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Non-invasive drug delivery across the blood-brain barrier (BBB) represents a significant advancement in treating
neurological diseases. The BBB is a tightly packed layer of endothelial cells that shields the brain from harmful
substances in the blood, allowing necessary nutrients to pass through. It is a highly selective barrier, which poses a
challenge to delivering therapeutic agents into the brain. Several non-invasive procedures and devices have been

developed or are currently being investigated to enhance drug delivery across the BBB.

blood-brain barrier neurodegenerative disorders drug delivery focused ultrasound

microbubbles MRI electromagnetic field

| 1. Introduction

Evolutionarily, the brain is the body’s control center, responsible for everything from essential autonomic functions
like heartbeat and respiration to complex cognitive tasks and emotional processing 2. The human brain, with its
intricate architecture and countless functions, is undeniably one of the most sophisticated organs in the body 2.,
Protecting and ensuring the optimal functioning of this organ is of paramount importance. The BBB is central to this
protective mechanism, a physiological marvel that safeguards the neural environment from potential toxins and
pathogens B! (Figure 1). However, the very features that make the BBB an efficient protector make it a formidable

neurotherapeutic obstacle 4.
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Figure 1. Anatomy and functional components of BBB [shutterstock_2229011587].

The BBB is a semipermeable border that separates the circulating blood from the brain and extracellular fluid in the
central nervous system (CNS) . Endothelial cells that line the capillaries make up this barrier; they are tightly
packed and have tight junctions to seal them. These tight junctions restrict the passive diffusion of large or
hydrophilic molecules into the CNS. Additionally, astrocyte foot processes wrap around the blood vessels, further
fortifying this barrier and playing a pivotal role in its function 8. The BBB, while allowing essential nutrients like
glucose and amino acids to reach the brain, filters out potentially harmful substances from entering the neural
environment. This selective permeability ensures that the brain remains relatively insulated from fluctuations in
blood composition, thereby maintaining a stable internal environment [,

The BBB poses a monumental challenge for reaching therapeutic agents to the central CNS in the grand drug
delivery arena. The development of effective, non-invasive, device-mediated techniques for drug delivery across
the BBB has been fraught with challenges but illuminated by moments of innovation and breakthrough. As the field
progresses, it is imperative to prioritize safety, ensuring that the integrity and function of the BBB are not
compromised in the long term. With continued research and interdisciplinary collaboration, the dream of effective

and patient-friendly CNS drug delivery methods may soon become a reality (Figure 2).
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Figure 2. Noninvasive tools and their entry into BBB are based on their physical properties, composition, surface
chemistry, and target ligands. [Adobe Stock Photo 603623040].

The drug’s solubility, surface charge distribution, molecular weight, particle size, and other factors should all be
considered while creating the formulation &,

While often successful in peripheral tissues, traditional pharmacological strategies have encountered substantial
limitations when aiming for the brain. These methods aim to increase BBB permeability transiently and safely,
allowing for targeted drug delivery without the drawbacks of the traditional methods [l. Many small molecules and
virtually all large-molecule biologics, including therapeutic proteins, RNA therapeutics, and antibodies, face

impediments in crossing the BBB 19, Figure 2 lists several approaches to noninvasive deliveries.

Transcellular (drug delivery via cells) and paracellular (drug delivery between adjacent cells) are the two main

routes that frequently carry drugs to the brain 1. lons and solutes passively diffuse across the BBB via the
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paracellular pathway, which concentration gradients facilitate. Transcellular delivery across the BBB involves the
passage of drugs or molecules through endothelial cells, which form the protective barrier for the brain. Unlike
paracellular transport, which consists of passing between cells, transcellular transport goes through the cells
themselves, making it a critical route for delivering therapeutic agents to the brain. There are several ways that this
process can happen, such as the passive diffusion of small, lipophilic molecules, the carrier-mediated transport
made possible by certain proteins, the receptor-mediated transcytosis in which ligands bind to receptors, and the
adsorptive-mediated transcytosis in which cationic molecules interact with parts of the cell surface. Each
mechanism has unique properties and requirements, making them essential in designing drug-delivery strategies

for neurological disorders and brain-related diseases 12 (Figure 2).

