Technische Sicherheit ISSN NO: 1434-9728/2191-0073

Review article

Crossing the Barrier: Advanced Drug Delivery Strategies for
Neurodegenerative Disorders

Samiksha Titarmare, Ushmita Borkar, Anjali Singh, Saloni Ghodeswar, Sumit Kolte,
Vaibhav Uplanchiwar, Vinod M. Thakare
Nagpur College Of Pharmacy, Hingna Road, Wanadongari, Nagpur

Address for Correspondence:

Sumit S. Kolte
Assistant Professor
Nagpur College Of Pharmacy, Hingna Road, Wanadongari, Nagpur
Abstract -

A class of illnesses known as neurological ailments mainly impact the central nervous system (CNS)
and can impair the blood-brain barrier's (BBB) structural and functional integrity, increase
permeability and possibly cause damage to the CNS. The stability and homeostasis of the central
nervous system depend on the BBB. It acts as a selective barrier to keep infections and dangerous
chemicals out of the brain. Astrocytes, pericytes, microglial cells, tight junctions, and endothelial cells
are the primary constituents of the blood-brain barrier. Therapeutic chemicals are transported across
the blood-brain barrier using nanocarriers to treat neurological illnesses. These include cutting-edge
drug delivery technologies that improve therapeutic targeting and lessen adverse effects, including
liposomes and solid lipid particles (SLPs). However, getting medications over the BBB is still quite
difficult because due of its selectiveness. To get around this obstacle, tactics like receptor-mediated
transport (RMT), carrier-mediated transport (CMT), and passive diffusion are being investigated. The
several methods for treating neurodegenerative illnesses with drug delivery systems that can penetrate

the blood-brain barrier are the main topic of this review.
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1. Introduction

Multiple sclerosis and other neurological disorders like Alzheimer's and Parkinson's disease have afflicted a
sizable portion of the world's population in recent decades. The challenge of administering therapeutic chemicals
across the central nervous system (CNS) poses a substantial obstacle to the treatment of various disorders [1]. In
order to get past this, scientists have created a number of methods for breaking through the blood-brain barrier
(BBB), which is selectively permeable and guards against dangerous substances while controlling the admission
of necessary molecules [2,3]. Comprising astrocytes, pericytes, endothelial cells, and a basement membrane [5],
the blood-brain barrier (BBB) is a highly regulated system that restricts the flow of chemicals into the brain [4].
Notwithstanding this protective role, the barrier poses a significant challenge for medication delivery. Restricting
the brain's capacity to receive multiple medicines and achieve positive results [6]. In order to overcome this,
nanotechnology delivery systems have been developed that can pass through the blood-brain barrier and deliver
their payloads to specific locations in the brain, resulting in improved therapeutic effectiveness and fewer adverse
effects [7]. Both organic and inorganic materials are used to create these nanocarriers, which are designed to have
low toxicity, a long circulation time, and good biocompatibility. Additionally, a number of mechanisms have been
investigated to enhance drug transport into the brain, including passive diffusion, receptor-mediated transport,
carrier-mediated transport, and adsorptive-mediated transcytosis. Because of the way the blood-brain barrier
(BBB) is structured, targeted drug delivery requires a carefully thought-out strategy [8]. The focus of this review
is on treatment approaches for treating particular disorders of the brain [9]. Levodopa administration has been
investigated using a variety of modalities, including inhalation, sublingual routes, transdermal systems, and
sophisticated gene therapy approaches, especially for the treatment of Parkinson's disease [10]. An examination
of the mechanisms underlying drug transport as well as the variables affecting their efficacy and constraints in
crossing the blood-brain barrier are also included in the debate [11]. Additionally, this study aims to highlight
several therapeutic approaches and provide an overview of the routes, difficulties, and limitations involved in drug

delivery across the blood-brain barrier.
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Figure 1: Alzheimer's Disease (AD) - Current Treatments

2. Mechanism of drug delivery across BBB

Facilitating the supply of vital nutrients, preserving ionic equilibrium, and offering defense against neurotoxins
and infections are the core functions of the blood-brain barrier (BBB) [12]. The BBB is a key regulatory
mechanism in the brain because the central nervous system alters the permeability of cerebral capillaries to stop
certain macromolecules and the permeability of cerebral capillaries to stop certain macromolecules and poisons
from entering the brain [13]. The brain's architectural structure, which includes the blood-brain barrier (BBB),
blood-cerebrospinal fluid (CSF) barrier, and blood-spinal cord barrier, has changed over time to show different
levels of permeability. The blood-brain barrier is the most extensive and important of these systems [14,15]. It is
made up of layers of astrocytes and pericytes, as well as endothelial cells that are closely linked to brain tissue in
what is referred to as the Neurovascular Unit (NVU) [16]. The transfer of water and salts from the circulation into
the extracellular fluid is facilitated by this arrangement [18]. Damage or infection impairs the brain tissue's ability
to filter salts and water, which raises intracranial pressure and causes edema [17]. The BBB works in these
situations to stop fluid from leaking in from different body parts, which could lead to health issues. Passive
diffusion, receptor-mediated transport, efflux pumps, carrier-mediated transport, and adsorptive-mediated

transport systems are the five ways that chemicals can cross the blood-brain barrier [4,12].
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a) Passive diffusion

Non-ionic diffusion, or the movement of substances without the use of energy (ATP), is what defines it. These
proteins serve as solute transporters. The cell membrane has a large number of ligand-gated channels that react to
hormones or neurotransmitters. This process, which is also known as paracellular transport, shows that the drug
can enter the systemic circulation through gastrointestinal epithelial cells by largely passing through tight
junctions as a water-soluble substance [67,75]. Osmosis, passive transport, and active transport are some of the
ways that materials move across biological membranes [24]. Rather than through changes in membrane voltage,
these channels are activated by the binding of particular molecules. They exhibit selectivity, saturation, and
competition with similar substrates in their transport kinetics. This includes both persorption and penetration via
the epithelial cells' tight connections. Notably, more than 90% of medications follow the passive diffusion method
of absorption. In order to improve solute diffusion across the membrane, several membrane proteins form an
alternate pathway with the solutes [22]. Diffusion and lipid dissolution, ligand-gated channels, voltage-gated
channels, facilitated diffusion, pore-forming ionophores, and diffusion-mediated ionophores are among the
mechanisms of passive transport that have been described. The electrochemical gradient, also known as the
concentration gradient, is the main force behind this process. In order to balance their distribution, substances
travel from regions of higher concentration to regions of lower concentration, as determined by osmosis; this

movement requires no energy, making the process passive [23].
b) Transcellular diffusion

Another name for it is intracellular transport. Substances pass through the gastrointestinal (GI) epithelial barrier
during this procedure. The mechanism can be divided into three successive phases: the transit through the
intracellular milieu; the subsequent permeation of the lateral membrane; and the permeation of the GI epithelial
cell membrane, which functions as a lipoidal barrier. Transcellular transport is essential for maintaining
physiological balance and for the secretion and absorption of ions, nutrients, and other biomolecules in a variety
of tissues. There are several ways that the transport process can take place, including transcytosis, active transport,
assisted diffusion, and passive diffusion. While active transport requires the use of energy to move molecules
against concentration gradients, passive and facilitated diffusion allow substances to move in line with their
gradients. Transcytosis is a specialized mode of transport that moves macromolecules, such proteins, between in
epithelial tissues, such as those in the kidneys, intestines, and blood-brain barrier, where the selective translocation
of chemicals is crucial, this transport mechanism is especially important. Understanding transcellular transport is
crucial for developing effective drug delivery methods in the clinical and pharmaceutical fields, especially when

it comes to oral medications and treatments targeted at the brain or other isolated organs. [21].
¢) Carrier-mediated transcytosis

Given that it indicates a primary process, it is also known as protein-assisted diffusion. The interspecies variability
in the neurovascular transport system, which is characterized by differences in substrate specificity, transporter
expression profiles, and regulatory mechanisms, is a significant factor that contributes to the low efficacy rates in
the formulation of neuroaxis and acne pharmacotherapeutics. This makes it more difficult to directly extrapolate

results from animal models to human subjects. The carrier, which represents a membrane constituent, can interact
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with solute molecules for transportation via non-covalent bonding [22,67]. Through immunohistochemistry
analyses performed on human brain tissue slices and cultured neurovascular lining cells, the expression of
transport proteins was thoroughly investigated; nevertheless, these studies provide important information,
depending on the selectivity of each antibody used. Antibody specificity requires careful consideration. Anti-PGP
antibodies, for example, may attach to muscle proteins, such as MyHC protein, in a non-specific manner.
Furthermore, factors including clinical circumstances and tissue fixation techniques may affect the cellular
distribution of transport proteins as well as the specificity of antibody binding in cadaveric samples [26]. The role
of the carrier protein at the human cellular interface has been partially revealed by tissue-level immunoanalytical
and transcriptomic analysis; however, functional evidence is still necessary to fully clarify the distinct roles of the
corresponding carrier protein in cerebral endothelial barrier transport. More detailed assessment of protein-
facilitated translocation across the brain vascular interface in humans has been made possible by recent
developments in positron emission tomography (PET) tracers and visualization techniques. Higher plasma
concentrations are correlated with an improved pharmacological response in the carrier group. Together, they
make up the vitamin and intrinsic factor complex. Free vitamins can be released in the lumen by the process that
happens after membrane transfer, namely the complex's dissociation. Vitamins B1 and B2 are absorbed in the
intestines, and excess glucose is converted into blood erythrocytes as an example of such transport mechanisms

