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Abstract: Dopamine plays a central role in motor control, cognition, reward signaling, and neuroendocrine regulation, and its
dysregulation is strongly associated with neurological disorders such as Parkinson’s disease. However, conventional dopaminergic
therapies remain limited by poor blood-brain barrier (BBB) penetration, rapid systemic metabolism, short half-life, peripheral toxicity,
and dopamine oxidation-induced neurotoxicity. Nanomedicine-based drug delivery systems have emerged as promising strategies to
overcome these limitations by enhancing dopamine stability, improving BBB transport, enabling controlled release, and facilitating
targeted delivery to dopaminergic brain regions. This review comprehensively summarizes current advances in dopamine-targeted
nanotherapeutics, including polymeric nanoparticles, liposomes, solid lipid nanoparticles, dendrimers, inorganic nanoparticles, exo-
somes, and biomimetic vesicles. Particular emphasis is placed on the dual role of nanocarriers in both facilitating dopamine delivery
and protecting dopamine from oxidative degradation and reactive oxygen species-associated toxicity. Among currently investigated
platforms, polymeric nanoparticles, lipid-based nanocarriers, and exosome-inspired vesicles appear particularly promising due to their
ability to improve dopamine stability, facilitate controlled release, enhance BBB penetration, and enable targeted brain delivery. The
review additionally discusses receptor-mediated targeting strategies, intranasal delivery approaches, translational barriers, manufactur-
ing scalability, long-term safety considerations, and regulatory challenges associated with clinical implementation. Finally, emerging
future directions involving Al-assisted nanocarrier engineering, precision-targeted delivery systems, and stimuli-responsive nanome-
dicine are highlighted as promising approaches for the development of next-generation therapies for neurodegenerative disorders.
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Introduction

Dopamine is a central neurotransmitter that regulates numerous physiological processes in the central nervous system,
including motor control, motivation, cognition, reward processing, and neuroendocrine signaling. Dopaminergic neurons
originate primarily in the midbrain and project through several major pathways, including the nigrostriatal, mesolimbic,
mesocortical, and tuberoinfundibular systems. These circuits collectively coordinate voluntary movement, emotional
behavior, reinforcement learning, and hormonal regulation. Because of this widespread functional role, disturbances in
dopaminergic signaling are implicated in a broad spectrum of neurological and psychiatric disorders, including
Parkinson’s disease, schizophrenia, attention deficit disorders, and substance addiction. As a result, dopaminergic
pathways have long been a central focus of neuropharmacological research and therapeutic development.' ™
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Despite decades of progress in dopaminergic pharmacology, achieving precise and sustained modulation of dopamine
signaling remains a major therapeutic challenge.” One of the fundamental difficulties arises from the intrinsic biochem-
ical properties of dopamine itself. Dopamine contains a catechol moiety that is highly susceptible to oxidation under
physiological conditions.®” Exposure to oxygen or reactive species readily leads to the formation of dopamine quinones
and other reactive intermediates. These oxidative products not only reduce the availability of functional dopamine but
may also contribute to neuronal damage through the generation of reactive oxygen species and oxidative stress. This
inherent instability significantly limits the direct therapeutic use of dopamine. In addition to oxidative instability,
dopamine is subject to rapid metabolic degradation. Enzymes such as monoamine oxidase and catechol-O-
methyltransferase rapidly convert dopamine into inactive metabolites, tightly regulating its extracellular concentration
within synaptic environments. While this metabolic control is essential for normal neurotransmission, it poses
a substantial barrier to therapeutic intervention because exogenously administered dopamine is quickly degraded before
reaching its target sites within the brain.®® Consequently, direct dopamine administration rarely produces sustained
therapeutic effects when delivered systemically.'®'" Another major obstacle in dopaminergic therapy is the presence of
the blood-brain barrier (BBB), a specialized physiological interface that tightly regulates the movement of molecules
between the bloodstream and the brain. The BBB is composed of endothelial cells connected by tight junctions,
supported by pericytes, astrocytes, and extracellular matrix components that together form the neurovascular unit. In
addition, active efflux transporters such as P-glycoprotein and other ATP-binding cassette transporters further limit the
accumulation of therapeutic molecules within the brain. As a result, the BBB remains one of the most significant barriers
to effective treatment of central nervous system disorders.'*"?

Because of these physiological constraints, most clinical strategies for dopaminergic therapy do not rely on direct
dopamine administration. Instead, they utilize dopamine precursors or receptor-modulating drugs. The dopamine
precursor levodopa remains the most widely used treatment for Parkinson’s disease because it can cross the BBB via
amino acid transport systems and is subsequently converted into dopamine within the brain.'*'> Although levodopa
therapy provides significant symptomatic relief, long-term treatment is frequently associated with complications such as
motor fluctuations, dyskinesia, and reduced therapeutic responsiveness. Dopamine receptor agonists and antagonists are
also commonly used to treat various neurological and psychiatric disorders, yet these drugs often exhibit limited receptor
subtype selectivity and may interact with other G-protein-coupled receptors throughout the body. Such off-target
interactions can produce undesirable systemic effects, including cardiovascular complications, metabolic disturbances,
and neuropsychiatric symptoms.'® The widespread distribution of dopamine receptors throughout both central and
peripheral tissues further complicates therapeutic intervention. Dopamine receptors belong to the G-protein-coupled
receptor superfamily and are typically classified into D1-like and D2-like receptor families." These receptor subtypes
regulate intracellular signaling pathways that influence neuronal excitability, synaptic plasticity, and gene expression.
However, the broad expression of these receptors across multiple organ systems means that systemic administration of
dopaminergic drugs can lead to unintended physiological effects outside the brain. Achieving selective targeting of
dopaminergic pathways therefore requires not only improved pharmacological selectivity but also delivery strategies that
enable spatial control of drug distribution within the body.

In recent years, nanomedicine has emerged as a promising approach to overcome many of the biological and
pharmacological barriers associated with dopamine therapy. Nanocarrier systems offer several advantages that are
particularly relevant for central nervous system drug delivery. By encapsulating dopamine or dopaminergic drugs within
nanoscale structures, these systems can protect unstable molecules from enzymatic degradation and oxidative damage
during systemic circulation. Nanocarriers can also be engineered to provide controlled or sustained drug release, allowing
more stable therapeutic concentrations in target tissues. Importantly, nanoparticles can be designed to interact with
specific transport pathways across the BBB, enabling enhanced penetration of therapeutic agents into the brain. Advances
in nanotechnology have led to the development of a wide range of nanoscale delivery platforms with distinct physico-
chemical properties and therapeutic capabilities.'®'® Polymeric nanoparticles composed of biodegradable materials can
provide controlled release and improved drug stability. Liposomes and lipid-based nanocarriers offer excellent biocom-
patibility and efficient encapsulation of both hydrophilic and lipophilic molecules. Dendrimers provide highly tunable
surface chemistry that allows multivalent targeting and functionalization. Inorganic nanoparticles offer unique optical and
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magnetic properties that enable simultaneous therapeutic delivery and imaging. More recently, biologically derived
nanocarriers such as extracellular vesicles and exosomes have gained attention for their ability to naturally cross
biological barriers and deliver therapeutic cargo to neuronal cells. Beyond improving drug stability and brain penetration,
nanomedicine platforms also enable more sophisticated therapeutic strategies. Targeted nanoparticles can be functiona-
lized with ligands that recognize receptors expressed on brain endothelial cells, facilitating receptor-mediated transport
across the BBB.'” Intranasal nanoparticle delivery has also emerged as a promising non-invasive strategy for bypassing
the BBB through olfactory and trigeminal nerve pathways. Furthermore, multifunctional nanomaterials can integrate
therapeutic and diagnostic capabilities, enabling nanotheranostic systems that monitor drug distribution and treatment
response in real time. These innovations highlight the growing potential of nanotechnology to transform the treatment of
neurological disorders by enabling more precise and efficient modulation of dopaminergic signaling. Despite encouraging
experimental outcomes, most dopamine-targeted nanomedicine approaches remain at the preclinical stage, with limited
clinical validation currently available.

In this review, we examine the major biological and pharmacological barriers that limit conventional dopaminergic
therapies and discuss emerging nanomedicine strategies designed to overcome these challenges. We first summarize key
aspects of dopamine biology relevant to therapeutic development and describe the limitations of existing pharmacolo-
gical approaches. We then review advances in nanoparticle-based delivery systems for dopamine and dopaminergic
drugs, including polymeric nanoparticles, lipid-based carriers, dendrimers, inorganic nanomaterials, and extracellular
vesicles. Finally, we discuss safety considerations, translational challenges, and emerging technological directions that
may enable the development of clinically viable nanomedicine platforms for the treatment of dopamine-related neuro-
logical disorders. Unlike previous reviews focused primarily on dopaminergic pharmacology or general CNS nanome-
dicine approaches, this review uniquely integrates dopamine stabilization, oxidative protection, blood—brain barrier
transport strategies, and translational nanotherapeutic development within a unified nanomedicine framework.

Dopamine Biology, Chemistry and Therapeutic Targets
Dopamine is an essential catecholamine neurotransmitter involved in numerous physiological and behavioral functions,
including movement, learning, motivation, reward perception, cognition, and hormonal regulation. Dopaminergic
neurons are primarily concentrated within the midbrain and communicate with different regions of the brain through
several well-defined neural circuits. Among these are the nigrostriatal pathway, which governs motor coordination and
voluntary movement; the mesolimbic pathway, which is central to reward and reinforcement behaviors; the mesocortical
pathway, which influences executive function and emotional processing; and the tuberoinfundibular pathway, which
regulates endocrine activity through the pituitary gland. Because these pathways control diverse aspects of brain function,
disturbances in dopaminergic neurotransmission have been linked to a variety of neurological and psychiatric
disorders.?* 2

