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Abstract

The blood-brain barrier (BBB) is one of the major obstacles in neuropharmacology. It blocks the
entry of about 98% of small-molecule drugs and nearly all large-molecule therapeutics into the
brain. While this selective permeability is important for maintaining brain homeostasis and
protecting neural tissue from harmful agents, it also severely restricts treatment options for
neurological disorders such as Alzheimer’s disease, Parkinson’s disease, brain tumours, and
stroke. In recent years, advances in nanotechnology and targeted drug delivery have created new
opportunities to overcome this barrier. This review outlines the structural and functional features
of the BBB, and summarises innovative delivery strategies—including nanoparticles, liposomes,
and receptor-mediated targeting systems—and highlights their applications in the management of
neurodegenerative diseases. Particular attention is given to polymeric nanoparticles, lipid-based
carriers, and surface modification approaches that harness endogenous transport pathways.
Despite encouraging preclinical findings, important challenges remain, including toxicity,
scale-up, and translation to clinical practice. A deeper understanding of these delivery systems
and their mechanisms is essential for developing effective CNS therapeutics and improving

treatment outcomes for debilitating brain disorders.

Keywords: Blood-brain barrier, drug delivery, nanoparticles, liposomes, receptor-mediated

targeting, neurodegenerative diseases, central nervous system
1. Introduction
The central nervous system (CNS) controls almost all functions and cognitive processes of our

body. It is a primary target for treating numerous serious brain diseases. However, delivering
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drugs to the brain is exceptionally challenging. The blood—brain barrier (BBB)—a highly
selective, semipermeable physiological barrier to the brain formed by specialised endothelial
cells lining cerebral capillaries—prevents most therapeutic agents from reaching their targets
within the brain parenchyma [1], [2]. Although this barrier is essential for maintaining neural
homeostasis and protecting the brain from harmful blood-borne substances, it poses a major

hurdle for the treatment of CNS disorders.

The scale of this problem is considerable. Only about 2% of small-molecule drugs (typically
under 400 Da) can independently cross the BBB, and virtually no large molecules—such as
monoclonal antibodies, recombinant proteins, gene therapies, or antisense oligonucleotides—are
able to do so [2], [38]. This restriction has serious consequences for the management of
conditions such as Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, brain tumours,
stroke, and a range of neuropsychiatric disorders, all of which affect millions of people

worldwide and represent a huge unmet medical need [36], [41].

Traditional attempts to bypass the BBB include direct intracerebral injections, osmotic disruption
of tight junctions, and chemical modification of drugs to enhance lipophilicity [2], [30].
However, these strategies are often invasive, non-specific, potentially neurotoxic, and difficult to
apply routinely in clinical practice [14], [36]. The emergence of targeted drug delivery has
transformed the field by offering less invasive ways to transport drugs across the BBB, while
improving drug stability, reducing systemic toxicity, and allowing controlled release [1], [3],

[17].

This review provides an overview of neuroscience-informed drug delivery systems designed to
overcome the BBB. We first described the structural and functional characteristics that make the
BBB such an effective barrier. We then examined a range of innovative delivery strategies, with
particular emphasis on polymeric nanoparticles, lipid-based carriers, and receptor-mediated
targeting approaches. This is followed by a discussion of their applications in treating
neurodegenerative diseases and brain tumours. Finally, we address the main challenges and

limitations that must be resolved to enable successful clinical translation.
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2. The Blood-Brain Barrier: Structure and Function
2.1 Anatomical and Physiological Characteristics

The blood-brain barrier is a specialized anatomical and functional interface that separates
circulating blood from the brain’s extracellular fluid. In contrast to peripheral capillaries, which
possess opening and intercellular gaps that permit relatively free movement of molecules, brain
capillaries are lined by a continuous, non-fenestrated endothelium with extremely tight
intercellular junctions [24], [30]. These tight junctions, composed mainly of proteins, form a
high-resistance seal that blocks the diffusion of hydrophilic substances across the paracellular

space [44].