Several mechanistic mechanisms, including transcytosis, carrier-mediated transport, and passive diffusion, are part
of the transcellular route. The main mechanisms are adsorptive-mediated transcytosis (AMT) and receptor-
mediated transcytosis (RMT). Among the most studied targets for RMT in brain endothelial cells are the transferrin
receptor, insulin receptor, and low-density lipoprotein (LDL) receptor 13, Current advancements in RMT provide
ways to get past the blood-brain barrier and achieve more efficient medicine administration to the brain. Brain
medication administration also uses other transporters, such as organic anion and cation transporters, in addition

to these mechanical pathways 141,

Several techniques have been developed over the years, endeavoring to overcome the formidable barrier of the
BBB and deliver therapeutic agents to the CNS. Conventional methods range from direct injection into the CNS to
modifying drug molecules for enhanced permeability. While some of these techniques have had moderate success,

they often come with significant drawbacks, such as invasiveness, limited targeting, or potential side effects.

| 2. Direct Injections

Techniques like intracerebroventricular (ICV) and intraparenchymal injections bypass the BBB by delivering drugs
directly into the brain or cerebrospinal fluid. While effective, these methods are highly invasive, bear risks of
infection, and might distribute drugs unevenly 3. Methods such as intracerebral injections or intraventricular
infusions were employed to achieve CNS drug delivery €. While these approaches enable a direct route of
administration, they are invasive and carry associated risks, including infection, hemorrhage, and potential damage
to brain tissue 2. Moreover, these methods can lead to non-uniform distribution in the brain, potentially yielding
areas of over-concentration or insufficient drug coverage 18, Further complicating the drug delivery scenario is the
realization that many CNS disorders, such as AD, PD, and MS, involve multiple brain regions 1. Targeting these
dispersed areas necessitates a systemic approach to drug delivery, ensuring that the therapeutic agent is

distributed throughout the brain.

| 3. Molecular Trojan Horses
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This ingenious method involves coupling therapeutic agents to molecules crossing the BBB via receptor-mediated
transcytosis. By “piggybacking” on these molecules, drugs can be sneaked into the brain. While promising, the
complexity of this method and potential immunogenic reactions are challenges that need addressing 29. It is
possible to facilitate the entry of chemical drugs into the brain by employing naturally occurring or artificially
modified chemicals and certain simple life forms, predominantly viruses, which can traverse the BBB. This drug
delivery strategy is usually called the “Trojan horse” approach. Neurotropic viruses are a class of viruses that
exhibit a distinct preference for the nervous system and possess the ability to invade neural cells. These viral
agents can traverse the BBB and get access to the CNS. Hence, utilizing neurotropic viruses for drug
encapsulation and BBB traversal is a highly effective and practical strategy. Adeno-associated virus (AAV) is the

prevailing neurotropic viral vector employed in treating neurological ilinesses 24,

| 4. Biochemical BBB Disruption

Specific agents, like mannitol, can temporarily disrupt the BBB by shrinking endothelial cells. While this allows
drugs to enter the CNS, it is a non-specific method that might allow harmful substances to infiltrate the brain,
potentially causing side effects 22, The hyperosmolar technique is employed to transiently disrupt the BBB by
generating alterations in osmolarity inside the brain tissue. Usually, an intravenous or intra-arterial infusion of a
high-osmolarity solution, predominantly mannitol, facilitates water movement from brain tissue to the blood arteries

via osmosis.

Applying mechanical force on the endothelial cells induces mechanical stress, resulting in a transient disturbance
of tight junctions. During this phase, the BBB undergoes temporary permeability, facilitating enhanced medication
delivery into the brain and enabling therapeutic effects on NDs. Experimental proof from clinical trials shows that
giving hyperosmolar mannitol through an intra-arterial infusion after a BBB breach is a safe and effective way to
treat central CNS cancers. The findings from subsequent research using rats indicated that proteomics alterations
reverted to their original levels after 96 h. This suggests that the approach employed to induce BBB opening is
transient and may be reversed 28, Still, it is important to note that using hyperosmolar mannitol to open the BBB

without a guide is an invasive process whose safety should be carefully thought through.