[27].
d) Adsorptive-mediated transcytosis

Adsorptive-mediated transcytosis (AMT) is best suited for the blood-brain barrier (BBB). This procedure makes
it possible for cationic substances to adhere to endothelial cells' luminal interface, which in turn causes their
transcytosis and exocytosis at the albuminal interface. This process is supported by the presence of a transcytosis
pathway as well as the distinct morphological and enzymatic characteristics of BBB endothelial cells.
Furthermore, the necessary energy for the active transport of substances across the barrier is provided by the
significant mitochondrial density in the cerebral endothelium cytoplasm. This mechanism includes both blood-
brain barrier penetration and binding to the surface of endothelial cells. Because of their affinity for interacting
with polycations, cationic compounds improve the penetration dynamics throughout the cerebral vasculature when
they interact with proteins [19]. The blood-brain barrier is also crossed by cationized particles, which can be
explained as positively charged proteins attaching to the negatively charged membrane surface and creating
electrostatic interactions between them. Protamine, histones, and glycocalyx during their passage through the
blood-brain barrier are notable examples. Pharmacological drugs and therapeutic compounds can be delivered
across the blood-brain barrier more easily thanks to this transcytosis pathway [20]. The BBB's surface is the target
of the glycocalyx and its negative charge. The cerebral extracellular space's (ECS) luminal surface exhibits an
overall negative charge at normal pH. Early ultrastructural studies revealed that heparan sulphate proteoglycans
and sialylated glycoconjugates, which are essential components of the glycocalyx, significantly contribute to this
negatively charged barrier. Furthermore, anionic sites have been found on both the abluminal and luminal surfaces

of the cerebral ECS [19,20].
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Figure 2: Histopathological Features of Parkinson's Disease and Alzheimer's Disease
e) Receptor-mediated transcytosis

Proteins classified as receptors are identified by their extracellular domains, which are capable of binding specific
ligands and facilitating their transportation into intracellular spaces. Certain therapeutic drugs strategically use
endothelial cell receptors in the field of pharmacological administration to increase their efficacy in reaching
certain target locations. By reducing off-target toxicity, this methodological approach makes it easier for
pharmacological substances to pass through cellular membranes. An exogenous ligand first binds with its
corresponding receptor located on the cell surface in the receptor-mediated transcytosis (RMT) paradigm [67,69].
The ligand-receptor complex is absorbed into the cellular environment as a result of this contact, which starts the
endocytosis process, which leads to the creation of an endosome. The endosome is then moved throughout the
endothelial cell. Its encapsulated cargo is then exocytosis and released into the brain parenchyma. Numerous
receptors are commonly used for the targeted administration of medicines to the nervous system and have been
extensively studied for their critical role in RMT. Prominent instances include the glutathione transporter, insulin,
lipoprotein, transferrin, and diphtheria toxin receptors [50]. For the translocation of macromolecules and
heterogeneous agents—which can have a diameter of up to 80 nm or a molecular weight of about 80 kDa—across
the blood-brain barrier, RMT is especially important. These channels make it easier for macromolecules to move
through the body's many physiological barriers [21]. These mainly consist of transferrin (Tf), insulin (INS), low-
density lipoproteins (LDLs), and insulin-like growth factors 1 and 2 Three separate stages can be distinguished in

the RMT process: 1) Endocytosis: Certain substances, such proteins, have a tendency to attach to their
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corresponding cellular surface receptors, which causes a ligand-receptor complex to develop. Numerous
biochemical and immunological processes are crucially regulated by this process [28]. 2) Intracellular Trafficking:
Endosomal sorting is another name for this stage. The receptor may return to the cellular surface when the
previously formed ligand-receptor complex dissociates, but it will also be subject to cytosis and destruction [29].
3) Exocytosis: In addition, the complex can separate into several vesicles that pass through the plasma membrane,
allowing it to subsequently attach to the surface of nearby cells and ultimately cause chemicals to be released into

the pericellular space [32].
f) Efflux pumps

The homeostasis of the organism is maintained in large part by this system. The blood-brain barrier's (BBB)
selective permeability is facilitated by the specialized P-glycoprotein (P-gp) transporter. The removal of harmful
compounds from bacterial cells is one of its primary roles [30]. It also stops different hydrophobic substances
from entering the brain. P-gp at the BBB is known to affect the systemic availability of substrates to the central
nervous system (CNS), despite the fact that its exact mechanism is yet unknown. Additionally, the BBB actively
transports a number of neuromodulators out of the brain. One such example is dehydroepiandrosterone sulphate
(DHEAS), a norsteroidal that promotes learning, memory improvement, and neuroprotection by interacting with
GABA and sigma receptors. while simultaneously protecting neurons from harm caused by excitatory amino acids
[31]. The concentration of substrates in the extracellular fluid of the brain is first determined by this transporter
system, which then analyses the substrates' capacity to bind to pharmacological receptors. ABCG2 (breast cancer
resistance protein), ABCB1 (P-glycoprotein), and ABCCs (multidrug resistance-associated proteins, Mrps) are
some of the key subgroups of the ATP-Binding Cassette (ABC) transporter family. These transporters, which are
found on the blood-facing side of the barrier, limit the entry of different substrates into the brain in an energy-

dependent manner [30].
g) Nanocarriers

For the delivery of medications to treat disorders of the central nervous system (CNS), nano delivery systems
present a promising way to get beyond the blood-brain barrier's (BBB) restrictiveness [23]. Notwithstanding their
potential, the physicochemical characteristics of nanocarriers—such as their optical properties, particle size,
surface area, and volume ratio—present considerable obstacles in CNS therapy. These nanoparticles are usually
between 1 and 100 nanometres in size [33]. Because of their many benefits, including enhanced stability, regulated
drug release, high drug-loading capacity, prolonged bloodstream circulation time, and efficient targeting
capabilities, nanomaterials are widely used in the development and delivery of therapeutic agents across the blood-
brain barrier. Additionally, nanoparticles are used in regenerative medicine and tissue repair, which may improve
clinical results and patients' quality of life [34]. The behaviour and distribution of nanomaterials within the body
are largely determined by their size and hydrophilicity [24, 25]. Nanoparticles hold a lot of promise for treating
neurological conditions because of their many functional characteristics [35]. As a component of nanocarrier
systems intended to pass the blood-brain barrier, both organic and inorganic nanoparticles and exhibit lower
toxicity [36]. Lipid-based systems, cationic liposomes, solid lipid nanoparticles, metallic nanoparticles, polymer-

based nanoparticles, and nano emulsions are among the different kinds of nanocarriers that are engaged [37]. The
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incorporation of biodegradable and biocompatible amphiphilic components, like fatty acids and phospholipids, in

their formation further increases their benefits [38, 65].
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Figure 3: Solute Transfer Across Blood-Brain Barrier

h) Cationic liposomes

The ability of positively charged liposomes to interact with negatively charged elements on cell surfaces, including
proteoglycans, and bind anionic nucleic acids to create lipoplex structures was originally shown by Phillip Felgner
and his group. Nucleic acids are able to enter mammalian cells more easily thanks to this interaction. One type of
nanoparticle employed in the administration of neuropharmaceuticals is cationic liposomes. These lipid-based
compounds are physically stable and water-attractive due to their positive charge and hydrophilic head groups and
hydrophobic tails [39]. In order to give medication for conditions connected to the brain, cationic liposomes—
especially those designed for brain-targeted delivery—are being studied as potentially effective means of
overcoming the neurovascular barrier [40]. The blood-central nervous system barrier acts as a barrier to prevent
the passage of certain molecules. introducing big molecules, such enzymes, into brain tissue. One important aspect
affecting the effectiveness of cationic liposome—nucleotide-based molecules in distribution applications is their
structural arrangement into certain anisotropic fluid phases [41]. DOTAP (dioleoyl trimethylammonium propane)

is a common example of a cationic lipid, whereas helper lipids like dioleoyl phosphatidylethanolamine aid in
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membrane fusion [42]. PEG conjugation, which involves the conjugation of polyethylene glycol chains, has been
used to increase the therapeutic delivery effectiveness of liposomes by extending their bloodstream residency

time. [43].
i) Solid-lipid nanoparticles

By preventing therapeutic chemicals from degrading and enabling controlled, site-specific release, solid lipid
colloidal carriers provide a flexible and focused drug transport mechanism. This method reduces possible side
effects while also improving treatment efficacy. Fatty acids, waxes, and triglycerides are among the lipid-derived
components used to create these nanoparticles [45]. Solid lipid nanoparticles (SLNs), which are known for their
high surface area, steady zeta potential, and nanoscale dimension that usually falls between 50 and 500 nm, are
considered to be promising carriers for improving drug bioavailability and attaining sustained drug release. Their
ability to cross the neurovascular barrier is enhanced by their solid internal matrix, which is often coated with
polyethylene glycol (PEG) and remains stable at physiological temperatures [44,65]. entails the use of
triglycerides, fatty acids, and waxes; their solid structure allows for a steady and extended release of medication
while also protecting it from chemical destruction. SLNs can be administered via a range of routes, including
parenteral and oral delivery methods, due to their low toxicity profiles and biocompatibility [46]. SLNs can
preferentially accumulate in sites of tissue injury, such as stroke-affected areas, thanks to passive targeting made
possible by increased vascular permeability and the phenomena of nanoparticle retention. Increased vascular
permeability and worse lymphatic circulation in these areas are the causes of this buildup, which encourages the
long-term retention of lipid nanoparticles [46, 47]. By solubilizing poorly water-soluble medications (laden
compounds), the hydrophobic core of SLNs helps to improve the specificity of targeted administration while
resolving issues related to drug solubility and release. Many benefits are offered by SLNs, such as improved
biocompatibility, medication stability, safety, economical manufacturing, scalability, as well as the flexibility to
accommodate various treatment needs. However, they also have certain drawbacks, including a tendency to gel,
irregular drug release profiles, difficulties crossing biological barriers, and limited drug encapsulation capacity,

which could reduce their efficacy in particular therapeutic settings [67,68].
j) Metallic nanoparticle