The major biosynthetic and biodegradation pathway for dopamine is given in Figure 1. Dopamine is synthesized from
the amino acid tyrosine through a tightly regulated enzymatic pathway. Tyrosine is first converted to L-3,4-
dihydroxyphenylalanine (L-DOPA) by the enzyme tyrosine hydroxylase, which represents the rate-limiting step in
dopamine biosynthesis.?® L-DOPA is then decarboxylated by aromatic L-amino acid decarboxylase to generate dopa-
mine. Newly formed dopamine is packaged into synaptic vesicles through the action of vesicular monoamine transporter
2 (VMAT?2), allowing it to be stored until neuronal stimulation triggers its release into the synaptic cleft. Once released,
dopamine interacts with specific receptors on neighboring neurons, initiating signaling events that influence neuronal
communication and network activity.>” >* To maintain proper neurotransmission, extracellular dopamine levels must be
carefully regulated. One major mechanism involves reuptake through the dopamine transporter (DAT), which removes
dopamine from the synaptic cleft and returns it to presynaptic neurons for reuse or degradation. Dopamine can also
undergo enzymatic metabolism by monoamine oxidase (MAQO) and catechol-O-methyltransferase (COMT), yielding
metabolites such as 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid. Together, these processes ensure
tight control of dopamine concentrations within the nervous system. However, they also present obstacles for therapeutic
applications because externally administered dopamine is rapidly eliminated or metabolized before reaching target

tissues.> 033
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Figure | Overview of dopamine synthesis, signaling, transport, and metabolism within the central nervous system. Dopamine is synthesized from tyrosine through
enzymatic conversion to L-DOPA followed by decarboxylation to dopamine. Newly synthesized dopamine is packaged into synaptic vesicles through vesicular monoamine
transporter 2 (VMAT2) and released into the synaptic cleft upon neuronal stimulation. Dopamine subsequently interacts with D|-like and D2-like receptor families to
regulate motor function, cognition, reward signaling, mood, and neuroendocrine activity. Following receptor activation, dopamine is cleared through dopamine transporter
(DAT)-mediated reuptake and enzymatic degradation by monoamine oxidase (MAO) and catechol-O-methyltransferase (COMT). Dysregulation of dopaminergic signaling is
strongly associated with neurodegenerative disorders such as Parkinson’s disease. Colors were used to facilitate visualization of the dopamine metabolic network. Brown
labels indicate enzymes and catalytic reactions, blue structures represent major biosynthetic intermediates, pink structures denote precursor, purple structures indicate
terminal metabolic products, and black structures represent key intermediates within dopamine synthesis and degradation pathways (Created with BioRender.com).
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The physiological effects of dopamine are mediated through five G protein-coupled receptor subtypes that are divided
into two functional groups. The D1-like receptor family, consisting of D1 and D5 receptors, generally stimulates
adenylate cyclase activity through Gs proteins, leading to increased intracellular cyclic AMP (cAMP) levels. In contrast,
the D2-like receptor family, which includes D2, D3, and D4 receptors, is typically coupled to Gi proteins and suppresses
adenylate cyclase activity, thereby reducing cAMP production.' Through these signaling mechanisms, dopamine
receptors influence neuronal firing, synaptic remodeling, and gene expression. The widespread distribution of dopamine
receptor subtypes contributes to the complexity of dopaminergic signaling. D1 and D2 receptors are highly expressed
within the striatum, where they play critical roles in regulating movement and basal ganglia circuitry. Abnormal signaling
through these receptors is strongly associated with disorders such as Parkinson’s disease and other movement-related
conditions. Receptors located within the mesolimbic and mesocortical systems contribute to motivation, emotional
regulation, and cognitive performance, and dysfunction within these circuits has been implicated in schizophrenia,
substance use disorders, and other psychiatric illnesses. Because dopamine receptors are found throughout both central
and peripheral tissues, therapies that broadly activate dopaminergic pathways frequently produce undesirable side effects
due to limited selectivity.**>’

An additional challenge in dopamine biology is its inherent chemical instability. Under physiological conditions,
dopamine can undergo oxidation to generate quinones and other reactive species capable of inducing oxidative stress and
cellular injury.*® These reactions are particularly relevant in neurodegenerative diseases such as Parkinson’s disease,
where oxidative stress and mitochondrial dysfunction are believed to play important roles in disease progression.
Consequently, strategies that protect dopamine from oxidation or regulate its controlled release may offer therapeutic
advantages. The tightly regulated processes of dopamine synthesis, release, receptor signaling, reuptake, and metabolism
create a complex neurochemical system that is difficult to modulate using conventional pharmacological approaches.*”*
Effective therapies must address challenges such as rapid metabolism, oxidative instability, and the difficulty of
selectively targeting specific neural circuits. These limitations have motivated the development of advanced drug delivery
technologies. In particular, nanomedicine-based systems have emerged as promising strategies for enhancing dopamine
stability, improving transport across the blood—brain barrier, enabling controlled release, and facilitating targeted delivery

to affected regions of the brain.*'

Limitations of Conventional Dopaminergic Therapies

Although considerable progress has been made in understanding dopamine signaling and developing dopaminergic
medications, current treatment approaches remain constrained by several biological and pharmacological challenges.
Most available therapies do not deliver dopamine directly but instead utilize dopamine precursors, receptor agonists, or
receptor antagonists to modulate dopaminergic activity. While these strategies can alleviate symptoms in a range of
neurological and psychiatric disorders, they often lack the ability to provide sustained, localized, and physiologically
regulated dopamine signaling. Key obstacles include dopamine’s inherent chemical instability, rapid metabolic break-
down, limited penetration into the brain, and the broad distribution of dopamine receptors throughout the body.

Dopamine Instability

A major hurdle in dopamine-based therapy is the molecule’s susceptibility to chemical degradation. The catechol moiety
present in dopamine is readily oxidized under physiological conditions, particularly in the presence of oxygen and
reactive oxygen species. This oxidation process generates dopamine quinones and other reactive byproducts that not only
reduce the amount of active dopamine available but can also contribute to oxidative stress within neural tissues. The
resulting reactive intermediates have been implicated in neuronal injury and may accelerate pathological processes
associated with neurodegenerative diseases, including Parkinson’s disease. Consequently, dopamine instability remains
one of the principal barriers to its direct therapeutic application.** In addition to nonenzymatic oxidation, dopamine is
rapidly metabolized by enzymes such as monoamine oxidase (MAO) and catechol-O-methyltransferase (COMT). These
enzymes convert dopamine into inactive metabolites in both peripheral organs and the central nervous system, substan-
tially shortening its biological half-life. As a result, systemically administered dopamine is cleared quickly and generally
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fails to maintain therapeutically relevant concentrations within the brain, limiting its clinical utility for neurological
disorders.*

To overcome these shortcomings, treatment strategies have largely focused on the use of dopamine precursors. The
most widely used example is levodopa (L-DOPA), which can cross the blood-brain barrier through amino acid transport
systems and subsequently be converted into dopamine within the brain. Levodopa remains the gold-standard sympto-
matic treatment for Parkinson’s disease and is highly effective at improving motor symptoms, particularly during the
early stages of therapy.*>** However, prolonged administration frequently leads to complications such as motor
fluctuations, dyskinesia, and reduced therapeutic responsiveness over time.*> These complications are believed to arise
from pulsatile stimulation of dopamine receptors and progressive degeneration of dopaminergic neurons, which disrupt
normal regulatory mechanisms within basal ganglia circuits.*® Dopamine receptor agonists represent another important
therapeutic class. These compounds directly activate dopamine receptors and are often employed either as alternatives to
levodopa or in combination with it. Although receptor agonists can improve symptom management and delay the need
for higher levodopa doses, their use is frequently accompanied by adverse effects such as nausea, orthostatic hypoten-
sion, impulse-control disorders, hallucinations, and other neuropsychiatric complications.*’*® These adverse effects arise
in part because dopamine receptors are widely distributed in both central and peripheral tissues, making it difficult to
achieve selective activation of specific neural circuits using systemic pharmacological agents.

Blood-Brain Barrier Restriction
Another critical limitation of conventional dopaminergic therapies is the restricted delivery of therapeutic molecules
across the blood-brain barrier.*” ' The BBB is formed by specialized endothelial cells connected through tight
junctions that severely restrict the movement of molecules from the bloodstream into the brain. In addition, active
transport systems and efflux pumps further limit the accumulation of many drugs within neural tissues. Consequently,
numerous dopaminergic compounds exhibit poor brain uptake following systemic administration.’® Even when a drug
is capable of crossing the BBB, achieving sufficient concentrations in specific brain regions can remain challenging. In
many cases, therapeutics distribute broadly throughout the central nervous system, affecting multiple dopaminergic
pathways rather than selectively targeting the circuit involved in disease. Such nonspecific distribution may reduce
therapeutic efficiency while increasing the likelihood of adverse effects arising from unintended pathway
activation.”® >

Collectively, these challenges illustrate the limitations of conventional dopaminergic pharmacotherapy. Successful
therapeutic intervention requires strategies that simultaneously address several barriers, including dopamine oxidation,
rapid metabolic elimination, inadequate BBB penetration, and poor spatial selectivity within the brain. These unmet
needs have driven growing interest in advanced drug delivery technologies capable of overcoming the shortcomings of
traditional treatments. In particular, nanomedicine-based platforms have emerged as promising tools for enhancing
dopamine stability, improving transport into the brain, prolonging drug exposure, and enabling targeted delivery to
specific neural regions. Such approaches may ultimately provide more precise and effective modulation of dopaminergic
signaling than currently available therapies. Furthermore, despite their widespread clinical use, existing dopaminergic
medications continue to suffer from issues including limited selectivity, systemic adverse effects, and long-term treatment
complications. The major characteristics, clinical applications, and limitations of these therapies are summarized in
Table 1.

Blood-Brain Barrier as the Central Delivery Challenge

The BBB is one of the most significant physiological obstacles to effective treatment of neurological disorders as shown
in Figure 2. While the BBB plays a crucial protective role by maintaining the homeostasis of the central nervous system,
it simultaneously restricts the delivery of many potentially beneficial therapeutic agents. This barrier prevents the entry of
toxins, pathogens, and circulating molecules into the brain, but it also limits the transport of numerous drugs designed to
treat neurological diseases. As a result, many pharmacological compounds that demonstrate promising activity in vitro

fail to achieve adequate therapeutic concentrations within the brain.***’
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Table | Clinically Used Dopaminergic Drugs and Key Therapeutic Limitations

Ligand Target Receptor Indication Limitations Reference
Levodopa Dopamine precursor (indirect activation of | Parkinson’s disease Dyskinesia, motor fluctuations with | [2,56]
D1/D2 receptors) long-term use

Pramipexole D2/D3 agonist Parkinson’s disease, restless Nausea, hallucinations, impulse- [57,58]
leg syndrome control disorders

Ropinirole D2/D3 agonist Parkinson’s disease Hypotension, somnolence [57]

Apomorphine | Non-selective dopamine agonist Rescue therapy for Poor oral bioavailability, injection [59,60]
Parkinson’s required

Haloperidol D2 antagonist Schizophrenia Extrapyramidal symptoms [61,62]

Risperidone D2/5-HT2A antagonist Schizophrenia, bipolar Hyperprolactinemia, metabolic [63]
disorder effects

Clozapine Multi-receptor antagonist (weak D2) Treatment-resistant Agranulocytosis, metabolic [64,65]
schizophrenia syndrome

Aripiprazole D2 partial agonist Schizophrenia, depression Akathisia, insomnia [66,67]

Structural Organization of the BBB

The BBB is primarily formed by specialized endothelial cells that line cerebral microvessels. Unlike endothelial cells in
peripheral tissues, brain endothelial cells are tightly connected by complex networks of tight junction proteins, including
claudins, occludins, and junctional adhesion molecules. These structures restrict paracellular diffusion and create a highly
selective interface between the bloodstream and neural tissue.’® Beyond endothelial cells, the BBB is part of a larger
functional unit known as the neurovascular unit, which includes pericytes, astrocytic end-feet, neurons, and extracellular
matrix components. Pericytes embedded within the vascular basement membrane regulate vascular stability and perme-
ability, while astrocytes extend specialized processes that surround the capillary walls and contribute to the maintenance
of BBB integrity.”® These cellular interactions coordinate vascular signaling, nutrient transport, and immune surveillance

Challenges
Efflux Transport
¢ |Low Paracellular (P-gp/BRCP)
Permeability
Tight Junction

I

Receptor v ¢
Mediated Carrier Mediated .y
Adsorptive Transcytosis Transport Passive Diffusion
Mediated
“|Transcytosis
Pathways

Figure 2 Structure of the blood-brain barrier (BBB) and major transport mechanisms involved in CNS drug delivery. The BBB is composed of tightly connected endothelial
cells supported by astrocytic end-feet, pericytes, and the basement membrane, forming a highly selective physiological barrier that restricts entry of most therapeutic agents
into the brain. Major transport pathways include passive diffusion, carrier-mediated transport, receptor-mediated transcytosis, and adsorptive-mediated transcytosis. Efflux
transporters such as P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP) further limit CNS drug accumulation by actively transporting xenobiotics out of brain
endothelial cells. These physiological barriers represent a major challenge for effective dopamine delivery and motivate the development of targeted nanomedicine strategies
capable of enhancing BBB penetration and brain-specific therapeutic delivery. Green arrows represent positive regulation, activation, or induction of downstream signaling
events, while red lines/arrows represent negative regulation, inhibition, or suppression of molecular targets and pathways. (Created with BioRender.com).
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within the brain. Together, the components of the neurovascular unit maintain a tightly regulated microenvironment that
is essential for proper neuronal function. However, this sophisticated structural organization also creates a formidable
barrier that restricts the entry of many therapeutic molecules.