Endothelial cells of the BBB display several unique properties that support barrier function. They
show very low rates of pinocytosis, lack opening, and express high levels of efflux transporters
such as P-glycoprotein, which actively pump many lipophilic compounds back into the
bloodstream [10], [24], [43]. These cells are also embedded in a basement membrane and closely
associated with pericytes and astrocytic end-feet, together forming the neurovascular unit, which

dynamically regulates barrier properties and maintains CNS homeostasis [47].
2.2 Transport Mechanisms Across the BBB

Despite its restrictive nature, the BBB is not completely impermeable. Several physiological
transport mechanisms allow essential nutrients to enter the brain and waste products to be

removed [10], [25]. Key mechanisms include:

Passive Diffusion: Small, lipophilic molecules (generally <400-500 Da and highly lipid-
soluble) can cross the BBB via transcellular passive diffusion. However, this pathway is

available to only a limited number of potential therapeutic agents [2], [43].

Carrier-Mediated Transport: Specific carrier proteins transport essential nutrients, including
glucose, amino acids, and nucleosides, across the BBB. These transporters display substrate
specificity. These mechanisms are primarily applicable to water-soluble drugs and can be

exploited through molecular mimicry or prodrug strategies to enhance drug delivery [43].
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Receptor-Mediated Transcytosis: Macromolecules like insulin, transferrin, and certain
lipoproteins cross the BBB through receptor-mediated transcytosis. This process involves
binding to specific receptors on the luminal surface of endothelial cells, internalization via

endocytosis, and release on the abluminal side [10], [25], [37].

Adsorptive-Mediated Transcytosis: Cationic molecules can interact electrostatically with
negatively charged components of the endothelial cell membrane, triggering non-specific

endocytosis and subsequent transcytosis [10].

Insights into these endogenous transport mechanisms have been central to the design of targeted

drug delivery systems that use the brain’s natural pathways to carry therapeutics across the BBB.
2.3 The BBB as a Therapeutic Challenge

While the BBB is essential for brain health, it is a major barrier to drug delivery to the brain and
is crucial for CNS drug development. Although the pharmaceutical industry has invested heavily
in neuroscience research, translating molecular discoveries into effective brain therapies has
proceeded slowly, largely due to delivery limitations [39]. The BBB excludes most systemically

administered drugs from being used for brain diseases [38], [40].

This limitation is especially severe for biologics and other macromolecular therapeutics, which
make up an increasing share of new drug candidates. Proteins, peptides, antibodies, and nucleic
acid-based drugs cannot cross an intact BBB, sharply restricting treatment options for conditions
that might otherwise benefit from these agents [2], [37]. As a result, developing safe and
effective methods to transport drugs across the BBB has become a central priority in

neuropharmacology and a major focus of modern drug delivery research [21], [40].

3. CNS Drug Delivery Strategies
3.1 Polymeric Nanoparticles

Polymeric nanoparticles are among the most promising platforms for brain-targeted drug

delivery. They offer high drug loading capacity, protect encapsulated drugs from degradation,
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allow controlled release, and can cross the BBB through several mechanisms [3], [15], [17].
These colloidal carriers, typically 10-1000 nm in diameter, are often prepared from

biodegradable, biocompatible polymers suitable for pharmaceutical use [22], [50].
3.1.1 Poly(alkylcyanoacrylate) Nanoparticles

Poly(alkylcyanoacrylate) nanoparticles, particularly poly(butylcyanoacrylate) (PBCA), are
among the most extensively studied systems for drug delivery to the brain. These are considered
one of the more successful platforms for crossing the BBB [5], [12], [23]. These biodegradable
carriers can encapsulate both hydrophilic and lipophilic drugs and have shown notable ability to

deliver diverse therapeutic agents to the CNS [3], [15].

The mechanisms underlying PBCA nanoparticle transport across the BBB have been clarified
through in vivo and in vitro work. When coated with surfactants such as polysorbate 80 (Tween
80) or poloxamer 188, these nanoparticles adsorb specific plasma proteins—particularly
apolipoproteins—onto their surface after intravenous administration [12], [23], [29]. This protein
corona, especially the adsorption of apolipoprotein E (ApoE) and apolipoprotein A-1 (ApoA-I),
promotes interaction with lipoprotein receptors on brain endothelial cells, resulting in

receptor-mediated transcytosis across the BBB [1], [18], [29].

Kreuter and colleagues provided direct evidence for this mechanism, showing that
polysorbate-80-coated PBCA nanoparticles deliver drugs to the CNS via specific processes that
require drug binding to the particles [12]. They demonstrated that the surfactant coating is crucial
for BBB crossing and that the system exploits endogenous lipoprotein transport pathways.
Subsequent work showed that covalent attachment of ApoE to albumin nanoparticles further

enhances drug transport into the brain, underscoring the importance of this mechanism [28].

