
ligand design and nanoplatform engineering.

A broad palette of ligands, including transferrin, lactoferrin,
Angiopep-2, dopamine-related moieties, and RVG29-derived
peptides, has been conjugated to nanoparticles to promote se-
lective engagement with endothelial receptors!®¢$7l. Although
each ligand-receptor pair has its own binding kinetics and
tissue distribution profile, a common rationale underpins
these designs: to enhance brain accumulation while, in many
cases, conferring secondary neuronal tropism after extravasa-
tion”. This dual-targeting potential is particularly coveted in
PD, where therapeutic efficacy depends on precise delivery to
disease-relevant cell populations. Among the most widely ex-
plored are lactoferrin-modified systems, which benefit from the
fact that lactoferrin receptors are present on both brain endo-
thelium and neurons. For instance, a lactoferrin-functionalized
platform that releases nitric oxide and paeoniflorin under near-
infrared (NIR) stimulation successfully combined gas therapy
with pharmacological intervention in a PD model®®l; Similarly,
lactoferrin-decorated black phosphorus (BP) nanosheets loaded
with paeoniflorin demonstrated favorable biocompatibility and
brain-targeting performance®”l. Transferrin receptor-targeted
carriers, by contrast, have been particularly valuable for mac-
romolecular biologics, as exemplified by transferrin-modified li-
posomes delivering the anti-a-synuclein antibody SynO4, which
achieved markedly higher antibody accumulation in brain cells
than free antibody"”"!. These cases illustrate that while the same
RMT principle applies, the choice of ligand substantially influ-
ences the type of cargo that can be efficiently shuttled and the
subsequent intracellular fate.

Beyond simple ligand decoration, recent work has pushed
RMT toward multifunctional, stimuli-responsive architectures
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that integrate BBB crossing with disease-microenvironment
sensing. A ROS-responsive, carrier-free nanomedicine was de-
signed to exploit dopamine receptor-mediated uptake, enabling
BBB passage and neuronal internalization before releasing
rasagiline mesylate and dopamine specifically in the oxidative
PD milieu®. Angiopep-2-modified nanoparticles have been
used for codelivery of rasagiline and the P-glycoprotein inhibitor
tariquidar, achieving significantly enhanced brain targeting rel-
ative to free drug®. RVG29-based systems further expand the
toolkit by recognizing nicotinic acetylcholine receptor-related
targets on both endothelium and neurons. They have been em-
ployed for codelivery of miR-133b and curcumin to simulta-
neously mitigate o-synuclein pathology, attenuate neuroinflam-
mation, and promote repair®?. Notably, RVG29-functionalized
red blood cell membrane-coated curcumin nanoparticles have
shown prolonged circulation and reduced reticuloendothelial
clearance, underscoring how RMT can be effectively merged
with biomimetic coating strategies to enhance overall phar-
macokinetic performance®. Collectively, these examples
demonstrate that RMT is not a monolithic tactic but a flexi-
ble backbone onto which multiple layers of functionality, such
as stimulus responsiveness, combination therapy, and immune
evasion, can be grafted. Beyond therapeutic delivery, RMT has
also been extended to diagnostic applications; for instance, a
HCIO-activatable NIR-IIb fluorescent probe (SQ6-RENps) was
recently reported to cross the BBB via VHPKQHR peptide-
mediated transport, enabling real-time monitoring of intracere-
bral hypochlorous acid levels to reflect PD severity and evaluate
therapeutic responses!®l.

Despite these advances, the clinical translation of RMT-based
nanomedicines faces persistent hurdles that go far beyond the
initial receptor-binding step. The most fundamental bottleneck
is that binding does not equate to productive transcytosis: af-
ter endocytosis, the vast majority of nanoparticles are either
sequestered in lysosomes for degradation or recycled back to
the vascular lumen, with only a minute fraction successfully
reaching the brain parenchyma. This low trafficking efficiency
is compounded by competitive inhibition from endogenous li-
gands (eg, transferrin in serum) and receptor saturation at high
nanomedicine doses, which collectively cause in vitro targeting
performance to deteriorate sharply in vivol?*8l. Moreover, the
rapid adsorption of plasma proteins onto nanoparticle surfaces,
forming a protein corona, can physically mask targeting ligands,
further undermining receptor recognition and contributing to
the frequent discrepancy between cell-based assays and animal
results®’l. Target specificity poses another layer of difficulty:
receptors such as the transferrin receptor are widely expressed
in peripheral organs (liver, spleen), leading to off-target accu-
mulation that not only reduces brain bioavailability but also
raises systemic toxicity risks!!®l. Receptor density, trafficking ki-
netics, and accessibility also vary across species, disease stages,
and brain regions, making it perilous to extrapolate preclinical
findings directly to human PD pathology!'>!°!. Even multiva-
lent ligand modification, while boosting apparent affinity, may
alter nanoparticle size, surface charge, and pharmacokinetics
in ways that impair extravasation and tissue penetration. Safe-
ty considerations further complicate the picture; antibody- or
peptide-based ligands can elicit immunogenicity, and chronic
administration may disrupt receptor homeostasis and compro-
mise BBB integrity!!%.

Addressing these challenges will require a coordinated, multi-
pronged shift in design philosophy. Future research should move
beyond the pursuit of high-affinity binding toward low-affinity,
high-selectivity ligands that minimize competition and off-target
effects, coupled with anti-protein-corona surface modifications
to preserve targeting function in biological fluids. Enhancing
lysosomal escape and intracellular trafficking, for instance via
pH-responsive or fusogenic moieties, could significantly in-
crease the fraction of internalized nanoparticles that undergo
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transcytosis. Equally important is the adaptation of RMT sys-
tems to pathological features, such as by designing ligands that
recognize disease-upregulated receptors or by incorporating
microenvironment-triggered release to ensure cargo deployment
only at sites of active neurodegeneration!!®-1%1, Ultimately, the
success of receptor-mediated strategies will depend not on a sin-
gle breakthrough but on the synergistic optimization of ligand
design, nanoparticle engineering, and a deeper understanding of
BBB dynamics under disease conditions, a goal that demands
iterative feedback between preclinical models and clinically rel-
evant benchmarks.

5.3 Adsorptive and biomimetic transcytosis strategies

In addition to carrier- and receptor-mediated pathways, nano-
medicine platforms may also cross the BBB through adsorptive
or biomimetic interactions with the brain endothelium. These
approaches are attractive because they do not rely exclusively
on a single endogenous transporter or receptor. Instead, they
seek to enhance BBB translocation by either increasing nonspe-
cific but exploitable interactions with the endothelial surface or
by endowing nanocarriers with biological interfaces that more
closely resemble native cells or extracellular vesicles!'*'%7), In
the context of PD, such strategies are of particular interest be-
cause they can be integrated with multifunctional nanoplatform
design and may offer broader flexibility for delivering diverse
therapeutic cargos.

AMT is primarily driven by electrostatic interactions between
positively charged carriers and negatively charged domains on the
luminal surface of BBB endothelial cells!'?!. The endothelial mem-
brane contains anionic components, such as glycosaminoglycan-
rich structures, that can promote the adsorption of cationic
nanomaterials or macromolecular therapeutics. After this initial
surface interaction, the adsorbed carriers may undergo endo-
cytic uptake, intracellular vesicular trafficking, and subsequent
exocytotic release on the abluminal side, thereby completing
transcytosis across the barrier!'®. From a design perspective,
AMT can be promoted by using cationic polymers, surface
charge engineering, cell-penetrating peptides, or other positive-
ly charged surface modifications”!”l. Compared with highly
specific receptor-targeted systems, AMT may provide a more
generally accessible route for BBB interaction, particularly for
nanosystems thatare difficult to functionalize with precise ligand-
receptor pairs.

