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Nanoarchitectonics for  
Brain Drug Delivery

This book discusses basics of brain diseases and the role of nanobiotechnology in 
existing treatment options for neurodegenerative disorders. It begins with an overview 
of brain diseases and the need for novel drug-​delivery approaches. It highlights the 
current route for the intranasal advanced drug-​delivery systems for brain diseases. It 
also discusses innovative categories of drug-​delivery systems, including mesoporous 
silica nanoparticles, polymeric nanocarriers, and lipid-​based nanocarriers through 
multi-​responsive DDSs and their implications in brain disorders.

Features:

•	 Includes an overview of brain diseases and highlights the need for novel drug-​
delivery approaches.

•	 Focuses on theoretical aspects of advanced drug-​delivery systems for brain 
diseases including challenges and progress in nose-​to-​brain delivery.

•	 Provides an overview of technological approaches and their implications for 
neurodegenerative disorders, central nervous system (CNS), and brain drug 
delivery in brain cancer.

•	 Discusses key advances in the development of polymer nanoparticles for drug 
delivery to the CNS.

•	 Reviews the role of herbal medicines and naturally derived polymeric 
nanoparticle for the treatment of neurodegenerative disorders.

This book is aimed at graduate students and researchers in biomedical engineering, 
biotechnology, drug delivery, and neurology.
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Preface
Over the past decades, the pharmaceutical industry has faced significant challenges in 
developing drug-​delivery systems (DDSs) that efficiently treat the disease in question 
with minor side effects. Thus, the rapid advances in micro-​ and nanomaterials for 
biomedical applications have received tremendous experimental attention in almost 
every field of biosciences and are now a reality coming into practice and expected to 
have an enormous impact on human healthcare. The applications of these materials 
include, but are not limited to, brain drug delivery, brain tumour delivery, natural 
products delivery, central nervous system delivery, and blood–​brain barrier drug 
delivery. These materials also hold great promise in biomedical applications for early 
diagnostics, non-​invasive imaging, and targeting the delivery of therapeutics, as well 
as for combined functions, such as concurrent therapy and the monitoring of diseases 
(nanoarchitectonics). More than ever, there are combined efforts from many scientists 
worldwide with different backgrounds to develop efficient and promising DDSs. As 
a result, promising advanced DDSs with high payloads of therapeutic agents, specific 
for controlled and targeted drug delivery at effective local concentrations with the 
fewest side effects possible, have been developed. At the same time, the biocompati-
bility and biodegradability of these DDSs are imperative and are usually associated 
with the efficiency and safety of the DDSs. For example, inorganic porous-​based 
biomaterials can be used as, for example, drug carriers and for locally controlling 
the dose and duration of the release of therapeutic agents. This is expected to signifi-
cantly improve healthcare quality while reducing costs, particularly for patients with 
chronic illnesses. The field of drug delivery and biomaterials is rather interdisciplinary 
and rapidly growing. The administration of particulate systems for drug delivery has 
to be preceded by an extensive series of preclinical and clinical tests and critical 
issues such as biodistribution, circulation, immune response, toxicity, and clearance, 
which need to be evaluated before applying them to humans. The great advantage 
of these DDSs is that they are non-​toxic and biodegradable in most cases, which 
renders them greatly promising for the future when moving from a preclinical to a 
clinical setting. This book is a part of Nanoarchitectonics for Brain Drug Delivery: A 
Boon for Healthy Brain. However, the book is focused on the types of central ner-
vous system (CNS) disorders and brain drug delivery and blood–​brain barrier (BBB) 
penetration. It is devoted to presenting various nanocarriers’ recent therapeutic and 
diagnostic applications in brain drug delivery and CNS delivery. The book contains 
14 chapters. Chapter 1 discusses nanoparticles and their types and route of admin-
istration as well as their role in drug delivery (BBB and CNS), the second chapter 
discussed the fundamentals of brain diseases, comprising a valuable background 
for the that follow. In this chapter, the book provides an overview of brain diseases 
and the need for novel drug delivery approaches, thereby introducing and discussing 
the basic concepts and their potential clinical use. Both Chapters 3 and 4 discuss 
the theoretical aspects of advanced drug delivery systems for brain diseases and the 
challenges and progress in nose-​to-​brain delivery. Chapters 5, 6, 7, and 8 discuss 
innovative categories of DDSs, including mesoporous silica nanoparticles, polymeric 
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nanocarriers, lipid-​based nanocarriers, and combination as well as multi-​responsive 
DDSs, respectively, and discuss technological approaches and their implications for 
neurodegenerative disorders, CNS, and brain drug delivery. Chapter 9 discusses the 
applications of targeted delivery systems in brain cancer. Herbal medicine-​loaded 
nanoparticles and natural polymeric nanoparticles are discussed in Chapters 10, 11, 
and 12, which include herbal medicines and naturally derived polymeric nanoparticles 
for the treatment of neurodegenerative disorders. The last two chapters, 13 and 14, 
provide a detailed overview of progressive perspectives on solid lipid nanoparticles 
in brain targeting, as well as the neuropharmacological potential of ayurvedic 
nanomedicines and their implications in a preclinical and clinical setting.

AIM AND SCOPE

Nanoscience has the potential to transform the existing treatment options for 
neurodegenerative disorders like Alzheimer’s disease, Parkinson’s disease, brain 
cancer, haemorrhages, and so on. In malignant brain tumours, the mainstay of care 
is maximal surgical resection (if possible), followed by radiation, chemotherapy, and 
symptomatic treatment. The brain accounts for nearly all malignant CNS tumours. 
Cancerous brain tumours are prone to relapse and remain unmet challenges for 
clinicians. Due to the high rate of intracranial metastases, new chemotherapeutics have 
transformed the prognosis for many forms of cancer. Multiple studies have indicated 
that nanomaterials can successfully be used to treat CNS disorders. Nanoparticles may 
act as a drug transporter that can precisely target sick brain subregions and provide 
better therapeutic benefits of the loaded drugs. Multifunctional nanoparticles carrying 
bioactive moiety which serve two basic purposes: (i) improving drug distribution, and 
(ii) easily enabling cell dynamics imaging and pharmacokinetic studies. Improved 
diagnostic and therapeutic outcomes could be achieved using nanotechnology and 
polymer science. Nanomedicines are also used to treat oxidative stress. Despite their 
potential in disease management, nanomedicines have yet to establish themselves 
as widely available treatment options. However, the development of nanomedicines 
to cure neurodegenerative and inflammatory diseases of the nervous system is crit-
ical. The utilization of nanotechnology as a therapeutic carrier and diagnostic agent 
has shown promising and inherent outcomes. The safety concern is a major hurdle 
that needs to cleared before industrial and/​or clinical translation of nanomaterials. 
Nanotechnology-​based drug delivery systems can easily cross the BBB and blood–​
cerebrospinal fluid barrier (BCFB), making it possible to overcome the limitations of 
conventional therapeutics and finally improve the therapeutic benefits of loaded active 
moieties. Scientists globally, both from academia and the pharmaceutical industry, 
are trying to produce an associative strategy to develop nanotechnology based drug 
products to overcome challenges associated with existing CNS therapies. In the 
future, nanomaterials and their complex mixtures including therapeutic substances 
could be an effective tool in brain drug delivery.

Anurag Kumar Singh
Vivek K. Chaturvedi

Jay Singh
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Nanomedicine at the 
Forefront
Transforming Brain Drug 
Delivery with Innovative 
Strategies

Snigdha Singh, Anurag Kumar Singh, Anand 
Maurya, Vivek K. Chaturvedi, Jay Singh, and 
Santosh Kumar Singh

1.1 � INTRODUCTION

The human body’s most complex and essential organ is the brain. Consequently, it 
is vital to safeguard it against any affronts that might perhaps prompt disease, aggra-
vation, ill-​advised initiation, and, surprisingly, the passing of cerebral cells [1]. The 
central nervous system (CNS) comprises the mind and the spinal string. There are two 
main barriers that protect these areas: the blood-​cerebrospinal fluid barrier (BCFB) 
and the blood–​brain barrier (BBB) [1]. Since these barriers of the CNS function 
as a selectively permeable membrane and do not completely block all incoming 
compounds, the use of the term “barrier” to describe these interfaces is misleading [2].

The BBB is characterized by an unmistakable construction and communication 
between the acellular and the cell parts in the cerebrum. The essential capability of 
the BBB is to ensure that there exists a reasonable climate for the communication and 
the working of the neurons, which is significant for keeping up with homeostasis, 
directing efflux and deluge, and safeguarding the mind from pathogenic specialists 
[1]. The BBB consists of a nonstop layer of endothelial cells associated through 
close intersections (TJs), follower intersections (AJs), and hole intersections (GJs). 
TJs are the most important component of the BBB’s composition and enhance trans-​
endothelial resistance in the BBB [3]. By tethering the adjacent cells so tightly that 
they obstruct the space between them, these junctions enable the controlled passage 
of drugs across the BBB [2, 3]. Pericytes, astrocytes, microglia, and adjacent neurons 
are specialized cells that can be found in the BBB. From a physical perspective, 
pericytes are multifunctional painting cells that fold over endothelial cells and control 
TJs, AJs, and transcytosis across the BBB [4]. A nano drug delivery system (NDDS) 
has unique advantages in drug delivery. The appropriate physicochemical properties 
including solubility, particle size, potential, and morphology contribute to improving 
the pharmacokinetics and tissue distribution. What’s more, surface modification may 
enhance the accumulation of drugs in the target tissue to improve the therapeutic 
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effect. In addition, the NDDS has specific drug release behaviour, which increases 
the concentration of drug in the target site and reduces the concentration of drugs in 
the non-​target site, thereby reducing adverse reactions. Furthermore, a NDDS makes 
it easy to realize a combined treatment to achieve synergistic effects [5].

Nanostructures have several benefits, such as variable particle size, shape, and 
high drug-​loading capacity. Drug delivery systems (DDSs) have recently become 
more and more necessary to diminish the drawbacks of conventional therapies, such 
as their lack of selectivity and poor biodistribution [6]. By precisely delivering a 
therapeutic molecule to the intended site while maintaining the integrity of the thera-
peutic molecule, a well-​designed DDS can significantly improve the therapeutic effi-
cacy of a therapeutic molecule, minimizing any unintended side effects. Due to their 
distinctive physicochemical and biological characteristics, nanoparticles (particles 
smaller than 100 nm) have also been proved to be advantageous as effective drug 
delivery carriers in the course of recent nanotechnology advancements [7].

Novel DDSs comprise a diverse range of materials like silica-​ and carbon-​based 
porous nanoparticles [8, 9], SLNs, self-​emulsifying emulsions, dendrimers [10, 11, 
12], responsive liposomes, and magnetic and polymeric nanoparticles [8, 13]. DDS-​
based nanoparticles have been employed for brain targeting and have proven to be good 
candidates for enhancing the active ingredient’s efficacy and reducing its undesirable 
effects. Furthermore, due to its physico-​chemical features, such as a homogeneous 
pore network, a wide surface area, less toxicity, and enhanced bio-​distribution of the 
loaded cargo [8, 13], nanoparticles have been thoroughly researched in terms of con-
trolled drug release.

1.2 � CLASSIFICATION OF NANOPARTICLES

Nanoparticles (NPs) are classified into several types based on their chemical 
characteristics, morphology, and size. Some well-​known classes of NPs are listed 
below based on their chemical and physical properties (Figure.1.1).

1.2.1 � Inorganic Nanoparticles

This class includes nanoparticles (NPs) that are not comprised of organic or carbon 
elements. Metal, ceramic, and semiconductor NPs are classic examples of inorganic 
NPs. Metal NPs are entirely composed of metal precursors and can be bimetallic, 
monometallic [14], or polymetallic [15]. Furthermore, some metal NPs have unique 
biological, thermal, and magnetic properties [16]. This makes them increasingly sig-
nificant materials for the creation of nanodevices that can be employed in a wide range 
of biological, physical, biomedical, chemical, and pharmacological applications [17]. 
Nowadays, the shape-​, size-​, and facet-​controlled synthesis of metal NPs is critical for 
developing cutting-​edge materials [17].

1.2.2 �P olymeric Nanoparticles

Organic-​based NPs are typically known as polymeric nanoparticles (PNPs). They are 
generally shaped like nanocapsules or nanospheres [18, 19]. The former are matrix 
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FIGURE 1.1  Different types of nanoparticles with their demerits and merits.
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particles with a usually solid overall mass, whereas the other molecules are adsorbed at 
the spherical surface’s outer edge. In the latter state of the preparation, the solid mass is 
entirely enclosed within the particle [19]. PNPs are easily functionalized and so have a 
wide range of applications such as drug delivery, biomedical application, and so on. [20].

1.2.3 �L ipid-​Based Nanoparticles

These types of NPs include lipid moieties and can be used in a variety of biomed-
ical applications. A lipid NP is typically spherical, with a diameter ranging from 10 
to 1000 nm. Lipid NPs, like polymeric NPs, have a solid lipid core and a matrix 
containing soluble lipophilic compounds. Emulsifiers or surfactants were used to 
stabilize the exterior core of these nanoparticles [19]. Lipid nanotechnology is a 
widespread field that focuses on the design and synthesis of lipid nanoparticles for a 
variety of applications, including drug delivery, delivery of siRNA in cancer therapy, 
stem cell therapy, and so on [21, 22].

1.3 � PHYSICOCHEMICAL PROPERTIES OF NANOPARTICLES

As previously discussed, NPs are distinguished by their physico-​chemical features,  
which include enormous mechanical size, shape, charge, surface area, solubility,  
magnetic properties, strength, chemical reactivity, optical activity, aggregation, and  
depression [17, 23]. These physico-​chemical properties of nanoparticles play a cru-
cial role in their application across various fields, including medicine, electronics,  
catalysis, energy, environmental remediation, and more. Details of the physio-​ 
chemical features of nanoparticles are shown in Figure 1.2.

FIGURE 1.2  Basic physiochemical properties of nanoparticles.
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1.4 � PROMISING STRATEGIES FOR ENHANCING CENTRAL 
NERVOUS SYSTEM DRUG DELIVERY

To make it easier for therapeutic drugs to get to their intended location in the brain,  
pharmaceutical manipulation, disruption of the BBB, and other techniques involving  
the use of nanocarriers are currently used (Figure 1.3) [24]. Following administration, 
drug carriers must overcome a number of hurdles and barriers before reaching  
their targets. Tissue barriers, the immune system, biological hydrogels, and cellular  

FIGURE 1.3  Illustration of impact of different types of nanoparticles in central nervous 
system.
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trafficking routes are all active obstacles to drug delivery that the body erects. These  
biological barriers are critical physiological components that protect the body from  
invading pathogens and preserve homeostasis, but they also provide distinct hurdles  
to drug carrier entry and navigation to their target region. In this part, we will provide  
examples of new material designs that enable dynamic bio-​interfacing between drug  
carriers and biological barriers in order to optimize drug delivery outcomes.

1.4.1 �L iposomes

Liposomes with gigantic prescription stacking limit are made of no less than one 
phospholipid two overlay layers. Although it typically has limited freedom time and 
a low passage rate, joining PEG and concentrating on ligands can overcome these 
issues. Additionally, PEG-​modified liposomes have improved auxiliary stability 
against the rapid arrival of medication atoms. Moreover, Pardridge and his colleagues 
developed a series of immune liposomes that counteract agent-​joined PEGylated 
liposomes for receptor-​mediated delivery of various therapeutics containing nucleic 
acids and medication particles to the brain [25–​28]. Recently, Feng et al. utilized 
immune liposomes containing an enemy of EGFR neutralizer to deliver sodium 
borocaptate for the treatment of boron catch neurons [29]. Numerous boron molecules 
were specifically delivered to glioma cells through this novel conveyance framework 
during the in vitro and in vivo phases. In this step mice treated with the control lipo-
some coming up short on the counter EGFR mAb, the level of BSH was low in both 
growth and regular tissues. Then, again, in resistant liposome-​treated mice, BSH was 
perceived in the growth and enveloping regions at 24 h a short time after imbuement 
and remained at a critical level for another 24 h [29]. Some immune system demyelin-
ating diseases, such as multiple sclerosis (MS) and other neurodegenerative diseases, 
may benefit from the inhibition of reactive oxygen species (ROS). Additionally, 
Grahn and colleagues used non-​PEGylated liposomes to simultaneously exemplify 
gadodiamide (gadoCED) and topotecan (topoCED), facilitating treatment of glio-
blastoma multiforme and continuous nanoparticle conveyance monitoring [30].

1.4.2 � Viral Vectors

Viral vectors can contaminate cells by utilizing their hereditary material (RNA or 
DNA). Due to their capacity to deliver the desired genes to patients with neuro-
logical disorders, these vectors have recently received a lot of attention. Nucleic 
acids are frequently transported to the brain parenchyma using these DDSs. The 
long-​term expression of transgenes within nondividing cells, and the high trans-
fection efficiency (80%) of viral vectors in gene transduction in the brain are 
the main advantages of using them over other drug delivery candidates. Drug 
delivery into the brain has been achieved by some viral vectors, including lenti-
virus, herpes simplex virus (HSV), adenovirus (AdV), and adeno-​associated virus 
(AAV). However, in addition to their immunogenicity, these vectors have a number 
of limitations for drug delivery applications, including high production costs and 
manufacturing difficulties. Several administration methods, including stereotaxic 
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injection and injection into the CSF, have been developed to circumvent the BBB 
because viruses cannot passively cross it. In order to move viral vectors from pre-
clinical to clinical studies, more research needs to be done on their application, 
safety, and immunogenicity. In the study, the conveyance of the glutamic corrosive 
decarboxylase quality in the AVV2 vector was concentrated on utilizing 42 PD 
patients. Open-​label research was used throughout the study’s 12-​month duration. 
A decrease in levodopa-​prompted dyskinesias was seen at a year in a gathering 
infused with the AAV2-​glutamic corrosive decarboxylase quality contrasted. As a 
result, at 12 months, patients who received the AAV2-​glutamic acid decarboxylase 
gene injections showed clinical benefits [31].

1.4.3 �N anoemulsion

Twenty years ago, nanoemulsions with specific droplet sizes of 20–​200 nm were 
developed [32, 33]. They are routinely alluded to as scaled-​down submicron, 
ultrafine or around over the scattered emulsions [34, 35]. Their non-​toxic and non-​
aggravation nature makes them non-​toxic in nature [36]. Nanoemulsion oil droplets 
are either dispersed in an aqueous medium (O/​W) or the other way around (W/​O) in 
nanoemulsion [37, 38]. Two significant cycles might be helpful for the development 
of nanoemulsions, either by high-​energy emulsification techniques (for example, 
high-​pressure homogenizers) or low-​energy techniques (for example, unconstrained 
emulsification) [39–​41]. The choice of an oil component in a nanoemulsion is cru-
cial for drug delivery to the brain. Various mind take-​up examinations have outlined 
the particular take-​up of fundamental polyunsaturated unsaturated fats and omega-​6 
unsaturated fats, for example, pinolenic and linoleic acids.

1.4.4 �S olid Lipid Nanoparticles

These drugs can be liquefied to the core area of solid lipid nanoparticles (SLN), 
which are a lipid-​derived nanocarrier with a solid, hydrophobic lipid shell. They 
are of a smaller size (40–​200 nm), which enables them to leak from the reticulo-
endothelial structure and cross the BBB’s close-​fitting endothelial layer [42]. Bio-​
constituent lipids like fatty acids, triglycerides, and waxes are used to construct solid 
lipid nanoparticles [43]. The drug and the liquefied lipid are typically distributed 
in the aqueous surfactant during manufacturing thanks to the increased gravity of 
microemulsification. The advantages of SLN are their profile circulation, drugs have 
higher ensnarement capability connected with other nanoparticles, and they work to 
give a steady arrival of the medication for a long time [44]. Improved drug delivery 
to the brain mediated by SLN is the subject of numerous reports. For example, SLN 
transport of a calcium channel blocker medication, taken intravenously into a rat, 
showed that the medication was more prominent delivery by the cerebrum and saved 
high medication stages for an additional time frame related to free medication suspen-
sion. According to Wang and colleagues, the preparation of 3,5-​dioctanoyl-​5-​fluoro-​
2-​deoxyuridine (DO-​FUdR) was made to lessen the medication’s restricted access 
and SLN entrapment. Researchers hypothesized that SLN could improve the drug’s 
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suitability to penetrate through the BBB and is a promising drug targeting system for 
the neurodegenerative disease [45], and that the results demonstrated that DO-​FUdR-​
SLN had brain targeting efficiency in vivo that was approximately two times greater 
than that of free FUdR [46].

1.4.5 �P olymeric Micelles

Poymeric micelles are made up of amphiphilic copolymers with formation in hydro-
philic media continuing to shape the spheroidal construction with a hydrophilic shell 
and hydrophobic environmental factors. [47]. The solidness of polymeric micelles 
can be overhauled by the technique of cross-​linking. Polymeric micelle advancements 
offer a promising potential to overcome rapid, stimulus-​triggered responses, such as 
temperature, pH, ultrasound, and light. These innovations enable precise control over 
the release of encapsulated drugs [48]. One of the most commonly employed polymers 
is a block copolymer, specifically the pluronic type, derived from ethylene and pro-
pylene oxide. Pluronic polymers possess the ability to bypass host defenses and often 
precisely target drug delivery to specific locations [49]. Upon entering the cellular 
structure, these polymeric micelles disrupt various cellular functions, including mito-
chondrial respiration, ATP synthesis, genetic regulation, and apoptotic signal trans-
duction. Furthermore, these micelles can influence the BBB, the gastrointestinal tract, 
and p-​glycoprotein in drug-​resistant tumors, ultimately enhancing drugs absorption 
in the intestines and facilitating drug entry into the brain.

The possibilities for distributing drugs to the brain using polymeric nanoparticles 
have been discussed. For instance, chitosan-​involved pluronic nanocarriers with 
a specific brain target peptide (the glycoprotein of the rabies virus; RVG29) after 
intravenous injection into mice revealed in vivo brain gathering either of a protein 
conjugated into the nanocarrier or of a quantum dot fluorophore attached to the carrier.

1.4.6 �N iosomes

Niosomes are nanoparticles with a double-​layer structure made by self-​linking 
non-​ionic surfactants and cholesterol in an aqueous layer. By protecting the drug 
from harsh environmental conditions, it improves the therapeutic performance of 
implanted drugs [50]. Many chemotherapeutic agents exhibit cytotoxic limitations, 
often leading to significant adverse effects in normal cells. A significant number of 
the chemotherapeutic agents exhibit cytotoxic limitations, often leading to significant 
adverse effects in normal cells. However, it is anticipated that the drug’s involvement 
in a vesicular-​like noisome will spread more widely than its occurrence in the sys-
temic pathway, resulting in increased penetration into the main site with less toxicity 
[51]. The nanocarrier does not just build the flow of the ensnared drug, but it add-
itionally improves its organ appropriation and metabolic movement. For the treatment 
of glioblastoma, a grade IV astrocytoma, or a hostile brain tumour, temozolomide 
(TMZ), an oral DNA-​alkylating drug, is the best option [52]. In order to selectively 
deliver the anticancer agent exclusively to glioblastoma cells while avoiding damage 
to normal brain tissue, researchers have re-​evaluated encapsulated drugs within 
niosomes. These niosomes are equipped with a specific peptide called chlorotoxin 
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(CTX), composed of 36 amino acids derived from the venom of the scorpion Leiurus 
quinquestriatus [53]. Chlorotoxin demonstrates a strong affinity for the brain, particu-
larly in the context of gliomas.

1.4.7 �D endrimers

Extensive research has demonstrated that nanomaterials can be successfully used to 
treat brain diseases. Brain drug delivery can be divided into two categories: bypassing 
and traversing the BBB. Based on the numerous dendritic polymer architectures and 
characteristics, drug molecules can be entrapped inside the internal cavities of den-
dritic polymers or conjugated to the terminal functional groups [54]. Tailoring the 
peripheral functionalities of dendrimers might be viewed as a cost-​effective way to 
introduce new features. Surface-​engineered dendrimers will have improved drug-​
release kinetics, biocompatibility, and the ability to target the BBB while also accel-
erating the transport of bioactive substances over the BBB.

Dendrimers have been shown to be effective anti-​amyloidogenic agents. As a result, 
these are effective against the development and progression of Alzheimer’s disease. 
[55]. Donepezil (DZ) conjugation to G4 Poly(amidoamine) (PAMAM) dendrimers 
nanoparticles for improved brain uptake and in vitro acetylcholine esterase (AChE) 
inhibition activity of DZ (ester)-​PAMAM conjugate (PDZ) formulation was signifi-
cantly higher (p ˂ 0.05) than DZ alone at 1 µM dose. This research focuses on medi-
cation delivery to the brain utilizing dendrimers and the conjugation technique [10].

1.4.8 �S ilica Nanoparticles

Inert silica nanoparticles (SiNPs) can be easily loaded with fluorescent probes or sur-
face functionalization [13]. For example, a report suggested that MSNs loaded with 
neurotrophic factor (brain-​derived), were able to persist in the neurons of the ganglia 
and achieve sustained neurotrophic factor release for 80 days [13, 8]. Furthermore, in 
vivo investigations demonstrated that MSNs can penetrate neurons without causing 
cytotoxicity in drosophila. MSNs can also traverse the BBB in mice, and their trans-
port efficiency is dependent on size rather than drug loading [13, 8].

MSNs have been shown to have a larger loading capacity, prevent drug concentra-
tion change in the blood, and reduce side effects. In theory, when a cap covers MSNs 
at the molecular level, the capping molecule exhibits the potential to limit drug release 
[8]. As a result, when exposed to appropriate conditions (enzymatic, variation in pH, 
light), the conjugate will be liable and released in the sustained manner [8]. Singh et al. 
(2021) synthesized MCM-​41 using the Stöber process, loaded it with berberine, an 
isoquinoline alkaloid, using the “passive method,” and then coated it with liposomes 
using the thin-​film hydration method. The lipid coating on these MSNs was thought to 
create a physical barrier between the berberine and the physiological buffer, resulting 
in delayed drug release. The acetylcholinesterase inhibitory activity of synthesized 
Lipid-​coated (L) mesoporous silica nanoparticles (MSNs) containing berberine (BBR) 
MSNs-​BBR-​Ldisplayed a significantly higher (p ˂  0.05) acetylcholine esterase (AChE) 
inhibitory activity in comparision with MCM-​41 and pure berberine solutions. The 
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MSNs-​BBR-​Ldisplayed lowered malondialdehyde levels, and significant amyloid fib-
rillation inhibition in AD via down-​regulating BACE1 expression [8].

1.4.9 �G old Nanoparticles

For the transport of therapeutic drugs to the CNS, gold nanoparticles have several 
specific benefits. Smaller nanoparticles (˂ 10 nm) can successfully penetrate into the 
brain endothelial cells effectively in vitro and in vivo via a combination of cytosolic 
and vesicular transport pathways. The gold core interacts with biological molecules 
displays nominal interaction, resulting in very low cytotoxicity and immunogen-
icity. The drug transportation capacity of nanoparticles varies with size, although the 
smallest can have up to 50% of their molecular mass as cargo molecules or surface-​
bound ligands. Another study using a mouse brain endothelial cell line showed that 
70 nm nanoparticles had the maximal gold uptake, although nanoparticles below 
(20 nm) had the highest loading capacity [56]. This study emphasizes that the number 
of cargo molecules that enter the CNS is more crucial than the amount of gold, unless 
the goal is to use the gold itself for imaging. Most studies to date have examined gold 
uptake or entry into the CNS rather than the amount of drug/​ligand distributed [57].

1.5 � CONCLUSIONS AND FUTURE PROSPECTS

In conclusion, recent advancements in brain drug delivery have brought about signifi-
cant progress in overcoming the challenges associated with targeting the CNS. Non-​
invasive techniques like focused ultrasound and magnetic nanoparticles have shown 
promise in breaching the BBB and delivering therapeutic agents directly into the brain. 
Additionally, nanotechnology-​based approaches, such as nanoparticle-​mediated drug 
carriers and implantable devices, offer precise control over drug release and extended 
therapeutic effects. These advancements hold tremendous potential for revolution-
izing the treatment of neurological disorders and optimizing the efficacy of brain-​
targeted therapies. Another promising avenue is the integration of brain drug delivery 
with emerging technologies such as gene therapy, stem cell therapy, and optogenetics. 
By combining these modalities, researchers can explore novel synergistic approaches 
for precisely modulating brain function and promoting neural repair. Additionally, 
the integration of artificial intelligence and machine learning algorithms can aid in 
the optimization of drug delivery strategies by predicting individual responses and 
tailoring treatments accordingly.

In summary, recent advancements in brain drug delivery have set the stage for 
transformative breakthroughs in the field of neuroscience. With continued research 
and innovation, we can envision a future where targeted and personalized therapies 
for neurological disorders are not only achievable but also revolutionize patient care 
and improve quality of life.
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2.1 � INTRODUCTION

The brain has a vital function in coordinating numerous bodily processes through 
a complex network of billions of neurons, glial cells, and other supporting cells. 
Therefore, it is crucial to shield this organ from factors that may compromise its 
functions by disrupting its homeostatic balance.

The blood–​brain barrier (BBB) is the interface where systemic circulation and 
brain tissue intersect, serving as the protector of central nervous system (CNS) 
homeostasis. The BBB functions to prevent harmful molecules from entering the 
CNS while permitting the selective transport of nutrients and ions necessary for the 
proper functioning of the brain. Knowing the structure and function of the BBB is 
crucial to delivering medication to the brain at the right pharmacological level without 
disrupting the barrier’s natural functions.

It is noteworthy that there are several barriers responsible for limiting the brain 
environment and the periphery. In addition to the BBB, the other barriers are 
the arachnoid barrier, the blood-​cerebrospinal fluid barrier, the circumventricular 
organs barrier, and the glia barrier [1]. Due to space limitations, the following 
section will only focus on the BBB as this barrier is the most challenging bar-
rier faced by drugs to penetrate the brain. However, anatomical, physiological, 
and molecular understandings of the other barriers are important as this might 
provide new insights into the efforts for developing the drug delivery system in  
the brain.

2.2 � THE BLOOD–​BRAIN BARRIER

The BBB (Figure 2.1) is formed by microvessels in the brain’s capillaries, which 
comprise a layer of endothelial cells, basement membrane, pericytes, and astrocyte 
end-​foot processes. The combination of these cells forms a structure known as the 
neurovascular unit.
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2.2.1 � Brain Microvascular Endothelial Cells

The microvasculature spaces are lined by endothelial cells, which form a physical bar-
rier between the blood and tissues. Brain microvascular endothelial cells (BMECs) 
differ morphologically from peripheral endothelial cells in several ways, including 
being 39% thinner [2].

Adjacent BMECs are connected by tight junctions that carefully regulate the 
movement of molecules and ions through the paracellular pathway, by high levels 
of ABC efflux transporters that regulate the movement of compounds through the 
transcellular pathway, by a lack of fenestrations and pinocytotic vesicles, and by more 
mitochondria than peripheral endothelial cells [2–​5]. These unique properties work in 
tandem to protect the brain from harmful compounds while allowing nutrients and ions 
to enter the brain.

2.2.2 �A strocytes

Astrocytes, which are glial cells in the CNS with a star-​like shape, create a complex 
network through their end feet that surround and connect endothelial cells, micro-
glia, and neurons. This intricate network is essential for maintaining the correct 
characteristics and functions of the BBB. Research has demonstrated that astrocytes 
are essential for preserving the BBB’s integrity, as seen in studies where brain endo-
thelial cells cultured with astrocytes exhibit greater resistance to various pathogenic 
conditions. Astrocytes facilitate the maintenance of the BBB’s selective permeability 
by promoting the expression of tight junction proteins and impeding the develop-
ment of pericytes. Additionally, astrocytes safeguard the BBB from oxidative stress. 
Besides their role in developing the BBB, astrocytes also participate in scaffolding, 
protecting against damage, maintaining homeostasis, and clearing synapses [6, 7].

2.2.3 �P ericytes

Pericytes are cells that are connected to the basement membrane and work together 
with endothelial cells and astrocytes. They play a key role in maintaining the integrity 

FIGURE 2.1  The structure of the blood–​brain barrier (created with BioRender.com).
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of the neurovascular unit and help the barrier by regulating the flow of blood through 
the capillaries and the expression of tight junction proteins [8]. Unlike astrocytes, 
pericytes do not play a significant role in controlling the expression of ABC 
transporters [9].

2.2.4 �T ight Junction Proteins

Tight junctions are protein complexes that are found between adjacent endothelial cells 
and that function to selectively restrict the movement of ions and molecules through 
the paracellular pathway. The complexes consist of two primary components, namely 
transmembrane proteins and cytoplasmic accessory proteins. The BBB contains three 
key transmembrane proteins known as tight junction-​associated MARVEL proteins 
(occludin, tricellulin, and MARVELD3), claudins, and junctional adhesion molecules 
(JAMs) [10].

Occludin is a 65 kDa phosphoprotein that was the first transmembrane protein 
identified [11] as tight junction and is expressed in various tissues, including the BBB, 
where it plays a critical role in its function [12]. Hirase and co-​workers demonstrated 
that occludin was expressed more highly in brain endothelial cells than those in non-​
neural tissue [13].

Claudin-​5 is one of the 26 members (claudin 1–​26) of the claudin family [10], 
expressed ubiquitously in brain microvascular endothelial cells [14]. Proteins listed 
as a member of the claudins family share several characteristics including having 
molecular mass ranging from 20 to 24 kDa and possessing four transmembrane 
domains [15].

The JAM family of proteins consists of JAM-​1 (JAM-​A), JAM-​2 (JAM-​B), JAM-​3 
(JAM-​C), and the recently identified JAM-​4, all of which belong to the immuno-
globulin superfamily and have a single transmembrane domain. JAM-​A is the most 
expressed JAM in brain endothelial cells [16].

The cytoplasmic accessory proteins associated with transmembrane proteins 
allow the junction to seal by binding to the actin-​based cytoskeleton. Zonula 
occludens (ZO; ZO-​1, ZO-​2, ZO-​3) are the primary accessory proteins that have 
been identified to date [15]. While ZO-​1 and ZO-​2 are expressed in brain endothe-
lial cells, ZO-​3 is not expressed in these cells [17]. ZO-​1 directly binds to claudins, 
occludin, and junctional adhesion molecules (JAMs) through its three domains, 
namely PDZ domains (consisting of PDZ1, PDZ2, and PDZ3), one SH3 domain, 
and a guanylyl-​kinase (GK) domain [15]. The PDZ1 domain links claudins to ZO-​
1, the PDZ3 domain links JAMs and occludin to ZO-​1, and the GK domain links 
occludin to ZO-​1 [18].

Various approaches have been studied to transiently open the tight junction 
proteins, targeting either transmembrane proteins or cytoplasmic accessory 
proteins or both. By opening this junction, the transport of substances through the 
paracellular gap can be enhanced. However, this action has a risk in terms of the 
penetration of harmful substances into the gap and their eventually reaching 
the brain.
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2.2.5 �A BC Transporters

Efflux transporters, known as ATP-​binding cassette (ABC) transporters, use energy 
from ATP hydrolysis to transport substances against the concentration gradient [19]. 
This class of transporters is essential because they limit the penetration of harmful 
xenobiotics and pollutants into the brain, and can also affect the delivery of thera-
peutic drugs across the BBB.

Humans have 48 genes that encode ABC transporters, divided into seven sub-
families labelled from ABCA to ABCG [20]. While members of the ABCA, ABCB, 
ABCC, ABCD, and ABCG subfamilies consist of two functional domains, namely 
transmembrane domains (TMDs) containing the substrate-​binding site and cyto-
plasmic nucleotide-​binding domains (NBDs) involved in ATP hydrolysis, members 
of the ABCE and ABCF subfamilies only have NBD [20].

The luminal membrane of human BBB capillary endothelial cells primarily 
expresses major ABC transporters, including ABCB1, ABCC5, and ABCG2 [21]. 
According to studies, the expression of ABCB1 and ABCG2 is more than 20 times 
greater in microvessels compared to the brain cortex (Figure 2.2) [22].

Several compounds have been used for inhibiting the activity of ABC transporters. 
For example, elacridar is an inhibitor of ABCB1. The use of this drug can inhibit the 
functional activity of ABCB1, leading to the enhanced entry of a drug that is also 
an ABCB1 substrate [23]. A study reported that the level of paclitaxel in the CNS 
increased five-​fold when elacridar was also given [24]. This is a promising approach 
because the expression of ABC transporters in brain cancer is relatively overexpressed 
[25]. It is hypothesized that inhibition of ABC transporters could open a pathway for 
chemotherapy drugs to achieve effective concentration in the cancerous environment.

2.3 � VARIABLES IMPACTING DELIVERY TO THE BRAIN

Some variables play essential roles in determining the transport of drugs into the brain 
and consequently affect the concentration of the drugs within the brain. These factors 
can be divided into two main aspects, that is, physico-​chemical properties of the drugs 
and properties associated with the host’s biology and physiology (Table 2.1) [7].

This section will not discuss further the details of each factor. Instead, we will focus 
on the pathological conditions affecting the integrity of the BBB. It is noteworthy 
that conditions can start from inside the brain, such as neurodegenerative diseases, 
or from outside the brain, for example, a systemic bacterial infection. Discussion of 
these issues is provided in the next section.

2.4 � DISRUPTION OF THE BLOOD–​BRAIN BARRIER IN CERTAIN 
PATHOLOGICAL CONDITIONS

2.4.1 �N eurodegenerative Diseases

Various neurodegenerative diseases have different pathological mechanisms, but  
they all involve the formation of insoluble aggregates from the build-​up of specific  
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proteins in the CNS (Table 2.2) [26, 27]. Two main factors contribute to the accumu-
lation of pathologic proteins: excessive production of the proteins and impairment of  
the clearance mechanism. These factors can work independently or together.  
Interestingly, there is mounting evidence that abnormal proteins can be transmitted  
between cells through pathways that are currently under intensive investigation.

The accumulation of pathogenic proteins in the CNS usually affects neurons first. 
Neurons are particularly vulnerable to damage because of their long axons, postmitotic 
nature, poor regeneration capacity, and complex synaptic connections [27]. When 
neurons are damaged, it can lead to problems with the connections between glial cells 
and synapses, affecting physiological processes [28]. Although it is well established 
that neurons are affected by the accumulation of proteins, recent evidence suggests 
that glial cells, such as astrocytes and oligodendrocytes, may also be affected [29].

TABLE 2.2
Several Neurodegenerative Diseases and Their Related Pathogenic Proteins 
Accumulation

Neurodegenerative diseases Protein deposition

Alzheimer’s disease (AD) Amyloid beta, tau
Parkinson’s disease (PD) α-​synuclein
Huntington’s disease (HD) Huntingtin
Amyotrophic lateral sclerosis (ALS) TDP-​43, SOD1

TABLE 2.1
Variables That Are Responsible for Determining Levels of Drug Delivery and 
Distribution in the Brain

Physicochemical properties of drugs Biological and physiological aspects

Partition coefficient The states of pathological conditions in the 
BBB

The substrate of ABC transporters (e.g., 
ABCB1 and ABCG2)

Blood flow in the brain

Acid dissociation constant (pKa) Presence and functionality of efflux 
transporters (e.g., ABC transporters)

Hydrogen bonding Presence and functionality of influx 
transporters (e.g., SLC transporters)

Size of drug molecules Presence and distribution of receptors and 
enzymes

The polarity of the surface area pH status in blood and tissue
The affinity of the drug to the receptor Volumes of intra-​ and extra-​cellular fluid
Bound vs. unbound drugs Homeostatic regulation
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This paragraph discusses the alterations that can occur in the BBB during BBB 
breakdown. The functional constituents of the BBB can break down naturally with 
aging, even if no underlying conditions are causing declining cognition and dementia. 
[30]. However, when healthy aging is combined with a secondary factor like inflam-
mation, the disruption that occurs can become more damaging [31]. This natural 
disturbance is influenced by multiple factors, such as an imbalance in the level of 
antioxidants and oxidants, epigenetic modifications, disruption in the genome sta-
bility, malfunction of the telomere, and abnormal regulation of inflammatory 
cascades and cellular signaling [32]. Deterioration of the BBB typically relates to the 
disruption of endothelial cells, down-​regulated expression of tight junction proteins, 
and imbalanced molecular transport. Furthermore, BBB breakdown may also be 
attributed to the detachment of astrocytic end feet from the vascular basement mem-
brane, pericyte degeneration, and disruptions to the basement membrane [33–​35].

The BBB can become more permeable under pathological conditions due to 
increased expression of leukocyte adhesion molecules, resulting in increased 
movement and migration of leukocytes into the brain [36, 37]. This interaction can 
release various mediators of barrier disruption, such as reactive oxygen species and 
cytokines, leading to further BBB permeability [38]. On the other hand, this barrier 
can also be restored endogenously, but the mechanisms involved in regulating BBB 
repair are not well understood. It has also been shown that astrocytes and microglia 
contribute to the restoration of the BBB following injury, and microglia are espe-
cially crucial for preserving the integrity of the BBB [38]. Microglia can collaborate 
with brain endothelial cells where their contribution to BBB modulation can vary 
depending on the type of insult [39]. In response to stroke, microglia initially con-
tribute to BBB disruption by secreting several molecules, especially proinflammatory 
cytokines. It has been demonstrated that these secreted cytokines play a pivotal 
function in repairing the disrupted BBB in the later stage [39]. However, in the case 
of a sustained condition of inflammation, astrocytes can be phagocytosed by micro-
glia leading to BBB disruption [40].

Inflammation causes various changes in the functioning and physiology of BBB, 
such as the activation of glial cells, recruitment of leukocytes, and disruption of BBB 
leading to changes in tight junction protein expression and paracellular and transcellular 
transport [41]. To study the effect of inflammation on BBB, the model can be treated 
with lipopolysaccharide (LPS). It has been demonstrated that this treatment leads 
to the activation of the immune system and induction of proinflammatory cytokines 
release [42, 43]. Further, LPS has also been shown to reduce trans-​endothelial elec-
trical resistance (TEER) and increase permeability, disrupting tight junction proteins 
both in their expression and distribution [44, 45]. BBB disruption caused by inflam-
mation also results in features, for example, apoptotic events on endothelial cells, 
damage of mitochondria, and disruption of membrane function [44, 46].

Oxidative stress marked by an imbalance condition between oxidants and antioxi-
dant defense can also lead to the disruption of the BBB [47]. The excessive level of 
oxidants, for example, nitric oxide, hydrogen peroxide, and hydroxyl radicals, has 
been known to have noxious effects on the BBB. It is noteworthy that the brain is 
highly susceptible to oxidative stress, and the endothelial cells are the most vulnerable 
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sites. Several mechanisms have been proposed to explain the way by which oxidative 
stress disrupts the BBB, that is, disruption of cellular organelles, activation of matrix 
metalloproteinases, cytoskeleton reorganization, tight junction protein modulation, 
and upregulation of inflammatory mediators [33, 47, 48]. Ultimately, these events dis-
turb the structural integrity of the cells, leading to the interference of some crucial cel-
lular processes, for example, cellular traffic, ATP production, and ionic equilibrium. 
Several signaling pathways (RhoA, PI3, and PKB/​Akt) that are crucially involved 
in the maintenance, regulation, and distribution of actin cytoskeleton and junctional 
proteins (e.g., occludin, claudin-​5, zonula occludens) are also attacked by the radical 
oxygen species, leading to altered BBB permeability [49].

The breakdown of the BBB is a distinctive feature linked to various disorders, 
including neurodegenerative illnesses, and it is commonly found in higher levels of 
disease than in normal aging. Numerous studies have explored the phenomenon of 
BBB breakdown in a range of conditions, including Alzheimer’s disease, Parkinson’s 
disease, amyotrophic lateral sclerosis, multiple sclerosis, and Huntington’s disease. 
The precise cause and pathology of many of these diseases remain unclear, resulting 
in difficulty in determining whether BBB dysfunction acts as an initial pathogenic 
cause, an effect, or a combinative event. Research indicates that the excessive level 
of the pathogenic proteins in the brains of deceased Alzheimer’s disease patients 
could be associated with a reduced expression of junctional proteins leading to 
increased BBB permeability [50, 51]. Another study indicates that alterations in 
BBB integrity are the result of changes in functional activity and the expression 
of BBB transporters and receptors, such as GLUT1 and ABCB1 [41]. Disintegrated 
BBB breakdown is also characterized by the dysfunctionality of both endothelial 
cells and pericytes [51].

2.4.2 � Brain Tumor

Typically, the BBB controls the flow of materials between the brain and the blood-
stream, maintaining a balance in the CNS. Despite being slightly more permeable 
around tumor microvessels, the BBB does not permit adequate amounts of drugs 
or therapeutic agents to enter the innermost part of the tumor tissues. The BBB is a 
complicated and detailed structure with the primary location being the continuous 
endothelial cells linked by tight junctions. These cells are mostly covered by astro-
cytic end feet and pericytes are associated with them [52].

In the early stages of glioma development, the tumor cells mimic the BBB, which 
is responsible for regulating the passage of materials between the blood and the brain 
to maintain CNS homeostasis. However, as the gliomas grow and achieve a specified 
level, the BBB is disrupted and substituted by a new barrier called the blood–​brain 
tumor barrier (BBTB), formed by the newly created blood vessels within the capil-
laries of the brain tumor. This barrier is distinct from the BBB. While glioblastomas 
have great permeability in tumor zones, the BBB and BBTB combination presents 
a significant challenge for drug delivery to brain tumors, especially in peripheral 
regions where permeability is low or non-​existent. Strategies such as opening tight 
junctions with hyperosmotic solutions, inhibiting efflux transporters, and using 
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receptor-​mediated delivery strategies can improve drug delivery to brain tumors 
selectively. Additionally, nanoparticles with cell-​permeable peptides on their surface 
can be used to target glioma cells. Despite the heterogeneous permeability of the 
blood-​tumor barrier (BTB) to various molecules, this barrier is still the primary factor 
that restricts the effective treatment of brain tumors, as it does not allow the accumu-
lation of high drug concentrations from the surrounding area within the tumor tissue 
due to its limited permeability. [52–​54].

2.4.3 � Infection

As described in the previous section, inflammation is one of the key factors respon-
sible for disrupting the integrity of the BBB. Overactivation of the immune system 
as a response to an infection followed by excessive release of pro-​inflammatory 
cytokines is strongly associated with BBB damage.

Any infection that occurs within the body will turn the immune system on as 
this can develop a defense mechanism system. One of the components of the bac-
teria that has been known as the activator of the immune system is lipopolysac-
charide (LPS). This component is mainly found in the cell wall of gram-​negative 
bacteria.

As mentioned in the earlier section, LPS can have a seriously harmful impact on 
the integrity of the BBB. This impact of LPS can be generated by both direct and 
indirect mechanisms. While the former mechanism involves the effects of LPS dir-
ectly on the systems expressed in the layer of microvessel (e.g., junctional proteins 
and paracellular pathways, endothelial cells, and transcellular transport systems) and 
its accessories, the latter is linked to the action of LPS on the supporting cells of the 
BBB, such as microglia, astrocytes, and pericytes [45].

It has been reported in several studies that LPS increases the permeability of the 
BBB by damaging the functionality of junctional proteins (i.e., tight junction and 
adherens junction) [55–​57]. LPS not only disturbs the activity of junctional proteins 
but also lowers the expression and changes the distribution of the proteins [56]. 
Consequently, noxious compounds can easily find entry into the brain via the para-
cellular pathway of the damaged BBB.

LPS also disturbs transcellular transport mechanisms, such as diffusion, trans-
port assisted by carriers, and transcytosis. For example, as mentioned earlier, ABC 
transporters are essential for maintaining the homeostasis of the brain. They play a 
major role, especially in pumping harmful compounds out of the cells. It has been 
reported that LPS can impair the activity of ABC transporters, leading to the accumu-
lation of toxic compounds in the brain [44, 58]. This action eventually weakens the 
permeability of the BBB.

Infection also influences the functionality of endothelial cells. Several studies 
have confirmed that LPS can induce apoptosis and reduce the proliferation of endo-
thelial cells. LPS’s harmful effect is also linked to its ability to disturb the physio-
logical functions of mitochondria. Damage in mitochondria leads to bioenergetic 
abnormality and eventually disturbs all processes in the endothelial cells, including 
proliferation [59]. In addition, LPS exposure can result in disturbances in regulating 
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processes of inflammation and oxidative stress leading to increased permeability of 
the BBB [45].

As many components of the BBB are attached to the basement membrane, any 
damage or disruption of this matrix will lead to BBB impairment. Several studies 
reported that LPS treatment increases the expression of matrix metalloproteinases 
(MMPs) acting as degrading enzymes for the basement membrane matrix, resulting 
in the destruction of BBB [60, 61]. One example showed that LPS treatment in the 
tested animal increases the level of MMP-​2 and MMP-​9, causing increased BBB per-
meability [62].

An infection can also attack BBB via indirect mechanisms by disturbing the 
functions of astrocytes, pericytes, microglia, and other BBB-​supporting cells. Several 
mechanisms have been proposed to explain the role of those cells in impairing BBB 
physiological functions. However, of those putative mechanisms, inflammation-​
related BBB disruptions mediated by the action of those cells have attracted more 
interest. For example, upon exposing LPS to the model used in the study, it was found 
that astrocytes are activated followed by the activation of microglia as a response 
to cytokines released from the astrocytes [63, 64]. Another study reported that LPS 
exposure can induce the release of proinflammatory cytokines from the activated 
pericytes [65]. An excessive level of these cytokines leads to a harmful effect on BBB 
functionality.

2.5 � CURRENT STRATEGIES FOR BRAIN DRUG DELIVERY

2.5.1 �T ransport of Substances across the Blood–​Brain Barrier

The transportation of substances across the BBB and the BCSF is a complicated and 
discriminating activity that occurs through various mechanisms, as explained in the 
following sections.

2.5.1.1 � Simple and Facilitated Diffusion
Paracellular diffusion is a process by which molecules pass through the space between 
two adjoining endothelial cells. This form of nonspecific transport is facilitated by 
a negative concentration gradient from the bloodstream to the brain and can only 
facilitate small, water-​soluble molecules that weigh up to 500 Da [7]. In the context 
of drug delivery, a modification in the tight junctions can be utilized to enhance the 
paracellular diffusion of a certain molecule or drug.

On the other hand, transcellular diffusion involves the transfer of particles (e.g., 
alcohol and steroid hormones) through an endothelium. This pathway is merely suit-
able for small molecules having optimal lipophilicity and that are not ionized to pass 
through and achieve the BBB [66]. Similar to paracellular diffusion, a negative con-
centration gradient drives transcellular diffusion. Highly lipophilic molecules with a 
hydrogen bonding capacity of less than eight to ten bonds and a molecular weight of 
less than 400–​500 Da could easily go across the BBB via this pathway [66, 67]. The 
characteristics of a substance are significant in the delivery process to target the CNS, 
and the gas molecules have been demonstrated to diffuse across the BBB following 
the concentration gradients [67].
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2.5.1.2 � Carrier-​Mediated Transport
The BBB utilizes solute carrier (SLC) transporters, for example, SLC2, SLC7, 
and SLC16, to actively transport low-​molecular-​weight drugs, amino acids, ions, 
neuropeptides, and endogenous biomolecules like vitamins and carbohydrates across 
the barrier [68]. The technique works by altering the conformation of the transporters 
following their interaction with glucose or amino acids, allowing them to pass through 
the BBB. However, this technique has limitations as some transporters are only cap-
able of transporting specific molecules to cross the BBB, thereby reducing its utility 
in drug administration [7].

The existence of efflux pumps on the apical part of the BBB adds another layer 
of complexity to the drug delivery process through the BBB [7]. Examples of efflux 
pumps include ABCB1 and ABCG2. These efflux pumps act in concert to avoid the 
accumulation of various lipophilic molecules and noxious compounds in the brain. 
Additionally, these pumps impede drugs from moving into the endothelial cells in 
the initial stage and expel a number of anti-​cancer drugs such as daunorubicin, vin-
blastine, and doxorubicin from the brain in the later stage. [69]. Therefore, these 
efflux pumps play a double-​edged-​sword role in the BBB. On one edge, the pumps 
have the potential to decrease the neurotoxic side effects of medications, while on 
the other edge, limiting the delivery of effective therapies given to patients suffering 
from pathogenic conditions in the CNS, for example, neurodegenerative diseases. 
Consequently, adjusting efflux pumps has the potential to be a beneficial approach in 
improving the availability of therapeutics to the brain, creating new possibilities for 
treating brain-​related disorders [7].

2.5.1.3 � Receptor-​Mediated Transport
This transcytosis utilizes receptors found in the luminal areas of the endothelial cells 
of the BBB. This mechanism allows the delivery of several molecules, particularly 
those having high molecular weight. Also, nanoparticles can be transported through 
this mechanism. This process employs endocytosis involving the ligand binding to 
the receptor, which in turn creates an intracellular vesicle via the invagination of the 
membrane. Several receptors are commonly targeted to mediate the transport, for 
example, receptors of lactoferrin, insulin, transferrin, and others [7].

Furthermore, the clathrin or caveolae-​mediated mechanisms cause membrane inva-
gination in receptor-​mediated transport (RMT). Mechanistically, there is a different 
process of vesicle formation between these two mechanisms. While the former mech-
anism involves the formation of a clathrin-​coated pit in the cytoplasmic areas of the 
endothelia, the latter mechanism, the caveolae-​mediated RMT, involves caveolae that 
create lipid rafts leading to the formation of endocytic vesicles [70]. Following this 
formation, the vesicles are then released and distributed to various sites, where they 
release their contents or are degraded through the process of maturation involving the 
endosome-​lysosome [71, 72].

2.5.1.4 � Adsorptive-​Mediated Transcytosis
The method of adsorptive-​mediated transcytosis (AMT) facilitates the trans-
portation of a number of molecules with specific characteristics, such as 
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macromolecules and charged nanoparticles, to penetrate the BBB using electro-
static interactions [73, 74]. Mechanistically, the transport occurs because of the 
interaction between drug carriers and several membrane domains on the endo-
thelial cells (e.g., cytoplasmic membrane and basement membrane) having posi-
tive and negative charges, respectively. AMT does not require specialized surface 
receptors, so a large number of molecules can attach to the surface of the cell 
surface with a weak affinity. However, this method requires that drugs or their 
carriers undergo cationic changes, which can influence the effectiveness of the 
given drugs. Additionally, the non-​specificity of the AMT drug delivery mech-
anism may lead to drug accumulation in some other tissues or organs, as noted in 
the related references [7, 73].

2.5.1.5 � Cell-​Mediated Transport
The transportation of drugs or drug-​loaded nanocarriers across the BBB can be 
achieved through the utilization of the host’s cells such as lymphocytes and monocytes 
[75]. These cells are attracted to sites of inflammation in the brain due to their unique 
abilities to cross the BBB through diapedesis and chemotaxis. During the inflamma-
tory response phase of a brain disorder, these cells can act as “cellular Trojan horses,” 
transporting drugs or drug-​loaded nanocarriers across the BBB to inflammatory sites 
in the brain [76].

2.5.1.6 � Peptide-​Vector-​Mediated Transport
A different strategy that is being researched involves the use of peptides with cell-​
penetrating properties in combination with the RMT approach. It has been proposed 
that peptides, including the B6 peptide, could function as carriers to deliver drugs. 
Nonetheless, the precise mechanisms of how they function are not yet fully under-
stood [74, 77, 78].

2.5.2 �R ecent Strategies for Delivering Drugs into the Brain

Studies have shown that the BBB significantly reduces the movement of many drugs 
into the brain with no entry detected for large-​molecule drugs, while small-​molecule 
drugs are mostly prevented from crossing the BBB [79]. To cross the BBB effectively, 
a small-​molecule drug must have two key features, including a molecular mass of 
less than 400 Da and high lipid solubility [80]. These factors make it challenging for 
pharmaceutical industries to target drugs to the brain. Various techniques and strat-
egies have been explored to achieve successful clinical outcomes for different CNS 
disorders.

Due to space limitations, this section will not cover all delivery strategies. 
Instead, we only focus on several strategies that have attracted more interest from 
the related parties (Table 2.3). Nevertheless, we provide all strategies as presented in 
Figure 2.3, Figure 2.4, and Figure 2.5 based on the classification made by Rawal and 
colleagues [7].
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TABLE 2.3
Strategies for Delivering Drugs to the Brain

Strategies/​ 
Formulation Advantages Disadvantages References

Direct systemic 
delivery

•	 Could avoid first-​pass 
metabolism

•	 As the brain has a vast 
network of capillaries, 
this approach is effective 
in targeting drugs into the 
brain

•	 Except for the trans-​
nasal route, other known 
routes of administration 
are considered invasive 
techniques.

•	 The BBB is still a big 
hurdle in preventing a 
sufficient level of drugs 
from reaching the brain

[81]

Direct CNS 
delivery

•	 The drug directly reaches 
the brain

•	 As each route in this 
approach (intracerebral, 
intraventricular, intrathecal 
routes) indicates a different 
site of injection, this 
provides an option based on 
the disorder that the patient 
suffers from.

•	 The administration is 
invasive.

•	 Could induce reactivity 
from other cells in the brain, 
e.g., astrocytes.

•	 Could cause damage in 
other parts of the brain 
following this invasive 
technique.

•	 In the intracerebral route, 
the dose given is relatively 
higher as the movement 
of the drugs in the densely 
packed cells of both gray 
and white matter is slow.

[81, 82, 83]

BBB disruption 
strategies

•	 Could transiently increase 
the permeability of BBB

•	 This strategy is used to 
assist other drugs to cross 
the BBB and reach the 
brain.

•	 Opening the BBB could 
increase the risk of the entry 
of harmful entities.

•	 As several studies 
conducted in animals 
and humans still reported 
contradiction regarding the 
effectivity, this strategy 
needs to be further 
elucidated.

[54]

Chemistry-​ and 
biotechnology-​
based approach

•	 Except for viral vectors, 
the use of antibodies and 
other endogenous peptides 
could find a way to reach 
the brain via a certain 
transport mechanism, e.g., 
transcytosis.

•	 For viral vectors, the 
efficiency of gene 
transfection has been tested 
with satisfying outcomes.

•	 The route utilized is mostly 
invasive surgery.

•	 As the vectors are typically 
peptides or viruses, the 
risk of excessive immune 
responses could not be 
ignored.

[54, 81, 84, 
85]
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Strategies/  
Formulation Advantages Disadvantages References

Delivery via the 
autonomous 
nervous system

•	 This approach shows 
a promising future as 
this could be used for 
transporting viral vectors to 
the CNS.

•	 The effectiveness of this 
route is still questionable.

•	 Along with this, the safety 
aspect of this route also still 
needs further studies.

[86]

Nanoparticles •	 Nanoparticles show a better 
possibility to interact with 
various systems which 
could assist their entry into 
the brain.

•	 Several drugs have been 
successfully formulated 
in the nanoparticle 
dosage form.

•	 Nanoparticles have been 
reported to reach the tumor 
tissue.

•	 Due to the minute size of 
nanoparticles along with 
their large surface area, the 
toxicology aspect should be 
paid close attention to.

•	 The nano size does not 
necessarily mean they could 
easily cross the BBB.

[87, 88]

Exosomes •	 Non-​immunogenic property
•	 Can be loaded with 

various types of molecules 
(e.g., hydrophilic and 
lipophilic molecules, small 
molecules, proteins, nucleic 
acids, and lipids)

•	 Data regarding safety and 
efficiency are still being 
awaited.

•	 Isolation and loading 
procedures need to be 
optimized

•	 It is also important to 
decide from which cells 
the exosomes should be 
isolated.

[54, 89]

Microspheres •	 They can be administered 
non-​invasively via the 
intranasal route.

•	 Various polymers can 
be used for coating 
the structure of the 
microspheres.

•	 The selection of the 
polymeric matrix used in 
the formulation is pivotal 
for mediating the release of 
the drug.

•	 To date, no microsphere-​
based drug formulation has 
been available in the market.

[7, 90]

Hydrogels •	 The properties resemble the 
physicochemical properties 
of many soft tissues.

•	 Despite hydrogels being 
able to be administered 
via various routes, e.g., 
intranasal and injection, 
their administration via 
implant is recommended.

•	 As with other invasive 
techniques, the 
uncomfortable procedure of 
the injection has also been 
complained about.

•	 Some reported the 
emergence of inflammation, 
immune-​related response, 
and systemic adverse effects.

[91, 92]
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2.5.2.1 � Administration Aiming for Systemic Delivery
Three main routes are usually utilized to deliver the drug to the brain through systemic 
delivery, that is, the intravenous, intra-​arterial, and intranasal routes [81]. However, 
we also add brief information about injectable hydrogels, which have attracted more 
attention recently.

2.5.2.1.1 � Intravenous Route
The intravenous (IV) route is commonly used to administer large doses of drugs 
because it avoids first-​pass metabolism and has the potential to deliver drugs to 
the brain through general circulation [93]. As the brain contains a vast network of 

FIGURE 2.4  Techniques considered as less invasive ways for brain drug delivery.

FIGURE 2.3  Invasive techniques commonly used for brain drug delivery.
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FIGURE 2.5  Non-​invasive techniques used to deliver drugs into the brain.
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capillaries with a surface area of around 20m2, the transvascular approach is effective 
in targeting drugs into the brain [79]. The high potential of this approach to deliver 
drugs to most neurons in the brain is due to the neurons’ strong connection with 
blood vessels. However, drug accumulation in the brain is limited due to the BBB and 
rapid clearance of drugs from the extracellular fluid (ECF). The drug’s accessibility 
in the brain subsequent to intravenous administration is predominantly determined by 
factors such as its half-​life in the systemic circulation, metabolic rate, degree of drug-​
plasma protein binding, and permeability of the BBB [94].

2.5.2.1.2 � Intra-​arterial Route
The intra-​arterial route is another method for delivering drugs to the brain by direct 
injection into the blood, similar to the IV route [79]. This route enables drugs to enter 
the brain vessels before reaching the periphery so that the drugs can evade the first-​
pass effect of metabolism. The intra-​arterial route is commonly used to transport drugs 
treating brain tumors as this method can increase drug concentrations in the tumor. 
The process responsible for drug bioavailability in the brain is believed to entail trans-
port across capillaries followed by its movement through the choroid plexus epithe-
lium, culminating in access to the CSF. Alternatively, drugs may enter arterial blood 
and journey to the CSF via the perivascular pathway and white matter [95].

The effectiveness of intra-​arterial drug delivery can be enhanced with BBB-​
disrupting agents. It has been found that hypertonic solutions can increase BBB per-
meability [96]. In this case, hypertonic mannitol is often given concurrently with the 
drug administered through the intra-​arterial route for permeabilizing the BBB so that 
the entry of the drug increases [97, 98].

2.5.2.1.3 � Intranasal Route
This method exploits the property of nasal epithelium, which is highly permeable, 
allowing immediate absorption of the drug as a result of its large surface area, porous 
endothelial membrane, high total blood flow, and avoidance of first-​pass metabolism. 
Intranasal delivery can convey various drugs to the CNS, not only for small molecule 
drugs but also for delivering those having a larger size (macromolecules).

The delivery of a drug via this route is recently preferable as this is a less to a non-​
invasive technique used to transport the drug to the CNS by bypassing the BBB [99]. 
Furthermore, this route also offers more efficient administration as the drug can be 
self-​administered, can be provided in small dosages and there is an absence of the need 
to alter the therapeutic agent or attach it to a carrier. However, intranasal delivery also 
possesses a number of drawbacks. For example, frequent use can damage the nasal 
mucosa; the drug given through this route is cleared quickly as a result of the action of 
the mucociliary clearing system; and drug absorption can be blocked because of nasal 
congestion. Other limitations are associated with the elimination of the drug via both 
local degradation in the nasal mucosa and systemic clearance mechanisms [100, 101].

2.5.2.1.4 � Injectable Hydrogels
Several invasive routes can be applied to inject the injectable hydrogels into the body, 
for example, intravenous injection, given as an implant, and local injection [91, 92]. 
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Hydrogels can be defined as networks of polymers arranged three-​dimensionally that 
have the ability to absorb a large portion of water (70%–​99%), causing hydrogels’ 
physical properties to mimic living tissues [91]. At this point, hydrogels are seriously 
considered a promising formulation for drug delivery to the brain.

Several reports have demonstrated that hydrogel-​based drug delivery had potency 
as a carrier for drugs used to treat brain-​related diseases, including neurodegenerative 
diseases. For example, Wang and colleagues reported success in formulating L-​dopa 
delivered from hydrogel structure as a treatment for PD [102]. This strategy has 
changed the previous properties of L-​dopa to be released faster. Moreover, this for-
mulation increases the residence time in the nasal cavity. Ultimately, the hydrogels-​
based L-​dopa formulation increases the level of the drug in the brain [102].

2.5.2.2 � Direct Central Nervous System Delivery
Various methods have been applied for delivering drugs directly into the CNS. These 
include the administration of drugs directly into the brain parenchyma (intracerebral 
delivery), through cerebral ventricles (transcranial delivery), and through intrathecal 
injection. Other methods are delivery of drugs via cerebrospinal fluid, formulation of 
polymer depot, and via the technique of BBB disruption [81].

2.5.2.2.1 � Intracerebral Delivery
Direct administration of drugs into the brain parenchyma can be achieved through 
intracerebral delivery methods [103]. This technique can be carried out in several 
ways, for example, through injection of either bolus or infusion via intrathecal 
catheters, through the use of the membrane, which could control the release of the 
drugs from matrices, through microencapsulation, and through the development of 
recombinant cells. However, the movement of drugs is hindered by the restricted 
diffusion coefficient of molecules in the densely packed cells of both gray and white 
matter in the brain. This results in the slow movement of the drugs, necessitating a 
high dosage for achieving a suitable drug concentration in the parenchyma. [82].