Particularly when it comes to transporting therapeutic drugs to the brain, metal nanoparticles (MNPs) have shown
great promise as drug carriers. Their potential to improve drug efficacy by targeted administration, raising the
therapeutic index and tackling issues like multidrug resistance, has sparked a lot of interest in their use in medicine.
In addition to medication administration, MNPs are used in a number of biomedical domains, such as nutraceutical
formulations, the creation of biocompatible materials, and in vivo and in vitro diagnostics [48]. Metal
nanoparticles are regarded as useful instruments in the treatment of various medication administration, MNPs are
used in a number of biomedical domains, such as nutraceutical formulations, the creation of biocompatible
materials, and in vivo and in vitro diagnostics [48]. Metal nanoparticles are regarded as useful instruments in the
treatment of various disorders, especially those affecting the central nervous system (CNS), due to their special
size and ability to regulate medication release. However, a significant obstacle to effective medication
administration is the blood—brain barrier's (BBB) complexity. It has been demonstrated that properly designed

nanoparticles with specific surface changes have the ability to successfully pass the blood-brain barrier and enter
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the central nervous system. Because of their low physiological reactivity, gold, silver, and platinum are often
utilized metals in drug delivery via nanoparticles [49]. Current clinical research continues to focus on these
nanoparticles' possible neurotoxic effects and their capacity to cross the blood-brain barrier. The size, shape,
surface properties, chemical makeup, and aggregation behaviour of nanoparticles all affect their toxicity and BBB
permeability. Chemical reduction techniques can be used to create metal nanoparticles, which can then
transcytoses across the blood-brain barrier. Peptide conjugation techniques have been used to boost nanoparticle
transport across the BBB and increase CNS permeability. Attaching nanoparticles to endothelial cells' transferrin
receptor is one efficient technique. By functioning as a ligand to carry medications, proteins, genes, and ions to
particular target areas, transferrin, an iron-binding protein, is essential to receptor-mediated transport. Both
therapeutic and diagnostic goals are supported by this approach. These conclusions are based on a bibliometric
analysis of 583 pharmacology, toxicology, and pharmaceutics-related publications that were obtained from the

Scopus database as of mid-September 2022 [51].
k) Nano-emulsion

Drugs intended to pass the blood—brain barrier (BBB) can be encapsulated in nano emulsions, which are extremely
versatile delivery vehicles. By solubilizing medicinal compounds inside their dispersed phase, these emulsions
can improve the bioavailability of drugs. Drugs that are hydrophobic and generally have trouble passing across
the blood-brain barrier can be transported using oil-in-water (O/W) nano emulsions. However, hydrophilic
chemicals are better delivered via water-in-oil (W/O) nano emulsions. Nano emulsions offer flexible methods for
creating BBB-permeable treatments since they can be made by in situ polymerization or by adding pre-formed
polymers, depending on the particular medication and delivery needs. Nano emulsions, particularly oil-in-water
varieties, are a specific type of nanoscale drug delivery technology that falls under the larger category of
nanoparticle delivery systems [52]. They can be manufactured in multiple dose forms, such as liquids, and provide
a versatile platform for targeting the central nervous system (CNS). This allows them to be delivered via a variety
of channels, such as intravenous, intranasal, and pulmonary paths. These pathways are particularly pertinent to
treatments that target the brain. Nano emulsions are especially useful for delivering poorly soluble medications
across the blood-brain barrier (BBB), improving therapeutic results due to their increased solubilization capacity
and improved kinetic stability over traditional dispersions. In order to stabilize the emulsion, the formulation
usually consists of water, appropriate surfactants, and nanocomposite oils, such as fatty acids and triglycerides
[53]. Furthermore, nano emulsions have shown promise for efficient medication delivery to the brain because of
their small particle size and capacity for surface modification. By interacting with the barrier's tight junctions, oils

high in omega-3 fatty acids have also demonstrated potential in increasing BBB permeability [54].
1) Polymer-based nanoparticle

Different polymerization processes can be used to generate polymeric nanoparticles from a wide range of
monomers, allowing their characteristics to be tailored for particular medical applications. The primary kinds of
polymer-based nanoparticle systems used in brain-targeted medication delivery are highlighted in this section.
These consist of hybrid systems, naturally occurring polymer nanoparticles, and manufactured polymer
nanoparticles [55]. For every category, the synthesis techniques and physical properties—like particle size, surface

chemistry, and drug loading capacity—are examined. The capacity of nanoparticles to pass through the blood—
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brain barrier (BBB) is largely dependent on their size, shape, surface charge, and presence of surface ligands. By
getting over the BBB's limitations, polymeric nanoparticles present a viable way to improve drug delivery to the
brain [65]. Targeted drug delivery is made possible by their ability to target particular brain tissues or cells. These
systems have the ability to release therapeutic substances at a regulated rate, guaranteeing ideal medication
concentrations at the intended location and reducing side effects. PACA (polyalkyl cyanoacrylate) nanoparticles
are one such instance, which have demonstrated promise in the delivery of drugs to the brain [56]. These PACA
nanoparticles are frequently coated with polysorbate 80 and designed with cell-penetrating peptides or
polyethylene glycol (PEG). This surface alteration improves their capacity to traverse the blood-brain barrier and
helps them avoid being discovered by macrophages. By protecting medicinal substances from deterioration in the

bloodstream, they also increase drug stability [57].
m) Synthetic polymeric nanoparticles

Although poly (alkyl cyanoacrylate) (PACA) is best known for its usage in surgical adhesives, it has also been
widely used as a suture material. PACA nanoparticles have been recognized for their biocompatibility and ease of
degradation since they were first introduced by Couvreur et al. in 1972 [75]. Enzymatic activity, primarily from
pancreatic fluid esterases or serum esterases when given orally or intravenously, causes these nanoparticles to
degrade in the digestive tract. The length of the polymer's alkyl side chains can be changed to alter the degradation
time, which is typically a few hours. As demonstrated by poly (butyl cyanoacrylate) (PBCA), for instance,
polymers with longer chains, such as octyl, breakdown more slowly than those with shorter chains, such as butyl.
The toxicity of the polymer is also influenced by the structure of these side chains. A variety of polymerization
techniques, such as anionic, radical, and interfacial processes, can be used to create PACAs. Usually, interfacial
emulsion polymerization or an acidic aqueous environment are used to create the nanoparticles [56,57].
Furthermore, by esterifying cyanoacetic acid with different alcohols, their characteristics can be adjusted for

certain uses.

e Study of neurological disorders

Among the most complex and incapacitating diseases, neurological disorders such as Alzheimer's disease,
Parkinson's disease, epilepsy, multiple sclerosis, and brain tumors affect millions of individuals worldwide [58].
Effective treatment of many disorders remains challenging despite significant advancements in pharmacological
research because of the blood-brain barrier (BBB) [59], a highly selective and protective membrane that prevents
the majority of medications from entering the central nervous system (CNS) [60]. In order to get over this barrier,
researchers have created novel drug delivery systems that minimize systemic side effects while facilitating the
passage of therapeutic molecules across the blood-brain barrier [61]. These strategies include exosomes,
dendrimers, peptide-based delivery systems, intranasal administration methods, and nanocarriers such liposomes,
solid lipid nanoparticles, and polymeric nanoparticles [62]. Additionally, chemical tactics like prodrugs and
receptor-mediated transport as well as physical methods like targeted ultrasound have been studied [63]. Even
though these techniques have demonstrated potential in improving drug bioavailability, brain targeting, and
controlled release, there are still obstacles to overcome, especially when it comes to large-scale production,
guaranteeing biocompatibility, preventing immunological reactions, and implementing these technologies in

clinical settings [64]. Among the most common neurological conditions, Alzheimer's disease, Parkinson's disease,
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stroke, epilepsy, and multiple sclerosis each have their own pathogenic mechanisms and clinical manifestations.
Memory, reasoning skills, and behaviour are the main areas affected by Alzheimer's disease, a chronic and
progressive brain ailment. It is intimately associated with the accumulation of neurofibrillary tangles and beta-
amyloid plaques in the brain, which lead to a substantial loss of neurons, particularly in the cerebral cortex and

hippocampus. This condition is the leading cause of dementia worldwide and primarily affects the elderly [33].
e Treatment of Neurodegenerative disorder