Representative studies suggest that AMT-based concepts can
be combined with more complex vesicular formulations. For ex-
ample, a delivery system based on small apoptotic bodies was
used to encapsulate antisense oligonucleotide-containing nano-
complexes, taking advantage of membrane-associated interac-
tions with BBB endothelial glycocalyx components to facilitate
endothelial uptake and transcytosis®¥. This example highlights
an important feature of AMT-inspired strategies: electrostatic
adsorption alone is often not the whole story, and successful
BBB transfer may depend on the coordinated contribution of
surface charge, membrane composition, and vesicular traffick-
ing behavior. Thus, AMT should be understood less as a single
mechanism and more as a design principle for enhancing endo-
thelial interaction and transcellular transport.

Biomimetic transcytosis strategies take this concept further
by equipping nanocarriers with cell-derived or cell-like inter-
faces to improve circulation, immune evasion, BBB interaction,
and downstream targeting. Over the past decade, biomimetic
delivery systems have attracted growing attention because cell
membranes, extracellular vesicles, and related biological coat-
ings can endow nanoparticles with functions that are difficult to
reproduce using purely synthetic materials!''’l, Depending on the
source of the membrane or vesicle, these functions may include
prolonged systemic circulation, reduced reticuloendothelial
clearance, inflammatory tropism, neuronal affinity, or enhanced
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compatibility with the BBB!'!:112, For PD therapy, such features
are particularly appealing because the disease requires not only
access to the CNS, but often selective action within neuroin-
flammatory or neurodegenerative microenvironments.

Several membrane-based biomimetic strategies have been
explored in PD models. Neural stem cell membrane-coated
nanoparticles have been reported to improve the targeted deliv-
ery of antisense oligonucleotides while also supporting endog-
enous neural stem cell recruitment for neuronal repair!'’l. Red
blood cell membrane-based systems have been used to prolong
circulation and reduce immune clearance, and when combined
with stimulus-responsive cores, they can further support con-
trolled therapeutic release after brain delivery!''*l. Neuronal
membrane-coated nanoparticles have also been developed to
target activated microglia and modulate neuroinflammation,
whereas macrophage membrane-based nanosystems may ex-
ploit inflammation-associated homing features while carrying
mitochondria-protective or antiinflammatory payloads!'"’l. In
addition, engineered exosome-like systems have shown consid-
erable promise because their intrinsic intercellular communica-
tion properties and nanoscale dimensions make them attractive
vehicles for RNA drugs, small molecules, and combination for-
mulations. For instance, exosome-based hybrid systems have
been designed for the codelivery of SNCA-targeting siRNA and
curcumin, aiming to simultaneously reduce a-synuclein pathol-
ogy and regulate immune activation in PD-related settings!''¢l. A
recent study further developed a biomimetic nanosystem (Cur-
Exo@Pt-PB) consisting of curcumin-derived exosomes encap-
sulating platinum-Prussian blue nanozymes, which effectively
traverses the BBB by modulating protein corona composition to
evade immune clearance while synergistically exerting antioxi-
dant effects and inducing microglial M2-polarized antiinflam-
matory responses, thereby achieving effective therapy for PDI''7],

Despite their conceptual appeal, adsorptive-mediated and
biomimetic transcytosis strategies face distinct limitations. In
AMT-based systems, increased positive charge can enhance BBB
interaction but may also increase nonspecific binding, serum
protein adsorption, cytotoxicity, and off-target uptake. The re-
sulting gain in endothelial association does not always translate
into efficient or selective delivery to the brain parenchymal''sl,
Biomimetic systems, while often offering improved biological
performance, come at the cost of greater complexity. First, man-
ufacturing scalability and batch-to-batch consistency remain
fundamental obstacles, as most biomimetic nanoplatforms are
synthesized at the milligram scale using nonstandardized labo-
ratory procedures that are often incompatible with large-scale
production!'*!. Second, inadequate storage and transport stabil-
ity represent another critical issue, since membrane proteins and
lipids are susceptible to denaturation, oxidation, aggregation
during storage, imposing stringent requirements on cold-chain
management!'?°l. Third, immunogenicity risks cannot be over-
looked; although biomimetic strategies aim to evade immune
clearance through “self” recognition, the introduction of exog-
enous biological materials may still trigger unintended immune
activation, and long-term biosafety data remain largely lack-
ing!'?!l. Moreover, although exosomes and membrane-coated
nanoparticles are often described as naturally brain-targeting,
their in vivo trafficking and BBB transport mechanisms are not
always fully understood or quantitatively validated"??. From
a clinical translation perspective, no biomimetic nanoplatform
has yet been approved for PD treatment, largely due to the ab-
sence of harmonized regulatory guidelines specifically tailored
to such complex nanomedicines, insufficient systematic evalu-
ation of biodistribution and pharmacokinetics, and interspecies
differences that make it difficult to replicate preclinical efficacy
in humans!®!. Consequently, while adsorptive and biomimetic
strategies expand the design space of BBB-crossing nanomedi-
cine for PD, their successful translation will depend on achiev-
ing a workable balance between biological sophistication,
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mechanistic clarity, safety, and manufacturability. Future re-
search should focus on developing scalable and standardized
manufacturing processes, establishing robust quality control
systems, and conducting thorough assessments of long-term
biosafety and immunogenicity.

5.4 Focused ultrasound-assisted BBB opening

Focused ultrasound (FUS) represents a distinct class of
BBB-crossing strategies because it does not primarily rely on
ligand-mediated interaction with endothelial transport systems.
Instead, it uses externally applied acoustic energy to locally and
transiently modulate BBB permeability, thereby creating a physi-
cal window for the entry of therapeutic agents into the brain!'23!,
In the field of PD, FUS has attracted growing interest not only
because of its established use in image-guided neuromodulatory
or ablative procedures, but also because its combination with
intravenously administered microbubbles has opened a new av-
enue for noninvasive, region-specific brain delivery of macro-
molecules, gene vectors, and nanosystems!!4,

The therapeutic application of FUS in PD initially centered
on thermal ablation. By focusing ultrasound energy onto de-
fined deep brain targets, such as the subthalamic nucleus or
related motor circuits, FUS can induce localized tissue heating
and thereby alleviate symptoms such as tremor!'25-127], However,
from a drug delivery perspective, the more transformative devel-
opment has been the emergence of microbubble-assisted focused
ultrasound (MB+FUS). In this approach, systemically adminis-
tered microbubbles oscillate in the ultrasound field within the
targeted cerebral vasculature, generating mechanical effects at
the neurovascular interface. These effects can temporarily loos-
en endothelial tight junctions and enhance vesicular transport
activity, leading to a reversible increase in BBB permeability!'?S].
Compared with systemic chemical modulation or invasive local
administration, MB+FUS offers several important advantages,
including regional precision, temporal controllability, and the
possibility of repeated noninvasive intervention!'??!,

However, the physical window opened by ultrasound alone
does not guarantee efficient delivery of free therapeutic agents.
Even in the region of barrier opening, free drugs often fail to
cross effectively or are rapidly cleared from the circulation. The
introduction of nanocarriers significantly improves this pro-
cess. Nanocarriers can encapsulate macromolecules, nucleic
acids, or unstable drugs into particles of appropriate size, en-
abling them to pass through the transient channels induced by
ultrasound, while also prolonging circulation time and reducing
peripheral organ exposure!'3%13l, Surface modification with tar-
geting ligands enhances local accumulation, and environment-
responsive designs allow triggered release at the lesion site. To-
gether, these features reduce systemic toxicity and protect the
cargo from enzymatic degradation!'?. Furthermore, nanoplat-
forms can carry gene-editing tools or enable combination ther-
apy, greatly expanding the repertoire of deliverable drugs!3l.
Thus, the value of nanocarriers lies in transforming the local
opening effect of ultrasound into meaningful therapeutic benefit
in the brain, rather than serving merely as an auxiliary tool for
barrier traversal.