Intracerebral implants are designed to control the release of drugs at the targeted 
site in the brain. These devices are composed of biodegradable or non-​biodegradable 
polymeric materials that contain the drugs. The drugs are released from the implants 
through diffusion. These implants are surgically implanted in the brain and release the 
drugs over a specific period of time [81].

2.5.2.2.2 � Transcranial/​ Intraventricular Drug Delivery
The intraventricular route is another method to bypass the BBB by directly instilling 
therapeutic agents into the cerebral ventricles. This is especially effective in treating 
meningiomas and metastatic cells of CSF since it spreads drugs primarily to the 
brain’s ventricles and subarachnoid space [104]. One key benefit of this approach is 
that it does not connect with the brain’s interstitial fluid, as opposed to intracerebral 
delivery. As a result, the drug can reach higher concentrations in the brain compared 
to its distribution outside of blood vessels [105]. Nonetheless, the primary drawback 
is the potential for inducing astrocyte reactivity in the subependymal site because of 
the elevated drug exposure at the brain’s ependymal area [81].
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2.5.2.2.3 � Intrathecal Delivery
This approach is applied by delivering drugs through the intrathecal route. This can 
be done by administering the drug through a space in the brain filled with CSF, called 
the cisterna magna. While this approach is less invasive compared to intraventricular 
administration, it does not lead to drug accumulation in the deep structures of the 
brain parenchyma, which is essential for maintaining drug release over time [104]. 
The primary drawback inherently linked to this method is the potential for the drug to 
spread throughout the distal region of the spinal canal [106]. This route is suitable for 
treating spinal-​related diseases as well as disseminated meningeal diseases. However, 
research has proposed that intrathecal delivery cannot provide an effective outcome 
when applied to treating glioblastoma or other large parenchymal diseases [107].

2.5.2.3 � BBB Disruption Approach
The use of chemical substances or energy like ultrasound or electromagnetic radi-
ation externally can directly deliver drug substances to the CNS, enabling drugs to 
enter the brain by opening tight junctions [79]. Several major techniques have been 
developed to disrupt the BBB. The first technique is carried out by using chemical 
substances with a hyperosmolar nature that have higher osmotic pressure or hyperton-
icity, leading to the disruption of tight junctions caused by increased osmotic pressure 
and ultimately allowing drug entry paracellularly [108].

The second technique is associated with the utilization of ultrasound and electro-
magnetic radiation, showing benefits in targeting specific areas in the brain [109]. 
At least three mechanisms have been provided for explaining the process of drug 
entry via the use of this technique. First, the applied ultrasonic waves can induce 
lesions because of the temperature of the waves. This will in turn cause a generalized 
opening of the BBB [110]. Second, the injected fluid’s cavitation effect results in 
the formation of cavities filled by the air. These cavities mainly occur in the luminal 
area of the membrane, making drug entry more efficient and easier [111]. Finally, 
micro-​bubbles can be formed by an ultrasound contrast agent, resulting in disruption 
of tight junctions, making the permeability on the BBB higher. Recently, this tech-
nique has been regarded as a significant non-​invasive strategy for delivering drugs to 
the brain [112].

The opening of the BBB can also be induced by using the microneedles-​based 
method. This method uses very tiny needles that have a length of less than 1 mm. 
As the administration of microneedles produces a less painful sensation, this method 
has gained popularity in drug delivery systems, including delivery to the brain [113]. 
Among the several types of microneedles, dissolving microneedles are promising 
as once they are injected, the polymer contents are readily dissolved [7, 113]. The 
use of microneedles for drug delivery into the brain is commonly applied in concert 
with convection-​based delivery as this combination can assist the direct movement of 
drugs into the brain. This was demonstrated by an experiment carried out to study the 
entry of drugs loaded into microneedles in hydrocephalus conditions. It was found 
that the use of microneedles gave advantages in terms of reducing the duration of 
drug infusion as well as the number of catheters applied to the brain [114].
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2.5.2.4 � Chemistry-​Based Approach
Chemical substances delivering drugs across the BBB are considered promising 
agents for delivery. Numerous research efforts have focused on developing innovative 
strategies for transporting neurotherapeutics across the BBB. Among these strategies, 
the utilization of chimeric peptides has attracted attention. In addition, the use of 
proteins that have positive charges (cationic proteins) for assisting the entry of drugs 
has also gained popularity.

2.5.2.4.1 � Chimeric Peptides
In Greek, chimeric is a term used to describe a creature possessing a human head and 
the body of a lion. This analogy is relevant to drug compounds that cannot cross the 
BBB and are therefore combined with a transport vector to form a molecule that is 
more easily transportable. Several vectors have been recognized, for example, anti-
bodies, endogenous peptides, and various types of peptidomimetics [115]. Chimeric 
peptides are generated by covalently linking the neuropeptide with the appropriate 
vector. These peptides are then trafficked via several pathways, for example, receptor-​
mediated transport, to the brain. In this case, insulin and transferrin are the most 
known peptides that are transported across the BBB by their corresponding insulin 
and transferrin receptors [81].

Two important principles are considered before selecting a peptide for drug 
delivery. The first principle is that the vector used for delivery should have its pharma-
cological activity, such as insulin, which has its transport mechanism. The second 
principle states that for targeted drug delivery to the brain, the bond between the pep-
tide vector and its binding receptor site should be extremely specific.

2.5.2.4.2 � Cationic Proteins
The process of cationization alters the unbound carboxyl groups of acid amino acids 
in a polypeptide, leading to an increase in the overall positive charge of the peptide. 
This technique is ideal for transporting proteins and peptides to the brain, especially 
those having a basic isoelectric point [81].

Typically, due to their high molecular weight, protein molecules are too large to 
penetrate the BBB [79]. The method of cationic proteins offers a strategy to transport 
the protein across the BBB by modifying the charges of the proteins and peptides 
into cationic charges, allowing them to be transported into the brain more easily. 
This is explained by their interaction with the appropriate anionic functional moieties 
expressed on the cell surface [81].

2.5.2.4.3 � Prodrug Formulation
Prodrugs are formulated to facilitate the delivery of hydrophilic drugs to the brain. 
They are chemically altered versions of the original active pharmaceutical ingre-
dient, which results in a bulkier structure without any biological toxicity or activity. 
Unlike chimeric peptides, due to their specificity toward certain enzymes, prodrugs 
containing amino acids as pro-​moiety are not biologically active. However, upon 
reaching the brain through the bloodstream, the enzymes present on the surface of the 
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BBB metabolize the prodrugs to generate active agents, which can then penetrate the 
BBB and accumulate in the brain [80].

2.5.2.5 � Biotechnology-​based Approach
Biotechnology concepts have been applied in various fields, with no exception in 
the field of drug delivery systems. A biotechnology-​based technique, for example, 
protein engineering and recombinant DNA, have attracted attention to be applied for 
effectively targeting neuro-​pharmaceuticals to the brain, including brain tumors

2.5.2.5.1 � Monoclonal Antibodies
This section discusses the preparation of monoclonal antibodies (mAbs) using 
hybridoma technology. The tumor cells of melanoma are combined with anti-​tumor 
antibodies that target specific antigens present on malignant cells in animals such 
as rats. However, these mAbs are not used directly for brain targeting. Instead, the 
antibodies undergo structural modification to produce monoclonal antibodies that are 
modified genetically. As an example, a study developed chimeric HIR mAb by engin-
eering the human insulin receptor (HIR). This approach demonstrated the vectors 
penetrate at a better level into the brain, as evidenced by a primate-​based study [116].

2.5.2.5.2 � Genomics Application
It has been recognized that the use of small molecules has failed to provide effective 
therapy for brain-​related diseases such as stroke, brain cancer, and neurodegenerative 
diseases. At this point, large-​molecule pharmaceuticals can potentially treat these 
conditions, but they do not typically cross the BBB. However, gene technologies can 
be used to transport these drugs across the BBB.

For this purpose, the efforts for identifying novel proteins expressed in the BBB 
that can act as vectors or carriers are crucial. These vectors potentially assist the 
movement of drugs with large molecular weight, such as peptides, which can find 
an entry into the brain and release their pharmacological actions [115]. One of the 
efforts is related to the production of monoclonal antibodies through an engineered 
genetic process. The antibodies are then aimed at targeting the transporters expressed 
in the BBB. Another effort is to conjugate certain radiopharmaceuticals to the drug-​
targeted vectors. This conjugate can be used to image the expression of a gene in the 
brain. Genomics programs can also be applied for identifying new systems that can 
be utilized for transporting drugs into the CNS [117].

2.5.2.5.3 � Exosomes

As exosomes are generated and secreted by cells, the use of these extracellular 
vesicles for delivering drugs into the brain brings a certain benefit in terms of their 
non-​immunogenic property [54]. Physiologically, exosomes are produced by all 
cells and play certain roles, mainly in mediating cell-​cell communication and regu-
lating several vital functions, for example, immune response, transcription, transla-
tion, and reproduction [118]. To conduct these functions appropriately, exosomes 
carry proteins, lipids, amino acids, metabolites, and nucleic acids in their structure 

 

 

 

 

 

 

 

 



37Brain Diseases: An Introduction

37

[118]. It has been shown that these contents can be transported into the targeted cells 
efficiently.

Haqqani and colleagues have successfully extracted exosomes secreted by brain 
endothelial cells and they demonstrated the pivotal functions of these vesicles in 
modulating the traffic of various molecules across the BBB [119]. Based on these 
properties, exosomes have been becoming a promising system for delivering drugs 
into the brain. For example, Yang and colleagues reported the ability of exosomes 
isolated from brain endothelial cells to transport siRNA into the brain by penetrating 
the BBB [120].

However, a number of obstacles have been reported when using exosomes as 
carriers. As this approach has been newly introduced, studies focusing on the safety 
or toxicology aspect of exosomes are relatively limited. In line with that, studies 
that attempt to elaborate the pharmacokinetics of exosomes upon administration are 
also awaited. Another major drawback is associated with exosomes’ capacity to load 
drugs. Not only that issue, but the optimization of protocols used to load drugs into 
the structure of exosomes is also pivotal [54, 101].

2.5.2.5. 4 “Trojan Horse” for Brain Targeting

Monocytes are blood cells that lack granules. They can serve as Trojan Horses for 
drug delivery to the brain by trapping the drug inside them. This method involves 
loading the drug molecules into the monocytes through receptor-​mediated endo-
cytosis, which occurs when they bind to appropriate ligands. The human insulin 
receptor (HIR) is a highly potent monoclonal antibody that is particularly effective 
at the BBB, making it a popular choice for use in Trojan Horse drug delivery 
[115, 121].

2.5.2.6 � Delivery through the Autonomous Nervous System
The autonomic nervous system has become a promising avenue for delivering drugs 
to the brain, in addition to CNS drug delivery methods. This approach was first iden-
tified by Prusiner during a study of prion diseases. It was discovered that the pathogen 
responsible for this disease enters the CNS through a distinct pathway other than the 
BBB. It finds its way to the CNS by utilizing the pathway called retrograde axonal 
transport [122]. This transport moves a compound from the axon to the cell body of 
sensory neurons, which is located in the CNS. It has been demonstrated that drugs 
administered via enteral and lymphoid routes can find entry to the CNS via sensory 
fibers and ultimately reach the CNS [123].

2.5.2.7 � Recent Pharmaceutical Formulations for Delivering Drugs
The concept of drug delivery through novel methods has emerged as a favorable 
approach for targeting drugs to the brain. This approach involves the use of small col-
loidal particles, which have been widely accepted due to their controlled release and 
targeted delivery mechanism.
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2.5.2.7.1 � Viral Vectors
Instead of using peptides as the vector, the virus has gained popularity as the vector 
for delivering neurotherapeutics into the brain. Several viruses have been identified as 
useful vectors, that is, the lentivirus, the adenovirus, and the adeno-​associated virus 
[54, 96]. Of these viruses, the latter is more used in the effort to test gene therapy on 
patients suffering from brain diseases. This prominence is supported by the safety 
profiles that have been shown by the virus. Nevertheless, as with other viral vectors, 
surveillance of immunogenicity that can emerge after using the adeno-​associated 
virus as the vector has to be strictly controlled [85].

Furthermore, as viruses cannot cross the BBB passively, efforts to design the 
appropriate route for transporting the vectors into the brain are still on the way [54]. 
Although several routes of administration have been proposed, it seems that each 
approach possesses drawbacks that cannot be neglected. For example, injection of 
the dosage form into the cerebrospinal fluid brings some benefits, but problems can 
emerge during invasive surgery carried out on patients. It has been reported that 
severe adverse events appeared following a clinical trial on a patient receiving a 
viral vector-​based treatment administered through neurosurgery [124]. Although 
the role of the vector in those events was not clearly stated, the invasive surgery 
undertaken played a role that could not have been negligible.

2.5.2.7.2 � Liposomes
Liposomes are a type of biocompatible and biodegradable carrier formulated from 
animal lipids (e.g., phospholipids). They have become increasingly popular in drug 
delivery technology, particularly for targeting the brain, due to their non-​invasive 
and non-​toxic properties, their ability to carry various molecules (i.e., hydrophilic, 
lipophilic, or amphoteric drug molecules), and their flexibility to carry a molecule 
either by trapping it inside their structure or by attaching them on their surface. Lipids 
such as phospholipids can be formed into a bilayered structure that can further form 
different sizes of liposomes, including unilamellar and multilamellar vesicles [81, 
125, 126].

2.5.2.7.3 � Nanocarrier-​aided Delivery
In recent years, there has been increasing interest in using nanoparticles to deliver 
drugs to the brain. Nanoparticles have the potential to overcome BBB and improve 
drug delivery to the CNS. Various types of nanosystems have been developed for 
this purpose, including polymeric nanoparticles, nanospheres, nanosuspensions, 
and nanoemulsions, among others. Although the exact mechanism of how 
nanoparticles open the BBB is still not clear, it is believed that they can enter the 
brain by various endocytic mechanisms. Some of the mechanisms that have been 
reported to increase nanoparticle concentration in the brain include increased reten-
tion of drugs in brain blood capillaries, adsorption to capillary walls, the opening 
of tight junctions between endothelial cells, inhibition of the ABCB1 efflux system, 
the endocytic mechanism, and the permeabilization of the BBB endothelial cells 
[10, 127, 128].
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2.5.2.7.4 � Microspheres Technology
The use of microspheres as a drug carrier has attracted attention recently. This is a 
technique used to increase the delivery of a drug into the targeted locations, including 
the brain. As its name, microspheres are particles in polymeric and spheric form with 
sizes ranging from 1–​1,000 µm containing the entrapped drugs distributed uniformly 
within their matrix [74].

In addition to their ability to release the drugs in controlled and sustained release 
modes, microspheres show an optimal absorption level, leading to their great bio-
availability due to their tiny size with a large surface area [129]. Several drugs 
have been formulated via this platform to optimize their entry into the brain, for 
example, rivastigmine [130], zolmitriptan [131], clonazepam [132], and metho-
trexate [133]. All of these drugs showed the capacity to get into the brain via 
intranasal administration.

However, several drawbacks should be considered. For optimal drug absorp-
tion and efficacy, the release of the encapsulated drugs from the polymer is pivotal. 
Therefore, the composition of the polymer used in the formulation of microspheres 
is critical for that issue. Also, the data about safety and effectiveness have not been 
sufficient for making microspheres for targeted delivery available in the market as of 
today [90].

2.6 � CONCLUSION AND FUTURE INSIGHTS

Despite its crucial function in protecting the brain from the attack of dangerous 
substances, the BBB has become a big hurdle for drugs trying to get into the brain. 
Many strategies have been developed to overcome this problem as described in 
the body sections of this chapter. However, each strategy has shown limitations. 
Therefore, the efforts undertaken to design or develop other means for drugs to target 
the brain are crucial.

In principle, the use of any strategy for transporting drugs into the brain should ful-
fill two main requirements, effectivity and safety. The strategy of choice has to ensure 
that the drugs remain stable and effective in treating the diseases. At the same time, it 
has to demonstrate satisfying safety aspects for the patients. In this context, the brain 
drug delivery system is not solely about finding new techniques or strategies. The 
efforts can also focus on how to optimize the two aspects above.

Of course, a better understanding of the anatomy and physiology of the BBB will 
provide valuable information in the efforts to develop a new strategy in brain drug 
delivery. At this point, studies about the molecular mechanism of how the barrier 
experiences a disruption are also essential.

As mentioned in the introductory section, the existence of other barriers protecting 
the brain from substances coming from the periphery also has to be studied in depth. 
Further understanding concerning these barriers might provide valuable insights into 
designing or developing an appropriate drug delivery system for the brain.

Supported by advanced progress in the field of pharmaceutical technology in the 
last two decades, these efforts will soon offer a better strategy for delivering drugs to 
treat brain-​related disorders without disturbing the physiological roles of the BBB.
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3.1 � INTRODUCTION

3.1.1 �T argeting Concepts for Drug Delivery

3.1.1.1 � Passive Targeting
Passive targeting exploits the natural properties of the drug delivery system to pas-
sively accumulate at the site of action, which offers several advantages over active 
targeting mechanisms [1]. Nanoparticles can be engineered to be small enough to 
surpass the blood–​brain barrier (BBB) and attain high concentrations in the brain. 
The modified surface of these nanoparticles with molecules can increase their affinity 
for the BBB, such as polyethylene glycol (PEG), which can enhance their circulation 
time in the bloodstream and reduce their clearance by the immune system. Several 
studies have demonstrated the potential of the nanoparticles for their passive targeting 
ability for managing innumerable brain diseases and other disorders [2].

Liposomes are another drug delivery system that passively accumulates at sites of 
inflammation due to the increased permeability of blood vessels in inflamed tissue. 
This accumulation can be further enhanced by modifying the surface of the liposome 
with suitable targeting ligands that recognize specific receptors on inflammatory cells. 
Liposomes have great potential for treating various inflammatory disorders, such as 
rheumatoid arthritis and Crohn’s disease [3]. Solid lipid nanoparticles (SLNs) are a 
type of nanoparticle that can passively accumulate at sites of infection or inflamma-
tion due to augmented permeation and retention. In addition, SLNs can be designed 
to release therapeutic molecules as a reaction to explicit triggers, such as alterations 
in pH or temperature, which can further enhance their therapeutic efficacy. SLNs 
have shown potential for treating various infectious diseases, such as tuberculosis and 
leishmaniasis [4]. Passive targeting is a promising drug delivery strategy with several 
advantages over active targeting mechanisms. By utilizing the natural properties of 
the drug delivery system, passive targeting can improve drug delivery efficiency and 
reduce toxicity, improving the therapeutic efficacy of drugs and enhancing patient 
outcomes. One of the significant advantages of passive targeting for crossing the 

3
 

 

 

 

 

 

 

 

 

 

http://dx.doi.org/10.1201/9781032661964-3


50 Nanoarchitectonics for Brain Drug Delivery

50

BBB is the ease of manufacturing and scalability. Passive targeting does not require 
targeting ligands or complex drug delivery systems, making it a more straightforward 
and cost-​effective approach [5].

3.1.1.2 � Active Targeting
Active targeting is a promising strategy for delivering drugs through the BBB 
to manage brain disorders. Active targeting can enhance drug delivery efficiency 
and specificity by targeting ligands to recognize and bind to receptors on the sur-
face of brain cells. One approach for actively targeting the BBB is to use anti-
bodies or peptides as targeting ligands. The transferrin receptor is significantly 
expressed on the surface of brain capillary endothelial cells comprising the BBB. 
Targeting the transferrin receptor with transferrin or antibodies against the trans-
ferrin receptor has been shown to enhance drug delivery across the BBB in animal 
models of brain diseases. Similarly, peptides targeting the BBB, such as the rabies 
virus glycoprotein (RVG) peptide, also exhibits their affinity towards the brain, 
which is quite impressive [6]. Liposomes and nanoparticles can be modified to 
transport the drug molecules across the BBB. These drug delivery systems facili-
tate functionalization by targeting ligands, like antibodies or peptides, to enhance 
their specificity for brain cells. Additionally, the surface can be modified so that 
it can trigger the release of drugs in response to specific stimuli, such as enzymes 
or pH changes, to enhance their therapeutic efficacy [7]. Therefore, the significant 
advantages of active targeting for crossing the BBB is the ability to enhance drug 
delivery efficiency through targeting moieties [8, 9].

3.1.1.3 � Intracellular Targeting
Intracellular targeting can be achieved through several mechanisms, including 
receptor-​mediated endocytosis, macropinocytosis, and caveolae-​mediated endo-
cytosis. Receptor-​mediated endocytosis involves binding a ligand to a specific receptor 
on the target cell’s surface, followed by internalization of the ligand-​receptor complex 
into the cell through endocytosis. Macropinocytosis involves the cell’s nonspecific 
uptake of fluid and solutes by forming large intracellular vesicles. Caveolae-​mediated 
endocytosis involves the internalization of cargo by forming small vesicles that bud 
off from invaginated caveolae on the cell membrane [10]. To facilitate drug delivery 
across the BBB for brain diseases, intracellular targeting mechanisms can be explored 
by functionalizing drug delivery systems, such as nanoparticles or liposomes, with 
targeting molecules that can interact with specific receptors or antigens on the surface 
of brain cells, such as neurons or glia cells. These targeting molecules can be designed 
to specifically bind to receptors or antigens expressed at higher levels in the BBB or 
brain tissue, allowing for increased uptake of the drug delivery system by brain cells. 
Nanoparticles’ positive surface charges, facilitate their interaction with negatively 
charged cell membranes and their internalization into cells through endocytosis [11]. 
Intracellular targeting for delivering therapeutic molecules via the BBB can revolu-
tionize the treatment of brain diseases by enabling more effective and targeted drug 
delivery to the site of action [12].
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Biocompatibility is crucial as the drug delivery system must be designed not to 
cause an immune response or any toxicity issues. Additionally, stability during storage 
and transportation is essential to maintain the therapeutic efficacy of the drug delivery 
system. Targeting efficiency is another critical factor, as the drug delivery system 
must reach the intended site of action while minimizing uptake by non-​target tissues 
or organs. One approach to enhance targeting efficiency is optimizing the delivery 
system’s physicochemical properties, like size and shape, besides surface charge [13]. 
Controlled release is another significant factor to consider in designing drug delivery 
systems. Biodegradable polymers can also enhance biocompatibility and allow for 
sustained drug release. Quality control measures can also be employed to ensure the 
consistency and stability of drug delivery systems during manufacturing [14]. Despite 
the challenges associated with designing drug delivery systems for brain diseases, 
continued research and development can help overcome these challenges, producing 
safe and effective drug-​delivery strategies for treating brain diseases [15,16].

3.2 � FUNCTIONALIZATION CONCEPTS FOR ENHANCED 
BRAIN TARGETING

3.2.1 �L igand-​Mediated Targeting

Ligand-​mediated targeting involves attaching a ligand to a drug molecule, which 
allows it to attach receptors in the BBB. The ligand-​receptor interaction triggers 
receptor-​mediated endocytosis, which enables the transportation of therapeutic 
molecules through the BBB and to reach the brain [15]. There are several factors to 
consider in designing a ligand targeting the BBB. The ligand must possess a high 
affinity for the receptor to ensure efficient and specific binding. Another critical factor 
is the size and shape of the ligand. The ligand should be small enough to penetrate 
the BBB but large enough to provide stable binding to the receptor. The shape of 
the ligand can also play a role in receptor binding, as receptors often have specific 
binding sites that require a particular shape or conformation. The chemical properties 
of the ligand can also impact its effectiveness in targeting the BBB. Lipophilic ligands 
are often more effective at penetrating the BBB than hydrophilic ligands. However, 
lipophilic ligands can also have higher toxicity and be more difficult to remove from 
the body [17]. During receptor-​mediated endocytosis, the cell membrane invaginates 
around the ligand-​bound drug, forming a vesicle. The vesicle is then transported 
through the BBB and released into the brain’s extracellular fluid. The drug can then 
diffuse into nearby neurons or glial cells, where it can exert its therapeutic effects. 
By choosing a ligand that binds to a receptor which is only expressed in some brain 
regions, the drug can be delivered directly to those areas while minimizing exposure 
to other regions. This can reduce the risk of side effects and improve the drug’s effi-
cacy [18].

3.2.2 �A ntibody-​Mediated Targeting

This technique involves using antibodies to specifically target and bind to proteins 
or receptors in the BBB. Attaching a drug molecule to an antibody can allow the 
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antibody to be transported across the BBB and into the brain [19]. Antibodies are 
large molecules that can recognize and bind to specific proteins or receptors with 
high specificity and affinity. This property makes them an attractive tool for select-
ively delivering drugs to the brain. This is achieved through a process known as anti-
body engineering, which involves modifying the structure of antibodies to increase 
their specificity and binding affinity [20]. Once the antibody has been designed and 
produced, it is conjugated into a drug molecule. The conjugation process involves 
attaching the drug molecule to the antibody using a linker molecule. This linker 
molecule can be designed to be stable in the bloodstream but can also be cleaved 
once the antibody-​drug conjugate reaches its target in the brain. The internalized 
antibody-​drug conjugate is then moved through the BBB and into the brain’s extra-
cellular fluid, where the drug can exert its therapeutic effects [21]. By selecting an 
antibody that binds to a protein or receptor which is only expressed in some brain 
regions, the drug can be delivered directly to those areas while minimizing exposure 
to other regions. This can reduce the risk of side effects and improve the drug’s effi-
cacy. Another advantage of antibody-​mediated targeting is its potential for increased 
drug penetration into the brain [22]. However, antibody-​mediated targeting also has 
some limitations, namely, immunogenicity, as the immune system may recognize the 
antibody-​drug conjugate as a foreign substance and mount an immune response [23].

3.2.3 � pH-​Sensitive Functionalization

The pH-​sensitive functionalization technique for enhanced uptake and brain targeting 
involves designing drug delivery systems that respond to the lower pH environment 
at the BBB and release the drug payload [24]. One approach is to use pH-​sensitive 
nanoparticles or liposomes. These particles can be functionalized with pH-​sensitive 
groups such as poly(ethylene glycol) (PEG) or poly(L-​histidine). PEG is a hydrophilic 
polymer that can prevent particle aggregation and clearance by the immune system. 
Poly(L-​histidine) is a pH-​sensitive polymer that can protonate at lower pH values, 
causing the nanoparticles to release their cargo. When these particles reach the lower 
pH environment at the BBB, the poly(L-​histidine)’s protonation triggers the drug 
payload’s release. Another approach is using pH-​sensitive chemical modifications to 
functionalize the drug molecule. Prodrug formulations activated by the lower pH at 
the BBB can be designed to release the active drug molecule. A prodrug approach 
was designed in which 5-​fluorouracil (5-​FU) contained a pH-​sensitive hydrazone 
bond between the drug molecule and a targeting moiety. The hydrazone bond is stable 
at neutral pH but is hydrolyzed at lower pH values, releasing the active drug molecule 
[25]. The pH-​sensitive linker molecules can connect the drug molecule to a targeting 
moiety, such as a peptide or antibody. These linker molecules contain pH-​sensitive 
bonds that can be cleaved at the lower pH environment at the BBB, releasing the 
drug payload. pH-​sensitive functionalization can also be used to target specific cell 
types in the brain. When the peptide-​conjugated drug reaches the target cell, the lower 
pH in the endosomal compartment can trigger drug release. A pH-​sensitive peptide 
conjugated to a doxorubicin molecule was designed to target glioblastoma cells. The 

 

 

 

 

 

 

 

 

 



53Advanced Drug-Delivery Systems

53

peptide-​conjugate was shown to release the doxorubicin in response to the lower pH 
in the endosomal compartment, resulting in improved cytotoxicity against the cancer 
cells [26]. The pH-​sensitive functionalization technique for enhanced uptake and 
brain targeting involves designing drug delivery systems that respond to the BBB’s 
lower pH environment and release the drug payload [27,28].

3.3 � ADVANCED TECHNOLOGIES FOR ENHANCING DRUG 
DELIVERY THROUGH BBB

3.3.1 �U ltrasound-​Mediated BBB Disruption

Ultrasound-​mediated BBB disruption technology is a cutting-​edge approach for 
improving drug delivery to the brain [29]. Ultrasound-​mediated BBB disruption is 
a non-​invasive and targeted technique that has shown the potential to overcome the 
limitations of traditional drug delivery methods. This technique involves applying 
focused ultrasound waves to the targeted brain region at 500 kHz to 1.5 MHz fre-
quency. These frequencies enable the waves to penetrate the skull and reach the brain 
tissue. The application of ultrasound waves leads to microbubbles within the blood 
vessels of the BBB. The microbubbles expand and contract, creating small gaps in the 
tight junctions between the endothelial cells of the BBB. The disruption of these tight 
junctions leads to increased permeability of the BBB, allowing therapeutic agents 
to pass through and reach the brain parenchyma. This process is reversible, and the 
BBB returns to its normal state within a few hours [30]. Moreover, this technique has 
shown promise for treating various neurological disorders, including Alzheimer’s dis-
ease, Parkinson’s disease, and brain tumours [31].

3.3.2 �M icrobubble-​Mediated

Microbubble-​mediated drug delivery technology is an innovative approach that 
harnesses the physical properties of microbubbles and ultrasound waves to enhance 
drug delivery across the BBB [32]. Microbubble-​mediated drug delivery technology 
involves using microbubbles, which are small gas-​filled particles combined with 
ultrasound waves to disrupt the BBB and allow drugs to pass through temporarily. 
The microbubbles are injected intravenously and targeted to specific areas of the brain 
using focused ultrasound waves. The ultrasound waves create microscopic vibrations 
in the microbubbles, which cause them to oscillate and temporarily open gaps in the 
BBB, allowing drugs to pass through and reach the brain [33]. The microbubbles are 
designed to be small enough to pass through the capillaries of the BBB and stable 
enough to withstand the ultrasound waves. The ultrasound waves are targeted to spe-
cific brain areas, and the disruption is precise and localized. Unlike traditional drug 
delivery methods to the brain, such as direct injection or implantation of drug delivery 
devices, this technique does not require surgery. As a result, patients have a safer 
and less invasive option with a lower chance of consequences [34]. Moreover, this 
technique has been shown to have a high level of selectivity towards specific brain 
areas [35].
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3.3.3 �M agnetophoretic Mediated

The BBB is essential for maintaining a stable and consistent environment for the brain, 
but it also prevents most substances, including many drugs, from entering the brain 
tissue. Researchers have been developing various strategies to enhance drug delivery 
across the BBB to overcome this obstacle. One of the most promising approaches is 
magnetophoresis, which uses magnetic fields to guide drug-​loaded magnetic particles 
across the BBB and into the brain tissue [36]. The size and surface properties of the 
magnetic particles are carefully optimized to ensure efficient and safe drug delivery 
[37]. The magnetic particles are then injected into the bloodstream, where they cir-
culate and are attracted to the targeted area of the brain by an external magnet. The 
external magnet is typically positioned outside the body. Its strength and direction 
are adjusted to ensure the magnetic particles are guided to the desired location in the 
brain tissue. Once the magnetic particles reach the target area, they can be dissociated 
from the drug molecules, releasing the drug and enabling it to exert its therapeutic 
effect. Several technicalities must be considered when using magnetophoresis for 
drug delivery across the BBB. Firstly, the size of the magnetic particles is critical, as 
they should be small enough to pass through the narrow gaps between the endothelial 
cells of the BBB but not too small that the body’s immune system rapidly clears them 
[38]. Secondly, the strength and direction of the magnetic field are important factors 
that affect the efficiency and specificity of drug delivery [39]. Thirdly, the coating of 
the magnetic particles should be carefully chosen to minimize any immunogenicity 
and toxicity [40].

3.3.4 �L aser-​Guided Technology

Laser-​guided technology relies on focused laser energy to create transient and 
reversible openings in the BBB, allowing drugs to pass through and into the brain. 
The mechanism of action for laser-​guided technology involves using a laser to 
create localized heating of a targeted area of the BBB [41]. To achieve this, a laser 
system is used to focus laser light onto a specific area of the skull, penetrating 
through the skull and brain tissue to create a small, precise, and controlled opening 
in the BBB. The size and duration of the opening can be controlled by adjusting 
the laser parameters, such as the laser’s energy, duration, and wavelength. Laser-​
guided technology has several advantages over other drug delivery methods, such 
as being non-​invasive and not requiring invasive surgical procedures. It also offers a 
high degree of precision and control over the location and size of the opening in the 
BBB, allowing targeted therapeutic molecules to reach certain brain regions [42]. 
Despite the promising potential of laser-​guided technology for drug delivery, sev-
eral technical challenges still need to be addressed before it can become a reliable 
and effective method for enhancing drug delivery across the BBB. Further research 
is required in order to evaluate fully the safety and efficacy of this approach. The 
potential benefits of a non-​invasive, precise, and targeted drug delivery method to 
the brain make laser-​guided technology an exciting area of research in neuroscience 
and pharmacology [43,44].
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3.3.5 �T ranscranial Magnetic Stimulation (TMS)

TMS has promising prospects as a non-​invasive and targeted method for delivering  
drugs to the brain. One possible mechanism for TMS-​mediated enhancement of drug  
delivery across the BBB is the disruption of the tight junctions between endothelial 
cells forming the BBB. TMS has been shown to transiently alter the electrical  
properties of the BBB, potentially increasing its permeability. This effect has been  
observed in animal models, where TMS has been shown to increase the uptake of  
small molecules into the brain. Another possible mechanism is the induction of a  
transient increase in blood flow to the targeted area of the brain. TMS has been shown  
to induce changes in regional cerebral blood flow, which could potentially increase  
and facilitate drugs to the targeted area of the brain. This effect has been observed  
in human studies, where TMS has been shown to increase blood flow to specific  
brain regions, as measured by functional magnetic resonance imaging (fMRI). A third  
possible mechanism is the modulation of endogenous substances, such as growth  
factors or cytokines, that can modify the BBB and enhance drug delivery. TMS has  
been shown to stimulate the release of various substances, including brain-​derived  
neurotrophic factor (BDNF), which has been shown to increase the permeability  
of the BBB [45]. TMS may alter the pharmacokinetics and pharmacodynamics of  
the drugs themselves, potentially leading to unintended effects or toxicity [46]. The  
promising advantages of a non-​invasive and precisely targeted drug delivery approach  
to the brain render TMS a captivating field of investigation in the realms of neurosci-
ence and pharmacology [47]. A schematicrepresentation of various technologies for  
enhancing drug delivery via the BBB is shown in Figure 3.1.

FIGURE 3.1  Various technologies for enhancing drug delivery via BBB.
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3.4 � ADVANCED DRUG DELIVERY SYSTEMS FOR BRAIN DISEASE

3.4.1 �E xosomes

Exosomes are small membrane-​bound vesicles ranging in size from 30 to 150 nm and 
comprising a lipid bilayer that encapsulates a cargo of proteins, lipids, and nucleic 
acids. Exosomes play a vital role in intercellular communication by transferring their 
cargo from one cell to another, allowing for the exchange of information between 
cells in different tissues and organs throughout the body. They have been implicated 
in various biological processes, including immune response, tissue regeneration, and 
cancer progression. In recent years, exosomes have gained significant attention as 
potential drug delivery vehicles due to their unique characteristics, such as biocom-
patibility, stability, and low immunogenicity [48]. Exosomes naturally target specific 
cells and tissues in the body, making them ideal candidates for delivering therapeutic 
drugs directly to the site of action. Exosomes can be engineered to carry specific 
cargo, such as drugs, proteins, or nucleic acids, by modifying the donor cells or dir-
ectly loading them into the exosomes. Various techniques, such as electroporation, 
sonication, and chemical treatment, can load drugs into exosomes [49].

Exosomes also have a long half-​life in circulation, which allows them to deliver 
drugs over an extended period, increasing their therapeutic efficacy [50]. Exosomes 
can be prepared from various sources, including cell culture supernatants, blood 
plasma, urine, and other bodily fluids. Differential ultracentrifugation is the most 
commonly used technique for exosome isolation. It involves a series of centrifugation 
steps at increasing speeds to separate the different types of extracellular vesicles based 
on their size and density. This technique can yield a pure population of exosomes, but 
it is time-​consuming and requires specialized equipment. Size-​exclusion chromatog-
raphy is another method for exosome isolation that separates exosomes based on their 
size and surface charge. This technique can be used to isolate pure populations of 
exosomes, but it may not be suitable for isolating exosomes from complex biological 
fluids [51].

Immuno-​affinity capture is a technique that uses antibodies to capture exosomes 
based on specific surface markers. This method allows for the selective isolation of 
exosomes from biological fluids, but obtaining a pure population of exosomes can be 
challenging. Exosomes can also be modified to enhance their cargo-​loading capacity 
and targeting specificity [52]. Exosomes can cross the BBB by several mechanisms, 
including receptor-​mediated transcytosis, adsorptive-​mediated transcytosis, and cell-​
mediated transport. Exosomes derived from mesenchymal stem cells (MSCs) have 
been shown to deliver anti-​inflammatory drugs to the brain and reduce inflamma-
tion in animal models of neurological disorders. Exosomes derived from neural stem 
cells have been used to deliver therapeutic RNA molecules to the brain and promote 
neuronal regeneration in animal models of brain injury. Exosomes loaded with small 
interfering RNA (siRNA) have also been shown to target and silence genes in brain 
tumours, leading to reduced tumour growth and improved survival in animal models 
[53]. Lipid modifications can also be used to enhance the binding of exosomes to 
the BBB and improve their uptake into brain cells. Another approach is to engineer 

 

 

 

 

 

 

 

 

 



57Advanced Drug-Delivery Systems

57

the exosomes to express specific proteins or RNA molecules that can enhance their 
uptake into brain cells or target specific cell types in the brain [54].

3.4.2 � Biomimetic Nanoparticles

Biomimetic nanoparticles are drug-​delivery systems designed to mimic the properties 
and functions of natural biomolecules, such as proteins, lipids, and carbohydrates. 
These nanoparticles can be engineered to carry and deliver drugs to specific target 
sites in the body, including cancer cells and diseased tissues, while minimizing 
damage to healthy cells and tissues. Biomimetic nanoparticles can be produced from 
various natural and synthetic materials, including lipids, polymers, and metals. These 
materials can be modified with specific functional groups, such as peptides or anti-
bodies, to enhance their targeting and delivery properties [55].

One of the advantages of biomimetic nanoparticles is their ability to mimic the nat-
ural biological processes involved in drug delivery. Some nanoparticles are designed 
to mimic the behavior of lipoproteins, which are natural transporters of cholesterol 
and other lipids in the body. These nanoparticles can be used to carry drugs that are 
insoluble in water, such as anticancer drugs, and deliver them to cancer cells. Many 
nanoparticles are coated with a layer of polyethylene glycol (PEG), which can pre-
vent recognition and clearance by immune cells in the body. This can improve the cir-
culation time of the nanoparticles and increase their accumulation at target sites [56].

Nanoparticles are designed to release their cargo in response to changes in pH, 
such as in tumour cells. It can improve the efficiency and specificity of drug delivery 
and reduce side effects. In addition to their potential for drug delivery, biomimetic 
nanoparticles have applications in diagnostic imaging and therapeutic monitoring. 
Some nanoparticles are designed to carry contrast agents for imaging modalities such 
as MRI or CT scans, allowing for improved visualization of target tissues. Others 
can be designed to respond to specific disease biomarkers, such as elevated levels 
of certain enzymes or proteins, and release therapeutic agents in response to these 
biomarkers [57].

The transferrin receptor (TfR) is highly expressed on the BBB, and nanoparticles 
functionalized with transferrin or antibodies that target TfR can effectively cross 
the BBB and deliver drugs to brain tissue. Other receptors, such as insulin and low-​
density lipoprotein, have also been targeted with biomimetic nanoparticles for brain 
delivery [58]. Another approach is to use stimuli-​responsive nanoparticles that can 
cross the BBB in response to specific environmental cues in the brain. In one study, 
pH-​sensitive nanoparticles composed of lipids and polymers were designed to release 
their cargo in response to the lower pH in the brain compared to the blood, allowing 
for more targeted and efficient drug delivery. In addition to their targeting proper-
ties, biomimetic nanoparticles can also be designed to carry a variety of drugs for 
neurological disorders, including small molecules, peptides, and nucleic acids [59]. 
Ongoing research is focused on developing and optimizing these systems for various 
applications, including drug delivery to specific brain regions and treatment of com-
plex neurological disorders [60].
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3.4.3 �M agnetic-​Targeting Delivery Systems

The principle of magnetic targeting delivery systems (MTDS) involves using a mag-
netic field to guide magnetic nanoparticles (MNPs) loaded with therapeutic agents 
across the BBB and to specific brain regions. The MNPs used in MTDS are typically 
composed of iron oxide or cobalt ferrite and are coated with biocompatible materials 
such as polymers, lipids, or proteins. The MNPs are designed to be stable and bio-
compatible and can be functionalized with targeting ligands to enhance their BBB 
penetration and target specific brain regions. To enhance the BBB penetration and 
targeting of MNPs, they can be functionalized with specific ligands such as anti-
bodies, peptides, or aptamers that recognize and bind to receptors on the BBB or 
target cells within the brain tissue. This can increase the efficiency and specificity of 
MTDS, reducing off-​target effects and improving therapeutic efficacy [61]. The mag-
netic field used in MTDS can be generated using an external magnetic source, such 
as a magnetic coil or an implanted magnetic device that can be remotely controlled. 
The strength and duration of the magnetic field can be optimized to achieve the 
desired drug delivery efficiency and reduce the potential for adverse effects. MTDS 
has shown promising results in preclinical studies for treating various neurological 
disorders such as brain tumours, Alzheimer’s disease, and Parkinson’s disease. In a 
study on the treatment of glioblastoma, MNPs loaded with the chemotherapy drug 
doxorubicin were combined with an external magnetic field to achieve targeted drug 
delivery to the tumour site, resulting in improved therapeutic efficacy and reduced 
systemic toxicity [62]. The most commonly used techniques are chemical precipi-
tation, co-​precipitation, solvothermal synthesis, and thermal decomposition [63]. In 
the chemical precipitation method, iron salts such as iron chloride or iron nitrate 
are reacted with a base such as ammonium hydroxide in the presence of a stabilizer 
to form MNPs. The co-​precipitation method involves the simultaneous precipitation 
of iron salts and a dopant such as cobalt, manganese, or nickel to form MNPs with 
improved magnetic properties. This method can produce MNPs with a high mag-
netic moment and good crystallinity, but the resulting MNPs may have a broad size 
distribution. They may require additional processing steps to achieve a narrow size 
distribution. Solvothermal synthesis involves the reaction of iron salts with a redu-
cing agent such as hydrazine or sodium borohydride in a high-​pressure and high-​
temperature environment in the presence of a surfactant to form MNPs. This method 
can produce MNPs with high crystallinity and a narrow size distribution, but it is 
more complex and expensive than other methods. Thermal decomposition involves 
heating an iron precursor in the presence of a surfactant at a high temperature to form 
MNPs. This method can produce MNPs with a narrow size distribution and high crys-
tallinity, but it can also result in MNPs with low yield and poor reproducibility [64]. 
Once the MNPs are synthesized, they can be coated with biocompatible polymers, 
lipids, or proteins to improve their stability, biocompatibility, and targeting efficiency. 
The coating material can also be functionalized with targeting ligands such as anti-
bodies, peptides, or aptamers to enhance BBB penetration and the brain targeting of 
MNPs. Despite their promising potential for brain drug delivery, MTDS-​using MNPs 
face several challenges. One of the significant challenges is the specificity and effi-
ciency of targeting the MNPs to the brain across the BBB. While the magnetic field 
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can direct the MNPs towards the brain, the BBB presents a significant barrier that 
limits their penetration. The size and surface chemistry of the MNPs can affect their 
interaction with the BBB and their ability to cross it. Additionally, the complex and 
heterogeneous nature of the brain tissue can further complicate their targeting and 
distribution. Another challenge is the potential toxicity and biocompatibility of the 
MNPs. MNPs in the body may induce inflammation, oxidative stress, and immune 
responses. The surface coating and functionalization of the MNPs can mitigate some 
of these effects. However, their long-​term safety and potential accumulation in the 
brain tissue must be thoroughly investigated. Furthermore, the magnetic field required 
for the MTDS may cause heat generation and tissue damage, particularly at high field 
strengths or prolonged exposure times. The choice of MNP size, concentration, and 
coating can affect the magnetic properties and heat generation of the MNPs [65]. 
Finally, the cost and scalability of producing MNPs with the required properties for 
brain drug delivery can be challenging. Some synthesis methods may be too complex 
or expensive for large-​scale production, and specific targeting ligands or coatings 
may further increase the cost. In summary, while MTDS using MNPs holds excellent 
promise for brain drug delivery, several challenges need to be addressed, including 
BBB penetration, biocompatibility, heat generation, and production cost. Addressing 
these challenges will require further research and development in the field [66,67].

3.4.4 �CR ISPR-​Cas9 Gene Editing Technology

CRISPR-​Cas9 is a revolutionary gene-​editing tool that has revolutionized the field 
of genetic engineering. The first part of the term stands for Clustered Regularly 
Interspaced Short Palindromic Repeats, and Cas9 is the protein that acts as the 
molecular “scissors” to cut the DNA strands at precise locations. Recently, a new 
gene-​editing technology called CRISPR-​Cas13 was developed, commonly known 
as CRISPR-​CasRx or CRISPR-​CasRxn. This new system is based on the same 
principles as CRISPR-​Cas9, but instead of cutting DNA, it targets and cleaves RNA. 
CRISPR-​Cas13 uses a guide RNA (gRNA) to direct the Cas13 protein to a specific 
RNA sequence, which cleaves the RNA. This can be used to target and destroy spe-
cific RNA sequences, which can be helpful in various applications, including gene 
expression regulation, RNA virus detection, and diagnostics. One of the most exciting 
potential applications of CRISPR-​Cas13 is in the field of cancer therapy. Cancer 
cells often overexpress specific RNA sequences that are not present in healthy cells. 
Targeting these sequences with CRISPR-​Cas13 could provide a targeted and spe-
cific way to kill cancer cells while leaving healthy cells unharmed. Another potential 
application of CRISPR-​Cas13 is treating genetic diseases caused by RNA mutations. 
Targeting and cleaving the mutant RNA may be possible in order to correct the disease-​
causing mutation and restore normal function. Despite its potential, CRISPR-​Cas13 
is still a relatively new technology, and much research is needed to fully understand 
its capabilities and limitations. Additionally, as with any gene-​editing technology, 
there are ethical considerations to be taken into account, particularly in the case of 
editing germline cells, which could have permanent and heritable effects on future 
generations [68]. CRISPR-​Cas9 gene editing has the potential to revolutionize the 
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treatment of brain diseases by enabling precise and targeted modifications of disease-​
causing genes in the brain. One promising approach for using CRISPR-​Cas9 in the 
brain is to deliver the gene-​editing machinery directly to the affected brain cells 
using viral vectors. These vectors can target specific types of brain cells, such as 
neurons or glial cells, and deliver the CRISPR-​Cas9 system to them. Once inside the 
cells, the system can target and modify disease-​causing genes, such as those respon-
sible for producing abnormal proteins in Alzheimer’s disease. Another approach is 
using CRISPR-​Cas9 to modify genes outside the brain that indirectly affect brain 
function. For example, mutations in the C9orf72 gene have been linked to both amyo-
trophic lateral sclerosis (ALS) and frontotemporal dementia, two neurodegenerative 
diseases that affect the brain. By using CRISPR-​Cas9 to modify the C9orf72 gene 
in other parts of the body, such as the liver, it may be possible to indirectly modify 
its effects on the brain and slow the progression of these diseases. Despite the prom-
ising potential of CRISPR-​Cas9 for treating brain diseases, many challenges still 
need to be overcome. One major challenge is developing safe and effective delivery 
methods targeting specific types of brain cells without causing damage or inflam-
mation. Nonetheless, with ongoing research and development, CRISPR-​Cas9 gene 
editing holds great promise for treating brain diseases [69]. Advanced drug delivery 
systems offer several promising approaches for delivering CRISPR-​Cas9 to the brain. 
Several types of nanoparticles have been developed for this purpose, including lipid 
nanoparticles, polymeric nanoparticles, and dendrimers [70]. Lipid nanoparticles 
have been shown to deliver CRISPR-​Cas9 to the brain when efficiently administered 
intravenously. These nanoparticles can be designed to target specific types of brain 
cells, such as neurons or glial cells, and can be loaded with the CRISPR-​Cas9 system 
to enable precise gene editing. Polymeric nanoparticles, conversely, offer the advan-
tage of being highly customizable. They can be engineered to have specific sizes, 
shapes, and surface properties, which can be tailored to optimize their delivery to 
the brain. Polymeric nanoparticles can also be functionalized with targeting moi-
eties, such as antibodies or peptides, to improve their specificity and efficiency. 
Dendrimers are another type of nanoparticle investigated for delivering CRISPR-​
Cas9 to the brain. These nanoparticles have a highly branched structure and can be 
synthesized with a high degree of control over their size and surface properties. They 
can also be functionalized by targeting moieties or other molecules, such as siRNA 
or drug molecules, to enhance their therapeutic potential [71]. Viral vectors, such 
as an adeno-​associated virus (AAV) and lentivirus, have been widely used for gene 
therapy applications and offer several advantages for delivering CRISPR-​Cas9 to the 
brain. These vectors can be engineered to target specific types of brain cells and 
deliver large DNA payloads. However, they can also elicit immune responses and 
may have limitations regarding their safety and specificity. Cell-​penetrating peptides 
(CPPs) are another strategy for delivering CRISPR-​Cas9 to the brain. These short 
peptides can cross the BBB and enter cells, including neurons and glial cells. CPPs 
can be conjugated to the CRISPR-​Cas9 system to enable targeted gene editing [72]. 
In addition to nanoparticles, other advanced drug delivery systems investigated for 
delivering CRISPR-​Cas9 to the brain include viral vectors, cell-​penetrating peptides, 
and exosomes. Each approach has advantages and limitations, and ongoing research 
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is needed to optimize their effectiveness and safety for clinical use. Overall, advanced 
drug delivery systems offer promising approaches for delivering CRISPR-​Cas9 to the 
brain to treat neurological diseases [73].

3.4.5 �G reen Synthesis and Nanotechnology-​Based Drug 
Delivery Systems

These approaches use naturally occurring materials and eco-​friendly synthesis 
techniques to develop drug delivery systems that effectively target the brain while 
minimizing toxicity and adverse effects [74]. Green synthesis involves using plant 
extracts, microbes, and other natural sources to synthesize nanoparticles for drug 
delivery. This approach offers several advantages, including low cost, biodegrad-
ability, and biocompatibility. Plant extracts, in particular, have been shown to contain 
various natural compounds that can be used to synthesize nanoparticles with specific 
properties for drug delivery. Green nanotechnology involves using sustainable and 
environmentally friendly approaches to design and manufacture nanomaterials for 
drug delivery. This includes the use of biodegradable and biocompatible materials, 
as well as the development of eco-​friendly manufacturing processes that minimize 
waste and energy consumption. Several green syntheses and nanotechnology-​based 
drug delivery systems have been developed for brain targeting across the BBB. Gold 
nanoparticles synthesized using green tea extract have been shown to effectively 
cross the BBB and deliver therapeutic molecules to the brain. Similarly, chitosan 
nanoparticles derived from crustacean shells effectively deliver drugs to the brain 
[75]. These drug-​delivery systems can be engineered to target specific cell types 
in the brain. They can be loaded with therapeutic molecules to treat various brain 
disorders, including Alzheimer’s disease, Parkinson’s disease, and brain tumours. 
Despite the potential benefits of green synthesis and nanotechnology-​based drug 
delivery systems, several challenges must be addressed. These include optimizing 
the synthesis and manufacturing processes, improving the stability and efficiency of 
the drug delivery systems, and ensuring safety and biocompatibility [76]. Overall, 
green synthesis and nanotechnology-​based drug delivery systems offer a promising 
approach for targeting the brain across the BBB in a sustainable and environmen-
tally friendly manner. Ongoing research and development are needed to further refine 
these approaches and enable their translation into clinical practice for treating brain 
disorders [77]. Preparation techniques for green synthesis and nanotechnology-​
based drug delivery systems vary depending on the material used and the specific 
application.

The plant extracts contain phytochemicals such as flavonoids, terpenoids, and phen-
olic compounds that act as reducing agents to convert metal ions into nanoparticles. 
The resulting nanoparticles can then be coated with polymers to improve their sta-
bility and biocompatibility. Solvent evaporation involves using organic solvents to 
dissolve a polymer and a drug, followed by the evaporation of the solvent to produce 
nanoparticles, while emulsion methods involve forming an emulsion of a polymer 
and a drug in an aqueous phase, followed by adding a cross-​linking agent to form 
nanoparticles. Supercritical fluid methods involve using supercritical carbon dioxide 
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as a solvent to dissolve a polymer and a drug, followed by the expansion of the carbon 
dioxide to produce nanoparticles [78]. By utilizing natural materials and eco-​friendly 
manufacturing techniques, these systems can reduce the environmental impact of drug 
delivery while also providing effective and safe treatment options for brain disorders. 
Developing green synthesis and nanotechnology-​based drug delivery systems for 
brain targeting across the BBB is challenging and requires overcoming several 
obstacles. One of the main challenges is the lack of standardization in the preparation 
techniques, which can lead to variability in the performance of different systems. 
To overcome this challenge, researchers can work towards developing standardized 
protocols that can be used to prepare green synthesis and green nanotechnology-​based 
drug delivery systems. This will help increase the results’ reproducibility and enable 
comparison between different systems. Another challenge is the limited scalability of 
some preparation techniques. Many techniques used to prepare green synthesis and 
nanotechnology-​based drug delivery systems are still in the research and development 
stage. They may not be easily scaled up for large-​scale production. To overcome this 
challenge, researchers can focus on developing scalable preparation techniques that 
can be easily adapted for large-​scale production [79]. In addition, the limited stability 
of some green synthesis and nanotechnology-​based drug delivery systems is also a 
significant challenge. These systems may degrade over time, impacting their efficacy 
and safety. To overcome this challenge, researchers can explore different coating and 
surface modification techniques to improve the stability of these systems and increase 
their shelf life. Limited biocompatibility is another challenge in developing green 
synthesis and green nanotechnology-​based drug delivery systems for brain targeting 
across the BBB. Some of these systems may not be compatible with the human 
body, which can lead to adverse effects. To overcome this challenge, researchers can 
explore different materials and surface modifications to improve the biocompatibility 
of these systems. Researchers can work towards optimizing these systems’ size and 
surface properties using techniques such as surface modification, functionalization, 
and engineering. In summary, developing green synthesis and nanotechnology-​based 
drug delivery systems for brain targeting across the BBB faces several challenges. 
However, these can be overcome by developing standardized preparation techniques, 
scalability, stability, biocompatibility, and optimizing the size and surface properties 
of the systems [80].

3.4.6 �P hoto-​Stimulated Drug Delivery Systems

These systems utilize photosensitizers that generate reactive oxygen species upon 
activation by specific wavelengths of light. The reactive oxygen species can trigger 
the release of a drug from a drug carrier, such as a liposome or nanoparticle. The 
use of light allows for precise control over drug release and can target specific cells 
or tissues in the brain while minimizing damage to surrounding healthy tissue [81]. 
One standard method for creating light-​activated drug delivery systems involves 
using gold nanoparticles. Gold nanoparticles can be conjugated into a drug and a 
photosensitizer and targeted to specific cells or tissues in the brain using antibodies 
or other targeting agents. Once the nanoparticles reach their target site, they can be 
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activated by a particular wavelength of light, which causes the photosensitizer to 
generate reactive oxygen species and release the drug. Another approach for creating 
light-​activated drug delivery systems involves using light-​sensitive polymers. These 
polymers can be designed to respond to specific wavelengths of light and trigger the 
release of a drug. The polymer can then be conjugated into a drug and targeted to spe-
cific cells or tissues in the brain using various targeting agents [82]. One significant 
advantage of photo-​stimulated drug delivery systems is their ability to provide spatio-​
temporal control over drug release, which can reduce the risk of off-​target effects and 
increase the drug’s therapeutic index [83]. These nano-​carriers can be engineered 
to target specific cells or tissues in the brain, such as tumour cells or neurons, using 
surface ligands or antibodies [84]. The photosensitizer molecule must generate ROS 
efficiently and selectively to avoid off-​target damage to healthy tissue [85]. Photo-​
stimulated drug delivery systems for brain diseases could be a promising area of 
research with potential applications in treating brain tumours, neurodegenerative 
diseases, and other brain disorders [86].

3.5 � CONCLUSIONS

Advanced drug delivery systems have shown promising results in treating brain 
diseases. Despite the challenges associated with the clinical translation of these 
systems, such as safety, regulatory approval, scalability, and cost-​effectiveness, 
the potential benefits of using these systems are enormous. Future research should 
focus on overcoming these challenges by optimizing the safety and efficacy of 
these systems, reducing their cost, and expanding the scope of their applications to 
target various neurological disorders. Additionally, developing personalized medi-
cine approaches based on genomics and proteomics can further improve treatment 
outcomes and reduce side effects. Therefore, with continued research and develop-
ment, advanced drug delivery systems have the potential to revolutionize the treatment 
of brain diseases and enhance the quality of life for millions of patients worldwide.
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4.1 � INTRODUCTION

The intranasal (IN) route of drug administration can be utilized to deliver medications 
for both topical and systemic targeting [1], [2]. The IN route is a minimally invasive 
pathway that offers a quick onset and first-​pass effect on metabolism avoidance [3]. 
The olfactory and respiratory regions of the nasal cavity are highly vascularized, which 
provides a good absorption area for administered drugs [4]. The olfactory region is 
located close to cerebrospinal fluid and has direct neuronal contact with the brain, 
making the nasal route an appealing alternative for delivering medication directly to 
the brain [5]. This means of delivery is known as the nose-​to-​brain (NtB) delivery 
route. Direct drug administration to the brain via this route can avoid the blood‒brain 
barrier (BBB) and minimize drug distribution to its nontarget organ [6]. Recently, 
NtB has been used in many studies to improve the brain delivery of drugs for central 
nervous system (CNS) disorder treatment, such as schizophrenia, migraine, epilepsy, 
and depression. In addition, the NtB route for treating brain infections, cancer, and 
neuroinflammation has also been studied.

In addition to the several advantages mentioned above, the IN route can be utilized 
in some cases of CNS emergencies, such as seizures [7]. Because the oral route is 
not accessible during seizure episodes, a fast-​acting nasal delivery route may be an 
alternative since may be easily administered by the surrounding people or caregivers 
of the patient [8], [9]. Another situation where the NtB route can be beneficial is 
delivering the neurohormone thyrotropin releasing hormone (TRH). TRH can be used 
to treat suicidal patients (due to suicidal depression) as well as brain injury, acute 
spinal trauma, and schizophrenia. NtB preparation of TRH has the potential to be 
used in suicidal emergency cases [10]

Furthermore, to the other routes, IN administration, to the extent of the NtB route, 
has limitations and challenges in delivering drug substances. Problems such as poor 
physicochemical properties of the drug, low permeability of the nasal membrane, 
nasal enzymatic degradation, and mucociliary clearance are the primary problems 
[11], [12]. Because of these challenges, increasing drug permeability through the 
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nasal mucous membrane, increasing drug residence time, reducing or protecting 
the drug substance from degradation caused by enzymatic activity, inhibiting nasal 
enzymes, and overcoming rapid mucociliary clearance should be the main consider-
ations in IN formulation development to the extent of NtB.

The NtB route continues to attract researcher attention due to its versatility and 
uniqueness. An assessment of the current research on NtB targeting makes it abun-
dantly evident that intranasal use frequently serves as an alternative to oral medication. 
In reality, several medications can have issues with oral administration if the substance 
is meant to reach the brain. In some cases, CNS distribution via the nasal mucosa 
outperforms parenteral administration [13]. In an effort to address the challenges of 
targeted brain delivery through the nasal passage, new formulations are introduced 
every year and tested on a variety of drug candidates. These innovative formula-
tion techniques can be divided into a number of groups, including mucopenetrating 
systems, mucoadhesive/​retentive systems, in situ gelling formulations, and carrier 
systems. This section will examine the constraints of formulation, and regulatory 
requirements as well as the current understanding of the anatomical and physiological 
barrier for the NtB route. The role of the illusive 3D printing process in aiding the 
development of NtB drug delivery will then be discussed, along with each formula-
tion strategy, recent advancements in the sector, and related developments.

4.2 � INTRANASAL NOSE-​TO-​BRAIN DRUG-​DELIVERY SYSTEM: 
ROUTES AND BARRIERS

4.2.1 �T ransport Routes

The nasal cavity and the nose are intricate anatomical systems. The vestibule, respira-
tory, and olfactory areas make up the three divisions of the nose cavity. The anterior 
exterior area of the vestibule, which opens to the nasal cavity, is not involved in drug 
absorption after nasal administration. In humans, the respiratory epithelium is made 
up of basal cells, ciliated and nonciliated columnar cells, mucus-​secreting goblet 
cells, and other cells with a total surface area of approximately 160 cm2. The majority 
of medication absorption occurs in this area. The third section is the olfactory region, 
which is made up of basal and sustentacular cells as well as olfactory receptor cells. 
The surface area of this area is 10 cm2. Bipolar neurons called olfactory receptors are 
involved in sensory transduction from the olfactory epithelium to the olfactory bulb 
[12], [14].

The nasal cavity affects how air is conditioned when it is inhaled. Before it enters 
the lungs, inhaled air is exposed to heating, humidification, and filtration while trav-
eling through the cavity. This procedure reduces lung tissue damage and bronchial 
heat loss. Heat transfer from arterial blood to the inhaled air is mediated by the 
arteriovenous anastomoses (AVAs). Additionally, the nasal cavity’s narrow breadth 
encourages contact between the nasal mucosa and the air. As a result, the nasal cavity 
modifies ambient air, which has a temperature range of 23°C to 32°C and a relative 
humidity of 40% to 98% [15]–​[17].

Scientists have thus far identified three ways that intranasal medication adminis-
tration can enter the brain, as illustrated in Figure 4.1. The olfactory nerves, trigeminal  
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nerves, and systemic circulation are the routes. The latter is regarded as indirect  
since the molecules must first enter the bloodstream before passing through the  
BBB. Because of the anatomical and physiological barriers that are present along the  
routes, each transport pathway is distinct; hence, special approaches may be required  
to reach the delivery routes.

The olfactory neuron axons extend to the mucous layer of olfactory epithelial 
cells, pass through the space containing cerebrospinal fluid (CSF), and end in the 
mitral valve cells of the olfactory bulb. They also extend to the olfactory bundle, 
anterior olfactory nucleus, piriform cortex, hypothalamus, and other brain regions 
[18]. Direct drug delivery from the nose to the brain is likely to be most dependent 
on the olfactory nerve. There are two ways for drugs given intranasally to enter the 
olfactory pathway and then travel to the CNS. First, medications may permeate the 
olfactory nerve bundles’ extracellular spaces. It is likely that both bulk movement and 
action potential transmission along olfactory neurons are necessary for later trans-
port to the olfactory bulb. Second, intracellular mechanisms like passive diffusion, 
receptor-​mediated endocytosis, and adsorptive endocytosis can also transport drug 
molecules. Comparing the two mechanisms, the speed of extracellular transport is 
greater than the intracellular route with a difference that can vary between minutes 
to an hour for the extracellular and hours to days for the intracellular pathway. Drugs 
that have already reached the olfactory bulb as well as cerebrospinal fluid (CSF) can 

FIGURE 4.1  Nose-​to-​brain drug delivery transport pathway (Created with BioRender.com).
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enter different parts of the CNS through bulk flow mechanisms and by combining 
with brain extracellular fluid (ECF) [15]. Another intriguing fact is that the olfactory 
sensory neurons (OSNs) which are located in the olfactory area, regenerate every 3–​
4 weeks. During this regeneration process, proteolytic enzymes, efflux transporters, 
and tight junction proteins may be impaired, leading to a “leaky barrier” [19]. Direct 
drug delivery from the nose to the brain can be achieved by taking advantage of the 
decreased barrier function.

The trigeminal nerve, the largest cranial nerve, transmits sensory information to 
the nasal, ocular, and oral mucosa. The respiratory and olfactory areas of the nasal 
cavity are both innervated by branches of the trigeminal nerve. Transport along the 
trigeminal nerve can also, albeit less frequently, result in drug delivery directly from 
the nose to the brain [20]. Drug molecules can travel via the trigeminal neurons by 
intra or extracellular transport pathways after traveling through the respiratory and 
olfactory epithelial tissue. The molecules can enter the brain either through the pons 
or the cribriform plate. Drugs that are already in the brain can diffuse through the 
ECF and CSF to other CNS regions. However, it is unclear how much transport can 
be attributed to this route [15].

Finally, various small molecules and, to some extent, some macromolecules 
administered to the nasal cavity have been demonstrated to enter the CNS by the 
indirect route due to drugs’ absorption into the systemic circulation and the lymphatic 
system before subsequent movement across the BBB [21], [22]. The nasal mucosa, 
the epithelial cells, and the junctional barrier restrict the first absorption into the cir-
culation. It has been demonstrated that the first diffusion of medicines into mucus 
is highly reliant on lipophilicity. Drug molecules then pass the nasal epithelium via 
paracellular or transcellular transport. Lipophilic compounds partition into the lipid 
bilayers of the cells to cross this barrier by the transcellular route. Furthermore, 
receptor-​mediated or vesicular transport can also result in transcellular transfer. This 
is different if the molecules are hydrophilic. Because hydrophilic molecules must 
passively diffuse through tight junctions, their weight severely restricts their ability 
to move within the cell. In general, medicines with a molecular weight of less than 
1,000 Da do not often undergo paracellular transport. Drugs that manage to overcome 
these barriers will then enter the circulation. Finally, drugs must traverse the BBB to 
reach the CNS [15].