Transport Mechanisms Across the BBB

Although the BBB restricts the passive diffusion of most molecules, several physiological transport mechanisms allow
essential nutrients and signaling molecules to enter the brain. These transport processes include passive diffusion, carrier-
mediated transport, receptor-mediated transcytosis, and adsorptive-mediated transcytosis. Small lipophilic molecules may
cross the BBB through passive diffusion across endothelial membranes.”'*”> However, many pharmacological agents,
including dopamine, are hydrophilic and therefore exhibit poor passive permeability. Carrier-mediated transport systems
facilitate the movement of specific molecules such as glucose, amino acids, and nucleosides through specialized
membrane transporters. For example, the dopamine precursor L-DOPA can cross the BBB through amino acid transport
systems, which explains its therapeutic use in Parkinson’s disease.”> Receptor-mediated transcytosis represents another
important pathway for the transport of macromolecules across the BBB. In this process, circulating ligands bind to
specific receptors expressed on brain endothelial cells, triggering vesicular transport across the endothelial layer.”*
Examples of receptors involved in this mechanism include transferrin receptors, insulin receptors, and low-density
lipoprotein receptors. Adsorptive-mediated transcytosis, in contrast, occurs through electrostatic interactions between
positively charged molecules and negatively charged endothelial surfaces, leading to endocytosis and vesicular transport
across the barrier. While these transport pathways allow the selective entry of certain molecules, they are often

insufficient for delivering therapeutic concentrations of many drugs to the brain.”>’®

Efflux Transporters and Drug Clearance

In addition to restricting molecular entry, the BBB contains active efflux transport systems that remove many xenobiotics
from the brain. These transporters belong primarily to the ATP-binding cassette (ABC) transporter family and include
proteins such as P-glycoprotein (P-gp), breast cancer resistance protein (BCRP), and multidrug resistance-associated
proteins. These transporters actively pump numerous drugs back into the bloodstream, thereby limiting their accumula-
tion within the brain.”” Efflux transporters represent a major barrier to CNS drug delivery because even compounds
capable of crossing endothelial membranes may be rapidly expelled before reaching therapeutic concentrations within
neural tissues. Consequently, many dopaminergic drugs exhibit poor central nervous system bioavailability despite
favorable pharmacological properties.

Implications for Dopaminergic Therapy

The combined effects of tight junction restriction, selective transport systems, and active efflux mechanisms significantly
limit the ability of dopaminergic drugs to reach target sites within the brain. Dopamine itself is particularly affected by
these barriers because it is both hydrophilic and rapidly metabolized in peripheral tissues.”® Even when dopamine
precursors or receptor agonists are used, achieving consistent and region-specific drug delivery remains difficult.
Furthermore, systemic administration of dopaminergic drugs often results in widespread distribution throughout the
body rather than selective accumulation within specific neural circuits.”’ This lack of spatial targeting contributes to
many of the adverse effects associated with dopaminergic therapies, including cardiovascular complications, gastro-
intestinal disturbances, and neuropsychiatric symptoms. Because of these challenges, improving the delivery of dopa-
minergic therapeutics requires strategies that can overcome the structural and functional barriers of the BBB while
minimizing systemic toxicity.

Rationale for Nanomedicine-Based Delivery Strategies

Nanomedicine-based drug delivery systems offer promising opportunities to address many of the limitations imposed by
the BBB. Nanocarriers can be engineered to protect therapeutic molecules from degradation, prolong systemic circula-
tion, and enhance transport across biological barriers. Nanoparticles can be functionalized with targeting ligands that
interact with receptors expressed on brain endothelial cells, thereby exploiting receptor-mediated transcytosis pathways

8 https: International Journal of Nanomedicine 2026:21



Patra and Nathani

for improved BBB penetration. In addition, nanoscale carriers can be designed to control drug release, allowing sustained
therapeutic exposure within the brain while reducing systemic toxicity. Surface modification strategies such as poly-
ethylene glycol coating can improve nanoparticle stability and reduce immune clearance, further enhancing their
circulation time and delivery efficiency. These capabilities make nanomedicine an attractive strategy for improving the
delivery of dopamine and dopaminergic drugs to the central nervous system. The following section discusses major
nanoparticle platforms that have been developed to overcome the biological barriers associated with dopaminergic

therapy.®* %2

Nanomedicine Strategies for Dopamine Delivery and Oxidative

Stabilization

Nanotechnology-based drug delivery systems have emerged as promising approaches to overcome the limitations
associated with conventional dopamine therapies, particularly poor BBB penetration, systemic toxicity, and rapid drug
metabolism.”’ Nanocarriers can encapsulate dopamine or dopaminergic drugs, protect them from degradation, and
facilitate controlled release within the brain. In addition, nanoscale systems can be engineered with targeting ligands
and surface modifications that enhance BBB transport and neuronal uptake. Important nanocarrier systems and their
benefits for dopamine delivery have been summarized in Figure 3.

Polymeric Nanoparticles

Polymeric nanoparticles, particularly those based on poly (lactic-co-glycolic acid) (PLGA) and PEG-modified PLGA,
represent one of the most extensively investigated nanocarrier systems for central nervous system drug delivery. PLGA is
biodegradable, biocompatible, and approved for clinical use, making it highly suitable for controlled drug delivery
applications. Its polymer matrix can encapsulate both hydrophilic and lipophilic drugs, allowing protection of sensitive

molecules and prolonged release profiles.

Nanocarrier Benefits
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Polymeric nanoparticles

e Bilayer encapsulation
« . e BBB targeting ligands
o Combination loading

e Controlled release
e Oxidation protection
e Surface functionalization
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|
CH,—CH—NH;
+

Natural carriers
Immune evasion
Biocompatibility

e Multivalent surface
e Ligand conjugation *
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Figure 3 Major nanocarrier platforms investigated for dopamine delivery and stabilization in neurological disorders. Polymeric nanoparticles, liposomes, solid lipid
nanoparticles (SLNs), nanostructured lipid carriers (NLCs), dendrimers, inorganic nanoparticles, and exosome-inspired vesicles are illustrated as representative nanosystems
developed to overcome the limitations of conventional dopaminergic therapies. These nanocarriers improve dopamine stability, reduce peripheral degradation, enhance
blood-brain barrier penetration, facilitate controlled drug release, and improve targeting to dopaminergic brain regions. Each platform possesses distinct advantages and
limitations with respect to biocompatibility, scalability, targeting efficiency, oxidative protection, and translational feasibility. Emerging multifunctional and biomimetic
nanosystems are increasingly being explored to integrate delivery enhancement with antioxidant and neuroprotective properties. (Created with BioRender.com).

International Journal of Nanomedicine 2026:21 https: 9



Patra and Nathani

Controlled Release

Experimental work demonstrated that PLGA nanoparticles can deliver dopamine across the blood-brain barrier and
restore dopaminergic signaling in animal models of Parkinson’s disease.®> A key advantage of PLGA systems is their
ability to provide controlled and sustained drug release. Encapsulation of dopamine or L-DOPA within PLGA nano-
particles slows drug diffusion and reduces rapid degradation in physiological environments, thereby maintaining
therapeutic concentrations over extended periods. Studies have shown that dopamine entrapped in PLGA nanoparticles

is released gradually while maintaining elevated dopamine levels in the brain compared with free drug administration.®?

Oxidation Protection

Polymeric nanoparticles also offer protection against oxidative degradation of dopamine, which is a major limitation in
conventional therapy. Research has demonstrated that encapsulation within PLGA nanoparticles decreases dopamine
autoxidation and reduces formation of reactive quinone intermediates, ultimately lowering cellular toxicity.**** In this
study, the nanoparticle formulation improved neurobehavioral outcomes and reduced dopamine oxidation compared with
free dopamine administration.®> More recently, in vitro BBB models have confirmed that dopamine-loaded PLGA
nanoparticles exhibit efficient transport across endothelial barriers and show strong binding to neuronal tissues, support-

ing their therapeutic potential.®®

Surface Engineering

Surface modification strategies have further enhanced the performance of polymeric nanoparticles. For example,
albumin-functionalized PLGA nanosystems have demonstrated improved receptor-mediated transport across the BBB
and enhanced accumulation in dopaminergic brain regions.*® Polymeric nanoparticles can also be PEGylated,
a modification that increases circulation time, reduces immune recognition, and improves systemic stability, thereby
increasing the probability of brain delivery.*’” Particle size is a critical parameter influencing BBB penetration and
biodistribution. Nanoparticles in the 50-200 nm range have been shown to exhibit optimal circulation behavior and
efficient cellular uptake, whereas larger particles are more rapidly cleared by the reticuloendothelial system.