| 5. Nanoparticle-Mediated Delivery

Nanoparticle systems encompass various carriers, including liposomes, polymeric nanoparticles, and solid lipid
nanoparticles (SLNP). These carriers are commonly categorized based on their size (usually ranging from 10 to
300 nm in diameter), chemical composition, and physical morphology. Numerous investigations have examined the
utilization of nanoparticles ranging in size from 50 to 200 nm in the context of stroke, AD, and PD. The initial
formulation of nanoparticles for cancer treatment received regulatory approval decades ago. Nevertheless, the
current repertoire of licensed nanoparticle-based therapies and technologies remains limited. For instance, the
utilization of lipid nanoparticles (LNP) for administering mRNA COVID-19 vaccines has gained approval. However,

it is essential to note that there is currently a lack of approved central nervous system (CNS) therapy products.
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There is great interest in optimizing the physicochemical characteristics of nanoparticles to govern their track and
permeability, which might be of great significance in crossing the BBB 24, Many nanocarriers with particle sizes
ranging from 1 to 100 nm have been developed due to advancements in nanotechnology. As shown in Figure 1,
these nanocarriers include polymeric nanoparticles (PNPs), solid lipid nanoparticles (SLNPs), liposomes, and
micelles. They have been used to treat a number of neurological disorders. More recently developed, sophisticated
nanocarriers, such as exosomes 22 prodrugs [28, self-assembled micelles 24, dendrimers 28, PNPs 22, and

exosomes 23, have shown great potential over previous delivery methods.

Non-targeted nanoparticles have significant limitations in traversing the intact BBB. Nanoparticles can encapsulate
drugs and be designed to target specific receptors or transporters on the BBB, enhancing drug delivery. This field
has garnered considerable interest, but concerns about long-term effects and potential toxicity linger B, Utilizing
tailored nanomedicines to improve brain transport by capitalizing on the compromised BBB resulting from brain

illnesses, such as neurodevelopmental disorders, presents a promising strategy for medication delivery (211,

Nanoparticles as non-invasive methods for drug delivery across the BBB have gained traction due to their
effectiveness and versatility. They can be engineered to enhance the delivery of various therapeutic agents to the
brain, overcoming the formidable obstacle presented by the BBB. One mechanism through which nanoparticles
facilitate drug delivery is by encapsulating drugs and protecting them from metabolic degradation in the
bloodstream, enhancing their half-life and bioavailability. A study by Saraiva et al. (2016) Y demonstrated the use
of multi-functionalized nanoparticles to deliver anti-inflammatory drugs to the brain, showing a reduction in
neuroinflammation in a targeted and controlled manner. Additionally, surface modification of nanoparticles has
been explored to improve their ability to cross the BBB. Poly (butyl cyanoacrylate) nanoparticles coated with

polysorbate 80 can help deliver drugs like dalargin, tubocurarine, and doxorubicin across the BBB effectively 22,

Targeted delivery is another essential aspect of nanoparticle-based drug delivery, including the development of
magnetic nanoparticles, which could be guided to the brain using an external magnetic field, enhancing the site-
specific delivery of the encapsulated drugs [22l. Due to their small size and customizable properties, Nanoparticles
serve as excellent vehicles for drug delivery. Combined with techniques like FUS, they can be directed precisely,

allowing for slow and sustained drug release [24],

Research involving the co-delivery of gold nanoparticles and anticancer drugs to glioblastoma cells showcased
enhanced cell uptake and increased therapeutic efficiency, owing to the synergistic combination of nanoparticles
and FUS 53],

Nanotechnology offers avenues to develop carriers that can transport drugs and respond to external stimuli, such
as temperature or magnetic fields, enabling controlled release at target sites B8, When combined with focused
ultrasound, magnetic-responsive nanoparticles demonstrated synchronized drug release upon reaching targeted
brain regions, presenting a dual-control mechanism for drug delivery B4, Using an external magnetic field to guide

their targeted delivery, magnetic nanoparticles to transport therapeutic agents across the BBB are also attempted
(s8]
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| 6. Focused Ultrasound (FUS) with Microbubbles