4.2.2 �A natomical and Physiological Barriers

The anatomical and physiological barrier present in the nasal cavity is a form of 
protection from harmful material. The respiratory region is vital; hence, the body 
develops this barrier to protect the organs from the unfavorable condition of the 
surrounding atmosphere as well as prevent the macro and micro particulates, living 
or not, that could disrupt the respiratory system. These protections come in both phys-
ical and biochemical form.

Physical protection is provided by the filtration that occurs during air inhal-
ation. As harmful particles move through the nasal cavity, they are deposited onto 
the mucosal membrane that lines its surface epithelium. Furthermore, the motile 
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cilia on ciliated cells constantly push mucus in the direction of the nasopharynx. 
Finally, the fate of mucus is that it is either excreted through expectoration or enters 
the gastrointestinal tract if swallowed [23]. This whole mechanism is known as 
mucociliary clearance (MCC), and in humans, the normal MCC time is between 15 
and 20 minutes, with anything beyond 20 minutes considered abnormal [24]–​[26]. 
Intriguingly, the lack of cilia mobility in the olfactory epithelium reduces mucociliary 
clearance. Nevertheless, the respiratory epithelium comprises ciliated cells, which in 
turn enhance the mucociliary clearance [15]. MCC is a major physiological aspect 
that significantly impacts the NtB system. This protection mechanism of the respira-
tory system efficiently and rapidly eliminates noxious substances, foreign particles, 
and microorganisms trapped in the mucus layer after air inhalation. Nonetheless, this 
system significantly reduces the residence time of the IN preparation [27], [28].

Mucus is secreted by goblet cells of the epithelium and submucosal glands present 
in the lamina propria, with the latter producing the majority of it. It is composed of 
approximately 95% water, 2% mucin proteins, 1% salts, 1% immunoglobulins, and 
1% lipids [29]. A recent lipomic investigation revealed that human nasal mucosa is 
rich in n-​6 PUFA species, which may have implications for olfactory function. Many 
kinds of ceramides implicated in cell death and proliferation have also been discovered 
[30]. Mucins that are heavily glycosylated (10–​40 MDa) are primarily responsible for 
the characteristics of mucus. These glycoproteins are responsible for the viscosity 
and flexibility of nasal secretions. In addition, mucins include large concentrations of 
sialic acid and sulfate residues, which rise the distinct negative charge to the mucosal 
layer and contribute to the stiffness of their polymeric networks [15].

When formulating NtB dosage forms, drug transporters and mucosal metabolizing 
activity present in the nasal cavity must also be considered. Enzymatic metabolism 
may be regard as a chemical barrier for this route. To date, it has been determined that 
the nasal mucosal layer contains several xenobiotic-​metabolizing enzymes, including 
the P450 enzymes (such as P450 monooxygenase), Phase-​I enzymes (such as flavin 
monooxygenases, aldehyde dehydrogenases, epoxide hydrolases, carboxylesterases), 
and Phase-​II enzymes (such as glucuronyl and sulfate transferases, glutathione 
transferase) [1]. The epithelial tissue and the lumen part of the nasal passage con-
tain enzymes such as exopeptidase (mono aminopeptidase and diamino peptidase) 
and endopeptidase (cysteine, serine), which are responsible for the breakdown of 
numerous proteins and peptides, making it difficult to deliver protein/​peptide drugs 
via the NtB route [31].

4.3 � STRATEGIES TO INCREASE BRAIN BIOAVAILABILITY

4.3.1 �M ucoadhesive Systems

As mentioned previously, this defense mechanism of the respiratory system eliminates 
hazardous chemicals, particle debris, and pathogens trapped in the mucus layer after 
air inhalation. However, this phenomenon drastically reduces the residence time of 
nasally administered drugs. Typical nasal formulations include hydrophilic polymers 
that can increase viscosity and/​or provide bioadhesion to counteract MCC, extend 
formulation residence time, improve systemic bioavailability, and decrease variation 
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in nasal absorption. Mucoadhesive is the term used to describe the bioadhesion 
characteristics of substances on mucus-​coated surfaces.

Mucoadhesion is a series of several different processes that lead up to the adhe-
sion itself. Those steps include hydration of polymeric chains, close contact with 
mucosal layer, diffusion and entanglement with mucin polymeric strands, dynamic 
generation and breakdown of labile bonds (for example, hydrogen bonds, Van der 
Waals connections, disulfide bridges, electrostatic attractive forces, and hydro-
phobic interactions). Several natural, semisynthetic, and synthetic polymers have 
been explored to enhance nasal drug delivery. These polymers may be included in 
the vehicle or used to modify the surface of drug particles/​carriers.

4.3.1.1 � Mucoadhesive Vehicle

Typically, mucoadhesive polymers are utilized to impart mucoadhesive properties to 
the vehicle of an NtB dosage form. Some polymers, including hyaluronic acid (and 
its sodium salt), chitosan, and a number of cellulose polymers, can be incorporated 
into a liquid formulation to impart mucoadhesive properties. These polymers also 
serve as viscosifiers in the formulation, thereby further enhancing the retention time 
of the dosage form after administration [32]–​[34]. While the exact mechanism of this 
effect is not known, it is well documented that mucoadhesive additives can reduce 
the mucociliary clearance rate, increase the residence time of the drug formulation 
in the nasal cavity, and hence prolong the period of contact with the nasal mucosa, 
which may improve drug absorption [32]. The mucoadhesive action of the polymer 
comes from the interaction between the functional group in the polymeric chains and 
the mucous constituents either through noncovalent or covalent bonding [35]–​[38]. 
Some popular polymer choices include hyaluronic acid (and its derivates), chitosan, 
and cellulose derivates.

Hyaluronic acid and its derivate have favorable characteristics, are naturally 
biocompatible, possess good bioadhesiveness, and are nonimmunogenic. It can be 
incorporated into water-​based or emulsion-​based formulations and has been shown 
to increase mucosal retention of such formulations [32], [39], [40]. Chitosan is 
a popular choice for NtB delivery. Chitosan has been known for decades for its 
excellent mucoadhesive properties and can be incorporated into aqueous solutions, 
suspensions, and emulsions [41], [42]. However, currently, chitosan is more popu-
larly used as a particle coater or matrix [42], [43]. Cellulose derivates can be other 
alternatives. Polymers such as methylcellulose, hydroxypropyl methylcellulose, 
sodium carboxymethylcellulose, and cationic-​hydroxyethyl cellulose have been 
explored for their application in nasal drug delivery [34]. Recent research on the 
usage of mucoadhesive vehicles always includes some type of penetration enhancer/​
carrier in their formulation, as the primary function of these excipients is to improve 
mucosal retention of the preparation. The compatibility between mucoadhesive 
polymers and the enhancer/​carrier should be carefully considered, as the majority 
of them are ionic and can alter the characteristics of the drug carrier, particularly at 
the nanoscale level.
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4.3.1.2 � Mucoadhesive Particles and Carriers
Several readily available mucoadhesive polymers can be utilized to create nanoparticles/​
carriers or to change the surface of nanoparticles/​carriers such that they possess 
mucoadhesive properties. Among the great variety of polymers, chitosan and its derivatives 
are among the most thoroughly researched. Chitosan can function as either a particle 
matrix or a coater. Chitosan can be used alone or in combination with other polymers as 
a matrix [44], [45]. As a coating material, chitosan can be coupled with various systems, 
including nanoemulsions, solid lipid carriers, and albumin nanoparticles [46]–​[48]. 
Other polymers, such as pectin and HPMC, could also be utilized to create mucoadhesive 
particles and carriers [49]. Nanoparticles with mucoadhesive characteristics can enhance 
drug absorption via the process described in the previous section.

4.3.2 �P enetration Enhancers

The absorption of polar drugs in nasal area can be improved by using suitable 
absorption enhancers, which include phospholipids (dipalmitoyl phosphatidyl cho-
line, soybean lecithin, phosphatidylcholine), bile salts (sodium taurocholate, sodium 
deoxycholate, sodium glycolate), anionic surfactants (SLS24, SDS25, Laureth-​9), 
cationic compounds (chitosan, poly-​L-​lysine, poly-​L-​arginine), cyclodextrins, fatty 
acids and their derivatives (palmitic acid, palmitoleic acid, stearic acid, oleyl alcohol, 
oleic acid, capric acid), and tight junction modulators (Clostridium perfringens endo-
toxin, Zonula occludens toxin) [50].

Penetration enhancers can amplify drug permeation through several mechanisms. 
Surfactants can enhance absorption with more than one mechanism; these include 
perturbing the cell membrane by leaching membrane proteins, opening tight junctions, 
or preventing enzymatic degradation of the drugs [51]. Cationic polymers interact with 
the mucosal barriers and enhance the absorption of water-​soluble macromolecules via 
tight junction modification [50]. Tight junction modifiers are potent substances that 
can modulate tight junctions, a seal that fills the adjacent space between the epithelial 
cells, allowing compounds with higher hydrophilicity and molecular weight to pass 
[52]. Chitosan is one of the most intriguing polysaccharides due to its capacity not 
only to boost the penetration of pharmaceuticals by opening the tight junction barrier, 
but also to increase drug residence time in the mucosal layer to further increase the 
penetration of active pharmaceutical ingredients (APIs) [53].

4.3.3 � In situ Gel Forming Formulations

In situ gelations appear to be a promising approach that increases drug retention 
time in the nasal cavity, reduces administered dose outflow via MCC, extends drug 
release, and increases drug absorption. Stimuli-​responsive in situ gels are a novel 
dosage form that exhibits sol-​gel transition after administration into the body cavity 
in response to physiological changes. It begins as a clear polymer(s) solution or low 
viscosity liquid that is transformed into a viscous gel by any external stimulus such 
as temperature, ionic change, pH, magnetic field, light, electrical signal, or biological 
environment [31], [54]. In situ gels can be integrated with other preparations such 
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as microparticles and nanoparticles. The combined preparation allows an increase 
in nasal retention time because of the in situ gelling property of the dosage form, as 
well as the gaining of advantages from the microparticles and nanoparticles formu-
lation [55]. Different in situ gelling polymers can be grouped into several categories 
depending on what stimuli cause the gelling of the system. The most common stimuli 
used in NtB delivery include thermal, pH, and ionic stimuli.

4.3.3.1 � Thermal Stimulus
The thermoreversible in situ gel is a system that responds to temperature changes and, 
within a narrow temperature range, transforms from solution to gel [56]. It consists 
of thermosensitive polymers that demonstrate sol-​gel transformation in a tempera-
ture range of 25°–​37°C. The polymer demonstrating sol-​gel transition at a tempera-
ture range between 28° and 37°C is considered ideal for nasal in situ gel formation 
because it prevents the transition at room temperature during storage and transporta-
tion and facilitates rapid sol-​gel transition after administration in the body [31].

Poloxamers are one of the most valuable groups of thermoresponsive polymers and 
are often used for the formulations of nasal in situ gels. Among many poloxamers, 
a combination of both P407 and P108 in varying ratios is used to obtain a desir-
able gelling property that suits IN administration [31]. In response to a thermal 
stimulus, the temperature-​triggered sol-​gel transformation involves the micellization 
of thermoresponsive polymers or polymeric blends. As the temperature rises, the 
polymer units are arranged into micellar packing, resulting in gel formation. Due to 
a conformational change in the side chain, the change in temperature initially causes 
desolvation of the polymer. Moreover, the displacement of water molecules results in 
the orientation of micelles [57].

4.3.3.2 � pH Stimulus
Polymers that undergo a phase shift in response to a pH change are used to achieve 
pH-​stimulated gelation in the formulations. Carbopol (Carbopol 934 and Carbopol 
940) is the most commonly used pH-​responsive chemical that exhibits a sol-​gel tran-
sition in response to a large pH gradient. The carbopol-​based formulations are kept 
at a pH between 4 and 5.5, which will retain their liquid property. Upon instillation 
into the nasal cavity with a pH of approximately 6.2, the formulation undergoes con-
formational changes and forms a three-​dimensional network, resulting in the sol-​gel 
transition [31].

4.3.3.3 � Ion Stimulus
Ionic-​stimulated in situ gel formulations contain an ion-​sensitive polymer that form 
a gel in the nasal environment. The mucosal layer in the nasal passage is ample with 
cations such as Ca2+​, which can react with several anionic polymers. Gellan gum, an 
anionic polysaccharide, is the most used ion-​sensitive gelling agent for this type of 
preparation. When the gellan gum-​based formulation is administered to the nostrils, 
polymeric interaction and cationic complexation occur, resulting in the sol-​gel tran-
sition [57]. Pectin is a naturally occurring ion-​sensitive polysaccharide that has been 
documented in the literature for the development of in situ nasal gel. Similar to gellan 
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gum, pectin undergoes phase transition through cationic complexation with its func-
tional groups, resulting in the formation of a three-​dimensional network gel [31].

4.3.4 �C arrier Systems

4.3.4.1 � Liposomes
Liposomes are bilayer spherical vesicles consisting primarily of phospholipids 
from natural and synthetic origin [58]. They are characterized by the presence of 
a hydrophobic tail and a hydrophilic head that impart to them versatility as a car-
rier system capable of delivering all molecule types. Along with this, liposomes 
possess exceptional biocompatibility and can be easily modified to achieve 
targeting potential, which can be used to enhance their nasal retention in the case 
of NtB delivery [59]. Liposomes have been widely explored as nanocarriers to 
improve NtB delivery for the treatment of CNS disorders such as Alzheimer’s 
disease, Parkinson’s disease, and ischemic stroke. Hence, liposomes have been 
established as essential lipid nanocarriers for the successful treatment of CNS 
diseases [60]. Hydrophilic substances can be encapsulated in the aqueous core of 
liposomes, whereas lipophilic drugs are encapsulated in the phospholipid bilayer 
that surrounds the core. Some of the reported lipids used in NtB liposomes include 
cholesterol, egg-​phosphatidylcholine, stearylamine, 1,2-​dioleoyl-​sn-​glycero-​3-​
phosphocholine, N-​(carbonyl-​methoxypolyethyleneglycol 2000)-​1,2-​distearoyl-​
sn-​glycero-​3-​phosphoethanolamine, dihexadecylmethylhydroxyethylammonium 
bromide, and hydrogenated soy phosphatidylcholine [59].

4.3.4.2 � Niosomes
Niosomes are vesicular structures composed of nonionic surfactants and cholesterol 
that self-​assemble in aqueous conditions. Although liposomes and niosomes share 
a similar structure, niosomes are more stable and cost-​effective; as a result, a sub-
stantial amount of research has been devoted to the creation of niosomal systems. 
They exhibit the ability to improve drug solubility, and impart stability, perme-
ability, and systemic bioavailability, making them a promising NtB carrier [61]. 
According to their size or number of lamellar layers, niosomes can be divided into 
several categories: tiny unilamellar vesicles (SUVs) and large unilamellar vesicles 
(LUVs). Multilamellar vesicles (MLVs) and unilamellar vesicles are distinguished 
by the number of bilayers [62]. Niosomes have numerous advantages, including 
lower toxicity due to their nonionic nature, the ability to transport both hydrophilic 
and lipophilic medicines due to their core–​shell structure, high penetration through 
biological membranes, and the capacity to prolong the circulation of entrapped 
medications. Relative to phospholipid-​based vesicles, niosomes are more physic-
ally stable and less expensive to handle and store [63]. Inclusion of the medication 
into niosomes improved brain uptake via the direct NtB pathway, as well as brain 
bioavailability, drug targeting efficiency, and direct transport percentage, hence 
demonstrating improved central nervous system targeting via the direct olfactory 
pathway [64].
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4.4 � PROGRESS IN NOSE-​TO-​BRAIN DRUG-​DELIVERY SYSTEMS

4.4.1 �N ovel Functional Excipients

Functional excipients such as polymers and lipids play a great role in NtB delivery. 
Although the conventional option still serves its purpose, chemical functionalization 
could enhance its efficiency and safety. Functionalization can be used to modulate 
its existing characteristics or give the material new properties. Functionalization is 
generally achieved through chemical reactions [65]. One primary strategy involved 
in developing novel functional materials for NtB delivery revolves around improving 
their mucoadhesiveness. Due to the anionic nature of mucin glycoproteins, electro-
static interactions with cationic materials (such as chitosan, aminated cellulose, and 
other amine-​containing polymers) were identified as one of the initial primary bonding 
strategies utilized in the design of new mucoadhesive systems. Counterintuitively, 
anionic polymers (such as carboxymethyl cellulose, alginate, and pectin) also exhibit 
mucoadhesive properties. Both cationic and anionic polymers are regarded as first-​
generation mucoadhesive polymers [38]. Some recently reported modifications of the 
first-​generation polymers used in NtB delivery systems include transferrin-​modified 
chitosan [66], N,O-​carboxymethyl chitosan [67], N,N,N-​trimethyl chitosan [68], and 
oxidized alginate [69].

Second-​generation mucoadhesive polymers cover a wide range of materials, each 
with its unique polymer-​mucin interaction mechanism. This generation includes 
acrylated and methacrylated, maleimide-​functionalized, thiolated, catechol-​bearing, 
boronate-​bearing, and N-​hydroxy(sulfo)succinimide ester-​functionalized materials 
[38]. Acrylated polymers are a novel class of mucoadhesive materials with the 
ability to covalently bind with cysteine residues present in mucin glycoproteins via 
a Michael-​type addition reaction [36]. Maleimide-​bearing compounds covalently 
react with the free thiol groups of mucin glycoproteins through a maleimide-​thiol 
“click-​like” reaction [35]. Thiolated materials form disulfide bonds with mucin [37]. 
Catechol compounds can form covalent bonds as a result of o-​quinone formation via 
partial deprotonation of the catechols in physiological condition, and subsequent reac-
tion with amine and thiol residues in mucosal polymeric chain [70]. Boronate-​bearing 
materials’ mucoadhesive properties come from their interactions with saccharide 
residues present in the mucus layer [71]. Another new class of polymers capable of 
covalently binding to mucus components was N-​hydroxy(sulfo)succinimide ester-​
functionalized substances. These materials specifically target the lysine and arginine 
amino groups found in mucin glycoproteins [72]. Some of the mentioned polymers 
have been used in NtB delivery, such as thiolated chitosan [43], [73], thiolated poly-
ethylene glycol-​poly(lactic-​co-​glycolic acid) [74], acrylated Eudragit® E PO [75], 
and maleimide-​conjugated N,N,N-​trimethyl chitosan [76].

4.4.2 �A dvanced Vesicle Systems

Traditional carriers such as liposomes and niosomes can be decorated to further 
increase their brain targeting/​uptake efficiency. The molecular probe can be attached 
to the polymer used in the formulation. For example, antibodies and/​or any targeting 

 

 

 

 

   

 

 

 

 

 

 

 

  

 

 



81Challenges and Progress in Nose-to-Brain Drug Delivery

81

ligands can be chemically conjugated onto a PEG lipid polymer and used to form 
liposomes [77], [78]. In a similar manner, functional groups, such as maleimide, can 
be attached to the PEGylated polymer to enhance its brain-​targeting efficiency [79]. 
Decoration using targeting ligands such as anti-​transferrin monoclonal antibody (Mab) 
(known to target TfR) or a peptide derivative of apolipoprotein E3 (APOe) was meant 
to utilize the active transport of therapeutics across the BBB. Transcytosis mediated by 
membrane protein carriers of small molecules and transcytosis mediated by adsorption 
of positively charged peptides are two active transport mechanisms. BBB (and blood-
brain tumor barrier [BBTB]) cells have a diverse set of receptors on their membranes. 
The most abundantly expressed receptors on the BBB cell membrane are low-​density 
lipoprotein, transferrin, and insulin receptors. The binding of macromolecules to a 
specific cell receptor induces endocytosis and subsequent transcytosis during receptor-​
mediated transcytosis. These targeted strategies boost drug delivery across these 
barriers, thereby increasing medication biodistribution in the brain [78], [80], [81].

Emulsomes, vesicle-​like systems that combine the properties of liposomes and 
emulsions, can be used to deliver drugs through the NtB route. In combination with 
PLGA-​PEG-​PLGA triblock copolymer thermogel, the system was able to extend the 
presence of oxcarbazepine in the rat brain up to 48 hours after nasal instillation [82]. 
The emulsome surface can be modified by introducing cationic charge inducers (such 
as stearylamine) or PEGylated phospholipids into the formulation. A study using 
vinpocetine-​loaded emulsomes showed that PEGylated-​modified vesicles perform 
better than stearylamine-​modified formulations in terms of increasing brain local-
ization of the drug. Both formulations perform better than do bare emulsomes [68].

Other vesicular systems that have recently been studied for NtB delivery 
include transfersome, bilosomes, and extracellular vesicles. Transfersomes are 
ultradeformable vesicles that are capable of penetrating the intranasal mucosa. Each 
transfersome consists of an interior aqueous compartment that is surrounded by lipid 
bilayers. By incorporating an edge activator (such as sodium deoxycholate) into the 
vesicular membrane of transfersomes, their properties can be precisely modified [83]. 
Macromolecules such as insulin can be loaded into transfersomes [84].

Bilosomes (bile salts containing niosomes) are nanovesicular carriers made up of 
bile salts and a nonionic surfactant bilayer (similar to niosomes). In this instance, bile 
salts serve as edge activators that distinguish between niosomes and bilosomes. Edge 
activators reduce the surface tension of the vesicular bilayer, causing its instability 
and the production of deformable vesicles with improved tissue penetration [85]. 
Bilosomes, like other vesicular systems, can be modified to tailor specific qual-
ities to the system. One intriguing technique is to use superparamagnetic iron oxide 
nanoparticles (SPIONs) as a magnetic probe that can be manipulated externally to 
enhance brain localization using an external magnetic field [86]

Extracellular vesicles (EVs) are quite different from the previously mentioned ves-
icular systems. EVs are naturally secreted cell vesicles in the nanometer to micrometer 
size range, that are formed by the outward budding of plasma membrane domains. 
EVs, including exosomes and microvesicles, are derived from different cell sources 
and are generally limited by their quantity, size heterogeneity, and loading efficiency 
[87]. EVs have recently been explored for their application in NtB delivery. While 
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stem cell EVs share the same size and surface features as lipid nanoparticles, a similar 
mechanism of transport across the epithelium may be adapted to EVs. The ability of 
EVs to target inflammation is also essential for transepithelial migration. EVs can 
interact with epithelial cells and induce a cytoskeletal remodeling in epithelial cells, 
rendering them capable of breaching the barrier. This mechanism is mediated by 
chemokine gradients and could be exacerbated by inflammatory conditions. EVs can 
be loaded with small molecules or macromolecules [88], [89].

4.4.3 �T ailored Nanoparticles

NtB nanoparticles are tiny particles that can be inhaled or instilled through the nose 
and transported to the brain. These nanoparticles are designed to pass through the 
BBB, which is a protective layer of cells that surrounds the brain and prevents most 
substances from entering it. Nanoparticles are superior for nasal delivery compared 
to larger particles. Nanoparticles (NPs) possess higher surface area, which translates 
into a broader interface for more prolonged residence time. Particle size lower 
than 500 nm allows nanoparticles to squeeze into the nonviscous aqueous pores 
within the entangled mucin network [28]. The mucoadhesive/​penetrating ability of 
Nanoparticles (NPs) can be further tailored to suit NtB transport. There are three 
ways to modulate the uptake of intranasally administered nanoparticles. The first is 
to enhance mucoadhesion to prolong the interaction time of nanoparticles with the 
mucosa. This will increase the likelihood of the drug passing through the epithe-
lium and ultimately reaching the brain. The second is the ability of various materials 
used in particle formulations to reduce the barrier function of tight junctions. These 
specialized particles would be capable of momentarily opening tight junctions, 
allowing the drug to enter the nasal mucosa. Enhancing the likelihood of nanoparticle 
endocytosis represents the final option. After endocytosis, the nanoparticles could 
release the drug, which would then be transported to the brain [27]. Certain traditional 
and functionalized polymers can be used to increase mucoadhesion, and this strategy 
has been discussed in the previous sections as well as the permeation enhancers com-
monly used as excipients in NtB formulations. For example, coating the surface of 
nanostructured lipid carriers (NLCs), a good BBB-​penetrating nanoparticle system 
with chitosan derivates, gives it mucoadhesive properties. This approach was able to 
achieve higher ropinirole HCl in the brain after nasal administration of drug-​dextran 
sulfate nanoplex loaded mucoadhesive NLC suspension in a mouse model [68].

Nanoparticle formulations can be further tailored to suit NtB delivery through 
an optimization process. The process aims to give the preparation certain attributes 
that are desired for IN NtB delivery from both pharmaceuticals and physiological 
points of view. For example, tailoring the BBB/​BBTB properties of docetaxel-​loaded 
NLCs can be achieved through the incorporation of liquid lipid excipients into the 
formulation [90]. A similar approach was able to achieve up to a 6.15-​fold increase 
in the brain concentration of clozapine in mice after IN administration of drug-​loaded 
NLCs. The formulation uses oleic acid and Tween® to tailor the BBB properties of 
the nanoparticles [91]. Furthermore, attaching molecular probes such as folate to 
polymeric carriers can further improve solid tumor targeting. Folate can be attached 
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using simple EDC-​NHS chemistry. Erlotinib and doxorubicin-​loaded cinnamon 
biopolymers showed superior brain localization and enhanced antitumor efficacy 
after folate functionalization [92]. The extent of tailored formulation encompasses the 
ability to modify the dosage forms, rather than just the nanoparticles. For example, 
tailoring clozapine nanosuspensions intended for NtB delivery through an optimiza-
tion process to achieve desired properties by changing process parameters and formu-
lation composition is possible [93]

4.4.4 �M icro-​ and Nanoemulsions

Microemulsion (ME) and nanoemulsion (NE) are two separate preparations that can 
both be included in NtB preparations. There is substantial uncertainty in the current 
literature regarding the distinction between ME and NE, due to the similarity in their 
formulation and the overlap in droplets size range. MEs spontaneously form thermo-
dynamically stable systems, whereas NEs do not. Thus, NEs (and conventional 
macroemulsions) can be prepared using both high-​ and low-​energy techniques, but 
MEs can only be prepared with low-​energy techniques. Significant variations exist 
between traditional macroemulsions, NEs, and MEs in terms of droplet size range 
and stability characteristics [13].

ME is a transparent, thermodynamically stable, and optically isotropic system 
of two non-​miscible phases (such as water and oil), stabilized by an interfacial 
coating of surfactant or a surfactant-​cosurfactant mixture. It is a spontaneous 
pseudoternary system that arises with minimum energy input during the fabrication 
process, which produces nano-​sized droplets, ranging in size from 1 to 400 nm. 
In addition to its small size, negligible interfacial tension, and good stability, the 
ME possesses desirable physicochemical qualities, such as its lipophilic nature 
and low viscosity. ME has evolved as a new colloidal delivery technology that 
enhances site-​specific drug release for the intranasal route and lowers exposure to 
undesired therapeutics. The small droplet size and low interfacial tension of ME 
give greater membrane adhesion, enhanced penetration, and regulated drug trans-
port [94].

ME can be used to deliver a wide range of therapeutics to the brain. Intranasal 
drug delivery of lipophilic ME modified with mucoadhesive agents was found 
to bypass the BBB and successfully deliver drugs to the brain. ME nanocarriers 
reduce systemic exposure and the associated toxicities. This advantage helps deliver 
therapeutics at effective levels to the targeted sites. In previously reported research, 
the bio-​distribution study demonstrated rapid drug delivery to the brain; more-
over, an in vivo safety evaluation study revealed the safety and effectiveness of the 
developed ME against glioblastoma with reduced risk of liver and kidney toxicity 
[95], [96]. A combination of drug/​prodrug mixture formulated in an aqueous ME 
was able to achieve faster absorption and higher brain and blood drug levels after 
intranasal administration compared to a prodrug-​only preparation [97]. A unique 
ME preparation that is able to spontaneously form a gel upon contact with mucosal 
water can be prepared by carefully selecting the composition of the ME. This 
system is called aqua-​triggered in-​situ (ATIS) gel and it can be loaded with a drug 
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to achieve better brain delivery than the drug solution. This formulation achieved 
a higher brain-​ECF:plasma ratio of the drug compared to diazepam solution given 
intranasally or intravenously [98].

NEs are dispersions of two immiscible liquids stabilized by an appropriate 
surfactant(s) and/​or cosurfactants, with an average droplet size of approxi-
mately 100 nm and upper size limitations of up to 300 nm. In comparison to other 
formulations, NEs feature smaller droplets and a greater surface area. Small droplet 
size inhibits destabilizing events such as coalescence, creaming, and sedimentation. 
These characteristics give NEs long-​term physical stability. Typically, the lipids used 
for the preparation of NEs are fractions of oils of natural origin, either alone or in 
combination. The lipidic phase can be grouped into long-​, medium-​, or short-​chain 
triglycerides and can take up to 20% of formulation composition in a typical oil-​in-​
water formulation [13].

NEs can be manufactured using either high-​energy or low-​energy processes. In 
high-​energy methods, the formation of small droplets requires a mechanical device 
that generates disruptive forces which break up internal phases to produce small 
droplets. This process, such as ultrasonication and high-​pressure homogenization, 
requires a significant amount of energy. The low-​energy methods involve specific 
physicochemical processes, such as phase inversion temperature and emulsion inver-
sion points, to reduce the size of droplets without requiring a substantial amount of 
energy. In low-​energy methods, droplets are formed when the system undergoes a 
phase inversion to enters a state of low interfacial tension [13]. NEs can be loaded 
with neuroactive steroid, antineoplastics, or other CNS drugs. In addition, formula-
tion of NEs in combination with mucoadhesive or in situ gel systems might enhance 
the brain delivery of the APIs [99]–​[102].

4.4.5 �N asal Powders

Liquid nasal preparations are popular choices due to the simplicity of their formu-
lation and the convenience of their distribution. On the other hand, instability (both 
chemical and microbiological), relatively large volume administration, quick evacu-
ation from the nasal cavity, and the necessity for additives and stabilizing agents 
limit their use for a broader range of drugs and applications. If the medicine is 
manufactured as a dry powder, these issues are mostly eliminated. Dry powders are 
thought to be more stable than liquids [103], [104]. Powders have a simpler excipient 
composition (if any), allowing for the administration of larger doses of medication. 
In addition, powders enable the production of compounds with poor water solubility. 
Nasal powders have also been reported to increase drug bioavailability at the site of 
action in comparison to liquid formulations [105].

Notwithstanding the benefits of powder formulation, nasal powders continue to 
face market challenges. There are only a few approved nasal powders, such as Onzetra 
Xsail® (Avanir Pharmaceuticals Inc., USA), containing sumatriptan; Rhinocort® 
Turbuhaler® (AstraZeneca, UK), containing budesonide; Teijin Rhinocort® (Teijin, 
Japan), containing beclomethasone dipropionate and Erizas® (Nippon Shnyaku, 
Japan), containing dexamethasone cipecilate. One major reason for this small number 
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is the lack of data on the short-​ and long-​term local acceptability of nasal powders, 
which may raise concerns about toxicity to nasal physiological functions [105].

For highly potent active substances that can be easily administered in low doses 
via liquid formulations, it may not be necessary to develop powder formulations 
for nasal administration. In addition, as was observed, the administration of such 
medications in powder form would require dilution with an inert carrier. Without the 
addition of mucoadhesive excipients and/​or absorption enhancers, drug absorption 
from the powder may not be sufficient for the desired effect with less potent system-
ically acting APIs. The absence of safety data and concerns over these excipients 
may prevent the commercialization of medication powders containing absorption 
enhancers [105].

Attempts to use dry powder formulations as another option for NtB delivery were 
explored by scientists. A proof-​of-​concept study showed that flurbiprofen possesses 
greater nasal mucosal transport when formulated into spray-​dried microparticles 
using lecithin as the excipient in ex vivo conditions, and a later in vivo study 
demonstrated a superior brain localization compared to the IV group [106], [107]. 
Similarly, quercetin-​loaded mannitol/​lecithin microparticles showed better ex vivo 
nasal mucosa permeation [108], and another study demonstrated good stability, in 
vitro compatibility, and in vitro mucosal permeation of donezepil hydrochloride-​
loaded mannitol/​chitosan microparticles [104]. Another work demonstrated that 
dexamethasone sodium phosphate combined with polymeric excipients in the form 
of pectin/​HPMC microspheres and inert sugar carriers can provide good sprayability 
that can be deposited onto the olfactory region of the modeled nasal cavity [49]. The 
versatility of nasal powder was further demonstrated by incorporating geraniol, an 
oily substance, into a cyclodextrin complex that resulted in a dry powder product. An 
in vivo study reported that geraniol was able to reach the CNS after IN administration 
(as an aqueous suspension) [109].

It is acknowledged that further development of nasal powder formulations will 
necessitate powder manufacturing optimization, characterization of the powder-​device 
combination, and a better understanding of the local effects of powder insufflation in 
the nasal cavity. Nonetheless, evidence regarding stability, shelf life, bioavailability, 
and efficient administration by newly designed devices is important in order to push 
the number of nasal powder products on the market. The research on this path will 
be worthwhile, as administering pharmaceutical and biotech products through nasal 
delivery will be a viable and interesting alternative in the future [105].

4.4.6 �U pdates in Packaging and Dosing Contraption

NtB nasal sprays are a type of drug-​delivery system that transmits drugs directly to 
the brain via the olfactory region in the nose. The packaging for these nasal sprays 
is designed to ensure that the drug is delivered safely and effectively. One important 
consideration in the packaging of NtB nasal sprays is the material used for the bottle 
and the nozzle. These materials must be compatible with the drug being delivered and 
must not degrade or react with the drug. Typically, these nasal sprays are packaged 
in small, plastic bottles with a fine nozzle that can deliver a precise dose of the drug. 
Another important consideration is the design of the spray nozzle. The nozzle should 
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be designed to deliver the drug in a fine mist or aerosol that can easily penetrate the 
nasal cavity and reach the olfactory region of the brain. The nozzle should also be 
designed to prevent leakage or clogging. In addition to the bottle and nozzle design, 
the packaging for NtB nasal sprays should also include clear instructions for use, 
including dosage and frequency of use. The packaging should also include any neces-
sary warnings or precautions for the safe use of the drug [2], [110]–​[112].

All current efforts to deliver medications to the brain through the NtB route pro-
vide an overview of this delivery method’s potential efficacy. Despite all the benefits 
of the novel formulations introduced for this route of administration, the proper 
dosage of intranasally delivered drugs remains a significant challenge. Each of the 
different dosage form alternatives presents a unique problem due to their varied 
features. Moreover, the structure of each person’s nasal cavity differs considerably. 
Hence, administration procedures are highly variable and must be tailored to the ana-
tomical characteristics of each patient. Additionally, it must be ensured that the nasal 
mucosal surface is not affected by regular usage of these devices [27].

Deposition of formulation in the olfactory region is crucial for optimizing 
the direct transport of medications to the brain, which can only be achieved with 
an effective dosing system. In light of the current market for nasal products, nasal 
droppers, squeeze bottles, and spray pumps are extensively employed devices [94]. 
Instillation of a nasal preparation to a patient in a supine position with a dropper 
deposits more medication in the olfactory area compared to nasal sprays. When 
mixed with mucoadhesive agents, the formulation can remain in the area for a longer 
period. The patient’s delivery technique can influence the effectiveness of nasal drops 
and nasal sprays, which is a significant constraint to NtB delivery. Correct adminis-
tration of nasal drops necessitates sophisticated maneuvers on the part of the patient 
[3]. Nasal drug deposition using a spray device is based on human factors such as 
actuation force, actuation angle, and nasal anatomy, in addition to those imposed by 
the combination of device and formulation, such as droplet size, plume angle, and 
plume area [113].

Droppers are unpleasant for patients, whereas squeeze bottles are highly comfort-
able, yet unsafe, as nasal secretions can contaminate the remaining volume. A more 
advanced dosing contraption such as atomizer and nebulizer delivery is also unable to 
reach the posterior area of the nasal cavity. Targeting the olfactory region with these 
devices is impractical due to the mismatch between the uneven plumes produced 
by conventional devices and the complex dimensions of the nasal vestibule and the 
narrow barrier region of the nasal valve. Although the olfactory epithelium is only 
7 cm from the nostril, its location in the olfactory cleft behind the small nasal valve 
frequently makes it difficult to access [94].

The vast majority of liquid nasal products are available with dosing pumps. 
They deliver liquid dosage forms in precise doses ranging from 25 to 200 µL per 
dose. These devices prevent contamination from entering the container, hence 
allowing a preservative-​free formulation to be used. However, metered pump 
delivery is influenced by formulation properties such as variation in viscosity as 
well as patient handling, which introduce another source of variability. In add-
ition, metered spray pumps require priming for accurate dosing. Several commer-
cially available spray pumps, including Valtoco®, Nascobal®, Narcan®, Imitrex®, 
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and Zomig® fall under the category of unit dose nasal spray pumps (UDNS), 
which is different from the previously described mechanism. In UDNS, an ali-
quot of formulation equivalent for a single dose is placed in a small vial, which is 
then put in a holder where a top actuator is installed. Upon activation, the dose is 
released into the nasal cavity. These metered dosage spray pumps are incapable 
of targeting the olfactory region as < 5% of the delivered amount is reported to 
reach the olfactory region [94].

Several new dosing devices that are more suitable for NtB delivery have been 
developed. Breath-​Powered Bidirectional (such as OptiNose®, OptiMistTM, and 
Onzetra® Xsail®) and Precision Olfactory Delivery (POD) devices have demonstrated 
their capability to deposit medications into the upper nasal cavity. Breath-​Powered 
technology (originally presented by OptiNose®) uses the patient’s own exhaled air 
to trigger dose release from the contraption. OptiMistTM technology is more versatile 
as both powder and liquid formulations can be dosed. To operate this mechanism, 
the user needs to insert the device’s short tip into one of their nostrils and blow into 
the mouthpiece. A closed soft palate prevents drug deposition into the lungs, while 
air is expelled from the other nostril to maintain pressure. Similarly, POD was also 
able to deliver liquid and powder formulations. The POD device emits the dose using 
compressed gas as the driving force. The majority of the medication can be deposited 
in the olfactory region. Human studies revealed much higher deposition in the olfac-
tory region compared to the anterior region, where deposition was extremely low. The 
POD device deposits nearly fourfold more drugs in the olfactory region compared to 
the standard nasal pump [94]. The newly designed insufflation devices can improve 
the pace and efficiency of medication absorption, leading to a faster and larger thera-
peutic effect in patients [105].

4.5 � ROLE OF 3D PRINTING TECHNIQUES IN NOSE-​TO-​BRAIN 
DRUG-​DELIVERY SYSTEMS

4.5.1 � 3D Printing for Prototyping Nasal Implants

Drug-​eluting implants have recently received interest from scientists thanks to their 
ability to provide sustained drug delivery. For nasal administration, drugs can be 
incorporated into stents or implants. Chronic rhinosinusitis (CRS) is the most common 
medical illness treated with drug-​eluting nasal implants. Clinically, nasal implants 
may be utilized as adjuncts to endoscopic sinus surgery. In addition to controlling 
bleeding, nasal implants can reduce adhesion formation and enhance drainage of the 
sinus mucosa that will help with the wound healing process. Incorporating antibiotics, 
corticosteroids, or anticancer drugs into nasal implants can improve their efficacy; 
consequently, this is the primary focus of drug-​eluting nasal implant development at 
present. It has been shown that drug-​eluting implants can minimize the incidence of 
synechiae and stenosis development. Drug-​eluting sinus implants can be used very 
effectively to deliver drug to the sinus mucosa in a controlled manner [114]. However, 
these implants are designed to provide localized drug delivery. Therefore, there is a 
clear opportunity to develop intranasal implants to provide NtB drug delivery.

Drug-​eluting nasal implants for NtB delivery have been relatively unexplored 
and few reports can be found on them. Intranasal implants offer the advantages of 
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implantable devices combined with the advantages of NtB delivery. To start, they are 
capable of providing sustained and unattended drug delivery [115]–​[117]. This can 
be used to treat chronic conditions affecting the CNS, such as schizophrenia. This is 
an extremely important feature as implantable drug-​delivery systems have the poten-
tial to improve patients’ adherence to treatment [118]. This is a recurrent problem in 
the treatment of chronic conditions. It has been reported that up to 75% of patients 
suffering from schizophrenia discontinue their treatment within the first year and a 
half [119]. Moreover, combining the advantages of implantable devices with NtB 
drug delivery will make it possible to reduce drug dosage, thereby minimizing side 
effects.

As mentioned previously, only a few examples of intranasal implants have been 
described in the literature. One study reported the use of core-​shell nasal depot as 
a means to sustain the delivery of BDNF AntagoNATs, stranded short synthetic 
oligonucleotide-​based compounds possessing the ability to inhibit brain-​derived 
neurotrophic factor antisense (BDNF-​AS) that can be used to treat neurodegenerative 
diseases. Driven by osmotic pressure, oligonucleotides can be released from the 
depot and reach the brain, where they upregulate the expression of BDNF in different 
areas of the brain [120]. An implantable device loaded with risperidone intended 
for NtB delivery was proposed in another study, in which 3D printing was involved 
in designing custom molds to cast PCL/​PLGA-​based biodegradable implants. The 
implants were reported to be biocompatible based on in vitro cell study results and 
able to sustain the release of the loaded drugs over 7 days, with some formulations 
reaching > 100 days of release [121]. Alternatively, this drug-​delivery system was 
tested in vivo using a rat animal model. PLGA implants loaded with risperidone 
were capable of provide sustained drug delivery for at least 1 month post implant-
ation [122].

4.5.2 � 3D Printing of Nasal Cast

Using 3D-​printed nasal casts is one method for evaluating NtB formulations. They 
permit examination of the efficacy of NtB formulation in a more practical manner 
than normal tests and at a lower cost and with less difficulty than clinical studies. 
They enable determining whether the distribution of particle size is appropriate for 
NtB delivery and/​or whether the dosing mechanism is compatible. It is important to 
note, however, that nasal cast experiments only evaluate the transport of the formula-
tion from the instillation device to the olfactory zone and do not provide information 
about drug diffusion through nasal mucosa or brain bioavailability. The transition 
between numerical and physical models, on the other hand, can have an impact on 
the fidelity of in vitro geometries. As a result, selecting an appropriate 3D printing 
technology appears to be critical for effective in vitro experiments. According to the 
literature review, the experimental campaign with a nasal cast is typically prepared 
in the four stages outlined below: (1) defining the overall layout of the study while 
keeping constraints in mind; (2) adapting the design to the purpose of the study; 
(3) selecting a 3D printer appropriate for the needs; and (4) determining the type of 
mucus to be added to the cast [123].
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4.6 � FORMULATION LIMITATIONS, TESTING CHALLENGES, 
TOXICOLOGICAL CHALLENGES, AND REGULATORY 
REQUIREMENTS

4.6.1 �F ormulation Limitations

The nasal cavity is lined with a 10–​15 µm thin layer of mucus consisting of two 
layers, a lower 6 µm thick liquid layer (also called: periciliary liquid), which is 
covered by the more viscous gel phase embedded mucin [124]. Although the nasal 
mucosa contains 90% water and glycoproteins as well as ions, it appears that this 
mucosa is primarily lipophilic in nature [125]. In addition, the fundamental brain 
uptake of medication after NtB administration is cellular transport, which permits 
the penetration of only tiny lipophilic molecules. Consequently, transcellular nasal 
transport is more typical for lipophilic molecules of smaller size (< 1000 Da), as 
the nasal membrane has pores with dimensions of 3.9 to 8.4 Å. While the perme-
ability of polar medicines is limited, it can be realized mainly through paracellular 
transport [124]. According to studies, the bioavailability of hydrophilic drugs with a 
smaller molecular size is roughly 10%, while that of peptide drugs, such as insulin, 
calcitonin, and so on, is just around 1% [31]. Thus, there is a need to utilize different 
formulation strategies in order to improve drug permeability and the absorption 
of drugs that have a less lipophilic character. Scientists are currently employing a 
variety of permeation enhancers, colloidal drug carriers, controlled drug-​delivery 
systems, and other innovative methods. Moreover, using appropriate mucoadhesive 
systems (such as mucoadhesive polymers, viscous formulations, hydrogels, or in 
situ gelling matrices) can result in increased retention time and increased resistance 
against mucociliary clearance. In addition, protective measures (such as encapsula-
tion in a nanocarrier system) are required to prevent enzymatic degradation of the 
drug. These formulation techniques are intended to improve IN drug delivery and 
bioavailability. Unfortunately, due to the formulation’s frequent and high dose, which 
may irritate the nasal mucosa, the clinical success of NtB administration remains 
limited. Furthermore, the protective nasal mucosa barriers reduce the efficacy of IN 
therapy, as only 1% or less of the administered medicine reaches the brain following 
IN administration [126].

In addition to this, the nature of the formulation, its excipients, and its strength 
should be evaluated. The human nasal cavity has a relatively small volume (approxi-
mately 15–​16 cm3) [127], [128], which when compared to the other administration 
routes, can only accommodate a modest amount of liquid (100–​200 µl) or dry powder 
(up to 25 mg/​dose for each nostril) formulation to be administered at one time [49], 
[105]. Considering this, only potent medications are appropriate for NtB delivery. 
Moreover, the excipients must be biocompatible and generate no offensive odor, to 
improve patient comfort when applying the nasal formulation. In addition, the pH, 
tonicity, and viscosity of the formulation need to be carefully considered during NtB 
dosage form development. The pH of nasal formulation should be within the range of 
nasal mucosa pH value (5.5–​6.5) to ensure the non-​irritating properties of the formu-
lation as well as patient compliance. However, nasal mucosa pH can vary, influenced 
by physiological conditions. For example, slight changes in pH values can be found 
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in illness conditions. In this case, patients with rhinosinusitis typically have nasal 
pH values between 5.3 and 7.6 [129]. Afterward, the particle size of the formula-
tion should also take into consideration, as it can significantly affect drug absorption. 
A particle size of < 200 nm is considered optimal to promote absorption through the 
epithelium [130]. Meanwhile, for nasal spray formulation, the device’s maximum 
allowable droplet size should be 10 µm or greater to avoid diffusion into the lower 
respiratory tract and to guarantee nasal drug deposition [131], [132].

It is imperative to note that the anterior area of the nasal cavity, especially the 
respiratory region adjacent to the inferior turbinates, is responsible for drug migration 
into the systemic circulation due to its large surface area (around 120–​150 cm2) and 
highly vascularized mucosa, whereas the posterior and higher regions of the nasal 
cavity (olfactory region) are responsible for drug absorption into the brain through its 
neuronal and epithelial pathways [1]. Hence, a proper delivery device is required to 
transport the formulation to the correct region of the nasal cavity, adding to the com-
plexity of NtB products [126], [133]. It is essential to avoid utilizing substances with 
mucosal toxicity or those that cause irritation or allergic reactions. In individuals with 
allergies or a cold, intranasal drug delivery devices may not perform properly [27].

Many variables impact whether or not the medicine reaches the brain, resulting 
in diverse, even contradictory findings in NtB formulation studies. These differences 
suggest that a comprehensive understanding of formulation-​related components is 
required to elucidate a successful clinical strategy to consistently deliver drug to the 
brain. Despite a great amount of good research data, the clinical application of NtB 
delivery requires significant improvement before this delivery system can be made 
available on the market. This is mainly because the current research focuses solely on 
a particular issue while the development of a good formulation must take into account 
all the aforementioned characteristics [126].

4.6.2 �T esting Challenges

Appropriate in vivo models are required for the efficient development of nasal prep-
aration. When selecting an acceptable animal model for in vivo studies, it is crucial to 
examine the architecture of the nasal cavity of the animal. The rat model was the first 
model used in the late 1970s, followed by the mouse, rabbit, dog, sheep, and monkey 
when nasal absorption studies were developed. Although mouse and rat models are 
particularly useful for basic NtB drug absorption studies, rabbit, dog, monkey, and 
sheep models are more commonly used for pharmacokinetic and pharmacodynamic 
studies due to their larger nose opening, which facilitates intranasal administration 
[134]. Due to the anatomical and physiological variations between animal and human 
nasal canals, there is not necessarily a correlation between the outcomes of animal 
studies and those of human studies [3], [135].

It is worth mentioning that MCC and cilia beating frequency (CBF) effects are 
usually evaluated in vitro. These in vitro tests cannot predict the ultimate effects in 
vivo because in vitro tests show effects on MCC and CBF, whereas in in vivo tests, 
the same compounds frequently do not cause detectable side effects. In general, many 
compounds have been shown to have a dose-​ and time-​dependent inhibitory effect 
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on mucosal clearance and CBF. The α-​adrenergic receptor agonists oxymetazoline 
and xylometazoline, for example, inhibited human nasal mucosa in vitro in a dose-​
dependent manner. Some corticosteroids, decongestants, antimicrobial, antiviral, and 
antihistamine medications, as well as some intranasal drug excipients and nasal irri-
gation, influence MCC and CBF in vitro but have no adverse effects in vivo [1], [136].

In vitro investigations can provide a clearer understanding of the mechanistic 
features of nasal absorption and medication transport. RPMI 2650, Calu-​3, and 
CaCo-​2 cell lines are commonly used to assess nasal absorption and permeability. 
It should be noted that while these cellular models provide information on trans-
port between cells or paracellularly, concomitant factors such as mucus, mucins, 
clearance, and anatomical and physiological aspects involved in nose functionality 
may also influence absorption. Furthermore, in the cellular models, the receiving 
lumen does not accurately represent the required transport from the mucosa to the 
receiving neurons [3].

Typically, the animal nasal mucosa is used ex vivo to assess the toxicity of 
excipients and the transmucosal transport of medications. Ex vivo excised animal 
tissue models are commonly obtained from rats, rabbits, sheep, dogs, primates, and 
humans. Extracted tissue studies are useful for learning about permeability, efflux, 
metabolism, and toxicity. Ex vivo models for nasal medication administration have 
obvious advantages, but they also have significant limitations. The most significant 
limiting factors in animal species are thick nasal epithelial tissues and a lack of inter-
stitial flow rate beneath the mucosa. It becomes difficult to extend results to in vivo 
models when collecting data on permeability [3].

4.6.3 �T oxicological Considerations

Safety is of the utmost importance when developing an effective and safe pharma-
cological formulation for IN delivery. Safety considerations must be applied 
not only to the medicine itself, but also to the formulation’s active ingredients 
and excipients during the development process (“TRS 1010 -​ Annex 10: WHO 
Guidelines on Stability Testing of Active Pharmaceutical Ingredients and Finished 
Pharmaceutical Products” 2023). Excipients can significantly reduce the safety 
of the final drug product due to their own safety profile and the increased local 
exposure time of the drug. Furthermore, MCC is an important defensive mechanism 
that can be stimulated or inhibited by a variety of chemicals. Inhibitory effects, 
rather than stimulating effects, are primarily responsible for undesirable side effects 
such as nasal dryness, irritation, sneezing, nasal itching, rhinitis medicamentosa, 
and congestion [1].

Environmental cues (temperature and humidity), psychological factors, and indi-
vidual physiological factors (infections, preexisting disease, or allergies) all influence 
the local interactions between medication products and nasal mucosa, as well as the 
drug’s local tolerance. These factors influence drug absorption in the nasal mucosa 
and, as a result, the final product’s toxicologic profile. When a drug is administered 
intranasally, the underlying physiological function of an organ may be altered. As a 
result, impairment of these functions may result in longer formulation contact times, 
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which is advantageous, but it also causes physiological impairment and injury to the 
mucosa and nasal epithelium [1].

Excipients are used to protect medications from microbial contamination and deg-
radation as well as to improve medication transport and bioavailability across the nasal 
mucosa and epithelial tissues. These enhancers and preservatives must be studied and 
tested for toxicity. For example, benzalkonium chloride (BKC), which is capable of 
inhibiting the frequency of ciliary beating and mucociliary clearance, is used as a pre-
servative agent in a variety of liquid nasal formulations. Its effect, however, is dose and 
duration dependent, with the end result being ciliostasis and ciliotoxicity. In vivo histo-
logical tests on rats revealed that BKC can also cause nasal lesions (epithelial degener-
ation, desquamation, edema, or neutrophilic cellular infiltration) [1].

In addition to preservatives, nasal formulations also utilize penetration enhancers. 
These substances function to increase the transport and bioavailability of drugs 
across the nasal mucosa and epithelial tissue. Penetration enhancers have the desired 
effects of opening the tight junction of the cell to facilitate paracellular transport to 
the brain region, modifying the mucosal layer and inhibiting proteolytic enzymes. As 
a result, these disruptive functions can have more negative side effects, even though 
many chemicals and compounds can irritate the nasal mucosa without damaging it. 
Obviously, there is always a relationship between the drug and excipients in the local 
effects of a formulation. Furthermore, before drawing any conclusions about safety 
issues, the testing process, including dose, timing, and in vitro investigation system, 
as well as animal species, must be thoroughly evaluated [1].

4.6.4 �R egulatory Requirements

The majority of nano-​system-​based formulations, as well as the use of neuropeptides and 
cellular-​based therapies, are still in the preclinical, non-​clinical phase of the pharmaceut-
ical product development pipeline. To facilitate commercialization, numerous obstacles, 
such as regulatory concerns, the addressing of safety and quality aspects, as well as 
strict quality criteria, must be addressed. Even though nano-​system formation is regarded 
as a promising technique for crossing the BBB, the precise mechanisms and variables 
associated with efficient brain targeting via the intranasal route are still unknown [137]. 
Acquiring regulatory approval to commercialize a proposed drug is the culmination of 
a lengthy drug development process, but regulatory considerations have to be taken into 
account from the outset. Furthermore, in order to obtain approval for a new drug, the 
aspects of safety, effectiveness, and quality must be considered. All required documenta-
tion must be submitted to the authorized body. For example, the regulation of new drugs 
in the United States is based on Food and Drug Administration approval through the new 
drug application (NDA) [138].

On the other hand, orally inhaled and/​or nasal drug products (OINDP) are most 
frequently addressed for repurposing an already approved medicine, as previously 
reported for a number of examples, such as inhaled insulin (Exubera®), although 
this preparation was subsequently withdrawn from the marker. The OINDP guide-
line was developed by European Medicines Agency and became effective in 2006 
for the European Union [139]. This guideline concerns documentation regarding 
the expected quality aspect of a human medicinal product delivered through the 
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pulmonary or nasal route [131]. In line with this, drugs intended for nasal route 
administration include pressurized metered dose nasal sprays, liquids, and powders. 
Furthermore, this regulation focuses on specific safety, effectiveness, and quality con-
siderations for respiratory delivery (inhalation and nasal products) in relation to the 
standards. The authorities may permit the use of some efficacy and safety data from 
previously approved medications for repurposed products. Yet, even while preclin-
ical studies and systemic safety can be vindicated by evidence from prior studies of 
licensed medications, new preclinical and clinical research is still required to provide 
further information [1].

The pharmaceutical industry is currently under increased pressure to provide 
an innovative and efficient manufacturing process for active therapeutic products, 
including delivery devices. More complex and automated delivery systems will be 
required in the coming years to ensure accurate and reproducible intranasal dosing. 
The complex architecture of the nasal cavity creates a significant barrier to drug 
passage past the nasal valve. As a result, more efforts are needed to make this method 
of noninvasive medication delivery more effective and widespread [140].

4.7 � CONCLUSION AND PROSPECTS

NtB drug delivery is a promising approach for the treatment of neurological disorders 
as it allows for direct delivery of drugs to the brain, bypassing the BBB. However, 
there are several challenges associated with this approach, including: nasal mucosa 
absorption, rapid clearance, safety concerns. Despite these challenges, significant 
progress has been made in NtB drug delivery. NtB nanoparticles have the poten-
tial to be used in the treatment of neurological disorders, such as Alzheimer’s dis-
ease, Parkinson’s disease, and brain tumors. By delivering drugs directly to the brain, 
these nanoparticles can bypass the BBB and provide more targeted and effective 
treatments. NtB mucoadhesive delivery systems are also being investigated widely 
for the treatment of a range of neurological disorders. Combining 3D printing tech-
nologies, researchers have explored the possibility of using 3D printing to create 
specialized drug delivery devices for NtB delivery. Additionally, 3D printing has 
been used to create personalized nasal inserts that can fit an individual’s unique nasal 
anatomy, potentially improving drug delivery efficacy. Overall, NtB drug delivery is 
a rapidly evolving field with significant potential for the treatment of neurological 
disorders. While challenges remain, progress in drug design and delivery technolo-
gies is advancing the field.
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5.1 � INTRODUCTION

The World Health Organization forecasts that by the year 2040, neurological illnesses 
will overtake cancer cases as the second leading cause of mortality after cardiovas-
cular illnesses in senior citizens due to increased life span across most people globally 
[1]. The gradual impairment of neuronal activity caused by neuron degeneration in 
the central nervous system (CNS) characterizes a variety of neurological disorders 
(NDs), such as Alzheimer’s disease (AD), meningitis, Parkinson’s disease, multiple 
sclerosis (MS), Huntington’s disease, and many more [2]. Efficient options for therapy 
are still lacking, possibly due to the complexities of the CNS and the hypothesized 
multiple pathogenic pathways, despite significant advancements in the delivery of 
medicinal drugs and the knowledge of the etiology of neurological illnesses. As a 
consequence, the presently accessible therapeutic medicines, which primarily attempt 
to reduce neurological degeneration and decrease disease development, but have not 
been able to revert it and fully recover normal neuronal activity completely, have 
largely been shown to be unsuccessful [3, 4].

Furthermore, the medical treatment of CNS illnesses requires the passage of 
pharmaceutical drugs to the brain in substantial amounts to reach therapeutic dosages. 
However, amino acids, hormones, ions, and electrolytes in plasma routinely vary con-
siderably, especially following physical activity, meals, or stressful situations. Since 
numerous of these compounds govern nerve sensitivity, even a minor change in the 
interstitial fluid content in the CNS might cause an uncontrollable increase in brain 
function. Consequently, the blood–​brain barrier (BBB), which guards neural cells 
against toxins, infections, and environmental alterations, is present at the blood–​CNS 
level to stabilize the neuronal region. Therefore, the BBB may make it more dif-
ficult for most medications with CNS activity, particularly pharmaceutical drugs, 
to be delivered. The BBB restricts the delivery of therapeutic medications and the 
transit of potentially dangerous substances into the brain [5]. Additionally, it was 
previously shown that during the development stage, more than 50% of innovative 
medications were water insoluble [6, 7]. Thus, one of the foremost difficult challenges 
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in developing drugs is to increase the solubility of the medicinal product and, in turn, 
its level of bioavailability. Recently, there has been a greater focus on creating innova-
tive ways to deliver medications that can increase medication bioavailability [8–​10].

Using nanometric-​sized particles (NPs) is one of the most important aspects of  
nanotechnology. Particles of this size, in particular, have the ability to imitate and  
influence biological activities in the field of nanomedicine [11]. Mesoporous silica  
nanoparticles (MSNs) are among the most intriguing types of NPs. MSNs have  
become attractive nanocarriers for the administration of drugs in recent years [12,  
13]; refer to Figure 5.1. According to research by Baghirov et al., copolymer-​coated  
or uncoated MSNs with the lowest dimensions in the region of 100 nm were capable  
of crossing the BBB [14]. MSNs provide a huge surface area and pore volume for  
conceivably huge drug loading, a distinctive 3D structure for drug-​regulated release,  

FIGURE 5.1  Advantages of using mMesoporous silica nanoparticle as a nano carrier for drug 
delivery applications.
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and customizable surfaces that allow additional modification depending on diverse  
biological applications [15, 16]. Additionally, because the drug is trapped within the  
inner porosity, it is shielded from enzymes and metabolites that may alter it before  
reaching the intended target, resulting in unfavorable adverse reactions in unwanted  
organs and uncontrollable consequences [16].

Because of these attributes, MSNs are a great choice for the delivery of drugs and 
other bioactive agents to a specific site. Therefore, this chapter covers the production, 
biocompatibility, capacity, and processes by which MSNs traverse the BBB. In add-
ition, we have emphasized the potential use of therapeutically drug-​loaded MSNs in 
managing NDDs. We have also outlined the issues that must be resolved to advance 
the utilization of these prospective particles. We think that an extensive audience 
involved in the study of neurobiology and brain regeneration would benefit from the 
content of this article.

5.2 � TYPES OF MSNS: FABRICATION AND CHARACTERIZATION

Numerous nanosized metallic, non-​metallic, organic, and polymeric nanomaterials 
with surface functionalization are gaining traction in this context as top contenders 
for the targeted delivery of a broad range of chemotherapeutics. MSNs were initially 
designed in accordance with the growing requirement for nanomaterials exhibiting 
strong thermo-​mechanical, biologically safer, and structure-​tunable qualities. Cai et al., 
Nooney et al., and Fowler et al. documented the ever-​initial impactful preparation of 
nano-​scaled MSNs. This was complemented by a study by Lai et al., who introduced its 
name “MSN” [17]. According to the IUPAC, mesoporous compounds have a porosity 
that varies in diameter from 2 to 50 nm or even the organized configuration of pore 
spaces that gives an ordered framework. MSNs have evolved into a new class of inor-
ganic constructs with potential biological implications, considering their resourceful 
dimensions, enormous surface area (~999 m2/​g), well-​organized interior pores, porous 
capacity (0.5−1 cm3/​g), increased therapeutic load, excellent cytocompatibility, and 
affordable manufacturing cost [18]. MSNs are probably being synthesized using a 
variety of procedures; however, the sol-​gel approach remains primarily the common 
one. Briefly, nanoparticles are synthesized by silica precursor chemicals involving 
condensing and hydrolysis under acidified or alkaline catalysis conditions. Surfactant 
micelles provide the template for the resultant configuration. Those latter templates 
subsequently condense to produce a colloidal mixture (sol), while upon adjusting the 
reaction’s variables, the gel progressively takes shape from suspended particulates. 
A template-​based technique uses a framework-​constructing agent to synthesize hollow 
porous MSNs [19, 20]. Different types of MSNs have been reported to date, and some 
of these are the following: MCM41, MCM48, MCM50, SBA11, SBA12, SBA15, 
SBA16, FSM16, HMM33, FDU, TUD1, and COK12 [21–​23].

5.2.1 �MCM  (Mobil Composition of Matter)

The Mobil Research & Development Corporation originally fabricated and termed 
MCM41. With the application of different surfactants, the microporosity diameter 
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of nanomaterials was modified and controlled. With a pore width ranging from 2 to 
6 nm, MCM41 is a hexagon and was created using positively charged surfactants 
as frameworks, whereas alternative MSNs were additionally constructed by altering 
the substrates used as well as the reaction parameters. Such MSNs differ in pore 
diameter or geometric configuration, just as MCM-​50 and MCM-​48 showcase a 
lamella-​like and cubic-​like layout respectively [17, 21]. The methodology for gener-
ating chemically synthesized MCMs depends on silica substrates’ coalescence, usu-
ally sodium silicate (Na

2
O)

x
·SiO

2
 or tetraethylorthosilicate (TEOS), throughout the 

vicinity of cationic surfactants in an alkaline environment. The quintessential manu-
facturing combines a surfactant like a cetyltrimethylammonium bromide (CTAB) to 
TEOS at 80 °C and pH ≈ 11 adjusted by adding NaOH. The sol-​gel technique creates 
nanomaterials [24–​26].

5.2.2 �S BA (Santa Barbara Amorphous)

Only a mere five to seven years after MCM synthesis in 1992, Stucky along with his 
team constructed a silica-​based nanoparticle, a different form of nanoparticle, that 
is, the Santa Barbara Amorphous (SBA), with a different array-​like arrangement of 
hexagonal pores. The SBA gained importance due to its arranged nanopores, sig-
nificant pore diameter (4–​32 nm), robust pore membrane, and high thermodynamic 
sustainability, resulting in an exquisite alternative for numerous possibilities in het-
erogeneous catalysts, entrapment, and controlled therapeutic release. Following the 
preliminary synthesis of SBA, there here have been various other reports of a broad 
range of SBA nanoparticles, including SBA-​11 (cube), SBA-​15 (hexagon shaped), 
and SBA-​16 (cube shaped) [27]. Synthesis of basic SBA involves the following steps, 
described briefly. In order to synthesize SBA15, the framework scaffold must first 
dissolve in an acidified condition until a silica donor gets introduced. Later, the com-
bination mixture should be first heated overnight at 40 °C, followed by 36 hours of 
aging at 85–​90°C. Following this, a white precipitate is obtained. The resulting solid 
is then separated, carefully rinsed using deionized water, air-​dried at 37 °C, and then 
oven-​dried at 80°C for five to six hours. Later, it is calcined for 6 hours at 500°C 
to remove the scaffold [27–​30]. For the materials, TEOS or tetra-​methoxy silane 
(TMOS) are SiO

2
 substrates throughout the coordinated self-​building mechanism to 

generate a 2D array with a linear conduit. The SBA-​15 synthesis (EO20PO70EO20) 
as a scaffold framework is a copolymer of non-​ionic units of propylene oxide as a 
hydrophobic end, and ethylene oxide as a hydrophobic end and a hydrophilic end of 
the scaffold micelle [27, 31, 32].

5.2.3 �O ther Types of MSN

Other types of MSN include FSM-​16, HMM-​33, TUD-​1, COK-​12, and so on. To  
briefly describe their synthesis and structural characteristics one by one, FSM-​16, a  
folded sheet of MSN nanomaterials, can be constructed by using layering of poly-​ 
silicate (which is a silylation product of mono-​, di-​, and trichloro(alkyl)silanes)  
kanemite, in addition to a 4° cationic reagent to serve as a framework [33]. Besides  
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this, for HMM-​33 (Hiroshima Mesoporous Material 33), and COK-​12 (Centrum  
Voor Oppervlaktechemie en Katalyse), on the basis of pores arrangement (randomly 
or arrayed), pore diameter, and structure, the above-​mentioned MSN types are  
differentiated. The different types of MSN used in the various biological applications  
with their structural information are listed in Table 5.1.

