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Abstract

The treatment options for disorders affecting the central nervous system (CNS) heavily rely on medications to be delivered to
the brain, however diverse and effective treatment options are lacking, especially in Alzheimer’s disease (AD) and brain
cancers. The passage of drugs into the brain is challenging, due to limited permeability of the blood-brain barrier (BBB). The
BBB is a physiological filter for molecules circulating in the bloodstream, playing an essential role in protecting the brain and
maintaining its homeostasis. The endothelial cells constituting the microvasculature of the BBB exhibit characteristics such
as high levels of tight junctions, adherens junctions and efflux transport proteins, which, together with the lack of capillary
fenestrations, impede the ability of drugs to reach CNS targets. Currently available treatments are limited, with invasive
neurosurgical interventions and novel non-invasive delivery strategies. Invasive approaches are challenged by significant
adverse events and potentially marginal efficacy. Many new methods open prospects for targeted drug deposition in the
brain, each with distinct mechanisms of action. These methods comprehend focused ultrasound-mediated disruption of the
BBB, innovative physicochemical drug formulations and intranasal pharmacological administrations. The aim of this review
is to provide a critical analysis of the current state of drug delivery across the BBB, comparing existing and emerging
technologies in the context of neurodegenerative disorders, in particular AD, and brain cancers. A literature search was
performed including articles exploring current and evolving methods for drug delivery across the BBB. Considering
epidemiological trends highlighting the growing societal burden of neurodegeneration in aging populations and rising
incidence of cancers worldwide, it is essential to explore options for effective drug delivery to the brain. The development
and optimization of such innovative drug delivery methods holds significant potential for treating neurological disorders:
facilitating the use of large molecules, exhibiting more specific cellular targeting but reduced brain permeability, or
expediting the formulation of novel molecules bypassing the physiological systems of the BBB. These strategies can improve
therapeutic outcomes, reduce side effects, and enhance the quality of life for patients affected with CNS diseases. Continued
research is essential to refine and translate these techniques for clinical use.
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Introduction preventing disruptive and harmful neurotoxins, and blood-

The central nervous system (CNS) is a complex, highly
regulated cellular microenvironment. The blood-brain
barrier (BBB) is a specialised subunit of the brain
neurovascular unit which regulates cerebral blood flow,
immune trafficking, neurotrophic function and clearance
pathways [1]. The BBB maintains CNS homeostasis
through neurovascular coupling, regulating distribution of
ions, nutrients, [2], oxygen, carbon dioxide, and
electrolytes, as well as immune responses between the brain
parenchyma and the blood, communicating closely with
neural tissues [3]. Homeostatic maintenance is essential for
neuronal and glial function, in addition to surrounding
astrocytes, oligodendrocytes and microglia supporting
synapses and axonal transport for sensorimotor and
cognitive tasks [4]. Therefore, while the BBB is vital for
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borne substances in the brain, 98% of pharmacological
agents on the market cannot cross due to size and lack of
transport affinity [5]. With increasing rates of neurological
disorders, development of novel methods for drug delivery
to the brain is paramount [6].

CNS Disorders

With CNS disorders rising, treatment options and
effectiveness remain challenging [6]. Brain tumors are
typically treated with surgical and adjuvant interventions,
however, survival rates are poor due to incomplete
resections and positive tumor margins [7]. Restricted BBB
permeability inhibits non-lipophilic drug molecules,
including chemotherapeutic agents, antibodies, and peptides
with molecular sizes over 400-500 Da from brain and tumor
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tissues, restricting current approaches to invasive strategies
and interventions slowing cancer progression. Some brain
tumors contribute to BBB degradation, forming a distinct
blood-tumor barrier (BTB) with new and existing blood
vessels and capillaries. The BTB has non-uniform
permeability and active efflux, exacerbating homeostatic
imbalances through accumulated metabolites, toxic wastes
and interstitial fluid pressure [8]. BTB permeability may
improve drug delivery, however therapeutic concentrations
are inconsistent, with risks including surrounding tissue
damage, cognitive dysfunction; and temporary side effects
[9-11]. Tumour location is correlated with operability
potential, and adverse events, increasing uncertainty for
treatment success.

