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ABSTRACT: Neurological disorders and glioblastoma represent a
significant global health burden, affecting billions of individuals and
contributing to high rates of morbidity and mortality. A primary
obstacle in treating these conditions is the presence of the blood—
brain barrier (BBB), a protective barrier that restricts the entry of
most therapeutic agents into the brain. Despite this challenge,
advancements in nanotechnology, specifically the development of
polymeric nanoparticles, offer promising solutions for overcoming
the BBB. Key strategies include surface modifications like
PEGylation to enhance circulation time, receptor-mediated
targeting for specific brain cells, and stimuli-responsive nano-

particles that release drugs in response to pH or reactive oxygen species. Ultrasound-guided delivery, intranasal administration, and
magnetic nanoparticle guidance further enhance targeted delivery, while multifunctional nanoparticles enable combination therapies.
These nanoparticles, with their customizable properties, allow for targeted and sustained delivery of drugs to the central nervous
system, providing new hope in the treatment of both neurodegenerative diseases and brain cancers. In this review, we explore recent
strategies that exploit polymeric nanoparticles to improve drug delivery across the BBB, highlighting their potential in revolutionizing

therapeutic approaches for neurological disorders.

KEYWORDS: blood—brain barrier, polymeric nanoparticles, nanotechnology, stimuli-responsive, cancer, neurological disorders,

targeted delivery

1. INTRODUCTION

Neurological disorders affecting the brain and spinal cord are
leading contributors to global morbidity and disability, with
stroke ranking as the second most common cause of death.
These disorders encompass a range of conditions, including
Parkinson’s disease, Alzheimer’s disease (AD), Huntington’s
disease, motor neuron disease, multiple sclerosis, traumatic
brain injury, stroke, and brain cancers." Based on the World
Health Organization,” over 1 in 3 people are affected by
neurological conditions, and in 2021, more than 3 billion people
worldwide were living with a neurological condition. As the
global population ages and grows, there is an increasing need for
more effective management and treatment strategies for
neurological diseases.”

Neurodegenerative diseases, including Alzheimer’s, Parkin-
son’s, and Huntington’s diseases, are marked by the gradual loss
of neuronal function.” Key pathological features that drive the
progression of these diseases include protein aggregation (such
as amyloid-f, 7, and a-synuclein), oxidative stress, and
mitochondrial dysfunction, which ultimately lead to neuronal
death. These conditions are strongly associated with aging,
oxidative damage, and genetic and environmental factors.™®
Among these factors, mitochondrial dysfunction is pivotal in
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neurodegeneration, largely due to its role in generating reactive
oxygen species (ROS), which, in turn, exacerbate oxidative
damage.”® The interaction between protein aggregation and
mitochondrial dysfunction is critical in the progression of these
diseases, with protein aggregates further impairing mitochon-
drial function and intensifying oxidative stress.”

Glioblastoma (GBM) is an aggressively malignant primary
brain tumor characterized by limited treatment options and a
poor prognosis.'’ Current treatment modalities, which include
surgical resection, radiation therapy, and chemotherapy with
Temozolomide (TMZ), have not significantly improved
outcomes due to GBM'’s invasive inherent characteristics,
challenges with drug delivery beyond the blood—brain barrier
(BBB), and resistance to standard therapies. Moreover, the
antitumor efficacy of TMZ is substantially hampered by its
limited ability to cross the BBB (reaching only 20% of blood
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concentration) and various cellular mechanisms conferring
therapeutic resistance.'’ A major challenge in treating GBM is
the effective elimination of infiltrating cancer cells that persist in
the brain tissue even after the primary tumor has been surgically
removed. These residual cancer cells lead to tumor recurrence
and metastasis.'”

A major hurdle in the treatment of brain cancer and
neurodegenerative diseases is the BBB, which limits the delivery
of therapeutic agents to the brain. Nanotechnology holds great
promise for treating neurological disorders, particularly in
overcoming the BBB to deliver drugs to targeted cells. Polymeric
nanoparticles (NPs) are especially promising for targeting the
central nervous system (CNS) due to their adjustable size (10—
1000 nm), nontoxicity, biocompatibility, and controlled drug
release. They can be modified with specific ligands to target
receptors on endothelial or cancer cells, enhancing their ability
to cross the BBB. These nanoparticles also have longer
circulation times and can be biodegradable. Once inside the
cells, the polymeric matrix can be triggered to release the drug,
leading to a targeted and sustained therapeutic effect. Addition-
ally, polymeric nanoparticles can deliver a wide variety of drugs
through hydrophilic, hydrophobic, or electrostatic interactions,
as well as responsive covalent bonds

In previous reviews, advancements in polymeric nanoparticles
for crossing the BBB in treating neurological disorders have
highlighted significant progress and ongoing challenges. Studies
such as those by Zhang et al. (2021) have emphasized the
tunability of these nanoparticles, with a focus on surface
modifications, particle size, and shape to enhance BBB
penetration, and noted the necessity for improved Ereclinical
models like BBB-on-a-chip for more accurate testing.'” Nance et
al. (2014) demonstrated the potential of using MRI-guided
focused ultrasound (FUS) for targeted, noninvasive BBB
disruption combined with polymeric nanoparticle delivery to
improve brain drug distribution.'* Additionally, Khan et al.
(2018) reviewed the varied nanoparticle types, including
polymeric systems, which exploit receptor-mediated mecha-
nisms for improved CNS delivery.'

Our review distinguishes by integrating newer multifaceted
strategies (Table 1). In this review, we highlight the current
strategies in the exploitation of polymeric nanoparticles as a drug
delivery vehicle in crossing the BBB to treat various neurological
disorders. This review provides a summary of the major types of
polymeric NPs used in neurological disorders and GBM in the
past 6 years (from 2019 to 2024), the ways in which these NPs
can be modified and delivered in order to bypass the BBB, and
strategies for specific targeting of NPs to cancer and brain
endothelial cells.

2. NAVIGATING THE BBB: CHALLENGES

The BBB is a complex structural, functional, and physiological
barrier that precisely controls the movement of nutrients, ions
and cells between the brain and systemic circulation. The BBB
comprises of pericytes, astrocytes, cerebral endothelial cells and
the basement membrane. Together with neurons and glial cells,
these components form the neurovascular unit, which is
essential for brain function'®

Glial cells play a critical role in the CNS. Pericytes are smooth
muscle cells that extend across several endothelial cell lengths,
form an irregular layer, and help to regulate endothelial cell
activity. They also act as macrophages during inflammation,
providing a secondary line of defense after the endothelial tight
junctions. Astrocytes, with their star-shaped morphology, are
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vital for maintaining BBB integrity. They secrete soluble factors
like -2 microglobulin and transforming growth factor 3, which
enhance the expression of tight junction proteins on endothelial
cells. An intact BBB restricts the entry of more than 98% of small
molecule drugs specifically those with a molecular weight greater
than 400 Da and nearly 100% of large molecule drugs.'

Cerebral endothelial cells are characterized by their non-
fenestrated nature and extensive mitochondria, forming tight
junctions that meticulously control molecular transport across
the endothelium.'® The interendothelial space features trans-
membrane protein complexes, including occludin, claudin, and
junctional adhesion molecules.'” These tight junction proteins
engage in homophilic interactions to create a hi§h1y selective
barrier exclusive to the cerebral endothelial cells.”” The apical
side of the endothelial cells faces the blood flow within the brain
capillaries, while the basolateral side interfaces with the
cerebrospinal fluid and is supported by a basement membrane
approximately 30—40 nm thick.”" This membrane is composed
of collagen type IV, laminin, heparan sulfate proteoglycans,
fibronectin, and other extracellular matrix proteins.