5.3 � OVERCOMING CHALLENGES IN DRUG DELIVERY OF MSN 
ACROSS THE BBB

An active regulatory juncture found amid the capillaries of the brain, nerve tissues, 
and the spine is the BBB. Only gas molecules and tiny lipid-​soluble molecules can 
pass through the barrier under typical physiological circumstances. The BBB also 
has the power to pump particular hazardous or excessive chemicals out of the brain 
to keep the environment within the brain stable and allow the CNS to work cor-
rectly [52]. A laborious research topic for many years has been the safe and effective 
penetration of the BBB. Many neurodegenerative illnesses and gliomas can benefit 
from targeted medication delivery to the brain. Nano drug-​targeted delivery systems 
have shown significant promise in solving this obstacle, thanks to recent microscale 
and nanotechnology breakthroughs. The potential of nanoparticles to cross the BBB 

TABLE 5.1
MSN Types and Their Biomedical Applications

MSN class
MSN 
subtype

Pore size 
(nm) Structure Application References

MCM (Mobil 
Composition 
of Matter)

MCM 41 a. 80–​100
b. 1.5–​8

Hexagonal
2D hexagonal 

P6mm

Drug delivery [34, 35]

MCM 48 a. 2–​5 Cubic Drug delivery [36, 37]
MCM 50 a. 2–​5 Lamellar Adsorbents; 

Catalysis
[38]

SBA
(Santa Barbara 

amorphous)

SBA 11 a. 5.8 3D cubic Drug delivery [38–​40]
SBA 12 a. 3.1 3D hexagonal
SBA 15 a. 6–​10 2D hexagonal [41, 42]
SBA 16 a. 5–​15 Cubic [43]

Other types of 
MSNs

FDU 11 a. 2.7 Tetragonal Drug delivery [45, 46, 47]
FDU 12 a. 36 Cubic
FDU 13 a. 1.7 Orthorhombic
COK 12 a. 5.5–​6 Hexagonal Catalysis [48, 49]
TUD 1 a. 2.5–​25 Disordered Drug delivery; 

catalysis
[50, 51]

FSM 16 a. 3.2–​4 2D hexagonal Sensing; 
Catalysis; 
Drug 
delivery

[52, 53]
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and their transport to the brain is constantly being improved; biobased carriers, inor-
ganic nanocarriers, liposomes, and organic polymer-​carriers are manufactured in 
various sizes, shapes, and surface functional groups [53]. Kreuter et al. were the first 
to develop Poly(butyl cyanoacrylate) (PBCA) nanoparticles in 1995. They enabled 
the antinociceptive peptide dalargin to be distributed in vivo. PS80 is now accepted 
globally for increasing polymeric particle BBB crossing since it has been shown 
to increase apolipoprotein-​nanoparticle engagement for a wide range of polymers 
without generating BBB toxicity [54].

Mesoporous silica nanoparticles (MSNs) are one type of inorganic nanoparticle 
that offers particular benefits in drug delivery. Recently, MSNs have received much 
interest due to their use in healthcare and as carriers of drugs. Their structural adapt-
ability, large surface area, and ease of functionalization provide substantial advantages 
over traditional materials. These nanoparticles feature well-​defined pore arrangements 
with controlled diameters of pores ranging from 2 to 50 nm [55]. The pockets in these 
nanostructures can constitute a significant proportion of the entire volume that can 
be designed to store medicinal dosages, imaging chemicals, or occasionally both. 
Besides providing a wide surface area for MSNs, porosity allows for the independent 
assimilation of intrinsic and extrinsic surfaces. The pores in MSNs can help with drug 
binding, while the external surface can aid in stabilizing the nanocarrier.

Several strategies for delivering MSN and other nanoparticles carrying remedial 
drugs, including peptides, and other small molecules, are being explored continu-
ously. These approaches include temporarily breaching the BBB, changing the struc-
ture of the drug, and making alterations to the surface to enable it to traverse the BBB, 
circumventing the BBB, and transporting the medicine straight to the brain. Disrupting 
the BBB for targeted drug delivery via the intranasal route, Fonseca et al. created a 
mucoadhesive method for olanzapine delivery using a copolymer having amphiphilic 
methacrylic implemented poly(epsilon-​caprolactone) nanocapsules. Another inves-
tigation looked into the mannitol-​induced BBB opening process, in which vascular 
endothelial cell drying caused cell shrinkage and tight junction breach [56].

Ultrasound-​based approaches rely on the vibrations of acoustically generated 
cavitation to create a brief and temporary perforation of the vascular endothelium, 
allowing targeted molecules to penetrate the BBB into the CNS. To interrupt the BBB 
in model rats having gliosarcoma, Atkins employed a 558 kHz transducer capable 
of producing pulsed ultrasound and microbubbles [57]. Aryal et al. discovered that 
utilizing the focused ultrasonic approach enhanced the delivery efficacy of liposomal 
doxorubicin, resulting in a boost in mean longevity of 100% and 72% relative to the 
non-​treatment and DOX-​alone control groups, respectively. The synergistic delivery 
approach might be used in healthy and sick brains, considerably improving drug-​
loaded magnetic nanoparticle brain accumulation [58].

Researchers have been performing many experiments to clarify drug permeability 
across the BBB. According to the findings of Nowak et al., the connection between 
nanoparticles and endothelial cells seems to depend majorly on particle size [59]. 
Silica nanoparticles act on specific targets and have a good drug release profile. They 
may aid in transporting various compounds across the BBB, such as phytochemicals, 
oligonucleotides, proteins, and peptides. Nevertheless, substantial challenges in 
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employing these materials include their nonspecific aggregation and adhesion to 
various surfaces [60]. Turan and colleagues used a two-​step reservoir-​surging tech-
nique to construct a multicomponent nano vector made of a silica shell having an iron 
oxide core (Fe@MSN) to transport medications via the BBB for brain cancer therapy 
[61]. Kuang and colleagues used MSNs as a chemo-​immuno therapeutic carrier for 
administering tumor microenvironment responsive release of the chemical medicine 
doxorubicin and the immunological checkpoint inhibitor 1-​methyltryptophan (1-​
MT). Another study found that administering MSNPs and mesenchymal stem cells 
increased viability in U87MG xenograft rats with orthotopic glioblastomas [62].

The presence of a magnetic field and transferrin as the target ligand might increase 
the delivery and subsequent cellular absorption of doxorubicin-​loaded paclitaxel 
nanoparticles modified with transferrin (DOX-​PTX-​NPs-​Tf), resulting in the lar-
gest in vitro cytotoxicity [63]. In an experiment, SZI molecules were employed to 
penetrate the BBB. Despite having longer-​conjugated bridges than ThT (commer-
cial fluorescent probe-​thioflavin T), SZIs cannot traverse the BBB to approach 
the brain for imaging. There was no fluorescence in the brain area, indicating that 
SZIs alone could not pass the BBB. Therefore, MSN-​based nanocomposites were 
employed to deliver fluorescent dyes to the brain that helped in imaging for AD. 
In another study, MSN-​based drug-​delivery systems were produced and coupled 
with TAT peptide to improve brain tissue targeting and methotrexate permeability 
over the BBB and absorption by cancer cells [64]. The pH-​responsive nano system 
used a cell-​penetrating peptide (TAT) to breach the brain parenchyma. Yang et al. 
created H

2
O

2
-​responsive controlled drug release of gold metal-​capped mesoporous 

silica nanoparticles (MSN-​CQ-​AuNPs) for AD targeted clioquinol (CQ) delivery 
[63]. Mo et al. investigated nanoparticle absorption in glioma cells using MSNs of 
various sizes, employing the ability to change MSN size. MSNs were preloaded with 
doxorubicin, and their surfaces were coated with cRGD, a peptide widely used in 
nanomedicine due to its ability to bind to integrin receptors, which can be found 
upregulated in many cancerous cell lines. The findings demonstrated that MSNs 
(40nm) might cross the BBB and subsequently be quickly absorbed in glioma cells, 
avoiding damaging side effects in the healthy brain [53] [65]. Kim et al. discussed 
employing porous silica nanoparticles (Psi) decorated using the tripeptide RGD as a 
specific cancer photoluminescent two-​photon NIR compound that produces enhanced 
spatial details of tumoral tissues in an animal model with deep localization ideal reso-
lution. A PSi’s surface can be modified with proteins to boost its selectivity toward 
tumor cells. Dox-​loaded PSis adorned with transferrin could selectively kill glioma 
cells across the BBB [66].

Technologies like confocal microscopy and flow cytometry can be utilized  
for identifying fluorescein isothiocyanate (FITC)-​labeled MSN uptake by cells.  
Surface plasmon resonance assessments can also be employed to track cell absorp-
tion of MSN in real time, having no labels [52]. Two types of copolymer-​coated  
MSNs, that is, spherical and rod-​shaped nanoparticle absorption, were found robust  
in both MDCK II and RBE4 cells, indicating that the copolymer coating was highly  
successful in enhancing intracellular delivery of spherical and rod-​shaped MSNs.  
Uncoated particle delivery is substantially less pronounced. The existence of the  
BBB makes treatment of such disorders difficult since it is impenetrable by most  
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currently known and potentially beneficial medications. As a result, educational  
and pharmaceutical communities face significant challenges in discovering and  
developing innovative drug-​delivery mechanisms for managing such disorders.  
Nanotechnology is an exciting and promising method. Nowadays, multiple var-
ieties of NPs with various properties and applications are available for biomedical  
use, allowing the transport of neuroactive substances such as medicines, growth  
regulators and genes, and cells to the brain. NPs provide therapeutic benefits for  
medication delivery, including lower drug dosage, fewer adverse effects, extended  
drug half-​life, and the potential to improve drug crossing over the BBB (See  
Figure 5.2).

5.4 � APPLICATION OF MSN

5.4.1 �T reatment of Alzheimer’s Disease

AD is found to affect an estimated 15–​20 million individuals globally. Among 
numerous therapeutic NP-​based prototypes developed to suppress aggregation in 
AD, MSNs have the superiority of preferentially traversing the BBB and transporting 
considerably large quantities of target molecules into the brain if appropriately 
functionalized. Increased concentrations of trace metal ions, particularly iron, copper, 
and zinc, are a major metabolic characteristic of AD that leads to neurodegeneration. 
Various engineered MSNs using competitive binding, redox, pH, photon, and enzyme 
as activators have been demonstrated for drug delivery [67].

FIGURE 5.2  Transport mechanisms under the influence of the blood–​brain barrier (BBB).
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The curcumin (CCM)-​loaded MSN-​CCM and the thermos-​responsive hydrogel 
(HG) (HG@MSN-​CCM) successfully reversed the cognitive loss caused by 
streptozotocin-​induced AD in mice. MSNs have been discovered to behave as 
nano scavengers and have been recommended as a possible therapy for various 
neurodegenerative illnesses because of their ability to bind and remove harmful 
compounds from the brain, such as amyloid beta plaques in AD [68]. For AD, it is 
found that the action of reactive oxygen species (ROS), such as H

2
O

2
, generation, is 

part of metabolic reactions that occur at a higher degree in the brain. In a research 
study, bioactive metabolites were loaded into phenylboronic acid-​conjugated MSNs. 
The nanomaterial was then capped with adjacent diol molecules and human IgG and 
β-​d-​glucose-​AuNPs. The ROS in the diseased brain micro-​environment could help in 
the controlled release of metal chelator CQ, reducing the clustering of Aβ plaques and 
the Aβ accumulation-​related neurotoxicity [69].

5.4.2 �D iagnosis and Monitoring of Epilepsy

Epilepsy is an NDcharacterized by repetitive seizures which can hamper and damage 
the brain cells forever. Accompanying epilepsy, other dysfunctions, such as cognitive 
and behavioral changes, muscular tension, and autonomic and other systemic deficits, 
may occur. As a result, the intricacy of epilepsy is unquestionable, and authors concur 
that treating it remains a huge problem. Epileptic seizures are unexpected and can 
result in injury, hospitalization, and death, leading to a higher mortality rate than in 
the general population. The BBB is a crucial biological barrier that limits the delivery 
and transport of anti-​seizure drugs (ASDs) to the brain. The BBB’s restrictive per-
meability and active efflux of many therapeutic agents make the treatment of NDs 
difficult. In this connection, it has been claimed that epilepsy treatment issues may 
be caused by an inadequate concentration of ASDs in the CNS, which might be 
avoided with appropriate drug-​delivery methods. Lopez et al. reported using a tem-
plate approach to create mesoporous silica and titania nanotubes. They assembled 
MSNs (SBA-​15) and titania nanotubes to include the antiepileptic medication pheny-
toin (PH) [70]. For monitoring drug delivery, very sensitive and selective K+​ sensing 
could be adopted. In this regard, MSNs were coated with a one-​of-​a-​kind ultrathin 
layer of a K+​ permeable membrane filter. This filter was created by controlled self-​
assembly of 3-​D tripodal ligands, which could exclusively collect K+​, allowing the 
K+​ indicators implanted inside MSN to detect the dynamics of the K+​ level entirely 
without interference from other cations. The K+​ reactive nanosensors have shown 
tremendous promise in the early epilepsy diagnosis and to-​the-​point monitoring of 
epileptic convulsions, which can guide the sensible use of antiepileptic medicines for 
precise epilepsy therapy with minimal side effects [71].

5.4.3 �T reatment of Brain Tumors

Gliomas are malignant tumors originating from brain and spinal cord glial cells. They 
are the second most significant cause of mortality in teenagers. It is the most common 
and aggressive primary intracranial neoplasm in the CNS.
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MSNs with large surface area, tunable pore diameters, and greater pore volume  
have been widely used for controlled drug release and targeted cancer treatment.  
Researchers talk about paclitaxel lipid-​coated MSNs, which have blended features of  
both MSNs and liposomes perfect for constructing a targeted drug-​delivery system  
for therapeutics with various characteristics and action mechanisms [72]. MSN with  
tiny diameters could be preloaded with anticancer medicine, such as temozolomide  

TABLE 5.2
Therapeutic-​loaded MSNs for Brain-​related Disorders

Drug Carrier Model
Disease 
targeted Reference

Doxorubicin (DOX) MSN-​PEG-​IP C6-​IL13Rα2 cell Glioma [74]
Leptin/​pioglitazone MSN-​lep-​pio Tdp-​43a315t mice Amyotrophic 

lateral 
sclerosis

[75]

L-​dopa MSN-​n-​oleyl-​l-​
Dopa

Simulated body 
fluid system

Parkinson’s [76]

Doxorubicin (DOX) Fe@MSN CNS-​1 glioma 
model in mice

Glioblastoma [61]

Arctigenin MSN-​FC@
ARC-​G

C57BL/​6J mice Brain and 
spinal cord 
injury

[77]

Thymoquinone MSN Male Wistar rats Diagnostic 
purposes

[78]

Polydopamine and 
DOX

MSN-​DOX-​
PDA-​NGR

Brain capillary 
endothelial 
cells and c6 
cells

Antitumor [79]

Paclitaxel and DOX Magnetic silica 
PLGA

U-​87 MG-​luc2 
xenograft of 
BALB/​c nude 
mice

Brain glioma [80]

Metal chelators CQ MSN-​CQ-​AuNP Bend.3 cell Alzheimer [81]
Carbamazepine 

(CBZ), 
oxcarbazepine 
(OXC), and 
rufinamide (RFN)

SBA-​16 3T3 endothelial 
cells

Anti-​epileptic [82]

Phenytoin (PH) SBA 15) and 
nanostructured 
titania tubes 
tio

2

In vitro drug 
release

Anti-​epileptic [83]

Resveratrol PLA-​coated 
MSN

Rat brain 
microvascular 
endothelial 
cells

Oxidative stress 
therapy in 
CNS.

[84]
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(TMZ). In an experiment, TMZ encapsulated with polydopamine (PDA) and coupled  
with Asn-​Gly-​Arg (NGR) was adopted to manage glioma treatment, the most common  
and invasive primary intracranial tumor in the CNS. NGR-​MSN accumulation in rat  
glioma cell lines was greater than that of unaltered MSNPs. MSN-​PEG-​IP was suc-
cessfully synthesized, an MSN-​based vehicle coated with IL13Rα2-​targeted peptide  
(IP) using polyethylene glycol (PEG). Its properties for delivering chemotherapeutic  
medicines were thoroughly examined. IP was shown to be a promising ligand for  
developing glioma-​targeted drug-​delivery systems. These nanocarriers were validated  
as the latest cargo for delivering the hydrophobic anticancer drug doxorubicin to  
glioma cells (Table 5.2) [73].

5.5 � CONCLUSIONS

In light of the restrictions in the medical management of NDDs, nanotechnology 
provides a viable option for developing novel therapeutic solutions. MSNs, among 
the third generation of silica-​based nanomaterials, offer a great deal of promise 
because of their special characteristics. This chapter serves as a status report on the 
benefits and possible uses of MSNs as a therapeutic drug-​delivery system specif-
ically suited to circumvent the BBB. Moreover, we have reviewed the appropriate 
transport and functionalization techniques required to pass through the crucial BBB 
in treating multiple NDDs, in light of the expanding scientific curiosity in the clin-
ical application of these nanoparticles for diagnostics and imaging. Smart MSN 
nanocarriers may be modified quickly to target and deliver drugs at specific locations, 
hence increasing bioavailability and minimizing negative effects. However, owing to 
a shortage of comprehensive in vivo investigations and also clinical investigations, 
there is still a lot to be studied in terms of MSN-​based nanoplatforms for NDs therapy. 
The designing and functioning of smart nanosystems must be understood in order to 
gain Food and Drug Administration or regulatory authority clearance and to go from 
laboratory to manufacturing facilities. Following on from the promise of MSNs, these 
nanosystems are intriguing tools for additional clinical investigation and, eventually, 
effective NDDs therapy.

ACKNOWLEDGMENTS

The authors are thankful to the School of Biochemical Engineering, IIT (BHU) 
Varanasi, for providing technical support. This work was financially supported by the 
Department of Biotechnology, India, under the DBT JRF PhD program, for providing 
a fellowship to author Abhay Dev Tripathi during the tenure of this study.

REFERENCES
1.	 Marques C, Fernandes I, Meireles M et al. (2018) Gut microbiota modulation accounts 

for the neuroprotective properties of anthocyanins. Sci Rep 8:1–​9.
2.	 Xu X, Warrington AE, Bieber AJ, Rodriguez M (2011) Enhancing central nervous 

system repair-​the challenges. CNS Drugs 25:555.

 

 

 

 

 

 

 



117Mesoporous Silica Nanoparticles for Drug Delivery

117

3.	 Mukherjee S, Madamsetty VS, Bhattacharya D et al. (2020) Recent advancements 
of nanomedicine in neurodegenerative disorders theranostics. Adv Funct Mater 
30:2003054.

4.	 Savelieff MG, Nam G, Kang J et al. (2018) Development of multifunctional molecules 
as potential therapeutic candidates for Alzheimer’s disease, Parkinson’s disease, and 
amyotrophic lateral sclerosis in the last decade. Chem Rev 119:1221–​1322.

5.	 Bourganis V, Kammona O, Alexopoulos A, Kiparissides C (2018) Recent advances 
in carrier mediated nose-​to-​brain delivery of pharmaceutics. Eur J Pharm Biopharm 
128:337–​362.

6.	 Čerpnjak K, Zvonar A, Gašperlin M, Vrečer F (2013) Lipid-​based systems as prom-
ising approach for enhancing the bioavailability of poorly water-​soluble drugs. Acta 
pharmaceutica 63:427–​445.

7.	 Dizaj SM, Vazifehasl Z, Salatin S et al. (2015) Nanosizing of drugs: effect on dissol-
ution rate. Res Pharm Sci 10:95.

8.	 Saraf S (2010) Applications of novel drug delivery system for herbal formulations. 
Fitoterapia 81:680–​689.

9.	 Asil SM, Ahlawat J, Barroso GG, Narayan M (2020) Nanomaterial based drug delivery 
systems for the treatment of neurodegenerative diseases. Biomater Sci 8:4109–​4128.

10.	 Akhtar A, Andleeb A, Waris TS et al. (2021) Neurodegenerative diseases and effective 
drug delivery: A review of challenges and novel therapeutics. JCR 330:1152–​1167.

11.	 Hickey JW, Santos JL, Williford J-​M, Mao H-​Q (2015) Control of polymeric 
nanoparticle size to improve therapeutic delivery. JCR 219:536–​547.

12.	 Vallet-​Regí M, Schüth F, Lozano D et al. (2022) Engineering mesoporous silica 
nanoparticles for drug delivery: where are we after two decades? Chem Soc Rev 51 
(13): 5365–​5451.

13.	 Cauda V, Canavese G (2020) Mesoporous materials for drug delivery and theranostics. 
Pharmaceutics 12:1108.

14.	 Baghirov H, Karaman D, Viitala T et al. (2016) Feasibility study of the permeability 
and uptake of mesoporous silica nanoparticles across the blood–​brain barrier. PLoS 
One 11:e0160705.

15.	 Rizzi F, Castaldo R, Latronico T et al. (2021) High surface area mesoporous silica 
nanoparticles with tunable size in the sub-​micrometer regime: Insights on the size and 
porosity control mechanisms. Molecules 26:4247.

16.	 Rajput S, Vadia N, Mahajan M (2022) Role of mesoporous silica nanoparticles as drug 
carriers: Evaluation of diverse mesoporous material nanoparticles as potential host for 
various applications. Advanced Functional Porous Materials: From Macro to Nano 
Scale Lengths 205–​234.

17.	 Mendiratta S, Hussein M, Nasser HA, Ali AAA (2019) Multidisciplinary role of 
mesoporous silica nanoparticles in brain regeneration and cancers: From crossing the 
blood–​brain barrier to treatment. Part Part Syst Charact 36:1900195.

18.	 Nigro A, Pellegrino M, Greco M et al. (2018) Dealing with skin and blood–​brain 
barriers: The unconventional challenges of mesoporous silica nanoparticles. 
Pharmaceutics 10:250.

19.	 Jafari Z, Honarmand S, Rahimi F et al. (2021) Mesoporous Silica Nanoparticles as 
Versatile carrier platforms in therapeutic applications. J Nanosci Technol 20210:40–​62.

20.	 Trewyn BG, Slowing II, Giri S et al. (2007) Synthesis and functionalization of a 
mesoporous silica nanoparticle based on the sol–​gel process and applications in con-
trolled release. Acc Chem Res 40:846–​853.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



118 Nanoarchitectonics for Brain Drug Delivery

118

21.	 Carvalho GC, Sábio RM, de Cássia Ribeiro T et al. (2020) Highlights in mesoporous 
silica nanoparticles as a multifunctional controlled drug delivery nanoplatform for 
infectious diseases treatment. Pharm Res 37:191.

22.	 Narayan R, Nayak UY, Raichur AM, Garg S (2018) Mesoporous silica nanoparticles: A 
comprehensive review on synthesis and recent advances. Pharmaceutics 10:118.

23.	 Øye G, Sjöblom J, Stöcker M (2001) Synthesis, characterization and potential 
applications of new materials in the mesoporous range. Adv Colloid Interface Sci 
89:439–​466.

24.	 Singh AK, Singh S Sen, Rathore AS et al. (2021) Lipid-​coated MCM-​41 mesoporous 
silica nanoparticles loaded with berberine improved inhibition of acetylcholine 
esterase and amyloid formation. ACS Biomater Sci Eng 7:3737–​3753.

25.	 Sohrabnezhad S, Jafarzadeh A, Pourahmad A (2018) Synthesis and characterization of 
MCM-​41 ropes. Mater Lett 212:16–​19.

26.	 Martínez-​Edo G, Balmori A, Pontón I et al. (2018) Functionalized ordered mesoporous 
silicas (MCM-​41): Synthesis and applications in catalysis. Catalysts 8:617.

27.	 Chaudhary V, Sharma S (2017) An overview of ordered mesoporous material SBA-​
15: synthesis, functionalization and application in oxidation reactions. Journal Porous 
Mater 24:741–​749.

28.	 Vernimmen J, Meynen V, Cool P (2011) Synthesis and catalytic applications of 
combined zeolitic/​mesoporous materials. Beilstein J Nanotechnol 2:785–​801.

29.	 Huirache-​Acuña R, Nava R, Peza-​Ledesma CL et al. (2013) SBA-​15 mesoporous 
silica as catalytic support for hydrodesulfurization catalysts. Materials 6:4139–​4167.

30.	 Yang C-​M, Zibrowius B, Schmidt W, Schüth F (2004) Stepwise removal of the 
copolymer template from mesopores and micropores in SBA-​15. Chemistry of 
materials 16:2918–​2925.

31.	 Fulvio PF, Pikus S, Jaroniec M (2005) Short-​time synthesis of SBA-​15 using various 
silica sources. J Colloid Interface Sci 287:717–​720.

32.	 Ulrich K, Galvosas P, Kärger J et al. (2010) Self-​assembly and diffusion of block 
copolymer templates in SBA-​15 nanochannels. J Phys Chem B 114:4223–​4229.

33.	 Tozuka Y, Wongmekiat A, Kimura K et al. (2005) Effect of pore size of FSM-​16 on 
the entrapment of flurbiprofen in mesoporous structures. Chem Pharm Bull (Tokyo) 
53:974–​977.

34.	 Karaman DŞ, Kettiger H (2018) Silica-​based nanoparticles as drug delivery 
systems: Chances and challenges. In: Inorganic frameworks as smart nanomedicines. 
Elsevier, pp 1–​40.

35.	 Narayan R, Nayak UY, Raichur AM, Garg S (2018) Mesoporous silica nanoparticles:  
A comprehensive review on synthesis and recent advances. Pharmaceutics 10:118.

36.	 Feng Y, Panwar N, Tng DJH et al. (2016) The application of mesoporous silica 
nanoparticle family in cancer theranostics. Coord Chem Rev 319:86–​109.

37.	 Shah P V, Rajput SJ (2017) A comparative in vitro release study of raloxifene 
encapsulated ordered MCM-​41 and MCM-​48 nanoparticles: a dissolution kinetics 
study in simulated and biorelevant media. J Drug Deliv Sci Technol 41:31–​44.

38.	 Ukmar T, Planinšek O (2010) Ordered mesoporous silicates as matrices for controlled 
release of drugs. Acta Pharmaceutica 60:373–​385.

39.	 Kruk M, Jaroniec M, Sakamoto Y et al. (2000) Determination of pore size and pore 
wall structure of MCM-​41 by using nitrogen adsorption, transmission electron micros-
copy, and X-​ray diffraction. J Phys Chem B 104:292–​301.

40.	 Aqeel T, Greer HF (2020) Quantum-​sized zinc oxide nanoparticles synthesised within 
mesoporous silica (SBA-​11) by humid thermal decomposition of zinc acetate. Crystals 
(Basel) 10:549.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



119Mesoporous Silica Nanoparticles for Drug Delivery

119

41.	 Jangra S, Sharma B, Singh S (2021) Aloe-​emodin-​loaded SBA-​15 and its in vitro 
release properties and cytotoxicity to cervical cancer cells. Materials Research 
Innovations 25:264–​275.

42.	 Carmona D, Balas F, Santamaria J (2014) Pore ordering and surface properties of 
FDU-​12 and SBA-​15 mesoporous materials and their relation to drug loading and 
release in aqueous environments. Mater Res Bull 59:311–​322.

43.	 Fekri MH, Soleymani S, Mehr MR, Akbari-​adergani B (2022) Synthesis and charac-
terization of mesoporous ZnO/​SBA-​16 nanocomposite: Its efficiency as drug delivery 
system. J Non Cryst Solids 591:121512.

44.	 Poyatos-​Racionero E, González-​Álvarez I, González-​Álvarez M et al. (2020) 
Surfactant-​triggered molecular gate tested on different mesoporous silica supports for 
gastrointestinal controlled delivery. Nanomaterials 10:1290.

45.	 Chircov C, Spoială A, Păun C et al. (2020) Mesoporous silica platforms with potential 
applications in release and adsorption of active agents. Molecules 25:3814.

46.	 Colmenares MG, Simon U, Cruz O et al. (2018) Batch and continuous synthesis 
upscaling of powder and monolithic ordered mesoporous silica COK-​12. Microporous 
Mesoporous Mater 256:102–​110.

47.	 Varkolu M, Velpula V, Ganji S et al. (2015) Ni nanoparticles supported on mesoporous 
silica (2D, 3D) architectures: highly efficient catalysts for the hydrocyclization of 
biomass-​derived levulinic acid. RSC Adv 5:57201–​57210.

48.	 Heikkilä T, Salonen J, Tuura J et al. (2007) Mesoporous silica material TUD-​1 as a 
drug delivery system. Int J Pharm 331:133–​138.

49.	 Keshri KS, Bhattacharjee S, Singha A et al. (2022) Synthesis of cyclic carbonates of 
different epoxides using CO2 as a C1 building block over Ag/​TUD-​1 mesoporous 
silica catalyst: A solvent free approach. Molecular Catalysis 522:112234.

50.	 Fukuoka A, Higashimoto N, Sakamoto Y et al. (2001) Preparation and catalysis of 
Pt and Rh nanowires and particles in FSM-​16. Microporous and Mesoporous Mater 
48:171–​179.

51.	 Trewyn BG, Whitman CM, Lin VS-​Y (2004) Morphological control of room-​
temperature ionic liquid templated mesoporous silica nanoparticles for controlled 
release of antibacterial agents. Nano Lett 4:2139–​2143.

52.	 Baghirov H, Karaman D, Viitala T et al. (2016) Feasibility study of the permeability 
and uptake of mesoporous silica nanoparticles across the blood–​brain barrier. PLoS 
One 11:1–​22. https://​doi.org/​10.1371/​jour​nal.pone.0160​705

53.	 Mendiratta S, Hussein M, Nasser HA et al. (2019) Multidisciplinary role of mesoporous 
silica nanoparticles in brain regeneration and cancers: from crossing the blood brain 
barrier to treatment. Part Part Syst Charact 36 (9), p. 1900195. https://​doi.org/​10.1002/​
ppsc.201900​195

54.	 Petri B, Bootz A, Khalansky A et al. (2007) Chemotherapy of brain tumour using doxo-
rubicin bound to surfactant-​coated poly(butyl cyanoacrylate) nanoparticles: Revisiting 
the role of surfactants. JCR 117:51–​58. https://​doi.org/​10.1016/​j.jcon​rel.2006.10.015

55.	 Nagavarma BVN, Yadav HKS, Ayaz A et al. (2012) Different techniques for prepar-
ation of polymeric nanoparticles-​ A review. Asian J Pharm and Clin Res 5:16–​23.

56.	 Fonseca FN, Betti AH, Carvalho FC et al. (2014) Mucoadhesive amphiphilic meth-
acrylic copolymer-​functionalized poly(ε-​caprolactone) nanocapsules for nose-​to-​brain 
delivery of olanzapine. J Biomed Nanotechnol 11:1472–​1481. https://​doi.org/​10.1166/​
jbn.2015.2078

57.	 Alkins RD, Brodersen PM, Sodhi RNS, Hynynen K (2013) Enhancing drug 
delivery for boron neutron capture therapy of brain tumors with focused ultrasound. 
NeuroOncology 15: 1225–​1235. https://​doi.org/​10.1093/​neu​onc/​not​052

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1371/journal.pone.0160705
https://doi.org/10.1002/ppsc.201900195
https://doi.org/10.1002/ppsc.201900195
https://doi.org/10.1016/j.jconrel.2006.10.015
https://doi.org/10.1166/jbn.2015.2078
https://doi.org/10.1166/jbn.2015.2078
https://doi.org/10.1093/neuonc/not052


120 Nanoarchitectonics for Brain Drug Delivery

120

58.	 Wipt P, George KM (2008) 基因的改变NIH Public Access. Bone 23:1–​7. https://​doi.
org/​10.1016/​j.jcon​rel.2013.04.007

59.	 Brown TD, Nowak M, Bayles AV et al. (2019) A microfluidic model of human brain 
(μHuB) for assessment of blood brain barrier. Bioeng Transl Med 4:1–​13. https://​doi.
org/​10.1002/​btm2.10126

60.	 Yang Y, Yan X, Cui Y et al. (2008) Preparation of polymer-​coated mesoporous silica 
nanoparticles used for cellular imaging by a “graft-​from” method. J Mater Chem 
18:5731–​5737. https://​doi.org/​10.1039/​b8115​73g

61.	 Turan O, Bielecki P, Perera V et al. (2019) Delivery of drugs into brain tumors using 
multicomponent silica nanoparticles. Nanoscale 11:11910–​11921. https://​doi.org/​
10.1039/​c9n​r028​76e

62.	 Kuang J, Song W, Yin J et al. (2018) iRGD modified chemo-​immunotherapeutic 
nanoparticles for enhanced immunotherapy against glioblastoma. Adv Funct Mater 
28. https://​doi.org/​10.1002/​adfm.201800​025

63.	 Choudhury H, Pandey M, Chin PX et al. (2018) Transferrin receptors-​targeting 
nanocarriers for efficient targeted delivery and transcytosis of drugs into the brain 
tumors: a review of recent advancements and emerging trends. Drug Deliv and Transl 
Res 8, 1545–​1563. https://​doi.org/​10.1007/​s13​346-​018-​0552-​2

64.	 Ma L, Yang S, Ma Y et al. (2021) Benzothiazolium derivative-​capped silica 
nanocomposites for β-​amyloid imaging in vivo. Anal Chem 93:12617–​12627. https://​
doi.org/​10.1021/​acs.analc​hem.1c02​289

65.	 Mo J, He L, Ma B, Chen T (2016) Tailoring particle size of mesoporous silica 
nanosystem to antagonize glioblastoma and overcome blood–​brain barrier. ACS Appl 
Mater Interfaces 8:6811–​6825. https://​doi.org/​10.1021/​acs​ami.5b11​730

66.	 Nigro A, Pellegrino M, Greco M et al. Dealing with skin and blood–​brain barriers: The 
unconventional challenges of mesoporous silica nanoparticles. https://​doi.org/​10.3390/​
pharma​ceut​ics1​0040​250

67.	 Wang L, Yin YL, Liu XZ et al. (2020) Current understanding of metal ions in the 
pathogenesis of Alzheimer’s disease. Transl Neurodegener 9:1–​13. https://​doi.org/​
10.1186/​s40​035-​020-​00189-​z

68.	 Ribeiro T de C, Sábio RM, Luiz MT et al. (2022) Curcumin-​loaded mesoporous silica 
nanoparticles dispersed in thermo-​responsive hydrogel as potential Alzheimer disease 
therapy. Pharmaceutics 14. https://​doi.org/​10.3390/​pharma​ceut​ics1​4091​976

69.	 Yang L, Yin T, Liu Y et al. (2016) Gold nanoparticle-​capped mesoporous silica-​based 
H2O2-​responsive controlled release system for Alzheimer’s disease treatment. Acta 
Biomater 46:177–​190. https://​doi.org/​10.1016/​j.act​bio.2016.09.010

70.	 López T, Ortiz E, Meza D et al. (2011) Controlled release of phenytoin for epilepsy 
treatment from titania and silica based materials. Mater Chem Phys 126:922–​929. 
https://​doi.org/​10.1016/​j.matc​hemp​hys.2010.12.011

71.	 Octeau JC, Gangwani MR, Allam SL et al. (2019) Transient, Consequential Increases 
in Extracellular Potassium Ions Accompany Channelrhodopsin2 Excitation. Cell Rep 
27:2249–​2261.e7. https://​doi.org/​10.1016/​j.cel​rep.2019.04.078

72.	 Zhu J, Zhang Y, Chen X et al. (2020) Biochemical and biophysical research 
communications angiopep-​2 modi fi ed lipid-​coated mesoporous silica nanoparticles 
for glioma targeting therapy overcoming BBB. Biochem Biophys Res Commun 2–​7. 
https://​doi.org/​10.1016/​j.bbrc.2020.10.076

73.	 Zhang P, Tang M, Huang Q et al. (2019) Combination of 3-​methyladenine therapy 
and Asn-​Gly-​Arg (NGR)-​modified mesoporous silica nanoparticles loaded with 
temozolomide for glioma therapy in vitro. Biochem Biophys Res Commun 509:549–​
556. https://​doi.org/​https://​doi.org/​10.1016/​j.bbrc.2018.12.158

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1016/j.jconrel.2013.04.007
https://doi.org/10.1016/j.jconrel.2013.04.007
https://doi.org/10.1002/btm2.10126
https://doi.org/10.1002/btm2.10126
https://doi.org/10.1039/b811573g
https://doi.org/10.1039/c9nr02876e
https://doi.org/10.1039/c9nr02876e
https://doi.org/10.1002/adfm.201800025
https://doi.org/10.1007/s13346-018-0552-2
https://doi.org/10.1021/acs.analchem.1c02289
https://doi.org/10.1021/acs.analchem.1c02289
https://doi.org/10.1021/acsami.5b11730
https://doi.org/10.3390/pharmaceutics10040250
https://doi.org/10.3390/pharmaceutics10040250
https://doi.org/10.1186/s40035-020-00189-z
https://doi.org/10.1186/s40035-020-00189-z
https://doi.org/10.3390/pharmaceutics14091976
https://doi.org/10.1016/j.actbio.2016.09.010
https://doi.org/10.1016/j.matchemphys.2010.12.011
https://doi.org/10.1016/j.celrep.2019.04.078
https://doi.org/10.1016/j.bbrc.2020.10.076
https://doi.org/https://doi.org/10.1016/j.bbrc.2018.12.158


121Mesoporous Silica Nanoparticles for Drug Delivery

121

74.	 Shi J, Hou S, Huang J et al. (2017) An MSN-​PEG-​IP drug delivery system and 
IL13Rα2 as targeted therapy for glioma. Nanoscale, 9(26), pp. 8970–​8981. https://​doi.
org/​10.1039/​c6n​r087​86h

75.	 Diana D, Ferrer-​donato A, Jos MM et al. (2022) Design of mesoporous silica 
nanoparticles for the treatment of amyotrophic lateral sclerosis (ALS) with a thera-
peutic cocktail based on leptin and pioglitazone. https://​doi.org/​10.1021/​acsb​ioma​teri​
als.2c00​865

76.	 Morales V, McConnell J, Pérez-​Garnes M et al. (2021) L-​Dopa release from 
mesoporous silica nanoparticles engineered through the concept of drug-​structure-​
directing agents for Parkinson’s disease. J Mater Chem B 9:4178–​4189. https://​doi.
org/​10.1039/​d1t​b004​81f

77.	 Sun G, Zeng S, Liu X et al. (2019) Synthesis and characterization of a silica-​based 
drug delivery system for spinal cord injury therapy. Nanomicro Lett 11:1–​20. https://​
doi.org/​10.1007/​s40​820-​019-​0252-​6

78.	 Fahmy HM, Fathy MM, Abd-​elbadia RA, Elshemey WM (2019) Targeting of 
thymoquinone-​loaded mesoporous silica nanoparticles to different brain areas: In vivo 
study. Life Sci 222:94–​102. https://​doi.org/​10.1016/​j.lfs.2019.02.058

79.	 Hu J, Zhang X, Wen Z et al. (2016) Asn-​Gly-​Arg-​modified polydopamine-​coated 
nanoparticles for dual-​targeting therapy of brain glioma in rats. Oncotarget 7:73681–​
73696. https://​doi.org/​10.18632/​onc​otar​get.12047

80.	 Cui Y, Xu Q, Chow PKH et al. (2013) Transferrin-​conjugated magnetic silica PLGA 
nanoparticles loaded with doxorubicin and paclitaxel for brain glioma treatment. 
Biomaterials 34:8511–​8520. https://​doi.org/​10.1016/​j.bioma​teri​als.2013.07.075

81.	 Yang L, Yin T, Liu Y et al. (2016) Gold nanoparticle-​capped mesoporous silica-​based 
H2O2-​responsive controlled release system for Alzheimer’s disease treatment. Acta 
Biomater 46:177–​190. https://​doi.org/​10.1016/​j.act​bio.2016.09.010

82.	 Thomas MJK, Slipper I, Walunj A et al. (2010) Inclusion of poorly soluble drugs in 
highly ordered mesoporous silica nanoparticles. Int J Pharm 387:272–​277. https://​doi.
org/​10.1016/​j.ijph​arm.2009.12.023

83.	 López T, Ortiz E, Meza D et al. (2011) Controlled release of phenytoin for epilepsy 
treatment from titania and silica based materials. Mater Chem Phys 126:922–​929. 
https://​doi.org/​10.1016/​j.matc​hemp​hys.2010.12.011

84.	 Shen Y, Cao B, Snyder NR et al. (2018) ROS responsive resveratrol delivery from 
LDLR peptide conjugated PLA-​coated mesoporous silica nanoparticles across the 
blood–​brain barrier. J Nanobiotechnology 16:1–​17. https://​doi.org/​10.1186/​s12​
951-​018-​0340-​7

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1039/c6nr08786h
https://doi.org/10.1039/c6nr08786h
https://doi.org/10.1021/acsbiomaterials.2c00865
https://doi.org/10.1021/acsbiomaterials.2c00865
https://doi.org/10.1039/d1tb00481f
https://doi.org/10.1039/d1tb00481f
https://doi.org/10.1007/s40820-019-0252-6
https://doi.org/10.1007/s40820-019-0252-6
https://doi.org/10.1016/j.lfs.2019.02.058
https://doi.org/10.18632/oncotarget.12047
https://doi.org/10.1016/j.biomaterials.2013.07.075
https://doi.org/10.1016/j.actbio.2016.09.010
https://doi.org/10.1016/j.ijpharm.2009.12.023
https://doi.org/10.1016/j.ijpharm.2009.12.023
https://doi.org/10.1016/j.matchemphys.2010.12.011
https://doi.org/10.1186/s12951-018-0340-7
https://doi.org/10.1186/s12951-018-0340-7


122

122 DOI: 10.1201/9781032661964-6

Polymeric Nanocarriers 
for Drug Delivery to the 
Central Nervous System

Aditya Kadam, Shradha Karande, Shreya Thakkar, 
Namdev More, and Dilip Sharma

6.1 � INTRODUCTION

Over 600 different types of neurological diseases, such as Alzheimer’s, Parkinson’s, 
dementia, Huntington’s, epilepsy, and stroke, affect the lives of millions of people 
and are a major cause of death [1, 2]. Often these diseases affect people resulting in 
chronic disability. Accurately diagnosing and treating these conditions is extremely 
difficult due to their underlying complex neural physiology and anatomy. Efforts 
have been directed by researchers toward developing therapeutic approaches for 
the treatment of these neurological diseases. As a result, numerous therapeutic 
approaches using drugs, proteins, and nucleic acids have been developed; how-
ever, treatments for neurological diseases are still limited because of the inability of 
therapeutic agents to cross barriers such as the blood–​brain barrier (BBB) and the 
blood–​cerebrospinal fluid barrier (BCFB) [1, 3]. For the most part, the BBB acts as 
a roadblock to macromolecules being transported from the bloodstream to the brain. 
The BBB, on the other hand, is able to transport molecules with a molecular weight 
of less than 400 Da that is lipid-​soluble. Most therapeutic molecules cannot cross 
the BBB, which allows for the development of new drug-​delivery methods for the 
brain. Therapeutic agents have been delivered across the BBB using a variety of inva-
sive and noninvasive methods in recent years. BBB tight junctions are disrupted to 
facilitate drug delivery by invasive methods. Noninvasive methods utilize advanced 
drug-​delivery systems/​modified delivery systems (such as exosomes, liposomes, lipid 
carriers, and polymeric nanocarriers/​nanoparticle-​based approaches) [4, 5].

In the last few decades, nanocarrier-​based delivery strategies have been developed 
to overcome the difficulties of therapeutic molecule transport over the BBB. There 
are numerous nanocarriers like liposomes, nano micelles, nanogels, polymeric 
nanocarriers, exosomes, and many more that can be used for the delivery of thera-
peutic agents in the treatment of neurological diseases [4]. Nanocarrier stragegies 
display improved drug delivery, improve solubility, improve targeting of a drug, 
improve drug kinetics, and enhance cellular internalization. Biocompatibility, bio-
degradability, and an abundance of surface groups are all advantages of polymeric 
nanocarriers. As a result, polymeric nanocarriers have drawn interest as a means of 
delivering drugs to the brain [5].
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In this chapter, we discuss the roadblocks in brain drug delivery and the new strat-
egies to deliver drugs using polymeric nanocarriers, as well as examples of polymers 
used most frequently for drug-​delivery purposes.

6.1.1 � Blood–​brain Barrier Physiology

The brain’s microvascular endothelial cells (BMECs), pericytes, and astrocytes 
form the structural and functional BBB, which prevents and controls the flow of 
the majority of substances from the blood to the brain. It controls the movement of 
molecules in and out of the brain to retain the neural climate and concentration of L-​
dopa in the brain through metabolic activities such as L-​dopa metabolism. The BBB 
is a vital structure that, like a computer firewall, preferentially permits substances into 
the brain while throwing out injurious materials [6].

The BBB function is indeed the product of a complex of these factors:

A physical barrier: Tight junctions among cells limit the flux through the para-
cellular or intercellular cavity.

B transport barrier: A specialized transmission system mediates solute flow and 
the specific targeting transport mechanism, as long as the intracellular compo-
nent of the carriers and its intracellular ligands are not strongly affected by the 
technology. [7]

All components are blocked by the BBB, except those that use lipid solubility to cross 
cell membranes (such as oxygen, carbon dioxide, and ethanol). The brain consumes 
approximately 20% of the oxygen and glucose acquired by the body, despite its rela-
tively low weight. This high metabolic demand is attributed to the extensive number 
of decisions and processes continually taking place within the brain, resulting in a 
rapid metabolism of the nervous system. The BBB and the BCFB are two types of 
barriers that protect the brain from various harmful substances [6, 8]. Because 98% of 
drugs weigh more than 500 molecular weight, many of them cannot pass the barrier. 
Except for the “circumventricular organs,” Dalton hormones typically do not enter 
the brain from the blood. When brain infections do occur, they can be very serious 
and challenging to treat because antibodies cannot pass the BBB due to their size [9].

6.1.2 �O bstacles of Drug Delivery to the Brain

The BBB acts as a permeability barrier, preventing the majority of substances from 
being transported from the blood to the brain while providing essential minerals for the 
brain. Physiological (tight junctions) and metabolic (enzymes) barriers restrict trans-
port into the brain, with the exception of peripheral capillaries, where compounds can 
interact relatively freely across cells. Brain capillary endothelial cells (BCECs) are 
primarily responsible for BBB formation, although astrocytes, pericytes, and neur-
onal cells also play an important role in the functioning of the BBB. Tight junctions, 
one of the distinctive features of BMECs, inhibit the paracellular transport of small 
and large (aqueous) substances from the blood to the brain [7]. Furthermore, due to 
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reduced vesicular transport, increased metabolic function, and insufficiency in fenes-
trate, transcellular transport from blood to the brain is constricted. The BBB’s role is 
to protect the brain from detrimental extracellular substances while providing it with 
vital nutrients like ions, glucose, amino acids, purines, nucleosides, peptides, and 
proteins. There are various influx processes at the BBB, which are further classified 
as active or passive BBB transport mechanisms. Lipophilicity and molar mass influ-
ence passive diffusion. A compound’s capacity to construct hydrogen bonds will 
also restrict its ability to diffuse through the BBB [10]. While the transcellular route 
allows lipophilic drugs with a molecular weight of 400–​600 Dalton or less to enter the 
brain, the transport of hydrophilic substances is constrained via the paracellular route 
[11]. There are three types of active transport systems: receptor-​mediated transcytosis 
(RMT), absorptive-​mediated transcytosis (AMT), and carrier-​mediated transcytosis 
(CMT). Nutrients like glucose, amino acids, and purine bases are transcytosis using 
CMT. For instance, the hexose transporter, which carries glucose and mannose, and 
the amino acid transporters, which can be roughly classified as neutral, cationic, or 
anionic amino acid carriers, are two examples. The transport rate for CMT is spe-
cific and is influenced by the carrier’s invasion rate. Polycationic substances that bind 
to the negatively charged plasma membrane’s surface begin the AMT process [12]. 
No particular plasma membrane receptors are involved in this process. Endocytosis 
and endosome formation eventuate after the cationic compound binds to the plasma 
membrane. RMT is capable of transporting both peptides and proteins to the brain. 
The insulin receptor, transferrin receptor, low-​density lipoprotein transporters, and 
insulin-​like growth factor transporters are a few examples of receptors involved in 
RMT [13]. The compound is exocytosed at the brain capillary vascular endothelium 
(brain) side through receptor-​mediated endocytosis, mobility through the endothelial 
cytoplasm, and endocytosis at the luminal (blood) side. P-​glycoprotein (Pgp) trans-
membrane protein is found at the BCEC’s apical membrane (brain microvascular 
endothelial cells) [14].

6.1.3 �D rug Targeting to the Brain

It is suggested that polymer-​based nanotechnologies could replace the conventional 
formulations for drug delivery and targeting. The rate at which a drug can cross the 
BBB and enter the brain is commonly a significant constraint. This study evaluated 
the ability of surface-​engineered long circular PLGA nanoparticles (NPs) to deliver to 
the brain [15]. The BBB blocks the delivery of many drugs to and from the brain. The 
tightly connected endothelial cells that make up the brain capillaries form the BBB. 
Therefore, paracellular solute transit across the BBB is blocked by tight junctions in 
the brain endothelial epithelium [7].

A number of efflux transport mechanisms, including p-​glycoprotein and reactive 
organic acids, found in brain endothelial cells, work with tight junctions to remove 
unnecessary substances [16]. The use of polymeric nanoparticles as drug carriers 
has been widely used over the past decade, including in pharmaceutical and medical 
research. Owing to the principles of enhanced permeability and retention (EPR), drug 
carriers need to circulate in the bloodstream for an extended duration, allowing them 
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to accumulate in specific pathological regions, such as tumors. This phenomenon 
enables drugs to reach and affect previously inaccessible areas within the body. [17].

Various methods of delivering the drug to the target can be divided into two 
groups:

•	 Passive targeting
•	 Active targeting (receptor-​mediated targeting and physical targeting)

Passive targeting: When a delivery system targets the systemic circulation, it is said 
to be passive (i.e., targeting happens as a result of the body’s physiological reaction 
to the physicochemical properties of the drug or drug-​carrier system).

Active targeting: Active targeting uses drug carriers that have been altered or 
manipulated to revise their life. Chemical, biological, and physical methods are 
used to improve the drug carrier composites’ natural pattern of distribution, which 
reaches out to and can be recognized by specific sites. Active transport processes are 
divided into three types: transporter-​mediated transcytosis (TMT), uptake-​mediated 
transcytosis (AMT), and receptor-​mediated transcytosis (RMT). The main goal is the 
process of improving receptor-​mediated drug localization and target-​specific drug 
delivery by facilitating the binding of drug carriers to the target with the help of 
ligands or building blocks [18].

6.1.4 �A pproaches of Drug-​targeting Delivery to the Brain

Multiple drug-​delivery strategies have been implemented to bypass various obstacles 
preventing the delivery of potential therapeutic agents into the CNS. These methods 
typically come under the invasive, noninvasive, or other techniques categories [19]. 
The methods for delivering drugs to the brain are schematically shown in Figure 6.1. 
Only a small number of peptides, essential minerals, and low-​molecular-​weight, lipo-
philic molecules, either passively diffusing across the barrier or by using specialized 
transport processes, can penetrate this barrier to any significant extent using the inva-
sive method. But with these procedures, medication must be infused directly into the 
brain. The tight junctions’ opening is reduced by the endothelial cells [20]. Malignant 
glioma-​disseminated CNS germ cell tumors, and cerebral lymphomas can all benefit 
from the effects, which last for 20 to 30 minutes [21]. Inadvertent anticancer agent 
delivery to healthy brain tissues, physiological stress, and brief increases in intracra-
nial pressure are a few of the side effects [22].

Numerous noninvasive techniques for delivering drugs to the brain have been  
researched, and they all rely on the brain’s extensive blood vessel network. Drug  
delivery to the brain via noninvasive systemic means is still difficult, which has  
led to the creation of new drug-​targeting technologies as shown in Figure 6.1 [19].  
Drug-​targeting technologies are constantly being improved due to the difficulty of  
noninvasively delivering drugs to the brain [4]. Most noninvasive methods are based  
on the production of antibodies, lipophilic analogues, drug carriers, are drug receptor-​ 
mediated, and so on. It is based on the use of drugs that can lead to the formation of  
a drug delivery system. For this purpose, many strategies have been put forward to  
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overcome this problem. One of the most exciting research questions is the study of  
polymeric nanocarriers as drug-​delivery systems for effective local and therapeutic  
drug delivery to the CNS [20]. Processes of polymeric nanoparticles, including  
hybrid, natural-​based, and synthetic nanoparticles, have been used for brain targeting  
as shown in Figure 6.2. Although nano-​carriers have several benefits, including the  
capacity to transport medicines throughout the BBB and improved blood circulation 
retention times, their therapeutic applications are constrained by several issues  
[23]. The most important problem is the negative effects of long-​term exposure to  
nanomaterials like polymers. Due to the higher structural proportion of nano-​drugs,  
polymers may concentrate in the central CNS as a result of the prolonged administra-
tion of nano-​carriers. Both immunogenic and harmful effects are possible. Therefore,  
strict experimental procedural regimens are necessary to deal with and control these  
problems before they become clinically significant. The long-​term toxicity profile of  
NPs in the brain must be investigated in particular, as this could restrict the applica-
tion of nano-​drugs in clinical settings [24].

Second, it is necessary to assure that the encapsulation efficiency rate is  
maintained as the nano-​drug formulation technique is scaled up for use in industrial  
manufacturing. Based on the dosage and the physicochemical characteristics of the  
pharmaceuticals conjugated or encapsulated, nano-​drugs have varying therapeutic  

FIGURE 6.1  Schematic representation of approaches to brain drug delivery.
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effectiveness. Because of this, maintaining the encapsulation efficiency speed under  
the physiological environment depends on improving the formulation process for  
large-​scale production [25]. Moreover, the procedure is constrained by the high  
expense of scaling up the synthesis of nano-​drugs and the usage of organic solvents in  
that process. Finding alternatives is, therefore, essential to produce nanomaterials that  
are environmentally compatible [26, 27]. Another drawback is that the data may be  
difficult to interpret when exocytosed nanoparticles are detected using pH-​dependent  
fluorescent tags, such as FITC. Utilizing naturally paramagnetic (ferrous oxide),  
luminous (gold), and fluorescent (quantum dots, nanodiamonds) materials can provide 
definite advantages to overcome this limitation [28].

6.2 � CELLULAR TRANSPORT MECHANISMS INVOLVED IN 
NANOCARRIER ABSORPTION

The endocytosis process, which is strictly controlled, allows the BBB to connect with 
the outside environment and acquire nutrients. Adsorptive, receptor-​mediated, and 
fluid-​phase endocytosis are all examples of endocytotic processes. Various endocytic 
mechanisms effectively transfer components inside the brain vascular endothelium 
and are utilized in drug-​delivery systems as shown in Figure 6.3, depending upon the 
nature of the substance and its physicochemical properties. Similar to this, the method 
by which NCs enter cells differs depending on their physicochemical characteristics, 
such as size, shape, surface tension, and surface chemistry. Only a small amount of 
fluid-​phase endocytosis is involved in the BBB because the brain capillaries have lost 
their caveolae [4, 29].

FIGURE 6.2  Polymeric nanoparticle system for BBB transfer.

 

 

 

  

 

 

 



128 Nanoarchitectonics for Brain Drug Delivery

128

A detailed summary of the effects of the properties of polymeric NCs on brain  
conduction, advantages, and limitations is provided in Table 6.1. As a consequence,  
receptor-​mediated and adsorptive-​mediated endocytosis is the endocytosis process  
for the nanocarrier drug-​delivery system. Additionally, conjugating nanocarrier to  
endothelial stimulation markers targeting ligands may be an effective strategy to  
enhance particle internalization in arterial flow as a potential substitute to clathrin  
and caveolae-​dependent approaches. The mechanism of endocytosis facilitated by  
cell adhesion molecules (CAM) is independent of clathrin or caveolae [30].

6.2.1 �A dsorptive Transcytosis

The BBB can be crossed using the process of adsorption-​mediated transcytosis 
(AMT) to supply nanoparticles to the brain. The phospholipid-​rich membrane of 
BBB endothelial cells is protected by a glycocalyx formed of the HSPGs glypican 
and syndecan [30]. Moreover, sialoglycolipids and sialoglycoproteins contain a var-
iety of carboxyl groups on the side of the BBB [31]. Therefore, the lumen side of the 
BBB has a negative charge. AMT can be induced due to the electrostatic interaction 
between negative particles on the luminal surface of brain endothelial cells and cat-
ionic groups of ligands covalently attached to the nanoparticle surface [31]. Several 
studies have shown that clathrin-​coated pits are the basis of AMT.

FIGURE 6.3  Transport mechanism of polymeric nanocarrier through blood brain barrier.
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(Continued)

TABLE 6.1
Summary of the Effects of the Properties of Polymeric NCs on Brain 
Conduction, Advantages and Limitations in Use

Polymeric 
Nanocarrier 
Property

Effect on Delivery 
Brain Advantages Limitations

Size Smaller sizes aid with 
transport across the 
BBB.

Different techniques can 
be used to control NC 
size.

For small-​sized NPs, 
molecule loading may 
be minimal.

Smaller NCs accumulate 
more brain tissue.

Size control may 
improve brain 
accumulation.

Shape Specific interactions 
might be promoted.

Particular NC shapes, 
like rods, may 
improve cell 
adhesion.

Synthesis methods are 
not quite simple or 
widely applicable.

Stiffness NC brain deposition 
is dependent on 
stiffness.

A variety of 
methodologies are 
available to control 
stiffness.

Clear threshold for range 
of particles may not 
be possible due to 
the presence of other 
physicochemical 
properties.

Effects are strongly 
influenced by the 
stiffness range (often 
Young’s module).

Enhanced brain 
accumulation and 
avoid MPS by using 
softer particles.

The stiffness of NPs 
may not be uniform 
throughout the particle.

Charge Positively charged 
particles interact 
more readily with the 
negatively charged 
endothelial cell 
surface.

Endothelial cell 
accumulation can 
be reduced and 
BBB transport 
can be improved 
by controlling the 
surface charge.

Positively charged 
particles may increase 
ROS, cause toxicity, 
and compromise the 
integrity of the BBB.

Positively charged 
NPs show a higher 
rate of increase but 
less transport of 
cell material than 
negatively charged 
NPs.

Higher uptake does 
not always imply 
higher transcytosis, 
as positively charged 
particles may be 
trapped in endothelial 
cells to a greater extent.

Ligand May increase 
targetability

Improves specifificity Non-​specific site 
functionalization 
strategies can reduce 
receptor-​ligand 
interactions; population 
heterogeneity is also 
required.

Variety of ligands.
Use of multiple ligands 

for multi-​targeting.
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Nanoparticles will then pass through endothelial cells due to the formation 
of membrane invagination vesicles and subsequent charge interactions [31, 32]. 
Clathrin-​coated pits are particularly common in the brain capillary endothelium 
compared to peripheral endothelial cells. In addition, the fact that clathrin-​coated 
pits are more abundant than normal pits indicates that clathrin-​mediated processes 
play an important role in transcytosis [33]. Positive nanoparticles can be transferred 
to negative clathrin-​coated pits on the luminal surface of endothelial cells. Therefore, 
the method relies on the electrostatic interaction between nanocarriers and the target, 
resulting in BBB adsorption of nanoparticles and their transport to the brain, where 
nanoparticles can work with good results. However, AMT alone does not provide 
specific targeting of the cell because positive electrons can be attracted rapidly and 
randomly to all cell membranes and thus invade many cells. However, many studies 
suggest using AMT as a brain transfer strategy. [34].

There are many brain capillary endothelial cells, and many of these cells have 
clathrin-​coated vesicles or pits, which give the luminal surface of the cerebral endo-
thelial membrane a negative charge to repel anionic molecules [35]. To form and 
synthesize essential NPs for adsorptive-​induced transcytosis, cationic constituents 
like cationic bovine serum albumin (CBSA), RMP-​7 peptides, TAT peptides, and 
MMP-​2200 derivatives have been used. Cells can recognize and accumulate cationic 
substances with the aid of cationic substances that interact electrostatically with the 
anionic surface of the cerebral endothelium membrane at the luminal surface [36]. 
The engulfed NPs are then exocytosed in the direction of the luminal surface. The 
BBB could be crossed with the help of this technique for delivering therapeutic 
nanoparticles.

Polymeric 
Nanocarrier 
Property

Effect on Delivery 
Brain Advantages Limitations

Avidity It regulates the level and 
location of NP in the 
brain.

Improvement in the 
therapeutic index of 
drug and enhanced 
uptake by target cell.

Controlled ligand density 
is not trivial.

Corona Specific proteins 
such as Apo E can 
improve NC transport 
across the BBB and 
accumulation in the 
brain.

May improve
particle targetability.

Influences the 
predictability of NC-​
biological environment 
interactions.

 

 

 

 

 

 

TABLE 6.1 (Continued)
Summary of the Effects of the Properties of Polymeric NCs on Brain 
Conduction, Advantages and Limitations in Use
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•	 Bovine serum albumin (BSA) functionalized nanoparticles
•	 TAT peptide functionalized nanoparticles
•	 MMP-​2200 derivatives functionalized nanoparticles

6.2.2 �T ransporter-​mediated Transcytosis

An alternative approach for delivering medications to the brain is the use of carriers 
that are specific to the BBB for the efficient source of low-​molecular nutrients from 
the systemic circulation to the CNS. In this regard, designing nanocarriers for brain 
delivery using transporter-​mediated transcytosis (TMT) may be a useful method. It 
is possible to design nanoparticles with functionalized molecules on their surfaces 
that are readily recognized by carriers that are highly expressed in brain endothelial 
cells [37]. This strategy is still not prominent, because it can obstruct healthy nutrient 
absorption. However, the most frequently employed methods are amino acid, glu-
cose, and glutathione transporters.

•	 Glucose Transporter
•	 Amino Acids Transporters
•	 Glutathione Transporter

6.2.3 �R eceptor-​mediated Transcytosis

Receptors highly expressed in the BBB can also be used to enter brain tissue, and this 
process is called receptor-​mediated transcytosis (RMT) [38]. In the same concept as 
AMT, this process induces endocytosis from clathrin-​coated pits. Nanoparticles are 
advantageous in terms of size, cost, composition, and ligand conjugation for different 
intracellular pathways [39]. The most common receptors that mediate RMT through 
the BBB are transferrin, lactoferrin, low-​density lipoprotein, and nicotinic acetyl-
choline receptors. In addition, the potential strategy is to express insulin receptor 
and insulin-​like growth factor receptor in the luminal membrane of brain capillary 
endothelial cells [31]. The results indicated that α-​galactosidase is widely expressed 
in primate brains. However, the application of these receptors in nanotechnology has 
been constrained by the possibility of altering normal insulin regulation [31]. In con-
sideration of this, brain endothelial cells can be stimulated to undertake nanoparticles 
that have been engineered with receptor ligands.

Active targeting can assist in helping nanoparticles locate the proper cell target 
after they have entered the brain. αvβ3 integrins and CD13/​APN receptors are well-​
known receptor elements regulated in the extracellular domain of tumor cells, while 
nicotinic acetylcholine receptors can be used to target specific cells and these receptors 
are used voluntarily to create specific treatments for cancer cells in the brain [40]. The 
most extensively researched receptors for receptor-​mediated transcytosis on cerebral 
endothelial cells are insulin, integrin, iron-​transferrin, low-​density lipoprotein (LDL) 
cholesterol, nicotinic acetylcholine, metabolic nutrient transporters, and LDL choles-
terol [41]. Particular ligands for such receptors have been extensively investigated as 
therapeutic logistics carriers across the BBB.
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•	 Transferrin Receptor
•	 Lactoferrin Receptor
•	 Low-​Density Lipoprotein Receptors
•	 Nicotinic Acetylcholine Receptors

6.2.4 �T ranscellular Transport

This is a potential method for delivering therapeutic agents to the brain. Using this 
method, drugs are delivered straight across the endothelial cells of the BBB. It is 
assumed that a large number of clinically accessible CNS medicines, including 
opioids and anticonvulsants, reach the brain by the transcellular lipophilic pathway, 
which can transport lipid-​soluble substances smaller than 400 Da. The typical size of 
a CNS active medication is 357 Da. This strategy, however, has not been very effective 
because lipid solubility alterations typically cause chemicals’ affinity for their target 
receptors to decrease or their molecular size to expand above 400 Da, although both 
are unfavorable to BBB permeability [11, 42]. Since all cell membranes are respon-
sible for lipophilic transport, nonspecific absorption is another limitation of the lipo-
philic pathway for the BBB targets [43].

6.2.5 �P aracellular Aqueous Pathway

The paracellular route includes the transfer of substances inside and outside of 
cells. Hormones, alcohol, and gases (CO

2
, O

2
) are examples of small, lipid-​soluble 

substances with low molecular weights (400 Da) that can passively flow across the 
vascular endothelium. While paracellular channels are frequently used for distribu-
tion in peripheral capillaries, tight junctions in the BBB cause a large number of 
transports to occur through transcellular pathways [10].