Liposomes

Liposomes are spherical vesicles composed of one or more phospholipid bilayers that can encapsulate therapeutic
molecules within both an aqueous core and a lipid membrane. This dual-compartment structure allows hydrophilic
drugs to be contained within the internal aqueous space while lipophilic compounds are incorporated within the
phospholipid bilayer, providing a versatile platform for drug delivery. Experimental studies of lipid self-assembly
demonstrate that phospholipid molecules spontaneously organize into bilayer vesicles in aqueous environments, with
hydrophilic head groups oriented outward and hydrophobic tails forming the membrane interior, creating a stable

compartment capable of drug encapsulation.®®%°

Bilayer Encapsulation

This bilayer architecture offers important advantages for dopamine delivery because it can protect unstable molecules
from enzymatic degradation and oxidative reactions while allowing controlled release. Liposomes can simultaneously
load hydrophilic and lipophilic agents, enabling combination therapies and improving pharmacokinetics.”””" Recent
studies have demonstrated that liposomal encapsulation can significantly improve brain delivery of dopaminergic drugs.
For example, dopamine-loaded liposomes functionalized with targeting ligands have shown improved uptake in brain

endothelial cells and enhanced penetration across the blood-brain barrier.”*"*

RVG29/Transferrin Targeting

More advanced studies have demonstrated that dopamine-loaded liposomes can significantly improve drug delivery to
the brain. In a 2024 study, receptor-targeted liposomes modified with the RVG29 peptide enhanced BBB penetration and
increased dopamine accumulation in the striatum and substantia nigra in animal models of Parkinson’s disease.”* These
liposomal formulations also prolonged systemic circulation and improved neuroprotective effects compared with free
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dopamine. Liposomes can also be engineered with targeting ligands such as transferrin, lactoferrin, or peptides derived
from viral glycoproteins, which facilitate receptor-mediated transport across the BBB.

Solid Lipid Nanoparticles

Lipid-based nanocarriers such as solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) have attracted
considerable attention for central nervous system drug delivery because of their biocompatibility, ability to protect labile
molecules, and potential to improve brain targeting. These systems consist of physiological lipids that remain solid at
body temperature, forming a matrix capable of encapsulating drugs and controlling their release. Compared with
conventional nanoparticles, SLNs and NLCs offer improved drug stability and reduced toxicity due to the use of
biodegradable lipids. Additionally, the lipid matrix can enhance drug permeability across biological membranes and
improve pharmacokinetic profiles.

Intranasal Delivery
The intranasal route has emerged as a promising strategy for delivering dopaminergic therapeutics directly to the brain
while bypassing the blood-brain barrier. Lipid-based nanoparticles can exploit olfactory and trigeminal nerve pathways
to transport drugs from the nasal cavity to the central nervous system. Experimental studies evaluating dopamine-loaded
SLNs demonstrated successful nose-to-brain delivery, resulting in increased dopamine levels in the striatum of animal
models and improved neurological outcomes.”**°

Recent investigations have also shown that lipid nanocarriers administered intranasally significantly enhance brain
accumulation compared with conventional drug formulations. Encapsulation within SLNs or NLCs improves drug
residence time in the nasal cavity, promotes uptake by olfactory neurons, and facilitates transport to brain tissues.”””®
For example, a recent study demonstrated that intranasal nanostructured lipid carriers increased drug concentration in the
brain and improved therapeutic efficacy compared with systemic administration, highlighting their potential for treating

neurodegenerative diseases.”’

Lipid Stabilization

Another major advantage of SLNs and NLCs is their ability to stabilize therapeutic molecules within a lipid matrix. The
solid lipid core protects drugs from enzymatic degradation, chemical instability, and premature metabolism during
circulation. This feature is particularly important for dopamine and other neurotransmitters that are highly susceptible
to oxidation and degradation.

Nanostructured lipid carriers were developed as a second-generation system to overcome limitations associated with
SLNs. By incorporating both solid and liquid lipids, NLCs create imperfections in the lipid matrix that improve drug
loading capacity and reduce drug leakage during storage.”” Recent experimental work has demonstrated that dopamine
co-loaded lipid nanoparticles can improve drug stability and therapeutic outcomes in models of Parkinson’s disease.
Encapsulation within SLNs protects dopamine from degradation while enabling sustained drug release and improved
brain targeting.'° These findings suggest that lipid-based nanocarriers provide an effective platform for stabilizing
dopaminergic drugs and enhancing their delivery to the brain.

Dendrimers

Dendrimers are highly branched nanoscale polymers with a well-defined architecture consisting of a central core,
repetitive branching units, and numerous surface functional groups. Their unique structure provides a high degree of
control over particle size, surface chemistry, and drug loading capacity, making them attractive candidates for drug
delivery applications. Early investigations demonstrated that poly(amidoamine) (PAMAM) dendrimers can effectively
transport therapeutic molecules and interact with biological membranes because of their multivalent surface
functionality. '’

Surface Functionalization and Targeted Delivery

One of the most important advantages of dendrimers is the ability to modify their surface with targeting ligands,
polymers, or therapeutic molecules. This surface engineering enables improved stability, selective targeting, and
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enhanced delivery across biological barriers. Studies investigating peptide-modified PAMAM dendrimers demonstrated
that conjugation of targeting ligands significantly improves drug delivery efficiency and facilitates transport across the
blood-brain barrier.'®> Recent experimental work has also shown that modification of dendrimer surfaces can improve
brain targeting and reduce systemic toxicity. For example, functionalized dendrimers engineered for central nervous
system delivery demonstrated improved accumulation within brain tissue compared with unmodified nanoparticles.'® In
addition, modern engineering strategies now incorporate polymers, peptides, or biomolecules onto dendrimer surfaces to
enhance cellular uptake and drug loading efficiency. These approaches take advantage of the multivalent surface of

dendrimers, which allows simultaneous attachment of targeting ligands and therapeutic cargo.'®*

Charge-Dependent Toxicity

Despite their advantages, dendrimers can exhibit cytotoxicity that depends strongly on surface charge and molecular
generation. Cationic dendrimers interact electrostatically with negatively charged cellular membranes, which can disrupt
membrane integrity and induce cell damage. Experimental studies have shown that increasing dendrimer generation and
surface charge enhances cellular uptake but may also increase cytotoxicity. More recent research confirms that reducing
positive surface charge through chemical modification can significantly decrease dendrimer toxicity. For instance, studies
of PAMAM-based nanostructures reported that lowering zeta potential through surface modification resulted in reduced
cellular toxicity while maintaining delivery efficiency.'® Additionally, recent investigations into dendrimer-based drug
delivery systems emphasize the importance of balancing particle size and surface charge to achieve effective cellular

targeting while minimizing adverse biological effects.'*®

Inorganic Nanoparticles

Inorganic nanoparticles have emerged as promising platforms for neurological drug delivery due to their structural
stability, tunable physicochemical properties, and multifunctional capabilities. Unlike polymeric systems, inorganic
nanomaterials can provide additional imaging, magnetic guidance, or controlled drug release functions, enabling
theranostic applications in neurological disorders. Recent studies demonstrate that inorganic nanoparticles can enhance

drug transport across the blood-brain barrier (BBB) and improve therapeutic targeting in brain diseases.'®’

Gold Nanoparticles

Gold nanoparticles (AuNPs) are among the most extensively studied inorganic nanomaterials for brain delivery because
of their high biocompatibility, chemical stability, and ease of surface functionalization. Their large surface area enables
conjugation of drugs, peptides, and antibodies that facilitate transport across the BBB and targeting of diseased brain
regions.'*® Experimental studies have demonstrated that functionalized gold nanoparticles can cross the BBB and deliver
therapeutic cargo in intracranial tumor models, highlighting their potential for brain-targeted drug delivery.'®® More
recent investigations also indicate that ultrasmall gold nanoparticles can penetrate the BBB and enhance transport of
biomolecules to neural tissue, supporting their use in treating neurodegenerative diseases.'®” In addition, alternative
delivery routes such as intranasal administration have shown improved targeting efficiency, where gold nanoparticles
delivered through the nasal cavity accumulated more effectively in brain tissues compared with intravenous
administration.''® These findings demonstrate that gold nanoparticles offer a versatile platform capable of combining
drug delivery, imaging, and therapeutic applications.

Magnetic Nanoparticles

Magnetic nanoparticles, particularly iron oxide nanoparticles, have attracted significant attention for brain delivery due to
their ability to be guided using external magnetic fields. This feature enables spatial control of drug delivery and
potentially improves targeting efficiency within the central nervous system. Experimental studies demonstrated that
magnetic nanoparticles could cross the BBB and accumulate in brain tissue when guided by an external magnetic field,
illustrating their potential for targeted neurological therapy. Further investigations confirmed that magnetically guided
nanocarriers can deliver therapeutic agents to brain regions with minimal neurotoxicity, making them promising
candidates for both treatment and imaging applications.''' Recent developments in magnetic nanoparticle engineering
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have also enabled multifunctional platforms capable of drug delivery, imaging, and hyperthermia therapy, highlighting
112

their potential as theranostic systems for neurological diseases.
Silica Nanoreservoirs

Mesoporous silica nanoparticles (MSNs) represent another important class of inorganic nanocarriers due to their highly
ordered pore structure, large surface area, and tunable particle size. These properties allow efficient drug loading and
controlled release, making them suitable nanoreservoirs for neurological therapeutics. Experimental studies evaluating
mesoporous silica nanoparticles demonstrated their ability to cross in vitro BBB models and deliver therapeutic agents to
brain cells.'"® Further work has shown that silica nanoparticles can permeate the BBB and transport drugs into brain

tissue, suggesting potential applications for treating neurological disorders.''*

More recent research highlights that
engineered silica nanoparticles with tunable size and surface chemistry can improve BBB transport and enhance targeted
drug delivery.''> However, studies also indicate that silica nanoparticles may influence neuronal signaling and neuro-

transmitter levels, emphasizing the need for careful evaluation of their neurotoxicity and long-term safety.''®

Exosomes and Biomimetic Vesicles

Extracellular vesicles such as exosomes have emerged as a promising class of natural nanocarriers for drug delivery to
the central nervous system. Exosomes are nanosized membrane vesicles secreted by many cell types that mediate
intercellular communication by transporting proteins, lipids, and nucleic acids. Because their lipid bilayer structure
originates from biological membranes, exosomes exhibit high biocompatibility and improved interactions with biological
barriers compared with many synthetic nanomaterials. These properties have stimulated intense research into their use for
neurological drug delivery.

Natural Blood-Brain Barrier Crossing

One of the most important advantages of exosomes is their inherent ability to cross the BBB. A landmark experimental
study demonstrated that engineered exosomes could deliver small interfering RNA to the mouse brain following systemic
administration, providing direct evidence that these vesicles can transport therapeutic cargo across the BBB.'”
Subsequent studies confirmed that extracellular vesicles can traverse BBB models through transcellular transport
mechanisms and deliver functional cargo to neuronal cells.''® More recent investigations have further highlighted the
potential of exosome-based systems for brain drug delivery, showing that these vesicles can be engineered with targeting
ligands to enhance selective uptake by neural tissues and improve therapeutic efficacy in neurological disease
models."'®"'?° These findings suggest that exosomes represent a promising natural platform for transporting drugs and
genetic therapeutics into the brain.

Immune Evasion and Biocompatibility

Another key advantage of exosomes is their ability to evade immune recognition. Because they originate from
endogenous cellular membranes, exosomes generally exhibit lower immunogenicity than synthetic nanoparticles and
are less likely to trigger rapid clearance by the immune system. Experimental studies have shown that exosome-based
carriers can deliver RNA molecules to brain tissue without inducing significant immune responses, highlighting their
suitability for therapeutic applications.'!” In addition, the lipid composition and surface proteins of exosomes contribute
to improved cellular uptake and enhanced biological stability, enabling efficient delivery of therapeutic molecules across
physiological barriers.'?""'?* Because of these properties, exosomes are increasingly being investigated as natural
delivery vehicles for neurodegenerative diseases and other central nervous system disorders.