The BBB also complicates neurodegenerative disorders
treatments, including Alzheimer’s disease (AD) [12]. AD
affects over 50 million people and is the 6™ leading cause of
death in the United States [13,14]. The amyloid beta
hypothesis suggests brain network atrophy may be caused
by deposition of amyloid-beta plaques in the parenchyma
with neuroinflammatory responses. The BBB is impaired in
AD patients, with shortened capillary length reducing
nutrient transportation and removal of neurotoxins. While
there is no cure for AD, as of 2019, most treatments focus
on relieving symptoms and improving quality of life [14].
More recent developments have introduced disease-
modifying therapies, including lecanemab and donanemab
in 2023 and 2024 respectively [15]. These advancements
mark significant progress in addressing the progression of
AD. This review will focus on applications for AD and
brain cancers, providing insights on invasive and non-
invasive treatments.

Physiology of the BBB

Anatomical, physiological, and structural properties
contribute to BBB impermeability. Intercellular signalling
throughout the neurovascular unit and BBB is essential for
maintaining brain homeostasis by regulating blood flow,
vascular function, neuroimmune responses, and waste
clearance [16]. Endothelial cells, the primary component of
the BBB, are connected by tight and adherens junctions,
restricting transport to transcellular modalities [10]. They
lack  between-cell  fenestrations, exhibit increased
mitochondrial activity, and high levels of efflux transport
proteins [17]. lons and solutes may cross the BBB by
paracellular transport [10], depending on molecular weight,
charge, and lipid solubility, regulated by tight junctions [18].
Transport mechanisms exhibit molecule-specific carriers or
transporters to move metabolic waste, harmful chemicals,
and neurotransmitters out of the brain [19]. Astrocytes,
pericytes, microglia, and the basal membrane, surround
endothelial cells forming the BBB [18]. Astrocytes maintain
homeostatic balance regulating ions, neurotransmitter
concentrations, blood flow, and endothelial cells [20].
Pericytes anchor endothelial cells, maintain capillary
structure, regulate vasodilation, and guide angiogenesis, with
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possibility of BBB remodelling. Microglia conduct immune
surveillance, monitoring CNS abnormalities and quickly
responding against neuroinflammation [21], possibly
inducing BBB permeability by modulating tight junction
protein expression for immune cells [17]. Microglia also
monitor synaptic and axonal signalling, influencing synaptic
pruning and plasticity [21].

Overall, treatments are limited or not curative for many
CNS disorders, including brain cancers and AD. The goal
of this review will address difficulties with drug delivery
across the BBB and explore innovative invasive and non-
invasive methods to overcome the BBB, techniques that
could greatly improve future treatment options.

Methods

This review aims to analyse invasive and non-invasive
methods of overcoming the BBB in the context of AD and
brain cancers. An online literature search was performed on
PubMed and Google Scholar, focusing on peer-reviewed
articles published in the last 5 years. Keywords included
“blood-brain barrier”, “BBB permeability”, and “crossing
the BBB”. Articles were selected if they explored current
and evolving methods for drug delivery across the BBB.
Exclusion criteria included manuscripts unrelated to drug
delivery methods or unspecific to the BBB. Following a
preliminary search, the search in aforementioned databases
was tailored to recurring techniques highlighted in the
results. Over 100,000 articles were found in the primary
search, most being review articles. Filtering by pathological
application led to a comprehensive assessment of over 50
articles, including literature reviews, systematic reviews
and original research. Findings were synthesized to
highlight advancements in invasive and non-invasive
strategies for modulating BBB permeability. Selected
original research is provided as examples of applications
for AD and brain cancer. A summary of the techniques
reviewed is presented in Table 1 of results.