6.3 � TYPES OF POLYMERIC NANOCARRIERS

6.3.1 �P olymeric Micelles

When introduced to an aqueous environment, amphiphilic block copolymers self-​
associate to generate nanoparticle molecules with a core-​shell configuration known as 
polymeric micelles [44]. Polymeric micelles are employed in drug administration due to 
their intriguing properties, including biocompatibility, low cytotoxicity, a core-​shell con-
figuration, micellar association, shape, dimension, and considerably large stability. They 
are employed in the management of a variety of illnesses, including cancer, estrogen 
treatment, and anti-​influenza antivirals [45]. The composition of the polymer micelles 
determines their function: The hydrophobic core delivers and protects the drug, while 
the hydrophilic shell controls and stabilizes the hydrophobic core in an aqueous environ-
ment, increasing the water solubility of the polymer, which facilitates drug delivery [46]. 
Polymeric micelles have a variety of potential therapeutic benefits, including the preser-
vation of pharmaceuticals in capsules and the dissolution rate of medications with poor 
solubility. These carriers are typically generated using three methods: direct dissolution, 
solvent casting, or dialysis [46, 47]. The identification of polymeric micelles involves the 

 

 

 

 

 

 

 

 

 

 

 



133Polymeric Nanocarriers for Drug Delivery

133

use of three different polymer types. These are graft copolymers such as stearic acid and 
G-​chitosan, triblock copolymers such as polyethylene oxide, and diblock copolymers 
such as polystyrene and polyethylene glycol (PEG). Depending on how the drug is used, 
polymeric micelles fall into two groups: polymeric micelles that physically encapsulate 
the drug, or those that chemically bond to the drug covalently [48].

The drug-​binding copolymers featured in chemical form, which regulate the drug’s 
delivery, make it more stable than the body attributes. Nevertheless, depending on the 
drug’s polarity, the drug component can be confined in one of three sections of the 
polymer: the core if the drug is nonpolar, the shell if the drug is polar, or somewhere 
in between the core and the shell if the drug has moderate polarity [49]. Additionally, 
depending on the intermolecular tensions, polymeric micelles are classified into three 
types [44]:

•	 The conventional form, made from hydrophilic contacts, with poly(ethylene 
oxide) serving as an illustration of three types of micelles.

•	 The non-​covalently linked polymeric micelles that are produced by self-​
assemblage of polymers; an instance of this kind is poly(4-​vinyl pyridine).

•	 The polyion combination micelle form, which is created by electrostatic 
interactions between oppositely charged polymers, such as PEG.

6.3.2 �N anogels

Nanogels are made of a range of biological polymers, synthetic polymers, or a blend 
of both, and have a three-​dimensional “nanoscopic” architecture [50]. The physio-
chemical assembly of polymers carrying amphiphilic polymeric chains results in 
the formation of nanogels. Hydrogen bonds, electrostatic, van der Waals, and hydro-
phobic forces are used in the physical assembly, and covalent bonds are used in 
chemical cross-​linking. OncoGel, a type of nanogel that contains paclitaxel, is one 
of the products of physical self-​assembly [51]. Below the critical gelation tempera-
ture (CGT), PLGA-​b-​PEG-​b-​PLGA (ABA type) copolymers generate nanoscopic 
micelles in water by forming loops that share a hydrophobic PLGA center. The 
micelle’s core contains paclitaxel (logP 3.0), which is physically confined there. 
Above the CGT, PLGA-​b-​PEG-​b-​PLGA gelates [52].

Temperature-​dependent micelle formation decreases water mobility, and an 
apparent viscosity is the result of increased hydrophobic contacts between PLGA 
segments (gelation occurs). Pullulan serves as a carrier for hydrophobized cholesterol-​
based nanogels that are designed for the administration of insulin. When combined 
with insulin, these nanogels, typically ranging in size from 20 to 30 nanometers, 
undergo a self-​assembly process. Another approach to creating nanogels involves the 
integration of nanoparticles into a hydrogel matrix, either suspending or immobilizing 
them within the structure. [53]. Due to the hydrogels’ ability to limit the mobility of 
the nanoparticles and prevent their aggregation, nanogels containing silica and gold 
nanoparticles reduced the early drug release of loaded medicines. The ultimate sta-
bility of nanoparticles was increased by the addition of hydrogels [52].
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6.3.3 �P olymersomes

A polymersome is a remarkable method of delivery because it may carry a variety of 
medicines with different chemical characteristics [54]. These nanocarriers can hold 
amphiphilic substances because they have hydrophilic centers and hydrophobic walls. 
Polymersomes are one of the most potent delivery vehicles due to their versatility 
in drug loading, especially in combinational therapy where the ability to encapsu-
late numerous medicines with different chemical characteristics is extremely helpful 
[55]. They are made from artificial amphiphilic block copolymers that comprise both 
hydrophilic and hydrophobic key components, making them useful for entrapping 
both hydrophilic and hydrophobic therapeutics. The advantages of polymersomes 
over liposomes include higher colloidal stability, improved mechanical stability, high 
drug loading potential, prolonged blood circulation time, reduced drug leakage, and 
increased storage capacity [56].

Due to their capacity to reach the brain, polymersomes are regarded as effective 
carriers for combating glioma, and recent experiments have yielded positive 
results. [57]. In comparison to other innovative carriers, these nanocarriers have 
been discovered to be superior in terms of stability, storage space, release prop-
erties, and circulation duration. Block copolymers with different features can 
be used to create polymersomes [58]. By decreasing the adverse impacts on the 
healthy cells around them, their surface is changed with ligands targeting receptors 
found on the BBB, enabling precise delivery of the drug into the tumor sites. 
A variety of targeting techniques, including receptor-​mediated, carrier-​mediated, 
adsorption-​mediated, and other physical mechanisms, are used to manage neuro-
logical conditions [59]. Among them, utilizing various specific receptors such 
as transferrin, lactoferrin, insulin, and endothelial growth factors found on the 
BBB, receptor-​mediated endocytosis has been one of the principal strategies for 
targeting glioma [60].

6.3.4 �P olymeric Nanoparticles

Polymeric nanoparticles comprise solid nanocrystals with a size between 10 and 
1000 nm that are constructed of biocompatible and biodegradable polymers or 
copolymers [61, 62]. The substance can be physically adsorbed on the carrier’s inter-
face, chemically bound to the surface, or imprisoned or encapsulated inside the carrier. 
A compact size, biocompatibility, hydrophilicity, chemical inertness, biodegradability, 
and durability throughout preservation are just a few of these nanocarriers’ appealing 
qualities [63]. For transporting medications, proteins, DNA, or genes to desired target 
tissues or organs, these properties make them significant. As a result, they are utilized 
in the treatment of cancer, in vaccination, and in genetic manipulation, for penetrating 
the BBB, in diagnostics, and in many other areas of medicine [64].

Polymeric nanoparticles are primarily used to deliver pharmacological drugs to 
a specific catalytic site, increasing drug concentration and enhancing the stability of 
volatile chemicals as well as the improved productivity of the treatment. Polymeric 
nanoparticles can be produced using one of three methods [65]:

 

 

 

 

 

 

 

 

 

  

 

 

 

 



135Polymeric Nanocarriers for Drug Delivery

135

1.	 Solvent evaporation, nanoprecipitation, emulsification, salting out, dialysis, 
and supercritical fluid are steps in the process of creating nanoparticles from 
a combination of produced polymers. [66]

2.	 Monomer-​based polymerization, such as restricted radical polymerization, 
interfacial polymerization, and emulsion and microemulsion.

3.	 Coacervation of hydrophilic polymers or ionic gelatin.

Two distinct types of polymers are generally used to create polymeric 
nanoparticles: synthetic hydrophobic polymers, such as poly(methyl methacrylate) and 
poly(isobutyl cyanoacrylate), which are prepolymerized and polymerized-​in-​process  
materials; and naturally occurring hydrophilic polymers, which are made up of 
proteins like gelatin and albumin and polysaccharides like alginate and chitosan [47]. 
Polymeric nanoparticles are divided into groups according to how they are produced. 
These include nanospheres, which disperse the drug across a matrix system, and 
nanocapsules, which have a polymer membrane enclosing the drug [47].

6.3.5 �D endrimers

A novel category of polymeric nanomaterials is called dendrimers. They are 15 nm or 
smaller, 3D tree-​shaped polymers that branch off of a central core [67]. Dendrimers 
are also known as cascade monomers and arborols. Size, shape, branching structure, 
and multivalency are desirable aspects that make dendrimers simple to functionalize, 
solubilize in water, and regulate their molecular weight [68]. Because of their ability 
to deliver a medicine to a specific tissue and inhibit its breakdown, nanoparticles 
are molecules of interest when trying to target cancer cells and damaged tissues. 
In addition, they demonstrate efficient functions such as boosting poorly soluble 
medications’ solubility, lengthening the drug’s half-​life in circulation, and regulating 
the drug’s release [69].

Three different synthetic strategies, divergent, convergent, and double-​exponential 
and mixed growth, are used in the preparation of dendrimers.

1.	 The divergence strategy allows the dendrimers to grow from the central core 
and extend toward the surface. This strategy is used to prepare a large number 
of dendrimers. However, certain difficulties can be observed when cleaning 
the product.

2.	 In the convergent strategy, dendrimers grow from the tip or surface and extend 
inward until they coalesce to form a core. Unlike the divergent strategy, 
cleaning can be done easily.

3.	 The third strategy is a combination of the two previous strategies, in which 
two monomers, which are prepared by divergent and convergent methods, 
react together to form a protected trimer that can be used to repeat the growth 
process [70]. Many dendrimers have been successfully produced, and from 
their benefits, performance, and efficiency, it can be predicted that many more 
will be produced in the future, so the classification of dendrimers is very 
branched [71].
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6.4 � METHODS OF PREPARATION

6.4.1 �D irect Dissolution

Direct dissolution, which involves dissolving both the drug and the amphiphilic 
copolymer in water, is the simplest technique for creating polymeric nanoparticles 
[47]. Limiting drug loading is a problem that can occur with this technique. To solve 
this challenge and increase the efficiency of drug delivery, this process increases the 
temperature or forms a thin layer before the copolymer is added [72]. The forma-
tion of polymeric micelles containing paclitaxel (PTX) is an example of this process. 
These micelles are formed by the self-​assembly of amphiphilic copolymers in the 
aqueous phase, and PTX is physically embedded in the inner cores of the micelles due 
to the hydrophobic interaction between the drug and the copolymer. [46].

6.4.2 �D ialysis

This approach involves incorporating a mixture of polymer and drug in an organic 
solvent using a dialysis bag. The dialysis bag is then immersed in water to recover the 
organic solvent and form the polymeric nanomaterial. For effective drug loading, the 
dialysis procedure required 36 hours. To overcome this restriction, we can employ a 
more economical method that involves dissolving the drug and the polymer, lyoph-
ilizing it, and then redispersing it in a compatible solvent to get the polymeric 
nanomaterial [73].

Dialysis is used, for instance, to prepare polymeric nanoparticles made of morin 
hydrate (MH). The process starts with the suspension of 15 mg of poly(butyl cyano-
acrylate) block copolymer of hyaluronic acid in 3 ml of phosphate-​buffered saline at 
pH 7.4. Next, a mixture of MH in 0.5 ml of dimethyl sulfoxide is introduced into the 
prepolymer suspension with constant stirring at a speed of 150 revolutions per minute 
at a temperature of 25°C. The resulting mixture is then sonicated for 30 minutes in 
an ice bath using an ultrasonic probe. The solution is further dialyzed for 12 hours 
against an excess of distilled water using a dialysis bag, followed by filtration and 
lyophilization. In this technique, a volatile solvent is used to combine the polymer 
with the drug to form an emulsion [74, 75]. Due to its non-toxic potential, ethyl 
acetate is the polymer most commonly used in this approach. The solvent further 
converts the emulsion into a suspension by evaporation. To remove contaminants 
and additives, solid molecules can be extracted by ultracentrifugation, rinsed and 
finally lyophilized. This technique is used to create poly(lactide, co-​glycolide, co-​
PEG) (PLGA-​PEG) nanoparticles [76].

6.4.3 �S olvent Evaporation (Polymeric Nanoparticles)

In this technique, a volatile solvent is used to combine the polymer with the drug to 
make an emulsion. The non-cytotoxic nature of ethyl acetate makes it the most suit-
able polymer. The solvent transforms the emulsion into a suspension as it evaporates. 
The product is then lyophilized after the solid components have been recovered 

 

 

 

 

 

 

  

 

 



137Polymeric Nanocarriers for Drug Delivery

137

by ultracentrifugation and cleaned to eliminate additives and contaminants. This 
technique is used to create poly(lactide, co-​glycolide, co-​PEG) (PLGAePEG) 
nanoparticles [77]. To prepare particle dispersion, an acetone-​soluble polymer is 
added to a poly(vinyl alcohol) aqueous phase that has already been agitated. After 
the acetone has completely evaporated, the mixture is maintained under agitation, 
and the resulting nanoparticle dispersion is compacted and purified. Before lyoph-
ilization, nanoparticles are separated by centrifugation for 25 min and twice rinsed 
with water.

6.4.4 �N anoprecipitation (Polymeric Nanoparticles)

The process of nanoprecipitation, which involves the polymer precipitating in an 
organic phase and the organic solvent diffusing into an aqueous environment, is known 
as solvent displacement and can occur with or without the use of a surfactant [78]. 
Some of the polymers that are used in this method of making polymeric nanomaterials 
are poly(lactic acid), PLGA, and poly(caprolactone). The water-​miscible solvent is 
one of the limitations of the method, as it will cause some instability in the solu-
tion. Water miscible solvents must have sufficient diffusion rate to form spontan-
eous emulsification, if the coalescence rate is high spontaneous emulsification is not 
observed [79].

Since they improve the immobilization and particle density of the drug, acetone 
or dichloromethane are primarily utilized in this procedure when producing lipo-
philic drugs. Antifungal medications bifonazole and clotrimazole are formed using 
the nanoprecipitation process [80].

6.4.5 � Interfacial Polymerization (Polymeric Nanoparticles)

This is one of the key processes for producing polymeric nanomaterials. There are 
two reactive agents that are disseminated in continuous and dispersed phases, where 
they polymerize. The reaction is initiated in-​between two phases. The production of 
oil-​containing nanocapsules with this technique involves polymerizing the substances 
found at the interface of the oil and water phases of o/​w microemulsion. Acetonitrile, 
ethanol, and n-​butanol are a few examples of aprotic solvents that are utilized in inter-
facial polymerization [81].

6.5 � POLYMERIC CONSTRUCTS

There are a novel ways to cross the BBB by nanoparticles. These nanoparticles are 
known due to their small size, large surface area, ability to enhance bioavailability, 
and solubility. These nanoparticles are found in a less than 100 nm scale overall 
dimension [24]. In recent years, these nanoparticles have been shown to play an 
important role in modern medicine. The problem with treatment and diagnostic tools 
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is crossing the BBB to achieve good results. There are two primary source of these 
polymers, which are natural and synthetic.

6.5.1 �N atural Polymers

These polymers are naturally obtained and have abilities like biodegradation and are 
compatible with the body. This natural polymer comes from bacteria fungi plants 
and animals. There are two types of main polymers, which are polysaccharides and 
protein-​based polymers. The similarity between them is they can form scaffolds and 
the extracellular matrix, which is viable. Because of these, nanoparticles can achieve 
high loading efficiency and targeted delivery [82].

6.5.1.1 � Protein-​based Polymer
These polymers are obtained from natural tissues. Polymers are formed with amino 
acids and these acids are stabilized by various bondings like hydrogen bonding 
and disulphide bonding with salt bridges. Protein-​based polymers have good bio-
degradation capacity as well as good biocompatibility. Amino acids in protein-​
based polymers are linked with peptide bonds. But unlike polysaccharides, these 
compounds show low toxicity. Despite this, protein-​based polymers show very min-
imum byproduct accumulation in the body. The most commonly used protein-​based 
polymers are gelatin, collagen, and albumin [83].

6.5.1.1.1 � Gelatin
Gelatin (GE), a byproduct of slightly dissolved and denatured collagen, is widely 
used in the administration of medicinal agents and tissue engineering. This product 
is formed after the hydrolysis of animal collagen. It is a natural, biodegradable, and 
bioavailable compound. Gelatin is mostly used in pharmaceutical products as well 
as in food products [84]. But for nanoparticles and drug delivery, gelatin needs to be 
modified and developed for better results. Gelatin has good water solubility, and this 
is required for long-​term drug delivery. Additionally, GE has active molecules such 
as arginine-​glycine-​aspartic acid, which gives it a function that allows it to adhere 
to cells and adds to its value as a biomaterial [85]. GE and its mixtures are currently 
utilized in both the food sector and healthcare industries. GE is an appropriate drug-​
delivery mechanism due to its nontoxic, biodegradable, and bioactive qualities. It was 
observed that these nanoparticles (NPs) demonstrated a lethal effect on U87MG glio-
blastoma cancer cells. These NPs had a diameter in the range of 40–​200 nm, a zeta 
potential of −40.1 mV, and entrapment effectiveness of 70% [86].

6.5.1.1.2 � Collagen
Collagen is a widely presented extracellular matrix in animal tissues such as skin, 
small intestine, pericardium, tendon, bone, cartilage, and many others. Collagen is 
isolated from animal tissues using various chemical and physical techniques. There 
are 28 different types of collagen present in animal tissues. Collagen is biocompat-
ible, biodegradable, mechanically stable, and can be crosslinked using chemical 
crosslinkers [87].
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6.5.1.1.3 � Albumin
The four main types of albumin present in the human and animal bodies are ovalbumin 
(OSA), rat serum albumin (RSA), bovine serum albumin (BSA), and human serum 
albumin (HSA) [88]. The BBB may be more easily penetrated with albumin due to 
its poor immunity and toxicity. Drugs can form conjugates with albumin due to the 
presence of numerous binding sites, enabling the formation of covalent connections.. 
The two most commonly used serum albumins for medication delivery are human and 
bovine. These kinds of organic polymers can be utilized to strengthen nanoparticles 
so they can pass across the BBB.

HSA is a protein with a molecular mass (66 kDa) that is hydrophilic [89]. This 
protein is very prevalent in the body and plays a variety of important roles, such as 
improving the bioavailability of long-​chain fatty acids, transporting various ions and 
chemicals, including medications and hormones, and controlling osmolality in the 
bloodstream. It is a possible option for medication delivery due to these favorable 
traits and its lengthy half-​life of about 20 days in the circulatory system. HSA-​based 
nanoparticles have been researched and created for use in prophylactic and treatment 
medication delivery to the brain. Following BBB permeabilization, it was discovered 
that BSA enhanced medication retention in the glioma area [90].

6.5.1.2 � Polysaccharide
This is the second major category of naturally occurring polymers. This is composed 
of a lengthy chain of polymeric carbohydrates and many monosaccharides, or 
sugars. Chitosan and chondroitin are two examples of polysaccharides derived 
from animal sources. Plants contain mannan, pectin, and guar gum as polymers. 
Algae and microorganisms, respectively, contain alginate, xanthan gum, and dex-
tran. These polysaccharides have over 10 sugar monomer units in them. The main 
benefits are strong stability and biocompatibility, and another benefit is nontoxicity 
because it is derived from nature. In nanocarrier therapy, four polysaccharides 
with the names dextran, alginate, hyaluronic acid, and chitosan are frequently 
employed [82].

6.5.1.2.1 � Dextran
This polymer is made up of a chain of branched glucan with a linkage between 
alpha 1,6 linkage of D glucose. This structure affects biological activities because 
of the molecular weight and branching. With medium water solubility and being 
easy to modify, dextran makes a good polymer for nanocarriers. Dextran has a 
lower toxicity rate and this can stabilize drug conjugates or DDS. Dextran shows 
good bioavailability, which is why it is suitable for modification in polymer 
nanocarriers [91].

6.5.1.2.2 � Alginate
Alginate, which is produced from algae, is frequently utilized. The most used salt is 
sodium alginate because monovalent salts of alginic acid may be dissolved in water 
but alginic acid itself cannot. Alpha L glucuronic acid and beta D mannuronic acid, 
which have 1,4 glycosidic connections, combine to form the irregular structure of 
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this alginate. The pH and temperature are just two of the many variables that affect 
this alginate. Alginate can form a gel under the right circumstances and at a constant 
pH temperature without the use of any harmful solvents. The gel’s quality can be 
impacted by temperature, chemical makeup, and ions in solution [92]. Water can flow 
through the matrix when the gel forms. This alginate can perform exceptionally in 
hydrogel and developing nanocarriers, but the only problem with the alginate is that 
it is obtained from seaweed or algae, so it has more of a crude or impure form that 
includes heavy metal and protein inside the matrix of alginate. That is why it is hard 
to purify it.

6.5.1.2.3 � Hyaluronic Acid
Glucuronic acid and N-​acetylglucosamine are linked by beta 1,4 and beta 1,3 glyco-
sidic bonds in this linear anionic glycosaminoglycan. This is mostly employed in the 
delivery of controlled-​release medications. Hyaluronic acid has the unique ability 
to bind receptors like CD44. The development of tumors contains these kinds of 
receptors. Additionally, hyaluronic gel is beneficial when angiogenesis and tumor 
cell proliferation are occurring due to complex bioactivity [93].

6.5.1.2.4 � Chitosan
Deacetylation of chitin results in the formation of chitosan. It is an amino polysac-
charide that is linearly cationic. N-​acetyl and beta-​o-​glucosamine molecules combine 
to create this chitosan. Chitosan is renowned for its mucoadhesive characteristics, 
biocompatibility, antibacterial and antifungal capabilities, and nontoxicity. When 
there is enzymatic activity, this can create monomers and oligomers. This compound 
can be changed to add more groups to the skeleton of its chemical structure. This 
adjustment will address the complex’s issue of poor solubility. The technique can be 
applied to the treatment of microspheres, nanoparticles, and hydrogen [94].

CS is a positive-​charged, water-​soluble cationic polysaccharide that is both bio-
compatible and biodegradable. CS is a great alternative for drug carriers in pharma-
ceutical applications due to its benign and nonallergenic properties. Through its 
association with the tight junction, CS can render epithelial cells permeable, allowing 
them to pass through the epithelial barrier. Through the nasal epithelium, researchers 
have examined how various medications (such as proteins, peptides, hormones, etc.) 
are absorbed into the body [95].

6.5.2 �S ynthetic Polymers

These are frequently utilized to deliver medications and bioactive substances. Due 
to their biocompatibility and biodegradability, polyesters among them offer a lot 
of potential [96]. They are nontoxicologically hazardous, and the human body’s 
metabolic processes remove both their monomers and byproducts. In medicine and 
pharmaceuticals, polylactic acid (PLA), polyglycolic acid (PGA), and PLGA are 
frequently utilized. The Food and Drug Administration has given PLA and PLGA 
the go ahead for clinical applications. These polymers break down in the human 
body without triggering any immunological or inflammatory responses. They have 
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been used to create biodegradable medical devices such as scaffolds, drug-​loaded 
nanoparticles, and implants [97].

6.5.2.1 � PLA
In the human body, PLA biodegrades into its monomeric units and is a nontoxic 
polymer. Lactic acid’s monomer is a stable and common intermediary in the metab-
olism of carbohydrates. PLA NPs are used for the delivery of neurotoxin-​I (NT-​I). 
After NT-​I-​PLA NPs were administered intranasally (IN) or intravenously (IV), it 
was discovered that the level of NT-​I rose in the brain. Results showed that NT-​I-​
PLA NPs administered IN were more efficient than those administered IV [98]. It has 
been suggested that cell-​penetrating peptides (CPPs) with a low proportion of basic 
amino acids provide excellent candidates for PEG-​PLA NP characterization and drug 
delivery to the brain. In the brain, polymeric NPs were shown to be accumulating 
more frequently. Studies conducted in vitro and in vivo were utilized to evaluate the 
hypothesis that the surface characteristics of NPs are related to their cellular distribu-
tion. Overall, it was determined that because of their low toxicity and rapid absorp-
tion by brain cells, PLA NPs are prospective options for the administration of drugs 
into the brain [99].

6.5.2.2 � PLGA

An appropriate polymer for biomedical and pharmaceutical uses, poly(lactic-​co-​
glycolic acid) PLGA has these common attributes: biodegradability, biocompati-
bility, and prolonged release [100]. Variations in molecular size and the molarity 
of lactic acid to glycolic acid can have an impact on the polymer breakdown 
and drug-​releasing function [101]. During the regular metabolic activities of the 
cells, both monomers are digested and excreted. The detection, diagnosis, and 
therapy of diseases have all been performed using sustainable delivery methods 
based on the PLGA polymer [102]. PLGA NPs have been used to implicate a var-
iety of medicines, including proteins, peptides, genes, and oncology medications. 
Acidic or elevated conditions can be harmful to medications made of proteins 
and peptides. The stability and bioavailability after polymer decomposition can 
be reduced when proteins and peptides are exposed over an extended period to the 
acidic by-​products of PLGA [103]. Determining the physicochemical properties of 
proteins and peptides is essential. The potential for using PLGA NPs to treat brain 
disorders has been explored.

6.5.2.3 � Poly(ε-​caprolactone) (PCL)

A biodegradable polyester called Poly(-​caprolactone) (PCL) is frequently used 
to increase the tensile strength and elasticity of several polymers, including PLA. 
Additionally, PCL has also been widely employed for cultured cell constructs as a 
typical polymer for electrospinning [104]. Because PCL degrades more slowly than 
PLA, it can be used to create structures and nanoparticles (NPs) for the sustained 
release of pharmacological drugs over an extended period [100]. Poly(N-​isopropyl 
acrylamide)-​b-​poly(3-​caprolactone) (PNPCL) block copolymers were employed as a 
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thermosensitive nanosystem for clonazepam administration into the brain. Findings 
indicate that Poly(N-​isopropyl acrylamide), when present in a copolymer, coats 
the interface of nanoparticles in a film and inhibits the drug’s rapid onset of action. 
Clonazepam functions in the brain by enhancing the effects of GABA, which reduces 
or inhibits certain nerve signaling [105]. It has been demonstrated that these NPs 
are more bioavailable in the rat brain after IN injection and that this could help alle-
viate cerebral ischemia. For the management of glioblastoma tumors, the extended 
delivery of TMZ from electrospun PCL-​Diol-​b-​PU/​gold nanocomposite nanofibers is 
used [106, 107]. The outcome of the above-​mentioned study showed that these NPs 
reduced the proliferation and mortality of glioblastoma cells.

6.6 � CONCLUSION

This chapter has discussed the composition of the BBB, as understanding of the BBB 
is very important for brain drug delivery and understanding the BBB could widen 
thinking for the development of new drug-​delivery systems. Various polymer-​based 
nanocarrier strategies could be used for efficient drug delivery to the brain in various 
pathological conditions. Recent advances in polymeric nanocarrier-​based research 
have yielded promising strategies for high drug loading and efficient delivery to 
the brain. Common nanocarriers such as polymeric nanoparticles, dendrimers, 
nanocapsule, nano gel, nano micelle, and polymersomes have been introduced for 
more efficient drug delivery. Moreover, polymers offer the advantage of fabrication of 
nanocarriers in a variety of sizes, and morphologies. Natural and synthetic polymers 
have their advantages in drug delivery.

REFERENCES
1.	 Mansoor, K., K. Sima, and K. Soheila, Advancement of polymer–​based nanoparticles as 

smart drug delivery systems in neurodegenerative medicine. Journal of Nanomedicine 
Reseasrch, 2019. 8: p. 277–​280.

2.	 Rabiee, N. et al., Polymeric nanoparticles for nasal drug delivery to the brain: rele-
vance to Alzheimer’s disease. Advanced Therapeutics, 2021. 4(3): p. 2000076.

3.	 Manek, E. and G.A. Petroianu, Brain delivery of antidotes by polymeric nanoparticles. 
Journal of Applied Toxicology, 2021. 41(1): p. 20–​32.

4.	 Dong, X. Current Strategies for Brain Drug Delivery. Theranostics, 2018. 8(6): p. 
1481–​1493.

5.	 Gao, Y. et al., Natural polymeric nanocarriers in malignant glioma drug delivery and 
targeting. Journal of Drug Targeting, 2021. 29(9): p. 960–​973.

6.	 Serlin, Y. et al., Anatomy and physiology of the blood–​brain barrier. Semin Cell Dev 
Biol, 2015. 38: p. 2–​6.

7.	 Daneman, R. and A. Prat, The blood–​brain barrier. Cold Spring Harb Perspect Biol, 
2015. 7(1): p. a020412.

8.	 Bernardo-​Castro, S. et al., Pathophysiology of blood–​brain barrier permeability 
throughout the different stages of ischemic stroke and its implication on hemorrhagic 
transformation and recovery. Front Neurol, 2020. 11: p. 594672.

9.	 Diamond, B. et al., Brain-​reactive antibodies and disease. Annu Rev Immunol, 2013. 
31: p. 345–​85.

 

 

 

 

 

 

 

 

 

 

 

 

  

 



143Polymeric Nanocarriers for Drug Delivery

143

10.	 Upadhyay, R.K., Transendothelial transport and its role in therapeutics. Int Sch Res 
Notices, 2014. 2014: p. 309404.

11.	 Pardridge, W.M., Drug transport across the blood–​brain barrier. J Cereb Blood Flow 
Metab, 2012. 32(11): p. 1959–​72.

12.	 Tanaka, M. et al., Characterization of the AT2 receptor on rat ovarian granulosa cells. 
Adv Exp Med Biol, 1996. 396: p. 175–​82.

13.	 Zhang, W. et al., Differential expression of receptors mediating receptor-​mediated 
transcytosis (RMT) in brain microvessels, brain parenchyma and peripheral tissues of 
the mouse and the human. Fluids Barriers CNS, 2020. 17(1): p. 47.

14.	 Tsuji, A. et al., P-​glycoprotein as the drug efflux pump in primary cultured bovine 
brain capillary endothelial cells. Life Sci, 1992. 51(18): p. 1427–​37.

15.	 Cai, Q. et al., Systemic delivery to central nervous system by engineered PLGA 
nanoparticles. Am J Transl Res, 2016. 8(2): p. 749–​64.

16.	 Davis, T.P., L. Sanchez-​Covarubias, and M.E. Tome, P-​glycoprotein trafficking as a 
therapeutic target to optimize CNS drug delivery. Adv Pharmacol, 2014. 71: p. 25–​44.

17.	 Maeda, H., Vascular permeability in cancer and infection as related to macromolecular 
drug delivery, with emphasis on the EPR effect for tumor-​selective drug targeting. 
Proc Jpn Acad Ser B Phys Biol Sci, 2012. 88(3): p. 53–​71.

18.	 Yoo, J. et al., Active targeting strategies using biological ligands for nanoparticle drug 
delivery systems. Cancers (Basel), 2019. 11(5).

19.	 Upadhyay, R.K., Drug delivery systems, CNS protection, and the blood brain barrier. 
Biomed Res Int, 2014. 2014: p. 869269.

20.	 Lu, C.T. et al., Current approaches to enhance CNS delivery of drugs across the brain 
barriers. Int J Nanomedicine, 2014. 9: p. 2241–​57.

21.	 Wang, C.C., J. Carnevale, and J.L. Rubenstein, Progress in central nervous system 
lymphomas. Br J Haematol, 2014. 166(3): p. 311–​25.

22.	 Thakkar, S. et al., Tumor microenvironment targeted nanotherapeutics for cancer 
therapy and diagnosis: A review. Acta biomaterialia, 2020. 101: p. 43–​68.

23.	 Ahlawat, J. et al., Nanocarriers as potential drug delivery candidates for overcoming 
the blood–​brain barrier: Challenges and possibilities. ACS Omega, 2020. 5(22): p. 
12583–​12595.

24.	 De Jong, W.H. and P.J. Borm, Drug delivery and nanoparticles:applications and 
hazards. Int J Nanomedicine, 2008. 3(2): p. 133–​49.

25.	 Patra, J.K. et al., Nano based drug delivery systems: recent developments and future 
prospects. J Nanobiotechnology, 2018. 16(1): p. 71.

26.	 Gol, D., S. Thakkar, and M. Misra, Nanocrystal-​based drug delivery system of 
risperidone: lyophilization and characterization. Drug development and industrial 
pharmacy, 2018. 44(9): p. 1458–​1466.

27.	 Jeyaraj, M. et al., A comprehensive review on the synthesis, characterization, and bio-
medical application of platinum nanoparticles. Nanomaterials (Basel), 2019. 9(12).

28.	 Nune, S.K. et al., Nanoparticles for biomedical imaging. Expert Opin Drug Deliv, 
2009. 6(11): p. 1175–​94.

29.	 Bareford, L.M. and P.W. Swaan, Endocytic mechanisms for targeted drug delivery. 
Adv Drug Deliv Rev, 2007. 59(8): p. 748–​58.

30.	 Xu, S. et al., Targeting receptor-​mediated endocytotic pathways with 
nanoparticles: rationale and advances. Adv Drug Deliv Rev, 2013. 65(1): p. 121–​38.

31.	 Pinheiro, R.G.R. et al., Nanoparticles for targeted brain drug delivery: what do we 
know? Int J Mol Sci, 2021. 22(21).

32.	 Behzadi, S. et al., Cellular uptake of nanoparticles: journey inside the cell. Chem Soc 
Rev, 2017. 46(14): p. 4218–​4244.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



144 Nanoarchitectonics for Brain Drug Delivery

144

33.	 Villasenor, R. et al., Intracellular transport and regulation of transcytosis across the 
blood–​brain barrier. Cell Mol Life Sci, 2019. 76(6): p. 1081–​1092.

34.	 Stewart, M.P., R. Langer, and K.F. Jensen, Intracellular delivery by membrane disrup-
tion: mechanisms, strategies, and concepts. Chem Rev, 2018. 118(16): p. 7409–​7531.

35.	 Herve, F., N. Ghinea, and J.M. Scherrmann, CNS delivery via adsorptive transcytosis. 
AAPS J, 2008. 10(3): p. 455–​72.

36.	 Lu, W. et al., Cationic albumin conjugated pegylated nanoparticle with its transcytosis 
ability and little toxicity against blood–​brain barrier. Int J Pharm, 2005. 295(1–​2): p. 
247–​60.

37.	 Wiley, D.T. et al., Transcytosis and brain uptake of transferrin-​containing nanoparticles by 
tuning avidity to transferrin receptor. Proc Natl Acad Sci U S A, 2013. 110(21): p. 8662–​7.

38.	 Jones, A.R. and E.V. Shusta, Blood–​brain barrier transport of therapeutics via receptor-​
mediation. Pharm Res, 2007. 24(9): p. 1759–​71.

39.	 Hansen, C.G. and B.J. Nichols, Molecular mechanisms of clathrin-​independent endo-
cytosis. J Cell Sci, 2009. 122(Pt 11): p. 1713–​21.

40.	 Desgrosellier, J.S. and D.A. Cheresh, Integrins in cancer: biological implications and 
therapeutic opportunities. Nat Rev Cancer, 2010. 10(1): p. 9–​22.

41.	 Lajoie, J.M. and E.V. Shusta, Targeting receptor-​mediated transport for delivery of 
biologics across the blood–​brain barrier. Annu Rev Pharmacol Toxicol, 2015. 55: p. 
613–​31.

42.	 Pardridge, W.M., The blood–​brain barrier: bottleneck in brain drug development. 
NeuroRx, 2005. 2(1): p. 3–​14.

43.	 Bellettato, C.M. and M. Scarpa, Possible strategies to cross the blood–​brain barrier. 
Ital J Pediatr, 2018. 44(Suppl 2): p. 131.

44.	 Hwang, D., J.D. Ramsey, and A.V. Kabanov, Polymeric micelles for the delivery of 
poorly soluble drugs: from nanoformulation to clinical approval. Adv Drug Deliv Rev, 
2020. 156: p. 80–​118.

45.	 Jhaveri, A.M. and V.P. Torchilin, Multifunctional polymeric micelles for delivery of 
drugs and siRNA. Front Pharmacol, 2014. 5: p. 77.

46.	 Xu, W., P. Ling, and T. Zhang, Polymeric micelles, a promising drug delivery system 
to enhance bioavailability of poorly water-​soluble drugs. J Drug Deliv, 2013. 2013: p. 
340315.

47.	 Zielinska, A. et al., Polymeric nanoparticles: production, characterization, toxicology 
and ecotoxicology. Molecules, 2020. 25(16).

48.	 Lu, Y. and K. Park, Polymeric micelles and alternative nanonized delivery vehicles for 
poorly soluble drugs. Int J Pharm, 2013. 453(1): p. 198–​214.

49.	 Liechty, W.B. et al., Polymers for drug delivery systems. Annu Rev Chem Biomol Eng, 
2010. 1: p. 149–​73.

50.	 Stawicki, B., T. Schacher, and H. Cho, Nanogels as a versatile drug delivery system for 
brain cancer. Gels, 2021. 7(2).

51.	 Elstad, N.L. and K.D. Fowers, OncoGel (ReGel/​paclitaxel) –​ clinical applications for 
a novel paclitaxel delivery system. Adv Drug Deliv Rev, 2009. 61(10): p. 785–​94.

52.	 Tyler, B. et al., A thermal gel depot for local delivery of paclitaxel to treat experimental 
brain tumors in rats. J Neurosurg, 2010. 113(2): p. 210–​7.

53.	 Torres, A.J. et al., Paclitaxel delivery to brain tumors from hydrogels: a computational 
study. Biotechnol Prog, 2011. 27(5): p. 1478–​87.

54.	 Zheng, M. et al., Tuning the elasticity of polymersomes for brain tumor targeting. Adv 
Sci (Weinh), 2021. 8(20): p. e2102001.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



145Polymeric Nanocarriers for Drug Delivery

145

55.	 Ahmed, F. et al., Biodegradable polymersomes loaded with both paclitaxel and doxo-
rubicin permeate and shrink tumors, inducing apoptosis in proportion to accumulated 
drug. J Control Release, 2006. 116(2): p. 150–​8.

56.	 Anajafi, T. and S. Mallik, Polymersome-​based drug-​delivery strategies for cancer 
therapeutics. Ther Deliv, 2015. 6(4): p. 521–​34.

57.	 Robbins, G.P. et al., Photoinitiated destruction of composite porphyrin-​protein 
polymersomes. J Am Chem Soc, 2009. 131(11): p. 3872–​4.

58.	 Ghoroghchian, P.P. et al., Bioresorbable vesicles formed through spontaneous 
self-​assembly of amphiphilic poly(ethylene oxide)-​block-​polycaprolactone. 
Macromolecules, 2006. 39(5): p. 1673–​1675.

59.	 Beduneau, A., P. Saulnier, and J.P. Benoit, Active targeting of brain tumors using 
nanocarriers. Biomaterials, 2007. 28(33): p. 4947–​67.

60.	 Smith, M.W. and M. Gumbleton, Endocytosis at the blood–​brain barrier: from basic 
understanding to drug delivery strategies. J Drug Target, 2006. 14(4): p. 191–​214.

61.	 Ahire, E. et al., Parenteral nanosuspensions: a brief review from solubility enhance-
ment to more novel and specific applications. Acta pharmaceutica sinica B, 2018. 
8(5): p. 733–​755.

62.	 Bolhassani, A. et al., Polymeric nanoparticles: potent vectors for vaccine delivery targeting 
cancer and infectious diseases. Hum Vaccin Immunother, 2014. 10(2): p. 321–​32.

63.	 Thakkar, S. and M. Misra, Electrospray drying of docetaxel nanosuspension: A study 
on particle formation and evaluation of nanocrystals thereof. Journal of Drug Delivery 
Science and Technology, 2020. 60: p. 102009.

64.	 Akagi, T. et al., Preparation and characterization of biodegradable nanoparticles based 
on poly(gamma-​glutamic acid) with l-​phenylalanine as a protein carrier. J Control 
Release, 2005. 108(2–​3): p. 226–​36.

65.	 Begines, B. et al., Polymeric nanoparticles for drug delivery: recent developments and 
future prospects. Nanomaterials (Basel), 2020. 10(7).

66.	 Pawar, A., S. Thakkar, and M. Misra, A bird’s eye view of nanoparticles prepared by 
electrospraying: advancements in drug delivery field. Journal of controlled release, 
2018. 286: p. 179–​200.

67.	 Tambe, V. et al., Surface engineered dendrimers in siRNA delivery and gene silencing. 
Current Pharmaceutical Design, 2017. 23(20): p. 2952–​2975.

68.	 Klajnert, B. and M. Bryszewska, Dendrimers: properties and applications. Acta 
Biochim Pol, 2001. 48(1): p. 199–​208.

69.	 Bosman, A.W., H.M. Janssen, and E.W. Meijer, About dendrimers: structure, physical 
properties, and applications. Chem Rev, 1999. 99(7): p. 1665–​1688.

70.	 Wolinsky, J.B. and M.W. Grinstaff, Therapeutic and diagnostic applications of 
dendrimers for cancer treatment. Adv Drug Deliv Rev, 2008. 60(9): p. 1037–​55.

71.	 Svenson, S. and D.A. Tomalia, Dendrimers in biomedical applications –​ reflections on 
the field. Adv Drug Deliv Rev, 2005. 57(15): p. 2106–​29.

72.	 Kamaly, N. et al., Degradable controlled-​release polymers and polymeric 
nanoparticles: mechanisms of controlling drug release. Chem Rev, 2016. 116(4): p. 
2602–​63.

73.	 Krishnamoorthy, K. and M. Mahalingam, Selection of a suitable method for the prep-
aration of polymeric nanoparticles: multi-​criteria decision making approach. Adv 
Pharm Bull, 2015. 5(1): p. 57–​67.

74.	 Anup, N., S. Thakkar, and M. Misra, Formulation of olanzapine nanosuspension based 
orally disintegrating tablets (ODT); comparative evaluation of lyophilization and 
electrospraying process as solidification techniques. Advanced Powder Technology, 
2018. 29(8): p. 1913–​1924.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



146 Nanoarchitectonics for Brain Drug Delivery

146

75.	 Thakkar, S., D. Sharma, and M. Misra, Comparative evaluation of electrospraying and 
lyophilization techniques on solid state properties of erlotinib nanocrystals: assessment 
of In-​vitro cytotoxicity. Eur J Pharm Sci, 2018. 111: p. 257–​269.

76.	 Ryu, U. et al., Recent advances in process engineering and upcoming applications of 
metal-​organic frameworks. Coord Chem Rev, 2021. 426: p. 213544.

77.	 Xue, J. et al., Electrospinning and Electrospun nanofibers: methods, materials, and 
applications. Chem Rev, 2019. 119(8): p. 5298–​5415.

78.	 Salatin, S. et al., Development of a nanoprecipitation method for the entrapment 
of a very water soluble drug into eudragit RL nanoparticles. Res Pharm Sci, 2017. 
12(1): p. 1–​14.

79.	 Kumar, M. et al., Techniques for formulation of nanoemulsion drug delivery system: a 
review. Prev Nutr Food Sci, 2019. 24(3): p. 225–​234.

80.	 Reis, C.P. et al., Nanoencapsulation I. Methods for preparation of drug-​loaded poly-
meric nanoparticles. Nanomedicine, 2006. 2(1): p. 8–​21.

81.	 Dallas, P. and V. Georgakilas, Interfacial polymerization of conductive polymers: gen-
eration of polymeric nanostructures in a 2-​D space. Adv Colloid Interface Sci, 2015. 
224: p. 46–​61.

82.	 Torres, F.G. et al., Natural polysaccharide nanomaterials: an overview of their 
immunological properties. Int J Mol Sci, 2019. 20(20).

83.	 Varanko, A., S. Saha, and A. Chilkoti, Recent trends in protein and peptide-​based 
biomaterials for advanced drug delivery. Adv Drug Deliv Rev, 2020. 156: p. 133–​187.

84.	 Coppola, D. et al., Marine collagen from alternative and sustainable sources: extrac-
tion, processing and applications. Mar Drugs, 2020. 18(4).

85.	 Nitta, S.K. and K. Numata, Biopolymer-​based nanoparticles for drug/​gene delivery 
and tissue engineering. Int J Mol Sci, 2013. 14(1): p. 1629–​54.

86.	 Caraway, C.A. et al., Polymeric nanoparticles in brain cancer therapy: a review of 
current approaches. Polymers (Basel), 2022. 14(14).

87.	 Meyer, M., Processing of collagen based biomaterials and the resulting materials 
properties. Biomed Eng Online, 2019. 18(1): p. 24.

88.	 Raoufinia, R. et al., Overview of albumin and its purification methods. Adv Pharm 
Bull, 2016. 6(4): p. 495–​507.

89.	 Hoogenboezem, E.N. and C.L. Duvall, Harnessing albumin as a carrier for cancer 
therapies. Adv Drug Deliv Rev, 2018. 130: p. 73–​89.

90.	 Kiela, P.R. and F.K. Ghishan, Physiology of intestinal absorption and secretion. Best 
Pract Res Clin Gastroenterol, 2016. 30(2): p. 145–​59.

91.	 Khalikova, E., P. Susi, and T. Korpela, Microbial dextran-​hydrolyzing 
enzymes: fundamentals and applications. Microbiol Mol Biol Rev, 2005. 69(2): p. 
306–​25.

92.	 Lee, K.Y. and D.J. Mooney, Alginate: properties and biomedical applications. Prog 
Polym Sci, 2012. 37(1): p. 106–​126.

93.	 Fallacara, A. et al., Hyaluronic acid in the third millennium. Polymers (Basel), 
2018. 10(7).

94.	 Cheung, R.C. et al., Chitosan: An update on potential biomedical and pharmaceutical 
applications. Mar Drugs, 2015. 13(8): p. 5156–​86.

95.	 Wu, Q.X., D.Q. Lin, and S.J. Yao, Design of chitosan and its water soluble derivatives-​
based drug carriers with polyelectrolyte complexes. Mar Drugs, 2014. 12(12): p. 
6236–​53.

96.	 Thakkar, S. et al., Fast dissolving electrospun polymeric films of anti-​diabetic drug 
repaglinide: formulation and evaluation. Drug development and industrial pharmacy, 
2019. 45(12): p. 1921–​1930.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



147Polymeric Nanocarriers for Drug Delivery

147

97.	 Saghazadeh, S. et al., Drug delivery systems and materials for wound healing 
applications. Adv Drug Deliv Rev, 2018. 127: p. 138–​166.

98.	 Shakeri, S. et al., Multifunctional polymeric nanoplatforms for brain diseases diag-
nosis, therapy and theranostics. Biomedicines, 2020. 8(1).

99.	 Xia, H. et al., Penetratin-​functionalized PEG-​PLA nanoparticles for brain drug 
delivery. Int J Pharm, 2012. 436(1–​2): p. 840–​50.

100.	 Makadia, H.K. and S.J. Siegel, Poly lactic-​co-​glycolic acid (PLGA) as biodegradable 
controlled drug delivery carrier. Polymers (Basel), 2011. 3(3): p. 1377–​1397.

101.	 Hines, D.J. and D.L. Kaplan, Poly(lactic-​co-​glycolic) acid-​controlled-​release 
systems: experimental and modeling insights. Crit Rev Ther Drug Carrier Syst, 2013. 
30(3): p. 257–​76.

102.	 Lu, J.M. et al., Current advances in research and clinical applications of PLGA-​based 
nanotechnology. Expert Rev Mol Diagn, 2009. 9(4): p. 325–​41.

103.	 Bruno, B.J., G.D. Miller, and C.S. Lim, Basics and recent advances in peptide and 
protein drug delivery. Ther Deliv, 2013. 4(11): p. 1443–​67.

104.	 Sowmya, B., A.B. Hemavathi, and P.K. Panda, Poly (epsilon-​caprolactone)-​based 
electrospun nano-​featured substrate for tissue engineering applications: a review. 
Prog Biomater, 2021. 10(2): p. 91–​117.

105.	 Jeong, Y.I. et al., Clonazepam release from core-​shell type nanoparticles in vitro. J 
Control Release, 1998. 51(2–​3): p. 169–​78.

106.	 Pena, E.S. et al., Design of biopolymer-​based interstitial therapies for the treatment of 
glioblastoma. Int J Mol Sci, 2021. 22(23).

107.	 Thakkar, S. and M. Misra, Electrospun polymeric nanofibers: nNew horizons in drug 
delivery. Eur J Pharm Sci, 2017. 107: p. 148–​167.

 

 

 

 

 

 

 

 

 

 

 

 



148

148 DOI: 10.1201/9781032661964-7

Lipid-​Based 
Nanocarriers for Brain 
Delivery of Drugs 
in Neurodegenerative 
Disorders

Mukesh Kumar Yadav, Manish Singh,  
Pritee Chaudhary, and Shardendu Kumar Mishra

7.1 � INTRODUCTION

Solid lipid nanoparticles (SLNs), nanostructured lipid carriers (NLCs), and liposomes 
are lipid-​based nanocarriers that have shown promise as drug-​delivery systems 
for the treatment of neurodegenerative diseases like Alzheimer’s, Parkinson’s, and 
Huntington’s diseases. These nanocarriers offer several advantages, including the 
ability to encapsulate both hydrophilic and hydrophobic drugs, with the ability to 
cross the blood–​brain barrier (BBB) for targeted drug delivery. One of the challenges 
in the treatment of neurodegenerative disorders is the limited ability of drugs to cross 
the BBB, which is a highly selective barrier that separates the brain from the circu-
lating blood. Lipid-​based nanocarriers have been shown to improve drug delivery 
across the BBB by taking advantage of the natural uptake mechanisms of brain cells, 
such as receptor-​mediated endocytosis and transcytosis [1,2].

Additionally, lipid-​based nanocarriers can be designed to target specific cells 
or regions within the brain, such as neurons or glial cells. This can be achieved 
by modifying the surface of the nanocarriers with ligands that bind to specific 
receptors on the target cells. Several studies have shown the potential of lipid-​based 
nanocarriers for the delivery of drugs to treat neurodegenerative disorders, such 
as Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntington’s disease 
(HD) [3,4]. For example, liposomes have been used to deliver anti-​inflammatory 
drugs, such as curcumin, to reduce neuroinflammation in AD [5,6]. SLNs have 
been used to deliver the antioxidant resveratrol to protect neurons from oxidative 
stress in PD. NLCs have been used to deliver gene therapy to silence the mutant 
huntingtin gene in HD.

Lipid-​based nanocarriers hold great promise for the treatment of neurodegenerative 
disorders by improving drug delivery across the BBB and enabling targeted drug 
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delivery to specific cells or regions within the brain [7–​13]. However, further research 
is needed to optimize the design and formulation of lipid-​based nanocarriers for 
effective and safe drug delivery in clinical settings.

7.2 � NEURODEGENERATIVE DISEASES

Neurodegenerative diseases are a group of disorders characterized by the progressive 
loss of function and death of neurons in the brain and nervous system. These diseases 
are typically chronic and often incurable, and they can have a significant impact on a 
person’s quality of life. There are many different types of neurodegenerative diseases, 
each with its own set of symptoms, causes, and treatments [14, 15]. Some of the most 
common neurodegenerative diseases include:

7.2.1 �A lzheimer’s Disease

The most common neurodegenerative condition and the main contributor to 
dementia is Alzheimer’s disease (AD). Several additional cognitive domains, 
such as sensorimotor, visual-​spatial, behavioral, or linguistic abilities are affected 
by AD, which is clinically defined by progressive memory loss and targets large-​
scale brain networks [16]. Depending on the severity of the disease and the 
individual, cognitive processes might be impacted to varying degrees [17]. Beta-​
amyloid (Aβ) plaques outside of cells and neurofibrillary tangles, which include 
tau inside of neurons, are both found in AD [18]. The pathogenesis of the illness 
appears to be triggered and amplified by oxidative stress and the buildup of free 
radicals, with an aggravated immunological response involving pro-​inflammatory 
cytokines. As a result, the brain experiences excessive lipid peroxidation and 
neuronal degeneration, with the loss of cholinergic neurons being particularly 
noticeable [19,20]. The development of diseases may also include the glutamate 
pathway [21]. The accumulation of plaques and tangles, which results in the 
loss of synapses involved in cognition and memory functions, causes the classic 
behavioral symptoms of AD. It seems that many of the detrimental features of Aβ 
require tau, and that A and tau jointly cause healthy neurons to become unwell. 
Tau is present in AD pathogenesis before Aβ, but through a feedback loop, tau 
makes Aβ more toxic [22,23]. As seen in Figure 7.1, there are significant criteria 
for the assessment of neurodegenerative diseases. The disease typically begins 
with mild symptoms, such as difficulty remembering recent events, but gradually 
progresses to more severe symptoms, such as confusion, disorientation, and dif-
ficulty with language and communication. As the disease progresses, individuals 
with Alzheimer’s may experience difficulty with basic activities of daily living, 
such as dressing, bathing, and eating.

Although the precise etiology of AD is unknown, it is thought to be a result of 
genetic, environmental, and lifestyle alterations. Although there is currently no cure 
for Alzheimer’s, there are drugs and treatments that can help control the disease’s 
symptoms and enhance the quality of life for patients.

 

 

  

  

 

 

 

  

 

  

 



150 Nanoarchitectonics for Brain Drug Delivery

150

7.2.2 �P arkinson’s Disease

The second-​most prevalent adult-​onset neurodegenerative disease is PD. The loss of 
dopaminergic neurons in the substantia nigra and intracellular inclusions containing 
synuclein aggregates are the PD neuropathological hallmarks that are linked to the 
disease’s typical signs (Figure 7.2) [24]. The etiology of PD has been associated 
with several molecular pathways, although the exact reason is still uncertain [25,26]. 
These mechanisms include mitochondrial dysfunction, improper protein transport, 
inflammation, and oxidative stress.

PD is a chronic and progressive neurodegenerative disorder that affects the part of 
the brain that controls movement. It is characterized by a variety of motor symptoms, 
including tremors, rigidity, and difficulty with balance and coordination (Figure 7.3). 
The disease occurs when nerve cells in the brain that produce dopamine, a neuro-
transmitter that helps control movement, begin to die. As dopamine levels decrease, 
individuals with PD experience a range of movement problems and other symptoms. 
Other symptoms of PD may include a stooped posture, slowed movement, a shuffling 
gait, and difficulty with speech and writing. In addition, some individuals with 
PD may also experience non-​motor symptoms, such as depression, anxiety, sleep 
disorders, and cognitive changes.

7.2.3 �H untington’s Disease

A neurological condition with autosomal dominant inheritance is called HD. The  
condition is caused by an enlarged CAG trinucleotide repeat in the HTT gene on  
chromosome 4, which codes for the protein huntingtin [27,28]. As a result, mutant  

FIGURE 7.1  Scheme representation of pathogenesis for Alzheimer’s disease.
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huntingtin (mHTT), a protein linked to protein aggregation and toxicity, develops.  
It has excessively long polyglutamine sequences. In addition to its inherent toxicity, 
mHTT also disrupts a wide range of cellular functions that can cause neuronal  
dysfunction and death [29–​33], including protein homeostasis disruption, impaired  
protein degradation, transcriptional dysregulation of gene expression, disruption  
of synaptic signaling, mitochondrial dysfunction, impaired metabolism pathways,  
and aberrant activation of stress responses. The striatum’s striatal atrophy and early  
macroscopic abnormalities can be seen before the disease manifests.

Cortical and subcortical brain regions are also affected [34,35]. A wide spectrum 
of symptoms, including motor, cognitive, and mental ones, are present in the disorder, 
which often manifests itself in mid-​adulthood. Jerky, uncontrollable movements 
(chorea), as well as issues with balance and coordination, might be among the motor 
signs of HD. Planning and organizing challenges, as well as issues with memory and 
learning, are examples of cognitive symptoms. Depression, anxiety, impatience, and 
mood swings are a few examples of psychiatric symptoms.

7.2.4 �A myotrophic Lateral Sclerosis (ALS)

Lou Gehrig’s disease, also known as amyotrophic lateral sclerosis (ALS), is a  
neurodegenerative condition that rapidly and steadily impairs lower and upper motor  
neurons that emerge from the brain and spinal cord [36,37]. The communication  

FIGURE 7.2  Scheme representation of pathogenesis for Parkinson’s disease.
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between a motor neuron and muscle is lost because of motor neuron degeneration,  
which causes muscle wasting and gradual weakness in the arms, legs, trunk, and  
bulbar region [38,39].

The two main types are (a) the sporadic form (SALS), which accounts for 90% of 
cases and develops spontaneously without a family history, and (b) the familial form 
(FALS), which accounts for the remaining 10% of cases and is caused by the genetic 
dominant inheritance component.

The middle to late 50s are the typical onset years for the first symptoms. Localized 
weakness is the initial symptom of ALS, which progresses to affect the majority of 
muscles [40]. Motor neurons, the nerve cells that control voluntary muscle movement, 
eventually degenerate and die in ALS, which is defined by the onset of more severe 
symptoms such difficulties speaking, eating, and breathing. ALS symptoms include 
muscle weakness, cramping, and twitching. Total paralysis and, in certain situations, 
respiratory failure are potential outcomes of ALS. Although the precise cause of ALS 
is unknown, it is thought to be the result of a mix of hereditary and environmental 
factors. In some instances, ALS may result from mutations in particular genes that 
have an impact on motor neuron function.

7.2.5 �M ultiple Sclerosis (MS)

The autoimmune disease known as multiple sclerosis (MS) primarily affects 
the central nervous system (CNS) and causes nerve demyelination and axonal 

FIGURE 7.3  An overview of motor and non-​motor symptoms in Parkinson’s disease.
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destruction. The exact cause of MS has not yet been determined, along with many 
other neurodegenerative disorders. However, it is believed that both hereditary and 
environmental variables, such as bacterial and viral infections, smoking, toxins, 
and low vitamin D levels, might affect how this condition manifests [41–​43].

In general, MS has three stages [44,45]:

(I)	 The preclinical stage, during which the disease is triggered.
(II)	 The relapsing-​remitting stage, which is characterized by episodes of 

neurologic dysfunction that are partially or completely reversible and 
typically last days or weeks.

(III)	 The progressive clinical stage, during which, after typically 10–​
20 years, neurologic dysfunction worsens gradually and eventually 
impairs mobility and cognition [46].

The disease occurs when the immune system mistakenly attacks the myelin sheath, 
which is the protective coating around nerve fibers in the brain and spinal cord. 
The damage to the myelin sheath can cause a wide range of symptoms, including 
muscle weakness, difficulty with coordination and balance, sensory changes, and 
cognitive impairment. The symptoms of MS can vary widely from person to person 
and can range from mild to severe. The causes of neurodegenerative diseases are 
not yet fully understood, but they are believed to be the result of a combination 
of genetic, environmental, and lifestyle factors. Treatments for these diseases are 
currently limited and focus mainly on managing symptoms and slowing disease 
progression. Research into new treatments and potential cures for these diseases 
is ongoing.

7.3 � EXISTING THERAPEUTIC INTERVENTIONS IN 
NEURODEGENERATIVE DISEASES

There are various therapeutic interventions currently available for neurodegenerative 
diseases, although most of them focus on managing symptoms rather than curing 
the underlying disease. Here are some of the existing therapeutic interventions for 
neurodegenerative diseases:

7.3.1 �M edications

There are various medications available to manage the symptoms of neurodegenerative 
diseases such as Alzheimer’s, Parkinson’s, and Huntington’s diseases. These 
medications include cholinesterase inhibitors, NMDA receptor antagonists, and 
dopamine agonists. Various medications can be used to manage the symptoms of 
neurodegenerative diseases, such as AD, PD, HD, and ALS. However, it is important 
to note that there is currently no cure for these diseases, and medications are aimed at 
managing symptoms and improving quality of life.
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Some common medications for neurodegenerative diseases include:

7.3.1.1 � Cholinesterase Inhibitors
These medications are used to treat symptoms of AD and improve memory and cog-
nitive function. Examples include donepezil, rivastigmine, and galantamine [47,48].

7.3.1.2 � NMDA Receptor Antagonists
These medications are used to treat moderate to severe symptoms of AD by blocking 
the activity of glutamate, a neurotransmitter that can cause damage to nerve cells. 
Memantine is an example of an NMDA receptor antagonist [49].

7.3.1.3 � Dopamine Agonists
These medications are used to treat symptoms of PD by mimicking the effects of 
dopamine in the brain. Examples include pramipexole and ropinirole [41].

7.3.1.4 � Levodopa
This medication is also used to treat symptoms of PD by increasing levels of dopa-
mine in the brain. It is often combined with carbidopa, which helps prevent the break-
down of levodopa before it reaches the brain [50].

7.3.1.5 � Antipsychotics
These medications are used to treat psychiatric symptoms of neurodegenerative 
diseases, such as hallucinations, delusions, and agitation. Examples include 
risperidone and quetiapine.

7.3.1.6 � Muscle Relaxants
These medications are used to treat muscle stiffness and spasms in individuals with 
neurodegenerative diseases such as ALS. Examples include baclofen and tizanidine.

It is important to note that medication management for neurodegenerative diseases 
is complex and must be tailored to the individual’s specific symptoms and needs. 
A healthcare provider with experience in managing neurodegenerative diseases is 
often needed to prescribe and manage medications.

7.3.2 �P hysical and Occupational Therapy

Physical and occupational therapy can help improve movement and reduce muscle 
stiffness and rigidity in PD. They can also help with mobility and balance in other 
neurodegenerative diseases. Physical and occupational therapy can be important 
components of care for individuals with neurodegenerative diseases. These therapies 
can help maintain or improve physical function, mobility, and independence, and can 
also help manage symptoms such as pain, stiffness, and muscle weakness.

Physical therapy may involve exercises and activities designed to improve strength, 
balance, coordination, and range of motion. For individuals with neurodegenerative 
diseases such as PD or ALS, physical therapy may focus on maintaining or improving 
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mobility and reducing the risk of falls. Occupational therapy may involve activities 
and interventions designed to improve the ability to perform daily living tasks, such 
as dressing, grooming, and feeding oneself. This may involve strategies to adapt to 
the home environment, as well as the use of assistive devices such as wheelchairs 
or adaptive utensils. In addition to these traditional therapies, there are also newer 
approaches such as exercise programs specifically designed for individuals with 
neurodegenerative diseases. These programs may include activities such as dance, 
yoga, or tai chi, which can help improve physical function and quality of life.

7.3.3 �G ene Therapy

Gene therapy is being researched as a potential treatment for neurodegenerative 
diseases such as HD. The aim is to silence the abnormal gene responsible for 
the disease, thus slowing or stopping disease progression. Gene therapy is a 
promising area of research for the treatment of neurodegenerative diseases. This 
approach involves using genetic engineering techniques to modify a patient’s cells 
to produce or enhance a specific protein that is deficient or damaged in the disease. 
In some cases, gene therapy may involve using viral vectors to deliver the modified 
genes to the patient’s cells. These viral vectors are designed to specifically target 
and infect the cells of interest and can be used to introduce new genes or modify 
existing ones.

Several clinical trials are currently underway to evaluate the safety and efficacy of 
gene therapy for neurodegenerative diseases such as HD, ALS, and PD. For example, 
one ongoing trial is testing a gene therapy approach for HD that involves using a virus 
to deliver a gene that produces a protein that can help protect nerve cells. While gene 
therapy holds great promise for the treatment of neurodegenerative diseases, there 
are still many challenges to overcome, such as developing safe and effective delivery 
methods, and ensuring that the modified genes are expressed in the appropriate cells 
at the right levels.

7.3.4 �D eep Brain Stimulation (DBS)

Deep brain stimulation (DBS) is a type of therapy that involves the surgical 
implantation of electrodes in specific areas of the brain, followed by the delivery 
of electrical impulses to these areas. DBS is commonly used to treat symptoms of 
neurodegenerative diseases such as PD and essential tremor, but it may also be used 
for other conditions such as dystonia and epilepsy. The exact mechanism by which 
DBS works is not fully understood, but it is thought to involve the modulation of 
abnormal electrical activity in the brain. By delivering electrical impulses to specific 
regions of the brain, DBS can help improve symptoms such as tremors, rigidity, and 
bradykinesia (slowness of movement).

DBS is typically considered when medication management is no longer effective 
or is associated with significant side effects. The procedure involves the implantation 
of a small device, like a pacemaker, that delivers electrical impulses to the brain. The 
electrodes are placed in specific areas of the brain based on the patient’s symptoms 
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and the underlying neurodegenerative disease. While DBS can be effective in redu-
cing symptoms, it is important to note that it is not a cure for neurodegenerative 
diseases. Additionally, the procedure carries some risks, such as infection, bleeding, 
and hardware malfunction. Therefore, it is important to carefully consider the poten-
tial risks and benefits of DBS in consultation with a healthcare provider who has 
experience with the procedure.

7.3.5 �S tem Cell Therapy

Stem cell therapy is a promising area of research for the treatment of 
neurodegenerative diseases. Stem cells are unspecialized cells that have the poten-
tial to develop into different types of cells, and they can be used to replace or repair 
damaged tissues or cells in the body. In the context of neurodegenerative diseases, 
stem cells are being studied as a potential therapy to replace damaged or lost 
neurons. The goal of this approach is to use stem cells to replace the neurons that 
are lost in conditions such as PD, HD, and ALS. Different types of stem cells can be 
used for therapy, including embryonic stem cells, induced pluripotent stem cells, 
and adult stem cells. Each type of stem cell has its advantages and disadvantages, 
and the choice of cell type depends on the specific condition being treated and 
the goals of the therapy. While stem cell therapy is a promising area of research, 
there are still many challenges that need to be overcome before it can be widely 
used in clinical practice. These include developing safe and effective methods for 
delivering the stem cells to the brain, ensuring that the transplanted cells integrate 
properly into the existing neural circuitry, and preventing the immune system from 
attacking the transplanted cells.

Despite these challenges, there have been some encouraging results from early 
clinical trials of stem cell therapy for neurodegenerative diseases, particularly in 
the case of PD. However, further research is needed to fully understand the safety 
and efficacy of this approach before it can be used as a routine therapy for these 
conditions.