PBCA nanoparticles have been used to deliver various therapeutics to the brain, including
anticancer drugs (e.g., doxorubicin), antiretroviral agents, peptides, and proteins [12], [18], [27].
It is important to note that nerve growth factor (NGF), a large protein that does not normally
cross the BBB, has been successfully delivered to the brain using PBCA nanoparticles,

illustrating the system’s potential for transporting biologics to the CNS [27].
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3.1.2 Other Polymeric Nanoparticle Systems

In addition to PBCA, several other polymers have been explored for brain drug delivery.
Poly(lactic-co-glycolic acid) (PLGA), widely used in FDA-approved formulations, offers
excellent biocompatibility and tunable degradation rates [22], [31]. PLGA nanospheres have
been used to deliver antisense oligonucleotides to NMDA receptors in the brain, highlighting the

versatility of polymeric nanoparticles for nucleic acid delivery [31].

Chitosan nanoparticles, derived from the natural polysaccharide chitin, are another attractive
option. When coated with polysorbate 80, chitosan nanoparticles show increased brain uptake in

pharmacoscintigraphic studies, suggesting their suitability for CNS delivery [8].

Designing effective polymeric nanoparticles requires balancing multiple parameters, including
particle size, surface charge, hydrophobicity, and degradation behaviour [5], [22]. Particle size
strongly influences biodistribution: smaller particles (approximately 50-200 nm) generally
penetrate the BBB more effectively than larger ones [4], [9]. Surface PEGylation can reduce
opsonisation and extend circulation time, but excessive PEGylation may reduce cellular uptake

and transcytosis [7].
3.2 Lipid-Based Nanocarriers

Lipid-based nanocarriers, including liposomes, solid lipid nanoparticles (SLN), and
nanostructured lipid carriers (NLC), provide additional advantages for brain drug delivery. These
systems are typically highly biocompatible, can be produced on a larger scale, and can

incorporate both hydrophilic and lipophilic drugs [1], [13].
3.2.1 Liposomes

Liposomes are spherical vesicles formed from phospholipid bilayers and were among the earliest
nanocarriers studied for brain drug delivery [33]. They can encapsulate hydrophilic drugs in their
aqueous core and lipophilic drugs within the lipid bilayer, making them suitable for a broad
spectrum of therapeutics [13]. However, the main disadvantage of conventional liposomes is that
they are rapidly cleared by the reticuloendothelial system and generally show poor BBB

penetration.
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To address these drawbacks, several modification strategies have been developed. PEGylated
“stealth” liposomes exhibit prolonged circulation and reduced clearance, increasing the
likelihood of interacting with the BBB [6], [33]. More importantly, attaching targeting ligands to
the liposomal surface can direct them to specific receptors on brain endothelial cells, enabling

receptor-mediated transcytosis [33].

Convection-enhanced delivery (CED) is another approach in which liposomes are infused
directly into brain tissue, bypassing the BBB altogether. Yamashita and colleagues showed that
nanoliposomal topotecan and pegylated liposomal doxorubicin could be effectively delivered to
intracranial brain tumour xenografts via CED, achieving high local concentrations while limiting
systemic exposure [6]. Although invasive, CED may be appropriate for localised brain tumours

that respond poorly to systemic therapy.
3.2.2 Solid Lipid Nanoparticles and Nanostructured Lipid Carriers

Solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC) are advanced lipid-based
systems that combine the advantages of both polymeric nanoparticles and liposomes while
avoiding some of their limitations [1], [13]. These carriers consist of solid lipid matrices
stabilized by surfactants and can provide high drug loading, controlled release, and good storage

stability.

SLN and NLC can be formulated using lipids that are generally recognized as safe (GRAS),
which can simplify regulatory approval and facilitate clinical translation [1]. Their lipophilic
character may promote interaction with the lipid-rich BBB endothelium, enhancing transcytosis.
Like polymeric nanoparticles, these carriers can be surface-modified with targeting ligands or
coated with surfactants to promote apolipoprotein adsorption and receptor-mediated BBB

transport [1], [13].