Results
Invasive Modalities
Neurosurgical Approaches

Neurosurgical approaches enabling drug delivery in the
brain bypass the BBB by administering drugs directly to the
CNS via injections to cerebrospinal fluid (CSF) or brain
areas. They allow for deposition in tissues with minimal
harmful peripheral exposure, however, are highly invasive.
Intrathecal injections administer pharmacological agents to
the subarachnoid space surrounding the spine, expecting
compounds to diffuse through the CSF, local blood
circulation, and interstitial fluids to targets. Similarly,
intracerebroventricular delivery is via direct injection to
brain ventricles, containing CSF [26]. Intraparenchymal or
intracerebral treatments are minimally invasive surgical
interventions, generally combined with operations as
adjuvants to therapy [18]. These comprise injections over
tissues of interest via needle-based infusions or drug
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distributing implants for controlled release [26]. These
methods do not require large amounts of therapeutics, due
to directness, and remain an efficient method of drug
delivery in severe clinical cases, where benefits outweigh
risk [18].

Intracerebral injection of biodegradable polymeric
implants containing therapeutics is explored in clinical
trials where advantages highlight sustained drug release for
months[27], however, trauma risk is too high for common
use. Intraventricular treatments are used for infections,

chronic pain, and brain cancers [26], with promising results
for chemotherapeutics, but increase infection risks [26].
Intrathecal chemotherapeutics are wused in pediatric
leukaemia, with risks of traumatic side effects and drug
accumulation in the CSF [28]. Compared to cancer
literature, neurosurgical strategies are less explored in AD
due to neurodegeneration across the brain [29] requiring
multiple administrations to different regions, increasing
costs and risks.

Table 1. Summary of Reviewed Modalities of Overcoming the BBB

Invasive Neurosurgical Administering drugs to the CNS via direct injection or intracranial implanted
devices [21].
Therapeutic Opening of | Chemically altering tight junctions to open BBB [17].
the BBB
Non- Intranasal Pharmacological administration through the olfactory nerve (nose to brain
invasive pathway) [22].

Focused Ultrasound
brain barrier [23].

Uses targeted ultrasound waves to temporarily and precisely disrupt the blood-

Nanoparticles

Engineered carriers or molecules designed to bypass the physiological transport
processes of the blood-brain barrier [16].

Exosomes

Naturally occurring nanovesicles that can cross the blood-brain barrier by fusing
with the endothelial cell lipid bilayer [24].

Receptor-mediated
Transcytosis

Drugs are attached to ligands that bind specific receptors on the luminal side of the
endothelial cell membrane [25].

Therapeutic Opening of the BBB

Therapeutic opening of the BBB involves modulating
its structure by increasing permeability throughout the
CNS. Noxious agents or hyperosmotic solutions
temporarily loosen tight junctions by altering osmotic
pressure and downregulating junctional protein expression
[18]. However, this may permanently affect BBB integrity,
introducing harmful toxins in the CNS, including metabolic
byproducts and endogenous inflammatory cytokines usually
in peripheral systems [18]. Timing is essential, with drug
and BBB-opening agents concomitantly delivered to
maximize brain biodistribution and absorption, minimising
risks of damage with long-term exposure.

These strategies have undergone early clinical trials,
however consequences, although temporary, are documented
with emergence of severe vasculopathy and chronic
neuropathologic changes. including neuroinflammation
and apoptosis, as well as seizures in animal models and
humans [5], resulting in unregulated parenchymal edema
[22]. Whole-brain BBB-disruption methods have limited
clinical utility, especially when potential side effects exceed
benefits.