7.3.6 �L ifestyle Interventions

Lifestyle interventions such as exercise, a healthy diet, and cognitive stimulation are 
beneficial in reducing the risk of neurodegenerative diseases and slowing disease pro-
gression in some cases. Lifestyle interventions are becoming increasingly recognized 
as an important part of the management of neurodegenerative diseases. These 
interventions involve making changes to an individual’s daily habits and behaviors to 
improve their overall health and well-​being.

Some examples of lifestyle interventions that may be beneficial for individuals 
with neurodegenerative diseases include:

7.3.6.1  Exercise: Regular physical activity has been shown to improve cogni-
tive function and reduce the risk of dementia in older adults. Exercise 
may also help improve motor function in individuals with PD and other 
movement disorders.
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7.3.6.2  Healthy diet: A diet that is high in fruits, vegetables, and whole grains, 
and low in processed foods and saturated fats, may help reduce the risk of 
cognitive decline and dementia.

7.3.6.3  Sleep: Getting adequate sleep is important for overall brain health. Sleep 
disturbances are common in neurodegenerative diseases, and treating 
sleep disorders may improve cognitive and motor function.

7.3.6.4  Mental stimulation: Engaging in activities that stimulate the brain, such 
as reading, doing puzzles, or learning a new skill, may help maintain cog-
nitive function and reduce the risk of dementia.

7.3.6.5  Social engagement: Social isolation and loneliness are risk factors for cog-
nitive decline and dementia. Maintaining social connections and engaging in 
meaningful activities with others may help protect against these conditions.

While lifestyle interventions are not a cure for neurodegenerative diseases, they 
may help improve quality of life and slow the progression of these conditions. It is 
important to work with a healthcare provider to develop a personalized plan that is 
tailored to the individual’s needs and abilities.

In conclusion, while there are various therapeutic interventions available for 
neurodegenerative diseases, there is still a need for more effective treatments that 
can cure or slow the progression of these diseases. Research into new therapies and 
potential cures for neurodegenerative diseases is ongoing.

7.4 � LIPID-​BASED NANOCARRIERS

Lipid-​based nanocarriers, also known as lipid nanoparticles, are a type of drug-​
delivery system that uses lipids as the main component. These nanocarriers are typ-
ically between 10 and 1,000 nanometers in size and can encapsulate both hydrophilic 
and hydrophobic drugs.

There are different types of lipid-​based nanocarriers, including liposomes, SLNs, 
and NLCs (Figure 7.4). Liposomes are spherical structures made up of a lipid bilayer 
that can encapsulate drugs within their core or the lipid bilayer. SLNs are made up of 
solid lipids and surfactants, while NLCs contain a mixture of solid and liquid lipids.

7.4.1 �L iposomes

Liposomes are a type of lipid-​based nanocarrier that is composed of one or more 
lipid bilayers surrounding an aqueous core. These structures can be thought of as 
tiny spherical vesicles, ranging in size from 20 nanometers to several micrometers in 
diameter. Liposomes were first described in the 1960s, and since then, they have been 
widely studied for drug delivery and other biomedical applications. One of the key 
advantages of liposomes is their ability to encapsulate both hydrophilic and hydro-
phobic drugs, making them versatile carriers for a wide range of therapeutic agents. 
In addition, liposomes can be designed to target specific cells or tissues in the body by 
modifying their surface with ligands or other molecules that bind to receptors on the 
target cells. This allows for the selective delivery of drugs to the desired site, reducing 
the risk of side effects and improving therapeutic efficacy [51].
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Liposomes have been studied for the treatment of various diseases, including 
cancer, infectious diseases, and neurological disorders. For example, liposomal 
formulations of anticancer drugs have been shown to improve drug delivery to 
tumors and reduce side effects compared to traditional formulations. While liposomes 
have shown promise for drug delivery, there are still challenges that need to be 
addressed. These include optimizing the size, stability, and targeting capabilities of 
the nanoparticles, as well as ensuring their safety and biocompatibility (Figure 7.5). 
Nevertheless, liposomes remain a promising technology for drug delivery and other 
biomedical applications [52,53].

7.4.2 �S olid Lipid Nanoparticles (SLNs)

Solid lipid nanoparticles are nanoparticles that can be used for drug delivery and 
associated biomedical applications. SLNs are made of a solid lipid core, typic-
ally made of natural or synthetic lipids, surrounded by a layer of surfactants and 
other stabilizing agents. One of the advantages of SLNs is their ability to encapsu-
late both hydrophilic and hydrophobic drugs, similar to liposomes [54]. However, 
unlike liposomes, SLNs have a solid core, which can provide increased stability and 
protection for the encapsulated drug. SLNs have several other advantages for drug 
delivery, including their ability to target specific cells or tissues in the body. This can 
be achieved by modifying the surface of the SLN with ligands or other molecules that 
bind to receptors on the target cells. In addition, SLNs can be designed to release their 
payload in a controlled manner, allowing for sustained drug release over a period of 
time. SLNs have been studied for the treatment of various diseases, including cancer, 
inflammatory disorders, and infectious diseases. For example, SLN formulations of 
antimicrobial drugs have been shown to improve drug delivery and reduce toxicity 
compared to traditional formulations [55].

7.4.3 �N anostructured Lipid Carriers (NLCs)

For drug delivery and other biomedical uses, one class of lipid-​based nanoparticles is 
known as NLCs. NLCs are composed of a mixture of solid and liquid lipids, which 
form a structured matrix that can encapsulate drugs or other molecules. One of the 
benefits of NLCs is their ability to encapsulate both hydrophilic and hydrophobic 
drugs, like liposomes and SLNs. However, the structured matrix of NLCs provides 
increased stability and protection for the encapsulated drug compared to SLNs. NLCs 
can also be designed to target specific cells or tissues in the body by modifying the 
surface of the nanoparticle with ligands or other molecules that bind to receptors on 
the target cells. In addition, NLCs can be designed to release their payload in a con-
trolled manner, allowing for sustained drug release over a period of time. NLCs have 
been investigated for therapy to treat several illnesses, including cancer, inflammatory 
conditions, and infectious infections. For example, NLC formulations of anticancer 
drugs have been shown to improve drug delivery to tumors and reduce side effects 
compared to traditional formulations [56].
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7.4.4 �L ipid-​based Nanocarriers

Lipid-​based nanocarriers have several advantages over other drug-​delivery systems. 
They can protect the drug from degradation and increase its bioavailability. They can 
also improve drug targeting by delivering the drug directly to the site of action, such 
as the brain in the case of neurodegenerative diseases. In addition, they can reduce 
drug toxicity by allowing for the use of lower doses. In the case of neurodegenerative 
diseases, lipid-​based nanocarriers are effective in delivering drugs to the brain. For 
example, liposomes have been used to deliver drugs such as tacrine and memantine to 
the brain in animal models of AD. SLNs have been used to deliver curcumin, a nat-
ural compound with neuroprotective properties, to the brain in a mouse model of PD.

Lipid-​based nanocarriers have several advantages for drug delivery. For example, 
they can protect drugs from degradation and clearance in the body, and they can target 
specific cells or tissues by using surface modifications or ligands that bind to specific 
receptors. There are several types of lipid-​based nanocarriers, including liposomes, 
SLNs, NLCs, and lipid-​drug conjugates. Each type of nanocarrier has its advantages 
and disadvantages, and the choice of nanocarrier depends on the specific drug being 
delivered and the intended target.

Studies on lipid-​based nanocarriers for the treatment of various illnesses, such as 
cancer, neurological conditions, and infectious diseases, have been conducted. For 
example, liposomal formulations of anticancer drugs have been shown to improve 
drug delivery to tumors and reduce side effects compared to traditional formulations. 
While lipid-​based nanocarriers have shown promise for drug delivery, there are still 
challenges that need to be addressed. These include optimizing the size, stability, and 
targeting capabilities of the nanoparticles, as well as ensuring their safety and bio-
compatibility. Nevertheless, lipid-​based nanocarriers have the potential to improve 
the efficacy and safety of drug delivery for a wide range of diseases [57].

7.5 � NANOCARRIERS FOR BRAIN-​TARGETED DRUG-​DELIVERY 
SYSTEMS

Nanocarriers are being explored as promising drug-​delivery systems for the 
treatment of neurodegenerative diseases. One of the main challenges in treating 
neurodegenerative diseases is getting drugs to cross the BBB, a protective barrier 
that prevents many substances from entering the brain. Nanocarriers can potentially 
overcome this challenge by delivering drugs across the BBB and directly to the brain. 
Various types of nanocarriers have been studied for brain-​targeted drug delivery, 
including liposomes, polymeric nanoparticles, dendrimers, and carbon nanotubes. 
These nanocarriers can be designed to encapsulate drugs within their core, surface, 
or both (Table 7.1).

7.5.1 �L iposomes

Liposomes are one of the most widely studied nanocarriers for brain-​targeted drug 
delivery. They are spherical vesicles composed of a lipid bilayer that can encap-
sulate both hydrophilic and hydrophobic drugs. They are effective in delivering 
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TABLE 7.1
A Detailed List of Presently Available Nanocarrier-​based Drugs for 
Neurodegenerative Diseases

Nanocarriers Drug In vitro/​in vivo results

Liposomes siRNA-​4400 siRNA-​dependent inhibition of neuronal nitric 
oxide synthases [58].

Minocycline When compared to a free medicine, ALS 
progression is effectively slowed [59].

Riluzole and 
Verapamil

The biodistribution and uptake of riluzole in 
mouse brain endothelial bEND.3 and astrocyte 
C8D1A cells were improved by adding 
verapamil (a P-​gp efflux pump inhibitor) to the 
liposomes [60].

Bis-​(pivaloyloxy)-​
dopamine (BPD)

Enhanced therapeutic effect in PD animal model, 
with no obvious systemic harm [61].

Glial cell line-​derived 
neurotrophic factor 
plasmid gene

Reducing the neurotoxicity caused by 6-​OHDA 
and preventing the death of dopaminergic 
neurons [62].

Polyethylene glycol/​
Cholesterol

Preventing α-​Syn fibrillation. decreased levels of 
ROS and α-​Syn-​induced neurotoxicity in PC12 
and SHSY5Y dopaminergic cell lines [63].

Maltodextrin and 
Levodopa

BBB permeability and cellular binding are 
improved [64].

Levodopa 
Chlorotoxin

Greater drug dispersion in the brain, which 
significantly lessens behavioral defects [65].

SLN
(Solid lipid 

nanoparticles)

Apomorphine Rats with improved treatment effectiveness and 
behavioral outcomes [56].

Methylprednisolone Compared to PEGylated SLN, MS-​induced mice’s 
brain tissue was taken up more [66].

Di-​methyl fumarate The effectiveness of SLN containing DMF in a 
once-​daily dose regimen compared to thrice-​
daily administration of plain DMF on critical 
measures such locomotor activity, grip strength, 
mortality, and motor coordination in sick mice 
[67–​71].

Riluzole When compared to rats treated with free Riluzole, 
those administered with SLN showed clinical 
indications of EAE later [72].

NLC
(Nanostructured 

lipid carriers)

Ropirinole When compared to the intranasal drug solution, 
the medication has a higher drug transport and 
penetration efficiency and an improved absolute 
bioavailability [56].

Basic-​FGF Effectively exhibiting therapeutic benefits 
in hemi-​parkinsonian rats by promoting 
dopaminergic activity in surviving synapses 
[73].
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drugs such as doxorubicin, paclitaxel, and curcumin to the brain in animal models 
of neurodegenerative diseases. Liposomes have been studied extensively as a brain-​
targeted drug-​delivery system due to their ability to cross the BBB. The BBB is a highly 
selective membrane that separates the blood vessels in the brain from the surrounding 
tissue, and it can prevent many drugs from entering the brain. Liposomes can be 
modified to cross the BBB by attaching specific ligands or antibodies to their surface, 
which can bind to receptors on the BBB and facilitate transport across the membrane. 
In addition, liposomes can be engineered to release their cargo in response to specific 
stimuli, such as changes in pH or temperature, which can enhance their efficacy in the 
brain. Several studies have demonstrated the potential of liposomes for brain-​targeted 
drug delivery. For example, liposomal formulations of anticancer drugs have been 
shown to improve drug delivery to brain tumors and reduce side effects compared to 
traditional formulations. Liposomes have also been studied for the delivery of drugs 
to treat neurological disorders such as AD, PD, and multiple sclerosis.

However, there are still challenges that need to be addressed in the advancement of 
liposomal drug-​delivery systems for the brain. These include optimizing the size, sta-
bility, and targeting capabilities of the nanoparticles, as well as ensuring their safety 
and biocompatibility. Nevertheless, liposomes remain a promising technology for 
brain-​targeted drug delivery and other biomedical applications.

7.5.2 �P olymeric Nanoparticles

Polymeric nanoparticles are another type of nanocarrier that has been studied for 
brain-​targeted drug delivery. They are composed of biocompatible and biodegrad-
able polymers and designed to release drugs in a controlled manner. Polymeric 
nanoparticles are effective in delivering drugs such as curcumin, nerve growth 
factor, and glial cell line-​derived neurotrophic factor to the brain in animal models of 
neurodegenerative diseases.

Polymeric nanoparticles have also been studied as a brain-​targeted drug-​delivery 
system due to their ability to cross the BBB. Like liposomes, polymeric nanoparticles 
can be engineered to carry drugs or other therapeutic agents and modified to target 
specific cells in the brain. Polymeric nanoparticles can be designed to overcome 

Nanocarriers Drug In vitro/ in vivo results

Teriflunomide As compared to oral administration, intranasally 
delivered teriflunomide NLC improved 
neurological function in rats and more quickly 
reached the target region. It also reduced 
neuroinflammatory pathways more significantly 
[74].
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the limitations of liposomes, such as low stability and poor drug loading capacity. 
They can also be engineered to release their cargo in a controlled manner, allowing 
for sustained drug release over a period of time. Several studies have demonstrated 
the potential of polymeric nanoparticles for brain-​targeted drug delivery. For 
example, polymeric nanoparticles have been used to deliver drugs for the treatment 
of neurodegenerative disorders such as AD and PD, as well as for brain tumors. 
Polymeric nanoparticles can also be modified with targeting ligands or antibodies 
to facilitate transport across the BBB. In addition, they can be devised to respond 
to specific stimuli, like changes in pH or temperature, which can enhance their effi-
cacy in the brain.

7.5.3 �D endrimers

Dendrimers are highly branched, synthetic polymers that can be designed to encap-
sulate drugs within their core and surface. They are effective in delivering drugs such 
as methotrexate and acetylcholine esterase inhibitors to the brain in animal models 
of neurodegenerative diseases. Dendrimers are another class of nanoparticles that 
have been studied as a brain-​targeted drug-​delivery system. Dendrimers are highly 
branched, tree-​like molecules that can be synthesized with precise control over their 
size, shape, and surface chemistry. These characteristics make them attractive for 
drug-​delivery applications, including brain targeting.

Dendrimers can be modified with various functional groups, such as targeting 
ligands, which allow them to cross the BBB and selectively bind to specific cells in the 
brain. In addition, dendrimers can be designed to encapsulate drugs or other therapeutic 
agents and release them in a controlled manner. Several studies have demonstrated 
the potential of dendrimers for brain-​targeted drug delivery. For example, dendrimers 
have been used to deliver drugs for the treatment of neurodegenerative disorders such 
as AD, PD, and multiple sclerosis. They have also been studied for the delivery of 
gene therapies to the brain. Dendrimers have several benefits over other nanoparticle-​
based drug-​delivery systems, including their precise control over size and shape, their 
ability to carry large payloads, and their ability to target specific cells in the brain.

7.5.4 �C arbon Nanotubes

Carbon nanotubes are another type of nanocarrier that has been investigated for brain-​
targeted drug delivery. They are composed of carbon atoms and have a unique structure 
that allows them to penetrate the BBB. Carbon nanotubes are effective in delivering 
drugs such as dopamine and nerve growth factor to the brain in animal models of 
neurodegenerative diseases. Carbon nanotubes are another type of nanomaterial that 
has been investigated as a potential brain-​targeted drug-​delivery system. Carbon 
nanotubes are cylinder-​shaped structures comprised of carbon atoms organized in a 
tube-​like pattern. They possess special qualities that make them appealing for drug-​
delivery applications, such as their high surface area, large aspect ratio, and capacity to 
cross the BBB. Carbon nanotubes can be functionalized with targeting moieties, such 
as antibodies or peptides, which allow them to selectively bind to specific cells in the 
brain. They can also be loaded with drugs or other therapeutic agents and designed to 

 

 

 



165Lipid-Based Nanocarriers for Brain Delivery

165

release them in a controlled manner. Several studies have demonstrated the potential 
of carbon nanotubes for brain-​targeted drug delivery. For example, carbon nanotubes 
have been used to deliver drugs for the treatment of neurodegenerative disorders such 
as AD and brain tumors. They have also been studied for the delivery of gene ther-
apies to the brain.

However, there are still concerns about the safety of carbon nanotubes as drug-​
delivery vehicles, particularly concerning their potential toxicity and biocompati-
bility. Some studies have shown that carbon nanotubes can induce oxidative stress, 
inflammation, and cell death in vitro and in vivo. Subsequently, more investigation is 
required to completely comprehend the safety and effectiveness of carbon nanotubes 
for the transport of drugs that are specifically intended for the brain as well as to 
create plans to reduce any potential negative effects. Overall, nanocarriers have great 
potential as drug-​delivery systems for the treatment of neurodegenerative diseases. 
However, more research is needed to optimize their formulation, improve their effect-
iveness in delivering drugs to the brain, and ensure their safety.

7.6 � FUTURE PERSPECTIVE

Nanocarriers hold great promise for the future of brain-​targeted drug-​delivery 
systems. Here are some potential prospects for nanocarriers:

a.	 Personalized medicine: With advances in nanotechnology, it may be pos-
sible to create personalized nanocarriers that are tailored to an individual’s 
specific needs. This could help optimize drug delivery and minimize side 
effects.

b.	 Combination therapies: Nanocarriers could enable the delivery of mul-
tiple drugs simultaneously, which could lead to more effective treatment 
for neurodegenerative diseases. For example, combining a drug that targets 
inflammation with a drug that targets protein misfolding could potentially 
slow the progression of AD.

c.	 Targeted gene therapy: Nanocarriers could be used to deliver gene therapies 
directly to the brain. This could be particularly useful in the treatment of gen-
etic forms of neurodegenerative diseases such as HD.

d.	 Noninvasive drug delivery: Nanocarriers could potentially enable non-
invasive drug-​delivery methods such as intranasal or oral administration, 
which would be more convenient for patients and could potentially improve 
compliance with treatment.

e.	 Smart nanocarriers: Researchers are exploring the use of “smart” 
nanocarriers that can respond to changes in the body or environment. For 
example, drugs may be released by nanocarriers in response to biomarkers 
linked to neurodegenerative disorders.

Overall, the prospects for nanocarriers in brain-​targeted drug-​delivery systems are 
exciting. As research in this field continues to advance, we may see significant 
improvements in the treatment of neurodegenerative diseases in the future.
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8.1 � COMBINATIONAL DRUG DELIVERY THROUGH 
NANOCARRIERS FOR BRAIN DISEASES

The blood–​brain barrier (BBB) is a barrier that prevents the majority of available 
therapies for neurodegenerative diseases from entering the brain and relieving 
symptoms [1]. Hence, owing to the devastating impacts of neurodegenerative 
diseases, researchers from across the world are concentrating on creating new car-
rier systems that will carry neuroprotective drugs to the target areas without having 
an adverse influence on healthy tissues [2]. By inciting, reacting to, and interacting 
with target sites to stimulate physiological responses while significantly reducing 
side effects, nanotechnology uses designed materials and devices that interact with 
biomolecules at the molecular level [3]. This could vastly improve the manage-
ment of neurodegenerative diseases (NDs). Nanotechnology is the design, charac-
terisation, formulation, and use of materials by controlling their size and shape in 
the nanoscale range (1 to 100 nm) [4]. Due to their large surface-​to-​volume ratio, 
nanocarriers exhibit a variety of optical, magnetic, and biological characteristics 
when incorporated into living things like human tissue [5]. To create a unique, 
highly drug-​loaded nanocarrier, the existing problems and potential difficulties in 
nanocarrier-​mediated drug delivery are also taken into consideration [6]. The con-
tinuous drug release from these nanocarriers will outpace the endosome–​lysosome 
process, resulting in a long-​term circulation period [7]. Nanocarriers have sev-
eral distinctive qualities like the following: improvements in biodistribution and 
pharmacokinetics, increased stability, improved solubility, toxicity reduction, and 
medication delivery that is focused and sustained [8].

8.2 � TYPES OF NANOCARRIERS

On the basis of surface-​to-​volume ratio, nanocarriers are divided into three types, 
such as: inorganic, organic, and hybrid nanocarriers.

8
 

 

 

 

 

 

 

 

 

 

 

 

 

http://dx.doi.org/10.1201/9781032661964-8


173Combination of Drug Delivery through Nanocarriers

173

8.2.1 � Inorganic Nanocarriers

Inorganic nanocarriers include mesoporous silica nanoparticles (MSNs), carbon 
nanotubes, magnetic, copper oxide, noble metal, silver, and gold-​based nanocarriers 
[9] [10] [11].

8.2.1.1 � Gold Nanocarriers
Gold nanocarriers (NCs) are among the most researched metal nanoparticles because 
of their comparatively low cytotoxicity, optical characteristics that make them ideal 
for imaging and detection, and well-​established production techniques [12]. They 
have the potential to cross the BBB by changing their size or coupling different modi-
fied ligands.

Gold NCs are advantageous in imaging as well [13]. Insulin-​targeted gold 
nanoparticles can be used as contrast agents in computed tomography (CT) scans to 
draw attention to certain brain areas where they concentrate [14]. The size of gold 
NCs makes a difference in biodistribution and circulation time [15]. In a study, 20 nm 
gold NCs exhibited the highest levels of migration and accumulation in the brain, 
highlighting the significance of nanoparticle size in the development of gold NCs for 
neurodegenerative disorders [16].

8.2.1.2 � Silver Nanocarriers
Another common metallic nanoparticle with several biological uses is silver 
nanocarriers (AgNCs), which has unique physical and chemical characteristics [15]. 
Several scientists examined the neurological and inflammatory effects of Ag NCs on 
microglia [17]. According to previous findings, when silver nanoparticles are taken 
up, they become covered with non-​reactive silver sulphide (Ag

2
S), which has an anti-​

inflammatory impact by lowering reactive oxygen species (ROS), nitric oxide, and 
tumour necrosis factor (TNF). Ag ion toxicity was discovered to be caused by the pro-
duction of Ag

2
S [18]. The formulation proved successful in protecting the medicine, 

enhancing its stability and bioavailability.

8.2.1.3 � Silica Nanocarriers
The use of silica nanoparticles (SiO

2
-​NCs) in the diagnosis, imaging, and therapeutic 

administration of central nervous system illnesses is widespread [19]. To improve 
the absorption by BBB, silica nanoparticles were additionally coupled with various 
ligands. Lactoferrin (Lf), a cationic iron-​binding glycoprotein, was produced by 
Song et al. as PEGsilica nanoparticles [20]. This functionalisation enabled more 
nanoparticle transport across the BBB in the in vitro model, indicating that this sort 
of conjugation may be advantageous for nanocarriers for diseases of the brain [21]. 
However, according to certain studies, silica nanoparticles have negative effects on 
brain cells, induce neurotoxicity, and cause neurodegeneration [22]. It was discovered 
that there was cognitive impairment and an increase in anxiety after intranasal appli-
cation of SiO

2
-​NCs into mice models [23]. Karimzadeh et al. created MSNs that were 

modified with succinic anhydride and 3-​aminopropyltriethoxysilane and loaded with 
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rivastigmine hydrogen tartrate [24]. Nevertheless, additional improvement is required 
to lessen the viability loss linked to these nanocarriers.

8.2.1.4 � Iron Nanocarriers
Fe

3
O

4
 magnetic nanoparticles (MNPs), which are superparamagnetic, non-​toxic, 

and biocompatible, are among the iron nanoparticles that have undergone substan-
tial research [25]. Moreover, iron nanoparticles naturally have advantages in imaging 
[26]. For the purpose of performing magnetic resonance imaging of various NDs, sev-
eral superparamagnetic iron oxide nanoparticles have been coupled with therapeutic 
substances or modified components (PEG and 1,1-​dicyano-​2-​[6-​(dimethylamino)
naphthalene-​2-​yl]propene car-​boxyl derivative) [27].

8.2.1.5 � Cerium Oxide Nanocarriers
Nanoceria, or cerium oxide nanocarriers (CeONCs), exhibit antioxidant and radical-​
scavenging properties that may be useful in the treatment of neurological disorders 
[28]. Nevertheless, biodistribution studies unequivocally showed that the liver, kidney, 
and spleen are the principal organs of accumulation, which may provide a safety 
issue in further research [28]. CeO

2
NCs might therefore use the targeting method to 

improve effectiveness and reduce potential toxicity [29].

8.2.2 �O rganic Nanocarriers

8.2.2.1 � Liposomes
Liposomes are nanocarriers made up of an aqueous core and a phospholipid bilayer, 
having low toxicity [30]. Therapeutic substances can be encapsulated in them in both 
hydrophilic and hydrophobic forms [31]. They can be either multilamellar vesicles, 
little unilamellar vesicles, or big unilamellar vesicles (MLV) [32]. They are able to 
pass across the BBB by transcytosis or active transport after attaching to a particular 
receptor [33]. Another advantageous delivery of liposome is the intranasal route, 
which easily reaches the brain via olfactory and trigeminal nerves [34]. Rivastigmine 
liposomes were administered to the brain orally and intranasally by Arumugam et al. 
The findings that the intranasal route of administration produced larger levels of the 
medication in the brain suggest that this route has a better bioavailability [35]. The 
liposomal surface has undergone several changes recently in order to enhance its 
capacity for brain targeting [36]. A liposome can effectively cross the BBB and carry 
the medication to the desired place with the aid of some specialised ligands (glucose, 
lactoferrin, transferrin, and specific peptides) [37].

8.2.2.2 � Transferin-​mediated Liposomes
One of the receptors, the transferrin receptor (TfR), is of particular relevance for 
the distribution of medicinal drugs across the BBB in order to improve the targeting 
effectiveness [38]. Both in vivo and in vitro Tf liposome administration in the brain 
have been shown to pass through the BBB and enhance brain function. A trans-
membrane glycoprotein, comprising two 90 kDa subunits of TfR, can bind to one 
molecule of transferrin [39]. A disulfide bridge connects these subunits. There are 
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various issues with TfR that must be highlighted as a target delivery system [39]. 
1) Together with the BBB, TfR is expressed on neurons, hepatocytes, RBC, intestinal 
cells, monocytes, and choroid plexus epithelial cells [40]. As a result, TfR-​targeted 
liposomes are widely distributed in the liver and kidneys as well [41]. 2) An elevated 
level of Tf in blood serum (2 mol/​l) creates a serious problem because in healthy 
conditions, endogenous Tf generally saturates the TfR expressed on endothelial cells. 
Thus, the ability to target is insufficiently effective [42].

8.2.2.3 � Cationic Liposome
The most widely used modified liposomes are cationic liposomal drug carriers because 
they may interact electrostatically to take advantage of the BBB’s negative charge and 
so start the cell internalisation processes [43]. By injecting anionic, cationic, and 
charge-​neutral liposomes into the internal carotid arteries of Sprague-​Dawley rats, it 
was possible to determine how a liposome surface charge affected brain tissue uptake 
[43]. According to a previous study, a liposome surface charge influences cellular 
connections. Both positively and negatively charged liposomes interacted with cells 
more intensely than uncharged liposomes; cationic liposomes were most prevalent in 
the brain [44].

8.2.2.4 � PEG-​modified Liposome
Polyethylene glycol (PEG)-​coated liposomes has been often used and extensively 
documented to boost their chemical stability in serum and further provide an extended 
circulation period in plasma, enabling longer dose intervals [45]. Importantly, the 
effectiveness of brain targeting is affected by the chain length of PEG [46]. In order 
to examine their differences and identify the ideal length of PEG for drug administra-
tion, the properties of glucose-​modified liposomes utilizing PEGs with various chain 
lengths (PEG200, PEG400, PEG1000, and PEG2000) as the linkers were compared 
and analysed both in vitro and in vivo [47]. The results showed that longer chain 
length PEGs connected to glucose-​modified liposomes were more effective at pro-
moting drug transport through the BBB. At every stage of the in vivo trial, liposomes 
connected by PEG1000 showed the best brain-​targeted property [48]. Due to steric 
hindrance, PEG with greater chain length may reduce the brain-​targeted effectiveness 
of the liposome, whereas PEG with shorter chain length may prevent the ligand from 
being exposed [49].

8.2.2.5 � Multifunctional Liposome
Using successive targeting, multifunctional liposomes were also employed to treat 
AD [50]. The BBB was targeted using a peptide generated from the apolipoprotein-​
E receptor-​binding domain of liposomes, and the BBB and peripheral clearance of 
the peptide were both improved by phosphatidic acid for Aβ-​binding, which also 
destabilised brain Aβ-​aggregates [50]. To achieve a dual-​targeting impact and pre-
cise distribution in the brain, multifunctional liposomes were also employed in the 
treatment of gliomas [51]. Doxorubincin (Dox) liposomes with dual targeting were 
created by combining liposomes with both folate and transferrin [52]. These liposomes 
have been effectively employed to traverse the BBB and target tumours [53].
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8.3 � SELECTIVE NANOCARRIERS AND BRAIN DISEASE

8.3.1 �E pilepsy

Epilepsy is a chronic neurological disorder that affects over 50 million people world-
wide. Despite the availability of many anti-​epileptic drugs, up to 30% of epilepsy 
patients remain unresponsive to current treatments [53]. Combination drug therapy 
has emerged as a promising approach to treat epilepsy patients who are resistant to 
monotherapy. However, the challenge of combining multiple drugs is the increased 
risk of drug-​to-​drug interactions and toxicity. Nanocarriers have recently gained 
attention as a potential solution for combination drug delivery, offering targeted and 
controlled release of multiple drugs with reduced toxicity [54].

Several studies have investigated the use of nanocarriers for combination 
drug delivery in epilepsy. In one study, researchers developed a liposome-​based 
nanocarrier that contained two anti-​epileptic drugs, valproic acid and levetiracetam. 
The nanocarrier exhibited sustained release of both drugs over 48 hours and showed 
enhanced anticonvulsant activity in a mouse model of epilepsy compared to mono-
therapy with either drug alone [55].

Another study investigated the use of a dendrimer-​based nanocarrier for combin-
ation drug delivery in epilepsy. The nanocarrier was loaded with two antiepileptic 
drugs, phenytoin and phenobarbital, and was functionalised with a peptide ligand 
that targeted the BBB-​exhibited targeted delivery to the brain and prolonged release 
of both drugs, resulting in improved seizure control in a rat model of epilepsy [60].

In addition to liposomes and dendrimers, other nanocarriers have been explored 
for combination drug delivery in epilepsy, including polymer-​based nanoparticles and 
mesoporous silica nanoparticles [57]. Polymer-​based nanoparticles can be designed 
to release drugs in response to specific stimuli, such as changes in pH or temperature. 
Mesoporous silica nanoparticles can be loaded with multiple drugs and functionalised 
with targeting ligands for selective delivery to specific cells or tissues.

8.3.2 �A lzheimer’s Disease

Alzheimer’s disease is a progressive and irreversible neurological disorder affecting 
millions of people worldwide. The disease is characterised by the accumulation of 
abnormal proteins in the brain, leading to brain cell death and a decline in cogni-
tive function. Currently, there is no cure for Alzheimer’s disease, and the available 
treatments only provide temporary relief from the symptoms. Therefore, there is a 
critical need to develop new therapies that can slow down or halt the progression of 
the disease.

One promising approach for the treatment of Alzheimer’s disease is the use of 
combination drug delivery through nanocarriers. Nanocarriers are tiny particles that 
can encapsulate drugs and deliver them to specific cells or tissues in the body. They 
can also protect the drugs from degradation and improve their bioavailability, which 
can enhance their therapeutic efficacy.

Combination drug delivery through nanocarriers involves the simultaneous 
delivery of two or more drugs to target multiple pathways involved in the pathogenesis 
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of Alzheimer’s disease. The use of combination therapy can enhance the therapeutic 
efficacy of the drugs and reduce the risk of drug resistance, which is a common 
problem with single-​drug therapies.

One example of combination drug delivery through nanocarriers for Alzheimer’s 
disease is the use of cholinesterase inhibitors and N-​methyl-​D-​aspartate (NMDA) 
receptor antagonists. Cholinesterase inhibitors are currently used to treat the cogni-
tive symptoms of Alzheimer’s disease, while NMDA receptor antagonists can protect 
the brain cells from excitotoxicity, which is a common problem in Alzheimer’s dis-
ease [58].

The combination of cholinesterase inhibitors and NMDA receptor antagonists has 
shown promise in preclinical studies, but the clinical application of this combination 
therapy has been limited by the low bioavailability of the drugs and their poor ability 
to cross the BBB. However, the use of nanocarriers can overcome these limitations 
and enhance the therapeutic efficacy of the drugs.

Several types of nanocarriers have been investigated for the delivery of drugs 
to the brain, including liposomes, polymeric nanoparticles, and dendrimers. These 
nanocarriers can be functionalised with specific ligands that can target the drugs to 
the brain and enhance their BBB-​crossing ability.

One example of nanocarrier-​based combination therapy for Alzheimer’s dis-
ease is the use of curcumin and resveratrol. Curcumin and resveratrol are two nat-
ural compounds that have been shown to have neuroprotective effects in preclinical 
studies. However, their therapeutic efficacy is limited by their poor solubility and 
bioavailability. Therefore, researchers have encapsulated curcumin and resveratrol 
in liposomes and tested their efficacy in a mouse model of Alzheimer’s disease [59].

The results of the study showed that the liposomal formulation of curcumin and 
resveratrol significantly reduced the accumulation of amyloid-​beta (Aβ) plaques in 
the brain and improved cognitive function in the mice. The study also showed that 
the combination therapy was more effective than the individual drugs alone, indi-
cating the potential of nanocarrier-​based combination therapy for the treatment of 
Alzheimer’s disease [53].

8.3.3 �P arkinson’s Disease (PD)

Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterised 
by the loss of dopaminergic neurons in the substantia nigra region of the brain. 
Currently, the primary treatment for PD involves dopamine replacement therapy 
with L-​dopa, but this treatment has limitations and can lead to long-​term side effects 
such as dyskinesia. Combination drug delivery through nanocarriers has emerged as 
a promising strategy for improving the effectiveness of PD treatment while reducing 
side effects. In the case of PD, nanocarriers can be used to simultaneously deliver 
multiple drugs to different regions of the brain to address the multiple pathological 
processes associated with the disease.

For example, nanocarriers can be used to deliver L-​dopa along with other drugs that 
target different aspects of PD, such as neuroinflammation, oxidative stress, and mito-
chondrial dysfunction [60]. This approach has been shown to improve the therapeutic 
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efficacy of L-​dopa and reduce the risk of side effects. Additionally, nanocarriers can 
be designed to cross the BBB, which is a major challenge for traditional drug-​delivery 
methods.

8.3.4 �T raumatic Brain Injury (TBI)

Nanocarriers can be used to deliver neuroprotective agents, anti-​inflammatory agents, 
and growth factors to promote neuroregeneration and reduce neuronal damage. 
Additionally, nanocarriers can be engineered to cross the BBB, which is a major 
challenge for traditional drug-​delivery methods.

Recent studies have demonstrated the potential of nanocarriers in TBI 
treatment. For instance, a study on rats showed that a combination of two drugs 
(a neuroprotective agent and an anti-​inflammatory agent) delivered through 
nanocarriers improved cognitive function and reduced brain damage after TBI 
[61]. Another study showed that nanocarriers loaded with a growth factor and an 
anti-​inflammatory agent improved motor function and reduced brain damage in 
mice after TBI.

8.3.5 �S troke

Nanocarriers can be used to deliver neuroprotective agents, anti-​inflammatory 
agents, and growth factors to reduce the extent of brain damage and promote 
recovery.

Recent studies have shown the potential of nanocarriers in stroke treatment. For 
example, a study on rats showed that a combination of two drugs (a neuroprotective 
agent and an anti-​inflammatory agent) delivered through nanocarriers improved 
functional outcomes and reduced brain damage after stroke [62]. Another study 
showed that nanocarriers loaded with a growth factor and an anti-​inflammatory agent 
improved functional recovery and reduced brain damage in mice after stroke.

8.3.6 �H untington’s Disease

Huntington’s disease (HD) is a rare genetic disorder that affects the central ner-
vous system and leads to the progressive loss of cognitive and motor function. 
Currently, there is no cure for HD, and treatment is limited to symptomatic relief. 
Combination drug delivery through nanocarriers is an emerging approach for HD 
treatment that has the potential to improve outcomes by delivering multiple drugs 
to the site of injury.

Recent studies have shown the potential of nanocarriers in HD treatment. 
For example, a study on mice showed that nanocarriers loaded with two drugs (a 
neuroprotective agent and a drug that targets the abnormal protein accumulation) 
improved motor function and reduced brain damage in HD mice [63]. Another study 
showed that nanocarriers loaded with an anti-​inflammatory agent and a drug that 
promotes neuroregeneration improved motor function and reduced brain damage in 
HD mice.
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8.3.7 �O ther Brain Disorders

Rare brain diseases, such as Niemann-​Pick disease, Tay-​Sachs disease, and Batten 
disease, are a group of devastating and often fatal genetic disorders that affect the 
central nervous system. Current treatments for these diseases are limited, and there 
is an urgent need for new and effective therapies [63]. Combination drug delivery 
through nanocarriers is an emerging approach that shows promise for the treatment 
of rare brain diseases.

8.4 � CONCLUSION

In conclusion, combination drug delivery through nanocarriers holds great promise 
for the treatment of brain diseases. The use of nanocarriers can enhance the bio-
availability of the drugs and target them to specific cells or tissues in the body. The 
combination of multiple drugs can enhance the therapeutic efficacy of the drugs and 
reduce the risk of drug resistance. While there are still challenges to overcome, such 
as optimizing the nanocarrier design and ensuring their safety, the use of nanocarrier-​
based combination therapy has the potential to revolutionise the treatment of brain 
diseases and improve the lives of millions of people affected by this devastating con-
dition. However, further research is needed to optimise the design of nanocarriers and 
evaluate their safety and efficacy in clinical trials.
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9.1 � INTRODUCTION

Cancer is the second leading cause of human mortality [1, 2]. Brain cancer (central 
nervous system (CNS)-​related cancers) is one of the most difficult cancers to treat. 
Brain tumors are responsible for more than 200,000 deaths worldwide each year [2, 
3]. Clinicians treating patients with brain cancer face a number of challenges that can 
have an impact on the treatment’s outcome. Some of the major issues in brain cancer 
treatment include [4]: 1) Location of the tumor: The location of the brain tumor can 
make treatment difficult, particularly if it is in a sensitive area of the brain. In such 
cases, surgical removal of the tumor is highly risky and dangerous. 2) Tumor hetero-
geneity: Brain tumors are highly heterogeneous in nature, which means that different 
areas of the tumor may exhibit different characteristics with diverse cell popula-
tion and microenvironment. This make targeting the tumor with a single treatment 
modality highly difficult. 3) Blood–​brain barrier (BBB): The BBB can block drugs 
from entering the brain and reaching the tumor. This can reduce the effectiveness of 
therapy. The BBB is a specialized structure that protects the brain from toxins and 
pathogens. However, it also limits drug delivery to the brain. 4) Treatment resist-
ance: Brain tumors are known to develop resistance to chemotherapy and radiation 
therapy, making tumors difficult to treat. 5) Lack of effective therapies: Despite 
advances in treatment modalities, some types of brain cancer remain difficult to treat, 
and patients with recurrent or metastatic disease have fewer to no treatment options. 
Therefore, the successful treatment of brain cancer necessitates a multidisciplinary 
approach to tackle these issues.
The development of multifunctional nanoparticles that can deliver drugs and imaging 
agents at the same time could revolutionize brain cancer management. Furthermore, 
combining nanoparticle-​based therapies with immunotherapy and gene therapy 
may improve their efficacy and patient outcomes. Overall, nanoparticle-​based drug 
delivery and imaging hold great promise for treating difficult cancers like brain 
cancer. Different types of brain tumors exist based on their cellular origin [5, 6, 7]. 
Below are examples of cell-​origin-​specific major brain cancer types Figure 9.1.
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9.1.1 �G liomas

This tumor is developed in glial cells and is characterized by brain or spinal cord 
based cellular origin. Gliomas include the following tumor subtypes: astrocytoma, 
glioblastoma, oligoastrocytoma, ependymoma, and oligodendroma. Astrocytoma: 
Astrocytomas arise from astrocytes, cells involved in the support and nourishment 
of the brain’s nerve cells. Astrocytoma tumors are highly common in adult indi-
viduals, with higher incidences in men than women. In the US alone, about 15,000 
new astrocytoma cases are reported every year. Astrocytomas are classified into 
different grades based on the level of tumor size and invasion. Generally, grade IV 
astrocytomas are referred to as glioblastoma, and have a very high potential to invade 
distant organs. Astrocytomas cause a wide range of symptoms, including seizures, 
memory loss, and vision problems, depending on their size and location in the brain. 
An oligoastrocytoma is rare type of brain cancer that appears to be of mixed glial 
cell origin, similar to astrocytomas and oligodendrogliomas. An ependymoma is a 
tumor that develops from the ependyma, a CNS tissue. In most cases, the location is 
intracranial in children and spinal in adults. The fourth ventricle is a common loca-
tion for intracranial ependymomas. It is usually observed in people over 40 years of 
age and is more common in men than women. Tumor reoccurrence in ependymomas 
is associated with a poor prognosis. Oligodendromas are a subtype of gliomas, 
which originate from oligodendrocytes or from a glial precursor cell in the brain. 
Oligodendromas are common in adults and the outcome of therapy depends on the 
tumor’s location, grade, and age (Figure 9.2).

9.1.2 �M eningiomas

These tumors develop in the meninges, which are membranes that cover the brain and 
spinal cord. Meningiomas are usually slow growing and often benign in nature. Some 
meningiomas can be malignant, aggressive, and difficult to treat. They can develop at 

FIGURE 9.1  Figure illustrating major types of human brain tumors. Image was created using 
Biorender app.
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FIGURE 9.2  Classification chart of malignant and non-​malignant brain tumor type.
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any age and are common in older adults, especially women. Treatment for meningi-
omas is determined by the tumor’s size, location, and type.

9.1.3 �A coustic Neuromas

This is a rare tumor type also known as a vestibular schwannoma. Acoustic neuromas 
originate in the nerves connecting the brain to the inner ear and are usually benign and 
curable. Acoustic neuroma symptoms can vary depending on the size and location of 
the tumor. Among the most common symptoms are hearing loss, dizziness or vertigo, 
problems with balance, and facial weakness on the tumor side.

9.1.4 �P ituitary Adenomas and Craniopharyngiomas

These tumors arise in and around the pituitary gland and influence the hormone 
secreted by it. Pituitary adenomas are tumors that develop from pituitary gland cells 
and are usually benign. Depending on the type of pituitary adenoma, hormonal 
imbalances can occur, affecting growth, metabolism, and reproductive functions. 
Craniopharyngioma tumors develop from the pituitary gland and hypothalamus. 
Similar to pituitary tumors, craniopharyngioma tumors are also benign and curable. 
Craniopharyngiomas can cause hormonal imbalance, headache, vision problems, and 
difficulty in concentrating. Patients with pituitary adenomas and craniopharyngiomas 
show a good prognosis; however, the success of treatment depends on the type, size, 
location, and severity of the tumor.

9.1.5 �M edulloblastomas

This tumor originates in the back of the brain on the lower part and reaches the spinal 
cord. Medulloblastoma is a common malignancy in children, but it can also affect 
adults. Symptoms of medulloblastoma can include headaches, nausea, vomiting, 
dizziness, problems with balance and coordination, and changes in vision or hearing. 
The prognosis for medulloblastoma depends on a variety of factors, including the size 
and location of the tumor, the age and overall health of the patient, and how much of 
the tumor can be removed surgically.

9.1.6 �G erm Cell Tumors (GCTs)

This type of tumor arises from germ cells that travel to the brain from the testes and 
ovaries during tumor spread. GCTs can be benign or malignant. Malignant GCTs can 
be further classified into different types based on their cellular origin. In the brain, 
GCTs typically arise in the pineal gland or the suprasellar region, which is located 
at the base of the brain. Symptoms of GCTs include headache, visual disruption, 
nausea, and hormonal imbalance.
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9.2 � RISK FACTORS

9.2.1 �G enetic Factors

Genetically, brain tumors are highly diverse and heterogeneous [9]. There are many 
genes that have been associated with the progression of brain cancer. Some of them 
are very well studied and have been implicated in the development of brain cancer, 
which includes TP53, EGFR, PTEN, and CDKN2A.

TP53: TP53 is one of the most studied tumor suppressor genes in the human 
genome and has been implicated in a variety of cancers. TP53 is involved in regu-
lating cell cycle checkpoints, DNA damage and repair, and cell death. Mutations in 
this gene have been linked to increased incidences of different types of cancers in 
many organisms including humans. Germline TP53 mutations have been associated 
with many childhood brain cancers [10, 11] and this mutation has been linked to poor 
disease outcome [12].

EGFR: This gene codes for a receptor involved in epidermal growth factor (EGF) 
signaling. Dysregulated EGFR signaling is a common phenomenon in cancer and has 
been associated with poor patient survival [13, 14]. Amplification of EGFR has been 
associated with more than 40% of glioblastoma cases [15].

IDH1 and IDH2: Isocitrate dehydrogenase (IDH) genes encode enzymes involved 
in Kreb’s cycle and are important for the maintenance of cellular homeostasis. 
Mutations in these genes are found in various types of cancers, including brain cancer 
[16]. IDH1 and IDH2 mutations in lower-​grade glioblastoma have been associated 
with better patient outcomes and longer survival [17].

PTEN: Phosphatase and tensin homolog (PTEN) is a PIP3 phosphatase that 
is involved in oncogenic PI3-​kinase signaling regulation [18]. It is involved in 
the regulation of various cell processes like growth and division, metastasis, and 
chemoresistance. Mutations in PTEN have been found in a variety of cancers, 
including glioblastoma. Frequent PTEN mutation has been observed in glioblastoma 
and is associated with drug resistance [19].

CDKN2A: CDKN2A gene is involved in regulating the cell cycle and preventing 
the formation of tumors. Mutations in CDKN2A can disrupt the normal function of 
this gene and lead to uncontrolled cell growth and increased rate of tumor forma-
tion [20]. CDKN2A is a commonly mutated gene found in certain types of brain 
tumors, such as glioblastomas and meningiomas. Patients with glioblastomas who 
have mutations in CDKN2A tend to have a poorer prognosis and shorter survival 
times than those without these mutations [21].

9.2.2 �N on-​genetic/​Environmental Factors

Some of the major risk factors associated with brain cancer include radiation  
exposure, N-​nitroso compound-​rich food items, viral infection, pesticides, socio-
economic status, age, sex, allergies, and anthropometric factors like body mass  
index and height. Structural birth defects and familial history of genetics and  
epigenetics also play an important role in brain cancer incidences [22, 23]. Diet  
has also been linked to increased and decreased incidences of many cancers. One  
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meta-​analysis showed that increased vitamin A, C, D, E, and β-​carotene uptake has  
been linked to lower incidences of brain tumors [24]. Among all brain tumors, glio-
blastoma is the most prevalent and lethal subtype, having the lowest survival rate  
and contributing to the majority of brain tumor cases. The five-​year survival rate  
of brain cancer varies from 5% to 20%, making it one of the deadliest cancer types  
[25]. Conventional treatment modalities for treating brain tumors include surgical  
tumor removal, radiotherapy, and chemotherapy [26, 27]. However, conventional  
treatment options are associated with various side effects like increased neurotox-
icity, cognitive decline, and dysfunction in neurosensory and neuroendocrine  
functions. One of the difficulties clinicians face in treating brain cancer patients  
effectively is delivering the therapeutic payload to the tumor site because of the  
BBB. The BBB comprises plasma and different types of brain cells, which create  
a selective environment for the exchange of molecules between blood and brain  
tissue. This selectivity is important for protecting the brain from pathogens and  
toxic substances. However, this also blocks the entry of therapeutic molecules like  
chemotherapeutics, nucleotides, peptides, and other drugs from reaching the brain  
tumor, thus reducing the efficacy of the anti-​cancer treatment and simultaneously  
increasing the systemic toxicity in the body [28, 29, 30]. Therefore, there is an  
urgent need to develop improved treatment regimes for addressing these issues.  
In recent years, NDDS have shown promising results in treating different types  
of cancers, including brain cancer in preclinical models. The following types of  
NDDS are being explored by researchers and clinicians for better brain cancer man-
agement. A list of Food and Drug Administration (FDA)-​approved nanoparticle-​ 
based drugs for cancer treatment is shown in Table 9.1.

TABLE 9.1
FDA-​approved Nanoparticle Based Drug for Cancer Treatment

Name Description Disease Approved year

DaunoXome Lipososmal 
Daunorubicin

HIVassociated Kaposi 
sarcoma

FDA 96

DepoCyt Liposomal cytarabin Lymphomatous 
meningitis

FDA 96

Oncaspar PEG asparaginase Acute lymphoblastic 
leukemia

FDA 94

Abraxane Albumin bound 
paclitaxel nanospheres

Various cancers FDA 05, EMEA 13, 
FDA 13

Myocet Liposomal doxorubicin Breast cancer Europe, Canada
Marqibo Liposomal vincristin Acute lymphoblastic 

leukemia
FDA 12

Genexol Paclitaxel loaded 
polymeric micelle

Breast cancer, small 
cell lung cancer

Europe, Korea

Onivyde Liposomal irinotecan Pancreatic cancer FDA 15
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9.3 � IMPORTANT PHYSIOLOGICAL PROPERTIES OF 
NANOPARTICLES

Nanoparticles possess a number of physiologically important properties that make 
them an ideal target for drug-​delivery applications. Some of these ideal properties 
are: Size: Nanoparticles typically have a diameter of 1–​100 nanometers, allowing 
them to easily pass through biological barriers such as cell membranes and the BBB. 
Because nanoparticles have a large surface area, they have a higher drug-​loading cap-
acity, which means that more drug molecules can be loaded onto a single nanoparticle. 
Surface charge: Nanoparticles’ surface charge can be manipulated to improve their 
cellular uptake and targeting. Positively charged nanoparticles can interact with nega-
tively charged cell membranes, while negatively charged nanoparticles can interact 
with positively charged proteins. Surface modification: The surface of nanoparticles 
can be modified with targeting ligands, such as antibodies or peptides, which allow for 
specific recognition and binding to cancer cells or other diseased tissues. Stability: 
Nanoparticles can be designed to have long circulation times in the body, allowing 
for sustained drug release and increased efficacy. Overall, these physiologically 
important properties of nanoparticles allow for targeted and effective drug delivery, 
with the potential to overcome biological barriers and reduce toxicity associated with 
traditional chemotherapy agents (Table 9.2).

9.4 � NANOPARTICLES AS A THERANOSTICS IN BRAIN CANCER 
MANAGEMENT

Nanoparticles are being investigated as potential theranostic agents in the manage-
ment of brain cancer. Theranostics is the integration of diagnostic and therapeutic 
functions into a single entity, and labeled nanoparticles can fulfill both functions [31]. 
Labeled nanoparticles can be used to directly target and deliver drugs to brain tumor 
cells, as well as provide real-​time imaging of the tumor and surrounding tissues. This 
can help clinicians diagnose and treat brain cancer more precisely, as well as track 
the effectiveness of treatment over time. Iron oxide nanoparticles, Gold nanoparticles, 
and carbon nanotubes are among the labeled nanoparticles that have been studied for 
use as theranostics for brain cancer [32]. These particles can be engineered to target 

TABLE 9.2
Important Physiological Properties of Nanoparticles

Physiological properties of nanoparticles

Low toxic
Biocompatible/​Biodegradable
Enhanced stability
Increased retention in circulation
Low immunogenicity
Easily conjugated with drugs, peptides, proteins and oligonucleotides
Less expensive
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specific cancer cells and deliver drugs directly to them while remaining detectable by 
imaging techniques such as magnetic resonance imaging (MRI) and computed tom-
ography (CT) [33, 34, 35]. Overall, labeled nanoparticles have great potential to be 
exploited as a theranostic tool for brain cancer management, and ongoing research is 
likely to uncover and throw more light on how to use them more efficiently in brain 
cancer management.

9.5 � NANOPARTICLE-​BASED THERAPEUTICS IN BRAIN 
CANCER TREATMENT

9.5.1 �G old Nanoparticles

Gold nanoparticles (NPs) are usually < 10 nm in size and are used for delivering 
chemotherapeutic drugs, oligos/​nucleotides, and siRNAs in different disease settings. 
[36]. Gold NPs are FDA approved and have been used in the clinic as a photothermal, 
contrast, and radiosensitizing agent [37, 38, 39]. The benefits of employing Gold 
NPs include their controlled release to a specific location, their ability to be altered to 
increase drug-​delivery efficacy, their ability to be passively given, and their potential 
to be conjugated with receptors like transferrin that are highly expressed in brain tissue 
[40]. In a recent study, Ruan et al. showed increased efficacy of doxorubicin delivery 
in vivo in glioma mice model using Gold NPs coated with angiopep-​2, which can 
bind to highly expressing low-​density lipoprotein related-​receptor-​1(LRP-​1) in brain 
tumors [41]. Temozolomide (TMZ) has been used in the clinic to treat glioblastoma; 
however, the tumor eventually develops resistance against TMZ. To increase its effi-
cacy, Yu et al. tethered Gold NPs-​TMZ with anti-​ephrin and integrated it for chemical 
and auxiliary plasma photothermal treatment (GNPs-​PPTT), which showed increased 
uptake by glioma cells and induced cell death via apoptosis [42]. Another study used 
short interfering RNA (siRNA) packed with Gold NPs delivered in the glioblastoma 
mice model to target Bcl2Like12 (Bcl2L12) oncoprotein. Interestingly, they observed 
rapid accumulation of Gold NPs-​siRNA complex in the glioblastoma tumor, which 
activated p53 and caspase activity and led to decreased tumor load and increased 
survival of mice [43]. When combined with other well-​known treatments like radio-
therapy, Gold NPs have also shown their anti-​cancer potential as an adjuvant. A study 
by Chen et al. indicated that when Gold NPs were combined with radiotherapy, it led 
to a significant decrease in the tumor burden and improved overall survival of glioma 
mice [44]. Additionally, Gold NPs can increase the effectiveness of radiation therapy 
on cancer cells and can significantly lower the radiation doses given to patients, thus 
reducing adverse effects [45]. Furthermore, Gold NPs can be combined with various 
biomolecules, drugs and therapeutics like nucleic acid, different drug formulations, 
photothermal therapy, and X-​ray-​based computed tomography for better cancer man-
agement. Apart from the use of Gold NPs in cancer treatment, it also has the poten-
tial to be used in the diagnosis of malignant tumors. [46]. Overall, using Gold NPs 
in brain cancer management holds promise for enhancing the efficiency of current 
medicines and lowering their side effects. To completely comprehend the possible 
advantages and restrictions of utilizing Gold NPs in managing brain cancer, more 
research is nonetheless required (Figure 9.3).
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9.5.2 �S ilver Nanoparticles

Silver nanoparticles (NPs) have been extensively studied for their therapeutic poten-
tial to manage cancer in preclinical models. Silver NPs have a size ranging from  
1 nm to 100 nm [47]. A major part of Silver NPs is silver oxide due to the high  
surface-​to-​bulk silver atom ratio. Functionally, Silver NPs induce cell death mostly  
by generating free radicals. Owing to their smaller size, they can cross nuclear and  
mitochondrial pores, disrupting the membrane potential and subsequently leading to  
an unbalanced respiratory chain and the generation of free radicals [48]. In a study  
conducted by AshaRani et al., it was shown that Silver NP treatment leads to chromo-
somal abnormalities, increased DNA damage, and changes in the overall morphology  
of glioblastoma cells [49]. In addition, Silver NPs also showed a potent killing effect  
on nonhuman glioma cells [50]. In a unique approach, Ubranska et al. grew glioma  
cells on a chicken embryo chorioallantoic membrane and after 8 days treated it with  
Silver NPs and found that compared to vehicle control, Silver NP treatment led to  
significant cell death by caspase induction [51]. Abass et al. investigated the potential  
of magnetic hyperthermia in combination with silver-​doped lanthanum manganite  
nanoparticles to improve radiation therapy and target radio-​resistant brain cancer  
cells. Real-​time imaging after the combined application of radiation and undoped  
lanthanum manganite nanoparticles showed that 9LGS (glioma cells) growth was  
inhibited, while MDCK (normal cells) was unaffected. This was the first study to  
show the biological, in-​depth potential of silver-​doped lanthanum manganite as a  
brain cancer selective chemotherapeutic and radiation dose enhancer [52]. Moreover,  
Ag NPs have also been investigated to build a better cancer diagnostic and detection  

FIGURE 9.3  Gold NPs conjugated with drugs, peptides, antibody, siRNA, nucleic acid, 
ligand and photosensitizer. Image was created using Biorender app.
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system [53]. However, it is important to validate optimal dose, route of administra-
tion, and potential side effects of Silver NPs, before it can be used in clinical settings  
for human cancer management (Figure 9.4).

9.5.3 � Iron Oxide Nanoparticles in Brain Cancer Management

Iron oxide nanoparticles (IONPs) have been investigated as a potential tool to manage 
brain tumors due to their modifiable nature, ability to cross the BBB, low toxicity, and 
effective drug delivery. IONPs are biodegradable and after decomposition, they can 
get integrated into the physiological iron cycle of the body. Additionally, the surface 
of IONPs can also be modified and altered to increase their biocompatibility, enhance 
retention time in blood circulation, and increase surface area for conjugating it with 
different drugs. This can be achieved by loading it with various polymers like poly-
ethylene glycol (PEG), polyethylene imine (PEI), dextran, and chitosan [54, 55, 56, 
57]. In one study, Noorouzi et al. developed a carrier for doxorubicin delivery by 
using IONPs conjugated and stabilized with trimethoxysilylpropyl-​ethylenediamine 
tri acetic acid (EDT). This combination showed greater efficacy in killing neuro-
blastoma cells [58]. Yoshida et al. used anti-​sense oligonucleotide (ASO) against the 
MXD3 gene and delivered it after conjugating it with superparamagnetic Fe3O4 NPs 
(SPIONs), which led to increased apoptosis of neuroblastoma cells. Grillone et al. 

FIGURE 9.4  Treatment of cancer cells with Silver NPs. Silver NPs induce cell death mostly 
by generating free radicals, which damages DNA and various biomolecules. Image was created 
using Biorender app.
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encapsulated nutlin-​3 and IONPs to target and degrade the MDM2 gene using glio-
blastoma as a model. MDM2 is an antagonist of p53 and is known to downregulate its 
expression and function in many cancer types, and has been linked to chemo resistance 
and poor prognosis. Importantly, it can elicit a strong immune response in mice, when 
given in combination with immunogenic biomolecules like toll-​like receptors (TLR) 
receptors and CpG DNA [59, 60, 61]. Another approach for using IONPs in brain 
cancer therapy is through magnetic hyperthermia, a technique that involves applying 
an alternating magnetic field to IONPs in the tumor region, causing them to gen-
erate heat and kill tumor cells. Furthermore, iron oxide-​related NPs have shown the 
potential to be used as a diagnostic tool when employed in combination with known 
imaging techniques to diagnose and detect brain tumors with increased accuracy [62, 
63]. While the use of IONPs in managing brain cancer is still in the early stages of 
research, it shows promise as a potentially effective and targeted therapy. However, 
more studies are warranted to fully understand the safety and efficacy of this approach 
before it can be used to treat human patients.

9.5.4 �Z inc Oxide Nanoparticles in Brain Cancer Management

Besides Gold and Silver NPs, zinc oxide nanoparticles (ZnO NPs) have also been 
studied for their potential use in managing brain cancer. ZnO NPs have unique prop-
erties that make them attractive for cancer therapy, including their small size, high 
surface area to volume ratio, and ability to cross the BBB [64, 65]. Previous research 
has shown that ZnO NPs can induce cell death in cancer cells through various 
mechanisms, including the generation of reactive oxygen species, loss of mitochon-
drial membrane potential, and inhibition of cell division [66, 67]. Also, ZnO NPs 
have shown tremendous potential in killing circulating tumor cells, which is respon-
sible for metastasis and tumor relapse. Importantly, these nanoparticles have been 
shown to have low toxicity to healthy cells [68]. Ostrovsky et al. examined the effect 
of ZnO NPs on human cancer and normal cells. The results showed that the ZnO NPs 
were cytotoxic to human glioma cancer cells and breast and prostate cancer cell lines, 
but had no effect on normal cells. The study also found that the ZnO NPs caused an 
increase in the generation of free radicals in the cancer cells. Based on these results, 
the study suggests that ZnO NPs could be used as a selective agent for killing different 
types of cancer cells [69, 70]. Wahab et al. investigated the potential mechanisms of 
apoptosis induced by self-​designed zinc oxide nanostructures (ZnO-​NSts) on human 
T98G glioma cells. Their study included four types of ZnO-​NSts: nanoplates (NPls), 
nanorods (NRs), nanosheets (NSs), and nanoflowers (NFs). They found that NRs 
induced oxidative stress and caspase activation, which led to cytotoxicity and inhibi-
tory effects on cancer cells in a dose-​dependent manner. These findings could provide 
new insights into the research of targeted cancer nanotechnology and may have the 
potential to improve therapeutic outcomes [71]. Another study investigated the thera-
peutic potential of ZnO NPs conjugated with folic acid (FA) on glioblastoma multi-
form (GBM) U87MG cell line in vitro. The MTT assay showed that after 12 hours, the 
viability of GBM U87MG cells significantly decreased at concentrations of 1.25 and 
2.5 mg/​ml, while no such effect was observed in normal astrocytes. These findings 

 

   

 

 

  

  

 

  

 

 



196 Nanoarchitectonics for Brain Drug Delivery

196

suggest that dose-​dependent conjugated ZnO NPs could play a therapeutic role in 
cancer therapy [72]. However, it is important to note that the use of nanoparticles in 
cancer therapy is still in its early stages, and further research is needed to fully under-
stand their potential benefits and risks.

9.6 � ORGANIC NANOPARTICLE-​BASED BRAIN CANCER 
MANAGEMENT

9.6.1 �L ipid-​based Nanoparticles in Brain Tumor Treatment

Micelles and liposomes are organic NPs made up of different types of physiological 
lipid formulations. Based on biophysical properties, micelles are single lipid  
bilayer NPs that are smaller than liposomes and can encapsulate or bind hydrophobic  
medicines, whereas liposomes are made up of one or multiple lipid bilayers that  
form an internal aqueous compartment and an exterior lipophilic layer. Recently,  
liposomes have been used to deliver drugs to treat brain tumors in preclinical models,  
because of their higher biocompatibility and biodegradability, low toxicity, and  
ability to load both hydrophilic and hydrophobic drugs [73, 74]. There is evidence  
showing that lipid nanoparticles (NPs) can build up specifically in the tumor tissue as  
a result of increased permeability and retention. [75]. Liposomes conjugated with a  
specific ligand, such as transferrin, glucose transporter, or endothelial growth factor,  
can target the CNS through receptor-​mediated endocytosis, allowing the positively  
charged lipid-​derived NPs to cross the BBB efficiently [76]. Aberrant hedgehog (Hh)  
signaling is known to be involved in medulloblastoma carcinogenesis and progression. 
To target this, Infante et al. developed amphiphilic self-​assembling micelles  
to deliver Glabrescione B (Gla B), an Hh inhibitor, to deliver it to the tumor tissue.  
This led to significant inhibition of tumor growth in both allograft and orthotopic  
models of Hh-​dependent medulloblastoma in mice [77]. In another study, Bell et al.  
[78] developed high-​density lipoprotein (HDL) NPs to target the scavenger receptor  
class B type 1 (SCARB1). Interestingly, HDL-​NPs-​SCARB1 showed antineoplastic  
effects against the sonic hedgehog subtype of medulloblastoma (SHH-​MB) and  
potent inhibitory effects on cancer stem cells. Targeting cancer stem cells is clinically  
important as it can prevent tumor recurrence and drug resistance. To increase bioavail-
ability and reduce off-​targets, Kim et al. created high-​density lipoprotein-​mimetic  
nanoparticles that could cross the BBB and deliver a sonic hedgehog (SHH) inhibitor  
in vivo. These NPs were created by combining anti-​CD15 and apolipoprotein A1 to  
achieve dual-​targeted delivery by binding to SCARB1 and CD15, both of which have  
SHH-​expressing medulloblastoma cells. This formulation showed the potential of  
lipid NPs in the successful in vivo delivery of therapeutics with minimal off-​target  
effects [79]. Lipid-​based NPs have various advantages, including easy formulation,  
biocompatibility, and the ability to conjugate both lipophilic and hydrophilic drugs.  
However, despite these advantages, lipid NPs can cause systemic toxicity as they  
have shown high accumulation in various regions of the body, which persisted for  
a very long period of time [80, 81]. Several modifications of lipid NPs have been  
reported to decrease systemic toxicity and increase retention time in the body. One of  
the modifications wherein lipid NPs are coated by polyethylene glycol (PEGylation)  
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showed significantly reduced microglia activation and neuro-​inflammation, and  
increased biocompatibility. Another study showed successful delivery of antisense  
oligonucleotide using receptor-​coated pegylated immunoliposome, which showed  
indicated inhibition in glioma cell growth [82, 83]. In one recent study, Li et al.  
screened more than 700 physilogical lipids and successfully delivered gene-​editing  
therapies (CRISPR RNA-​LNPs) to the lungs via inhalation. This breakthrough not  
only enables therapeutic CRISPR applications for gene editing but also for gene  
therapy to treat cancer and other complicated diseases [84]. Additionally, lipid NPs  
have the potential to be used in cancer diagnosis. Overall, lipid NPs show significant  
potential as a drug-​delivery system in preclinical models; however, more studies are  
needed to validate their safety and efficacy before they can be used in human brain  
cancer management (Figure 9.5).