Stroke (Ischemic and Hemorrhagic)

The most costly and chronic incapacitating illness impacting adults worldwide is stroke. The blood-brain barrier
(BBB) briefly opens during an ischemic stroke (minutes to hours), then undergoes a refractory phase before
reopening for an extended length of time (hours to days). Restoring blood flow, or reperfusion, is essential to
reducing brain damage, but it can also exacerbate damage, a condition called reperfusion injury [65]. Specifically,
it contributes to the BBB's eventual reopening, which is connected to endothelium activation and reactive oxygen
species (ROS) generation. The loss and disruption of tight junctions is the main cause of the BBB dysfunction
that happens during an ischemic stroke. Because of the activation of microglia and the influx of peripheral immune
cells, the inflammatory response is mostly responsible for the breakdown of the blood-brain barrier (BBB) and
subsequent cell death after a stroke [66]. Nitric oxide (NO), reactive oxygen species (ROS), pro-inflammatory
cytokines like tumour necrosis factor-alpha (TNF-a), interleukin-1 beta (IL-1), and interleukin-6 (IL-6), as well
as chemokines like macrophage inflammatory protein-1 alpha (MIP-10/CCL3), monocyte chemoattractant
protein-1 (MCP-1/CCL2), and chemokine ligand CXCL-1, are released when microglia, the brain's main immune
defences, are activated. These signalling molecules activate the nuclear factor kappa B (NF-kB) pathway and
excite the brain's endothelial cells. Peripheral leukocytes are drawn in and infiltrate the brain tissue as a result,

escalating and maintaining the inflammatory response [67].

e Alzheimer’s Disease

The most noticeable sign of Alzheimer's disease (AD) is memory loss. Brain shrinkage, amyloid-beta (A) peptide
accumulation that forms senile plaques, hyperphosphorylated tau proteins that cause neurofibrillary tangles, and
vascular alterations in the brain that cause cerebral amyloid angiopathy (CAA) are important pathogenic
indicators. Amyloid-beta (A) accumulation in brain tissue may be caused by impaired efflux transporter function
on the apical side of blood-brain barrier (BBB) endothelial cells [68]. This theory is specifically supported by
research that has demonstrated decreased expression of LRP and decreased activity of P-glycoprotein (P-gp) in
both Alzheimer's patients and animal models. Furthermore, when activated, astrocytes and microglia can stimulate
the formation of AP and play important roles in controlling its levels. In addition to being carriers of therapeutic
chemicals, nanoparticles (NPs) can also be used as imaging tools or as a combination theragnostic agent [69].
These multipurpose systems frequently make use of nanoparticles—such as those composed of iron oxide, gold,
silica, carbon nanotubes, or quantum dots—that naturally have imaging capabilities. Polymeric n-butyl-2-
cyanoacrylate (BCA) nanoparticles loaded with radio-labelled **I-clioquinol are one example. Therapies for AD

primarily try to prevent the development of tau tangles and amyloid-beta (AB) plaques, or to stop their buildup
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surrounding neurons. However, by boosting neurotransmitter levels, the majority of approved drugs only reduce

symptoms and halt the progression of the disease [70].

e Parkinson’s Disease

A major neurodegenerative condition linked to aging, Parkinson's disease (PD) is typified by a progressive loss
of voluntary motor function. It is increasingly common as people age and is often accompanied by symptoms such
as sadness, cognitive decline, and sleep difficulties. The major clinical treatment for Parkinson's disease (PD) is
still pharmacological therapy, which includes drugs like catechol-O-methyltransferase inhibitors, dopamine
receptor agonists, and monoamine oxidase B inhibitors, among others. Reduced cerebral blood flow and vascular
alterations in the striatum and substantia nigra (SN) associated with impaired blood-brain barrier (BBB) integrity
have been noted in PD patients [68]. Vascular endothelial growth factor (VEGF) expression has been linked to an
increased blood vessel density surrounding injured dopaminergic neurons in the SN of monkeys [92].
Furthermore, it has been demonstrated that injecting VEGF into rats' SN disrupts the blood-brain barrier, resulting
in the death of dopaminergic neurons and severe inflammation. Neurotoxins administered locally or systemically
are frequently used by researchers to simulate dopaminergic neurodegeneration [71]. Stereotactic injection of 6-
hydroxydopamine (6-OHDA), which is unable to pass the blood-brain barrier, and systemic or localized MPTP
delivery are common techniques. Although oxidative stress and fast neuronal death are caused by these toxins,
they do not adequately represent the gradual character of the disease, non-motor symptoms, or protein misfolding
processes. Additionally, the use of neurotoxins can directly cause neuroinflammation and harm different kinds of
cells, making it more difficult to interpret the death of dopaminergic neurons. Research on Parkinson's disease is
further aided by genetic models; for example, PD is known to be caused by duplications or triplications in the a-
synuclein (SNCA) gene or autosomal dominant point mutations. These models are useful for examining the
disease's course as well as its underlying mechanisms. By detecting contrast agent leakage, non-invasive imaging
techniques like magnetic resonance imaging (MRI), especially dynamic contrast-enhanced (DCE) and dynamic
susceptibility contrast (DSC) MRI, are useful for assessing the integrity of the blood-brain barrier (BBB). Positron
emission tomography (PET), single-photon emission computed tomography (SPECT), transcranial were
sonography (TCS), and thermal imaging are other diagnostic methods for Parkinson's disease that can also be
used to evaluate dysfunction of the autonomic nervous system. Dopaminergic medicines, which target dopamine
pathways, and nondopaminergic agents, such as cholinesterase inhibitors, which operate on other brain pathways,

are the two primary types of medications used to treat Parkinson's disease [72].

MRI Analysis: White Matter Lesion (WML) in MRI Analysis Volume Estimation: The lesion segmentation toolkit
in SPM8 was used to measure the white matter lesion volume, a known marker of small vessel disease. Both T2-
weighted FLAIR and T1-weighted MRI scans were used in this investigation to estimate the volume of WMLs.
Analysis using Dynamic Contrast-Enhanced (DCE): The "realignment" tool in SPM125 was used to correct
motion in a set of 160 dynamic MRI images by aligning each image with the sequence's first frame. The sagittal
sinus was located on the final motion-corrected picture using Micro in order to compute the vascular input

function. From this area, about 50 voxels selected for examination.
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e Multiple Sclerosis (MS)

The myelin sheath that surrounds nerve fibers is the main target of MS, a chronic inflammatory and autoimmune
illness that affects the central nervous system. The BBB regulates the flow of immune cells between the
bloodstream and central nervous system (CNS) and is essential for controlling immunological activity in the brain.
The possible significance of activated protein C in maintaining the integrity of the blood-brain barrier has not yet
been thoroughly investigated, despite the fact that it is well-known for its anticoagulant qualities and has
demonstrated advantages in lessening the severity of disease in MS models. Examining this protective effect could
lead to a new therapeutic approach for delaying the course of MS [88]. Additionally, annexin A1 levels in cerebral
microvascular endothelial cells and plasma are specifically decreased in MS patients. Increased BBB permeability
is seen in mice models devoid of annexin Al. Through interactions with the cytoskeleton in cultured brain
endothelial cells, the anti-inflammatory protein recombinant annexin Al can decrease BBB permeability and
restore barrier integrity, suggesting that it has potential as a therapeutic treatment [94]. Matrix metalloproteinases
(MMPs) 1, 2,3, 7,9, and 12 have increased activity in the early stages of multiple sclerosis (MS) [89]. It is well
recognized that these enzymes weaken the blood-brain barrier (BBB), allowing leukocytes to enter and aiding in
the breakdown of myelin. There is evidence that angiogenic alterations are also well-established in multiple
sclerosis (MS), suggesting a possible connection between angiogenesis, BBB disruption, and inflammation of
brain endothelial cells (BECs), all of which may contribute to the advancement of the disease. Although it is clear
that BBB failure contributes to the development of MS, it is unclear if this dysfunction causes or results from the
disease. However, it can be claimed that BBB disruption may really be a causative component, given that MS is
an autoimmune condition and that immune cell entry into the central nervous system (CNS) is a crucial phase in

its development [90].
e Epilepsy

The most common method of diagnosing epilepsy involves a thorough review of the patient's medical history,
including information about the type of seizures and the patient's health just before they occurred. A complete
physical examination, with special attention to the nervous system, as well as a blood and other body fluid analysis
are necessary [73]. A complete blood count, metabolic profiles, evaluations of thyroid and liver function, an
electroencephalogram, and neuroimaging investigations should also be included in the diagnostic process [93].
The pharmacokinetic theory, the neural network hypothesis, the intrinsic severity hypothesis, the gene variant
hypothesis, the target hypothesis, and finally the transporter hypothesis is some of the theories that have been put
out in relation to refractory epilepsy [72]. Antiepileptic drugs must be administered via a variety of methods in
order to treat both acute and chronic seizure disorders [74]. Antiepileptic medications are usually administered
orally in the treatment of chronic epilepsy. When the oral route is impractical or a prompt clinical response is
necessary, parenteral administration is used. Intranasal (IN), buccal, or sublingual methods can also be used to
administer some drugs, especially for treatments that take place outside of a hospital. Oral formulations include
extended-release medicines, tablets, capsules, suspensions, and solutions. Before entering the systemic
circulation, drugs that are taken orally and absorbed through the gastrointestinal (GI) tract first pass through the

liver, where first-pass metabolism may take place, resulting in decreased bioavailability [87].
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Applications

Advanced Drug Delivery System Applications:

1. Breaking through the Blood-Brain Barrier (BBB): New drug delivery techniques allow drugs to pass through
the BBB, which normally keeps the majority of therapeutic agents from reaching brain tissue [75].