These features make MB+FUS particularly attractive for PD
therapies that are pharmacologically promising but delivery-
limited. Neurotrophic factors such as GDNF and brain-derived
neurotrophic factor have long been recognized for their abil-
ity to support dopaminergic neuron survival and repair, yet
their clinical application has been severely restricted by insuf-
ficient brain delivery. To address this problem, FUS-based sys-
tems have been developed to combine circulating carriers with
ultrasound-triggered BBB opening. For example, a microbubble—
liposome complex loaded with neurotrophic factors was re-
ported to achieve targeted intracerebral delivery after FUS ir-
radiation, resulting in significant behavioral and pathological



Xiao et al. ® Volume 3 ¢ Number 3 ¢ 2026

improvement in PD model mice (Figure 4A). This type of strat-
egy illustrates the value of FUS as a delivery amplifier: rather
than replacing the nanocarrier, it enables a locally gated entry
process that can enhance the effectiveness of otherwise poorly
brain-penetrant therapeutics!!>4.,

Magnetic resonance-guided focused ultrasound (MRgFUS)
has further improved the translational potential of this ap-
proach by integrating real-time imaging with precisely con-
trolled acoustic targeting. In a phase I clinical study involving
PD patients with GBA1 mutations, MRgFUS combined with
microbubbles was used to transiently open the BBB in the
putamen in order to improve the intracerebral delivery of glu-
cocerebrosidase (GCase) enzyme therapy. Preliminary findings
suggested that the procedure was feasible and safe, with BBB
integrity largely restored within 24 h and no evidence of long-
term disruption (Figure 4B-D). Although still early, such studies
provide important clinical proof-of-principle that FUS-assisted
BBB opening may become a realistic platform for enabling brain
delivery of biologics in PD!'3%,

The main challenge for FUS-assisted BBB opening is not
proof of concept, but parameter control, reproducibility, and
long-term neurovascular safety. Its delivery outcome depends
heavily on ultrasound parameters such as acoustic pressure,
pulse duration, frequency, exposure time, and cavitation behav-
ior, all of which must be optimized to balance delivery efficiency
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against tissue safety!’*®l. In addition, microbubble formulation,
circulation stability, and acoustic responsiveness can substan-
tially influence treatment reproducibility. Repeated BBB open-
ing also raises important questions regarding cumulative neuro-
vascular effects, inflammatory responses, and long-term safety,
particularly in elderly or neurodegenerative populations!'37:138],
Therefore, FUS should be viewed not simply as a BBB-opening
technique, but as a highly promising yet parameter-sensitive en-
abling technology whose clinical value in PD will depend on
careful standardization, imaging guidance, and integration with
appropriately designed therapeutic cargos.

5.5 Photothermal strategies for BBB modulation and brain
delivery

Photothermal strategies represent another physically assisted
approach for enhancing brain delivery across the BBB. Un-
like transporter- or receptor-dependent nanomedicine systems,
these approaches rely on photothermal agents that absorb NIR
light and convert optical energy into localized heat, thereby
transiently increasing BBB permeability and facilitating drug
entry into the brain3%!#°, In the context of PD, photothermal-
assisted delivery has attracted interest because it combines rel-
atively low invasiveness with spatial controllability and can be
integrated with multifunctional nanoplatform design. Notably,

Evaluation with IHC staining
PD-model brain

PD-model brain
+ gene-liposome MBs
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Gene expression in Subtantia nigra

Figure 4. Focused ultrasound-assisted BBB opening for brain delivery. (A) Schematic illustration of intravenous administration of gene-liposome microbubbles
followed by focused ultrasound exposure to induce localized BBB opening and facilitate intracerebral gene delivery. Immunohistochemical staining of PD-model
brains shows gene expression in the substantia nigra after treatment with gene-liposome microbubbles!’®*, Copyright 2020, Elsevier B.V. (B) Representative
T2-weighted MRI acquired during an MR-guided focused ultrasound (MRgFUS) procedure, with the colormap indicating the relative ultrasound dose delivered
to the putamen. (C) Contrast-enhanced T1-weighted MRI from individual patients showing gadolinium extravasation in the sonicated putamen (arrows), indi-
cating localized BBB disruption. (D) Representative contrast-enhanced T1-weighted MRI in orthogonal planes illustrating the three-dimensional configuration
of the BBB opening ['*%. Copyright 2022, The Authors. Movement Disorders published by Wiley Periodicals LLC on behalf of the International Parkinson and

Movement Disorder Society.
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the photothermal agent itself is typically a nanomaterial (eg,
BP nanosheets and polydopamine nanoparticles). Beyond serv-
ing as the energy converter, the nanocarrier encapsulates and
protects the therapeutic cargo, enables brain targeting through
surface modification, and can achieve stimulus-responsive drug
release. This dual or triple functionality is difficult to replicate
with small-molecule photothermal agents or with free drugs
alone!®!. Rather than serving solely as a carrier property, the
photothermal effect itself becomes an active component of the
delivery process!'!l.

The effectiveness of this strategy depends largely on the prop-
erties of the photothermal agent. Ideally, photothermal materials
used for BBB modulation should exhibit strong NIR absorption,
high photothermal conversion efficiency, good photostability,
biodegradability, and acceptable biocompatibility!">!4l. Upon
NIR irradiation, localized heating at the vascular interface may
disrupt endothelial integrity or transiently increase barrier per-
meability, thereby enabling the delivery of therapeutic cargos
that would otherwise show poor brain penetration. At the same
time, this mode of delivery also offers the possibility of coupling
BBB modulation with stimulus-responsive drug release, which
is particularly attractive for multifunctional nanosystems in
PD[114,142]‘

BP-based nanomaterials are among the most widely inves-
tigated photothermal platforms in this context because of
their high photothermal conversion efficiency and biodegrad-
ability!"*. For example, polyethylene glycol (PEG)-modified
BP nanosheets loaded with matrine were developed as a mul-
tifunctional nanomedicine for PD (Figure 5A). In this system,
NIR-triggered photothermal effects promoted BBB penetration,
while matrine contributed antioxidant activity through regula-
tion of oxidative stress-related pathways (Figure 5B). As a re-
sult, the combined platform was reported to exert synergistic
antiparkinsonian effects through ROS scavenging and reduction
of a-synuclein aggregation!"*l. This example illustrates how
photothermal assistance can be integrated with a therapeutic
cargo that is pharmacologically relevant but otherwise limited
by insufficient brain exposure.

