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ABSTRACT

It has been estimated that about 1.5 million deaths occur due to central nervous system disorders. The problem is overcome by modern pharmaceutical technology by manufacturing nanoparticles. These are small particles that have an advantage over other drugs because they have the ability to pass through the blood–brain barrier, which is a structure in the brain that maintains the transport of substances and drugs between blood and brain. Nanoparticles are of different types. They may be polymeric, liposomal, or solid lipid nanoparticles. The main aim of nanoparticles is the target-specific delivery of drugs.
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Introduction

The development of nanoparticles for the central nervous system (CNS) is an effective field of study in the recent century. It is focusing on the delivery of large pharmaceutical molecules such as antisense drugs, recombinant proteins and antibiotics, due to some problems in the functional platform of the CNS that is why the large molecules cannot be targeted properly and its effect cannot occur efficiently with other modern technologies the problem has been overcome by the development of the nanoparticles.1

Nanoparticles, which are small particles with a size ranging from 1 to 100 nm and may be organic or inorganic in nature, are similar to DNA plasmids and antibodies. In past decades, significant work has been done in the field of nanotechnology, and nanoparticles are being used to deliver drugs across the blood–brain barrier (BBB) and are site-specific.2

Proper functioning of nanoparticles depends on the size of the nanoparticles and their ability to cross the BBB.2 The BBB is a regulated interface between the CNS and peripheral circulations, the BBB is the cerebral microvascular endothelium which together with the pericytes, neurons, extracellular matrix and the astrocytes forms “neurovascular unit,” which is essential for the proper functioning of a CNS there is a tight junction between the endothelial cells of the BBB which restrict the diffusion of substances between blood and brain, the impairment of the BBB and tight junctions can effect CNS.3

It has been estimated that about 1.5 million deaths occur due to malfunctioning of CNS diseases like encephalitis and meningitis, and neurodegenerative diseases such as glioblastoma, Alzheimer’s disease, and Parkinson’s disease. There is a demand for effective treatment, so nanoparticles are being used as site-specific target drugs.4

In CNS, nanoparticles-targeted drug therapy provides better penetration of the therapeutic drug or agent, and it also reduces the chance of biodegradability. It is also possible to deliver drugs across the BBB, with controlled release of the drug. In aqueous solution, many therapeutic drugs or agents are poorly soluble or insoluble, oral or parental delivery of the drug is of a great challenge. However, these therapeutic compounds became beneficial through nanoparticle technology. The targeted drug delivery is basically the delivery of drugs or a therapeutic agent to a specific site in the body. In this review, we will study the nanoparticle-targeted drug delivery system and its work in the BBB.




Anatomy of BBB

The BBB, which separates the circulating blood from the extracellular fluid, is a selective membrane in the CNS. The BBB comprises endothelial cells, an adherens junction, and a tight junction, which form the first line of defense in endothelial barrier disruption, which may cause cell death.5

The main factor that promoted the development of the BBB was the protection of neurons in the brain and the spinal cord. The flow of plasma components in both directions, which is the delivery of nutrients to the brain and the removal of metabolic products, is controlled by the specific transport system. The brain is protected by the P-glycoprotein, which provides protection against lipophilic compounds entering through the gastrointestinal tract (Figure 1).
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Fig 1 | Anatomical structure of BBB



For the proper functioning of the BBB, the operative features must be taken into account, which include physical, immunologic, transportation, and metabolic features. The physical barrier can be defined as the presence of adherens junctions and tight junctions between adjacent endothelial cells.6 The metabolic junction is the combination of intracellular and extracellular enzymes.7 The transport barrier includes para-transcellular routes, and the transcellular route plays an important role in the penetration of substances through the BBB.8

Microglia, mast cells, and perivascular macrophages form the immunological barrier and provide limited penetration of immune cells such as lymphocytes.9

The function of the BBB is to protect the brain against the bacterial infections, and it allows the diffusion of water, gases, and lipid molecules. The main function of the BBB is to protect the brain from the harmful toxins that are present in the brain. Active metabolism and carrier-mediated transportation occur due to the BBB.