Neurological disorders resulting from brain cancer, neuro-
inflammation and traumatic brain can compromise BBB’s
structural integrity and function. In brain cancers, this barrier
is often termed as blood—brain tumor barrier (BBTB), which
exhibits considerable heterogeneity, including variable perme-
ability and active efflux of molecules. GBM and neuro-
degenerative disorders disrupts the BBB through various
anatomical and physiological mechanisms.”” The downregula-
tion of tight junction proteins, such as claudin and occludin,
coupled with the upregulation of BBB transporter proteins, leads
to increased BBB permeability. Additionally, GBM co-opts the
local vasculature to form new blood vessels, which further
compromises the barrier and enhances vascular leakiness.”
Efflux pumps, which have long posed challenges in drug
development, are markedly upregulated in GBM, obstructing
the entry of potentially therapeutic agents into the tumor.
Consequently, these mechanisms create a paradox where
increased BBB permeability allows tumor-promoting substances
to penetrate the tumor bed, while simultaneously restricting the
access of antitumorigenic drugs.24 However, in many low-grade
brain tumors and their peripheries, the BBTB closely resembles
the BBB. Aging also contributes to barrier dysfunction due to
changes in endothelial cell phenotypes and reduced tight
junction integrity. Additionally, the BBB can be temporarily
disrupted using methods such as FUS with microbubbles,
focused radiation therapy, or chemical modifications with
hypertonic solutions like mannitol.**

Neurological disorders such as Alzheimer’s and multiple
sclerosis share several mechanisms of BBB disruption similar to
those seen in brain cancers like GBM. These include the
downregulation of tight junction proteins like claudin and
occludin, which increase BBB permeability,”® and the
upregulation of efflux transporters such as P-glycoprotein,
which restricts therapeutic drug entry.”” Additionally, neuro-
inflammatory conditions and oxidative stress activate matrix
metalloproteinases (MMPs), leading to the degradation of the
BBB’s structural integrity, exacerbating the permeability issues.
These mechanisms create significant challenges in treating both
neurodegenerative disorders and brain tumors effectively.”®

Therefore, crossing the BBB presents significant challenges
for drug delivery due to its complex structure and function
described above. The BBB is composed of tightly packed
endothelial cells that form tight junctions, preventing most
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Figure 1. Strategies of polymer nanoparticles for navigating the BBB.

Table 2. Comparative Evaluation of Polymeric Nanoparticles for Brain Drug Delivery: Biodegradability, Toxicity, and BBB

Penetration Efficiency

toxicity
polymeric biodegradability (half-  (cytotoxicity ICSO, BBB penetration
nanoparticle life, days pug/mL) efficiency (%)
PLGA 10—-50 >100 ~20-30
dopamine-  varies (depending on the 50—100 ~40—-50
based polymer structure)
chitosan 1-5 >100 ~25-35

advantages limitations ref
biocompatible, widely used, controlled  requires surface modifications 13
drug release for BBB targeting
mimics endogenous dopamine, high potential oxidation, requires 95
affinity for dopamine transporters stabilization
mucoadhesive properties, enhances limited intrinsic BBB 96

nasal drug delivery penetration, needs

functionalization

Recent research has highlighted the effectiveness of PLGA NPs
in crossing the BBB for neurodegenerative disease and brain
cancer treatment. PLGA NPs have shown success in delivering
neuroprotective and chemotherapeutic agents to brain tissues,
enhancing therapeutic outcomes in animal models of
Alzheimer’s, Parkinson’s, and brain cancer diseases.”®

In AD treatment, Tripathi and co-workers synthesized
donepezil-loaded PLGA nanoparticles using a modified nano-
precipitation method to enhance drug transport across the BBB.
Their results demonstrated that loading donepezil onto PLGA
significantly improved its uptake by brain endothelial cells
compared to the free drug, indicating its enhanced therapeutic
potential in Alzheimer’s treatment due to their favorable size and
sustained release properties.”” Another study developed
mPEG—PLGA nanoparticles loaded with Rhynchophylline for
the potential treatment of AD. Experimental data revealed that
the NPs had a brain uptake rate of approximately 12% in animal
models, significantly higher than Rhynchophylline alone, which
showed minimal BBB penetration. Additionally, fluorescence
tracking in vivo confirmed that the NPs were able to accumulate
in brain tissues, particularly in regions associated with
neurodegeneration in AD. The study confirmed that these
nanoparticles could effectively cross the BBB, exhibit neuro-
protective effects, regulate neuron activity in vitro and exhibited
a potential to be an alternative drug for the treatment of AD.*

In brain cancer application, recent research by Maksimenko et
al. demonstrated that doxorubicin (DOX)-loaded PLGA
nanoparticles, coated with poloxamer 188 (a copolymer
surfactant known for its cell-repairing capabilities), effectively
penetrated the BBB and intracranial tumors, resulting in
significant antitumor effects in vivo.”* Another study showed
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that PLGA nanoparticles loaded with the chemotherapeutic
drug morusin and conjugated to chlorotoxin (a peptide targeting
specific chloride channels in glioma cells) exhibited notable
antitumor activity against two human GBM cell lines in vitro.
Similar in vitro results with various modified PLGA nano-
particles have been reported recently, and their application in
brain tumor-bearing rodent models has also been promising."'
The extensive literature highlights the potential of PLGA-based
nanocarrier systems for treating CNS tumors through specific
surface modifications and loading contents.

3.1.2. Dopamine Polymers. Dopamine is a critical neuro-
transmitter affected in diseases like Parkinson’s, where
dopaminergic neurons are progressively lost.”® Dopamine-
based polymers, such as those described by Trapani et al.,*”
can be designed for intranasal delivery, which is a noninvasive
route that bypasses the BBB entirely. Intranasal administration
leverages the olfactory and trigeminal nerve pathways to
transport drugs directly to the brain. Dopamine polymers,
conjugated with carriers like N,O-carboxymethylchitosan,
demonstrated stability and efficacy in nose-to-brain delivery,
providing high dopamine loading and effective uptake by
olfactory ensheathing cells. This mechanism avoids systemic
circulation and potential degradation, making it a promising
option for delivering therapeutic dopamine directly to the brain
for neurodegenerative conditions.””

Dopamine polymers can be designed to respond to specific
environmental triggers within the brain, such as pH or ROS
levels. For instance, polydopamine-based nanoparticles®”" are
inherently bioactive materials with strong metal-ion chelating
and ROS scavenging properties. These properties allow them to
reduce ROS levels and protect cells from oxidative stress, which
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is often elevated in neurodegenerative diseases. This responsive-
ness allows for controlled, localized release of the therapeutic
cargo precisely where it is needed, reducing systemic toxicity and
improving therapeutic efficacy.>*®

While polymeric nanoparticles such as PLGA, dopamine-
based, and chitosan nanoparticles offer promising strategies for
drug delivery across the BBB; their safety and long-term effects
remain critical concerns (Table 2). PLGA nanoparticles are
generally considered biocompatible and biodegradable, but the
byproducts of their degradation (lactic and glycolic acid) may
cause local pH changes, potentially leading to cytotoxicity with
prolonged use.”* Dopamine-based nanoparticles, while effective
in mimicking endogenous neurotransmitter functions, face
challenges related to oxidative stress and neurotoxicity, as free
dopamine and its metabolites can contribute to ROS formation,
leading to neuronal damage if not properly stabilized.®!
Chitosan nanoparticles, known for their mucoadhesive and
biocompatible properties, can enhance drug absorption but may
trigger immune responses due to their cationic nature,
potentially leading to inflammation or unwanted immune
activation.”® Additionally, concerns about long-term accumu-
lation of nanoparticles in the brain remain unresolved, as
inefficient clearance mechanisms could lead to nanoparticle
buildup, affecting normal neuronal function.”® Future studies
must focus on biodegradability optimization, immune system
interactions, and nanoparticle clearance pathways to ensure that
these delivery systems remain both effective and safe for
prolonged clinical use.®!