Lipid drug conjugate (LDC) nanoparticles follow a related concept in which the drug is
covalently linked to a lipid, forming a prodrug that can be embedded within lipid nanoparticles
[1]. This design allows very high drug loading (sometimes up to 33%, compared with 1-10% for
many conventional nanoparticles) and may be particularly useful for poorly water-soluble drugs

intended for brain delivery.
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3.3 Receptor-Mediated Targeting

Receptor-mediated targeting leverages natural BBB transport systems to move therapeutics into
the brain. Often described as a “molecular Trojan horse” approach, it involves conjugating drugs
or drug-loaded carriers to ligands that bind receptors on brain endothelial cells, thereby

triggering receptor-mediated transcytosis [25], [37].
3.3.1 Transferrin Receptor Targeting

The transferrin receptor (TfR), which plays a central role in iron transport into the brain, is
highly expressed on BBB endothelial cells and is one of the most widely studied targets for brain
drug delivery [16], [25], [46]. Transferrin or anti-TfR antibodies can be attached to drugs,
nanoparticles, or liposomes to promote BBB crossing through TfR-mediated transcytosis [7],

[16], [33].

Mishra and co-workers developed transferrin-anchored pegylated albumin nanoparticles for
targeted brain delivery of the antiretroviral drug azidothymidine (AZT) [7]. Their formulation
significantly improved brain uptake compared with non-targeted nanoparticles. This supports the
viability of TfR targeting. The high expression of TfR on brain endothelium, combined with its
efficient transcytosis pathway, makes it an attractive receptor for CNS drug delivery [16], [46].

TR targeting also has limitations. The receptor is also present on many peripheral tissues, which
can reduce brain specificity. In addition, endogenous transferrin competes for receptor binding,
potentially limiting the effectiveness of transferrin-conjugated systems [16]. Despite these issues,

TfR-mediated delivery remains one of the most promising receptor-based strategies.
3.3.2 Insulin Receptor and Other Receptor Targets

The insulin receptor, like the transferrin receptor, is expressed on brain endothelial cells and
mediates insulin transcytosis into the CNS [25], [37]. Insulin or insulin receptor antibodies can
thus serve as targeting ligands for brain drug delivery. This concept has been explored for the

transport of proteins, peptides, and other therapeutics across the BBB [25].

Other receptors of interest include low-density lipoprotein receptor-related protein (LRP), which

mediates transcytosis of various ligands, including ApoE, and the diphtheria toxin receptor [25],
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[37]. The wide range of receptors expressed at the BBB offers multiple targeting options, each

with its own profile of advantages and constraints.
3.3.3 Apolipoprotein-Mediated Delivery

As noted earlier, adsorption of apolipoproteins onto nanoparticle surfaces provides an indirect
but powerful form of receptor-mediated targeting. “PathFinder” technology takes advantage of
selective protein adsorption, in which certain plasma proteins—especially ApoE—adsorb onto
nanoparticles after injection, enabling interaction with lipoprotein receptors at the BBB [1], [29].
This mechanism has been particularly effective for polymeric and lipid nanoparticles coated with

specific surfactants [12], [23], [28].

Kreuter and colleagues reveal that apolipoprotein-mediated transport of nanoparticle-bound
drugs across the BBB is a specific receptor-driven process [29]. Inhibiting lipoprotein receptors
or depleting apolipoproteins markedly reduced nanoparticle uptake into the brain, confirming the
underlying mechanism. Covalent attachment of ApoE to nanoparticles further increased brain
delivery, indicating that optimising apolipoprotein presentation on nanoparticle surfaces can

significantly improve targeting efficiency [28].
3.4 Alternative Delivery Approaches

Beyond nanoparticle-based systems and receptor-mediated strategies, several other methods have

been explored for brain drug delivery.
3.4.1 Intranasal Delivery

Intranasal delivery offers a non-invasive route for targeting the CNS while partially bypassing
the BBB [2], [36]. Drugs administered via the nasal cavity can reach the brain through the
olfactory and trigeminal nerve pathways, which connect directly to CNS structures. This route
has shown promise for delivering peptides, proteins, and small molecules. But the proportion of

the administered dose that actually reaches the brain is often modest [2].