2. Nanoparticle-Facilitated Delivery: Polymer-based systems, liposomes, and solid lipid nanoparticles are
examples of carriers that reduce side effects, improve targeting in neurological illnesses like Alzheimer's, and
protect medications from degradation [76].

3. Dendrimers and Micelle-Based Systems: By providing controlled drug release and enabling targeted
distribution via receptor engagement, these structures can help cure diseases including glioblastoma and
Parkinson's disease [77].

4. Intranasal (Nose-to-Brain) Delivery: This method uses the olfactory pathway to avoid the blood-brain barrier,
enabling the efficient delivery of neuropeptides, insulin-like substances, and anticonvulsants for epilepsy and

neurodegenerative diseases [95].

5. Hydrogel Delivery Platforms: These systems serve to lower the frequency of dose and minimize systemic
adverse effects by delivering drugs directly into the central nervous system (for example, by intrathecal
injection) in a sustained and site-specific manner [78].

6. Stimuli-Sensitive Systems: Perfect for treating inflammation or brain tumours, these clever delivery systems
release drugs in reaction to particular stimuli like temperature, pH levels, or the presence of enzymes in diseased
brain regions [79].

7. Improved Drug Effectiveness: By increasing the concentration of medications at the intended location, these
systems enhance therapeutic results and enable the use of lower dosages [80].

8. Improved Patient Compliance: Patients are more comfortable and more likely to follow treatment plans when
non-invasive or minimally invasive delivery modalities, including nasal sprays or implanted devices, are used

[81].

9. Personalized Treatment Methods: Tailored therapies that adjust to the patient's condition and the course of

neurological disease are supported by customizable delivery systems [96].

e Future prospects of drug delivery system across BBB

Future Prospects for Blood-Brain Barrier (BBB) Drug Delivery:

1. Exosome-Based Delivery: delivering therapeutic agents such as proteins, siRNA, or small chemicals straight
to the brain by using exosomes, which are tiny, naturally occurring vesicles made by cells, as targeted carriers
[82].

2. Focused Ultrasound with Microbubbles: This non-invasive technique uses microbubbles and ultrasound to
briefly break down the blood-brain barrier, enabling targeted and accurate medication delivery to brain tissue
[78].

3. Receptor-Targeted Nanoparticles: creating nanocarriers that mimic natural ligands, such insulin or transferrin,
in order to use receptor-mediated mechanisms to pass the blood-brain barrier [75,71].

4. Intranasal Therapeutic administration: Using the olfactory and trigeminal nerve routes, nasal administration is

being developed as a non-invasive method of accessing the central nervous system [83].
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5. Biodegradable Polymer Carriers: Using degradable and biocompatible polymers to improve drug stability and
decrease systemic exposure in extended-release medication formulations [84].

6. Peptide-Enhanced Nanocarriers: Adding brain-targeting peptides to nanoparticles or liposomes to enhance
BBB penetration and accomplish site-specific medication delivery [85,].

7. Gene and RNA-Based Therapies: Using viral and non-viral delivery methods, gene-editing technologies such
as CRISPR and RNA interference are being developed to treat genetic brain illnesses [91].

8. Al-Assisted Drug Development: Using machine learning and artificial intelligence to create medications with

improved BBB penetration and optimal therapeutic qualities [86].

Volume 25, Issue 7, 2025 PAGE NO: 336



Technische Sicherheit ISSN NO: 1434-9728/2191-0073

Reference:

1. Brain Barrier. Jiajun Liul,2,3, Ting Wangl,2, Jian Dong3 and Yuan Lul,2 The blood—brain barriers: novel
nanocarriers for central nervous system diseases Liu et al. Journal of Nanobiotechnology (2025) 23:146

https://doi.org/10.1186/512951-025-03247-8

2. Jiao ,Y.; Yang, L.; Wang, R.; Song, G.; Fu, J.; Wang, J.; Gao, N.; Wang, H. Drug Delivery Across the Blood
Brain Barrier: A New Strategy for the Treatment of Neurological Diseases. Pharmaceutics 2024, 16, 1611.

3. Author Information and Affiliations Ary K. Dotiwala'; Cassidy McCausland?; Navdeep S. Anatomy, Head
and Neck: Blood Brain Barrier Samra . Last Update: April 4, 2023.

4. Di Wu, Qi Chen, Xiaojie Chen, Feng Han, Zhong Chen & Yi Wang Signal Transduction and Targeted

Therapy volume 8, Article number: 217 (2023), The blood—brain barrier: Structure, regulation and drug
delivery

5. Hossam Kadry, Behnam Noorani & Luca  Cucullo , Fluids and Barriers of the CNS 17,

Article number: 69 (2020) A blood—brain barrier overview on structure, function, impairment, and

biomarkers of integrity.

6. Ruben G R Pinheiro !, Ana Joyce Coutinho !, Marina Pinheiro !, Ana Rute Neves “>"Editor: Timo T
Myo6héanen Int J Mol Sci 2021 Oct 28;22(21):11654.doi: 10.3390/ijms222111654 Nanoparticles for Targeted
Brain Drug Delivery: What Do We Know?

7. William A. Banks,1,2,* Elizabeth M. Rhea,1,2 May J. Reed,1,2 and Michelle A. Ericksonl,2 19 November
2024 https://doi.org/10.1016/j.xcrm.2024.101760 The penetration of therapeutic across the blood brain

barrier : Classic case studies and clinical implications.

8. Basmah H. Alshammarit ¢ Maha M. A. Lashin®, Muhammad Adil Mahmoodf *¢, Fahad S. Al-
Mubaddel?, Nasir Ilyas/, Nasir Rahman' >, Mohammad Sohail¢, Aurangzeb Khan ¢, Sherzod Shukhratovich
Abdullaev' > and Rajwali Khan DOI: 10.1039/D3RA01421E (Review Article) RSC Adv., 2023, 13, 13735-

13785 Organic and inorganic nanomaterials: fabrication, properties and applications.

9. David S Hersh 2# Aniket S Wadajkar 2 Nathan B Roberts 2, Jimena G Perez '?, Nina P
Connolly ', Victor Frenkel 23, Jeffrey Winkles >*°, Graeme F Woodworth “>*, Anthony J Kim Curr Pharm

Des 2016 Mar;22(9):1177-1193. doi: 10.2174/1381612822666151221150733 Evolving Drug Delivery

Strategies to overcome the Blood -Brain Barrier

10. Yonatan Serlin ?, Tlan Shelef ®, Boris Knyazer ¢, Alon Friedman ® ¢ . Volume 38,February 2015, pages 2-6 .
https://doi.org/10.1016/j.semcdb.2015.01.002 Anatomy and physiology of Blood -

11. Suresh Thirunavukarasu , Balasubramanian Bala Venkata Ramanan , Sathya Krishnan Suresh , Vincent
Jayakumar Antonisamy , Devi Varadharaj , Paranjothi Shanmugam , Kavita Verma , Canmany Elumalai ,
Gladson Selvakumar , Ahila Elumalai , Lydia Prabahar , Hridwik Adiyeri Janardhanan , Anoop UR Cureus
2023 Oct 30;15(10):e48011. doi: 10.7759/cureus.48011 The administration of levodopa in a patient with

parkinsons disease using a novel maxillofacial route : A first- in -human report .

Volume 25, Issue 7, 2025 PAGE NO: 337



Technische Sicherheit ISSN NO: 1434-9728/2191-0073

12. Shanshan Zhang ®, Lin Gan ®, Fengye Cao ¢, Hao Wang °, Peng Gong ®, Congcong Ma ®, Li Ren °, Yubn ®, X
ianming Lin Volume 190 Pages 1-256 (November 2022) https://doi.org/10.1016/j.brainresbull.2022.09.017

The barrier and interface mechanisms of the brain barrier, and brain drug delivery.

13. Joanna M Wardlaw !, Fergus N Doubal, Maria Valdes-Hernandez, Xin Wang, Francesca M Chappell, Kirsten
Shuler, Paul A Armitage, Trevor C Carpenter, Martin S Dennis Stroke 2013 Feb. Epub 2012 Dec 11. doi:
10.1161/STROKEAHA.112.669994. Blood-brain barrier permeability and long-term clinical and imaging

outcomes in cerebral small vessel disease.