Non-Invasive Modalities
Intranasal

Intranasal drug delivery bypasses the BBB through the
nose-to-brain pathway [30]. The first route is the olfactory
nerve pathway, where compounds are absorbed at axonal
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terminals of olfactory neurons, travelling in an antero-
retrograde fashion along olfactory and trigeminal nerves to
the brain [31]. Additionally, the olfactory mucosal
epithelial pathway is a passage for molecules to enter
submucous spaces in the nose to reach the olfactory CSF
and brain via CSF flow tracts [31]. This method
circumvents the BBB and exploits filtering capabilities of
olfactory nerves and epithelium; yet only small liposoluble
molecules may diffuse due to tight junctions of the
arachnoid membrane [32]. Absorption varies with
mucociliary clearance removing molecules other than
injected medications. Nasal irritation and injury can occur
depending on agents and frequencies of administrations.
Research in rodent models has demonstrated results for
AD through intranasal delivery of nerve growth factors
reducing progression of neurodegeneration [32, 33]. Anti-
cancer drugs have also been explored, however, cannot
distinguish between tumor and healthy tissues, require high
doses, and pose toxicity hazards for the nasal mucosa and
surrounding healthy brain [34]. Tumor specific treatments
are thus being investigated to selectively target tumor cells.

Focused Ultrasound

Focused ultrasound (FUS) is a non-invasive technology
to disrupt the BBB for drug delivery. Ultrasound beam
energy is concentrated to a well-defined spatial target in
cubic millimeter sonications [23]. FUS was initially
explored to create controlled lesions in the brain, and by
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using high-intensity focused ultrasound (HIFU), changes in
in BBB permeability occurred [23]. HIFU is minimally
invasive and can be inconsistent or cause tissue damage,
compared with low-intensity focused ultrasound (LIFUS),
which is non-invasive and avoids neuronal damage. The
difference between these methods is their intensity; HIFU
uses an intensity greater than 200 W/cm?, while LIFUS uses
an intensity less than 100 W/cm? [35] LIFUS is paired with
intravenously injected microbubbles: gas-filled lipid-coated
bubbles that oscillate in presence of high-energy ultrasound
waves (cavitation phenomenon), to disrupt the BBB [36].
Through interactions with ultrasonic beams, microbubbles
decrease the amount of energy to open the BBB and exert
pressure on endothelial cells, oscillating at capillary walls,
forcing tight junctions apart [36]. Stable cavitations occur at
acoustic pressures enough to reproduce radial bubble
expansions; however, at higher pressures, inertial cavitation
occurs: bubbles uncontrollably grow in size, burst and
shock the vasculature with risks of damage.

FUS methods are undergoing clinical trials obtaining
promising results with chemotherapeutics, antibodies,
immunomodulators, genes and cells. Potential efficacy was
first shown with chemotherapeutic doxorubicin in mice,
improving survival despite tumor implantation [37].
Clinical studies showed no adverse effects for brain tumour
patients with temozolomide, supporting safety and efficacy
[25]. Antibodies have limited applications for CNS
disorders, due to size and incapability to permeate the BBB
[17], however this was overcome with FUS for
trastuzumab, a breast cancer treatment, in mouse and rodent
models, showing lower post-treatment tumour volumes and
increased survival [38,39]. Anti-amyloid beta antibodies,
agents investigated in AD were unable to reach clinically
relevant doses [17], but demonstrodented enhanced delivery
with FUS, reducing plagues and neuropathological
degenerodentions [40, 41].

Nanoparticles

Another non-invasive strategy for bypassing the BBB
are nanoparticles, compounds with enhanced solubility and
specific targeting. Larger than biomolecules, nanoparticles
range from 1 to 100 nanometers but exhibit BBB cellular
affinity to safely permeate the brain parenchyma.
Nanoparticles vary in composition, and have customizable
properties, sizes, polar charges, and shapes, enabling BBB-
crossing by addressing the physicochemical challenges
posed by BBB structures [42]. Nanoparticles are drug-
vehicles categorized by their shell: metallic, liposomal or
polymeric, among others. Metallic nanoparticles include
gold, silver, or iron oxide. Rather than having drugs
encapsulated inside them, due to smaller sizes, therapeutics
are conjugated to the surface, or they are used as theranostic
devices, for imaging [17]. Lipid nanoparticles, or
liposomes, consist of a phospholipid membrane that can
incorporate lipophilic agents within the bilayer, and
hydrophilic agents inside [43]. Polymeric nanoparticles are
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synthesized as drug-containing capsules or drug-coated
solid polymers [43].