Other photothermal nanoplatforms have extended this
concept by combining BBB modulation with gene-related or
mitochondria-protective therapies. A representative example is
the MgOp@PPLP system, which uses MgO nanoparticles as a
core, polydopamine (PDA) as a photothermal framework, and
an anti-SNCA plasmid as a therapeutic component, with addi-
tional PEG, puerarin, and lactoferrin modifications to improve
hydrophilicity, antioxidant activity, and brain targeting (Fig-
ure 5C). Under 808 nm NIR irradiation, the PDA component
generated a controlled temperature increase that promoted BBB
permeability and enhanced brain delivery of the nanomedicine
(Figure S5D)"¢1. Similarly, a zeolitic imidazolate framework
8-coated Prussian blue nanocomposite loaded with quercetin
has been developed to exploit the photothermal properties of
Prussian blue for BBB modulation while simultaneously deliver-
ing a neuroprotective small molecule. These studies highlight the
versatility of photothermal approaches, which can support the
delivery of small molecules, nucleic acid cargos, and multifunc-
tional combination systems!'#],

Despite these promising results, photothermal BBB modula-
tion remains at a relatively early stage compared with more es-
tablished approaches such as FUS-assisted barrier opening. One
important limitation is the restricted tissue penetration depth
of light, which constrains the efficiency and clinical practicali-
ty of NIR-triggered strategies, especially for deep brain targets
relevant to PD'7), In addition, achieving a therapeutically use-
ful increase in BBB permeability without inducing excessive en-
dothelial damage or off-target thermal injury requires careful
control of irradiation parameters and photothermal material
properties. The long-term biosafety, reproducibility, and spatial
precision of these systems also remain to be fully established!s.
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Therefore, photothermal strategies should currently be viewed
as an innovative but still developing class of BBB-modulating
technologies, with particular value as multifunctional nanomed-
icine platforms rather than as mature standalone solutions for
PD brain delivery.

6. Nanomedicine strategies for bypassing the BBB

In contrast to BBB-crossing approaches, bypass strategies seek
to reduce dependence on transvascular transport across the clas-
sical BBB by exploiting alternative anatomical routes or local
delivery methods. Rather than negotiating directly with endo-
thelial transport systems or transiently modulating barrier per-
meability, these approaches attempt to access the CNS through
pathways such as the nasal cavity, meningeal-associated routes,
or direct intracranial administration"**-**!l, In PD, bypass strat-
egies are particularly attractive for therapeutic cargos that are
difficult to deliver efficiently through systemic circulation, in-
cluding macromolecules, nucleic acids, and other formulations
that require higher local exposure. At the same time, bypass-
ing the BBB does not eliminate the challenges of brain delivery;
instead, it shifts the main constraints toward factors such as
delivery flux, regional distribution, repeatability, invasiveness,
and clinical feasibility!'52153l, Based on these principles, current
nanomedicine-based bypass strategies can be broadly catego-
rized into intranasal delivery, meningeal-associated pathways,
skull-meninges-related routes, and convection-enhanced or oth-
er local intracranial delivery approaches.

6.1 Intranasal delivery

Intranasal delivery is one of the most extensively investigated
strategies for bypassing the BBB in brain-targeted therapy. Its
central appeal lies in the possibility of delivering therapeutic
agents from the nasal cavity to the CNS through direct ana-
tomical connections, thereby reducing reliance on systemic cir-
culation and classical transvascular BBB transport. Compared
with oral or parenteral administration, intranasal delivery offers
several potential advantages, including noninvasiveness, ease of
administration, relatively rapid onset, and the possibility of lim-
iting peripheral exposure. In PD, these features are particularly
attractive for therapeutic agents that require repeated dosing
or that exhibit insufficient brain exposure after conventional
administration!!* 154,

The nose-to-brain transport of drugs is thought to occur
mainly through direct pathways associated with the olfactory
and trigeminal systems. After deposition on the upper nasal mu-
cosa, therapeutic agents may access the olfactory bulb and then
distribute to deeper brain regions along olfactory-associated
routes or reach the brainstem and other CNS areas through tri-
geminal nerve-related pathways (Figure 6A)15138 Additional
contribution from perineural or cerebrospinal fluid-adjacent
spaces has also been proposed"*!. Although part of the adminis-
tered dose may still enter the systemic circulation through nasal
capillaries, the principal value of intranasal delivery lies in its
capacity to provide a more direct route to the brain and poten-
tially improve intracerebral exposure while reducing systemic
side effects!'*?l.

However, its practical performance is strongly constrained by
multiple anatomical and physiological barriers within the nasal
cavity. The nasal mucosa imposes multiple barriers, including
mucus entrapment, epithelial resistance, local enzymatic degra-
dation, mucociliary clearance, and the limited accessible area
of the olfactory region. These factors can substantially reduce
drug retention, absorption, and reproducibility of delivery to
the brain. Nanocarriers substantially improve the performance
of intranasal delivery by addressing multiple physiological bar-
riers”l. They can: (i) enhance mucosal penetration through
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Figure 5. Photothermal-assisted nanomedicine for BBB modulation and brain delivery. (A) Schematic illustration of the preparation of the black phosphorus-
based multifunctional nanoplatform BP-MT. (B) In vivo fluorescence imaging of C57BL/6 mice after administration of free Cy5 or BP-Cy5 with near-infrared (NIR)
irradiation, together with quantitative analysis of matrine (MT) accumulation in the brain at 2, 4, and 8 h after treatment with free MT or BP-MT plus NIR irradiation
(n = 3). Compared with the MT group: P < 0.05, *P < 0.01, and **P < 0.0010"%, Copyright 2022, Elsevier B.V. All rights reserved. (C) Schematic illustration of the
synthesis of MgOp@PPLP and its NIR-triggered therapeutic procedure. (D) Representative infrared thermal images of mice exposed to 808 nm laser irradiation
(0.8 W/cm?) after administration of PBS or MgOp@PPLP!#8, Copyright 2022, Wiley-VCH GmbH.

surface charge or mucoadhesive polymers; (ii) protect encapsu-
lated drugs from enzymatic degradation in the nasal cavity; (iii)
prolong residence time by avoiding rapid mucociliary clearance;
and (iv) provide sustained or controlled release after reaching
the olfactory epithelium. By contrast, free drugs administered
intranasally often suffer from poor absorption, rapid clearance,
and low bioavailability. Thus, the value of nanomedicine in in-
tranasal delivery is not merely in the route itself, but in the ability

of nanocarriers to overcome the inherent limitations of the nasal
mucosalts*160161 - Accordingly, current efforts to improve intra-
nasal delivery have focused on 3 closely related aspects: for-
mulation design, cargo optimization, and device engineering!'®!l,