9.6.2 �C arbon Nitride Dots in Brain Cancer Treatment and Diagnosis

Carbon dots are small, biocompatible, low toxic, and have the potential to be used 
in diagnosis and therapy. Carbon nitride dots (CNDs) are a novel subclass of carbon 
dots, which has recently gained attention in cancer treatment and diagnosis, including 
brain cancer [85]. CNDs have interesting physiochemical and optical properties, 

FIGURE 9.5  Liposome conjugated with drugs, protein/​peptides, PEG, antibody, and 
oligonucleotides. Image was created using Biorender app.
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which make it an ideal candidate for fluorescene-​based cancer diagnosis [86]. CNDs, 
along with gadolinium or Fe3+​, have been used as a tool to detect breast tumors [87]. 
Gemcitabine (GM), a commonly used nucleoside analog with anti-​cancer proper-
ties, can induce cell death in cancer cells due to its inhibitory effect on DNA poly-
merase activity. Although GM is highly effective in killing cancer cells, however, 
it has a short half-​life in circulation, high systemic toxicity, and difficulty crossing 
the BBB, which has severely impacted its efficacy in treating brain tumors. To over-
come these issues, CNDs were conjugated with GM, which increased its potency 
in killing high-​grade glioma cells [88]. Additionally, CNDs can be conjugated with 
transferrin receptors (a receptor highly expressed in brain tumor cells), which can 
increase their specificity for delivery and crossing the BBB. In a study conducted by 
Li et al. using Zebrafish as a model, CNDs were covalently conjugated with trans-
ferrin receptor, which enhanced its potential to cross the BBB and reach CNS tissue 
via a receptor-​mediated endocytosis process [89]. To increase specificity for drug 
delivery, Liyanage et al. conjugated transferrin receptor with CND-​GM complex. 
This triple combination of CND-​GM-​Tf was highly effective in killing tumor cells. 
Importantly, this dose was not toxic to normal cells, highlighting its specific nature in 
targeted drug delivery [90]. In addition to its therapeutic potential, carbon dot-​based 
NPs also possess potential to be used as a diagnostic tool. In a study conducted by 
Liu et al., to examine the potential of carbonized polymer dots (CPDs) in marking 
tumor boundaries and penetrating BBB [91], they found that CPDs possess long exci-
tation/​emission wavelengths, low toxicity, high photostability, and excellent biocom-
patibility. In time-​ and dose-​dependent processes, CPDs showed high internalization 
in glioma cells. Both in vitro and in vivo studies confirmed the BBB permeability 
of CPDs, which visualized tumors in the brain without compromising the BBB. 
Moreover, under ex vivo conditions, the high tumor-​to-​normal tissue ratio of CPDs 
provides potential for guiding brain-​tumor resection through real-​time fluorescence 
imaging during surgery. While various carbon dot-​based NPs have shown promise as 
a potential theranostic target for brain cancer management, more research is needed 
to fully understand their efficacy and safety in humans.

9.6.3 �D endrimers in the Treatment of Brain Cancer

Dendrimers range from 1 to 100 nm in size and are highly organized, radially sym-
metric, and branched organic polymers. The molecular structure, physicochemical sta-
bility, and water solubility of dendrimers make them an ideal target for drug delivery. In 
recent years, dendrimers have become increasingly popular as a drug-​delivery system 
due to their ability to be highly modifiable nature [92, 93]. Dendrimers have also been 
used in the delivery of various molecules like short oligonucleotides, siRNAs, and 
antibodies [94, 95]. The dual-​targeting drug carrier PEGylated Poly(amidoamine) 
combined with wheat germ agglutinin and transferrin (PAMAM)-​PEG-​WGA-​Tf) 
offers an improved way to deliver therapeutic compounds to tumor tissue such as 
doxorubicin, enabling greater efficiency for effective delivery in the tumor tissue and 
less toxicity to the surrounding tissue [96]. He et al., using TEM microscopy, showed 
that PAMAM-​PEG-​WGA-​Tf was very small in size, which made it cross the BBB, 
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allowing it to effectively deliver a drug payload to the tumor tissue. Moreover, it 
reduced toxicity to normal cells and showed significantly higher doxorubicin delivery, 
and inhibited growth of glioma cells compared to conventional methods. In another 
approach to enhance penetration and retention, Zhao et al. created a nanoparticle 
that targets extracellular fibrin in brain tumors by conjugating PAMAM dendrimers 
with the fibrin-​binding peptide CREKA. CREKA-​modified PAMAM achieved higher 
accumulation and deeper penetration in glioblastoma multiforme (GBM) tissue than 
unmodified PAMAM, showing that this strategy might be very helpful in increasing 
drug permeability and retention for brain tumor therapy [97]. While dendrimers have 
shown promise for treating brain cancer, more research is needed to fully understand 
their efficacy and safety in humans.

9.7 � RNA-​BASED NANOPARTICLES FOR BRAIN CANCER 
MANAGEMENT

In the past decade, RNA as a therapeutic target has been studied extensively in 
different disease settings [98]. The unique property of RNA to target a specific 
gene makes it an attractive candidate for targeted cancer therapy. RNA species that 
have the potential to be used in cancer management are siRNA: These are double-​
stranded artificially synthesized RNA species that mimic cellular miRNA and are 
used to target and degrade messenger RNA (mRNA) transcripts to silence specific 
genes. In brain cancer, siRNAs can be programmed to target oncogenes or other 
genes involved in tumor growth and survival. Aberrant miRNA expression in cancer 
can contribute to tumor growth and progression. Therapeutic siRNAs can be used 
to restore normal levels of mRNA expression or to block the expression of specific 
oncogenic mRNAs. ASOs: ASOs are single-​stranded DNA/​RNA molecules that bind 
to specific mRNA transcripts and prevent them from being translated into proteins. 
ASOs can be designed to target overexpressed genes in brain cancer, such as the epi-
dermal growth factor receptor (EGFR), or to target mRNAs that are upregulated in 
cancer. Few studies have also been conducted in treating brain tumors using RNA as a 
target. In one of the studies, Sayour et al. created a clinically translatable nanoparticle 
(NP) formulation, wherein they coupled tumor-​derived total RNA with NPs to induce 
systemic anti-​tumor t-​cell immunity against medulloblastoma. This led to increased 
expression of co-​stimulatory signaling molecules and subsequent induction of anti-​
tumor t-​cell immunity. This outcome is crucial as brain tumors are known to dampen 
t-​cell-​mediated anti-​tumor response during tumor progression. Now, Sayour et al. are 
trying to test this formulation for its safety, stability, effectiveness, and immunologic 
effects in a malignant canine brain tumor model, before it can be tested in human brain 
cancer patients [99]. One of the most recent approaches for treating human cancers, 
including GBM, is RNA interference (RNAi). Small RNA oligonucleotides are used 
in RNAi-​based therapeutics to control protein expression at the post-​transcriptional 
stage [100]. Despite the therapeutic potential of RNAi molecules, their progress into 
the clinic has been hindered by various issues such as decreased stability in circula-
tion and poor release into the tumor tissue [101]. Another difficulty is getting RNAi 
molecules to cross the BBB effectively. Recently, Grafal-​Ruiz et al. showed that small 
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RNA oligonucleotides targeting miRNA 92-​b (an aberrantly expressed miRNA in 
glioblastoma cell lines and tumors) encapsulated in Gold NPs can successfully reduce 
its expression and overall tumor load. This shows the potential of nanoparticle-​based 
drug delivery to target and ablate genes specific to brain tumors [102, 103]. In another 
interesting study, Hector Mendez-​Gomez et al. modified an mRNA backbone tran-
script epigenetically to induce rapid anti-​tumor activity against gliomas. This approach 
was successful in delivering positive immunomodulators like GM-​CSF along with 
siRNA-​targeting negative regulators like PD-​L1. This formulation induced glioma-​
specific immune cell activation. Interestingly, this led to a human trial for treating chil-
dren with lower-​grade gliomas [104]. Another issue that has been observed in using 
messenger RNA (mRNA) vaccines in the clinic is that it can cause liver-​related side 
effects such as reversible liver damage and t-​cell-​mediated hepatitis, which can lead 
to unintended antigen expression in the liver. To address this issue, Chen et al. used 
a lymphoid-​organ-​specific mRNA vaccine that should be investigated as a potential 
strategy for developing a next-​generation mRNA vaccine, 113-​O12B, a lymph-​node-​
targeting mRNA based on lipid nanoparticles. This mRNA vaccine’s targeted delivery 
effectively induced strong CD8+​ T cell responses, resulting in impressive protective 
and therapeutic effects against B16F10 melanoma. Furthermore, 113-​O12B is cap-
able of delivering both full-​length protein and short-​peptide-​based antigen-​encoded 
mRNA, making it a versatile antigen delivery system [105]. In preclinical studies and 
early-​phase clinical trials for the treatment of brain cancer, RNA-​based therapeutics 
have shown promising results. However, more research is needed to fully understand 
their efficacy, safety, and physiological/​immunological consequences before they can 
be used in brain cancer management.

9.8 � IMMUNOTHERAPY-​BASED BRAIN CANCER MANAGEMENT

Brain cancer is immunologically “cold,” making it unsuitable for conventional 
immunotherapeutic approaches. [106]. In an approach to make such tumors immune 
responsive, Turco et al. used an NP-​based formulation in a glioma mice model to 
target immune suppressive cells. Briefly, they used toll-​like receptors 7 and 8 (TLR7/​
8) agonist R848, encapsulated in a formulation of cyclodextrin nanoparticles (CDNP-​
R848) that is intended to rewire myeloid cell signaling in the glioma microenviron-
ment. They demonstrated that intravenous monotherapy with CDNP-​R848 caused 
regression of a syngeneic experimental glioma tumor, leading to higher survival rates 
of mice when compared to CDNP controls that are not loaded. This anti-​tumor effect 
was independent of t-​cells and NK cells. Instead, CDNP-​R848 therapy alters the 
immunosuppressive tumor microenvironment and orchestrates tumor clearance by 
pro-​inflammatory tumor-​associated myeloid cells. Mechanistically, a radiomic sig-
nature was detected in response after CDNP-​R848 treatment using serial magnetic 
resonance imaging, and ultra-​small superparamagnetic iron oxide (USPIO) imaging, 
which showed a reduction in the recruitment of immunosuppressive macrophages 
in the tumor microenvironment [107]. In another approach to activate cytotoxic t-​
cells and inhibit PD-​L1, Tian et al. engineered extracellular vesicles (EVs) by 
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coating them with the peptide RGDyK, targeting brain tumor cells, and encapsulated 
siRNA against PD-​L1. They co-​treated glioma tumor cells with modified EVs with 
bursts of radiation and found increased targeting efficiency of RGD-​EV to murine 
GBM, reversed radiation-​induced PD-​L1 expression, and increased activity of cyto-
toxic t-​cells, which led to reduced tumor load and increased survival of mice [108]. 
Immunotherapy-​based approaches hold great potential and have been used in the 
clinic for treating different types of cancers; however, further studies and thorough 
investigations are needed before they can be used in brain cancer management.

9.9 � CONCLUSION

Despite significant achievements in understanding cancer as a disease, however, 
the treatment modalities have not been improved significantly, especially for lethal 
cancers like brain cancer, which still relies heavily on conventional therapy. This 
approach leads to substantial adverse effects like nephrotoxicity, cardiotoxicity, and 
infertility, which is linked to the poor quality of life of patients’ undergoing anti-​
cancer therapy. Effective and targeted drug delivery in brain tumors can minimize this 
problem. The field of NDDS has been growing rapidly in terms of its uses in various 
disease settings and has the potential to be exploited as a drug-​delivery system to 
transport various prophylactics and therapeutic formulations in different parts of the 
body including the brain. During the Covid-​19 outbreak, several vaccine formulations 
based on nanoparticle technology were developed and approved for use in emergency 
situations around the world. The Pfizer-​BioNTech Covid-​19 vaccine, for example, 
uses lipid nanoparticles to deliver a small piece of genetic material called messenger 
RNA (mRNA), which encodes for the SARS-​CoV-​2 virus’s spike protein. An NDDS 
has shown promising results in treating different types of cancer, including brain 
cancer in various preclinical models. Also, NDDS have shown potential to be pro-
grammed to release drugs in response to specific signals within the body, allowing for 
personalized and precise brain cancer diagnosis and treatment. While more research 
is needed, limited studies have shown that NDDS may provide several advantages 
for better management of brain tumors, which includes its ability to cross the BBB 
and effectively deliver a therapeutic payload in the tumor, thus causing less systemic 
toxicity and increasing drug bioavailability. However, despite a few encouraging pre-
clinical results, NDDS is still at its early stages of development. Although limited 
formulations have been made to clinical trials, none of them have reached the clinic 
for treating brain cancer patients. Some of the disadvantages that might render its 
slow progress to the clinic include differences in physiology between humans and 
the models used in a study, reduced therapeutic delivery, recognition by the immune 
system, and inconsistency in results reported in different studies. These issues should 
be addressed to make NDDS a better delivery model. In conclusion, a NDDS holds 
great potential in brain cancer management; however, further studies are warranted 
to address the remaining challenges and optimize the use of nanoparticles in clinical 
settings.
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10.1 � INTRODUCTION

Traditional herbal medicine refers to practices derived from Indigenous know-
ledge and used to treat both physical and mental disorders. Traditional medicine 
is predicated on the notion that prevention is preferable to treatment. Utilization 
of medicinal plants is a vital aspect of traditional medicine found throughout the 
world [1–​3]. Large-​scale production of chemically synthesized pharmaceuticals has 
revolutionized the medical industry [4, 5]. In developing nations, nonetheless, con-
siderable segments of the population continue to obtain primary care via traditional 
medicinal plants [6, 7]. However, there has been a considerable increase in public 
interest in natural medicines in affluent countries during the past two decades [7, 8]. 
The most common justifications for choosing traditional herbal therapy are that it is 
readily accessible, less expensive, consistent with people’s Indigenous culture, and 
less likely to cause adverse side effects [7, 9].

Numerous methods exist for preparing and employing plants and herbs. Therefore, 
due to the absence of standardization, the constituents of a plant extract or product may 
vary significantly [7, 10]. In addition, evaluation and regulation of herbal medicines 
are highly challenging due to the variety of regional processing techniques. The 
absence of research data, safety monitoring, and established production processes 
are obstacles to incorporating herbal medicines into the healthcare system [7, 10, 11].

Herbal therapies can currently be used to treat acute and chronic conditions, 
including neurological disorders. Parkinson’s disease (PD), multiple sclerosis (MS), 
and Alzheimer’s disease (AD) are examples of neurodegenerative disorders that 
cause neuronal death and cognitive or sensory decline [12, 13]. Antioxidant and anti-​
inflammatory plant extracts have been utilized as complementary and alternative 
treatments for a variety of nervous system disorders [14–​16]. However, plant extracts 
from herbs contain a variety of active chemicals, including isoprenoids, alkaloids, 
and flavonoids. Consequently, it is usually challenging to determine which plant 
components have the most biological activity [16–​18].

In this chapter, herbal remedies and treatments for brain diseases and 
neurodegenerative disorders are examined in depth. The history of traditional medi-
cine in many cultures will also be examined in order to offer a suitable context for the 
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recent increase in herbal intake. Finally, limitations and obstacles associated with the 
use of herbal medicine to improve brain function will be discussed.

10.2 � BRAIN DISEASE AND NEURODEGENERATIVE DISORDERS

The brain, a mass of nerve cells, is the command centre of the central nervous 
system (CNS), which includes the cerebrum, brainstem, and cerebellum [19, 20]. It 
coordinates numerous types of stimuli acquired by the sensory organs and regulates 
the cerebral functions of organisms [21, 22]. In general, two types of cells, neurons 
and glial cells, compose the brain’s structure. Neurons in the brain transmit and 
receive electrical and metabolic impulses [23]. Oligodendrocytes, microglia, and 
astrocytes comprise the glial cells, which are essential to the proper functioning 
of neurons [24, 25]. The blood–​brain barrier (BBB), which is composed of the 
brain capillary endothelium in the CNS, regulates the particle movement between 
the blood and the brain [26, 27]. The BBB enables the supply of vital nutrients 
to the brain while protecting it from circulating pathogens and toxins [27, 28]. 
Nevertheless, the BBB makes it difficult for many diagnostic and therapeutic 
chemicals to enter the brain [26, 28].

Neurons, which branch throughout the body, are necessary for communication 
and regulation of numerous biological functions [23, 29, 30]. Early in life, neural 
stem cells actively proliferate into neurons and then diminish with age [31, 32]. 
Neurodegeneration disorders, a severe health concern, are caused by disruptions in 
synapses, abnormalities in the brain’s functioning proteins, or diminishing neuronal 
activities [33–​36]. The risk for neurodegenerative illnesses may be influenced by a 
combination of environmental exposures and genetic features, according to a growing 
body of studies [37–​39].

10.2.1 �A lzheimer’s Disease (AD)

The formation of amyloid-​beta (Aβ) plaques and the build-​up of aberrant tau proteins 
have been hypothesized to initiate AD [40–​43]. Memory loss and damage to other brain 
processes are the most common characteristic of the early stages of AD [44]. Other 
factors, such as extended exposure to oxidative stress and elevated levels of inflam-
matory cytokines, may also aggravate the formation of plaques [45–​47]. Emerging 
evidence suggests that multiple signalling pathways, including nerve growth factor 
(NGF), the Janus kinase/​signal transducer and activator of transcription (JAK/​STAT), 
and Fibroblast Growth Factors/​Fibroblast Growth Factor Receptors (FGF/​FGFR), are 
involved in the pathophysiology of AD, which is shown in Figure 10.1 [48].

Adult NGF acts by maintaining the peripheral nervous system’s (PNS) homeo-
stasis [49–​51]. ProNGF, the precursor of NGF, is secreted from cells and cleaved  
to produce the mature form (mNGF) [52]. The release of acetylcholine is caused  
by the binding of mNGF to its receptors. AD patients have been shown to have  
mutations in the proNGF to mNGF conversion, downregulation of the mNGF  
receptor, reduced mNGF transport, and accelerated mNGF degradation. Numerous  
therapeutic initiatives are being developed to supply NGF to the brain, in order to  
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alleviate the pathologic symptoms of AD [53–​56]. JAK/​STAT signalling, which  
primarily regulates cytokine-​responsive genes, is another AD-​related pathway.  
JAK/​STAT signalling is known to regulate cell proliferation and death. It has been  
proven that pharmacological medicines that suppress the JAK/​STAT pathway have  
a protective effect against AD through Nrf2 signalling [57, 58]. In animal models of  
AD, colivelin and humanin peptides have been shown to protect neuronal function  
by activating the JAK2/​STAT3 signalling pathway. AD has also been linked to  
fibroblast growth factors (FGFs), which regulate proliferation by interacting  
with high-​affinity tyrosine kinase receptors (FGFRs). The growth of the brain is  
governed by FGF/​FGFR signalling, and its dysregulation is associated with a var-
iety of disorders, including AD. FGF7, a member of the FGF family, shows elevated  
mRNA levels in AD patients [59].

Targeting several molecular pathways is a crucial strategy for developing anti-​
AD treatments. Currently, the US Food and Drug Administration has approved three 
types of drugs that target specific pathways associated with AD, including glutamate 
receptor antagonists, cholinesterase inhibitors, and antibodies that target Aβ plaques. 
Combining memantine, a non-​competitive glutamate receptor antagonist, with acetyl-
cholinesterase inhibitors improved the treatment of AD symptoms [60–​62]. Similarly, 
cholinesterase inhibitors, such as rivastigmine, donepezil, and galantamine, has been 
used to treat AD patients. These drugs reduce the breakdown of acetylcholine in the 
brain [63, 64]. Intravenous aducanumab, a monoclonal antibody designed to elim-
inate extracellular plaques in the brain, has been administered to AD patients as well. 
Recent clinical trials have shown that aducanumab reduces plaques without impairing 
the cognitive function of AD patients [65–​68].

FIGURE 10.1  Schematic diagram of Alzheimer’s diseases pathophysiology.
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10.2.2 �P arkinson’s Disease (PD)

PD is typically diagnosed in older people with tremors and unstable movements 
[69, 70]. Even though the exact mechanisms remain unknown, genetic inheritance 
is widely regarded as the primary cause of PD, which is compounded by unhealthy 
lifestyle choices, such as smoking and excessive coffee intake [71–​74]. Enlargement 
of the ventricles and loss of pigmentation in the locus coeruleus are pathophysiologic 
features of the PD. Furthermore, frontal cortex atrophy has been identified as an early 
sign of PD onset [75].

PD is caused by a combination of genetic and non-​genetic factors [76, 77]. The  
accumulation of misfolded proteins, oxidative stress, inactivation of protein degrad-
ation pathways, mitochondrial abnormalities, and genetic mutations are among the  
primary causes that contribute to the emergence of PD symptoms [78–​80]. The aggre-
gation of alpha-​synuclein (SNCA), as shown in Figure 10.2, and the accumulation of  
hyperphosphorylated tau proteins are two examples of how misfolded proteins con-
tribute to PD. The intracellular accumulation of misfolded SNCA, which induces hole  

FIGURE 10.2  Schematic pathogenesis of Parkinson’s disease.
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formation and neuronal death, is one of the defining characteristics of PD [79, 81]. It  
has been suggested that mutations in the SNCA gene, which are also associated with  
the onset of dementia, are the primary cause of PD [79]. Overexpression of SNCA  
results in altered mitochondrial structure and membrane potential [82]. Similarly,  
tau hyperphosphorylation results in the formation of neurofibrillary tangles (NFT), a  
well-​documented feature of PD [83]. Recent studies indicate that hereditary factors  
impact around 10% of late-​onset PD [76, 84]. Parkin, DJ-​1, and PINK1 are some of  
the most prevalent PD-​related genes [76]. Parkin is an important protein associated  
with the ubiquitin-​proteasome system, which aids in the destruction of misfolded  
proteins within the cell [85]. As a result, misfolded amyloid proteins accumulate due  
to parkin mutations [86]. DJ-​1, which is associated with the early start of PD, is  
localized in multiple intracellular compartments, such as the nucleus and cytoplasm  
[87]. DJ-​1 is considered essential for the control of transcriptional regulation and pro-
tease activity [88]. The PTEN-​induced putative kinase-​1 (PINK1) protects neurons  
from mitochondrial damage caused by stress [89]. Numerous PD patients have a  
mutation in the PINK1 gene, which enhances cell vulnerability [89, 90].

Inhibition of protein breakdown pathways, such as the ubiquitin-​proteasome system 
(UPS), can also contribute to the development of PD. The UPS mostly degrades short 
misfolded polypeptides into small soluble fragments in healthy cells [91]. In addition 
to recycling inactive proteins, the UPS is also responsible for eliminating misfolded 
proteins in the nucleus [92]. The pathogenesis of PD has been linked to the disruption 
or failure of this essential biological process [93]. In addition, heat-​shock proteins 
(HPSs) serve as molecular chaperones for protein folding, and lower levels of some 
HSPs in synapses and axons are associated with PD and other neurodegenerative 
disorders [94, 95].

Despite being the second most widespread form of neurodegeneration, PD lacks 
an effective treatment that affects its pathogenesis. Current medications mostly 
target motoric-​related problems. Typically, levodopa and carbidopa have been used 
to restore dopamine levels in PD patients [96, 97]. In addition, monoamine oxidase 
inhibitors, such as selegiline and rasagiline, can be used to prevent the loss of dopa-
mine in PD patients [71, 98, 99].

10.2.3 �A myotrophic Lateral Sclerosis (ALS)

Also known as Lou Gehrig’s disease, ALS is a degenerative disease that causes  
motor neuron degeneration and muscle paralysis [100, 101]. Numerous genes have  
been associated with ALS, including SOD1, C9orf72, TDP-​43, and FUS [102].  
SOD1, as shown in Figure 10.3, is an antioxidant enzyme present in several cellular 
compartments and protects the cells from reactive oxygen species (ROS)  
[103–​105]. The SOD1 gene was linked to ALS since SOD1 mutations cause  
oxidative stress and deregulation in iron metabolism [106]. In addition, animal  
models expressing mutant SOD1 also showed mitochondrial dysfunction [107,  
108]. Meanwhile, the G4C2 hexanucleotide repeat expansion mutation (HREM)  
at C9ORF72 was discovered to be a detrimental mutation that disrupts movement  
of molecules between nucleus and cytoplasm, and thus it might contribute in the  
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impairment of RNA processing machinery in ALS patients [109–​111]. The nuclear  
ribonucleoprotein TDP-​43, in which its mutations are found in ALS patients, is  
involved in exon splicing and mRNA transcription [112]. The clinical symptoms  
of ALS caused by FUS mutations were different between patients [113, 114].  
ALS-​related mutations result in mislocalization of FUS from the nucleus to the  
cytoplasm, thus drastically reducing FUS chromatin binding and leading to a loss  
of nuclear FUS function [115, 116]. Riluzole, a glutamate-​receptor antagonist, is  
one of the therapy alternatives for ALS and has been proved to increase patients’  
lifespans. Similarly, edaravone, a substance with a high free-​radical scavenger  
activity, helps suppress the disease progression [117].

10.3 � THE HISTORY OF TRADITIONAL MEDICINAL USE OF 
HERBAL PLANTS

When it comes to the production of medicinal compounds, nature is, without a doubt, 
the best potential source. The treatment of illness by humans frequently involves 
the utilization of natural medicines such as plants, animals, minerals, microbes, and 
marine species. The use of medicinal plants for the treatment of illnesses dates all the 
way back to the beginning of human history. This means that ever since humans have 

FIGURE 10.3  Schematic amyotrophic lateral sclerosis pathophysiology.
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looked for a tool in their environment to help them recover from a condition, the use 
of plants has been their preferable choice [118].

Plants, which make up the bulk of traditional medicine materials across the 
globe, are one of the primary forms of life that can be found on earth. The terms 
phytomedicine, botanical medicine, and phytotherapy are all variations of the term 
“herbal medicine.” In general, the definition of herbal medicine includes any types 
of herbal preparations or products that use plant organs as the main ingredients, 
including seeds, berries, roots, leaves, fruits, bark, flowers, and even the complete 
plants themselves [119–​121].

Based on fossil records and carbon dating, we know that medicinal plants were 
cultivated in ancient Babylon (Iraq) around 60,000 years ago [122]. Records like this 
demonstrate the usage of plants for medicinal purposes even if it is extremely chal-
lenging to establish precisely when this practice originally emerged [123]. The first 
written evidence of the usage of medicinal herbs to create remedies was discovered 
on a Sumerian clay slab from Nagpur that dates back almost 5,000 years [124]. Over 
250 plants were listed, including alkaloid-​rich ones like poppy, henbane, and man-
drake, with step-​by-​step directions for making 12 distinct medicines [124]. Plants like 
laurel, caraway, and thyme that are well known for their medicinal properties were 
also discussed. Around 5,000 years of written information linked to therapeutic herbs 
has been discovered in India, China, and Egypt [125]. At least 2,500 years of written 
documentation on therapeutic herbs can be found in Greece and Asia [125, 126]. 
Writing and painting on papyrus, the fibrous stem of a water plant, was common in 
ancient times. The Berlin (1200 BC), Ebers (1500 BC), Edwin Smith (1600 BC), and 
Kahun (1900 BC) papyruses are all examples of papyrus utilized by the Egyptians 
[127, 128]. The “Ebers papyrus” is the most well-​known Egyptian medicinal record, 
with over 800 different recipes, including gargles, snuff, and other remedies. Natural 
remedies were first recorded in cuneiform on clay tablets in Mesopotamia around 
2600 bce [129, 130]. Oils extracted from cypress trees (Cupressus sempervirens) and 
myrrh trees (Commiphora species) were used to make these tablets.

Explorers, preachers, and merchants have played a significant role in the spread 
of modern medicine during the past few centuries. They explored events in transcon-
tinental history and human migration, as well as more modern developments like the 
Industrial Revolution and the globalization of the pharmaceutical industry. However, 
most of the world’s population still depends on traditional medicine. Traditional 
treatments of ancient civilizations like Egypt, Mesopotamia, Greece, India, and China 
laid the groundwork for modern medicine, which relies on empirical evidence from 
laboratories and hospitals [131].

Traditional, complementary, and alternative medicine has been also commonly 
referred to as traditional knowledge-​based medicine (TKBM) [131]. Traditional 
Chinese medicine, Kampo, and Ayurvedic practices all have deep roots in the soci-
eties and cultures of China, Japan, and India, respectively, making TKBM a hot com-
modity in these regions [131, 132]. There are various ways in which TKBM diverges 
from standard Western medicine (WM). WM focuses on relieving symptoms; TKBM 
practitioners put their patients’ health first, using procedures like chiropractic manipu-
lation and herbal supplements [131, 133]. Although TKBM was founded on scientific 
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evidence in terms of diagnosis and therapy, it was severely confined by the rudimen-
tary techniques available for medical observation and evaluation, which led to less 
precise understanding of the human health and illness state. However, clinical trials, 
the discovery of active substances, receptors, and associated pathways are currently 
being used to address these problems [134–​136]. In the context of Western cultures, 
modern medicine developed in response to ancient TKBM [131].

After the introduction of “experimental medicine” as a prototypical contemporary 
medical system in 1900, traditional medicine flourished in several parts of the world, 
each with its own distinctive qualities. It is generally agreed that both traditional medi-
cine (TM) and herbal medicine (HM) play an important part in maintaining people’s 
health, with HM having its roots in the Middle Ages and TM in the Renaissance 
[137]. Traditional medical systems from around the world are listed and their key 
characteristics are summarized in Table 10.1 and Figure 10.4.

10.3.1 �H erbal Treatments for Brain Ischemia

Ischemia of the brain is one of the most common causes of dementia [145], which 
occurs in over 50% of individuals following an ischemic event [146]. It is believed 
that degenerative changes in the hippocampus, particularly in the CA1 region, are 
responsible for the poor episodic memory which is the initial and most important 
clinical hallmark of post-​ischemic dementia [147–​149]. Cerebral ischemia caused by 
a substantial decrease in cerebral blood flow is a common and well-​understood cause 
of permanent brain injury [150, 151]. Based on clinical experience, the brain cells 
are more resistant to ischemic disease than was previously hypothesized [152, 153]. 
Cellular acidosis and metabolic abnormalities caused by aberrant intracellular ion 
homeostasis may play a significant role in deciding the survival of neurons [150, 152].

Systematically, cerebral ischemia reduces immunological function, resulting in 
infectious complications [154–​156]. Cerebral ischemia involves several pathways, 
such as the formation of free radicals, oxidative stress, membrane dysfunction dis-
ruption, neurotransmitter release, and death [157]. There is uncertainty over whether 
different immunological changes happen in the brain and periphery after a stroke 
and whether the same mechanisms are operating in both compartments [158, 159]. 
Natural killer (NK) cells exhibit significant changes in transcriptional activities in 
patients with ischemic stroke and in mice with middle cerebral artery blockage [155, 
160]. NK cell responses in the brain are suppressed by cholinergic mediators involved 
in RUNX3, whereas catecholaminergic and hypothalamic-​pituitary-​adrenal axis acti-
vation results in splenic atrophy and restriction of peripheral NK cell populations 
through modifying SOCS3 expression [161]. It is important to note that genetic or 
pharmaceutical modification of NK cells reduces post-​stroke infection [162]. As a 
result, cerebral ischemia impairs neurodevelopment and raises the likelihood of post-​
stroke infection in the brain, where it has a different impact than in the periphery, on 
NK cell-​mediated immune defence [163].

Due to cerebral vascular blockage, a cerebral infarction causes ischemic tissue death,  
and current research indicates that post-​stroke inflammation greatly contributes to the  
development of ischemic illness [156, 164]. Since secondary damages may require  
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TABLE 10.1
Characteristics of Several Important Traditional Medicine Systems

Name
Nation of Origin 
& Development Information and Features Examples

Traditional 
Chinese 
medicine 
(TCM)

●	China
●	Thousands of 

years ago

●	TCM is built on the Yin Yang Wu Xing 
concepts [138].

●	For optimal efficacy, a TCM 
formula would typically combine 
multiple medications that work well 
together [139].

●	According to their respective 
functions, a conventional formula 
contains four components: monarch 
(king), minister, assistant, and servant 
[140]

Rheum rhabarbarum is used as a laxative for acute constipation 
and in smaller dosages for digestive issues; Panax ginseng is 
particularly useful for the immune system, neurological system, 
and cardiovascular system; Cinnamomum ceylanicum is effective 
in treating persistent Helicobacter pylori infections due to its 
antifungal, antibacterial, and antiplasmodial properties; Ephedra 
sinica (Ma Huang) is used to treat asthma, bronchitis, and feverish 
conditions; Wolfiporia cocos is a diuretic, antimicrobial, blood 
sugar regulator, and enhancer of cardiac contractility; Chinese 
caterpillar mushroom Cordyceps sinensis is utilized to strengthen 
the lungs and kidneys, as well as tonify yin and yang and to 
alleviate emotional distress, eliminate mucus, and stop bleeding.

Ayurveda ●	 India
●	dating back to 

pre-​Vedic eras 
(4000 bce–​
1500 bce)

●	Ayurveda restores health by focusing 
on the body’s innate ability to heal 
itself by natural remedies [141].

●	Ayurveda promotes a healthy lifestyle 
as a means of warding off disease and 
discomfort [141, 142].

●	Many Ayurvedic remedies involve 
the combination of multiple plants 
in a unique proportion to maximize 
therapeutic efficacy and minimize side 
effects [141].

Asparagus racemosus (Shavatari) for urinary tract health, immune 
system support, and blood purification; Commiphora mukul 
(Guggul) to prevent the common cold; reduce cholesterol and 
triglycerides while maintaining the HDL-​to-​LDL ratio; Cyperus 
scariosus (Nagarmusta) has hepatoprotective effects and promotes 
a healthy genitourinary system. Garcinia cambogia lowers 
hunger by stimulating glycogen production; Glycyrrhiza glabra 
(Yashtimadhu) protects genetic material from damage that might 
lead to cancer. Gymnema sylvestre (Gurmarar) helps subdue 
and negate sugar cravings; Momordica charantia inhibits the 
brain reactions to stimuli with a sweet taste; Zingiber officinale 
promotes bowel movements and relaxes the muscles that regulate 
digestion.

Unani medicine ●	Greece
●	originated from 

Greco-​Arabic 
medicine some 
2,500 years 
ago and gained 
prominence 
during the 
emergence 
of the Arab 
civilization.

●	All aspects of a person’s being 
(physical, mental, and spiritual) are 
given equal consideration [143, 144].

●	According to Unani medical theory, 
the human body is considered a unified 
whole made up of four constituent 
parts with distinct personalities [144].

●	 In the same way that a person’s 
appearance and disposition are 
reflected in their temperament, so too 
is the body’s susceptibility to illness in 
the event of a mismatch between the 
two [144].

Aloe vera (L.) to treat constipation; Crocus sativus for immune-​
modulating and health-​protective benefits; Juglans regia for throat 
infection prevention.

Kampo (Japanese 
traditional 
medicine)

●	 Japan
●	 In the fifth or 

sixth century, 
Kampo was 
brought to 
Europe from 
China via 
the Korean 
peninsula.

●	Over the past 1,400 years, kampo has 
evolved and merged with traditional 
Japanese treatments.

●	Kampo treats every human being as a 
complete and self-​controlled whole in 
which body and mind impact mutually.

●	Herbal remedies are believed to have 
an equal impact on the soul and the 
body, since diseases are believed to 
develop from mental and physical 
issues.

●	Kampo therapy places emphasis on the 
sufferer instead of on the illness.

Luffa cylindrica (Hechima) for sunburn relief; Artemisia indica 
(Yomogi) for dry skin and acne; Eriobotrya japonica (biwa) for 
heat rash reduction; Perilla frutescens (shiso) for eczema and 
acne; Houttuynia cordata (dokudami) for laxative and diuretic; 
Cnidium officinale (senkyu) for anemia and menstrual irregularity; 
Citrus junos (Yuzu) for circulation improvement, cold prevention, 
backache, neuralgia; Acorus calamus (Syobu) for neuralgia; and 
Matricaria recutita (kamitsure) for inflammation reduction.
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multiple medications that work well 
together [139].

●	According to their respective 
functions, a conventional formula 
contains four components: monarch 
(king), minister, assistant, and servant 
[140]

Rheum rhabarbarum is used as a laxative for acute constipation 
and in smaller dosages for digestive issues; Panax ginseng is 
particularly useful for the immune system, neurological system, 
and cardiovascular system; Cinnamomum ceylanicum is effective 
in treating persistent Helicobacter pylori infections due to its 
antifungal, antibacterial, and antiplasmodial properties; Ephedra 
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conditions; Wolfiporia cocos is a diuretic, antimicrobial, blood 
sugar regulator, and enhancer of cardiac contractility; Chinese 
caterpillar mushroom Cordyceps sinensis is utilized to strengthen 
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alleviate emotional distress, eliminate mucus, and stop bleeding.
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on the body’s innate ability to heal 
itself by natural remedies [141].
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as a means of warding off disease and 
discomfort [141, 142].

●	Many Ayurvedic remedies involve 
the combination of multiple plants 
in a unique proportion to maximize 
therapeutic efficacy and minimize side 
effects [141].
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(Guggul) to prevent the common cold; reduce cholesterol and 
triglycerides while maintaining the HDL-​to-​LDL ratio; Cyperus 
scariosus (Nagarmusta) has hepatoprotective effects and promotes 
a healthy genitourinary system. Garcinia cambogia lowers 
hunger by stimulating glycogen production; Glycyrrhiza glabra 
(Yashtimadhu) protects genetic material from damage that might 
lead to cancer. Gymnema sylvestre (Gurmarar) helps subdue 
and negate sugar cravings; Momordica charantia inhibits the 
brain reactions to stimuli with a sweet taste; Zingiber officinale 
promotes bowel movements and relaxes the muscles that regulate 
digestion.

Unani medicine ●	Greece
●	originated from 

Greco-​Arabic 
medicine some 
2,500 years 
ago and gained 
prominence 
during the 
emergence 
of the Arab 
civilization.

●	All aspects of a person’s being 
(physical, mental, and spiritual) are 
given equal consideration [143, 144].

●	According to Unani medical theory, 
the human body is considered a unified 
whole made up of four constituent 
parts with distinct personalities [144].

●	 In the same way that a person’s 
appearance and disposition are 
reflected in their temperament, so too 
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brought to 
Europe from 
China via 
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peninsula.

●	Over the past 1,400 years, kampo has 
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Japanese treatments.
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complete and self-​controlled whole in 
which body and mind impact mutually.

●	Herbal remedies are believed to have 
an equal impact on the soul and the 
body, since diseases are believed to 
develop from mental and physical 
issues.

●	Kampo therapy places emphasis on the 
sufferer instead of on the illness.

Luffa cylindrica (Hechima) for sunburn relief; Artemisia indica 
(Yomogi) for dry skin and acne; Eriobotrya japonica (biwa) for 
heat rash reduction; Perilla frutescens (shiso) for eczema and 
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backache, neuralgia; Acorus calamus (Syobu) for neuralgia; and 
Matricaria recutita (kamitsure) for inflammation reduction.
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lengthier therapy than original damage following artery blockage, inflammation control  
would be an apparent therapeutic objective [164]. Acute neuritis develops rapidly after  
several days of cerebral ischemia [165]. Neutrophils and macrophages are recruited  
to the site of inflammation in the brain by cytokines and chemokines [165, 166].  
Subacute neuritis lasts between 2 and 6 weeks, whereas chronic post-​ischemic inflam-
mation persists for months or years [167]. In chronic neuroinflammation, macrophages,  
lymphocytes, and plasma cells predominate, whereas neutrophils predominate in acute  
neuroinflammation [148, 168]. In addition to their detrimental effects on the ischemic  
brain, inflammatory mediators may potentially promote stroke recovery [168, 169].

The most common treatment for cerebral ischemia is thrombolytic therapy 
[170–​172]. The use of natural ingredients from conventional herbal remedies for 
neuroprotection seems to be a promising therapy alternative for cerebral ischemia 
with little risk of systemic side effects, which might restrict their long-​term use [173]. 
This scenario needs additional study that may one day lead to the development of 
molecules with enhanced neuroprotective properties. It has been demonstrated that 
antioxidant, anti-​inflammatory, calcium antagonist, and anti-​apoptotic capabilities of 
natural compounds alter brain function [174]. Curcumin, resveratrol, EGb761, and 
epigallocatechin-​3-​gallate have all demonstrated notable medicinal benefits for cere-
bral ischemia [175]. However, as prospective treatments for cerebral ischemia, only 
ligustilide, tanshinone, scutellarin, and shikonin have been extensively studied in 
recent years [175].

The neuroprotective properties of herbal compounds are being given more  
attention in the realm of drug discovery. The cornerstone for developing  
neuroprotectants from conventional herbal remedies is a promising intervention  
for cerebral ischemia, a complex disease process that involves several pathways.  

FIGURE 10.4  Traditional use of medicinal plants around the world.
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On experimental ischemia traumatic brain injury, natural substances with antioxi-
dant, anti-​inflammatory, calcium antagonist, anti-​apoptotic, and neuromodulator  
properties have preventative or therapeutic effects [176]. Evaluation of traditional  
herbal remedies with neuroprotective properties against ischemic brain injury are  
summarized in Table 10.2.

TABLE 10.2
Pharmacological Action of Commonly Used Herbs for Ischemia

No Herbal Compound Function References

1 The root of Salvia 
miltiorrhiza

Salvianolic acid 
A and B; 
tanshinone IIA

enlarge coronary arteries, 
upregulate blood flow, 
and scavenges free 
radicals

[177]

2 Root of Panax 
ginseng

fquercetin 3-​O-​β-​
Dxylopyranosyl-​
β-​D-​
galactopyranoside; 
saponins; 
ginsenosides Rg1 
and Rb1

regulate production of 
cytokines, apoptotic 
pathways, and proteins 
associated to oxidative 
stress

[178]

3 Pueraria lobata Puerarin regulating the build-​up of 
free fatty acids

[179]

4 Japanese Kampo 
(traditional 
herbal)

baicalein minimizing inflammation 
and damage of neurons

[180]

5 Green tea catechins prevents cell 
deterioration 
and neurological 
impairments in the 
brain

[181]

6 Nigella sativa 
seeds

Thymoquinone protective effects on 
hippocampus

[182]

7 Astragalus 
membranaceus

Astragaloside IV reduce inflammation, 
control cytokine 
production, and 
increase regulatory T 
cell expression

[183]

8 Ligusticum 
wallichii 
Franchat 
(Chung Xiong)

Tetramethylpyrazine increase antioxidant 
capacity and boost 
immune profile

[184]

9 Angelica sinensis 
(Oliv.) Diels 
(AS) and 
Ligusticum 
chuanxiong 
Hort. (LC)

Ferulic acid protection of blood 
vessels, reduction of 
oxidative stress and 
inflammation

[185]
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10.3.2 �H erbal Remedies for Memory and Cognitive Impairment

Memory is the capacity of an individual to retain sensory stimuli for a predetermined 
period of time and recall them [186]. Memory function is vulnerable to a number 
of pathologic processes, including ageing, depression, pharmacological side effects, 
as well as neurodegenerative diseases [186]. Memory loss can range in intensity 
from mild to severe, and may happen suddenly (caused by a brain injury) or grad-
ually (due to a neurodegenerative disease). Almost all are associated with partial 
or total impairment to neuroanatomical structures, which affects memory acquisi-
tion, formation, and retrieval [43]. Numerous studies have shown that the cholin-
ergic system is essential for memory and learning. Additionally, studies have shown 
that AD is related to the degeneration of cholinergic neurons and impaired choline-​
acetyltransferase activity in the brain [187]. Acetylcholinesterase (AChE) inhibitors 
were synthesized as a treatment for patients with dementia caused by AD, which was 
triggered by decreased levels of cholinergic activity. Based on these findings, the 
routinely prescribed AChE inhibitors Donepezil®, Rivastigmine, and Galantamine 
were developed [187]. As memory involves numerous interconnected brain functions, 
there are various types of memories, and practically every sort of brain impairment 
can lead to one or more types of memory loss.

Cognitive enhancers are prescription medications and herbal supplements that work 
to improve the cognitive abilities of thought, memory, creativity, motivation, atten-
tiveness, and focus. The cognitive enhancers, sometimes referred to as nootropics, or 
smart drugs, can be used to treat medical conditions that impair motor coordination, 
learning, and the ability to maintain a stable emotional state. Pharmacological prop-
erties of several plants as cognitive enhancers have reportedly been discovered [188]. 
Ayurveda, the Indian medical system which addresses the maintenance of health by 
considering the whole body, mind, and spirit, is gaining popularity in the field of cog-
nitive enhancer supplements [189].

To treat cognitive problems, including neurodegenerative diseases like AD and 
other memory-​related disorders, various herbs have been used in traditional medi-
cine. Many studies have been carried out to find potential new plant-​based drugs, 
including those for memory problems. Alkaloids from plant sources, for example, 
which have been researched for their possibilities in AD therapy and are already in 
clinical use, are just a few of the drugs that are currently available on the market. 
Although they could have negative consequences, such as drug interactions, herbal 
medicines are typically well tolerated [190]. Memory-​boosting herbal medicines like 
Ginkgo biloba and Bacopa moniera (Bramhi) have been consumed regularly around 
the world [191, 192]. Evaluation of traditional herbal remedies for memory and cog-
nitive impairment summaries are shown in Table 10.3.

10.3.3 �M edicinal Plants as an Alternative Therapy for Alzheimer’s, 
Dementia, and Parkinson’s

Dementia is a slowly progressive disease that impairs memory and cognitive function 
[207]. Dementia is characterized as an acquired cognitive decline in many domains 
that is severe enough to limit daily functioning, such as the ability to engage in social 
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(Continued)

TABLE 10.3
Pharmacological Action of Commonly Used Herbs for Memory and Cognitive 
Impairment

No Herbal Compound Function Sources

1 Glycyrrhiza 
glabra

Glycyrrhizin anti-​inflammatory and 
antioxidant effects

[193]

2 Caesalpinia crista furanoditerpenes-​ ά-​, ß-​,  
γ-​, δ-​, ε-​, and 
F-​caesalpins

learning and memory 
enhancer (nootropic 
drug)

[194]

3 Ginkgo biloba Quercetin, kaemprofol, 
ginkgolides B and C, 
bilobalide

free radical-​scavenging 
activities

[195]

4 Centella asiatica triterpenes and 
caffeoylquinic acids

reduce oxidative stress, 
improved the health of 
neurons

[196]

5 Tinospora 
cordifolia

Phenolics, alkaloids, 
glycosides, steroids, 
diterpenoid lactones, 
sesquiterpenoid, 
polysaccharides, 
aliphatic compounds

nootropic activity [197]

6 Zingiber officinale gingerin, gingerol, shogaol 
and zingerone

antioxidant activity [198]

7 Bacopa monniera Bacosides: bacoside A and 
B, brahmine, nicotine, 
herpestine

enhance memory, 
attention, and 
cognitive processing 
in part by inhibiting 
AChE activity

[199]

8 Ilex 
paraguariensis

Purine alkaloids, 
flavonoids, and 
vitamins.

influences memory and 
learning by acting as 
an adenosine receptor 
antagonist.

[200]

9 Evolvulus 
alsinoides

Alkaloids betaine, 
sankhapushpine and 
evolvine, scopoletis, 
copoline, umbelliferone, 
6-​methory-​7-​0-​β-​ 
glucophyranoside 
coumarin queretine-​3-​o-​
β glucophyrenoside

suppression of 
AChE activity and 
enhancement of spatial 
memory formation

[201]

10 Acorus calamus α-​and β-​asarone modulating inflammation 
and oxidative stress

[202]

11 Commiphora 
wightii

steroid guggulsterone neuroprotective against 
oxidative damage

[203]

12 Emblica officinalis major active constituents 
of vit-​C, phyllemblin

enhancing cognition, 
reducing cholesterol, 
and anticholinesterase 
effects.

[204]
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or professional activities [208, 209]. People with dementia suffer cognitive abnormal-
ities and impairments in executive functions such as abstract thought, planning, con-
centration, limb movements, and language [210]. Dementia may also appear together 
with age-​related comorbidities such as stroke, arthritis, and heart disease [211].

According to the World Health Organization (WHO), the majority of persons with 
dementia reside in East Asia [212]. A high number of dementia patients have also 
been reported in England and Scotland [213]. Currently, in total, more than 50 million 
individuals worldwide suffer from dementia [214]. According to recent estimates, 
the frequency of dementia will triple by 2050, with a projected 131.5 million cases 
[214–​216].

Unfortunately, diagnosing dementia is challenging and necessitates more com-
prehensive evaluations due to the wide variety of dementia symptoms. Cognitive 
function and neuroimaging studies are necessary for a correct diagnosis of 
dementia [217]. In Western countries, AD is the most prevalent form of dementia, 
followed by vascular dementia (VaD). Due to the same etiology, symptoms, and 
risk factors, VaD and AD are difficult to distinguish. VaD is a complex set of clin-
ical disorders characterized by dementia caused by haemorrhagic, ischemic, hyp-
oxic, or anoxic brain injury [218]. AD is characterized by the presence of excessive 
amyloid plaques and neurofibrillary tangles in the brain, which impair the activity 
of brain cells. In addition, the neurotransmitter acetylcholine, which is essential for 
memory and learning, is diminished [213]. VaD and AD can occur together; this 
is known as mixed dementia (MD). Typically, multiple medical factors contribute 
to the development of MD. AD and vascular diseases such as multiple infarcts are 
the most prevalent. Moreover, vascular disease is present in Parkinson’s dementia 
(PD) [215].

AD is a progressive dementia characterized by memory, speech, and behavioural 
problems [219]. AD is currently the third largest cause of death in the United States 
and one of the major health issues in the world [220–​222]. The WHO predicts that 
by 2050, the rated prevalence in the global population will have quadrupled, reaching 
114 million patients [219, 223]. While the exact cause of AD is unknown, hereditary 
factors account for 5%–​10% of family instances, with the remaining 90%–​95% being 
random [223]. Homozygous or heterozygous for the ApoE 4 allele raises the risk of 

No Herbal Compound Function Sources

13 Salvia 
lavandulaefolia

1, 8-​ cineole, linalool, α-​
and β-​pinene, carvacrol, 
luteolin

antioxidant, oestrogenic, 
anti-​inflammatory 
properties

[205]

14 Magnolia 
officinalis

Magnolol, honokiol, and 
obovatol

inhibition of 
acetylcholinesterase 
activity

[206]
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Pharmacological Action of Commonly Used Herbs for Memory and Cognitive 
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getting AD considerably [223]. To date, efforts to find a cure for AD have been unsuc-
cessful, and the currently available medications to treat the condition have limited 
efficacy, particularly if the disease is in its moderate to severe stages [223]. The 
goal of AD treatments is to stop or delay the disease’s progression. Cholinesterase 
inhibitors have a moderate effect on dementia symptoms, whereas memantine –​ the 
currently available N-​methyl-​d-​aspartate receptor antagonist –​ does not prevent 
dementia deterioration [224, 225].

PD is another disease that attacks the CNS. It is characterized by rest tremor,  
myotonia, rigidity, bradykinesia (particularly difficulty initiating movement),  
hypokinesia (loss of facial expression), postural autonomic instability, and  

TABLE 10.4
Pharmacological Action of Commonly Used Herbs for Alzheimer’s, 
Dementia, and Parkinson’s

No Herbal Compound Function Sources

1 Lavandula 
angustifolia

linalool, linalyl acetate, 
caffeic acid and 
luteolin

inhibition of 
A polymerization, 
inhibition of AChE

[229, 230]

2 Ginkgo biloba ginkgolide, flavonoids, 
terpenic lactone

prevents ROS production, 
mitochondrial 
malfunction, and 
apoptosis; safeguarding 
brain cells from the 
toxicity caused by Aβ 
plaques.

[231–​233]

3 Melissa 
officinalis

triterpenes, phenolic 
acids, and flavonoids

decrease Aβ-​induced 
neurotoxicity and matrix 
metalloproteinase-​2 
activity

[234, 235]

4 Salvia 
miltiorrhiza

tanshinone IIA, caffeic 
acid, salvianolic 
acid B, rosmarinic 
acid, and salvianic 
acid A

inhibit glutamate-​induced 
oxytosis, ROS, and 
mitogen-​activated 
protein kinases

[236]

5 Paeonia alba paeoniflorin, albiflorin, 
oxypaeoniflorin, 
benzoylpaeoniflorin

improve dopaminergic 
neurons cell growth

[237]

6 Crocus sativus crocin inhibit formation of Aβ [238, 239]
7 Panax Ginseng triterpene glycosides reduce Aβ levels,

rescue the activity of 
choline acetyltransferase

[240, 241]

8 Magnolia 
officinalis

magnolol, 4-​O-​
methylhonokiol, 
honokiol, obovatol

prevent of Aβ induced cell 
death, rescue from ROS 
stress

[242, 243]
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non-​motor features such as depression, psychosis, and autonomic [226]. PD  
is a neurodegenerative condition of the substantia nigra in the midbrain that is  
associated with ageing dopaminergic neurons that deteriorate progressively,  
resulting in a decline in striatal dopaminergic levels. A comprehensive review of 25  
prevalence studies revealed that the mean age of symptom onset was 60–​65 years  
in eight studies and > 65 years in five [227]. In most Western nations, PD is often  
treated symptomatically with medications such as levodopa (LD), dopamine  
agonists, MAO-​B inhibitors, COMT inhibitors, antimuscarinics, and amantadine  
[228]. Evaluation of traditional herbal remedies for Alzheimer’s, dementia, and  
PD is summarized in Table 10.4, and the example of an herbal remedy that is  
important as an AChE inhibitor in Alzheimer’s and memory dysfunction is shown  
in Figure 10.5.

FIGURE 10.5  Example of herbal remedies for neurodegenerative diseases.
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10.3.4 �L imitations on the Consumption of Herbal Medicine for 
Enhancement of Brain Function or Disease Recovery

In recent decades, the consumption of therapeutic plants has increased significantly 
on a global basis [244, 245]. The assumption that “herbal” means “safe” promotes 
the global proliferation of herbal medications [7, 246, 247]. Unfortunately, this 
assumption is erroneous, as the pharmacologically active components of medicinal 
herbs may generate undesirable side effects [248, 249]. A rising number of studies 
have shown apparent harmful neurological and psychiatric effects as a result of 
herbal medication consumption, ranging from mild to severe in intensity, as shown 
in Table 10.5.

In addition to the above-​mentioned negative effects of typical herbal supplements,  
incidences of poisoning due to the brain-​enhancing benefits of herbal medications  
have also been documented. One example is the use of Piper methysticum, also  
known as kava, a crop native to the Pacific Islands. P. methysticum’s ability to relax  
the CNS makes it a popular anxiolytic medication. However, excessive consump-
tion of P. methysticum may produce diplopia and photophobia [265]. Additionally,  
the combination of P. methysticum with other CNS-​related medications may result  
in coma [266, 267]. Similarly, the unfavourable effect of Hypericum perforatum, a  
member of the family Hypericaceae and popularly referred to as St. John’s wort,  
has been observed in the past. In recent years, the number of patients treated with  
H. perforatum for depression has increased significantly [268, 269]. However,  
comprehensive analysis of its adverse effects revealed that some patients had head-
ache, nausea, and tremors [269]. In addition to the detrimental effects of undiscov-
ered pharmacological substances in medicinal plants, it should be emphasized  
that contamination and herb-​drug interactions may also have consequences [270,  
271]. Concerns regarding the safety of medical plants are becoming more generally 
acknowledged as the global market for herbal therapeutic products grows.  

TABLE 10.5
Lists of Reported Mild, Moderate, and Severe Adverse Effects from Herbal 
Medicine

No Category Symptoms

1 Mild or moderate Dizziness and drowsiness [250–​254]
Drowsiness and headache [250, 255, 256]
Nausea [257, 258]
Sleep disorders [255]

2 Severe Acute psychosis [256]
Cerebral haemorrhage [259–​261]
Coma [262, 263]
Loss of consciousness [264]
Hallucinations [256]
Seizures and epilepsy [251, 253, 254]
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Even though they are extensively consumed, many herbal-​based products have not  
yet been scientifically confirmed to be effective. Herbal products’ safety is further 
compromised by the absence of standards, inadequate labelling, and lack of  
information [272]. Prior to introducing therapeutic herbs to the market, most coun-
tries do not require safety or toxicological testing. Moreover, many countries also  
lack government agencies capable of regulating industrial operations and enforcing 
quality standards. Furthermore, herbal medications are frequently marketed  
as prescription-​free remedies, which increases the risk of taking substandard  
items [273].

Standardization, contamination or adulteration, and unlawful marketing are among 
the obstacles that have created worries over the future regulation of medicinal herbs. 
Since the quality of herbal ingredients varies based on a variety of factors, standard-
ization is essential to ensure that the same product can be consistently manufactured. 
Variable amounts and concentrations of alkaloids, saponins, flavonoids, and bioactive 
are obtained during the manufacturing of herbal medicines. Most of the time, herb 
producers name their products based on a presumed active ingredient, as opposed 
to checking and identifying the precise active ingredient. In addition, product label-
ling regulations are rarely observed [274, 275]. Multiple routes are responsible for 
contamination and adulteration to occur. The application of pesticides to herb plants 
is one of the primary contamination problems. In several countries, herb plants are 
gathered from the wild and extracted using a variety of methods, hence increasing the 
likelihood of contamination during the production process. Previous accounts of the 
contamination of herbal items with pesticides, heavy metals, and other poisons are 
well documented [276–​279]. In addition, there have been several reports that unlisted 
compounds, such as chlormethiazole, indomethacin, and sildenafil citrate have been 
introduced to herbal products [280, 281]. In poor nations, deceptive advertising has a 
significant impact on the use of herbal medicine. Even though common standards in 
food and medicine prohibit making claims that herbal remedies may heal diseases, 
some of them have been caught putting misleading labels on their products and selling 
them online [282, 283].

10.4 � CONCLUSIONS AND PROSPECTS

More than three-​quarters of all herbal medications currently in use were first identi-
fied using clues from traditional medicine. A combination of factors, including rising  
public costs associated with the day-​to-​day maintenance of personal health and the  
widespread acceptance of plant-​derived products, has contributed to the growth in  
popularity of herbal medicines. The demand for herbals for treating neurodegenerative  
disorders and brain diseases is rising, even though establishing the effectiveness of  
herbs calls for the development of a quality consciousness with respect to evaluation-​ 
related evidence. Medical systems that include the use of herbal medications and  
therapies have been adopted in recent years by even the most economically developed  
nations. Herbal remedies and supplements for the healthy brain are becoming increas-
ingly popular, which is expected to increase demand in the coming years. For the sake  
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of avoiding an uptick in complaints of negative side effects, it is crucial to establish 
guidelines and training for herbal therapies that are approved worldwide [284,  
285], as illustrated in Figure 10.6. To reiterate, strict regulatory frameworks must be  
constructed and coordinated globally to ensure that stringent safety requirements for  
herbal pharmaceuticals are met (Figure 10.6). It is up to the proper regulatory bodies  
in various nations to make the required efforts to ensure the safety of commercially  
available products, especially herbal medications intended for enhancement of brain  
function and disease recovery.
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11.1 � INTRODUCTION

A significant transformation is unfolding in the realm of therapeutics, which deals with 
the treatment of diseases and the actions of therapeutic agents on the body. Currently, 
people are embracing various disciplines that incorporate new advancements and a 
deeper understanding of the natural principles behind them [1, 2]. This has led to 
the emergence of innovative therapeutic approaches. A revolution is underway in 
the field of medicine, driven by various scientific technologies, including the most 
recent one, nanotechnology, which involves the manipulation of matter at the atomic, 
molecular, and supramolecular levels [3]. Personalized healthcare is in demand, and 
to comprehend the unique characteristics of our bodies, sensors are needed both on 
the body's external surfaces and within its internal spaces [4, 5]. Nanosciences and 
nanotechnology are leading us towards the development of novel devices, known as 
nanomachines, which have the potential to revolutionize the field of medicine [6].

Nanotechnology concerns planning and creating designs, gadgets, or frameworks 
through using iotas and particles at the nanoscale level [4, 7]. Nevertheless, nano-
technology is a relatively recent development in the realm of scientific research, 
even though the foundation of its fundamental concepts was laid out many years 
ago. A Japanese researcher, Norio Taniguchi, was quick to utilize this innovation. He 
characterized the term “nanotechnology” in 1974 as nanotechnology chiefly com-
prising the handling of partition, union, and misshapening of materials by one iota or 
one atom [6–​8].

The American physicist and Nobel Prize laureate Richard Feynman proposed the 
idea of nanotechnology in 1959 [9]. In the 1980s, the evolution of this innovation was 
additionally improved through trial advancement.

The invention of the scanning tunneling microscope in 1981 and the discovery 
of fullerenes in 1985 introduced further breakthroughs to this field [10, 11]. In the 
early 2000s, nanotechnology found various commercial applications, although 
many early explorations primarily focused on bulk uses of nanomaterials rather than 
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transformative applications. Nanomedicine and nanomaterials can be categorized 
based on various parameters.

Extensively, they can be characterized into [12]:

1.	 Nanoparticles
2.	 Nanoclays
3.	 Nanoemulsions.

NPNs possess several advantages over synthetic nanoparticles, including biocompati-
bility, biodegradability, and low toxicity. These attributes make them a promising area 
of research in the field of nanomedicine. [13].

11.2 � NANOPARTICLES

Nanomaterials are materials that have primary parts under 1 miniature meter in some-
thing like one aspect. Nanoparticles are strong colloidal particles ranging from 1 to 
1,000 nm in size. They are macromolecular materials in which the dynamic fixings 
are broken up, entangled or exemplified, or retained [14, 15]. The different types of 
nanomaterials and their application are listed in Table 11.1.

Nanoparticulate matter refers to an assortment of nanoparticles, underscoring  
their aggregate way of behaving. Nanoparticles are not set in stone by the compound  
creation, the number of molecules and the substance communication between the  
particles. They can have customary glasslike, shapeless, or pseudo-​close nuclear  
courses of action [16]. Nanoparticles can be of various kinds depending upon their  
size, surface, and there properties.

TABLE 11.1
Types of Nanoparticles along with Their Composition and Application

Types of Nanoparticles Material used Application

Nanosuspensions and 
Nanocrystals.

Drug powders are 
arranged in surfactant 
arrangement.

Stable framework for controlled 
conveyance of ineffectively solvent 
medication

Polymeric  
nanoparticles

Biodegradable polymer. Controlled and designated conveyance

Polymeric micelles Amphiphilic block 
copolymers.

Controlled and foundational conveyance 
of water insoluble medications

Strong lipid 
nanoparticles

Softened lipid scattered 
in fluid surfactant.

Not so much harmful but rather 
more steady. Colloidal transporter 
framework as elective material to 
polymers.

Attractive nanoparticles. Attractive Fe2O3, 
covered with dextran.

Drug focusing on,
Symptomatic in medication

Carbon nanotubes. Metals, semiconductors Qualities and DNA conveyance
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(a)	 Carbon based: These nanoparticles are made up of carbon parts and 
are largely utilized for reinforcing the material designs. Carbon-​based 
nanoparticles are composed of two materials: carbon nanotubes (CNTs) and 
fullerenes. The carbon nanotube is a graphene sheet rolled into a cylinder 
shape and is mostly utilized for underlying support (multiple times more 
grounded than steel). They are thermally conductive along the length and 
non-​conductive all through the cylinder. Because of their electrical con-
ductivity, structure, high strength, and electron likeness, they have business 
applications [17, 18].

(b)	 Ceramic based: These are composed of oxides, carbonates, and phosphates, 
and they exhibit excellent resistance to chemicals and durability. By manipu-
lating specific characteristics of ceramic nanoparticles, such as size, surface 
area, porosity, and surface-​to-​volume ratio, they prove to be effective drug 
delivery agents. These nanoparticles have been successfully employed as drug 
delivery systems for various diseases, including bacterial infections, glau-
coma, cancer, and more[19, 20].

(c)	 Metal based: These nanoparticles are prepared from metals using chem-
ical and electrochemical processes. These nanoparticles have applications in 
research fields, the location and imaging of biomolecules, and ecological and 
bioanalytical applications.

(d)	 Semiconductor based: These nanoparticles have properties like numerous 
metals and non-​metals. Its utilizations are in photocatalysis, gadgets, photo-
graph optics, and water parting.

(e)	 Polymer based: These are particles acquired from natural materials. They 
have applications in drug conveyance and diagnostics. Drug conveyance with 
polymeric nanoparticles (PNPs) is profoundly biodegradable.

11.2.1 �P olymeric Nanoparticles

PNPs are a system of sub-​micron colloidal, biocompatible, and preferably biodegrad-
able particles made of synthetic or natural polymers [21, 22]. A suitable drug is usually 
encapsulated or adhered to the surface of the nanoparticle for the drug’s delivery to the 
specific target. PNPs are effective DNA carriers in gene therapy and are considered 
efficient drug-​delivery systems that help with the controlled release of drugs to a spe-
cific target site [23]. A schematic representation of polymeric nanomaterials is shown 
in Figure 11.1.