FUS is a non-invasive medical device employing ultrasonic waves to concentrate and transmit energy to locations
within tissues. The application of this technique exhibits significant promise in augmenting the transportation of
pharmaceutical agents via the BBB to enhance their uptake in the brain for therapeutic purposes. This can be
achieved by facilitating the permeability of the BBB or by aiding in the controlled breakdown of microbubbles to
facilitate the release of pharmaceuticals ). Presently, focused ultrasound (FUS) has been utilized in neurological
disorders (NDs) such as AD and PD (PD). This technique can potentially improve the efficacy of brain drug delivery
for a wide range of therapeutic agents, including antibodies, nanoparticles, therapeutic viruses, and stem cells.
This is achieved through the temporary opening of the BBB. Several studies have investigated the application of
FUS in this context [4Q[411[42][431[44]145] \When used together, FUS and viral vector gene therapy improve the ability of
drugs to get to the brain in animal models of Parkinson's disease. The feasibility and safety of FUS-mediated BBB

opening of the striatum have been established in clinical surgical operations for PD (PD) [4€l,

FUS, combined with microbubbles, has emerged as a frontrunner in non-invasive BBB modulation. The process
involves injecting microbubbles intravenously and then applying targeted ultrasound waves. The interaction
between the microbubbles and the ultrasound waves temporarily increases the permeability of the BBB, allowing
for targeted drug delivery. Preclinical studies have shown successful delivery of therapeutic agents, ranging from
small molecules to larger biologics, into the brain with this method 4. The precision of FUS ensures targeted
delivery, minimizing potential systemic side effects. One such method, which has garnered significant attention, is
focused ultrasound (FUS) in conjunction with microbubbles [“8l. The technique involves the transient disruption of
the BBB using ultrasound waves targeted to specific brain regions, enabling the delivery of therapeutic agents
precisely where needed. Early results from preclinical studies have shown this technique to be both practical and

safe, with the BBB being restored within hours post-treatment 421,

| 7. Magnetic Resonance Imaging (MRI)

To deal with the fact that the hyperosmolar process is invasive, scientists have come up with an MRI method that
uses unenhanced chemical exchange saturation transfer to find the buildup of mannitol in the brain after the BBB
opens. This technigue holds promise as a prompt imaging tool for optimizing the administration of mannitol-based
BBB opening, thereby enhancing its safety and effectiveness BY. Moreover, implementing hyperosmolar BBB
opening techniques in murine models using MRI guidance can effectively mitigate the limitations of inconsistent
reproducibility and heterogeneous experimental results commonly observed with the intra-arterial administration of
hyperosmolar mannitol 1. Hence, the exclusive utilization of hyperosmolar mannitol infusion has potential hazards
in therapeutic contexts. Still, using MRI guidance makes osmotic-based BBB opening safer and more effective,
which increases its therapeutic value.

MRI guidance has significantly improved the precision of focused ultrasound techniques. Through MRgFUS,
clinicians can visualize the targeted area in real-time, ensuring therapeutic agents’ accurate and effective delivery

while monitoring potential complications B2, A clinical trial exploring the efficacy of MRgFUS for essential tremor
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treatments showcased the ability to target the thalamus accurately. Patients exhibited substantial improvement in
hand tremors, underlining the potential of imaging-guided interventions 2!, In a rat model of ischemic stroke, FUS,
combined with microbubbles, facilitated the targeted delivery of neuroprotective drugs. The treated rats exhibited
reduced infarct sizes and improved neurological outcomes compared to the control group 4. For example, trials
using FUS and a combination of FUS+MRI for AD trials saw the BBB in the hippocampus and entorhinal cortex
open reversibly without adverse effects 23, and patients showed no adverse events and no cognitive or
neurological deterioration B8, The PD trials of 5-7 patients involved the BBB duplication at the parietal-occipital—
temporal junction opened reversibly in four patients without side effects B4, FUS-mediated striatal BBB opening is
feasible and safe. In the MPS-II trial of 28 patients, positive changes occurred in 21 patients treated with transferrin

receptor ligand, some with mild or moderate, transient, and manageable adverse drug events (8],

| 8. Electromagnetic Field Modulation

While relatively nascent, using electromagnetic fields (EMFs) to modulate BBB permeability is gaining traction.
EMFs can influence ion channels and transport mechanisms in the endothelial cells of the BBB, leading to transient
permeability increases 2. Preliminary studies show promise, but the exact parameters for effective and safe
application and long-term implications remain under investigation 8. Another intriguing approach is the use of
electromagnetic fields. By leveraging the inherent electrical properties of the BBB, researchers are exploring ways

to transiently increase its permeability, allowing for the passive diffusion of therapeutic agents into the CNS [61],