14. Cipolla MJ.San Rafael (CA): Morgan & Claypool Life Sciences; 2009. The cerebral circulation .

15. Shane A Liddelow " Fluids Barriers CNS 2011 Jan 18;8:2. doi: 10.1186/2045-8118-8-2 Fluids and barriers

of the CNS: a historical viewpoint

16. HL McConnell ', A Mishra Methods Mol Biol Author manuscript; available in PMC: 2023 Mar .Published
in final edited form as: Methods Mol Biol. 2022;2492:3-24 doi: 10.1007/978-1-0716-2289-6_1 Cells of the

Blood-brain Barrier: an Overview of the Neurovascular Unit in Health and Disease.

17. Eduardo Colombari, Vinicia Campana Biancardi, Débora Simdes Almeida Colombari, Pedro Lourenco

Katayama, Fernanda de Campos de Medeiros, Andrew Vieira Aitken, Carlos Henrique Xavier, Gustavo

Rodrigues Pedrino, Denis E. Bragin First published: 31 March 2025 https://doi.org/10.1113/JP285058

Hypertension, blood—brain barrier disruption and changes in intracranial pressure.

18. Héctor M. Ramos-Zaldivar, Iva Polakovicova, Edison Salas-Huenuleo, Alejandro H. Corvalan, Marcelo J.
Kogan, Claudia P. Yefi & Marcelo E. Andia Fluids and Barriers of the CNS volume 19,
Article number: 60 (2022). Published: 25 July 2022 Extracellular vesicles through the blood—brain barrier: a

review.

19. Francoise Hervé ™, Nicolae Ghinea 2, Jean-Michel Scherrmann 3. AAPS J 2008 Aug 26 ;10(3):455—

472, doi: 10.1208/s12248-008-9055-2 CNS Delivery Via Adsorptive Transcytosis.

20. Francoise Hervé September 2008 The AAPS Journal 10(3):455-472 CNS Delivery Via Adsorptive

Transcytosis.

21. Bhakti Pawar !, Nupur Vasdev !, Tanisha Gupta !, Mahi Mhatre !, Anand More !, Neelima Anup !, Rakesh
Kumar Tekade Pharmaceutics 2022 Dec 5;14(12):2719 doi: 10.3390/pharmaceutics14122719 .Current

Update on Transcellular Brain Drug Delivery .

22. Joseph Feher December 2012 DOI:10.1016/B978-0-12-382163-8.00015-3 Passive Transport and Facilitated
Diffusion.

23. Author links open overlay panel William M. Pardridge. Received 28 February 1995, Accepted 30 March
1995, Available online 22 December 1999 https://doi.org/10.1016/0169-409X(95)00003-P .Transport of

small molecules through the blood-brain barrier: biology and methodology

24. Ashlie D. Kinross, Kimberly J. Hageman 2019 . Encyclopedia of Analytical Science (Third Edition)

Volume 25, Issue 7, 2025 PAGE NO: 338



Technische Sicherheit ISSN NO: 1434-9728/2191-0073

25. Yeonhee Yun, ... Kinam Park 2013, Advanced Drug Delivery Reviews DOI: 10.1016/j.addr.2013.02.002,

Nanoparticle and biomaterials-mediated oral delivery for drug, gene and immunotherapy

26. Sumio Ohtsuki!, Tetsuya Terasaki 2007 Sep;24(9):1745-58.doi: 10.1007/s11095-007-9374-5, Contribution

of carrier-mediated transport systems to the blood-brain barrier as a supporting and protecting interface for

the brain; importance for CNS drug discovery and development

27. Naveed Ullah Khan, Tongtong Miao, Xiufeng Ju, Qian Guo, Liang Han 2019, Pages 129-158
https://doi.org/10.1016/B978-0-12-814001-7.00006-8 , 6 - Carrier-mediated transportation through BBB

28. Roshanak Irannejad !, Nikoleta G Tsvetanova !, Braden T Lobingier !, Mark von Zastrow 2015 Jun 6;35:137—

143. doi: 10.1016/j.ceb.2015.05.005 Effects of endocytosis on receptor-mediated signaling

29. Christophe Lamaze, Ludger Johannes 2006, The Comprehensive Sourcebook of Bacterial Protein Toxins

(Third Edition) DOI:10.1016/B978-012088445-2/50013-5 Intracellular trafficking of bacterial and plant

protein toxins

30. Nathalie Strazielle , Jean-Francois Ghersi-Egea , Volume 9 - 2015 https://doi.org/10.3389/fnins.2015.00021

Efflux transporters in blood-brain interfaces of the developing brain

31. Pamela L. Golden !, Gary M. Pollack ? Volume 92, Issue 9, September 2003, Pages 1739-1753 , doi:
10.1002/jps.10424 .Blood—Brain Barrier Efflux Transport

32. Habib Baghirov Volume 381 10 May ,113595 https://doi.org/10.1016/j.jconrel.2025 Mechanisms of

receptor-mediated transcytosis at the blood-brain barrier

33. Qian Luo * ° Jiaying Yang °, Mei Yang ° Yingtong Wang °, Yiran Liu ? Jixuan Liu ° Dhan
V. Kalvakolanu ¢, Xianling Cong ?, Jinnan Zhang ? Ling Zhang °, Baofeng Guo ?, Yanhong Duo Volume
31, April 2025, 101457 , https://doi.org/10.1016/j.mtbi0.2025.101457 Utilization of nanotechnology to

surmount the blood-brain barrier in disorders of the central nervous system

34. Fatma Kurul ? Hasret Turkmen ®, Arif E. Cetin ? Seda Nur Topkaya Volume 7, 2025, 100129 ,

https://doi.org/10.1016/j.nxnano0.2024.100129 ,Nanomedicine: How nanomaterials are transforming drug

delivery, bio-imaging, and diagnosis.

35. Author links open overlay panel Hyun-Ju Cho * !, Wang Sik Lee ® !, Jinyoung Jeong " ¢, Jeong-Soo Lee.
Volume 261 november 2022 https://doi.org/10.1016/j.cbpc.2022.109428 A review on the impacts of

nanomaterials on neuromodulation and neurological dysfunction using a zebrafish animal model.

36. Zahra Sadat Razavi * °, Seyed Sina Alizadeh °, Fateme Sadat Razavi ®, Mohammad Souri ®, M. Soltani.

https://doi.org/10.1016/j.ijpharm.2025.125186 Advancing neurological disorders therapies: Organic

nanoparticles as a key to blood-brain barrier penetration.

37. Meenu Mehta uy Anh Bui Xinpu Yang Yagiz Aksoy Ewa M. Goldys Wei Deng*Review August 21, 2023 .
Lipid-Based Nanoparticles for Drug/Gene Delivery: An Overview of the Production Techniques and

Difficulties Encountered in Their Industrial .

Volume 25, Issue 7, 2025 PAGE NO: 339



Technische Sicherheit ISSN NO: 1434-9728/2191-0073

38. Xudong Cai, Calum J. Drummond, Jiali Zhai, Nhiem Tran First published: 22 May
2024. https://doi.org/10.1002/adfm.202404234 Lipid Nanoparticles: Versatile Drug Delivery Vehicles for

Traversing the Blood Brain Barrier to Treat Brain Cancer.

39. Firda Juhairiyah !, Elizabeth C M de Lange. 2021 Oct 28;. doi: 10.1208/512248-021-00648-z Understanding

Drug Delivery to the Brain Using Liposome-Based Strategies: Studies that Provide Mechanistic Insights Are

Essential.

40. Sabrina Rahman Archie Abdullah Al Shoyaib and Luca Cucullo 23 September
2021 https://doi.org/10.3390/pharmaceutics13111779 Blood-Brain Barrier Dysfunction in CNS Disorders

and Putative Therapeutic Targets: An Overview.

41. Kai K Ewert '*, Pablo Scodeller 2, Lorena Simén-Gracia 2, Victoria M Steffes !, Emily A Wonder !, Tambet
Teesalu 23", Cyrus R Safinya 2021 Aug 3doi: 10.3390/pharmaceutics13091365 Cationic Liposomes as

Vectors for Nucleic Acid and Hydrophobic Drug Therapeutics.

42. Zixiu Du, Mustafa M. Munye, Aristides D. Tagalakis, Maria D. I. Manunta & Stephen L. Hart Published: 19
November 2014 The Role of the Helper Lipid on the DNA Transfection Efficiency of Lipopolyplex .

43. Kwang-Pyo Kim !, Jeong-Dan Cha, Eun-Hye Jang, Jochen Klumpp, Steven Hagens, Wolf-Dietrich
Hardt, Kyung-Yeol Lee, Martin J Loessner 2008 May; doi: 10.1111/j.1751-7915.2008.00028.x. PEGylation

of bacteriophages increases blood circulation time and reduces T-helper type 1 immune response.