3.2. General Modifications. 3.2.1. Poly(ethylene glycol)
(PEG). PEG is a hydrophilic polymer that can be covalently
linked to NPs and other therapeutics to enhance their
circulation time in the body. The FDA classifies PEG as
Generally Regarded as Safe, and since 1990, several PEGylated
protein therapeutics have received FDA approval. By conjugat-
ing PEG to the surfaces of NPs, their recognition by immune
cells is reduced due to decreased protein adsorption, which is
achieved through steric hindrance, ultimately increasing their
bioavailability.” Specifically, PEGylated NPs demonstrate fewer
interactions with plasma proteins and cell membranes compared
to non-PEGylated counterparts, making them more resistant to
aggregation, opsonization, and phagocytosis..()8 Supporting its
safety profile, PEGylation of NPs has not been linked to
increased toxicity and remains one of the most widely used
modifications for improving the efficacy of nanotherapeu-
tics.*>*”

While PEGylation reduces immune recognition, it does not
necessarily improve targeting specificity.”” The presence of PEG
can hinder receptor-mediated targeting, which may limit its
effectiveness for some specific therapies. Although PEG is
generally considered safe, repeated use of PEGylated nano-
particles may induce immune responses in some individuals,
especially after multiple doses. PEGylation is highly effective for
drugs that require prolonged circulation in the bloodstream,
such as certain chemotherapeutic agents or biologics (e.g,
monoclonal antibodies). However, for drugs that need highly
specific tissue targeting, other surface modifications might be
more suitable.

3.2.2. Polydopamine. Dopamine polymers can be engi-
neered with surface modifications to enhance their ability to
cross the BBB. Surface functionalization with polydopamine, as
shown in the Gao et al. study, provides a robust platform for
additional targeting ligands or responsive coatings. Polydop-
amine modification enhances nanoparticle penetration across
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the BBB, which is particularly important for treating neuro-
degenerative diseases. Polydopamine can be used for both its
adhesive properties and its ability to respond to external stimuli,
such as near-infrared (NIR) light. In this study, the nanoparticles
coated with polydopamine and activated by NIR radiation
showed improved BBB penetration and uptake by dopaminergic
neurons, delivering therapeutic agents to treat Parkinson’s
disease more effectively. The ability to respond to NIR light also
allows for localized targeting within the brain, reducing off-target
effects and enhancing treatment specificity.”” While NIR
activation is a promising technique, prolonged exposure to
NIR light may pose safety concerns for the surrounding healthy
tissues, especially with extended treatment protocols. Despite
promising preclinical results, there is limited clinical translation
of Polydopamine-coated nanoparticles, and further studies are
needed to fully assess their safety and efficacy. Polydopamine
modification is highly suitable for neurotherapeutic drugs,
especially those that need to be delivered to specific brain
regions. Drugs like dopamine agonists, antiamyloid agents, and
neuroprotective compounds benefit from PDA’s BBB pene-
tration and NIR-responsive characteristics.

3.2.3. Chitosan. Chitosan-coated nanoparticles have shown
significant promise for delivering drugs to the brain. As a natural
polymer widely used and approved for human applications,
chitosan is biodegradable, biocompatible, nontoxic, nonaller-
genic, and cost-effective, making it an ideal material for medical
use.”'™”” Many studies have explored chitosan-coated nano-
systems for delivering therapeutic compounds aimed at treating
conditions such as AD, Parkinson’s disease, gliomas, cerebral
ischemia, and schizophrenia.’®****°"7® The positive charges of
chitosan and its ability to act as a cationic polyelectrolyte offer
three advantages to brain drug delivery. First, the mucoadhesive
property that creates an interface of electrostatic interaction with
the negative charges of the glycocalyx and the phospholipids of
the epithelial membrane in the BBB.”’ Second, it promotes
enhanced permeation by facilitating the opening of tight
junctions.*”®" Third, its ability to coat surfaces and enhance
the properties of other materials, such as producing positive {
potential that improves the stability of nanosystems in
physiological conditions.”®

Research has shown that chitosan-modified PLGA nano-
particles, loaded with chemotherapeutic drugs, effectively target
GBMs and brain cancer in both in vitro and in vivo
models.”****> These recent studies revealed that chitosan-
coated nanoparticles exhibit increased cytotoxicity against
malignant cells, improved selectivity, enhanced absorption by
cancer cells, and better penetration into brain tissue. The
benefits of chitosan are attributed to its ability to promote
mucoadhesion, which extends the system’s residence time in the
olfactory mucosa, facilitate electrostatic interactions with BBB
cells, open tight junctions, and regulate the drug release rate.
Additionally, some nanoparticles have been functionalized with
sialic acid to aid BBB permeability, or with antialdehyde
dehydrogenase or folic acid to specifically target brain cancer
stem cells.**

Chitosan nanoparticles have also been proposed to exhibit
antitumor properties against glioma cells, as indicated by their
impact on various signaling pathways and molecules. Chemo-
therapeutic drugs targeting gliomas have been loaded into these
nanoparticles, which are reported to outperform pure
therapeutic agents. This enhanced effectiveness is attributed to
several factors, including sustained drug release, improved drug
internalization, and increased cytotoxicity toward cancer cells.
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Figure 2. (A) Effect of IN delivery of CS/GQD NPs on the memory of STZ-induced Alzheimer’s-like model rats in a RAWM test: (a) effect of the NPs
on latency to locate the platform on training days; (b) effect of the NPs on latency to enter the target arm in probe day; (c) effect of the NPs on the
duration of the presence in the target arm in probe day; (d) effect of the NPs on the number of entrances into the target arm in probe day. To define
whether the data were normal, the D’Agostino and Pearson normality test was used. Experimental results were provided as mean + standard error of
the mean. One-way and two-way analyses of variance followed by Tukey’s and Bonferroni’s post hoc multiple comparison tests were used, respectively.
The differences with p < 0.05 were regarded as significant. To examine the differences between groups, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p
< 0.0001 were compared to the control group (n = 8 in all groups). (B) In vivo fluorescence images of CS/GQD NPs distribution in the brain at
different time points after IN delivery. The excitation and emission filters were set to 470 and 535 nm, respectively. Reproduced with permission from

ref 53. Copyright 2023 John Wiley and Sons.