Preliminary studies have indicated a potential for this technique, although its long-term effects and safety profile
are still under investigation. Emerging techniques promise selectivity, control, and reversibility. For instance,
focused ultrasound, when coupled with microbubbles, can be directed at specific brain regions to enhance BBB
permeability temporarily. Studies have shown that this technique can deliver a variety of therapeutic agents,
including antibodies, to targeted brain areas with minimal side effects. Furthermore, although a relatively new
entrant in this domain, electromagnetic fields have demonstrated potential in modulating BBB permeability. Initial
studies suggest that such fields can influence molecular transport across the BBB, although the precise

mechanisms and long-term safety still require thorough investigation.

| 9. Vasoactive Chemicals

Vasoactive chemicals, including CNS ones, can modulate vascular tone and permeability. Several vasoactive
chemicals have been investigated to assess their capacity to induce the opening of the BBB and facilitate the
transportation of therapeutic medicines into the brain. The chemicals encompass adenosine, bradykinin, histamine,
and peptides derived from bee venom. Adenosine, a nucleoside found in nature, has a role in multiple physiological

processes, such as regulating blood flow and inflammation 62!,

Numerous studies have demonstrated that it can enhance BBB permeability through various mechanisms. For

instance, it can activate adenosine receptors on endothelial cells, initiating intracellular signaling pathways that
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influence the tight junctions between them. These tight junctions play a critical role in maintaining the integrity of
the BBB. The process of fibrinolysis can lead to the production of bradykinin through the action of fibrinolytic agents
(631 This bradykinin can then activate bradykinin B2 receptors, resulting in the opening of the BBB. Researchers
have employed the BBB opening mechanism to create bradykinin analogs that can improve the transportation of

nanocarriers across the BBB to treat glioblastoma 64!,

Furthermore, studies have provided evidence that the disruption of the BBB, facilitated by the bradykinin B2
receptor agonist NG291, is confined to a specific area, dependent on the dosage administered, and can be
reversed [82. Histamine, a neurotransmitter, has been observed to potentially facilitate the opening of the BBB [68]

(671, However, the precise mechanism by which this occurs remains uncertain.

Recently, there has been a development in the utilization of bee venom peptides as substances to induce the
opening of the BBB. It has been demonstrated that these substances can induce reversible opening of the BBB
within 24 h when administered at adequate dosages. Doubtless, vasoactive medicines possess significant promise
in facilitating the opening of the BBB and enhancing drug transportation to the brain. Nevertheless, the systemic
administration of these medications presents uncertain implications for the overall treatment efficacy, as they
cannot selectively target the BBB. Enhancing the precision of BBB targeting with pertinent technology would

contribute to advancing future clinical studies.

| 10. Gut Microbiome [68]

The enhanced longevity of the human life span can be attributed to advancements in diet and healthcare, which
the progress of the economy and technology has facilitated. Many microorganisms, encompassing bacteria,
archaea, viruses, and diverse eukaryotes, including fungi and protozoa, inhabit distinct ecological niches within the

gastrointestinal tract. The term “gut microbiota” is commonly used to refer to this group of microorganisms.