3.4.2 Chemical Delivery Systems and Prodrugs
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Chemical delivery systems (CDS) are designed so that a modified form of the drug can cross the
BBB and then be transformed into the active drug within the brain [2]. This requires careful
optimisation of lipophilicity, enzymatic stability, and brain-specific activation. Prodrugs follow a
similar principle, in which the parent drug is chemically modified to enhance lipophilicity to
increase the BBB permeability and is subsequently converted back to the active form, which is

hydrophilic in nature within the brain [2], [30].
3.4.3 Cell-Penetrating Peptides

Cell-penetrating peptides (CPPs) are short amino acid sequences capable of crossing cellular
membranes and have been investigated as carriers for brain drug delivery [2]. By conjugating
CPPs to drugs or nanocarriers, it may be possible to enhance cellular uptake and potentially
facilitate passage across the BBB. However, their exact mechanisms of action and specificity for

brain endothelial cells are still not fully understood and remain an active area of research [2].

4. Applications in Neurodegenerative Diseases

The delivery strategies described above have been tested in a range of neurodegenerative and
neurological conditions, helping to demonstrate both their potential benefits and disease-specific

challenges.
4.1 Brain Tumours

Brain tumours, particularly glioblastoma multiforme, are among the hardest cancers to treat,
partly because most chemotherapeutic agents do not cross the BBB in sufficient amounts [26],

[35]. Nanoparticle-based systems have shown considerable promise in this area.

Doxorubicin-loaded PBCA nanoparticles coated with polysorbate 80 have produced marked
antitumor effects in animal models of orthotopic glioblastoma [18]. In this case, the nanoparticles
enabled doxorubicin—normally unable to cross the BBB—to reach therapeutic levels in tumor
tissue. Mechanistic studies indicated that apolipoprotein adsorption, especially ApoA-I, supports
nanoparticle interaction with scavenger receptors at the BBB, thereby promoting drug delivery to

the tumor [18].
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Convection-enhanced delivery of nanoliposomal formulations has also been reported as effective
in brain tumor therapy, achieving high local concentrations while limiting systemic toxicity [6].
This approach may be especially valuable for more localised drug concentration in tumours that

respond poorly to systemic treatment [19], [26].

Besides facilitating BBB crossing, nanoparticles can protect drugs from degradation, provide
sustained release at the tumor site, and allow co-delivery of multiple agents for combination
therapy [26]. Nonetheless, important obstacles remain, including tumor heterogeneity, the

development of drug resistance, and the requirement for repeated administrations [19].
4.2 Alzheimer’s Disease and Other Neurodegenerative Disorders

Neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, and Huntington’s
disease are major contributors to morbidity and mortality worldwide, and current treatments offer
only limited benefit [36], [41]. The BBB severely restricts the delivery of many promising
therapeutics, including neuroprotective molecules, enzyme replacement therapies, and

gene-based treatments.

Nanoparticle systems have been explored for delivering a variety of agents relevant to these
disorders. For example, NGF—a neurotrophic factor that cannot normally cross the BBB—has
been successfully delivered to the brain using PBCA nanoparticles [27]. Similar approaches

could be adapted for other neurotrophic factors and therapeutic proteins.

For Alzheimer’s disease, targeted nanoparticles have been engineered with ligands that recognise
both BBB receptors and disease-specific structures such as amyloid plaques [22]. These
dual-targeted systems aim to enhance both brain entry and accumulation at pathological sites,

potentially improving efficacy.

Nucleic acid-based therapies, including antisense oligonucleotides, hold considerable promise
for treating neurodegenerative conditions by modulating gene expression. PLGA nanoparticles,
for example, have been developed to deliver antisense oligonucleotides to NMDA receptors in
the brain, illustrating the feasibility of using nanoparticles to transport genetic medicines to the

CNS [31].

Eissn: _1303-5150 78 é www.neuroquan tology.com



NeuroQuantology | January 2008 | Volume 6 | Issue 1 | Page 68- 89| doi: 10.14704/nq.2008.6.1.162
Arnabaditya Mohanty / Neuroscience and Its Application in Drug Delivery Systems: A Review of Blood-Brain Barrier Crossing Strategies

4.3 Infectious Diseases of the CNS

Infections such as bacterial meningitis, viral encephalitis, and HIV-associated neurocognitive
disorders are difficult to treat partly because many antimicrobial drugs do not reach therapeutic
concentrations in the brain [36]. Nanoparticle-based delivery could improve the CNS penetration

of antibiotics and antivirals.

Transferrin-targeted nanoparticles carrying AZT have demonstrated enhanced brain uptake,
suggesting potential use in treating HIV-related CNS complications [7]. Similarly, several
antibiotics have been incorporated into nanoparticles to improve their brain delivery for

managing bacterial infections [3], [15].