Recent studies have demonstrated the effectiveness of
chitosan-coated nanoparticles in crossing the BBB and
delivering therapeutic agents for neurodegenerative diseases.
In the ropinirole hydrochloride-loaded chitosan nanoparticle
study for Parkinson’s disease,” the nanoparticles exhibited a
particle size of 240 nm, and a positive { potential of 36.8 mV,
which improved their adhesion to the nasal mucosa and
facilitated enhanced permeability through the nasal route,
bypassing the BBB. After intranasal administration, the brain-to-
blood concentration ratio was significantly higher for the
chitosan-coated nanoparticles compared to uncoated formula-
tions. Specifically, at 1-h postadministration, the Cmax
(maximum concentration) of ropinirole in the brain was 2.8 +
0.3% of radioactivity/g for the chitosan nanoparticles, compared
t0 0.93 + 0.03% for noncoated versions. This data demonstrates
that the chitosan coating not only helped in crossing the BBB but
also significantly increased drug accumulation in the brain.

Another study on chitosan/graphene quantum dots (CS/
GQD) nanoparticles for AD treatment demonstrated that these
nanoparticles can effectively cross the BBB and accumulate in
the brain.> In vivo bioimaging confirmed the distribution of the
CS/GQD nanoparticles in the brain after intranasal admin-
istration, with fluorescence signals observed as early as 30 min
postadministration (Figure 2). The nanoparticles were widely
distributed across the brain within 2 h. Additionally, trans-
mission electron microscopy (TEM) images showed that the
nanoparticles were internalized in myelinated axons of hippo-
campal neurons, further confirming their BBB penetration.
These nanoparticles also demonstrated a significant improve-
ment in memory recovery in Alzheimer’s-like rats, as evidenced
by the radial arm water maze (RAWM) test, with treated rats
making more successful entries into the target arm compared to
controls.
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Overall, chitosan is particularly effective for drugs targeting
gliomas, Alzheimer’s, and Parkinson’s disease due to its ability to
cross the BBB and its versatile drug delivery properties. Its use
with chemotherapeutics, like in glioma treatments, has shown
promising results. For neurodegenerative diseases, its bio-
compatibility makes it an ideal choice for chronic treatment
regimens.

3.2.4. Receptor Targeting. NPs can be engineered to exploit
various transport mechanisms, including adsorptive-mediated
transcytosis (AMT), receptor-mediated transcytosis (RMT),
and cell-based delivery. AMT relies on electrostatic interactions
between positively charged ligands and the negatively charged
membranes of brain capillary endothelial cells. While NPs can
potentially leverage this process, its role in the delivery of
endogenous compounds through the BBB remains uncertain. In
contrast, RMT is one of the most established strategies for
enhancing drug delivery to brain tissue. This process involves
receptor-mediated endocytosis on the luminal side of the BBB,
followed by the trafficking of NPs through endothelial cells and
their eventual release into the brain parenchyma. Key targets for
RMT include the transferrin receptor (TfR) which is highly
expressed in GBM cells, making them promising targets for
improving NP delivery through both the BBB and directly to
brain tumors. TfR is particularly favored for targeting
therapeutics via RMT because it is expressed on brain capillary
endothelial cells but not on endothelial cells elsewhere in the
body. Various ligands can be conjugated to NPs for targeting
TfR, including transferrin, antibodies, and specific peptides. Cai
etal. designed a nanoparticle based on dendrigraft poly(L-lysine)
(DGL) that carries siRNA and D peptides which target and
penetrate the BBB, enter the brain and accumulate in AD
lesions. The T7 peptide, which specifically targets TfR on the
BBB, is attached to DGL using an acid-cleavable long-chain PEG
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(MW 6000) which enhances internalization, allows for quick
escape from endo/lysosomes, and promotes effective trans-
cytosis. As a result, the production of f-amyloid plaques (Af) is
inhibited, neurotoxicity caused by Af plaques and phosphory-
lated tau (p-tau) tangles is reduced, and cognitive function in
AD mice is significantly improved. Overall, this system
effectively targets the BBB and neurons, enhancing drug
accumulation in the brain and improving treatment outcomes
for AD.*

In brain cancer application, Ramalho et al. demonstrated
enhanced internalization of TMZ-loaded PLGA NPs coated
with monoclonal antibodies against TfR (specifically 0X26) in
GBM cells via receptor-mediated endocytosis.*> Their findings
showed high tumor targeting efficiency in vitro, along with
increased cellular uptake, slower tumor growth, improved
median survival, and enhanced antitumor effects in vivo.

Glycoproteins such as rabies virus glycoprotein (RVG) and
penetratin (Pen) peptides have also proven useful in delivering
drugs specifically to areas affected by AD. Another example is the
functionalization of nanoparticles with amyloid-$ targeting
peptides (FPLIAIMA), which has shown success in Alzheimer’s
mouse models.”® Mitochondria-targeted nanoparticles are
gaining attention for their potential to address mitochondrial
dysfunction, a key factor in neurodegenerative diseases like
Parkinson’s and Alzheimer’s. These nanoparticles can be
functionalized with C3 or RVG29 peptides or ligands, such as
triphenylphosphonium, which directs them to the mitochondria
to counteract oxidative stress and promote neuronal survival.®”

A key challenge, however, is the saturation of receptor-
mediated pathways, which can reduce nanoparticle uptake after
repeated doses. Additionally, rapid clearance by the mono-
nuclear phagocyte system (MPS) limits the circulation time of
these functionalized nanoparticles, reducing overall bioavail-
ability®**” To address these issues, future approaches should
optimize ligand density and employ surface modifications like
PEGylation to prolong circulation time while minimizing MPS
recognition.

3.2.5. Size, Shape, and Charge. Nanoparticle size, shape and
charge play pivotal roles in their ability to traverse the BBB and
effectively deliver therapeutic agents to brain tissues. The BBB is
highly selective and restricts the passage of most substances,
especially large and charged molecules. Optimizing nanoparticle
properties, specifically size, shape and charge, can significantly
enhance their permeability across this barrier. Generally,
nanoparticles smaller than 200 nm are considered optimal for
BBB penetration as they are efliciently transported through
endocytosis.

Moreover, nanoparticle charge is equally important. Positively
charged nanoparticles have been shown to interact more
favorably with the negatively charged endothelial cells lining
the BBB. This interaction enhances cellular uptake through
AMT, a process where electrostatic attraction between
positively charged nanoparticles and the cell membrane
facilitates the crossing of the BBB. However, a high positive
charge can increase cytotoxicity and promote rapid clearance by
immune cells. The specific charge threshold that would lead to
increased toxicity or rapid immune clearance is not universally
fixed and can depend on factors like the type of nanoparticles,
the target cells, and the experimental conditions. However, in
general, a high positive charge (e.g., + 30 mV or higher) tends to
increase the likelihood of toxicity, as the particles are more likely
to interact with negatively charged cell membranes, leading to
cell membrane disruption and higher cellular uptake, which can

4423

result in cytotoxicity.”””" Balancing the charge is therefore
crucial for maximizing brain uptake while minimizing adverse
effects.”