44. Mohammad,Reza Arabestani # ®, Ashkan Bigham ° ¢, Farideh Kamarehei ®, Mahya Dini °, Fatemeh Gorjikha
h ¢ Aref Shariati f Seyed Mostafa Hosseini ° ¢ Volume 174 May 2024
https://doi.org/10.1016/j.jddst.2023.104709 Solid lipid nanoparticles and their application in the treatment of

bacterial infectious diseases.

45. Mushfiq Akanda ?, MD,Sadeque,Hossain Mithu ? ¢, Dennis Douroumis * *Volume 86 September2023 Solid

lipid nanoparticles An effective lipid-based technology for cancer treatment

46. Sebastian Scioli Montoto" ?Giuliana Muraca'* Maria Esperanza Ruiz 30 October 2020 Nanobiotechnology,
https://doi.org/10.3389/fmolb.2020.587997 Solid Lipid Nanoparticles for Drug Delivery: Pharmacological

and Biopharmaceutical Aspects.

47. v_Chandrakala ', Valmiki Aruna !, Gangadhara Angajala 2022 Jan 4 doi: 10.1007/s42247-021-00335-x

Review on metal nanoparticles as nanocarriers: current challenges and perspectives in drug delivery systems.

48. R Sakthi Devi ', Agnishwar Girigoswami !, M Siddharth !, Koyeli Girigoswami 2022 May 13
doi: 10.1007/s12010-022-03963-z Applications of Gold and Silver Nanoparticles in Theranostics .

49. Sonia M.Lombardo"?"* Marc Schneider’ = Akif E. Tireli'and Nazende Giinday Tiireli n J.
Nanotechnol. 2020, https://doi.org/10.3762/bjnano.11.72 Key for crossing the BBB with nanoparticles.

50. Tarnjot Kaur !, Jyoti Upadhyay "*, Sudeep Pukale 2, Ashish Mathur **, Mohd Nazam Ansari 2022 Nov 23

doi: 10.3390/pharmaceutics14122574 Investigation of Trends in the Research on Transferrin Receptor-

Mediated Drug Delivery via a Bibliometric and Thematic Analysis

Volume 25, Issue 7, 2025 PAGE NO: 340



Technische Sicherheit ISSN NO: 1434-9728/2191-0073

51. Asmaa Elzayat * , Inés Adam-Cervera 2, Olaia Alvarez-Bermtidez ? !, Rafacl Mufioz-Espi Volume 203 July

2021 https://doi.org/10.1016/j.colsurfb.2021.111764 Nanoemulsions for synthesis of biomedical

nanocarriers.

52. Yuvraj Singh ? Jaya Gopal Meher * Kavit Raval ® Farooq Ali Khan %, Mohini Chaurasia °, Nitin
K. Jain ¢  Manish K. Chourasia, Volume 252, 28 April 2017, Pages 28-49
https://doi.org/10.1016/j.jconrel.2017.03.008 Nanoemulsion: Concepts, development and applications in

drug delivery

53. Halliru Zailani *>*!, Wen-Lung Wang %!, Senthil Kumaran Satyanarayanan °, Wei-Che Chiu %8, Wen-Chun
Liu ™, Yi-Shan Sung #, Jane Pei-Chen Chang %", Kuan-Pin Su , Yale J Biol Med2024 Sep 30;97(3):349—
363. doi: 10.59249/YZ1.Q4631 Omega-3 Polyunsaturated Fatty Acids and Blood-Brain Barrier Integrity in

Major Depressive Disorder: Restoring Balance for Neuroinflammation and Neuroprotection

54. Vishwanath Kurawattimath ?, Barnabas Wilson ?, Kannoth Mukundan Geetha Volume 10, March 2023,

100128 Nanoparticle-based drug delivery across the blood-brain barrier for treating malignant brain glioma

55. Tobechukwu Christian Ezike ®°, Ugochukwu Solomon Okpala **, Ufedo Lovet Onoja ?, Chinenye Princess

Nwike ?, Emmanuel Chimeh Ezeako ?, Osinachi Juliet Okpara 2, Charles Chinkwere Okoroafor 2, Shadrach

Chinecherem Eze ©, Onyinyechi Loveth Kalu ¢, Evaristus Chinonso Odoh 9, Ugochukwu Gideon

Nwadike 2, John Onyebuchi Ogbodo *¢, Bravo Udochukwu Umeh ®, Emmanuel Chekwube Ossai 2, Bennett
Chima Nwanguma , 2023 Jun 24;9(6):e17488. doi: 10.1016/j.heliyon.2023.¢17488 Advances in drug delivery

systems, challenges and future directions

56. Belén Begines ", Tamara Ortiz 2, Maria Pérez-Aranda *, Guillermo Martinez !, Manuel Merinero !, Federico

Argiielles-Arias 3, Ana Alcudia Nanomaterials (Basel) 2020 Jul 19;10(7):1403. doi: 10.3390/nano10071403

Polymeric Nanoparticles for Drug Delivery: Recent Developments and Future Prospects

57. Prof Valery L Feigin Lancet Neurol 2019 May;18(5):459—480. doi: 10.1016/S1474-4422(18)30499-X

Global, regional, and national burden of neurological disorders, 1990-2016: a systematic analysis for the

Global Burden of Disease Study 2016

58. Nicolas Tournier!, Toshihiko Tashima Pharmaceutics 2023 Nov 7;15(11):2599.
doi: 10.3390/pharmaceutics15112599 Non-Invasive Drug Delivery across the Blood—Brain Barrier: A

Prospective Analysis

59. Shanshan Zhang ?, Lin Gan ®, Fengye Cao ¢, Hao Wang °, Peng Gong °, Congcong Ma ®, Li Ren ®, Yubo Lin
b, Xianming Lin Volume 190, November 2022, Pages 69-83 The barrier and interface mechanisms of the

brain barrier, and brain drug delivery

60. David S Hersh 2# Aniket S Wadajkar >  Nathan B Roberts ?, Jimena G Perez 2, Nina P
Connolly 2, Victor Frenkel %3, Jeffrey A Winkles >*°, Graeme F Woodworth >*, Anthony J Kim Curr Pharm

Des 2016 Mar;22(9):1177-1193. doi: 10.2174/1381612822666151221150733 Evolving Drug Delivery

Strategies to Overcome the Blood Brain Barrier

Volume 25, Issue 7, 2025 PAGE NO: 341



Technische Sicherheit ISSN NO: 1434-9728/2191-0073

61. Safiul Islam ® Md Mir Shakib Ahmed 2, Mohammad Aminul Islam ? Nayem Hossain ®, Mohammad
Asaduzzaman Chowdhury Volume 19, May 2025, 100529 Advances in nanoparticles in targeted drug

delivery—A review

62. Yimai Jiao, Luosen Yang, Rujuan Wang, Guogqiang Song,Jingxuan Fu, Jinping Wang ,Na Gao Hui
Wang Volume 16 / Issue 12 ,10.3390/pharmaceutics16121611 Drug Delivery Across the Blood—Brain

Barrier: A New Strategy for the Treatment of Neurological Diseases

63. Themis R Kyriakides >3, Arindam Raj 4, Tiffany H Tseng %°, Hugh Xiao !, Ryan Nguyen !, Farrah S
Mohammed ', Saiti Halder ', Mengqing Xu ', Michelle J Wu !, Shuozhen Bao '}, Wendy C Sheu Biomed
Mater. 2021 Mar 11;16(4):10.1088/1748-605X/abe5fa. doi: 10.1088/1748-605X/abeSta Biocompatibility of

nanomaterials and their immunological properties

64. Int J Nanomedicine 2024 Apr 23;19:3715-3735. doi: 10.2147/1JN.S462194 Innovations in Breaking

Barriers: Liposomes as Near-Perfect Drug Carriers in Ischemic Stroke therapy

65. Int J Nanomedicine 2020 Jan 21;15:445-464. doi: 10.2147/IJN.S231853 Nanocarriers for Stroke Therapy:

Advances and Obstacles in Translating Animal Studies
66. J.Cereb Blood Flow Metab 2017 Mar;37(3):1030-1045. doi: 10.1177/0271678X16649964. Epub 2016 Jul
20Hydrogel-delivered brain-derived neurotrophic factor promotes tissue repair and recovery after stroke
67. Mantosh Kumar Satapathy ', Ting-Lin Yen ">, Jing-Shiun Jan »f, Ruei-Dun Tang '3, Jia-Yi
Wang 345 Rajeev Taliyan 6 Chih-
Yang  '*Pharmaceutics2021Jul31;13(8):1183.doi: ~ 10.3390/pharmaceutics13081183  Solid  Lipid

Nanoparticles (SLNs): An Advanced Drug Delivery System Targeting Brain through BBB

68. Deepa D  Nakmode f, Candace M Day ' Yunmei Song !,  Sanjay

Garg Pharmaceutics2023May15;15(5):1503.doi: 10.3390/pharmaceutics15051503 The Management of

Parkinson’s Disease: An Overview of the Current Advancements in Drug Delivery Systems