Nanoparticles for Drug Delivery

Nanoparticles are small organic and inorganic molecules similar to DNA plasmid and antibody. The nanoparticles are influencing fields like nanobiotechnology, biosensors, drug delivery, and microarrays to tissue engineering.2 Different types of nanoparticles have been designed for the specific delivery of nanoparticles, which includes organic, polymeric, liposomes, and metallic nanoparticles.10

Targeted site-specific drug delivery is an important function of nanomedicines. The ability to eliminate tumorous outgrowth without any damage is possible through nanoparticles, and the delivery systems are based on functionalized nanoparticles, with a nanometer range in size, and can enhance the delivery of the drug by biodistribution.11 Modification of the nanoparticles for their delivery in the BBB is a great success in this field, for example, doxorubicin does not cross the BBB, but its integration with the polysorbate can enhances its delivery across the brain.12 Nanoparticles have the ability to efficiently penetrate deep into the cells and tissues.13 Nanoparticles have increased the scope of the pharmacokinetics for insoluble drugs.



Nanoparticles Targeted to the Brain

Neurological disorders are an important cause of death, and it has been estimated that 12% deaths occur due to neurological disorders globally. Nanoparticles, if they cross the BBB, are easily targeted to the brain. They are lipid soluble and mostly active in passive diffusion. Nanoparticles are objects ranging in size from 1 to 100 nm, and they work as a whole unit when it comes to their transport and properties. Among all therapies, nanotherapy is an important therapy to reduce the mortality rate due to CNS disorders.

The nanoparticles are targeted to the brain in the following steps:

The nanoparticle drug concentration increases on the surface of the BBB cells, and a concentration gradient is established between the blood and the brain. This gradient will increase the passive diffusion of the drug. The next step that nanoparticles have to pass through is the capillary cells of the brain and their passage through the BBB.4,6





Types of Nanoparticles Targeted to the Brain

Generally, nanoparticles are composed of inorganic and polymeric materials, but different types of nanoparticles that are being targeted to the BBB are the following:




Lipid-Based Nanoparticles


Liposomes

Liposomes are made from cholesterol and phospholipids and are small artificial vesicles of spherical shape. Because of their size and characteristics (hydrophobic and hydrophilic), liposomes are considered the first generation of the nanoparticulate drug delivery system, and they constitute one or more vesicular bilayers composed of lipids. The liposomes are widely used to treat brain tumors for the delivery of opioid peptides.14 In the treatment of cerebrovascular system disorders, the substances prepared in liposomal form are very beneficial.

The nerve growth factor (NGF) is a peptide that was considered beneficial for the treatment of damaged neurons, but it cannot pass through the BBB. The same NGF becomes effective in liposome form.15

The hydrophobic and hydrophilic compounds can be trapped by the liposome, which will avoid the decomposition of the entrapped combinations and release them at a specific targeted place.16



Cationic Liposomes

The positively charged particles, named as cationic liposomes, have been developed and used as a vehicle to transfer genetic material into the cells, avoiding the lysosomal digestion. An example of the cationic liposome is bolaamphiphiles in which hydrophobic group is surrounded by the hydrophilic group and strengthen the nanovesicles containing the drug.17



Solid Lipid Nanoparticles (SLNs)

SLNs are stable lipid-based nanoparticles that have a solid core made of hydrophobic lipid in which a drug can be dissolved or dispersed. These SLNs are made up of waxes, fatty acids, and triglycerides; they are small in size and can pass through the BBB. The solid core of SLN is usually hydrophobic and is covered by a phospholipid layer. The attachment of the ligand facilitates the penetration across the BBB.18 The permeability of the SLNs can be increased by polyethylene glycol. The advantage of SLNs is the controlled release of the drug.19





Polymer-Based Nanoparticles


Polymeric Nanoparticles

Polymeric nanoparticles represent a solid colloidal system composed of biocompatible copolymers that have low water solubility; the nanoparticles are prepared from synthetic polymers. As the name suggests, the nanoparticles are made up of polymers.

The drug is dispersed in nanospheres, which have dense polymeric matrices; the polymeric shell is surrounded by a nanocapsule. The most important technique involved in monomer polymerization is the addition of monomers into the dispersed phase of an emulsion or dissolved in a nonsolvent polymer.19

There are two approaches for the preparation of nanoparticles by synthetic polymers; the first theory involves emulsification of a water-immiscible organic solution of the polymer. The second approach follows the precipitation of a polymer after the addition of a nonsolvent to the polymer.

The mechanism of nanoparticles uptake by the brain involves the following steps:


	The enhanced retention in the brain blood capillaries with adsorption to the capillary walls increasing the concentration across the BBB

	The junction opens due to the presence of the nanoparticles

	Transcytosis of nanoparticles through the endothelium



The advantage of polymeric nano particles is the stability of the pharmaceutical agent and delivery of higher concentration to the targeted site.