The shape of nanoparticles also plays a significant role in their
ability to cross the BBB. Spherical nanoparticles typically offer
good stability and can cross the BBB through receptor-mediated
endocytosis or RMT. However, their ability to penetrate the
BBB may be less efficient than other shapes, depending on the
targeting and delivery mechanisms employed. Rod-shaped
nanoparticles, on the other hand, may demonstrate improved
BBB penetration compared to spherical ones. Their elongated
shape allows for greater interaction with cell membranes,
potentially enhancing their ability to cross the BBB via
endocytosis. Additionally, rod-shaped nanoparticles offer a
larger surface area, which may increase cellular uptake. In
agreement to this, studies involving polystyrene nanorods
decorated with targeting moieties have shown that rod-shaped
particles exhibit stronger adhesion and enhanced internalization
in comparison to its spherical counterparts by brain endothelial
cells, both under static and flow conditions in microfluidic
device.”** In the treatment of neurodegenerative diseases,
nanoparticles within the optimal size range have demonstrated
promising results. Zhang et al. explored different nanoparticle
sizes and found that particles around 50 nm achieved high BBB
permeability. They discovered that positive surface charge
significantly enhanced the permeability and uptake of nano-
particles in brain endothelial cells in vitro, resulting in higher
concentrations within target regions. This size and charge
optimization approach is particularly valuable for delivering
small interfering RNA (siRNA) and other neuroprotective
agents for AD, as evidenced by increased tar%et engagement and
cognitive improvements in animal models.”

For brain cancer applications, studies have demonstrated that
polymeric nanoparticles customized for size and charge can
improve drug penetration and retention within tumors. In a
mouse model of traumatic brain injury, Rabanel et al.>’
examined PEG-coated PLGA nanoparticles of varying sizes
and found that 100 nm particles exhibited prolonged circulation
times and superior brain penetration compared to larger
particles of 200 and 800 nm. This suggests that a 100 nm size
range may facilitate prolonged interaction with the brain
endothelium, promoting deeper parenchymal distribution.
Similarly, Nowak et al.” tested spherical polystyrene nano-
particles and found that 200 nm particles were more effective in
BBB penetration compared to 100 and 500 nm particles in a
microfluidic model, highlighting the size-dependent nature of
nanoparticle transport mechanisms across the BBB.

Overall, nanoparticle size, shape and charge are critical for
crossing the BBB and delivering therapies to the brain.
Nanoparticles within the 100—200 nm size range are considered
optimal, as they are small enough to cross the BBB through
endocytosis but large enough to avoid rapid renal clearance.
Positively charged nanoparticles enhance transport by interact-
ing with the negatively charged endothelial cells lining the BBB,
although excessive positive charge may increase cytotoxicity and
immune clearance. In neurodegenerative diseases, these size and
charge-optimized nanoparticles have shown promise in
delivering agents like siRNA, improving brain targeting and
therapeutic outcomes. For brain cancer, studies demonstrate
that nanoparticles around 100—200 nm improve drug delivery
within tumors, achieving greater penetration and retention. This
size and charge specificity supports the development of more
effective and targeted brain therapies for both neurodegener-
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Figure 3. MRI of BBB disruption. The BBB was safely and successfully opened in the five patients enrolled, as shown by postsonication gadolinium
enhancement in the target region and resolution 24 s. Sample T1-weighted postgadolinium MRI from patient five obtained 30 days prior to BBB
opening procedure (left), immediately following BBB disruption (middle), and 20 h after BBB disruption (right). Ill-defined contrast enhancement is
seen in the peritumoral region on images acquired immediately after MRgFUS (white arrows). This contrast enhancement has resolved in the
peritumor region on the day 1 follow-up image indicating closure of the BBB. T2* sequence acquired immediately following BBB disruption for this
patient show no evidence of microhemorrhages. The table indicates the percent change in signal intensity in the region of interest (sonicated) relative
to adjacent nonenhancing tumor margin tissue in the ipsilateral hemisphere. Reproduced from ref 25. Available under a CC-BY license.

ative and cancerous conditions. Moreover, PLGA nanoparticles
exhibit high biodegradability (10—50 days) and low cytotoxicity
(ICs, > 100 ug/mL), but typically show moderate BBB
penetration (~20—30%) unless surface-modified.'> Dopa-
mine-based nanoparticles, inspired by neuromelanin structures,
demonstrate improved BBB penetration efficiency (~40—50%)
due to their affinity for dopamine receptors and transporters,
although their stability and oxidative sensitivity can pose
challenges.”” Chitosan nanoparticles, with a biodegradability
half-life of ~1—5 days and cytotoxicity >100 yg/mL, are notable
for their mucoadhesive properties and suitability for intranasal
administration, though their intrinsic BBB penetration is
moderate (~25—35%) without functionalization.”

3.3. Mechanism of Delivery. Many strategies have been
developed to enhance drug delivery across the BBB, each with
unique advantages and challenges. Ultrasound-mediated deliv-
ery, intranasal administration, and magnetic nanoparticle
systems offer innovative approaches, differing in their targeting
precision, invasiveness, and scalability.
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3.3.1. Ultrasound-Guided Nanoparticle Delivery for BBB
Disruption. Ultrasound-guided nanoparticle delivery has
emerged as a promising noninvasive approach for crossing the
BBB. This method typically utilizes FUS in combination with
microbubbles to temporarily disrupt the BBB, enabling
nanoparticle-based drugs to reach targeted brain regions. The
mechanism involves acoustic cavitation, where microbubbles
oscillate and collapse in response to ultrasound waves. This
activity transiently widens the tight junctions between
endothelial cells, creating localized openings in the BBB that
allow therapeutic agents to penetrate the brain tissue. The
process is highly controlled, with the BBB generally closing
within a few hours post-treatment, thus maintaining the barrier’s
protective function elsewhere.””

In the realm of neurodegenerative diseases, such as
Alzheimer’s, FUS has been evaluated in clinical settings to
facilitate drug delivery to affected brain regions. A study by Liu et
al. used low-intensity FUS to disrupt the BBB in conjunction
with quercetin-modified sulfur nanoparticles, aimed at relieving
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endoplasmic reticulum stress—a key factor in Alzheimer’s
pathology. The results showed improved delivery and
accumulation of nanoparticles in brain tissues, specifically in
the hippocampus and cortex, which are critical areas for
Alzheimer’s treatment.”” While promising, challenges remain
in refining ultrasound parameters to avoid off-target effects and
ensure consistent BBB disruption.

Clinical trials are assessing the use of ultrasound-guided BBB
disruption to improve drug delivery in AD patients. A recent
study by Rezai et al. involved an open-label trial where ten
participants with mild Alzheimer’s underwent MRI-guided FUS
(MRgFUS) treatments targeting the hippocampus, entorhinal
cortex, frontal, and parietal lobes. Each patient received three
treatment sessions spaced 2 weeks apart, focusing on -amyloid-
positive regions. Results showed that all participants experi-
enced temporary BBB opening with subsequent closure within
24—48 h after each session. At 6—12 months post-treatment, no
significant adverse effects were observed, and PET imaging
demonstrated a 14% reduction in f-amyloid plaque load in the
treated regions. Cognitive assessment scores remained stable,
with no observable cognitive decline beyond the typical
progression of Alzheimer’s, indicating a potential disease-
modifying effect.”®

For brain cancer treatment, particularly in cases of GBM,
ultrasound-guided BBB disruption has shown potential to
enhance chemotherapy delivery. A notable example is a phase I
clinical trial that assessed MR-guided FUS in conjunction with
microbubbles to disrupt the BBB in glioma patients (Figure 3).
In this trial, Mainprize et al. used the ExAblate Neuro system; an
integrated FUS device that uses MRI to guide ultrasound waves
to a targeted location in the brain, which allowed precise BBB
disruption, followed by administration of chemotherapeutic
agents like liposomal DOX and TMZ. Ongoing clinical trials are
exploring various FUS systems for BBB disruption in glioma
patients. The ExAblate Neuro system, recently approved by the
FDA for thalamotomy, allows for targeted BBB disruption in
small areas of the brain using FUS in conjunction with standard
MRI scanners. Two phase I trials are currently recruiting
participants.