A representative example is an in situ gel nasal spray based
on a lyotropic liquid crystal system for codelivering levodo-
pa and epigallocatechin gallate. This formulation remains a
low-viscosity precursor before administration, which facilitates
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Figure 6. Intranasal nanomedicine delivery to the brain. (A) Schematic illustration of the major nose-to-brain transport pathways for nanoparticles, including
trigeminal and olfactory routes ['*¢l. Copyright 2023, American Chemical Society. (B) Schematic illustration of an in situ gel nasal spray designed for nose-to-brain
delivery in a PD model. By adjusting formulation viscosity and inducing sol-gel phase transition after administration, this strategy improves upper nasal cavity
deposition and prolongs mucosal retention to facilitate the codelivery of multiple drugs. (C)Representative whole-brain fluorescence imaging and semiquan-
titative analysis of surrogate drug distribution following intranasal administration of a lyotropic liquid crystal (LLC)-based in situ gel spray. Fluorescent probes,
fluorescein isothiocyanate (FITC) and rhodamine B (RhB), were employed as surrogates for levodopa (LDA) and epigallocatechin gallate (EGCG), respectively!®e!,
Copyright 1999-2026, John Wiley & Sons, Inc. or related companies. (D) Schematic and representative images of a minimally invasive nasal infusion (MINI)
strategy using a programmable infusion pump for intranasal delivery in mice. Quantification of ovalbumin levels in the trigeminal ganglion and olfactory bulb
demonstrates enhanced regional brain delivery compared with control treatment 57, Copyright 2024, The Authors

atomization, but rapidly undergoes a sol-gel transition after
reaching the olfactory mucosa, thereby forming a mucoadhesive
depot that prolongs residence time and improves local retention
(Figure 6B). By optimizing rheological behavior and deposition
characteristics, this system was designed to preferentially target
the upper nasal cavity, where olfactory nerve-associated trans-
port is most relevant (Figure 6C). Such a strategy illustrates how
nanostructured formulations can improve not only drug stabil-
ity and residence, but also spatial delivery precision within the
nasal cavity!!5¢l,

Other nanomedicine-based intranasal approaches further
demonstratetheversatility of thisroute. Carrier-freeself-assembled
nanodrugs based on quercetin and PEG, as well as solid lip-
id nanoparticles encapsulating geraniol-ursodeoxycholic acid
conjugates, have both been reported to enhance nose-to-brain
delivery and produce neuroprotective effects in PD-related
models. In addition, a smart biomimetic nanoplatform based
on kudzu-derived exosomes (hPH-RNPEC) has been devel-
oped, which, upon intranasal administration, can penetrate the
nasal mucosa, home to inflammatory sites, and achieve dual
targeting of neurons and microglia. It codelivers miRNA and
curcumin to synergistically alleviate mitochondrial damage and
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neuroinflammation, thereby remodeling the brain microenvi-
ronment in PD and promoting neural repair!!?. These examples
suggest that intranasal nanomedicine is not limited to reformu-
lating classical drugs, but may also serve as a flexible platform
for antioxidant, antiinflammatory, and multitarget therapeutic
strategies relevant to PD pathology!'63164],

In addition to formulation optimization, device innovation
is increasingly recognized as a key determinant of intranasal
delivery performance!’®). One notable example is the mini-
mally invasive nasal infusion strategy, which combines trans-
nasal surgical access with a programmable infusion system
to achieve controlled drug administration to the submucosal
region of the olfactory mucosa. In experimental studies, this
approach enabled efficient delivery of a model protein to multi-
ple brain regions while maintaining very low peripheral blood
levels, highlighting the importance of administration precision
in improving the reliability of nose-to-brain transport (Fig-
ure 6D)1571 Although such methods are more intervention-
intensive than conventional nasal sprays, they underscore a
critical point: successful intranasal brain delivery depends not
only on the nanocarrier itself, but also on where and how the
formulation is deposited.
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Overall, intranasal delivery represents a highly attractive
BBB-bypassing strategy for PD because it offers a nonvascular
route to the brain and is well suited to repeated administra-
tion. However, its actual performance depends on overcoming
fundamental constraints in nasal deposition, mucosal retention,
transport flux, and regional distribution!"*®!¢71. Thus, the future
of intranasal nanomedicine in PD is likely to depend on the co-
ordinated development of advanced formulations and precision
delivery devices, rather than on carrier design alone.

6.2 Meningeal lymphatic-associated delivery pathways

Meningeal lymphatic-associated delivery pathways have
emerged as a novel and conceptually important route for by-
passing the BBB. For a long time, the CNS was regarded as
largely isolated from classical lymphatic drainage; however, the
discoveries of the glymphatic system and meningeal lymphatic
vessels (MLVs) have substantially revised this view!!*$1¢91, Tt is
now understood that cerebrospinal fluid and interstitial solutes
can be exchanged and cleared through perivascular and menin-
geal lymphatic networks, ultimately draining toward the deep
cervical lymph nodes!"7%!7!1, This anatomical and functional or-
ganization establishes a “brain-lymph-immune” axis that con-
nects CNS fluid homeostasis, waste clearance, and immune sur-
veillance, while also suggesting a previously underappreciated
route for drug and nanoparticle trafficking to the brain731741,

As an anatomical bypass, the MLV pathway allows therapeu-
tic agents to reach the CNS without crossing the classical BBB.
In principle, free drugs, antibodies, or even small molecules can
enter this pathway after appropriate administration (eg, cervical
subcutaneous injection). However, this route alone suffers from
inherent limitations: free molecules are rapidly degraded by
enzymes in the interstitial fluid and lymphatic vessels, they are
easily cleared by phagocytic cells in lymph nodes, and they can-
not achieve sustained release or codelivery of multiple agents.
Therefore, simply using the MLV pathway as a passive conduit
does not guarantee efficient and safe brain delivery!'7*l,

Nanomedicine addresses these limitations by providing dis-
tinct added value that differentiates a nanocarrier-based ap-
proach from generic CNS delivery along the MLV route. First,
encapsulation protects labile biologics from enzymatic degrada-
tion, allowing them to survive the journey through the lymphat-
ic network!"7>17¢1, Second, nanocarriers can be engineered with
surface ligands or membrane coatings to actively evade phago-
cytic clearance by immune cells within the lymph nodes, there-
by improving transport efficiency and prolonging exposure!'””.,
Third, nanoparticles enable codelivery of multiple therapeutic
agents in a single formulation, which is difficult to achieve with
free drugs!'”®l. Fourth, the nanocarrier itself can contribute ther-
apeutic functions beyond passive cargo transport, such as ROS
scavenging, immunomodulation, or repair of dysfunctional
MLVs!'8l, Consequently, while the MLV route is an anatomical
bypass, nanomedicine transforms it from a passive clearance
pathway into an actively engineerable delivery and therapeutic
platform.

Several representative studies support this concept. In a PD
mouse model, cervical subcutaneous administration of Cu,.Se
nanoparticles was reported to repair MLV dysfunction induced
by a-synuclein preformed fibrils and to improve behavioral
and pathological phenotypes. Mechanistically, these nanopar-
ticles were associated with upregulation of VEGF-C/VEGFR3
signaling, promotion of lymphangiogenesis, and restoration of
meningeal lymphatic drainage. Such findings suggest that MLV-
targeted nanomedicine may serve not only as a delivery route,
but also as a therapeutic strategy aimed at correcting disease-
related lymphatic impairment!'®l.

Biomimetic designs have further expanded the potential of
this pathway. Because immune cell-rich lymphatic environments
may promote nanoparticle clearance, membrane-camouflaged
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systems have been developed to improve transport efficiency
and biological performance. For example, natural killer cell
membrane-coated curcumin-loaded liposomes were reported to
enhance delivery through the MLV-associated route while simul-
taneously reducing phagocytic clearance, scavenging ROS, and
adsorbing a-synuclein!'”’l. In another study, an engineered hy-
brid membrane-coated nanoparticle combining copper—seleni-
um nanomaterials with fused neuronal and macrophage-derived
membrane components was used after cervical subcutaneous
injection to target the brain through meningeal lymphatic path-
ways. The resulting system functioned both as a delivery vehicle
and as an immunomodulatory nanoplatform, reducing inflam-
matory signaling and improving pathological outcomes in PD
modelst!72.