Another important point is that during brain infection, the BBB also becomes slightly more

permeable to hydrophilic drugs. This helps with the treatment.
4.4 Epilepsy and Other Neurological Disorders

Epilepsy affects millions of individuals worldwide, and about 30% of patients exhibit inadequate
responses to available antiepileptic drugs [20]. In some cases, poor penetration of drugs into the
brain contributes to therapeutic failure. Nanoparticle-based systems have therefore been
proposed as a means to enhance antiepileptic drug delivery, potentially improving seizure control

while reducing systemic side effects [20].

Other neurological disorders—including stroke, multiple sclerosis, and various psychiatric
conditions—may also benefit from improved drug delivery to the brain. The flexibility of
nanoparticle platforms makes it possible to adapt them for a wide array of therapeutic agents

suited to these diseases [14], [36].

5. Challenges and Limitations

Despite impressive advances in brain-targeted drug delivery, many scientific and practical
challenges must still be addressed before these technologies can be widely implemented in the

clinic.
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5.1 Toxicity and Safety Concerns

Nanoparticle safety is a critical issue that must be thoroughly evaluated prior to clinical use [34],
[45], [48]. Because of their small size, large surface area, and ability to enter cells, nanoparticles
can exhibit toxicological behaviours that differ significantly from their bulk counterparts [34],

[42]. Several concerns need careful evaluation:
Nanoparticle Toxicity:

Materials used to fabricate nanoparticles must be both biocompatible and, ideally, biodegradable.
Although many polymers and lipids have established safety records in conventional
formulations, their behaviour at the nanoscale may differ [34], [45]. Long-term accumulation of

non-biodegradable particles could lead to chronic toxicity.
Blood—Brain Barrier Disruption:

Some studies suggest that certain nanoparticles can disrupt BBB integrity, which could
compromise its protective role [42]. Sharma and co-workers reported that nanoparticles can
worsen heat-stress-induced cognitive deficits and BBB disruption, raising concerns about
neurotoxicity [42]. Therefore, it is essential to monitor BBB integrity following nanoparticle

administration.

Neuroinflammation:
Nanoparticles reaching the brain may activate inflammatory responses involving microglia and
astrocytes, potentially causing neuronal injury [34]. These interactions must be carefully studied

to avoid unintended damage.

Surfactant Toxicity:
Many successful formulations depend on surfactants such as polysorbate 80 to facilitate BBB
crossing. Although these compounds are generally safe at low doses, but the concentrations
required for effective delivery may pose risks and therefore need careful toxicological evaluation

[121, [23].

5.2 Targeting Specificity and Efficiency
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Another challenge is achieving adequate drug delivery to the brain while minimizing distribution
to peripheral tissues [32]. Many receptor-based targeting strategies are limited because the
receptors of interest are also present outside the CNS, reduce its specificity [16]. Even with
optimised formulations, the fraction of the administered dose that actually reaches the brain is

often relatively small [9], [17].

BBB properties also vary across different brain regions and disease states, adding further
complexity [24]. Pathological conditions such as tumours, stroke, and neuroinflammation can
alter barrier characteristics, sometimes making drug delivery easier but also introducing

variability and unpredictability [19].
5.3 Characterization and Standardization

Thorough characterisation of nanoparticle systems is essential but technically demanding [4],
[11]. Important parameters include particle size and distribution, surface charge, drug loading
efficiency, release kinetics, stability in biological fluids, and patterns of protein adsorption.
Standardized methods and metrics for evaluating BBB transport are needed to compare different

systems in a meaningful way [11].

Although in vitro BBB models are valuable screening tools, they often fail to fully reproduce the
complexity of the in vivo barrier [11], [24]. Newer models, including advanced co-culture and
microfluidic systems, are improving physiological relevance, but careful validation against

animal and human data remains crucial [11].
5.4 Scale-Up and Manufacturing

Scaling nanoparticle formulations from laboratory experiments to commercial production
presents substantial obstacles [1], [49]. Manufacturing processes must be robust, reproducible,
and compliant with good manufacturing practice (GMP) standards. Maintaining consistent

particle size, drug loading, and surface properties during scale-up is technically challenging [1].