Post-treatment analysis confirmed higher concentrations of
these agents in the brain regions where the BBB had been
disrupted, as observed through increased gadolinium enhance-
ment on MRI. Patients tolerated the procedure well, and tumor
resection surgery performed the following day confirmed the
localized distribution of chemotherapy drugs.””

A recent trial (NCT02253212"7) examined the safety and
efficacy of the SonoCloud-1 device, also using low-intensity
pulsed ultrasound with microbubbles, in 21 patients with
recurrent GBM. Nineteen patients received at least one
ultrasound treatment. BBB disruption was confirmed via MRI
after 52 out of 65 ultrasound sessions, and the treatment was
deemed safe, with no serious adverse events. Patients who
experienced successful BBB disruption had longer progression-
free survival (4.11 months) and overall survival (12.94 months)
compared to those with poor or no disruption. Overall,
SonoCloud-1 treatments were well tolerated and may increase
the effectiveness of systemic drug therapies, such as carboplatin,
in the brain without inducing neurotoxicity. Additionally, recent
trials in Alzheimer’s and Parkinson’s disease patients have shown
promising results, supporting MRgFUS as a safe method for
enhancing drug permeability across the BBB.'*’ These findings
indicate that ultrasound-mediated BBB disruption holds great
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potential for improving targeted drug delivery in neuro-
degenerative diseases while minimizing systemic side effects.

In summary, ultrasound-guided nanoparticle delivery is a
noninvasive approach to temporarily disrupt the BBB for
targeted drug delivery. Using FUS with microbubbles, this
technique opens the BBB through acoustic cavitation, allowing
nanoparticles to enter the brain and deliver therapeutic agents to
specific areas. In neurodegenerative diseases like Alzheimer’s,
FUS has shown promise in increasing the brain delivery of
nanoparticles that reduce amyloid-# accumulation, potentially
modifying disease progression. For brain cancer, such as GBM,
FUS facilitates chemotherapy delivery, enhancing drug concen-
tration in tumors and extending survival. Although ultrasound-
guided delivery demonstrates strong potential, it requires precise
control of ultrasound parameters and further research to ensure
safety and consistent BBB disruption. Although FUS allows
targeted drug delivery, its penetration depth is often limited,
which can be a problem for brain regions deep within the skull.
Additionally, it requires specialized equipment (MRI, ultra-
sound systems), which may limit accessibility and increase costs.
Although the temporary BBB opening is beneficial in some
cases, it might be inadequate for chronic treatments. FUS is
particularly useful for large molecules or nanoparticles that
would otherwise struggle to cross the BBB. It is most effective for
drugs that need targeted, localized delivery (e.g., chemotherapy
for GBM, amyloid-f-targeting antibodies for Alzheimer’s). Drug
modifications to ensure stability and controlled release (e.g.,
liposomal formulations) are beneficial when using this
technique.

3.3.2. Intranasal Administration. While ultrasound-guided
drug delivery provides a noninvasive and transient method to
open the BBB, its reliance on microbubbles and precise
sonication parameters makes it more suitable for targeted drug
release rather than continuous or systemic drug administration.
However, for a less invasive and more patient-friendly
alternative, intranasal drug delivery offers a promising route by
bypassing the BBB naturally via neural pathways, allowing for
direct brain access without external energy application.
Although it lacks the precise spatial targeting of ultrasound
methods, intranasal delivery is advantageous for frequent dosing
and biologics such as peptides and proteins that might be
degraded in systemic circulation.

Intranasal administration is a noninvasive delivery method
that leverages the olfactory and trigeminal nerve pathways to
deliver drugs directly to the brain, effectively bypassing the BBB.
This delivery route is particularly advantageous for targeting
CNS diseases, as it reduces systemic circulation exposure,
minimizes off-target effects, and enhances drug concentrations
in brain tissues. However, intranasal delivery faces challenges
such as enzymatic degradation in the nasal passages and
mucociliary clearance, which can reduce drug retention. To
address these limitations, modified nanoparticles—such as those
coated with mucoadhesive or enzyme-resistant materials—are
used to improve drug stability and absorption in the nasal cavity.

In neurodegenerative disease applications, Yang et al.
developed a multifunctional nanoparticle system for Alzheimer’s
treatment. Their PEGylated DGL nanoparticles were function-
alized with Aleuria aurantia lectin (AAL) for enhanced
interaction with olfactory epithelium receptors, facilitating
entry through the olfactory route. By codelivering BACEL
siRNA and rapamycin, these nanoparticles successfully reduced
amyloid-f accumulation, promoted autophagy, and improved
cognitive function in Alzheimer’s mouse models. This study
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underscores the potential of intranasal nanoparticle systems in
directly targeting neurodegenerative disease mechanisms,
offering a safe and effective route for delivering combination
therapies.”” Li et al. investigates the use of lesion-recognizing
nanoparticles for nose-to-brain delivery targeting AD. These
nanoparticles contain a ROS-responsive polymer core loaded
with small interfering RNAs (siRNAs) targeting both the
BACEl enzyme and caspase-3, a known apoptosis marker.
When administered intranasally, the delivery of these nano-
particles resulted in significantly higher concentrations in the
hippocampus and cortex—areas most affected by Alzheimer’s.
The nanoparticle concentration in the brain was approximately
3.5 times higher than in other systemic tissues, with a peak
retention time of 24 h postadministration. Brain tissue analysis
revealed reduced neurodegeneration, with treated mice showing
more intact neurons and less neuronal shrinkage in Alzheimer’s-
affected regions. This indicates that the intranasally delivered
nanoparticles not only reached the brain but also produced a
tangible protective effect on neuronal structures.”'

For recent studies in brain cancer treatment, Marrocco and
group developed a ferritin-based, stimuli-sensitive nanocarrier
with excellent biocompatibility and water solubility, capable of
incorporating high concentrations of the potent topoisomerase
1 inhibitor Genz-644282.>> The nanoparticle-like structure of
ferritin allows it to potentially interact with the lipid bilayer of
endothelial cells of BBB in a way that aids its transport.'®" This
structure, combined with the receptor-mediated endocytosis,
helps ferritin to efficiently cross the BBB by interacting with
specific receptors such as TfR1 on the surface of endothelial cells
that forms the BBB and selectively delivers its payload to gliomas
that also express elevated levels of the ferritin/transferrin
receptor TfR1 (CD71). Both intranasal and intravenous
administration resulted in reduced tumor growth and improved
survival rates in glioma-bearing mice. However, intranasal
delivery is a simpler and less invasive option that minimizes
damage to healthy tissues compared to intravenous methods.
These findings could pave the way for a new, safe, and direct
ferritin-based drug delivery approach for brain diseases,
particularly brain tumors.

Chu et al. successfully used this technique to deliver TMZ-
loaded PLGA particles to target GBM in a rodent model.'’*
Their study revealed significant cytotoxicity in glioma cells
treated with nasal delivery of these modified nanoparticles, as
well as improved brain distribution and lower accumulation in
other organs compared to intravenous delivery after 4 h. While
these promising rodent studies are encouraging,'*>'** further
research is needed to determine if these findings will translate
into successful human clinical trials. Nonetheless, nose-to-brain
delivery holds potential as a powerful technique for minimally
invasive brain tumor therapeutics.