This route may also offer practical advantages for reformu-
lating existing therapies. One study encapsulated levodopa into
tannic acid/polyvinyl alcohol nanoparticles and delivered it via
the MILV-associated pathway, reporting reduced peripheral ad-
verse effects together with improved central dopaminergic out-
comes!'”’!. Such results are noteworthy because they suggest that
meningeal lymphatic-associated delivery may not be limited to
novel biological drugs or advanced nanoplatforms, but may also
provide a means of improving the therapeutic index of estab-
lished PD medications.

At present, MLV-associated brain delivery is best regarded
as an emerging and still-evolving strategy rather than a fully
established translational route. The exact transport dynamics,
quantitative delivery efficiency, anatomical selectivity, and re-
producibility of this route are not yet fully established, especial-
ly in larger animals and humans. In addition, the relationship
between nanoparticle transport through lymphatic-associated
pathways and final distribution within the brain parenchy-
ma remains incompletely defined!"*".. Therefore, meningeal
lymphatic-associated delivery should currently be viewed as
a highly promising but still developing bypass strategy, with
particular value in expanding the conceptual landscape of
brain-targeted nanomedicine and potentially linking drug deliv-
ery to restoration of CNS lymphatic homeostasis.

6.3 Skull-meninges vascular or microchannel-associated
pathways

In addition to more established BBB-bypassing routes such as in-
tranasal delivery and meningeal lymphatic-associated pathways,
recently identified skull-meninges vascular or microchannel-
associated structures have introduced a new conceptual frame-
work for brain-targeted delivery. These channels connect the
calvarial bone marrow with the meninges and appear to function
as specialized conduits for communication between extracranial
hematopoietic niches and the CNS border environment!'$%:182],
Under physiological conditions, they are thought to support
the trafficking of immune cells from the skull bone marrow to
the dura mater and thereby participate in meningeal immune
surveillance. In pathological settings, these channels may also
mediate bidirectional signaling between injured brain tissues
and cranial bone marrow compartments, potentially guiding
immune cell recruitment to sites of CNS damagel'$3.

From a drug delivery perspective, this anatomical connection
is intriguing because it may provide an alternative route for
transporting therapeutic systems toward CNS border regions
without relying on classical transvascular passage across the
BBB. Building on this concept, researchers have proposed a skull
bone marrow-meningeal channel delivery strategy in which
drug-loaded nanoparticles are introduced directly into the cal-
varial bone marrow cavity. After local uptake by endogenous
immune cells, these therapeutic cargos may then be conveyed
through the skull-meninges channel network toward lesion-
associated meningeal or parenchymal regions?>!82l, This route is
particularly notable because it does not simply bypass the BBB
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in a passive manner, but instead potentially harnesses physiolog-
ical cell trafficking pathways as a form of guided delivery.

Preclinical studies have provided early support for the feasi-
bility of this concept. For example, albumin-based nanoparticles
delivered through the cranial bone marrow route were reported
to achieve substantial enrichment at brain lesion sites even at
very low doses, suggesting that this pathway may offer high de-
livery efficiency when coupled to endogenous migratory mech-
anisms. Preliminary human observations have also suggested a
basic safety profile for local skull bone marrow administration,
further increasing interest in this strategy as a possible precision
brain delivery route!'$'55, These findings are important because
they suggest that skull-meninges-associated pathways could ex-
pand the current landscape of CNS drug delivery beyond con-
ventional vascular, nasal, or meningeal lymphatic routes.

At the same time, this approach remains highly exploratory,
and several important questions remain unresolved. The ana-
tomical variability, transport kinetics, cell-type specificity, and
ultimate parenchymal distribution of therapeutics delivered
through these channels are not yet fully defined. It is also un-
clear to what extent this pathway can support repeated adminis-
tration, broad regional drug distribution, or delivery of different
cargo classes beyond selected nanoparticle systems?’l. Moreover,
because this route relies at least in part on immune cell-mediated
trafficking and lesion-related signaling, its performance may be
strongly influenced by disease state, inflammatory context, and
patient-specific biology!'*¢l. Therefore, skull-meninges vascular
or microchannel-associated delivery should currently be regard-
ed as an emerging and conceptually innovative bypass strategy,
with particular value in reshaping how brain delivery routes are
understood rather than as an established translational platform
for PD therapy.

6.4 Convection-enhanced delivery and local intracranial
administration

Convection-enhanced delivery (CED) and related local intra-
cranial administration strategies represent the most direct ap-
proach to bypassing the BBB. Unlike systemic or anatomical-
route-based delivery methods, these techniques rely on stereo-
tactic placement of infusion devices into target brain regions, al-
lowing therapeutic agents to be introduced directly into the pa-
renchyma or its immediate extracellular environment. In CED,
continuous low-flow infusion generates a pressure gradient that
drives bulk convective movement of the infused agent through
the interstitial space, thereby enabling broader and more con-
trolled distribution than would be achieved by passive diffusion
alone!"”), This feature makes CED particularly attractive for PD
therapies involving large molecules, viral vectors, neurotrophic
factors, or other cargos that are poorly suited to systemic brain
delivery!!®sl,

In PD, the most prominent applications of CED have focused
on neurotrophic factor-based neuroprotection and gene thera-
py. Neurotrophic factors such as GDNF have long been con-
sidered highly promising because of their capacity to support
dopaminergic neuron survival and repair, yet their therapeutic
translation has been constrained by delivery barriers and insuf-
ficient target-site exposurel®”l. CED offers a potential solution
by enabling high local concentrations within disease-relevant
structures, such as the putamen or related basal ganglia regions.
Similarly, gene therapy strategies have employed CED to deliver
viral vectors carrying therapeutic genes directly into the brain,
with the goal of achieving sustained local expression of benefi-
cial proteins rather than repeated systemic administration!'*l,

Although CED can be performed with free drugs, nanocar-
riers provide distinct added value. Encapsulation of fragile bi-
ologics (eg, nucleic acids) in nanoparticles protects them from
enzymatic degradation during infusion and prolongs their activ-
ity in the brain parenchyma!"!l. Moreover, nanocarriers can be
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engineered to achieve sustained local release, thereby reducing
the need for repeated infusions!'?l. Optimized particle size and
surface properties can also minimize backflow along the catheter
tract, a common limitation of CED with free solutions!'*’!. For
example, 1 study employed engineered polyethylene glycol-poly
(B-amino ester) nanoparticles (PEG-PBAE NPs) carrying human
GBA1 plasmid DNA to achieve localized, nonviral GBA1 gene
therapy via intracranial CED. In a mouse model of PD induced
by a-synuclein PFFs, this strategy achieved efficient and sus-
tained GBA1 transgene expression in the substantia nigra, sig-
nificantly reduced a-synuclein aggregation, protected tyrosine
hydroxylase-positive dopaminergic neurons, alleviated neuroin-
flammation, and improved motor function metrics such as grip
strength, rod test, and open field performance. Compared with
viral vectors, PEG-PBAE NPs offer the advantages of low immu-
nogenicity, repeatable administration, and low cost, providing a
potential strategy for shifting PD treatment from symptomatic
management toward disease modification!"l.