Several therapeutics were delivered to the brain using
nanoparticles, with liposomes seeing the broadest success
due to versatility and safety [6]. Inrodentglioma models,
gold nanoparticles have delivered doxorubicin and
gadolinium contrast agents [24] for therapeutics and
diagnostics. Anticancer drugs and imaging agents were
successfully encapsulated in liposomes and polymeric
nanoparticles for tumor therapy, however, risks associated
with nonspecific uptake, and crossing of the BBB and BTB
were limitations [6]. To prevent pathological evolution of
AP and tau proteins in AD, the H102 peptide was
encapsulated into liposomes to block early aggregation and
misfolding, as well as specific AP plaque ligands
conjugated to liposomes, and curcumin [6, 44]. Safety and
efficacy is being evaluated, with toxicity concerns
stemming from inflammatory reactions. permeation and
pharmacological effects on unintended targets.

Exosomes are small (30—150 nm) natural nanoparticles
that cross the BBBand constitute safer, more stable
alternatives, due to non-immunological biocompatibility
[45]. In the body, they modulate intercellular
communication, as transporters of signalling molecules,
antigens, and toxic materials [45]. Exosomes interact with
BBB endothelial cells for transcellular transport [18], and
may be engineered to express ligands leveraging natural
receptors for drug delivery. Exosomes are loaded with
therapeutic agents, then delivered intravenously, orally, or
by inhalation, enter the bloodstream and circulate before
reaching brain targets. Preclinical and clinical research is
evaluating vehiculated drug compounds as delivery systems
in brain cancers, AD, and Huntington’s disease [45]. Future
research will need to develop a comprehensive
understanding of exosomal transport, given constraints in
loading capacity, effectiveness of delivery and risks.

Receptor-Mediated Transcytosis

Receptor-mediated transcytosis (RMT) overcomes
chemical properties of endothelial cells comprising BBB
impermeability by utilizing physiological cellular
mechanisms. Drugs are chemically attached to ligands with
target receptor affinity or structurally modified to bind
endothelial cell receptors [42]. Once bound, receptor-drug
complexes are internalized and transported across
endothelial cells, bypassing the barrier. These methods are
often utilized with nanoparticles for targeted delivery, by
attaching surface-bound carrier ligands with high transport
affinity.

Receptors targeted for drug delivery to the CNS
include transferrin, low-density lipoprotein, and insulin
receptors, being explored in pre-clinical and clinical trials.
Transferrin receptors (TfR) are exploited through targeted
ligands or transferrin-specific antibodies [46]. They are
targeted in both in vivo and in vitro studies with anticancer
drug doxorubicin, using anti-TfR antibodies [47, 48].
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Nanoparticles formulated with the TfR system were used
with anti-beta amyloid drugs, preventing pathognomic
accumulation in AD [49]. Associated challenges include
tissue specificity, and liposomal degradation [48].
Conjugating drugs to antibodies with specificity to insulin
receptors represent the first effective use of RMT [46],
however, adverse  effects include infusion-site
inflammation, and transient hypoglycemia [48].

Discussion

Methods of drug delivery to the brain historically
focused on modifying drugs to bypass the BBB or impacting
barrier integrity. Only 2% of small-molecule drugs, and no
large-molecule drugs, can cross the BBB. Drug
modifications can increase lipophilicity or affinity for
active transport, yet inactivate therapeutics, or offer no
clinical relevance, as target affinities are lost through
inadvertent modification of essential functional groups [5].
Traditional methods include neurosurgery or whole-brain
BBB-disruption using hyperosmotic agents. Invasive
neurosurgical approaches, while often necessary, pose risks
of infection and surrounding tissue damage with inconsistent
success, due to tumour variability. Hyperosmotic solutions
are aspecific with risks of permanent damage, toxicity, and
seizures. Recent research transitions towards novel
strategies, including intranasal delivery, FUS, nanoparticles,
and receptor-mediated transport, driven by a lack of
understanding and treating CNS disorders, emphasizing
minimal invasiveness, precision and efficacy. Despite many
methods still in preclinical and clinical trials, they show
promising results.