Scalability and Manufacturing Challenges

Despite their promising biological properties, the large-scale clinical application of exosome-based drug delivery systems
remains challenging. Production of exosomes typically requires cell culture systems, and isolation procedures such as
ultracentrifugation or chromatography can be labor-intensive and difficult to standardize. These limitations can affect
reproducibility and scalability during therapeutic development. Recent research has therefore explored engineered or
biomimetic vesicles that mimic natural exosomes but can be produced more efficiently. For example, exosome-mimetic
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nanovesicles generated from cell membranes have been developed to improve large-scale manufacturing while main-
taining efficient brain targeting capabilities.'** These biomimetic approaches aim to combine the biological advantages of
natural exosomes with the scalability required for clinical translation.

Dopamine Oxidation Shielding by Nanocarriers

A major limitation of dopamine-based therapy is the rapid oxidation of dopamine into quinone intermediates, which leads
to the generation of reactive oxygen species (ROS) and loss of therapeutic activity. Nanocarrier systems have therefore
been investigated not only as delivery vehicles but also as protective platforms that can stabilize dopamine and reduce
oxidative degradation. Recent experimental work demonstrates that nanoparticle-based systems can preserve dopamine
activity, reduce oxidative stress, and enhance therapeutic outcomes in neurological disease models.** Dopamine
stabilization benefits have been summarized in the Figure 4.

Protection From Dopamine Quinone Formation

Dopamine is highly susceptible to autoxidation in physiological environments, producing dopamine-quinones that can
damage cellular proteins and contribute to neurotoxicity. Encapsulation of dopamine within nanocarriers limits exposure
to oxygen and enzymatic degradation, thereby reducing quinone formation and improving molecular stability. For
example, dopamine-loaded nanoparticle systems have been shown to deliver dopamine across the blood—brain barrier
and restore dopaminergic signaling while protecting the molecule from rapid degradation in Parkinson’s disease
models.®® Nanostructured delivery systems also provide a physical barrier between dopamine and the extracellular
environment, allowing gradual release of the drug and preventing immediate oxidation. This controlled release helps
maintain therapeutic dopamine concentrations in the brain and reduces the formation of reactive quinone intermediates
that are associated with neuronal damage.
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Figure 4 Nanocarrier-mediated protection against dopamine oxidation and reactive oxygen species (ROS)-associated neurotoxicity. Free dopamine is highly susceptible to
autoxidation under physiological conditions, resulting in the formation of dopamine quinones, reactive oxygen species, and oxidative stress-associated neuronal injury.
Encapsulation of dopamine within nanocarrier systems provides a protective microenvironment that reduces direct exposure to oxidative conditions, thereby limiting
quinone formation and improving dopamine stability. Controlled release properties further minimize rapid extracellular dopamine accumulation and prolong therapeutic
activity within the brain. Certain nanomaterials additionally exhibit intrinsic antioxidant and ROS-scavenging properties that may further reduce oxidative stress and
neuroinflammation. These combined effects improve dopamine bioavailability, reduce neurotoxicity, and enhance the overall therapeutic potential of dopamine-targeted
nanomedicine approaches. (Created with BioRender.com).
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Reduction of Reactive Oxygen Species (ROS)

Beyond protecting dopamine, certain nanomaterials actively reduce oxidative stress through intrinsic antioxidant proper-
ties. Polydopamine-based nanoparticles, for instance, have demonstrated strong ROS-scavenging activity and can protect
cells from oxidative damage. Experimental studies showed that dopamine-derived nanoparticles significantly reduce
intracellular oxidative stress and restore antioxidant enzyme activity in treated cells.'** Additional work has demon-
strated that polydopamine nanoparticles eliminate multiple reactive species and protect neuronal cells from oxidative
injury by lowering cellular ROS levels.'*> More recent studies continue to confirm these antioxidant capabilities,
showing that polydopamine nanomaterials can neutralize ROS and modulate inflammatory responses in disease
models.'?® Because oxidative stress plays a central role in neurodegenerative diseases, these ROS-scavenging properties
represent an important therapeutic advantage of nanocarrier systems.

Stability Improvement and Neuroprotective Effects

Nanocarriers not only protect dopamine from chemical degradation but also enhance its pharmacological stability and
therapeutic efficacy. In vivo experiments using dopamine-loaded nanoparticles demonstrated restoration of monoamine
levels and improved neurological outcomes in experimental models of Parkinson’s disease.'?’ Furthermore, advances in
nanoparticle engineering have produced multifunctional systems capable of combining dopamine delivery with antiox-
idant and anti-inflammatory activity, thereby addressing multiple pathological mechanisms simultaneously. Recent
research highlights that such nanosystems can improve drug stability, prolong circulation time, and enhance accumula-
tion within dopaminergic brain regions.

To summarize representative nanotechnology approaches developed for dopaminergic therapy, key experimental
studies are compiled in Table 2. These studies illustrate how diverse nanocarrier platforms, including polymeric
nanoparticles, liposomes, lipid nanoparticles, dendrimers, inorganic nanomaterials, and extracellular vesicles, have
been engineered to improve dopamine stability, enhance blood—brain barrier transport, and increase therapeutic efficacy
in neurological disease models. These studies collectively highlight the versatility of nanocarrier platforms in addressing
the challenges associated with dopamine delivery. Continued advances in nanoparticle design, targeting strategies, and
translational development may enable more effective therapies for dopamine-related neurological disorders.

Table 2 Nanocarriers for Dopamine Delivery

Carrier Type Particle Size Surface Route Disease Model Key Outcome Ref.
Modification

PLGA polymeric nanoparticles ~120-200 nm PEGylation/targeting | Intravenous | Parkinson’s disease Sustained dopamine release and [83]
ligands (rodent) improve motor function

PEG-PLGA nanoparticles ~100-150 nm PEG coating and Intravenous | BBB in vitro + Enhanced BBB transport and [87]
peptide targeting mouse model neuronal uptake

Liposomes ~100 nm RVG29 peptide Intravenous | Parkinson’s disease Increased brain accumulation of [94]
targeting model dopaminergic drugs

Targeted liposomes ~90-140 nm Transferrin receptor | Intravenous | BBB cell models Improved brain endothelial uptake [128]
targeting

Solid lipid nanoparticles (SLNs) ~150-250 nm Surfactant stabilized Intranasal Parkinson’s disease Efficient nose-to-brain dopamine [95,96]

(rat) delivery

Nanostructured lipid carriers ~120-200 nm Lipid matrix Intranasal Neurodegenerative Increased brain drug concentration | [97]
modification model

PAMAM dendrimers ~5-20 nm Surface ligand Intravenous | CNS delivery Improved cellular uptake and [101]
functionalization models targeting

Gold nanoparticles ~20-80 nm Antibody Intravenous | Brain tumor/BBB Effective BBB penetration [107]
conjugation model

Magnetic nanoparticles ~10-50 nm Polymer coating Magnetic CNS targeting Magnetically guided brain delivery [rn

targeting studies

Mesoporous silica nanoparticles | ~50-150 nm Surface Intravenous | BBB in vitro models | Controlled drug release and [114,115]
functionalization transport

Exosomes ~50-150 nm Surface ligand Intravenous | Mouse brain Successful transport of therapeutic [17]
engineering delivery RNA

Biomimetic vesicles ~100 nm Membrane protein Systemic Neurological Reduced immune clearance and [129]
coating disease models improved targeting
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Although multiple nanocarrier platforms have demonstrated considerable potential for dopamine delivery to the brain,
each system possesses distinct advantages and limitations that influence its translational applicability. Polymeric
nanoparticles, particularly PLGA-based systems, offer excellent structural stability, controlled drug release, and protec-
tion against dopamine oxidation, making them among the most extensively investigated platforms for CNS delivery.'*’
Their biodegradability and FDA-approved polymer composition further support their translational potential.'*' However,
polymeric systems may exhibit relatively complex manufacturing processes and batch-to-batch variability that can affect
reproducibility and scalability during large-scale production.'** Liposomes and lipid-based nanocarriers, including solid
lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs), provide superior biocompatibility, efficient encap-
sulation of both hydrophilic and lipophilic therapeutics, and enhanced BBB penetration, particularly through intranasal
administration routes.'** Nevertheless, these systems may suffer from limited long-term stability, drug leakage during
storage, and comparatively lower structural rigidity than polymeric formulations.'** Current evidence suggests that
polymeric nanoparticles provide strong dopamine stabilization and controlled release properties, whereas lipid-based
nanocarriers demonstrate superior biocompatibility and efficient BBB penetration, particularly through intranasal deliv-
ery strategies.'>> Exosome-inspired vesicles exhibit exceptional biological compatibility and inherent BBB-crossing
capability, making them highly promising for future translational CNS applications.'*®'3”

Dendrimers provide unique advantages due to their highly tunable architecture, multivalent surface functionality, and
ability to incorporate targeting ligands, imaging agents, and therapeutic molecules simultaneously. These features enable
highly efficient receptor-mediated targeting and improved cellular uptake.'*® However, dendrimer-associated cytotoxi-
city, particularly in highly cationic systems, remains a major limitation requiring careful surface engineering and charge
optimization.'** Inorganic nanoparticles such as gold nanoparticles, magnetic nanoparticles, and mesoporous silica
nanoparticles offer additional theranostic capabilities including imaging, magnetic guidance, and stimulus-responsive
drug release. Despite these multifunctional properties, concerns regarding long-term accumulation, biodegradability, and
neurotoxicity continue to limit their clinical translation."*® Exosomes and biomimetic vesicles represent one of the most
biologically compatible nanocarrier systems due to their endogenous membrane composition, intrinsic BBB-crossing
ability, and reduced immunogenicity. However, large-scale production, isolation standardization, cargo loading effi-
ciency, and manufacturing reproducibility remain significant challenges for clinical application.'*'

Collectively, these findings suggest that no single nanocarrier system is universally optimal for dopamine delivery.
Instead, the selection of an appropriate nanoplatform must be tailored to the intended therapeutic objective, whether
prioritizing oxidative stabilization, controlled release, targeting specificity, biocompatibility, or translational scalability.
Future advances will likely involve hybrid and multifunctional nanosystems that integrate the strengths of multiple
carrier platforms while minimizing their individual limitations. Emerging approaches involving Al-assisted nanocarrier
engineering, precision-targeted ligand design, and stimuli-responsive delivery systems may further enhance the clinical
feasibility and therapeutic efficacy of dopamine-targeted nanomedicine. Despite encouraging preclinical outcomes, major
translational challenges remain, including manufacturing scalability, reproducibility, long-term safety evaluation, reg-
ulatory standardization, and limited clinical validation of dopamine-targeted nanotherapeutics.