In conclusion, intranasal administration leverages the
olfactory and trigeminal pathways to bypass the BBB, enabling
direct delivery of therapeutic nanoparticles to the brain. This
noninvasive route minimizes systemic exposure and improves
drug concentration in targeted brain regions. For neuro-
degenerative diseases, such as Alzheimer’s, multifunctional
nanoparticles delivered intranasally have shown success in
reducing amyloid-f accumulation and improving cognitive
outcomes. In brain cancer, specifically GBM, intranasal delivery
of drug-loaded nanoparticles has demonstrated enhanced brain
targeting and retention compared to traditional intravenous
methods. Although promising, this delivery method faces
challenges, including mucociliary clearance and enzymatic
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degradation, which future research should address to maximize
therapeutic potential.'"”> This can be mitigated by modifying
nanoparticles to make them more resistant to enzymatic
degradation and mucoadhesive coatings to extend retention
time. Modification strategies, such as using mucoadhesive
polymers or enzyme-resistant nanoparticles (e.g., PEGylation),
can help overcome nasal degradation and improve brain
retention. While intranasal delivery can be highly effective for
some compounds, the amount of drug reaching the brain may be
lower compared to more direct methods like FUS or intravenous
delivery. Intranasal administration is well-suited for drugs that
are small, lipophilic, and stable in the nasal cavity. It is
particularly advantageous for neurodegenerative diseases, like
Alzheimer’s, where the goal is to deliver agents targeting
amyloid-f plaques or tau aggregation.

3.3.3. Magnetic-Guided Nanoparticle Delivery. Although
intranasal drug delivery offers a noninvasive and efficient way to
bypass the BBB via olfactory and trigeminal nerve pathways, it
relies primarily on passive diffusion and neural transport, which
can limit precise drug localization. Additionally, factors like
mucociliary clearance and enzymatic degradation may reduce its
effectiveness over time. In contrast, magnetic nanoparticle
(MNP) systems utilize external magnetic fields to actively guide
drug-loaded nanoparticles to specific brain regions, offering
greater control over drug distribution and enhanced accumu-
lation at target sites. Unlike intranasal delivery, which is well-
suited for small molecules and biologics, MNPs excel in localized
treatments where precise drug positioning within the brain is
required, such as in GBM therapy.

Additionally, MNPs offer a sophisticated method for directing
drug-loaded nanoparticles to specific brain regions using
external magnetic fields. In a study by Hoshiar et al., MNPs
were designed to cross the BBB and reach deep brain regions,
such as the hippocampus, by applying an external electro-
magnetic force. The study demonstrated that nanoparticle size
and the magnetic field intensity are critical factors in controlling
the movement of nanoparticles through the brain’s vascular
system. The magnetic gradient used in their experiments was
determined by actuator currents ranging from 0.5 to 3 A,
resulting in corresponding magnetic field intensities that
influenced nanoparticle’s aggregation size and steering. The
external magnetic fields exert force on the MNPs, steering them
toward target brain areas while enhancing their ability to
penetrate the BBB. Once guided to the desired region, these
nanoparticles can deliver therapeutic agents directly to areas of
interest, such as the hippocampus, a key region involved in
AD.>’ A study published this year explored the use of chitosan-
coated nanoparticles whereby DOX was adsorbed to the
magnetic graphene oxide surface for dual active/magnetic
targeted drug delivery to glioma. An 1800 G magnet was used to
guide the nanoparticles to the tumor site in an in vivo mouse
model. Intravenous infusion of NPs displayed significant
accumulation in the tumor, inhibition of tumor growth and
improved survival in U87MG orthotopic cancer mice model.*”
Additionally, using a magnetic field during treatment further
enhanced these outcomes by ensuring targeted delivery of DOX
to the brain. Overall, this drug delivery strategy shows promise
for effectively treating GBM with minimal side effects. While this
method offers precise targeting, one challenge is optimizing the
magnetic field strength and duration to ensure efficient
nanoparticle accumulation without causing off-target effects.
Further research is needed to refine the magnetic field
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parameters and nanoparticle design to ensure safety and efficacy
in clinical applications.

The reviewed studies demonstrate significant variability in
BBB penetration efficiency across different nanoparticle
systems, delivery methods, and experimental models. Intranasal
delivery generally achieved higher penetration rates, with
efficiencies ranging from 27% to 47% in disease models,
compared to intravenous delivery, which was often less than 10%
unless aided by auxiliary techniques.’>** For instance, ferritin-
based nanocarriers reached 13.7% brain accumulation via
intranasal administration, while DOX-loaded PLGA nano-
particles delivered intravenously achieved only 5.2% in GBM
models and less than 1% in healthy models.”** Ultrasound-
assisted delivery improved BBB penetration to 42%, highlighting
the role of temporary BBB disruption.”’

Nonetheless, effective targeting requires careful control of
magnetic field strength, duration, and particle properties. If not
properly optimized, the magnetic field could fail to guide the
particles effectively or cause side effects. It also requires the use
of magnets or electromagnetic devices, which might not be easily
accessible or scalable for widespread clinical use. The nano-
particles themselves must be designed to interact effectively with
the magnetic field and avoid aggregation, which can complicate
formulation and efficacy. Magnetic nanoparticle delivery is ideal
for drugs that need to be targeted to specific, deep brain regions,
such as gliomas or other brain tumors. Drugs like chemotherapy
agents (e.g., DOX) or genetic therapies (e.g, siRNA) benefit
from magnetic targeting. Modification strategies should focus on
optimizing the magnetic properties of nanoparticles and
ensuring their stability in the bloodstream to avoid premature
aggregation.

4. CURRENT CHALLENGES AND FUTURE
PERSPECTIVE

The use of polymeric nanoparticles in overcoming the BBB for
neurological disorders has demonstrated significant advance-
ments, offering versatile drug delivery platforms with improved
biocompatibility, biodegradability, and targeted delivery capa-
bilities. Among the strategies discussed, PLGA-based nano-
particles are the most extensively studied and have shown the
most promise due to their ease of synthesis, sustained drug
release, and successful application in both neurodegenerative
diseases and brain cancers. Dopamine and chitosan-based
polymers also exhibit notable advantages in targeting specific
brain regions and enhancing BBB penetration. PEGylation
emerges as an essential modification strategy, improving the
circulation time and reducing immune recognition of nano-
particles, making it suitable across different neurological
conditions. Similarly, receptor-mediated targeting approaches
such as TfR-targeted nanoparticles show promise in enhancing
drug delivery to both cancerous and degenerative brain tissues.
Key factors influencing efficiency included nanoparticle size
(optimal at 10—150 nm), charge (positive or slightly neutral for
enhanced adhesion), surface modifications (targeting ligands),
and disease state, with compromised BBB models consistently
showing higher delivery rates. This variability underscores the
need for standardized methods to enhance reproducibility and
translation to clinical settings.

However, despite these successes, challenges remain. The
primary limitation is the inconsistent efficiency of BBB
penetration across various models, exacerbated by differences
in disease states and individual variability in BBB integrity.
Additionally, the risk of neurotoxicity, as well as the rapid
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clearance of nanoparticles via the immune system, poses
significant obstacles. Receptor saturation during prolonged
treatment and potential immune responses to repeated doses
also limit the efficacy of receptor-targeted strategies.