FUS and nanoparticle-based delivery may dominate
clinical applications within the next ten years, due to rapidly
advancing development, and increasing success [49, 50].
FUS is FDA-approved for thermoablation in essential
tremor and tremor-dominant Parkinson’s disease. FUS-
mediated BBB disruption for drug delivery to the brain
parenchyma is under investigation in phase Il clinical trials
for AD disease, and phase | trials for brain tumours,
showing initial successes [51]. Techniques including RMT
require research to refine delivery specificity, particularly in
cases with risks to systems outside intended brain regions.

CNS diseases are an essential medical concern in aging
populations; prevalence of neurodegenerative disorders is
estimated to almost double by 2060 [52]. Economic
burdens indicate the importance of new methods, with
medical expenses for neurodegenerative disorders totalling
over 400 billion dollars in 2020, almost 5% of healthcare
spending in the United States [52, 53]. The psychological
and social impacts of neurodegenerative diseases due to
cognitive and neuropsychological dysfunctions also
highlight the need for advancements in treatment of
neurodegenerative diseases [52].

Brain and CNS cancers were the 21st most prevalent
cancer in the world [50], yet mortality is among the highest.
Current treatments involve a combination of surgery,
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radiation and chemotherapy, yet median survival is less
than fifteen months post-operatively. Invasive methods are
often necessary, to remove tumors and accomplish adequate
drug concentrations. In future, treatments may see
combinations of neurosurgical and drug delivery methods,
such as FUS or nanoparticles [54]. Research demonstrated
liposomal doxorubicin delivered to rats with FUS slowed
tumour growth compared to liposomal doxorubicin- or
FUS-only groups [55]. Techniques may be implemented as
neoadjuvant therapies, delivering drugs to unresectable
tumours shrinking them to an operable size or location safer
to approach. Non-invasive treatments may also be used as
adjuvants, following neurosurgical interventions to improve
outcomes, and prevent reoccurrence.

Comparatively to brain cancers, AD affects the whole
brain, with production and accumulation of insoluble
plaques leading to brain atrophy and neurodegeneration,
involving loss of neurons and synapses. This causes
cognitive decline, due to disrupted communication between
neurons, and neuronal death. Current invasive methods
cannot address the needs of neurodegenerative diseases.
Systemic delivery methods are in use for symptoms,
however molecules to cure or slow neurodegeneration are
unsuccessful, from targeting to BBB permeation and
effectiveness.

Emerging methods for overcoming the BBB hold
therapeutic potential, but applications must address
scalability, costs, and patient-centric implementation. FUS
requires specialized equipment that may not be easily
accessible in rural hospitals or centres lacking funding for
more specialized equipment, compared with systems
commonly available in the majority of research or hospital
settings [10]. However, due to costs associated with only
one equipment, the FUS station, other than existing
imaging or neuronavigation systems, implementations are
complementary for hospital settings [37]. Conversely,
nanoparticle-based delivery is more complex, due to
required research, production costs and difficulty to
implement in the short term [56]. Each nanoparticle would
require time from ideation to production, and costs for
clinical trials, regulatory approval, and reimbursements.
Long-term, such therapies might challenge disorders in a
safer manner, yet a short-term solution is offered by FUS,
requiring new equipment with already approved molecules.

Conclusions

Overall, advancements in BBB-crossing methods
are promising. Significant challenges remain, and
addressing limitations is essential to improve efficacy,
safety, and accessibility. Most novel methods are in
preclinical or early clinical trials, with limited evidence on
long-term outcomes, toxicity, and insurance that non-
targeted tissues stay unaffected, with the unpredictability of
neuroinflammation. It is crucial to understand methods are
not universal, brain diseases like cancer or AD differ in
pathology, location, and progression, making treatments
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highly individual and complex. Future research is in
development, paving the way for solutions to neurological
diseases, with continuous advancements in understanding
of BBB dynamics, and drug delivery to the brain.
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