Dopamine Targeted Nanotherapies

Recent advances in nanotechnology have enabled the development of targeted nanotherapeutic systems designed to
deliver dopamine or dopaminergic drugs directly to the brain. These strategies aim to improve drug stability, enhance
blood-brain barrier (BBB) penetration, enable sustained drug release, and reduce systemic toxicity. Several nanoparticle-
based approaches have been explored, including levodopa nanocarriers and ligand-decorated nanoparticles capable of
targeting specific receptors expressed on brain endothelial cells.

Levodopa Nanoparticles

Levodopa (L-DOPA), the metabolic precursor of dopamine, remains the most widely used treatment for Parkinson’s
disease, but its therapeutic efficacy is limited by peripheral metabolism and fluctuating brain concentrations.
Encapsulation of levodopa within nanoparticles has been investigated as a strategy to improve pharmacokinetics and
CNS delivery. For example, tannic-acid/polyvinyl-alcohol nanoparticles successfully encapsulated L-DOPA and enabled
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non-invasive delivery to the brain, leading to increased dopamine and tyrosine hydroxylase levels in Parkinsonian animal
models."*? Similarly, self-assembled polymeric nanodrugs containing L-DOPA demonstrated gradual enzymatic release
of the drug and significantly improved symptoms in MPTP-induced Parkinson’s disease mice compared with conven-
tional L-DOPA therapy.'*?

More recent work has continued to improve levodopa delivery systems. Nanoparticle-based carriers have been shown
to enhance brain delivery of levodopa while simultaneously reducing oxidative stress and neuronal damage in experi-
mental models of Parkinson’s disease.'** These studies demonstrate that nanoparticle encapsulation can increase drug
stability, prolong circulation time, and provide sustained release, thereby improving the therapeutic potential of levodopa.

Dopamine Nanoparticles

Direct delivery of dopamine using nanoparticles has also been explored to bypass limitations associated with dopamine
instability and rapid metabolism. A landmark study developed dopamine-loaded PLGA nanoparticles capable of crossing
the BBB and restoring dopaminergic function in Parkinsonian rats.*> These nanoparticles released dopamine in
a controlled manner and reduced dopamine oxidation and plasma clearance, highlighting the potential of polymeric
nanocarriers for neurotransmitter delivery. More recently, engineered nanocarriers and biomimetic vesicles have been
investigated to enhance targeted dopamine delivery and improve therapeutic outcomes in neurodegenerative disease

models.'*

Receptor-Targeted Nanoparticles

One of the most promising strategies in dopamine nanomedicine involves decorating nanoparticles with ligands that
interact with receptors expressed on the BBB. This approach promotes receptor-mediated transcytosis and improves
delivery efficiency as shown in Figure 5.

Targeted Dopamine Nano therapies and Precision Brain Delivery
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Figure 5 Targeted nanotherapeutic strategies for precision dopamine delivery across the blood-brain barrier. Surface-engineered nanocarriers functionalized with targeting
ligands such as transferrin, lactoferrin, peptides, antibodies, and receptor-specific molecules facilitate receptor-mediated transcytosis across brain endothelial cells and
improve selective accumulation within dopaminergic brain regions including the striatum and substantia nigra. Various delivery approaches including intravenous adminis-
tration, intranasal transport, and biomimetic vesicle-mediated delivery are illustrated. These targeted nanosystems enhance BBB penetration, improve dopamine stability,
enable controlled release, and reduce peripheral toxicity. Emerging strategies involving Al-assisted ligand optimization, stimuli-responsive nanocarriers, and biomimetic
exosome-inspired vesicles may further improve precision targeting and translational potential for future neurodegenerative disease therapies. (Created with BioRender.com).
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Transferrin-Targeted Nanoparticles

Transferrin receptors are highly expressed on brain endothelial cells and have therefore been widely exploited for
targeted drug delivery. Transferrin-functionalized liposomes carrying dopamine have been shown to cross the BBB and
improve brain drug accumulation, demonstrating enhanced therapeutic potential for Parkinson’s disease treatment.””
Other experimental studies have shown that nanoparticles conjugated with transferrin receptor antibodies exhibit
increased uptake by brain endothelial cells and improved transport across the BBB.'*

Lactoferrin-Modified Nanoparticles
Lactoferrin is another targeting ligand capable of facilitating nanoparticle transport across the BBB through receptor-
mediated endocytosis. Lactoferrin-decorated nanoparticles have demonstrated improved brain accumulation and

enhanced neuroprotective effects in preclinical models of neurodegenerative diseases.'*’

Antibody-Functionalized Nanoparticles

Antibody-based targeting strategies have also gained attention for delivering nanotherapeutics to specific brain regions.
Nanoparticles functionalized with antibodies directed against BBB transport receptors have demonstrated efficient uptake
by endothelial cells and improved transcytosis across the BBB.'*¢

Ligand-Decorated Nanoparticles for Targeted Delivery

Ligand-decorated nanoparticles provide several advantages compared with conventional drug formulations. By attaching
targeting molecules such as peptides, proteins, or antibodies to nanoparticle surfaces, researchers can improve drug
accumulation in specific brain regions while reducing systemic exposure. These functionalized nanoparticles can interact
with endothelial receptors and exploit endogenous transport mechanisms to enter the brain.'*® Additionally, biomimetic
carriers such as exosomes have been shown to utilize transferrin-mediated pathways to reach the brain and deliver
dopamine effectively in Parkinson’s disease models.'*

Preclinical investigations of dopamine- and levodopa-loaded nanocarriers demonstrate improved BBB penetration,
enhanced stability, and superior therapeutic outcomes compared with conventional formulations, as summarized in
Table 3. Despite promising preclinical outcomes, no dopamine-loaded nanoparticle system has yet reached advanced
clinical trials, highlighting the translational challenges associated with CNS nanomedicine.

Table 3 Dopamine and Levodopa Nanomedicine Studies (Preclinical)

Drug Nanocarrier Disease Model Outcome Year | Ref.
Dopamine PLGA nanoparticles 6-OHDA Parkinsonian BBB crossing; restored dopamine levels; reversed | 2015 | [83]
rat motor deficits
Dopamine Dopamine-loaded Mouse PD model Improved motor function; reduced dopamine 2021 | [84]
nanoparticles oxidation
Dopamine Transferrin-functionalized In vitro BBB + PD model | Enhanced brain accumulation via receptor- 2018 | [92]
liposomes mediated transport
Dopamine Liposomes vs SLNs Rat intranasal model Improved CNS bioavailability vs free drug 2021 | [96]
Dopamine Blood-derived exosomes PD mouse model Natural brain targeting; improved behavioral 2018 | [145]
recovery
L-DOPA TA/PVA nanoparticles Parkinsonian rat model Increased dopamine and TH levels; non-invasive 2010 | [142]
delivery
L-DOPA Self-assembled polymeric MPTP mouse model Sustained enzymatic release; improved PD 2020 | [143]
nanodrug symptoms
Dopamine PLGA nanoparticles In vitro BBB model Efficient endothelial transport and neuronal uptake | 2024 | [85]
Dopamine BSA nanoparticles Cellular delivery model High delivery efficiency with low toxicity 2023 | [148]
Conjugate
Dopamine Silicate nanoreservoirs Controlled drug release | Stabilized dopamine and enabled sustained release | 2025 | [149]
system
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Nanotheranostics in Dopamine Disorders

Nanotheranostics combines diagnostic imaging and therapeutic intervention within a unified nanoscale platform, offering
a promising strategy for managing dopamine-related neurological disorders. By integrating imaging agents with targeted
nanocarriers, these systems enable simultaneous drug delivery and disease monitoring. This approach allows researchers
and clinicians to visualize dopaminergic pathways, track disease progression, and assess treatment efficacy in real time.
Advanced imaging modalities, including positron emission tomography (PET), magnetic resonance imaging (MRI), and
fluorescence-based techniques, have significantly enhanced our understanding of dopamine signaling and its role in

neurological function in vivo.'*°

Imaging of Dopaminergic Systems
Visualization of the dopaminergic system has played a critical role in advancing our understanding of neurological and
psychiatric disorders, including Parkinson’s disease, schizophrenia, and substance use disorders (Table 4). Early positron
emission tomography (PET) investigations utilized radiolabeled ligands such as ''C-raclopride and ''C-SCH23390 to
map dopamine receptor distribution in the human brain, enabling in vivo quantification of D2 and D1 receptor binding.'"’
As imaging technologies progressed, additional radiotracers were developed to assess other aspects of dopaminergic
function, including neurotransmitter synthesis and transporter activity. For example, '*F-FDOPA and ''C-raclopride have
been extensively employed in both clinical and preclinical studies to measure dopamine production, release, and receptor
occupancy.'>

More recent PET imaging studies have combined multiple tracers to simultaneously assess dopamine synthesis
capacity and receptor availability across brain regions, revealing correlations between dopaminergic activity and
behavioral processes.'>® Beyond conventional PET imaging, emerging nanotechnology-driven imaging tools are expand-
ing the ability to monitor neurotransmitter activity with greater sensitivity and spatial precision. Examples include
fluorescence-based dopamine sensors, magnetic nanoparticle platforms, and multifunctional imaging probes capable of

tracking dopamine dynamics in living biological systems.'*°

Diagnostic Nanoparticles

Nanoparticle-based imaging agents have emerged as valuable tools for the diagnosis and monitoring of neurological
diseases. Among these, magnetic nanoparticles and multifunctional nanoprobes have gained particular attention because
they can integrate multiple imaging modalities, such as positron emission tomography (PET) and magnetic resonance
imaging (MRI), into a single platform. This combination offers the high sensitivity of PET together with the superior
anatomical resolution of MRI. In one preclinical investigation, a dual-imaging system was developed by incorporating
PET radioisotopes onto superparamagnetic iron oxide nanoparticles, resulting in effective in vivo imaging
performance.'>® Recent advances have further improved these technologies through the development of surface-
engineered magnetic nanoparticles that selectively recognize disease-related biomarkers associated with

Table 4 Summary of Dopamine Imaging Pathways

Nanocarrier/Imaging Target Application Key Finding Ref.

Probe

"'C-raclopride PET tracer D2 receptor Dopamine receptor Enabled in vivo mapping of dopamine receptors in human | [151]

imaging brain

'SF-FDOPA PET tracer Dopamine Parkinson’s disease Measurement of presynaptic dopamine production [152]
synthesis diagnosis

Dual PET/MRI magnetic Multimodal Neuroimaging Combined sensitivity of PET with spatial resolution of MRI | [153]

nanoparticles imaging

Polydopamine nanoparticles Imaging + Cancer/neurological Multimodal imaging and photothermal therapy [154]
therapy models

Dual-target PET tracers DAT + Neurodegenerative Simultaneous imaging of dopaminergic dysfunction and [155]
pathology disease disease markers
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neurodegenerative disorders. By targeting pathological proteins, these nanoplatforms enable visualization of disease
progression at the molecular level and may contribute to the earlier detection of Parkinson’s disease and other
neurodegenerative conditions.'>’

In addition to magnetic nanomaterials, polydopamine-based nanoparticles have attracted considerable interest as
theranostic platforms because of their excellent biocompatibility, strong photothermal activity, and versatile surface
chemistry. Their structure allows the incorporation of imaging agents, therapeutic cargos, and targeting molecules,
creating multifunctional systems capable of both disease diagnosis and treatment. Experimental studies have demon-
strated the potential of these nanoparticles to serve as integrated imaging and therapeutic tools in a variety of disease

154
models.'?