The gut microbiota significantly impacts various areas of human physiology, encompassing nutritional metabolism,
anti-infection mechanisms, immune system functionality, and neuron development. The gut microbiota is facing a
changing environment due to rapid industrialization, urbanization, and advancements in food and medical
technologies. Factors such as increased fast-food consumption have made the gut microbiota more susceptible to
vulnerability than previous conditions. Recently, there has been a growing recognition of the significance of gut
microbiota due to its crucial involvement in neurodevelopmental disorders (NDs) and its influence on the
differentiation, maturation, proliferation, and activation of immune cells residing in the central nervous system
(CNS). The gut-brain axis (GBA) facilitates reciprocal communication between the gastrointestinal tract and the

central nervous system using neurotransmitters and other metabolites 62170,

The blood-brain barrier (BBB) can restrict the transit of molecules produced from the stomach into the brain, even
though it acts as a gateway for the passage of many essential compounds needed for CNS functioning and
secretes substances into the blood and brain essential for preserving CNS homeostasis L. Microorganism-

associated molecular patterns (MAMPSs), for instance, are vital to microorganisms’ structural integrity and cellular
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processes /2. Inadvertent elevation or reduction of MAMPs can cause acute or chronic inflammation linked to

several neurological conditions.

The BBB's permeability is linked to several microbial compounds, including vitamins, lipopolysaccharides (LPS),
trimethylamines (TMAs), and short-chain fatty acids (SCFAs) [SIZ4I75 These compounds may boost the
immunological and endocrine systems to prevent neuroinflammation or neurodegeneration or act directly on brain
neurons through the blood-brain barrier. The central nervous system (CNS), autonomic nervous system (ANS),
enteric nervous system (ENS), and hypothalamic-pituitary-adrenal (HPA) axis make up the bidirectional

communication network.

Through the vagus nerve, microbiota and the brain can communicate. The CNS can affect the functions and
activities of intestinal cells more efficiently, thanks to the synergy of neurological and hormonal signals 877,
Furthermore, the gut microbiota influences host health by modifying gut cells and preserving intestinal metabolic
and immunological balance Z8I7AA s interesting to note that the microbiota also affects the synthesis of
hormones and neurotransmitters, including peptide YY, gam-ma-aminobutyric acid (GABA), serotonin (5-HT),
adrenaline, noradrenaline, glucagon-like peptide-1, and dopamine, as well as their precursors. These chemicals

act on the CNS or ENS either directly through the vagus nerve or indirectly by affecting the circulation B,

| 11. Surface Transporters

Activating BBB surface transporters can help drugs get to where they need to go, but it is important to think about
the problems with this method, like the fact that it can become saturated, has limited transport capacity, and is not
as good at targeting as receptor-mediated endocytosis. Consequently, the latter mechanism is commonly
employed in drug development to enhance the targeting and penetration of drugs across the BBB. At the moment,
transferrin receptors, insulin receptors, and low-density lipoprotein receptor-related proteins are the most common
receptor proteins in the BBB. These receptor proteins are frequently coupled with therapeutic protein drugs through
fusion with their respective ligands, thereby enhancing the efficacy of drug targeting and facilitating the passage
across the BBB [82],

| 12. Penetrating Peptides

Penetrating peptides refer to concise sequences of peptides that can efficiently penetrate the BBB. BBB-
penetrating peptides’ repertoire includes trans-activating transcriptional activator peptides, R8 peptides, angiopep-
2, cell-penetrating peptides, and RVG peptides [82l. Using BBB-targeting ligands for transporting pharmaceuticals

across the BBB represents a precise and efficient approach to facilitating drug delivery.

| 13. Extracellular Vesicles
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One approach to enhancing the ability of medications to penetrate the brain is by modifying tiny extracellular
vesicles’ surfaces with different peptides that can cross the BBB. This modification facilitates the effective transport
of drugs to the brain B4, Furthermore, integrating extracellular vesicles and intranasal delivery would undeniably
assume a crucial function in managing neurodegenerative disorders (NDs). Extracellular vesicles serve as inherent
vehicles for drug delivery and possess the ability to traverse the BBB readily. Consequently, it is common practice
among researchers to employ extracellular vesicles as carriers for drug encapsulation, aiming to enhance the
transportation of pharmaceuticals across the BBB, where the improved permeability of the BBB can be achieved by

utilizing tiny extracellular vesicles produced from glial cells, which are loaded with tetraspanin 2 siRNA [83],