Furthermore, the practical performance of CED depends
critically on how accurately the infused agent can be distrib-
uted within the brain tissue. A notable example is the use of
AAV2-GDNF delivered by CED to the bilateral putamen in
patients with PD. Although the infusion was stereotactically
targeted to the intended structure, subsequent evaluation re-
vealed that GDNF expression extended beyond the putamen
into adjacent regions such as the caudate nucleus. This finding
underscores a central issue in CED-based therapy: the actual
intraparenchymal spread of therapeutic agents may not remain
confined to the intended anatomical target, but may instead
follow low-resistance pathways such as perivascular spaces or
tissue interfaces!'®l. Thus, while CED bypasses the BBB very
effectively, it introduces a different challenge—namely, how to
achieve predictable, regionally appropriate distribution within a
heterogeneous brain environment.

This challenge is compounded by several additional factors
that affect clinical translation. Drug distribution during CED
can vary substantially because of interindividual anatomical
differences, tissue anisotropy, local pressure gradients, catheter
placement,andrefluxalongthecathetertract. Conventionalsingle-
port catheters may produce uneven distribution, incomplete
target coverage, or backflow of infusate, particularly when de-
livering large biologics or viral particles. These limitations have
motivated substantial interest in device innovation as a key
determinant of CED success rather than a secondary technical
detaill'$7:193],

Recent developments in catheter engineering illustrate how
delivery hardware can reshape the feasibility of local intracrani-
al administration. For example, multiporous perfusion catheters
fabricated using precision laser drilling have been developed to
improve the uniformity of intratissue convection and suppress
reflux. By incorporating a permeable segment with multiple
outlet pores, these devices are intended to distribute infusate
more evenly and to better match the structural properties of
brain tissue. Experimental studies have suggested that such
catheters can deliver model therapeutics spanning a broad size
range, from small molecules to viral-vector-scale particles, with
high transmission efficiency and reduced clogging, while also
improving intraparenchymal distribution during higher-flow in-
fusions. These findings indicate that catheter design may be just
as important as therapeutic cargo selection in determining the
eventual success of CED-based therapy!"°l.

Overall, CED and local intracranial administration provide
a uniquely powerful route for PD treatment because they can
bypass the BBB most directly and support the delivery of cargos
that are otherwise extremely difficult to administer to the brain.
At the same time, their translational value depends not only on
the biological efficacy of the infused therapy, but also on the pre-
cision, reproducibility, and safety of the infusion system itself.
For this reason, the future of CED in PD will likely depend on
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the integration of optimized therapeutic cargos with advanced
catheter technology, real-time imaging guidance, and individu-
alized treatment planning!"*71*8l.

7. Comparative evaluation of crossing and bypass
strategies

Crossing and bypass strategies represent 2 fundamentally differ-
ent solutions to the same delivery problem in PD. BBB-crossing
approaches attempt to negotiate directly with the endothelial
barrier by exploiting endogenous transport pathways, enhanc-
ing transcytosis, or transiently increasing BBB permeability.
Their major advantage is that they are generally compatible
with systemic administration and may preserve broader access
to deep brain regions without the need for direct intracranial
intervention. However, their performance is often constrained
by limited transport efficiency, endothelial retention, off-target
uptake, and the difficulty of achieving quantitatively meaning-
ful drug accumulation in the brain parenchyma!'*>'*?l, By con-
trast, bypass strategies reduce reliance on classical transvascu-
lar BBB transport by exploiting alternative anatomical routes
or local administration. These approaches may provide more
direct brain access for selected cargos, but they typically intro-
duce a different set of limitations, including restricted delivery
flux, uneven regional distribution, procedural invasiveness, or
route-specific variability?®!. As summarized in Table 1, the rel-
ative value of each strategy depends less on whether it is for-
mally categorized as “crossing” or “bypassing” and more on its
compatibility with cargo type, target region, dosing pattern, and
acceptable procedural complexity.

From a therapeutic perspective, the relative value of these 2
strategy groups depends strongly on cargo type and treatment
goal. BBB-crossing systems may be better suited to therapies
that require repeated systemic administration or broad integra-
tion into existing pharmacological regimens, especially when the
cargo can be effectively incorporated into ligand-modified or
multifunctional nanoplatforms®*2%, In contrast, bypass strat-
egies may be particularly attractive for fragile macromolecules,
high-local-dose therapies, or formulations that show extremely
poor systemic brain exposure. For example, intranasal delivery
offers a noninvasive and repeatable route, but its performance
is limited by mucosal barriers and deposition efficiency2%’.
Meningeal lymphatic-associated and skull-meninges-related
routes expand the conceptual landscape of brain delivery, yet
their transport dynamics and translational reproducibility re-
main less established!%l, Local intracranial approaches such
as CED provide the most direct BBB bypass, but their success
depends heavily on catheter design, distribution control, and
procedural precision!2%¢l,

Overall, neither crossing nor bypass strategies should be
viewed as universally superior. Instead, their utility should be
judged according to the therapeutic cargo, the target brain re-
gion, the required dosing pattern, and the acceptable level of
procedural complexity. In PD, where treatment needs range
from chronic small-molecule management to biologics, gene
therapy, and neurorestorative intervention, the most effective
future approach is unlikely to be a single dominant route. Rath-
er, progress will depend on developing cargo-matched and clin-
ically realistic delivery strategies that balance access, precision,
repeatability, and safety.

8. Translational challenges and future perspectives

Despite the remarkable preclinical performance of many multi-
functional nanoplatforms described above, their translation into
clinically viable therapies for PD faces substantial hurdles that
are often insufficiently addressed in proof-of-concept studies. A
critical gap exists between robust preclinical efficacy and clinical
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reality: although preclinical studies in PD models have demon-
strated superior brain exposure, target engagement, and behav-
ioral improvements compared with free drugs, the number of
CNS-directed nanomedicine candidates that have advanced into
human trials remains extremely limited. Several interconnected
barriers collectively contribute to this translational bottleneck.

Manufacturing scalability, batch consistency, and long-term
storage stability represent the primary foundational obstacles
for clinical translation of nanomedicines. Most sophisticated
nanoplatforms, particularly those incorporating biomimetic
membranes, multiligand decorations, stimuli-responsive com-
ponents, or complex drug combinations, are typically synthe-
sized at the milligram scale using nonstandardized laboratory
procedures that are often incompatible with large-scale Good
Manufacturing Practice requirements. Scaling up production by
several orders of magnitude to achieve the kilogram quantities
required for animal safety testing and clinical trials frequently
necessitates significant process changes, which can easily alter
critical quality attributes such as particle size, surface charge,
and drug loading capacity, leading to substantial batch-to-batch
variability or even loss of core functionality. For biomimetic sys-
tems, the sourcing of membranes from cell cultures introduces
additional variability in membrane composition and bioactiv-
ity, and source control and manufacturing standardization re-
main largely unresolved issues. These manufacturing challenges
are not merely technical details; they fundamentally determine
whether a nanoplatform can be produced consistently, cost-
effectively, and in sufficient quantities to enter clinical evalua-
tion. A realistic assessment must recognize that the structural
complexity of nanoplatforms often inversely correlates with
translational feasibility: while complex, multifunctional designs
are valuable for exploring biological mechanisms and demon-
strating proof of concept, the priority for clinical translation
should be formulations that are mechanistically clear, technical-
ly robust, and practically scalable2°7:2081,