PET Tracers Targeting Dopaminergic Systems

Positron emission tomography (PET) continues to be one of the most valuable imaging techniques for investigating
dopaminergic function in the living brain. By utilizing radiolabeled compounds that bind to dopamine receptors or
transporters, PET enables the assessment of receptor expression, neurotransmitter dynamics, and disease-related changes
in dopaminergic pathways. Early tracer development focused on cocaine-derived molecules that selectively bind to the
dopamine transporter (DAT), a critical regulator of dopamine reuptake and synaptic signaling.'>® These tracers provided
important insights into dopaminergic dysfunction in both healthy and diseased states. Advances in radiochemistry have
since led to the development of more selective PET tracers capable of targeting individual dopamine receptor subtypes.
For example, recently developed D1 receptor agonist tracers allow researchers to evaluate receptor activation and
signaling in vivo, providing a more detailed understanding of dopaminergic function in primate models.'>”

Current research is also expanding toward multimodal and dual-target imaging approaches that can simultaneously
assess dopaminergic abnormalities and other pathological features of neurodegenerative disease. In a recent preclinical
study, investigators employed complementary PET tracers to examine both dopamine transporter function and amyloid
plaque accumulation within the same model. This strategy provided a more comprehensive evaluation of disease

pathology and may enhance the accuracy of diagnostic imaging for neurodegenerative disorders.'’

Future Potential of Dopamine Nanotheranostics

The integration of targeted nanocarriers with advanced imaging technologies is expected to significantly enhance the
diagnosis and treatment of dopamine-related disorders. Nanoparticles capable of carrying therapeutic agents while
simultaneously providing imaging contrast could allow clinicians to monitor drug delivery, track disease progression,
and personalize treatment strategies. Continued progress in nanoparticle engineering, radiochemistry, and molecular
imaging will likely expand the role of nanotheranostics in neurology and precision medicine.

Safety and Regulatory Considerations

Despite the significant potential of nanomedicine to overcome many limitations of conventional brain drug delivery,
concerns regarding biocompatibility, long-term safety, and regulatory acceptance remain important obstacles to clinical
translation. Nanoparticles possess unique physicochemical properties that facilitate transport across biological barriers;
however, these same properties may also promote unforeseen biological interactions, including cytotoxic effects, immune
system activation, and tissue retention. Therefore, comprehensive evaluation of nanoparticle safety profiles is essential to
ensure the successful translation of dopamine-targeted nanomedicines into clinical practice.

Nanoparticle Toxicity

The biological effects and potential toxicity of nanoparticles are strongly influenced by their physicochemical properties,
including size, morphology, surface charge, and material composition. Research has demonstrated that some nanopar-
ticles can trigger oxidative stress, disrupt mitochondrial function, and cause DNA damage, ultimately impairing cellular
health and, in severe cases, leading to apoptosis. These adverse effects are often linked to the excessive production of

160

reactive oxygen species (ROS) following nanoparticle internalization by cells. >~ Metal-based nanoparticles, such as

silver or gold nanoparticles, have attracted particular attention because of their potential to interact with proteins and
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intracellular components. Small nanoparticles can enter cellular compartments and interfere with normal biochemical
pathways, while heavy-metal particles may induce oxidative stress and inflammation within neural tissues.
Experimental in vivo studies have demonstrated that exposure to engineered nanoparticles may result in neurotoxicity
and systemic toxicity depending on the material composition and dosage. For example, carbon nanotubes have been
reported to cause pulmonary, cardiovascular, and neurological toxicities in animal models following systemic
exposure.'®’ More recent experimental investigations continue to highlight the importance of dose and nanoparticle
formulation. More recent investigations continue to emphasize the importance of comprehensive safety evaluations.
A 2025 in vivo study examining various inorganic nanoparticles identified measurable immune and systemic responses
following exposure, highlighting the need for rigorous toxicological assessment before these materials can be safely

translated into clinical applications.'®?

Immune Responses to Nanoparticles

The interaction of nanoparticles with the immune system remains a significant concern in the development of nanome-
dicine-based therapies. Upon entering the bloodstream, nanoparticles are rapidly surrounded by circulating plasma
proteins, forming a so-called protein corona. This adsorbed protein layer can substantially alter the nanoparticle’s
biological behavior, influencing its biodistribution, cellular uptake, and recognition by immune cells.

Numerous studies have shown that nanoparticle exposure can activate immune pathways and provoke inflammatory
responses, particularly in the case of certain inorganic nanomaterials. Internalization of nanoparticles by macrophages
and other immune cells may stimulate the production of pro-inflammatory cytokines, potentially leading to both systemic
and neuroinflammatory effects.'®> Nevertheless, advances in nanoparticle design have demonstrated that these immune
responses can be mitigated through appropriate surface modification strategies. For instance, functionalized mesoporous
silica nanoparticles have been reported to exhibit efficient cellular uptake while eliciting minimal cytokine secretion and
inflammatory signaling, underscoring the critical role of surface engineering in enhancing nanoparticle biocompatibility

and safety.'®*

Long-Term Accumulation and Biodistribution

Another critical concern in nanoparticle-based drug delivery is the potential for long-term accumulation in tissues.
Because certain nanomaterials are not biodegradable, they may persist within organs such as the liver, spleen, or brain for
extended periods of time. Persistent accumulation can interfere with normal physiological processes and may lead to
chronic toxicity.

Studies investigating gold nanoparticles have demonstrated that although these materials are generally considered
biocompatible, their long-term biological effects remain under debate. Experimental animal studies have shown that
accumulation of gold nanoparticles in tissues may produce histological alterations and physiological changes depending
on particle size, coating, and dose.'®>'°® Earlier work on carbon nanoparticles also demonstrated accumulation within
brain structures such as the olfactory bulb following inhalation exposure, which was associated with inflammatory
activation of microglial cells.'®” These findings highlight the importance of evaluating nanoparticle biodistribution and
clearance mechanisms when developing CNS-targeted nanotherapies.

Barriers to Clinical Translation and Regulation
Despite encouraging results in preclinical studies, relatively few nanoparticle-based therapeutics have successfully
progressed to clinical use. One major obstacle is the lack of standardized regulatory frameworks for evaluating
nanoparticle safety and efficacy. Because nanomaterials behave differently from conventional pharmaceuticals, tradi-
tional toxicological testing methods may not adequately predict their biological effects. Continued collaboration among
researchers, regulatory agencies, and industry will therefore be essential for translating dopamine-targeted nanomedicine
from laboratory studies to clinical practice.

Several lipid-based and polymer-assisted delivery systems have demonstrated clinical utility in improving drug
pharmacokinetics, stability, and tissue distribution; however, translation of dopamine-targeted nanotherapeutics remains
largely at the experimental stage. One of the major barriers limiting clinical progression is the complexity associated with
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large-scale manufacturing and reproducibility of nanocarrier systems. Variability in particle size distribution, surface
charge, cargo loading efficiency, and long-term storage stability can significantly influence therapeutic performance and
regulatory approval outcomes. In addition, the biological behavior of nanoparticles within the central nervous system
remains incompletely understood, particularly regarding long-term biodistribution, clearance mechanisms, immunogeni-
city, and potential neurotoxicity following repeated administration.

Regulatory agencies also require extensive characterization of nanocarrier composition, batch consistency, pharma-
cokinetics, toxicity, and manufacturing quality control prior to clinical approval. These requirements can be particularly
challenging for biologically derived systems such as exosomes and biomimetic vesicles, where heterogeneity and
scalability remain major concerns. Cost-effectiveness and manufacturing scalability further influence translational
feasibility, as highly engineered nanosystems often require complex production and purification processes that may
limit widespread clinical adoption. Consequently, future progress in dopamine-targeted nanomedicine will depend not
only on improving therapeutic efficacy and BBB targeting efficiency but also on developing standardized, reproducible,
scalable, and regulatory-compliant manufacturing strategies capable of supporting large-scale clinical translation.

Future Perspectives

Although significant progress has been made in dopamine pharmacology and nanomedicine-based drug delivery, several
emerging technologies are expected to reshape future therapeutic strategies for dopamine-related disorders. Advances in
artificial intelligence, structure-guided receptor targeting, gene therapy, and precision nanomedicine are opening new
directions for improving treatment efficacy while minimizing adverse effects. However, future advances in this field will
likely involve Al-assisted nanocarrier engineering, precision-targeted and stimuli-responsive delivery systems, biomi-
metic vesicles, and patient-specific therapeutic strategies capable of adapting to disease-specific CNS
microenvironments.

Al-Guided Dopamine Ligand Design

Artificial intelligence (Al) and machine learning are increasingly transforming the discovery of dopaminergic therapeu-
tics by enabling rapid identification and optimization of receptor-selective ligands and prediction of pharmacokinetic
properties. Traditional drug discovery approaches rely heavily on trial-and-error screening, whereas Al-driven platforms
can analyze large chemical datasets, predict ligand-receptor interactions, and design novel compounds with desired
biological activity. Recent advances in deep learning and generative models now allow exploration of vast chemical
space and facilitate the design of molecules with optimized binding affinity, selectivity, and brain penetration

potential,' %1%

Improving Dopamine Receptor Subtype Selectivity

Achieving selectivity among dopamine receptor subtypes (D1-D5) remains one of the central challenges in dopaminergic
drug development. Machine-learning-based molecular modeling has recently been used to analyze large datasets of
dopamine receptor ligands and predict subtype-specific binding patterns. For example, graph neural network models
trained on thousands of dopamine receptor ligands have demonstrated strong predictive performance for receptor
selectivity, enabling identification of compounds with preferential activity at specific receptor subtypes.'”®
Complementary computational studies combining in-silico screening with experimental validation have identified ligands
with high affinity and selectivity for D2/D3 receptor subtypes, demonstrating the value of Al-guided approaches for
rational ligand design.'”!

More broadly, Al-driven drug discovery platforms can integrate structural biology, molecular docking, and predictive

modeling to accelerate the optimization of dopamine receptor ligands and reduce development timelines.'’?

BBB Permeability Prediction Modeling
In addition to optimizing receptor binding, Al methods are increasingly applied to predict whether candidate molecules
can cross the blood-brain barrier (BBB), a critical requirement for therapies targeting neurological disorders. Recent
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deep-learning models have been developed to classify compounds as BBB-permeable or non-permeable using molecular
descriptors and structural features, enabling early identification of brain-penetrant drug candidates.'”