To address these challenges, future research should focus on
optimizing nanoparticle design to enhance both BBB pene-
tration and drug retention in the brain. Multifunctional
nanoparticles, which combine various strategies such as receptor
targeting with stimuli-responsive elements (pH and ROS),
could enhance targeting specificity and controlled drug release.
Moreover, tailoring the size and charge of nanoparticles can
optimize their interaction with endothelial cells, improving BBB
transport efficiency. Further work on reducing immune
clearance through enhanced PEGylation or other stealth
modifications will help prolong circulation times and ensure
sufficient drug delivery.

Moreover, combination therapy holds great potential for
future developments. By coencapsulating multiple drugs or
therapeutic agents (e.g,, chemotherapeutics with neuroprotec-
tive agents) within a single nanoparticle system, combination
therapy can target different aspects of neurological diseases
simultaneously. For instance, combining chemotherapy for
GBM with agents that reduce oxidative stress or inflammation
could address both tumor growth and the surrounding
neuroinflammatory environment, leading to improved out-
comes. Nanoparticles designed for combination therapy can also
integrate gene silencing techniques, such as siRNA, along with
traditional drugs, offering a synergistic effect in conditions like
AD and brain cancer.

Noninvasive delivery methods, such as intranasal admin-
istration and ultrasound-guided nanoparticle delivery, are
particularly promising for combination therapy. These ap-
proaches enable localized and controlled delivery of multiple
therapeutic agents, reducing systemic side effects and improving
patient outcomes. Integrating advanced imaging technologies
with these therapies could further enhance real-time monitoring,
enabling adjustments to the treatment based on patient-specific
needs.

The production of polymeric nanoparticles for clinical use is
costly due to material expenses, purification processes, and
regulatory compliance requirements. According to Tehrani et
al.,'* the purification of polymeric nanoparticles alone accounts
for 30—50% of total production costs, with scale-up
complications adding further expenses (Tehrani et al,, 2023).
Additionally, Cunha et al."’” highlight that the average cost of
producing PLGA-based nanoparticles for neurodegenerative
applications is around $1000—5000/g, making it challenging to
achieve widespread adoption. To address this, microfluidic
synthesis has been proposed as a cost-saving approach, reducing
production costs by up to 40% compared to conventional bulk
mixing.log Continuous manufacturing techniques can also
increase batch consistency and reduce waste, helping lower
overall production costs.

Regulatory approval remains a major challenge, particularly
due to the lack of standardized testin§ protocols for polymeric
nanoparticles. According to Zhang,'” more than 500 nano-
particle-related clinical trials are currently registered, but only a
small fraction (under 10%) progress beyond early phase studies
due to regulatory constraints. One key concern is long-term
toxicity and biodistribution. Studies have shown that polymeric
nanoparticles accumulate in the liver, spleen, and kidneys after
prolonged administration, raising concerns about systemic
toxicity.''* Additionally, Guan et al.''' emphasize that nano-
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particle-based therapies must undergo extensive pharmacoki-
netic and toxicology studies, which can take 5—10 years before
regulatory approval. To overcome these barriers, better in vitro
models of the BBB are being developed, with human-derived
BBB-on-a-chip models improving predictive accuracy by over
70% compared to animal models.''> Regulatory agencies are
also working toward harmonized guidelines for nanoparticle
characterization, which could reduce approval delays.

One of the key challenges in advancing nanoparticle-based
drug delivery across the BBB is the lack of standardized
evaluation methods for BBB penetration efficiency. Different
studies use varying experimental conditions, including in vitro
models (e.g., BBB cell culture models), ex vivo techniques (e.g.,
isolated brain perfusion), and in vivo methods (e.g., animal
models like rodents or primates), making direct comparisons
difficult. Variations in nanoparticle size, surface charge, coating
materials, and administration routes (intravenous, intranasal, or
ultrasound-mediated delivery) further complicate reproduci-
bility. Additionally, quantification techniques such as fluores-
cence tracking, radiolabeling, and mass spectrometry-based
biodistribution analysis yield different sensitivity levels, leading
to discrepancies in reported penetration efficiencies. To improve
translational potential, the field requires standardized protocols
for BBB permeability studies, including harmonized nano-
particle characterization methods (e.g., dynamic light scattering,
{-potential analysis), common in vitro BBB models with
reproducible permeability assays, and validated in vivo imaging
techniques. Establishing a unified framework for evaluating BBB
penetration efficiency across different nanoparticle platforms
will enhance comparability between studies, accelerate regu-
latory approval processes, and facilitate the development of
clinically viable brain-targeted therapies.

Scaling up polymeric nanoparticle production is another
significant hurdle. Traditional batch processing often leads to
batch-to-batch variability of 15—25%, affecting reproducibil-
ity.""? Additionally, nanoparticle encapsulation efficiency drops
by 10—20% when moving from small-scale to large-scale
production, leading to drug wastage and increased costs. Al-
driven optimization of synthesis parameters has been proposed
as a way to improve scalability. Seegobin et al."'* demonstrated
that machine learning models could increase PLGA nanoparticle
yield while reducing variability, making large-scale production
more feasible. Another promising approach is continuous flow
manufacturing, which allows for 24-h nanoparticle production
with up to 80% higher consistency compared to traditional batch
processing.'"> This method has already been implemented in
mRNA-lipid nanoparticle vaccine production, demonstrating its
feasibility for broader nanoparticle applications.

Future efforts should focus on integrating personalized
nanomedicine approaches, such as tailoring nanoparticle
coatings to patient-specific BBB transport mechanisms, and
developing biodegradable, biosafe polymeric carriers to
minimize long-term toxicity risks. Advancements in nanoparticle
engineering, regulatory harmonization, and Al-assisted manu-
facturing will be crucial to overcoming these barriers and
ensuring the widespread clinical adoption of polymeric nano-
particles for neurodegenerative disease treatment.

Finally, clinical translation remains a critical goal. No early
phase clinical trials (Phase I/II) have been reported to date
involving PEGylated PLGA-rivastigmine systems, highlighting a
critical gap between laboratory findings and human application.
This gap underscores the need for translational studies that
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assess long-term safety, pharmacokinetics, and large-scale
production feasibility.

5. CONCLUSION

Overall, polymeric nanoparticles hold transformative potential
in overcoming the BBB for the treatment of neurodegenerative
diseases and brain cancers. Among these, PLGA-based systems
remain the most clinically advanced due to their great
biocompatibility, sustained drug release, and versatility in
surface modification. Functional strategies such as PEGylation,
receptor-mediated targeting, and stimuli-responsive release have
further improved targeting efficiency and therapeutic precision.
In parallel, noninvasive delivery techniques—particularly intra-
nasal administration and ultrasound-guided approaches—are
enhancing localized delivery while reducing systemic side
effects. Despite substantial preclinical success, the translation
of these systems into clinical use is still constrained by several
key challenges. These include limited standardization of BBB
models, immune-related toxicity, production scalability, and
stringent regulatory requirements. Innovative solutions such as
multifunctional nanoparticles, combination therapy platforms,
continuous manufacturing, and Al-assisted optimization are
beginning to address these barriers. However, a critical gap
remains in early phase clinical testing—underscoring the need
for harmonized evaluation protocols and deeper translational
research. With continued interdisciplinary collaboration and
regulatory innovation, polymeric nanoparticles are poised to
play a central role in the next generation of CNS therapeutics.
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