Regulatory pathways for nanomedicines are still evolving, and requirements for demonstrating

safety and efficacy may be more demanding than those for conventional drugs [45], [48]. The
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structural and compositional complexity of nanoparticle systems, combined with potential

batch-to-batch variability, complicates regulatory assessment.
5.5 Clinical Translation

There is still a large gap between promising preclinical findings and successful clinical
application [39], [40]. Many nanoparticle-based systems that perform well in animal models fail
to provide similar benefits in human trials. Differences in BBB structure and function, immune

responses, and disease pathology between species all contribute to this discrepancy.

Progress has also been slowed by the relative lack of dedicated BBB drug delivery programs
within major pharmaceutical companies and limited specialised training in this area in academia
[39]. Accelerating clinical translation will require greater investment, stronger interdisciplinary

collaboration, and focused, long-term research initiatives.
5.6 Cost and Accessibility

Advanced delivery systems such as nanoparticle formulations are generally more expensive to
develop and manufacture than traditional drugs [49]. Demonstrating cost-effectiveness is
essential, especially for chronic conditions that require long-term treatment. Ensuring access to
these therapies in low- and middle-income settings will be a further challenge that must be

addressed early in development.

6. Conclusion

The blood-brain barrier is both an essential protective structure and a major barrier to the
effective treatment of neurological diseases. Over the past decade, progress in nanotechnology
and targeted delivery has led to a range of strategies for overcoming this barrier, offering new

hope for conditions that have historically been difficult to treat.

Polymeric nanoparticles, particularly poly(alkylcyanoacrylate) systems, have shown strong
potential for delivering drugs across the BBB via apolipoprotein-mediated receptor targeting [1],

[12], [29]. Lipid-based carriers—including liposomes, solid lipid nanoparticles, and
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nanostructured lipid carriers—provide complementary advantages in terms of biocompatibility
and manufacturability [1], [13]. Receptor-mediated targeting strategies that exploit endogenous
pathways such as transferrin receptor-mediated transcytosis further expand the toolkit for

brain-specific drug delivery [16], [25], [37].

These technologies have produced encouraging preclinical results in models of brain tumors,
neurodegenerative diseases, CNS infections, and other neurological conditions [15], [18], [27].
Importantly, they offer ways to deliver not only small-molecule drugs but also proteins, peptides,
and nucleic acid therapeutics to the brain, opening avenues for treatments that were previously

not feasible [27], [31].

However, many hurdles must still be overcome before these approaches become routine in
clinical practice. Safety concerns—particularly nanoparticle toxicity and potential BBB
disruption—must be fully addressed [34], [42], [45]. Targeting efficiency and specificity need to
be improved to maximize brain exposure while minimizing off-target effects [32]. More reliable
methods for characterizing delivery systems and more predictive in vitro models are required to
streamline development and facilitate comparison across platforms [11]. Challenges related to
scale-up, manufacturing, and regulation must also be tackled to enable commercial production
[1], [49]. Above all, bridging the gap between preclinical success and clinical efficacy will
demand sustained research investment, better translational models, and strong collaboration

across disciplines [39], [40].

The field of brain-targeted drug delivery is at a pivotal stage. A solid scientific foundation has
been established, and multiple delivery strategies have demonstrated proof of concept. The next
step is to translate these advances into therapies that genuinely improve patient outcomes. This
will require continued engagement from academic researchers, pharmaceutical companies, and

funding and regulatory bodies.

Future work should prioritize several directions: developing more sophisticated targeting
strategies that combine different mechanisms for higher specificity and efficiency; designing
stimuli-responsive systems that release drugs in response to disease-related signals; deepening

our understanding of nanoparticle-BBB interactions at the molecular level; creating standardized
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preclinical models that better predict human responses; and carrying out rigorous clinical trials to
validate the most promising candidates [21], [40]. Economic and access-related issues must also

be considered so that successful therapies are affordable and widely available.

The convergence of neuroscience, nanotechnology, and pharmaceutical sciences is creating
powerful tools to overcome the blood—brain barrier. Although important scientific and practical
challenges remain, the progress achieved so far strongly supports continued investment in this
area. Effective brain-targeted drug delivery systems have the potential not only to transform the
treatment of neurological diseases but also to serve as a blueprint for solving other difficult drug
delivery problems in medicine. Ultimately, the goal is clear: to develop safe, effective, and
accessible therapies for the many patients worldwide living with brain disorders—and the

advances outlined in this review suggest that this goal is increasingly within reach.
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