Machine-learning approaches such as random forest, neural networks, and ensemble algorithms have shown strong
performance in predicting BBB permeability and guiding lead optimization during drug discovery.'”*'”> For example,
quantitative models such as LogBB-Pred have demonstrated high accuracy in predicting BBB permeability of drug-like
compounds, illustrating the potential of computational tools to accelerate CNS drug development.'’®

The integration of Al-guided ligand discovery with predictive BBB modeling represents a powerful strategy for
developing next-generation dopaminergic therapeutics. By combining molecular design, pharmacokinetic prediction, and
receptor selectivity optimization, Al-driven approaches have the potential to significantly accelerate the discovery of

safer and more effective treatments for dopamine-related neurological disorders.

Receptor Subtype-Selective Targeting

One of the longstanding challenges in dopamine pharmacology is the development of ligands that selectively target
individual receptor subtypes. Structural biology has provided critical insights that are now guiding medicinal chemistry
efforts. Chien et al solved the crystal structure of the human dopamine D3 receptor bound to an antagonist, revealing key
binding interactions responsible for ligand recognition and subtype selectivity.'”” More recently, another study deter-
mined the structure of the dopamine D2 receptor in complex with the Gj protein, providing a detailed view of receptor
activation and signaling mechanisms.'’® These structural advances are enabling rational drug design approaches aimed at
developing ligands with improved specificity for DI1-like or D2-like receptor families, which may reduce off-target
effects associated with current therapies.

Gene Delivery Strategies

Gene therapy represents another promising direction for treating dopamine-related neurological disorders, particularly
Parkinson’s disease. One early clinical study demonstrated that adeno-associated virus (AAV)-mediated delivery of the
aromatic L-amino acid decarboxylase gene to the striatum improved motor function in Parkinson’s disease patients.'”’
These approaches aim to provide long-term therapeutic effects by enabling neurons to produce dopamine continuously
rather than relying on repeated drug administration. More recent advances in nanotechnology have also introduced
nanoparticle-based gene delivery systems capable of transporting nucleic acids across biological barriers, including the
blood-brain barrier. These systems may provide safer and more controllable alternatives to viral vectors for treating

dopamine-related disorders.

Smart Stimuli-Responsive Nanocarriers

Recent advances in nanomedicine have led to the development of smart stimuli-responsive nanocarriers capable of
releasing therapeutic agents in response to specific biological signals. Unlike conventional drug delivery systems, these
platforms remain relatively stable during circulation but undergo structural or chemical changes when exposed to
physiological triggers such as pH shifts, enzyme activity, or oxidative stress. Such systems enable controlled and site-

specific drug release, thereby improving therapeutic efficacy while minimizing systemic toxicity.'3%!®!

pH-Sensitive Nanocarriers
pH-responsive nanocarriers are among the most extensively studied smart delivery systems. These nanoparticles are
designed to remain stable under physiological pH but undergo structural changes or polymer degradation under acidic
conditions, which are commonly observed in diseased tissues and intracellular compartments such as endosomes and
lysosomes. Research has demonstrated that pH-responsive nanosystems can selectively release therapeutic cargo in acidic
microenvironments, improving drug accumulation at target sites while reducing off-target exposure.'**!'%3

Recent developments have focused on engineering polymers and lipid systems that undergo charge conversion,
membrane destabilization, or bond cleavage under mildly acidic conditions. Such mechanisms allow nanoparticles to

enhance intracellular drug release and improve therapeutic performance in various disease models.'**
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Enzyme-Responsive Nanocarriers

Another promising strategy involves nanocarriers that respond to enzyme activity associated with pathological environ-
ments. These systems incorporate enzyme-cleavable linkers or coatings that remain stable during circulation but degrade
when exposed to disease-related enzymes, enabling controlled drug release at the target site. Recent research highlights
that enzyme-responsive materials can be designed to respond to specific biological signals and trigger localized drug
release, thereby increasing therapeutic precision.'® Such systems are particularly attractive for neurological disorders
and cancer, where specific enzymes are overexpressed and can act as biological triggers for drug activation.

ROS-Triggered Drug Release

Reactive oxygen species (ROS) are increasingly recognized as important internal triggers for smart drug delivery
systems. Elevated ROS levels are commonly observed in pathological conditions such as neurodegeneration, inflamma-
tion, and cancer. Consequently, ROS-responsive nanocarriers have been developed that undergo chemical bond cleavage
or structural changes when exposed to oxidative environments, resulting in targeted drug release.'®®'®’

Recent studies suggest that ROS-responsive systems may be particularly useful in neurological disorders, where
oxidative stress plays a central role in disease progression. By exploiting disease-associated ROS levels, these nano-
carriers can provide site-specific drug delivery and improved therapeutic outcomes.'®® Furthermore, multifunctional
ROS-responsive nanoplatforms are being developed that combine drug delivery with antioxidant or imaging capabilities,
representing an important direction for future nanomedicine research.

Personalized Nanomedicine

Advances in genomics, biomarker discovery, and precision medicine are enabling more individualized approaches to the
treatment of neurological diseases. Nanoparticle drug delivery systems can be engineered to respond to specific
molecular signals present in diseased tissues, allowing targeted drug release and reduced systemic toxicity. Densely PEG-
coated nanoparticles could penetrate brain tissue more effectively than conventional particles, illustrating how nanocar-
rier design can be tailored to overcome biological barriers was demonstrated by Nance et al'® Similarly, Saraiva et al
developed targeted nanoparticles capable of delivering therapeutic agents across the blood-brain barrier, highlighting the
potential of precision nanomedicine strategies for treating neurological disorders.'® In the future, integrating patient-
specific genetic and molecular information with advanced nanotechnology may enable customized treatment approaches
for disorders involving dopaminergic dysfunction.

Clinical Outlook: Why Translation Remains Difficult

Despite significant progress in nanomedicine and dopaminergic drug delivery, translation from preclinical research to
successful clinical therapies remains challenging. Numerous nanocarrier systems have demonstrated promising results in
animal models; however, only a limited number of nanomedicine platforms have reached clinical application for
neurological diseases. Several biological, technological, and regulatory factors continue to limit successful translation.

Rodent vs Human Blood-Brain Barrier Differences

One major barrier to translation arises from fundamental physiological differences between animal models and humans.
Many nanomedicine strategies are validated in rodents, yet the structure and function of the blood-brain barrier (BBB)
vary across species. Comparative studies show differences in transporter expression and barrier permeability between
rodents and humans, which can significantly influence drug distribution in the brain. For instance, research indicates that
expression and activity of the efflux transporter P-glycoprotein differ between species, affecting central nervous system
drug exposure and therapeutic outcomes. '’

Experimental evidence also suggests that BBB permeability and transport mechanisms are not identical between
rodents and humans, meaning that drug delivery results obtained in animal models may not directly translate to clinical
settings.'”® These interspecies differences complicate the prediction of therapeutic efficacy and highlight the need for
improved translational models, including humanized systems and advanced in vitro BBB platforms.
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Manufacturing and Scaling Challenges
Another major limitation in the translation of nanomedicine is the difficulty of scaling up nanoparticle production while
maintaining reproducibility and quality. Laboratory-scale synthesis methods often rely on complex multistep processes
that are difficult to standardize for industrial manufacturing. Studies examining the development of nanomedicine
platforms emphasize that reproducible large-scale production, robust characterization methods, and regulatory compli-
ance remain major hurdles for clinical development.'?*'**

In addition, the physicochemical properties of nanoparticles, such as size distribution, surface chemistry, and stability,
can change during scale-up, potentially altering their biological behavior and therapeutic performance. These challenges

must be addressed before nanomedicine formulations can move from experimental studies to clinical trials.

Clinical Trial Design Complexity

Clinical evaluation of nanomedicines presents unique challenges compared with traditional small-molecule drugs. The
complexity of nanoparticle systems introduces additional variables related to biodistribution, immune interactions, and
pharmacokinetics. Reviews of translational nanomedicine research highlight that inadequate understanding of disease
heterogeneity, difficulties in patient selection, and regulatory uncertainty can complicate clinical trial design and
interpretation.'?*!%3

Furthermore, many preclinical studies rely on simplified disease models that do not fully replicate the complexity of

human neurological disorders. As a result, promising experimental therapies may fail during clinical evaluation.

Dose Translation from Animals to Humans

Determining appropriate dosing strategies represents another critical challenge in translating nanomedicine therapies.
Nanoparticle biodistribution is influenced by multiple factors including particle size, surface chemistry, and interactions
with biological proteins, making dose extrapolation from animal models difficult. Differences in BBB transport,
metabolism, and clearance between species further complicate dose prediction and therapeutic optimization. Because
nanocarriers often exhibit nonlinear pharmacokinetics, conventional dose scaling approaches used for small molecules
may not accurately predict human responses. Improved computational models and translational pharmacology
approaches are therefore needed to guide dose selection during clinical development.

Long-Term Safety and Biological Interactions

Long-term safety remains one of the most important considerations for nanomedicine therapies targeting the brain.
Nanoparticles can accumulate in tissues, interact with immune cells, and potentially induce chronic toxicity or inflam-
mation. Studies analyzing clinical translation emphasize that incomplete understanding of nanoparticle-biological inter-
actions and long-term biodistribution remains a major barrier to regulatory approval.'®*'*° In addition, subtle differences
in nanoparticle composition, surface charge, and ligand decoration can significantly influence safety profiles, making
standardized evaluation essential for clinical development.

Together, these challenges illustrate that successful translation of dopaminergic nanotherapies requires more than
promising preclinical results. Advances in human-relevant disease models, scalable manufacturing technologies,
improved clinical trial design, and comprehensive safety assessment will be essential for bridging the gap between
experimental nanomedicine research and effective therapies for neurological disorders.

Conclusion

Nanomedicine-based strategies have demonstrated substantial potential for overcoming the major limitations associated
with conventional dopaminergic therapies, including poor BBB penetration, rapid metabolism, oxidative degradation,
and systemic toxicity. Among the various nanosystems investigated, polymeric nanoparticles, lipid-based nanocarriers,
and exosome-inspired vesicles appear particularly promising due to their ability to enhance dopamine stability, facilitate
controlled release, improve BBB transport, and enable targeted delivery to dopaminergic brain regions. Importantly, these
nanocarriers not only improve dopamine delivery efficiency but also function as protective microenvironments that
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reduce dopamine oxidation and reactive oxygen species (ROS)-associated neurotoxicity, thereby improving therapeutic
stability and neuroprotective potential. Despite encouraging preclinical outcomes, major translational challenges remain,
including manufacturing scalability, reproducibility, long-term safety evaluation, regulatory standardization, and limited
clinical validation of dopamine-targeted nanotherapeutics. Future advances in this field will likely involve Al-assisted
nanocarrier engineering, precision-targeted and stimuli-responsive delivery systems, biomimetic vesicles, and patient-
specific therapeutic strategies capable of adapting to disease-specific CNS microenvironments. Continued interdisciplin-
ary collaboration among nanotechnologists, neuroscientists, clinicians, and regulatory agencies will be essential for
translating these emerging nanomedicine approaches into safe and clinically effective therapies for neurodegenerative
disorders such as Parkinson’s disease.
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