| 14. Liposomes

Like extracellular vesicles, liposomes are also employed as carriers for drug administration across the BBB.
Nevertheless, it is essential to acknowledge that liposomes exclusively exhibit BBB penetration capabilities rather
than BBB targeting abilities. Consequently, these compounds are frequently co-administered with BBB-targeting
agents to elicit their desired outcomes. It has been demonstrated that including neurotransmitter-derived lipids in

lipid nanoparticles (LNPs) that are impervious to the BBB facilitates the ability of LNPs to traverse the BBB [88],

| 15. Optical Imaging

Integrating optical imaging with non-invasive techniques offers detailed real-time visualization at a cellular level.
Optogenetics allows for the control of neuronal activity using light, suggesting potential therapeutic applications 2.
A study involving the treatment of Parkinson’s symptoms in rodents used optogenetics. The integration of optical
imaging ensured targeted light delivery, leading to controlled neuronal activity and symptom alleviation B8,
Precision is critical in non-invasive drug delivery. The advent of novel imaging techniques promises better
visualization, improved targeting, and real-time monitoring of drug delivery B9, The integration of diffuse optical
tomography with ultrasound has shown potential in providing real-time imaging of drug deposition and tissue

response, enhancing the safety and efficacy of drug delivery 29,

| 16. Peptides

Peptides are very important for receptor-mediated transcytosis because they can interact with specific BBB
receptors. This is how peptides help deliver different therapeutic agents, such as small molecules, proteins, and
genes across the BBB. These peptides target endogenous receptor systems, ensuring a selective and efficient
transfer 94,

A lot of research has been done on how peptides can help deliver drugs across the BBB without damaging it. This
is because they can use the body's own transport systems to do this without damaging the barrier's structure. One
prominent strategy involves the design of peptides that can undergo receptor-mediated transcytosis. These

peptides are specifically tailored to bind to specific receptors on the endothelial cells of the BBB, instigating a
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process that transports them, along with their drug cargo, into the brain. How peptides could be engineered for
targeted delivery, enhancing the selectivity and efficiency of drug transport while minimizing systemic exposure,

has been reported 92,

Additionally, the use of cell-penetrating peptides (CPPs) has gained attention. CPPs can facilitate the transport of
various bioactive cargoes, including small molecules, peptides, proteins, and nucleic acids, across the BBB,
particularly the CPP-mediated 23! transport. Furthermore, developing dual-functional peptides that combine BBB
targeting and drug delivery is an emerging trend. Constructing a dual-functional peptide that could transport across

the BBB and target glioma cells underscores the advancements in precision medicine [24],

| 17. Antibodies

Antibodies, especially monoclonal ones, have been significantly instrumental in drug delivery across the BBB. They
can uniquely target specific receptors on the endothelial cells lining the BBB, enabling receptor-mediated
transcytosis. This process involves binding antibodies to these receptors, initiating an internalization process that
transports them and their attached drug cargo across the BBB. The efficacy of antibodies in drug delivery can be
enhanced by reducing their affinity for a transcytosis target, consequently boosting their brain uptake 23, The
bispecific antibodies, designed to engage with the transferrin receptor to facilitate BBB crossing and an amyloid-
beta peptide to reduce its pathological accumulation in AD, exemplify engineered antibodies’ dual targeting
capability and therapeutic potential 28, Antibody engineering to improve antibodies’ pharmacokinetics increases
their potential as drug carriers to the brain 4. Antibodies are equally instrumental in bypassing the BBB. A specific
example is the monoclonal antibody against the transferrin receptor, where antibodies with reduced affinity for a

transcytosis target can significantly enhance the brain’s uptake of therapeutic antibodies 22!,

| 18. Intranasal

In recent years, intranasal and intrathecal administration have developed viable and effective methods for
enhancing brain-targeting efficiency in medication administration. The intranasal route of drug administration is a
favorable method for the targeted delivery of medications to the central CNS owing to the abundant vascularization
of the nasal cavity, which is situated near the brain. Research findings have indicated that the intranasal
administration of exosomes can lead to a notable accumulation of these particles in the brains of animals with PD
(98] The intranasal delivery of dantrolene has demonstrated enhanced brain concentration and prolonged duration
of action compared to oral administration 22. The process of intrathecal administration entails the direct delivery of
medications into the cerebrospinal fluid (CSF) that surrounds the brain and spinal cord. This method bypasses the
BBB and enables direct drug delivery to the CNS. Nevertheless, intrathecal administration is constrained because
of its invasive characteristics, technical intricacy, probable unfavorable responses, restricted indications, and
elevated expenses 199 Capitalizing on the direct connection between the nasal cavity and the brain via the