69. Yuefei Zhu 2, Chunying Liu !, Zhiging PangBiomolecules 2019 Nov 27;9(12):790.

doi: 10.3390/biom9120790 Dendrimer-Based Drug Delivery Systems for Brain Target

70. Anglina Kisku ', Ambresh Nishad !, Saurabh Agrawal !, Rishi Paliwal %, Ashok Kumar Datusalia 3, Gaurav
Gupta #*°, Sachin Kumar Singh 7%, Kamal Dua %", Kunjbihari Sulakhiya *'Front Med (Lausanne) 2024

Sep 19 Recent developments in intranasal drug delivery of nanomedicines for the treatment of

neuropsychiatric disorders

71. Evridiki Asimakidou ', Justin Kok Soon Tan %3, Jialiu Zeng **, Chih Hung LoPharmaceuticals (Basel) 2024

May 10 Blood—Brain Barrier-Targeting Nanoparticles: Biomaterial Properties and Biomedical Applications

in Translational Neuroscience

72. TeresaMusumeciAngelaBonaccorso GiovanniPuglishPharmaceutics 2019, 71(3),118; /pharmaceutics11030

11820 January2019 / Revised: 4 March 2019 / Accepted: 6 March 2019 / Published: 13 March 2019 Epilepsy

Disease and Nose-to-Brain Delivery of Polymeric Nanoparticles: An Overview

Volume 25, Issue 7, 2025 PAGE NO: 342



Technische Sicherheit ISSN NO: 1434-9728/2191-0073

73. Shery Jacobl *Anroop B. Nair 20 octomber 2016 An Updated Overview on Therapeutic Drug Monitoring of
Recent Antiepileptic Drug

74. Manuela Gernert >*, Malte Feja 2020 Nov 24 Bypassing the Blood-Brain Barrier: Direct Intracranial Drug

Delivery in Epilepsies

75. Claudia Saraiva !, Catarina Praca ® ¢ ¢ ¢ !, Raquel Ferreira ? Tiago Santos ¢, Lino Ferreira ® ¢, Liliana Bern

ardino Volume 235, 10 August 2016, Pages 34-47 https://doi.org/10.1016/j.jconrel.2016.05.044 Nanoparticle-

mediated brain drug delivery: Overcoming blood—brain barrier to treat neurodegenerative diseases
76. Ashok Kakkar ', Giovanni Traverso ', Omid C Farokhzad 4, Ralph Weissleder >, Robert Langer Nat Rev
Chem. 2017 Aug 9;1(8):63. doi: 10.1038/s41570-017-0063 Evolution of macromolecular complexity in drug

delivery systems

77. Mayur M Patel !, Bhoomika M Patel CNS Drugs 2017 Feb;31(2):109-133 doi: 10.1007/s40263-016-0405-9

Crossing the Blood-Brain Barrier: Recent Advances in Drug Delivery to the Brain

78. Yan Chen!, Lihong Liu Adv Drug Deliv Rev 2012 May 15;64(7):640-65. doi: 10.1016/.addr.2011.11.010

Modern methods for delivery of drugs across the blood-brain barrier

79. William M Pardridge Front Aging Neurosci 2020 Jan 10:11:373. doi: 10.3389/fnagi.2019.00373.Blood-Brain

Barrier and Delivery of Protein and Gene Therapeutics to Brain

80. Gaurav Tiwari “®, Ruchi Tiwari !, Birendra Sriwastawa !, L Bhati 2, S Pandey !, P Pandey !, Saurabh K

Bannerjee Int J Pharm Investig 2012 Jan-Mar;2(1):2—-11. doi: 10.4103/2230-973X.96920 Drug delivery
systems: An updated review

81. Sonu Bhaskar!, Furong Tian, Tobias Stoeger, Wolfgang Kreyling, Jestis M de la Fuente, Valeria Grazu, Paul

Borm, Giovani Estrada, Vasilis Ntziachristos, Daniel Razansky Part Fibre Toxicol 2010 Mar 3:7:3 doi:

10.1186/1743-8977-7-3 .Multifunctional Nanocarriers for diagnostics, drug delivery and targeted treatment
across blood-brain barrier: perspectives on tracking and neuroimaging

82. William M Pardridge J Cereb Blood Flow Metab 2012 Aug 29;32(11):1959-1972.
doi: 10.1038/jcbfin.2012.126 Drug transport across the blood—brain barrier

83. Lydia Alvarez-Erviti !, Yigi Seow, Haifang Yin, Corinne Betts, Samira Lakhal, Matthew J A Wood Nat
Biotechnol 2011 Apr;29(4):341-5 doi: 10.1038/nbt.1807 .Delivery of siRNA to the mouse brain by systemic

injection of targeted exosomes
84. AM. Mehta !, AM. Sonabend !, JN. Bruce Volume 14, Issue 2, April 2017, Pages 358-371
https://doi.org/10.1007/s13311-017-0520-4 Convection-Enhanced Delivery

85. Denzil Furtado !, Mattias Bjornmalm 2, Scott Ayton 3, Ashley I Bush3#, Kristian Kempe 3, Frank Caruso Adv
Mater 2018 Nov;30(46):¢1801362. doi: 10.1002/adma.201801362 Overcoming the Blood-Brain Barrier: The

Role of Nanomaterials in Treating Neurological Diseases

86. Edward Neuwelt !, N Joan Abbott, Lauren Abrey, William A Banks, Brian Blakley, Thomas Davis, Britta

Engelhardt, Paula Grammas, Maiken Nedergaard, John Nutt, William Pardridge, Gary A Rosenberg, Quentin
Smith, Lester R Drewes Lancet Neurol 2008 Jan;7(1):84-96. doi: 10.1016/S1474-4422(07)70326-5 Strategies

to advance translational research into brain barriers

Volume 25, Issue 7, 2025 PAGE NO: 343



Technische Sicherheit ISSN NO: 1434-9728/2191-0073

87. Manuela  Gernert '»*,  Malte  Feja  Pharmaceutics 2020  Nov  24;12(12):1134.

doi: 10.3390/pharmaceutics12121134 Bypassing the Blood—Brain Barrier: Direct Intracranial Drug Delivery

in Epilepsies

88. Smriti Ojha 2 Babita Kumar Volume 4, Issue 2, December 2018, Pages 56-64

https://doi.org/10.1016/j.jocit.2017.12.001 A review on nanotechnology based innovations in diagnosis and

treatment of multiple sclerosis
89. Nazem Ghasemi !, Shahnaz Razavi ¥, Elham Nikzad Cell J 2016 Dec 21;19(1):1-10.
doi: 10.22074/cellj.2016.4867 Multiple Sclerosis: Pathogenesis, Symptoms, Diagnoses and Cell-Based

Therapy
90. Emilio Portaccio a4 Melinda Magyari b Eva
Kubala Havrdova ¢, Aureliec Ruet ¢ ° Bruno Brochet ¢ Antonio Scalfari f, Massimiliano Di

Filippo & Carmen Tur ", Xavier Montalban ", Maria Pia Amato Volume 44, September 2024, 100977
https://doi.org/10.1016/j.lanepe.2024.100977 Multiple sclerosis: emerging epidemiological trends and

redefining the clinical course
91. Yang Yang!, Yuxiu Chu?, Cheng Li3, Lianfeng Fan 3, Huiping Lu4, Changyou Zhan 3, Zui Zhang J Control
Release 2024 Sep:373:240-251 doi: 10.1016/j.jconrel.2024.07.014 Brain-targeted drug delivery by in vivo

functionalized liposome with stable D-peptide ligand
92. Mine Silindir Gunay "2, A Yekta Ozer *, Sylvie Chalon Curr Neuropharmacol 2016 May;14(4):376-391.
doi: 10.2174/1570159X14666151230124904 Drug Delivery Systems for Imaging and Therapy of Parkinson's

Disease

93. Ahmad Movahedpour !, Rasul Taghvaeefar !, Ali-Akbar Asadi-Pooya 23, Yousof Karami 4 Ronia

Tavasolian °, Seyyed Hossein Khatami ¢, Elahe Soltani Fard 7, Sina Taghvimi 8, Neda Karami °, Khojaste

Rahimi Jaberi ', Mortaza Taheri-Anganeh ¥, Hassan Ghasemi CNS Neurosci Ther 2023 Jul

14;29(11):3150-3159. doi: 10.1111/cns.14355 Nano-delivery systems as a promising therapeutic potential

for epilepsy: Current status and future perspectives
94. Ariane Mwema ? °, Giulio G. Muccioli * !, Anne des Rieux Volume 364, December 2023, Pages 435-457
https://doi.org/10.1016/.jconrel.2023.10.052 Innovative drug delivery strategies to the CNS for the treatment

of multiple sclerosis.
95. Tyler P Crowe !, M Heather West Greenlee !, Anumantha G Kanthasamy !, Walter H Hsu Life Sci
2018 Feb 15:195:44-52. doi: 10.1016/j.1fs.2017.12.025. Mechanism of intranasal drug delivery directly to the

brain.

96. David Lee !, Tamara Minko Pharmaceutics 2021 Nov 30;13(12):2049. doi: 10.3390/pharmaceutics13122049

.Nanotherapeutics for Nose-to-Brain Drug Delivery: An Approach to Bypass the Blood Brain Barrier

Volume 25, Issue 7, 2025 PAGE NO: 344