Rigorous quantification of successful delivery and target pre-
cision constitutes a core biological challenge constraining the
translation of nanomedicine for PD. Many preclinical studies
report only overall brain accumulation enhancement, improved
behavioral outcomes, or reduced pathological burden, but the
actual amount of therapeutic cargo reaching the relevant brain
parenchyma (eg, the substantia nigra pars compacta and striatal
projection regions), the specific cell populations exposed, and
the duration of effective retention at target sites often remain
poorly defined. For PD, therapeutic benefit depends not only on
whether the drug enters the brain, but critically on whether it
can be precisely delivered to key targets such as dopaminergic
neurons in the substantia nigra pars compacta and their striatal
projection areas. Currently, standardized and quantitatively ro-
bust frameworks for evaluating nanomedicine biodistribution,
target engagement, and regional pharmacokinetics are largely
absent?”!, This absence not only hampers crossstudy compari-
sons but also prevents the establishment of clear dose-response
relationships between preclinical efficacy and actual delivered
doses. Furthermore, inconsistency in the characterization and
reporting of nanomaterial physicochemical properties further
complicates quantitative delivery assessment and represents a
major reason why preclinical outcomes are difficult to replicate
in clinical trialst°l,

Long-term safety and biocompatibility represent another
major translational barrier for PD nanomedicines, particular-
ly critical for chronic neurodegenerative diseases that require
sustained or repeated dosing. A clinically valuable delivery sys-
tem must not only be effective after a single administration but
must also remain well-tolerated under long-term repeated use.
This concern applies to both BBB-crossing and bypass strate-
gies?!!l, Different types of delivery systems carry distinct safety
risks: ligand-modified or cationic nanoplatforms may increase
off-target uptake in peripheral organs, trigger immunogenic
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Comparative evaluation of BBB-crossing and BBB-bypassing nanomedicine strategies for Parkinson disease.

Repeat dosing
Strategy Typical cargos Key strengths Main limitations potential Invasiveness
Carrier-mediated transport®”  Selected small molecules; Uses endogenous nutrient transport  Limited capacity; substrate Moderate to high  Low
compact nanocarriers pathways; compatible with competition; less suitable for
systemic delivery large or complex cargos
Receptor-mediated transport®  Proteins, antibodies, nucleic Strong BBB-targeting rationale; Endothelial retention; off-target Moderate to high  Low
acids, multifunctional adaptable ligand design; suitable uptake; receptor heterogeneity
nanoplatforms for complex cargos
Adsorptive-mediated Cationic nanocarriers; selected  Does not rely on a single receptor;  Nonspecific binding; lower Moderate Low
transcytosis?%? macromolecules broadly applicable design selectivity; toxicity risk
principle
Biomimetic delivery* RNA drugs, proteins, sensitive  Improved circulation, immune High complexity; unclear Moderate Low
multifunctional cargos evasion, and biointerface mechanisms; poor
compatibility standardization
Focused ultrasound-assisted Biologics, neurotrophic factors, ~Region-specific and noninvasive Parameter-sensitive; safety and Moderate Low to
BBB opening('s! enzymes, gene vectors, BBB opening; enables poorly reproducibility require tight moderate
nanoparticles penetrant cargos control
Photothermal BBB modulation'®  Small molecules, nucleic acids, Integrates BBB modulation with Limited light penetration; thermal ~ Low to moderate  Low
multifunctional nanosystems stimulus-responsive release safety concerns; low clinical
maturity
Intranasal delivery!'>¥ Small molecules, peptides/ Noninvasive and repeatable; reduces Limited flux; variable deposition; High Low
proteins, some nucleic acids systemic exposure mucosal barriers
Meningeal lymphatic- Nanoparticles; Bypasses classical BBB; may link Transport dynamics and efficiency ~ Moderate Low to
associated pathways!'" immunomodulatory delivery with clearance and remain incompletely defined moderate
systems; selected drugs/ immune modulation
biologics
Skull-meninges microchannel-  Selected nanoparticles; cell- Conceptually novel; potential lesion-  Highly exploratory; unclear kinetics ~ Unknown to low ~ Moderate
associated pathways?®! associated systems oriented delivery and generalizability
CED/local intracranial Large biologics, viral vectors, ~ Most direct BBB bypass; high local  Invasive; distribution variability; Low to moderate  High

administration('¢”

neurotrophic factors

exposure

catheter dependence

responses, or induce cerebrovascular endothelial stress?'?; phys-
ical BBB-opening methods such as FUS and photothermal mod-
ulation must carefully balance delivery efficiency against the risk
of neurovascular injury®); and local intracranial administra-
tion routes remain constrained by procedural invasiveness and
the potential risks associated with uneven drug distribution?!4l.
Notably, most current preclinical safety studies only assess acute
toxicity following single administration and are conducted in
young, healthy animals, whereas PD patients are typically el-
derly with preexisting vascular dysfunction and neuroinflam-
mation, factors that significantly alter BBB behavior and tis-
sue responses to nanomaterials. This underscores the critical
importance of long-term safety evaluation in disease-relevant
animal models. For nonbiodegradable inorganic nanomaterials,
cationic carriers, and membrane-coated systems, the cumulative
toxicity, long-term tissue retention, and potential chronic neu-
roinflammatory risks following repeated administration require
more systematic characterization?%l.

Regulatory uncertainty and clinical design complexity fur-
ther complicate the translation of PD nanomedicines. Currently,
global regulatory agencies lack harmonized guidelines specifi-
cally tailored to complex nanomedicines, making it difficult
for developers to clearly navigate the development pathway
and regulatory requirements. The significant heterogeneity in
BBB permeability across PD patients, across different brain re-
gions, and across disease stages complicates patient stratifica-
tion, dosing regimen design, and endpoint selection in clinical
trials. Moreover, demonstrating therapeutic benefit requires not
only evidence of successful brain delivery but also confirma-
tion of target engagement and clinically meaningful function-
al improvement, endpoints that are often difficult to measure
reliably in small early phase trials. The poor reproducibility of
preclinical outcomes in clinical trials, partly attributable to non-
standardized characterization and reporting of nanomaterial
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physicochemical properties and biological effects, has been rec-
ognized as a major contributor to translational failure2!%217),

Looking forward, the next stage of development in PD nano-
medicine should move toward cargo-matched, disease-stage-
aware, and clinically realistic delivery design. No single delivery
route is likely to suit all therapeutic scenarios. Instead, small
molecules, biologics, nucleic acids, and gene-based therapies
may each require different combinations of carrier design, de-
livery route, and treatment schedule. At the same time, greater
emphasis should be placed on image-guided delivery, real-time
monitoring, patient stratification, and integration with precision
devices or minimally invasive administration technologies. Ulti-
mately, the most impactful future strategies will likely be those
that balance therapeutic performance with practical scalability,
safety, and regulatory tractability—approaches that achieve re-
liable brain delivery while remaining compatible with the real-
world demands of PD treatment.

9. Conclusions

PD remains constrained not only by the limited availability of
disease-modifying therapies, but also by the persistent difficulty
of achieving effective brain delivery. In this context, nanomedi-
cine offers a versatile platform for improving the therapeutic po-
tential of both conventional drugs and emerging biologics. Cur-
rent strategies broadly fall into 2 categories: those designed to
cross the BBB and those intended to bypass it, each with distinct
advantages and limitations. Rather than identifying a universal-
ly optimal route, future progress in PD treatment will depend
on matching delivery strategies to specific cargos, target regions,
and clinical scenarios. Ultimately, the success of nanomedicine
in PD will rely on achieving a practical balance between delivery
efficiency, safety, manufacturability, and translational feasibility.
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