olfactory and trigeminal nerves, this method offers a direct pathway for drug delivery to the CNS. While still in its
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infancy, this approach has shown significant potential, especially for delivering peptides and other macromolecules

that traditionally have difficulty crossing the BBB.

| 19. Circadian Rhythm [101]

The circadian rhythms, which regulate several human physiological and behavioral activities, are controlled by
endogenous biological clocks coordinated by the suprachiasmatic nucleus. The circadian system significantly
impacts various physiological functions, encompassing sleep, alertness, and cognitive ability. The perturbation of
circadian homeostasis has harmful implications for human well-being. Neurodegenerative illnesses contain a
diverse array of symptoms, with a notable characteristic being the presence of diurnal fluctuations in both

frequency and intensity.

Furthermore, these illnesses have been found to alter the equilibrium of the circadian system, resulting in a
detrimental impact on symptoms and overall quality of life. There is more and more evidence that circadian
homeostasis and neurodegeneration are linked. This means that the proper functioning of circadian rhythms may
be very important in making neurodegenerative diseases worse. Hence, the circadian system has emerged as a
compelling subject of investigation and a promising avenue for advancements in research and clinical
interventions. Looking into how disrupting circadian rhythms can affect neurodegenerative disorders can help us
understand how neurodegeneration works and lead to the development of new therapies based on circadian

rhythms for these painful conditions.

The sensitivity of the BBB to medications exhibits variability following the circadian rhythm. It has been
demonstrated that the administration of the antiepileptic medicine phenytoin during nighttime has enhanced
efficacy in the treatment of seizure models in fruit flies 292, One potential cost-effective method could involve

strategically managing medicine administration time to optimize travel efficiency.

| 20. Precision Medicine

Precision medicine encompasses several strategies to achieve more accurate drug targeting, optimal drug dose,
refined illness subtyping, and the meticulous management of individual variations. With targeting methods,
localized drug administration to the specific lesions, and techniques like co-focused ultrasound in conjunction with
microbubbles, it is possible to get accurate medication targeting and dosage. Nevertheless, categorizing diseases
into subtypes remains ambiguous for neurological disorders (NDs), and comprehending individual variations poses

significant difficulties. This signifies a substantial avenue for future therapy of neurodegenerative disorders.

| 21. Light-Induced Techniques

Optogenetics and photobiomodulation harness light to affect cellular activity. Recent advancements indicate

potential in modulating BBB permeability using specific wavelengths of light, especially when combined with
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photosensitive agents (123, While these techniques are in their infancy regarding BBB modulation, the non-invasive

nature and advancements in targeted light delivery make them an area of keen interest.

| 22. Radiofrequency (RF) Modulation

RF energy, a form of electromagnetic radiation, has been explored for its potential to increase the BBB's
permeability. The concept involves using RF pulses that induce temporary and reversible changes in the BBB,
facilitating drug entry %4 Though the method holds promise, defining the precise parameters for safe and

effective delivery is a significant focus of ongoing research.

| 23. Thermal Techniques

Devices like microwave applicators can increase BBB permeability by inducing mild hyperthermia. The technique
exploits the sensitivity of BBB endothelial cells to temperature changes, allowing for a temporary “opening” of the
barrier 1951, While the method is promising, ensuring precise temperature control and preventing potential thermal

damage to surrounding tissues remain challenges.

These non-invasive, device-mediated techniques significantly depart from traditional methods, favoring precision,
control, and safety. The advancements promise more effective drug delivery to the CNS and open avenues for
delivering a broader range of therapeutic agents, including those previously deemed unsuitable due to their inability
to cross the BBB 1981, As research progresses, there is optimism that these techniques will pave the way for novel

treatments, offering hope to millions affected by neurological diseases.
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