MicroRNA-Loaded Exosomes

MicroRNA (miRNA)-loaded exosomes have emerged as a promising nanoparticle-based delivery system capable of crossing the BBB with high efficiency and specificity. Exosomes are naturally occurring, nanosized extracellular vesicles that facilitate intercellular communication and possess inherent biocompatibility and low immunogenicity. When engineered to carry therapeutic miRNAs, they can modulate gene expression in targeted brain cells, offering potential treatments for neurodegenerative diseases, brain tumors, and other CNS disorders. By surface-modifying exosomes with targeting ligands or peptides, such as rabies virus glycoprotein, researchers have enhanced their ability to cross the BBB via receptor-mediated transcytosis. This delivery approach not only protects the miRNA cargo from degradation in circulation but also ensures controlled, targeted release within the brain microenvironment. The convergence of nanotechnology and exosome engineering thus holds significant promise for advancing noninvasive, gene-regulatory therapies for neurological conditions.20,21




Transferrin-Modified Polymeric Micelles

Transferrin-modified polymeric micelles represent a cutting-edge approach in nanoparticle-mediated drug delivery across the BBB. These nanoscale carriers are engineered by decorating the surface of polymeric micelles with transferrin, a glycoprotein that binds to transferrin receptors abundantly expressed on the endothelial cells of the BBB. This modification enables receptor-mediated endocytosis, facilitating efficient and targeted transport of therapeutic agents into the brain. Polymeric micelles, typically composed of amphiphilic block copolymers, offer advantages such as high drug-loading capacity, stability in circulation, and controlled release profiles. When functionalized with transferrin, these micelles exhibit enhanced the BBB permeability and cellular uptake, making them highly suitable for delivering chemotherapeutics, neuroprotective agents, or gene therapies to treat brain tumors, neurodegenerative diseases, and other CNS disorders. This strategy exemplifies the synergy between receptor-targeted delivery and nanotechnology to overcome the physiological barriers of the brain.22,23




Advancements in the Current Era

Recent advancements in nanotechnology have significantly improved the ability of nanoparticles to cross the BBB, a major obstacle in treating CNS disorders. Researchers have developed surface-engineered nanoparticles—such as those coated with targeting ligands, peptides, or antibodies—that can interact with specific receptors on the BBB, enabling receptor-mediated transcytosis. Additionally, stimuli-responsive nanoparticles that react to changes in pH, temperature, or enzymes offer controlled drug release once inside the brain. Innovations in lipid-based carriers, dendrimers, and polymeric nanoparticles have further enhanced biocompatibility and drug-loading capacity. These breakthroughs hold promising potential for more effective treatments of neurodegenerative diseases, brain tumors, and other neurological conditions by enabling the precise delivery of therapeutic agents directly to the brain.24,26




CRISPR-Cas Delivery Across the BBB

Nanoparticle-based delivery systems have emerged as a powerful strategy for transporting clustered regularly interspaced short palindromic repeats (CRISPR)-associated protein (CRISPR-Cas) components across the BBB, addressing one of the critical challenges in gene editing for neurological disorders. Traditional delivery methods, such as viral vectors, often face limitations in safety and BBB permeability, whereas nanoparticles—especially lipid-based, polymeric, and inorganic formulations—offer customizable, nonviral platforms with improved biocompatibility and reduced immunogenicity. By functionalizing nanoparticles with targeting ligands or peptides that exploit receptor-mediated transport mechanisms (e.g., transferrin or insulin receptors), researchers have achieved efficient translocation of CRISPR-Cas9 ribonucleoproteins or plasmids into brain tissue. Furthermore, stimuli-responsive and biodegradable nanoparticles enhance control over release kinetics and protect CRISPR components from enzymatic degradation. These innovations are paving the way for precise, minimally invasive genome editing therapies for conditions such as Huntington’s disease, glioblastoma, and Alzheimer’s disease.27,28




Conclusion

In the above discussion, the importance of nanoparticles is discussed. Nanotechnology is used for the treatment of CNS disorders. Nanoparticles have the advantage for drug delivery, such as reduced side effects, increased drug half-life, and the possibility to enhance drug crossing across the BBB. Therefore, the aim of nanotechnology is to reduce the mortality rate due to CNS disorders.
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