PNPs can be classified as nanocapsules and nanospheres based on their structure. 
A nanocapsule is a hollow system in which the drug is entrapped or encapsulated 
within an oily or aqueous core surrounded by a polymeric membrane. In contrast, 
the nanosphere is a matrix system, made of a solid mass of polymeric network in 
which the drug is uniformly distributed within the core or is surface-​bound to the 
nanosphere. A schematic diagram of PNPs is shown in Figure 11.2.

Furthermore, certain components may also be attached to the surface of the  
nanoparticle in order to facilitate its passage through biological barriers such as the  
skin, mucus, blood, and cellular organelles. Biodegradable PNPs are preferred over  
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non-​biodegradable nanoparticles made of polymers such as polyacrylamide, poly-
styrene, and polyacrylates because they are more biocompatible, have a lower risk  
of toxicity, and degrade into oligomers and monomers in much less time than non-​ 
biodegradable ones. Biodegradable PNPs are made up of either synthetic polymers  
such as poly(D, L-​glycolide), co-​polymer poly(lactide-​co-​glycolide), and poly-​Ɛ-​ 
caprolactone, or natural polymers derived from plants, animals, or microbes such as  
chitosan, alginate, gelatin, zein, and albumin [24].

PNPs are preferred over other nanocarriers such as liposomes and micelles due 
to their small size (1 to 1000 nm) increased stability in biological environments, 
flexibility in modifying their structures according to the requirements of the drug, 
improved ability to target specific organs or tissues, and low side effects [25, 26].

FIGURE 11.2  Schematic representation of nanocapsule and nanosphere.

FIGURE 11.1  Schematic representation of polymeric nanoparticles as drug-​delivery systems.
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11.2.1.1 � Preparation Techniques of Polymeric Nanoparticles
PNPs are developed to encapsulate molecules, such as proteins and DNA. The 
encapsulated molecules are released in a controlled manner on the target site through 
diffusion or erosion of the matrix. There are various techniques used for the devel-
opment of PNPs depending on the nature of the polymer, the type of molecule to be 
entrapped in the nanoparticle, convenience, and expense of the approach [27].

(a)	 Solvent evaporation: The solvent evaporation technique was the first tech-
nique used for the development of PNPs, specifically nanospheres, from a 
preformed polymer [28]. This method involves preparing a solution of the 
polymer in a polar organic solvent such as chloroform, dichloromethane, or 
ethyl acetate. The drug to be encapsulated is then added to the solution by dis-
solution or dispersion. Under high-​speed homogenization or ultrasonication, 
the resulting solution is emulsified in an aqueous solution containing a sur-
factant or emulsifier such as polyvinyl alcohol or polysorbate 80 [29]. The 
processes of solvent evaporation techniques are shown in Figure 11.3. 

These organic solvents pose toxicological and environmental risks. 
Therefore, they are removed by evaporating the solvent, either by increasing 
the temperature under reduced pressure or by continuous magnetic stirring 
at room temperature. The solidified nanoparticles are then washed and 
freeze-​dried to obtain a fine powder of nanoparticles once the solvent has 
evaporated [30].

(b)	 Nanoprecipitation: This technique, also known as the solvent displacement 
method, was developed by Fessi and his colleagues for the development of 
PNPs of around 175 nm in size. A water-​miscible organic solvent containing 
the polymer and the active molecule, such as drugs, is prepared and then 
added drop-​by-​drop to an aqueous solution, which usually contains a surfac-
tant for maintaining the stability of the colloidal suspension, while continu-
ously stirring the mixture. This results in rapid diffusion of the organic solvent 
in the aqueous solution and the instantaneous formation of small droplets of 
nanoparticles characterized by a well-​defined size as well as a narrow size dis-
tribution at the interface of organic solvent and the aqueous phase, following 
the diffusion of the solvent from the nanodroplet and the precipitation of the 
polymer in the form of PNPs. To ensure the formation of nanocapsules, the 
drug is dissolved in oil before its emulsification in the organic polymeric solu-
tion. After the formation of the nanoparticles, it is freeze-​dried to obtain a fine 
powder of nanoparticles [31]. The preparation of nanoprecipitation technique 
is shown in Figure 11.4.

11.2.1.2 � Polymeric Nanoparticles for Non-​viral Gene Delivery
Gene delivery is a technique used to correct defective genes responsible for disease  
development by gene augmentation, gene suppression, or gene editing. Successful  
gene delivery is achieved by the use of appropriate gene carriers that do not induce  
any immunological response, that easily enter the cell, and integrate the gene at the  
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desired site. Due to these limitations, non-​viral gene carriers have been developed,  
such as the cationic lipid-​based non-​viral gene delivery system that was first used in  
1987 by Felgner and his colleagues [2].

PNPs are one of the safest and most efficient non-​viral gene carriers because of 
their small size, easy accessibility, biodegradability, biocompatibility, low risk of cyto-
toxicity, passive targeting by using the enhanced permeability and retention (EPR) 
effect, flexibility in modifications to achieve the desired therapeutic efficacy, pro-
tection against enzymatic degradation, and ease of elimination. The condensed gen-
etic material can be incorporated with the polymer to develop polyplex nanoparticles 
or solid PNPs [2, 3]. Polyplex nanoparticles are the most common PNPs that are 
formed when the cationic polymers are conjugated with the condensed genetic 
material through electrostatic forces. The most commonly used cationic nanoparticle 
is the Food and Drug Administration-​approved poly(lactic-​co-​glycolic acid) cationic 
nanoparticle because of its stable structure and its ability to protect genetic material 
from degradation during in vivo gene therapy. Because of the positive charge present 
on the cationic polymers, they easily conjugate with the negatively charged genetic 
material, and also because of the positive charge, they can easily cross the cell mem-
brane for gene delivery. However, these charges also have their disadvantages, like 
toxicity, and as a result, most polyplex nanoparticles cannot be used in in vivo gene 
therapy [31, 4].

The general mechanism of gene delivery by means of polyplexes and nanoparticles 
is quite simple. The first step is the cellular uptake of the nanoparticle by endocytosis 
and its entrapment in the endosome. However, the nanoparticle must escape the 
endosome to avoid degradation by the lysosome. After its escape, the nanoparticle 
will release the genetic material into the cytoplasm, where it will be transported into 
the nucleus by transport proteins, get incorporated at the target site, and express the 
desired product [32].

FIGURE 11.4  Schematic representation of nanoprecipitation technique.
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11.2.1.3 � Natural Polymeric Nanoparticles for Human Health

Normal PNPs enjoy the upperhand over manufactured nanoparticles in a few ways, 
including biocompatibility, biodegradability, and low poisonousness, which make 
them a promising area of exploration in the field of nanomedicine.

Normal PNPs can be classified into a few categories in view of their creation and 
construction, including:

a)	 Protein-​based nanoparticles: These nanoparticles are made out of normally 
occurring proteins, like egg whites, gelatin, and casein, and can be utilized for 
drug conveyance, designated treatment, and indicative imaging.

b)	 Carbohydrate-​based nanoparticles: These nanoparticles are made up of nor-
mally occurring carbs, like starch, cellulose, and chitosan, and can be utilized 
for drug conveyance, designated treatment, and tissue designing.

c)	 Lipid-​based nanoparticles: These nanoparticles are comprised of normally 
occurring lipids, like phospholipids and liposomes, and can be utilized for 
drug conveyance, designated treatment, and symptomatic imaging.

d)	 Nucleic acid-​based nanoparticles: These nanoparticles are comprised of nor-
mally occurring nucleic acids, like DNA and RNA, and can be utilized for 
quality treatment and indicative imaging.

e)	 Plant-​based nanoparticles: These nanoparticles are extracted from plant 
sources, like leaves, stems, and seeds, and can be utilized for drug conveyance, 
designated treatment, and demonstrative imaging. This classification provides 
a general overview of the types of natural polymeric nanoparticles (NPNs) that 
are being used and researched in the field of nanomedicine. The exact compos-
ition and structure of these nanoparticles can vary depending on the specific 
application and the requirements of the therapeutic agent being delivered [33].

11.2.1.4 � Potential Applications of Polymeric Nanoparticles in Improving 
Human Health

(a)	 Drug Conveyance: Normal PNPs can exemplify and transport various restora-
tive specialists, like medications and qualities, to specific target locales in the 
body. These nanoparticles can protect therapeutic agents from degradation, 
thereby enhancing their stability and efficacy. Moreover, normal polymeric 
nanoparticles can be intended to specifically target sick cells, lessening the 
symptoms of conventional medication conveyance techniques [31].

(b)	 Diagnostic Imaging: Normal PNPs can be functionalized with imaging 
specialists, like difference specialists and fluorescent colours, to upgrade the 
perceivability of sicknesses and issues in symptomatic imaging. This can 
prompt early location and further developed treatment results [31].

(c)	 Targeted Treatment: Normal PNPs can be designed to specifically target 
ailing cells, tissues, and organs, consequently decreasing the adverse conse-
quence of conventional treatment techniques on solid cells. This can bring 
about better restorative results and decreased incidental effects [31].
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(d)	 Tissue Designing: Normal PNPs can be utilized in combination with other 
biomaterials to make platforms for tissue designing and regenerative medica-
tion. These platforms can give a steady and defensive climate for the develop-
ment and recovery of tissues and organs [31].

11.3 � BLOOD–​BRAIN BARRIER

The BBB is a particular arrangement of vessels and cells that act as a hurdle to foreign 
matter between the circulating blood and the central nervous system (CNS), which 
incorporates the brain and spinal cord. The BBB is framed by close intersections 
between the cells that line the veins in the brain, which prevent most substances in the 
blood, including possibly unsafe particles, from crossing into the CNS [34, 35].The 
primary function of the BBB is to protect the delicate and highly sensitive tissue of 
the brain and spinal cord by preventing the passage of potentially harmful substances 
and maintaining the appropriate chemical environment within the CNS. This pro-
tective barrier also regulates the entry of essential substances, such as oxygen, glu-
cose, and neurotransmitters, into the brain, ensuring they are delivered in the correct 
quantities and at the right times .

The BBB comprises several distinct cell types, including endothelial cells, 
pericytes, astrocytes, and neurons, each of which plays a specific role in preserving 
the integrity of the barrier. The tight junctions between the endothelial cells create a 
hurdale that effectively prevents most substances from crossing the BBB. Pericytes, 
found on the outer surface of blood vessels, provide structural support and help regu-
late blood flow. Astrocytes, the most abundant type of glial cells in the brain, con-
tribute to maintaining the proper chemical environment within the CNS and can also 
influence BBB function [35].

The BBB permits tight control of substances between the blood and the brain. 
These properties can be arranged into actual vehicle and metabolic classifications:

•	 The cerebrum endothelial cells are kept intact by close intersections which fill 
in as actual obstructions, preventing the development of substances in spaces 
between cells.

•	 They regulate the passage of ions and specific substances through specialized 
carriers, which are two types:

(i)	 Efflux Carriers utilize cell energy to move substances against their fix-
ation slope. They transport lipophilic atoms which have latently diffused 
through cell film back to the blood.

(ii)	 Supplement Carriers work with the development of supplements like glu-
cose and fundamental amino acids into the brain down their concentra-
tion gradient.

Not all areas of the brain have a BBB-​like model; some brain structures are engaged 
with hormonal control and require better admittance to foundational blood, so they 
can recognize changes in circling signals.
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While the BBB gives significant security to the CNS, it likewise presents a test for 
the treatment of neurological problems, as many medications cannot enter the BBB to 
arrive at their objective site in the brain. Researchers are exploring various methods to 
overcome the BBB, such as the use of drugs or other compounds that can temporarily 
disrupt the barrier to allow for the delivery of therapeutic agents, or the utilization of 
nanoparticle-​based drug delivery systems capable of penetrating the BBB (Daniel 
et al., 2020). The BBB is an intricate and sophisticated system that plays a crucial 
role in protecting the CNS and maintaining its proper function. Further investigation 
into the structure and function of the BBB is required to gain a better understanding 
of its role in health and disease, and to develop more effective approaches for treating 
neurological disorders [36].

11.4 � POLYMERIC NANOPARTICLES FOR BRAIN TARGETING

The brain is a complex organ composed of various regions and cell types, each with 
distinct functions. Comprehending the structure of the brain and the characteristics 
of specific areas and cells is essential for devising strategies for targeting the brain 
effectively [37].

The primary areas of the brain include:

•	 Frontal cortex: The biggest area of the brain, it is responsible for cognizant 
ideas, insight, and development. It is separated into two hemispheres (left and 
right) that are associated by a heap of strands called the corpus callosum.

•	 Brainstem: Interfaces the spinal column to the rest of the brain and controls 
imperative capabilities, for example, pulse and relaxation.

•	 Cerebellum: Directs development and equilibrium.
•	 Hippocampus: Assumes a critical part in memory and spatial route.
•	 Basal ganglia: Manages wilful development and is engaged with development 

problems, like Parkinson’s disease.
•	 Thalamus: Serves as a transfer place for tangible data and assumes a part in 

cognition and rest.
•	 Nerve centre: Manages the autonomic sensory system and controls functions 

like appetite, thirst, and internal heat level.

Focusing on unambiguous locales or cells in the brain can be accomplished through 
utilizing different strategies, including;

•	 Attractive reverberation imaging (X-​ray): Comprises painless imaging of 
the brain and can be utilized to distinguish explicit districts and cells in the 
cerebrum.

•	 Positron outflow tomography (PET): Utilizes radioactive tracers to image 
explicit locales or cells in the brain.

•	 Optical imaging: Uses fluorescent colours or hereditarily encoded fluorescent 
proteins to picture explicit areas or cells in the brain.

•	 Microinjection: Includes the immediate infusion of restorative specialists into 
explicit areas or cells in the brain.
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11.4.1 � Brain Targeting

Cerebrum focusing is a vital part of treating neurological problems, like Alzheimer’s 
disease, Parkinson’s disease, and different sclerosis, among others. The brain is 
safeguarded by the BBB, which restricts the passage of most medications into the 
cerebrum, making it challenging to treat these problems. Thus, there is a developing 
requirement for successful and designated drug conveyance frameworks that can side-
step the BBB and convey remedial specialists straightforwardly to the cerebrum [38].

PNPs are a promising answer for designated drug conveyance to the brain. PNPs 
are nanoscale drug conveyance frameworks made out of a polymeric material that 
can epitomize medications and target explicit tissues in the body, including the cere-
brum. PNPs offer a few benefits over regular medication conveyance techniques, 
like expanded soundness, designated conveyance, and controlled arrival of 
medications [38].

Notwithstanding their true capacity as medication conveyance vehicles, PNPs 
additionally offer a few exceptional highlights that make them especially appropriate 
for cerebrum focusing on. For instance, PNPs can be intended to take advantage of 
the BBB’s regular vehicle systems, for example, receptor-​intervened transport, to 
expand the effectiveness of medication conveyance to the brain. PNPs can likewise 
be functionalized with explicit focusing on moieties, like antibodies or peptides, to 
specifically tie to synapses or tissues and to work on the particularity of medication 
conveyance.

In spite of these benefits, the improvement of PNPs for cerebrum focusing remains 
a difficult undertaking. A few variables, like the size and security of PNPs, the simi-
larity of the polymeric materials with drugs, and the capacity of PNPs to target 
explicit synapses and tissues, should be painstakingly viewed as part of the plan 
and combination of these nanoscale frameworks. Taking everything into account, 
cerebrum focusing with PNPs can possibly improve the treatment of neurological 
problems by working on the conveyance of medications to the brain and diminishing 
the symptoms of regular medication conveyance strategies. Further exploration 
is expected to lead to complete understanding of the capability of PNPs for brain 
focusing, including the advancement of a PNP plan, blend, and focusing, as well as 
improvement of additional viable and explicit medications for the treatment of neuro-
logical problems [39].

11.4.2 �M ethods for Brain Targeting by Polymeric Nanoparticles

There are a few strategies that have been created to accomplish brain focusing through 
utilizing PNPs. The absolute most regularly utilized strategies incorporate

(a)	 Passive targeting: This technique exploits the improved porousness and main-
tenance (EPR) impact, which alludes to the propensity of macromolecules and 
nanoscale particles to gather in cancers and other strange tissues due to their 
cracked vasculature. PNPs can latently focus on the cerebrum by crossing 
the brainBBB through the EPR impact and through aggregating in cerebrum 
tissues [40].
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(b)	 Active targeting: This technique includes the functionalization of PNPs with 
explicit focusing on moieties, like antibodies, peptides, or little atoms, to tie 
to explicit cells or tissues in the cerebrum specifically. This can work on the 
particularity of medication conveyance to the brain and decrease the harmful-
ness of medications to different tissues in the body.

(c)	 pH-​sensitive PNPs: This strategy depends on the pH distinction between the 
blood and the mbrain. PNPs can be intended to be pH-​delicate and discharge 
drugs in light of the acidic climate of the brain, consequently expanding the 
productivity of medication conveyance to the cerebrum.

(d)	 Transcytosis-​intervened focusing on: This strategy includes the utilization 
of PNPs that can be taken up by cerebrum endothelial cells through a cycle 
known as transcytosis, in which particles are assimilated by the cells and 
afterward move across the BBB. This permits PNPs to sidestep the BBB 
and enter the brain without being limited by the BBB’s tight intersections.

(e)	 Magnetically directed PNPs: This strategy includes the functionalization of 
PNPs with attractive materials, like iron oxide, to consider the attractive dir-
ection of PNPs to the cerebrum. This can be achieved by applying an outside 
attractive field to draw in PNPs to the brain.

These are the absolute most ordinarily involved techniques for brain focusing on util-
izing PNPs. The decision on technique relies upon a few variables, including the 
sort of illness being dealt with, the medication being conveyed, and the particular 
requirements of the objective tissue or cells.

PNPs have been shown extraordinarily likely in the conveyance of medications to 
the cerebrum for the treatment of different brain issues like Alzheimer’s, Parkinson’s, 
and epilepsy. The PNPs can embody the medications and shield them from debase-
ment, taking into account the controlled arrival of the medications over a lengthy 
period. PNPs can likewise be utilized for quality treatment in the cerebrum, conveying 
remedial qualities straightforwardly to the site of injury or sickness. This approach 
has shown promising outcomes in the treatment of neurodegenerative illnesses, brain 
cancers, and stroke [39, 40].

PNPs can likewise be functionalized with imaging agents for use in attractive 
reverberation imaging (X-​ray) or positron emission tomography (PET) filters. This 
is considered harmless imaging of the brain, working with the early location of 
neurodegenerative illnesses like Alzheimer’s and Parkinson’s. PNPs can be utilized 
to convey mitigating specialists explicitly to the cerebrum, diminishing the funda-
mental incidental effects related with customary foundational conveyance strategies. 
This approach has shown promising outcomes in the treatment of neuroinflammatory 
conditions like different sclerosis. PNPs can likewise be utilized to convey imma-
ture microorganisms to the cerebrum, giving another helpful choice in the treatment 
of neurodegenerative illnesses, stroke, and brain injuries. This approach has shown 
promising outcomes in animal studies and is a promising area for future exploration 
[39, 40].
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11.5 � CHALLENGES AND LIMITATIONS OF BRAIN TARGETING BY 
NANOPARTICLES

Brain targeting by nanoparticles is a promising methodology in the field of 
nanomedicine for conveying medications, diagnostics, and other restorative 
specialists to the focal sensory system (CNS). Nonetheless, it faces a few difficulties 
and restrictions, including [39]:

(a)	 Blood–​Brain Barrier: The BBB is a semi-​porous film that isolates the circu-
latory system from the cerebrum and is a significant hindrance in conveying 
nanoparticles to the CNS.

(b)	 Size and Surface Charge: The size and surface charge of nanoparticles can 
influence their capacity to cross the BBB and their circulation inside the CNS.

(c)	 Poisonousness: The harmfulness of nanoparticles, both to the brain and 
different organs, is a significant concern and requires further examination 
to guarantee their protected use in people. (Nanotoxicology centres around 
determining the antagonistic impacts of nanomaterials on human well-​being 
and the climate).

(d)	 Biodistribution: The distribution of nanoparticles within the CNS and the 
ability to precisely target specific brain regions continue to be challenging.

(e)	 Administrative Endorsement: The administrative endorsement process 
for nanoparticle-​based cerebrum focusing on advancements is intricate 
and requires broad preclinical and clinical testing to show well-​being and 
adequacy.

These difficulties and constraints feature the requirement to proceed with innovative 
work to overcome the obstructions and work on the adequacy of a nanoparticle-​based 
brain focusing on advancements.

11.6 � CURRENT PROGRESS ON BRAIN TARGETING BY POLYMERIC 
NANOPARTICLES

PNPs stand out as a promising medication conveyance framework for brain focusing 
because of their capacity to cross the BBB. Researchers are investigating different 
systems to upgrade the BBB porousness of PNPs, for example, surface adjustment 
with explicit peptides or medications that can expand the vehicle of PNPs across the 
BBB. Also, PNPs with boosts responsive, like pH-​delicate or focused on explicit 
receptors on the BBB, are being created to work on the particularity and proficiency 
of brain focusing. Nonetheless, there are still challenges to overcome, such as enhan-
cing the stability and biocompatibility of PNPs, as well as reducing their toxicity 
and side effects. Nevertheless, recent advancements in the field have demonstrated 
promising results for the use of PNPs in brain drug delivery, and ongoing research is 
focused on improving their design and performance [37–​40].
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11.7 � CONCLUSION AND FUTURE PERSPECTIVE

NPNs have emerged as a promising approach for targeting the brain due to their bio-
compatibility and their ability to encapsulate various therapeutic substances. In con-
trast to synthetic polymers, these nanoparticles offer several advantages, such as being 
derived from natural sources and having diverse structures, which leads to improved 
biodegradability and reduced toxicity. Research has demonstrated that NPNs can 
effectively traverse the BBB and reach the brain, making them a viable option for 
delivering drugs to treat various neurological disorders, including Alzheimer’s, 
Parkinson’s, and epilepsy. Some commonly used natural polymers for brain targeting 
include chitosan, gelatin, and alginate.
However, the use of NPNs for brain targeting still faces challenges, including opti-
mizing particle size, surface charge, and stability. Moreover, the BBB is a complex 
and dynamic barrier, and a more comprehensive understanding of the mechanisms 
by which nanoparticles penetrate the BBB is needed to enhance their effectiveness. 
NPNs hold promise as drug delivery vehicles for brain targeting, but further research 
is required to fully unlock their potential. The development of efficient and safe brain 
targeting systems using these nanoparticles has the potential to revolutionize the 
treatment of neurological disorders
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12.1 � INTRODUCTION

Neurological disorders (NDs) are characterized by alterations in the structure or 
functioning of the nervous system (or neurons). This long-​term damage over time 
can impair reasoning, mobility, learning, perception, and memory. The most common 
kinds of NDs include Alzheimer’s disease (AD); Parkinson’s disease (PD); Friedreich 
ataxia (FA); diabetic neuropathy; multiple sclerosis (MS); Huntington’s disease 
(HD); spinal muscular atrophy (SMA); and amyotrophic lateral sclerosis (ALS). 
In current history, the global growth in the proportion of the elderly population has 
increased the prevalence of neurological illnesses [1]. According to a thorough ana-
lysis of the worldwide burden of illnesses, traumas, and adverse outcomes published 
in 2016, 276 million individuals worldwide suffer from a neurological impairment, 
and around 9 million people die from NDs per year. The cause of NDs is unknown; 
nevertheless, they appear to be the result of a combination of events that cause neur-
onal degeneration. A confluence of variables, including ageing, mitochondrial mal-
function, increased ROS production, and/​or environmental exposures (e.g. effects 
of toxic metals, harmful chemicals, pesticides, electromagnetic interference), may 
be involved in the development of NDs [2–​4]. Despite numerous research studies 
and considerable improvement, promising options for early detection and treatment 
techniques for these disorders remain limited. Additionally, most existing therapies 
are symptomatic and incapable of enhancing one’s life quality or delaying or ameli-
orating harm. Perhaps the most significant barrier to ND diagnosis is the existence of 
the blood–​brain barrier, or BBB, which precludes the preponderance of medications 
and diagnostic agents from penetrating the brain and producing collateral adverse 
effects [5]. In order to shield the brain’s parenchyma against being exposed to pos-
sibly toxic compounds transported by circulation, the BBB acts as a barrier here 
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between the bloodstream and the central nervous system (CNS) [6]. Nowadays, the 
monitoring and therapeutic options for brain illnesses are frequently dependent on 
vascular lesions and BBB leakiness. Hence, continued attempts have been undertaken 
to build methods that enhance medication transit through the BBB.

Nanomedicine is the use of nanoscale technology in the medical sector for 
medicinal, monitoring, and preventative procedures. Identifying and treating sev-
eral diseases, such as malignancies, cardiovascular conditions, and neurological 
problems, may be made possible through nanotechnology-​based technological 
advances. Among the numerous mechanisms for the delivery of therapeutics to the 
CNS, nanotechnology-​based medicine and particularly targeted administration of 
NP systems are gaining some traction [5, 7–​8]. While NPs have numerous benefits 
from the regulated distribution of medications, there are constraints to their employ-
ment in clinics. The difficulties associated with the industrial scalability of their 
manufacture and difficult regulatory requirements are indeed notable among these 
[9]. Nonetheless, clinical studies to examine the treatment effectiveness of different 
nanotechnology-​based devices for ND disorders have already begun. Through the 
use of therapeutic drug-​loaded NPs, it is possible to enhance the pharmacodynamics 
and bioavailability of medications, strengthen therapeutic effectiveness, augment 
immunomodulatory responses, and assist the entry of therapeutic components into 
the brain. NPs’ multipurpose and adaptive designs make them suitable for the admin-
istration of medications to the brain. Nevertheless, a number of aspects, such as the 
chemical nature, hydrophobicity, structure, size, and charge, to name a few, should 
always be taken into account prior to being employed. An ideal NP would have 
cytocompatibility, non-​toxicity, and the ability to bind and deliver drugs or treatments, 
among other favourable characteristics. It can pass across the BBB and regulate drug 
release for a prolonged time as it does not break down fast in vivo. Given all of these 
traits, NPs are particularly successful in breaching the BBB [10–​11].

A multitude of synthetic medications (such as donepezil, memantine, triheptanoin, 
levodopa etc.) have demonstrated efficacy in the management of a number of preva-
lent NDs, such as PD, HD, AD, and many other neurodegenerative conditions 
[12]. Synthetic medication usage is connected with a number of negative impacts, 
rendering them unsuitable for routine medical care. The scientific community has 
taken a cautious approach to the use of herbal drugs because they have fewer side 
effects and have economic viability compared to these manufactured medications’ 
negative consequences [13]. Herbal drugs or phytochemicals are potentially effective 
therapeutic medications due to their potent antioxidant, anti-​cholinesterase, anti-​
inflammatory, and anti-​amyloid capabilities [14–​15]. Nevertheless, a limited effective 
dose and dosage standardization and low water solubility, penetration, and bioavail-
ability have limited the implementation of biologically active phytochemicals in med-
ical research. Scientists have worked extremely hard to develop cutting-​edge methods 
for better medication delivery to resolve these issues. This situation has led to the 
incredible development of nanotechnology to effectively deliver herbal drugs that 
produce full beneficial health effects [16]. Hence, this chapter focuses on the potential 
role of various herbal drugs used to control and treat NDs, together with the applica-
tion of cutting-​edge nanotechnology to overcome their medicinal shortcomings.
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12.2 � MEDICINAL PLANTS FOR NEURODEGENERATIVE 
DISEASES (NDS)

Neurodegenerative diseases (NDs), which include PD, AD, motor neuron disease 
and so on, are some of the most common progressive degenerative diseases. These 
diseases cause neurons to lose their function and die off in the end. Many NDs are 
more likely to happen as people get older [17–​18]. The number of NDs rises slowly 
as people age [19]. In the case of brain injury, stroke, cerebral or subarachnoid haem-
orrhage, and head injury, neurons are rapidly injured and frequently die [20]. Still, 
progressive neurodegeneration in contrast, is a long-​term disorder in which some 
populations of neurons in the brain experience a neurodegenerative problem that 
often commences progressively and worsens over time due to several factors [19]. 
Now it is important to find and develop new drugs to cure NDs with better safety and 
effectiveness profiles. The therapeutic efficacy of medicinal plants like ashwagandha, 
S. hydrangea, Baccopa monnieri, Aloe vera, Saussurea pulvinata, Zingiber officinale, 
Ginkgo biloba, Knema laurina, Curcuma longa, Centella asiatica, and Azadirachta 
indica, as well as their phytocompounds like flavonoids, celastrol, alkaloids, tre-
halose, terpenes, lycopene, sesamol, and curcumin, have been receiving significant 
attention as a potential option for the effective management and treatment of NDs. 
In-​depth discussion of a few medicinal plants is provided below.

12.2.1 � Zingiber officinale (Ginger)

Zingiber officinale (Z. officinale) is a perennial herb that belongs to the Zingiberaceae 
family. It is recognized for its medical properties as well as its usage as a spice 
and ingredient for flavouring meals and beverages. The pharmacological effects 
of ginger and its bioactive components, including gingerol, terpenes, shogaol, and 
many more, have been studied recently [21]. As a result, many studies have shown 
that ginger can help one avoid conditions including coronary heart disease, dia-
betes, osteoarthritis, gastrointestinal malfunction, respiratory illnesses, and NDs. 
Typically, neuronal inflammation, mitochondrial dysfunction, and protein misfolding 
define neurodegenerative disorders, which lead to neurological impairment, syn-
aptic failure, and neuronal loss. In particular, gingerols, a bioactive component of 
ginger, have demonstrated anti-​oxidant, anti-​amyloidogenic, anti-​inflammatory, and 
immunomodulatory properties, and anti-​cholinesterase effects beneficial for NDs 
treatment without side effects in comparison to the available synthetic drugs [22–​23].

12.2.2 �A loe vera

Aloe vera (A. vera) is grown for its edible and medicinal properties. It is a succu-
lent perennial plant that stays green year after year. Aloe vera alone has been shown 
to reduce depolarization and neuronal death by preventing the development of ROS 
inside cells and increasing the production of calcium (Ca2+​) [24]. Indications like this 
point to the possibility that aloe vera is a suitable and efficient substitute treatment for 
cerebrovascular diseases [25–​26].
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12.2.3 � Azadirachta indica (Neem)

Brain post-​ischemic reperfusion and hypoperfusion were reported to be protected by 
Azadirachta indica (A. indica), and the plant was also discovered to have a preventa-
tive effect against cisplatin-​generated neurotoxicity in rats [27]. Extracts of A. indica, 
which are anti-​oxidative and anti-​apoptotic, have been reported to be neuroprotective 
in the treatment of PD-​induced functional impairment [28]. Standardized A. indica 
leaf extract has been shown to have neuroprotective effects in rats with partial sciatic 
nerve injury [29].

12.2.4 � Withania somnifera (Ashwagandha)

Withania somnifera, called Ashwagandha, is a foremost therapeutic plant used in 
Ayurveda, which is an associated plant of the Solanaceae family. This plant has hairy 
covers and grows perennially. From different parts of the plant, scientists have been 
able to isolate and identify a wide range of chemical substances, such as steroidal 
lactones, alkaloids, flavonoids, tannins, withanolides, and a plethora of sitoindosides 
[30]. Treatments with an extract of Withania somnifera lowered oxidative stress and 
improved catecholamine content [31] in a study using a rat model for PD. In vivo mice 
models with PD showed better behaviour after administering Withania somnifera root 
extract [32].

12.2.5 � Curcuma longa (Turmeric)

Since the beginning of time, the Zingiberaceae family plant Curcuma longa L. has 
been significant to Indian tradition. The well-​known turmeric spice is derived from 
the root of this medicinal plant, the benefits of which encompass multiple culinary 
dishes, colours, pharmaceuticals, religious rituals, and conventional medicine [33]. 
According to the latest published findings, the phytochemical constituents of C. longa, 
such as curcumin, terpenoids, flavonoids, and so on, have a wide range of medi-
cinal attributes, which include anti-​inflammatory, anti-​oxidant activity, anti-​diabetic, 
and antitumoral, along with neuro-​ and hepatoprotective activity [34–​35]. Moreover, 
curcumin intervenes in the neuroprotective mechanisms linked to neurodegeneration 
by reducing oxidative stress and regulating the inflammatory cascade [36–​37].

12.3 � COMMON PLANT-​DERIVED BIOACTIVES FOR NDS

Current studies on a large range of herbal medicinal plants have revealed that their 
separated pure components or crude extracts offer superior curative capabilities to the 
complete plant as an option for the management of NDs. These qualities are mostly 
owing to the availability of phytonutrients generated by plants as secondary bioactive 
metabolites, such as polyphenols, tannins, alkaloids, and terpenoids, and many others. 
Epidemiological research, and in vivo (both animal and human) clinical trials all pro-
vide credible indications that phytonutrients or polyphenols can alleviate a variety 
of inflammation-​related diseases. The primary actions of polyphenolic compounds 
include their well-​known anti-​oxidant properties, suppression of intracellular kinase 
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action, anti-​inflammatory properties, ability to couple to receptors at the cell surface, 
and ability to alter the functioning of cell membranes.

12.3.1 �C urcumin

Common characteristics of neurodegenerative disorders of ageing include protein 
aggregation, oxidative damage, and inflammation. The benefits of curcumin as a 
neuro-​protective drug include its anti-​oxidant, anti-​inflammatory, as well anti-​protein-​
aggregate capabilities [38]. Due to its pluripotency, long antiquity of practice, oral 
safety, and significant low cost, curcumin has become a good option for treating sev-
eral neurological illnesses for which there are currently inadequate treatments [39]. 
Ageing, PD, head traumas, HD, and stroke are a few examples that are mentioned 
[40]. Contrary to what is widely believed, curcumin’s poor bioavailability inhibits 
therapeutic usefulness outside the colon. There is a plethora of animal model evidence 
demonstrating it is extremely effective against a variety of neurodisease types [41].

12.3.2 � Berberine

Berberine, which alleviates rotenone-​induced cytotoxicity in SH-​SY5Y cells 
through antioxidant properties and stimulation of the PI3K/​Akt signalling cascade, 
is neuroprotective through the upregulation of the Nrf2 gene. This finding was 
made possible by the discovery that berberine is neuroprotective [40]. Berberine 
has neuroprotective effects in animal models of AD that have come into the frame 
of knowledge through several studies. NPs of berberine have been found to have 
a neuroprotective role against LPS-​induced neurodegenerative alterations [42]. 
By inhibiting the provocation of inflammatory cytokines, berberine can provide 
neuroprotection to patients suffering from localized cerebral ischemia. Berberine has 
also been proven to have a protective effect against the spoiled intrinsic feature of the 
CA1 neurons that were generated by Aβ neurotoxicity. There are numerous different 
mechanisms by which berberine protects neurons, and some of these mechanisms 
have just recently been examined [43]. According to the authors, it is a possible 
option for treating neurodegenerative illnesses.

12.3.3 �Q uercetin

Based on their chemical structure, flavonoids (secondary metabolites) can be 
categorized into six distinct groups: flavanols, flavanones, flavones, flavonols, iso-​
flavonoids, and anthocyanidins. Targeting numerous pathways at once, they have 
shown significant potential to halt the advances in NDs and may even slow them 
down. Flavonoids have the potential to pass the BBB, suggesting they may be useful 
in preventing neurodegenerative ailments [44].

Some of the most frequent flavonoids in food plants are quercetin and its related 
compounds. It is a type of flavonoid called flavonols, and it is a very important type of 
polyphenol. Daily quercetin consumption should be between 10 and 16 milligrams. 
To experience the health benefits of quercetin, one should take 1gm/​day [44–​45]. 
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It has been shown to have a variety of positive impacts on human health, including 
being anti-​cancerous, anti-​inflammatory, anti-​oxidant, and several other beneficial 
properties, such as a neuroprotective role. The neuroprotective beneficial role of quer-
cetin has been documented in several investigational studies of in vivo and in vitro 
cell line and animal models respectively for NDs such as cognitive deficits, ischemia, 
traumatic damage, PD, HD, and so on [44, 46–​49].

12.3.4 �L ycopene

Tomatoes, watermelons, and red pomelo are just a few of the many fruits and 
vegetables that constitute the carotenoids known as lycopene (Lyc) [50–​51]. There is 
a high concentration of lycopene in red tomatoes, and this structure is preserved even 
after cooking. Recent years have seen a surge in interest in research into the medicinal 
potential of carotenoids, notably in lycopene, because of their efficacy and protection 
in treating human diseases. Studies have revealed that Lycopene has a wide range of 
beneficial effects on human health and acts against several diseases, like protecting 
against cardiovascular disease and preventing the growth of cancers like breast and 
prostate [52–​53]. Reports have also revealed that lycopene has an anti-​inflammatory 
role in the treatment of intestines of rats and the lungs of mice [53]. Findings suggest 
that Lyc protects Leydig cells via regulating the Nrf2 pathway in hypoxic-​ischemic 
(HI) disease, which has an anti-​inflammatory and antioxidant effect [54–​55].

12.3.5 �T hymoquinone

Plants are the world’s greatest producer of chemical compounds; thus, they naturally 
play a role in the traditional medicine of human health [56]. Nigella sativa comes 
from the Ranunculaceae family. It is also known as nutmeg flower, fennel flower, and 
black cumin. Black caraway seeds, habbatusawda, and Kalonji seeds [57] are some of 
the other names for N sativa [57]. People call it a medicinal plant with religious uses, 
and Habatul Baraka is called “the Blessed Seed” and “the cure for all diseases except 
death” (Prophetic hadith) [57–​58]. Black cumin oil has several beneficial compounds, 
including tocopherols, polyunsaturated fatty acids, phytosterols, thymoquinone (TQ), 
4-​terpineol, and carvacrol. Thymoquinone, the major component of N. sativa seeds, 
is also prevalently found in many other medicinal plants like Monarda and Juniperus 
[59]. Thymoquinone, the plant’s principal active ingredient, has shown potential in the 
prevention of a wide range of conditions, including those related to the cardiovascular 
system, the excretory system, and the respiratory system [58, 60–​62]. Furthermore, 
thymoquinone is known to have anti-​inflammatory, antioxidant, anti-​cancerous, anti-​
bacterial, and anti-​mutagenic effects [61, 63–​68]. Oral administration of chrysin 
to hyper-​ammonia rats dramatically recovered brain ammonia, water content, and 
the manifestations of glutamine synthetase (GS), TNF-​alpha, IL 1, IL-​6, and glial 
fibrillary acidic protein (GFAP), revealing that thymoquinone could be an effective 
therapeutic treatment for preventing brain ammonia accumulation. Chrysin synergis-
tically reduces the neuro-​inflammatory process and boosts the synthesis of astrocytic 
proteins and decreases ammonia levels. Studies suggest that TQ effectively counters 
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the neuroinflammation caused by hyper-​ammonia and works as a neuroprotective 
agent [69].

12.3.6 �F erulic acid

Polyphenols are regularly found in plant products such as fruits, vegetables, coffee, 
tea, and olive oil. Polyphenols offer a range of protective benefits and protection in 
against UV radiation and microbial infections [70–​71]. Polyphenols promote human 
health, which is possible due to their antioxidant effect, immune system regulation, 
maintenance of endothelial function, and control of gut microflora [72]. In particular, 
it has been shown that natural phenolic acids, particularly caffeic acid and chlorogenic 
acid, which are highly copious in fruits and vegetables, can inhibit the accumulation 
of proteins involved in NDs marked by cognitive decline. AD is one example of this 
condition. This beneficial quality might be attributable due to the significant anti-
oxidant and anti-​inflammatory action exhibited by these compounds [71]. In recent 
times, one of the significant phenolic acids known as ferulic acid has been used as a 
candidate for a neuroprotective agent. In fact, it has been proven to prevent oligomer 
accumulation and display anti-​inflammatory, anti-​apoptotic, and antioxidant actions. 
These activities appear to alleviate AD pathogenesis by slowing neurodegeneration in 
a number of different brain regions [73].

12.4 � NEUROPROTECTIVE ROLE OF BIOACTIVE COMPOUNDS 
(PHYTOCHEMICALS) FOR ND TREATMENT

Numerous plants and plant-​based foods contain phytochemicals, often in syner-
gistic combinations. According to their chemical make-​up and function, the bulk 
of phytochemicals may be classified into a few primary groups. There are sev-
eral compounds, including carbohydrates, lipids, steroids, polyphenols, terpenes, 
alkaloids, and a few more substances containing nitrogen, as shown in Figure 12.1, 
have demonstrated a significant role in NDs treatment and are briefly discussed below.

12.4.1 �P olyphenols

Polyphenols, which constitute a huge part of plant secondary metabolites, can range 
in complexity from simple phenols associated with hydroxyl groups attached to the 
aromatic ring to the extremely complex polymeric components found in tannins 
and lignins. Polyphenols, according to their chemical composition, play a signifi-
cant role in the treatment of many diseases by reducing inflammation and preventing 
cell damage. Flavonoids, the largest bioactive subgroup of polyphenols with over 
6,000 members, are the primary antioxidant family. Prominent flavonoids including 
apigenin, luteolin [74], flavanols like epigallocatechin-​3-​gallate (EGCG) [75], 
flavonols including quercetin (QC) and kaempferol [76–​77], isoflavones (daidzein 
and genistein) [78–​79], flavanones (such as naringenin and hesperetin) [80](67), and 
anthocyanins are the most well-​known flavonoids that have significant medical and 
nutritional benefits, particularly neuroprotective qualities.
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12.4.2 �A lkaloids

Alkaloids are organic, naturally occurring substances that have nitrogen atoms in 
them. Alkaloids can be classified into several categories according to their precursor 
molecule, biological sources, and pharmacokinetics. More frequently, heterocyclic 
alkaloids have a nitrogen atom in the cyclic ring. A number of isoquinoline alkaloids, 
including berberine (Berberis vulgaris) [81], morphine (Papaver somniferum) [82], 
salsoline (Salsola oppositifolia), and galantamine (Galanthus nivalis) [83], have been 
shown to have beneficial effects on NDs.

12.4.3 �T erpenoids

Isoprene units are the fundamental building blocks of the unsaturated chemical 
compounds known as terpenoids. There is evidence that Ginkgolides A, B, and C, in 
addition to organic acids and flavonoid glycosides, are present in Ginkgo biloba, which 
has been reported to have a positive impact on NDs [84]. It has been hypothesized 
that the neuroprotective properties of Nigella sativa are caused by its primary com-
ponent, which is a monoterpene known as thymoquinone (TQ). The monoterpene 
thymol, which comes from Thymus vulgaris, is another neuroprotective compound 
[85]. It is quite likely that GABA-​mediated modulation of synaptic transmission is 
responsible for the neuroprotective effect of thymol [86]. However, there are many 
phytochemicals; therefore, this chapter will focus on the effects of small groups that 
protect the brain and related NDs, which are illustrated in Table 12.1.

FIGURE 12.1  Potent roles of bioactive compounds against NDs.
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TABLE 12.1
Important Phytochemicals that Protect the Brain from Related NDs

Name of the 
plant source

Bioactive 
compounds Structure

Neuroprotective role of 
bioactive compounds References

1. Curcuma  
longa

Curcumin 1. Anti-​inflammatory, antioxidant, and 
anti-​protein-​aggregate capabilities

2. Decrease proinflammatory cytokine 
and prevent total nitrite generation

3. Prevent a reduced level of 
dopamine and tyrosine hydroxylase 
immunological action

[87–​89]

2. Berberis 
aristate

Berberine 1. Activation of the PI3K/​Akt 
signalling for upregulation of 
the Nrf2 gene

2. Inhibiting the production of 
inflammatory cytokines

3. Protective against Aβ 
neurotoxicity

[90–​91]

3. Red wine, 
berries, 
green tea, 
apples, and 
onions

Quercetin
(flavonoids)

1. AChE inhibition
2. Act as an anti-​oxidant and 

anti-​amyloidogenic
3. GSK3β inhibition

[92–​94]

4. Tomatoes, 
watermelons, 
red pomelo, 
etc.

Lycopene

1. Lycopene protects Leydig cells via 
regulating the Nrf2 pathway in HI 
disease,

2. Lycopene has an anti-  
​inflammatory as well antioxidant 
effect

[55, 95]
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TABLE 12.1
Important Phytochemicals that Protect the Brain from Related NDs

Name of the 
plant source

Bioactive 
compounds Structure

Neuroprotective role of 
bioactive compounds References

1. Curcuma  
longa

Curcumin 1. Anti-​inflammatory, antioxidant, and 
anti-​protein-​aggregate capabilities

2. Decrease proinflammatory cytokine 
and prevent total nitrite generation

3. Prevent a reduced level of 
dopamine and tyrosine hydroxylase 
immunological action

[87–​89]

2. Berberis 
aristate

Berberine 1. Activation of the PI3K/​Akt 
signalling for upregulation of 
the Nrf2 gene

2. Inhibiting the production of 
inflammatory cytokines

3. Protective against Aβ 
neurotoxicity

[90–​91]

3. Red wine, 
berries, 
green tea, 
apples, and 
onions

Quercetin
(flavonoids)

1. AChE inhibition
2. Act as an anti-​oxidant and 

anti-​amyloidogenic
3. GSK3β inhibition

[92–​94]

4. Tomatoes, 
watermelons, 
red pomelo, 
etc.

Lycopene

1. Lycopene protects Leydig cells via 
regulating the Nrf2 pathway in HI 
disease,

2. Lycopene has an anti-  
​inflammatory as well antioxidant 
effect

[55, 95]

(Continued)
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Name of the 
plant source

Bioactive 
compounds Structure

Neuroprotective role of 
bioactive compounds References

5. Nigella sativa Thymoquinone 1. Prevent cardiovascular, excretory, and 
respiratory system disorders

2. TQ inhibits inflammatory mediators 
PGE2, NO, IL-​1β, and TNF-​ α

3. Act as an anti-​depression agent
4. Act against epilepsy disorder

[96–​98]

6. Spinach, 
blueberry, 
grapes, 
pepper, turnip, 
cucumber, 
parsley, 
tomatoes, red 
beet, radish 
carrots, etc.

Ferulic acid 1. Neuroprotective approach  
against AD

2. Acts as an anti-​  
inflammatory and anti-​oxidant agent

[99–​100]
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12.5 � ROLE OF NANOCARRIER-​BASED STRATEGIES FOR NDS

Simple colloidal NPs are known as “nanocarriers” (NCs), and they are frequently 
utilized to deliver medicinal and chemical agents towards a specific target [101]. 
According to Peer et al., NCs vary among spectra of size between 1 to 100 nm [102]. 
But NCs that are used in therapeutic applications should be less than 200 nm in size 
because of the smaller size of the microcapillaries of the body [103]. Since these 
nanocarriers are inactive and typically regarded as a safe medium, they offer good 
biocompatibility. With the prolonged release of medication, these nanocarriers will 
have a larger circulation time and will bypass the endosome-​lysosome process [104]. 
NCs’ physical and chemical characteristics, like their size, shape, and composition, 
can be changed in order to enhance their activity and minimize side effects [105]. 
Although many different types of NCs are manufactured, only a select number 
possess a remarkable ability to deliver medicine in the desired location. According 
to Mishra et al., NCs have several distinctive characteristics like improved pharma-
cokinetics and biodistribution, enhanced stability, superior solubility, decreased tox-
icity, and targeted drug delivery [106]. Organic, inorganic, and hybrid NCs are the 
three major types of NCs that are used for drug-​delivery applications. Multiple nano-​
carrier-​based delivery techniques are addressed more thoroughly below and shown 
schematically in Figure 12.2.

12.5.1 � Inorganic Nanocarriers

Inorganic NCs, due to their simplicity in crossing the BBB and building up in the  
brain, are metal NPs that have attracted a lot of attention [107–​108]. For effective  
brain targeting, their many features, including size, surface alterations, and stability,  

FIGURE 12.2  Role of different nano-​based formulations for NDs treatment.
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can be easily modified [108]. For improved medication delivery to the CNS, metal  
NPss are frequently functionalized with a variety of brain-​targeted ligands, including  
antibodies, proteins, and small molecules. The imaging and diagnostic uses of these  
NPs are also well known [109–​110]. Gold, silver, and cerium NPs have been the most  
successfully used metallic NPs for CNS administration [107] .

12.5.2 �G old-​based Nanocarriers

Over the past century, gold NPs have captivated scientists’ attention, and they have 
been widely utilized for biomedical and theranostic purposes. Due to their versa-
tility, gold NPs (Au-​NPs) are widely utilized in the field of drug delivery, imaging, 
and therapeutics systems [111]. AuNPs are notable for their tunable nanomaterial 
qualities like porosity or optical responsiveness as well as their relatively larger sur-
face area that facilitates the coalition of various targeted ligands. Low toxicity, bio-
compatibility, anti-​bacterial, higher (Z) atomic number, higher (µ

a
) X-​ray absorption 

coefficient, simplicity of synthesis, and cost-​effectiveness are further noteworthy 
characteristics [112–​113]. AuNPs, as well as other synthetic NP-​based delivery 
systems, however, exhibit lower selectivity when it comes to targeting cells since 
they lack distinctive moieties that distinguish between targeted and non-​targeted 
sites [114] . The BBB can be crossed by AuNPs with a diameter of less than 50 nm, 
according to research [115]. Additionally, because tumour cells have a perforated 
vascular system, PEGylated AuNPs coupled with TNF (tumour necrosis factor) can 
discharge via these infected cells [116]. Numerous AuNP species were thoroughly 
investigated for delivery of siRNA [117–​118]. They include cationic quaternary 
ammonium-​ or branching PEI-​functionalized AuNPs, cationic lipid bilayer-​coated 
AuNPS, and oligonucleotide-​modified AuNPs. It has also been discovered that gold 
nanorods possess a greater possibility for siRNA delivery to specific cells or tissues 
[119]. A research team developed gold nanorod-​DARPP-​32 siRNA complexes (nano 
plexes), which have the ability to selectively target and lower the expression of spe-
cific proteins (DARPP-​32) like extracellular signal-​regulated kinase (ERK), and pro-
tein phosphatase 1 (PP-​1) in the dopaminergic signalling pathway in brain tissues for 
the drug addiction treatment.

12.5.3 �S ilver-​based Nanocarriers

Silver NPs (AgNPs) are widely utilized in several areas of chemistry, physics and 
medicine like catalysis, optical, electrical, and photothermal properties, treatments, 
diagnosis, and immunoassays [120–​122]. AgNPs are widely popular for their anti-
bacterial or anticancer properties, according to numerous studies [123–​124]. Contrary 
to its ionic form, silver when utilized in NP form shows lessened cellular toxicity. 
Undoubtedly, AgNPs’ better antibacterial capabilities aid in the production of free 
radicals from the surface of Ag [124]. AgNPs not only work well against germs, but 
also seem to have anti-​inflammatory characteristics. Interleukin-​6, tumour necrosis 
factor-​alpha, and interferon-​gamma production were all decreased by AgNPs [125]. 
Macular degeneration and other optical problems can be prevented or treated more 
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effectively with AgNPs [126–​127]. The growth factor that makes endothelial cells 
more permeable is inhibited by AgNPs. Subsequently, they also reduced the onset of 
degenerative disorders related to the eyes and, in certain cases, might also improve 
sharp-​sightedness by reducing this permeability [128]. It was reported in one of 
the studies conducted by Daniel et al. that intracellular Ag

2
S generation segregates 

silver ions released from silver NPs; it also dramatically decreased their toxicity and, 
consequently, lowered microglial inflammation and associated neurotoxicity [129]. 
Thus, AgNPs can be a suitable NP for the treatment of brain inflammation and related 
neurotoxicity.

12.5.4 �C arbon-​based Nanocarriers

Carbon nanotubes (CNTs) are a highly sought-​after choice for several biological 
applications like biosensors for DNA and protein detection, diagnostic tools used in 
differentiating distinct proteins from serum samples, and carriers for delivering medi-
cation molecules, protein, or vaccines [130]. The value of the CNT-​based drug-​delivery 
therapy has greatly increased due to its biocompatibility and supporting substrate. 
Through attachment to the outer walls of nanotubes, the drugs can be administered 
to particular targets [131]. Bioactive molecules including proteins, peptides, nucleic 
acids (NAs), and medicinal compounds, can be used to functionalize them. One of 
the key benefits for using carbon nanotubes in the treatment of cancer is the many 
covalent functionalizations on their sidewalls or tips. According to this idea, treating 
inflammatory diseases like Parkinson’s, Huntington’s, ALS, and AD can help prevent 
tissue damage by coating healthy tissues with complement proteins or using NPs.

12.5.5 �M agnetic Nanocarriers

Widder, Senyi, and colleagues fostered the idea of comprehending magnetic micro-​ 
and nanoparticles and using them as a medication delivery mechanism in the late 
1970s [132][94, 95]. For biological applications, such particles that have super-​
paramagnetism at room temperature are typically chosen. Magnetic NPs possess sev-
eral biological and medical uses because of their higher field irreversibility, saturation 
field, superparamagnetism, and additional anisotropy [133]. These characteristics 
result from the surface effects and narrowness and limitation in size that determine the 
magnetic behaviour of single NPs [134]. Due to the applied magnetic field, magnetic 
NPs allow for the systematic delivery of medication to a precise target place within 
the human body while remaining eventually localised. The fundamental concept is 
that medicinal substances are encapsulated or linked to a magnetic microcarrier. By 
functionalizing the polymer or metal coating, cytotoxic medicines or therapeutic 
DNA for targeted treatment is added to address a genetic abnormality.

12.5.6 �O rganic Nanocarriers

Organic NPs such as lipid NPs, liposomes, dendrimers, polymeric NPs, micelles, 
and viral NPs are examples of organic nanocarriers (ONCs). ONCs may merge with 
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several spectra of medicines as well as ligands used in drug delivery, and they have a 
very flexible nature with low toxicity. In terms of ONCs, the improved permeability 
and retention effect of micelles and liposomes allows for drug accumulation at the 
appropriate spot [135]. The first generation of nanocarriers is basic excipients known 
as polymeric nanocarriers and liposome-​mediated drug delivery [16].

12.5.7 �L ipid-​based Nanocarriers

Small molecules, vaccines, peptides, small and long.For instance, the medication 
doxorubicin in stealth liposomes had a lower dispersion in plasma and a higher con-
centration in healthy cells than the drug in solution (Wang et al. 2012). Temperature 
response liposomes, a type of programmable switch nanocarrier, are said to improve 
local medication release (Rosenblum et al. 2018)

12.5.8 �P olymeric Nanocarriers

Colloidal, solid NPs made from any biodegradable polymer, are known as polymeric 
NPs [136–​137]. Nanospheres are a matrix type that encloses the molecules of the drug 
inside the polymeric matrix, whereas nanocapsules are a reservoir type that dissolves 
or disperses the drug molecules in the polymer’s core. Both varieties can chemically 
combine or adsorb the medication to their exterior [138]. The biodegradation of the 
polymeric nanocarriers inside the human body results in monomers that are readily 
broken down through metabolic pathways [139]. Synthetic polymers like poly(lactic-​
co-​glycolic acid), PEG, PGA, and PCL, and natural polymers like chitosan, gelatin 
and albumin, and so on, can both be used to make polymeric nanocarriers [140]. 
These nanocarriers possess enhanced stability, drug payload, half-​life in systemic 
circulation, and longer drug release when compared to other nanocarriers. To target 
malignant cells, an anticancer medication like doxorubicin is confined inside poly-
meric nanocarriers. Physiochemical changes to the polymeric source can improve the 
regulated release of the medication. Additionally, the manufacturing of polymeric 
NPs for targeted drug administration using stimuli-​sensitive polymers has advanced. 
When internal or external environmental stimuli (low pH, redox, enzyme) are present, 
these intelligent polymers release drugs (temperature, light, ultrasound, magnetic and 
electric field). Scalability, toxicity/​biocompatibility, and stimuli sensitivity are design 
hurdles for smart polymers. Extrinsic stimuli, on the other hand, present difficul-
ties like stimuli supplying compliance, tissue penetration, and localization, whereas 
intrinsic stimuli face variations between clinical and preclinical models [141–​142].

12.5.9 �D endrimers

Dendrimers are the highest ramification nanoscale polymers [143]. In recent years, 
scientists have created a wide variety of dendrimers, and novel dendrimer types are 
still being created and processed. Such extensively branched polymers are considered 
desirable drug carriers due to their ordered three-​dimensional architecture and wide 
surface functionalities [144–​145]. Drug molecules may be affixed to the surface 
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groups of dendrimers or incorporated therein. On the dendrimer surface, various func-
tional groups can accommodate pharmaceuticals and medicinal compounds with ease 
[146–​147]. Dendrimers are one type of nanocarrier-​based DDS that has shown con-
siderable potential in the treatment of numerous CNS illnesses. These nanocarriers 
have shown promising properties for administering CNS medications, including low 
immunogenicity and toxicity and improved solubility of drugs, stability, and perme-
ability. Additionally, dendrimers exhibit higher effective paracellular and transcellular 
transport through the BBB, which qualifies them as good carriers for delivering drugs 
inside the brain [148]. In order to improve the delivery of water-​insoluble medications 
to the brain, researchers looked at the possibility of PAMAM dendrimer for intranasal 
efficacy of the antipsychotic medicine haloperidol [149–​150]. They discovered that 
the dendrimer-​based formulation increased the water solubility of haloperidol. Drug-​
dendrimer interaction mostly occurs through the creation of chemical and physical 
bonds. This dendrimer can be utilised for vaccine delivery, gene delivery, medication 
delivery, antiviral delivery, and magnetic resonance imaging scanning [151].

12.5.10 �P rotein Nanocarriers

Protein nanocarriers are safer than synthetic polymers and therefore they are fre-
quently employed in medical formulations. Protein’s amphiphilicity makes it the 
perfect material for creating NPs and enables improved interactions between the 
medication and solvent [152]. The benefits of protein NPs include biocompatibility, 
non-​antigenicity, and biodegradability. These NPs can be made safely without the 
use of harmful chemicals or organic solvents under modest conditions. Furthermore, 
protein-​based NPs’ specified fundamental structure allows for surface alterations, 
enabling covalent attachment of medicines and targeting ligands [153].

12.5.11 �S olid Lipid Nanocarriers

Over the first decade of the 1990s, solid lipid nanocarriers have proven a successful 
method of delivering lipophilic drugs. The melted solid lipids are dispersed in 
water to create solid lipid nanocarriers, which are then stabilised by the addition of 
emulsifiers by micro-​emulsification or high-​pressure homogenization [154–​155]. 
Solid lipid nanocarriers are often prepared using the solid form of lipids at room 
temperature, such as free fatty alcohol or acids, steroids or waxes, and mono-​, di-​, or 
triglycerides [156]. According to the circumstances and make-​up of the solid lipid’s 
creation, the drug molecules may be incorporated into the matrix, shell, or core of 
the substance. Due to its adaptability, this solid lipid nanocarrier can get around the 
limitations of traditional chemotherapy. Ionic and hydrophilic anticancer medications 
can now be added to lipophilic anticancer agents using solid lipid nanocarriers. As 
an effective source for oral medication delivery, a polymer-​lipid hybrid nanocarrier, 
for instance, has been investigated [157]. For the treatment of ocular illnesses, for 
the regulated release of active medicines [155], and for the targeted medication 
delivery of anticancer agents, numerous studies on solid lipid nanocarriers have been 
conducted [158–​159].
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12.5.12 �H ybrid Nanocarriers

Recently, hybrid NPs have been created as nanocarriers that combine the benefits 
of current systems with well-​known features to create lipid-​polymer NPs and 
solid liposomal NPs. The core and corona structure, which make up the essential 
components of hybrid NPs, are made of at least two distinct materials. Typically, 
the protective membrane, which resembles a liposome or micelle, is created by 
coating the metallic and polymeric core with one or more lipid layers [160]. When 
organic or inorganic NPs are combined with another molecular or macromolecular 
entity, new systems with numerous or synergistic features are created. Inflammatory 
macrophages are the target of lipid-​latex (LiLa) hybrid NPs, which were reported 
by Vaishali Bagalkot and colleagues. The lipids provided targeting capabilities and 
colloidal stability, and the latex core served as a model hydrophobic polymeric tem-
plate. LiLa was coated with phosphatidylserine (PtdSer) and the oxidized cholesterol 
ester product cholesterol-​9-​carboxynonanoate to target inflammatory macrophages 
(9-​CCN). These lipids are effectively phagocytosed by macrophages, which are fre-
quently referred to as “eat-​me” signals [161]. Protein-​polymer hybrid NPs for cancer 
medication delivery have been reported by Ge et al. It has also been examined how 
bovine serum albumin (BSA)-​poly(methyl methacrylate) (PMMA) conjugates self-​
assemble hybrid protein-​polymer NPs [162].

12.6 � HERBAL DRUG-​LOADED NANOFORMULATIONS FOR 
NEURODEGENERATIVE DISEASES (NDS) TREATMENT

The mechanism of drug delivery enables the active pharmacological component 
to be delivered, resulting in the anticipated therapeutic outcome. Traditional medi-
cation delivery methods (tablets, capsules, syrups, ointments, etc.) have poor bio-
availability and inconsistent plasma drug levels, which make it difficult for them to 
provide sustained release. Without an effective distribution method, the entire thera-
peutic procedure can be unsuccessful. To achieve optimal efficacy and safety, the 
medicine must also be administered at a precise controlled rate and at the intended 
spot [163]. So, a different approach to solving these urgent issues might be to adopt 
novel drug-​delivery techniques that target treatments to specific body regions [164]. 
As a result, nanotechnology significantly influences current medication formulations, 
their regulated drug release profile, and their successful delivery [165]. A number 
of serious ailments, including cancer, diabetes, cardiovascular, inflammatory, and 
microbial illnesses, are currently being treated with natural chemicals. This is mainly 
because herbal medicines have unique advantages such as low cost, significant medi-
cinal effectiveness, and less toxicity and adverse effects [110]. Recent studies have 
concentrated on creating formulations for plant extracts to safely distribute them 
as well as to increase their therapeutic efficacy, as summarized in Table 12.2. Plant 
extract-​loaded NPs are designed to help people get over biological barriers, boost the 
bioavailability of phytochemicals that are poorly water-​soluble, encapsulate mixtures 
of diverse phytochemicals, deliver phytochemicals to specific organs with low tox-
icity, and more [166]. Citrus fruits and vegetables include the polyphenol quercetin, 
a member of the flavonoid family with antioxidant effects. Polymeric micelles were 
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TABLE 12.2
Different Herbal Bioactive Compounds and Their Effect on Neurodegenerative Diseases

NDs

Herbal drug 
(bioactive 
compounds)

Nanocarrier
(NPs)

NPs size 
(nm)

Biological study 
(in vitro and 
in vivo study of 
NPs) Key findings References

1. 	Alzheimer’s 
Disease

2. 	Parkinson’s 
Disease

3. 	Huntington 
Disease (HD)

4. 	Friedreich  
ataxia

5. 	Prion disease

a.	 Curcumin
b.	 Quercetin
c.	 Piperine

a.	 Curcumin+​ 
piperine

b.	 Quercetin  
(QNE)

a.	 Curcumin

a.	 Curcumin

a.	 Curcumin

a.	 PLGA-​PEG
b.	 Nano-​quercetin
c.	 Chitosan 

Glyceryl 
monooleate

b.	 Capmul MCM 
NF oil and 
cremophor RH 40

a.	 Hyaluron

a.	 Silk fibroin

a.	 Poly-​ε-​
caprolactone/​ F68

a.	 50–​250
b.	 <300
c.	 248.50

a.	 93
b.	 50

a.	 150–​500

a.	 150

a.	 149

a.	 HT22 cells, APP/​
PS1 Mice

b.	 Albino 
Wister Rat

c.	 Male Wister Rat

a.	 PD mouse model
b.	 Bristol wild-​

type strain 
(C. elegans), 
MIA PaCa-​
2 strain

a.	 Mouse 
(STHdh111/​111)

a.	 Mouse   
(FRDA 
transgenic 
mice YG8R 
and control 
mice Y47)

a.	 MIO-​M1 and 
SH-​SY5Y cells

a.	 NPs made of PLGA-​PEG-​B6/​Cur show promise as an 
Alzheimer’s disease (AD) therapy.

b.	 A preventative approach against the advancement of AD was 
demonstrated in rats treated with NQC, who displayed extra 
distinct findings in comparison to the quercetin group.

c.	 The anti-​apoptosis and anti-​inflammatory properties of PIP 
have been reported as another mechanism for its actions in AD.

a.	 In-​vivo research shown that constructed dual drug loaded 
NPs could pass the bloodbrain barrier, reverse the motor 
coordination deficit caused by rotenone, and stop the 
degradation of dopaminergic neurons in a PD mouse model.

b.	 In the C. elegans model of PD, QNE demonstrated enhanced 
solubility, targetability, and neuro-​protective benefits.

a.	 In an in vitro model of HD nanoparticles encapsulated with 
curcumin infiltrate the cells and lessen their vulnerability to 
apoptosis.

a.	 According to this study, oxidative stress was reduced and iron 
was removed from the heart.	 Also, it enhanced the synthesis 
of iron-​sulfur clusters, which counteracts the lack of FXN to 
enhance the shape and functionality of mitochondria in FRDA 
illness.

a.	 Spinocerebellar ataxias and other neurological illnesses might 
benefit from the use of curcumin-​loaded nanoparticles as an 
alternative therapy.

[175–​177]

[178–​179]

[180]

[181]

[182]
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employed to transport quercetin in a study by Dian et al. [167], and the findings 
revealed that these micelles could give continuous release for up to 10 days in vitro, 
with continuous plasma level and increased full accessibility of the medication 
under in vivo conditions. The most researched nanostructures are liposomes, which 
have been employed in a number of formulations to carry natural compounds like 
resveratrol [168]. One of the studies performed by Karthik et al. showed that delivering 
rivastigmine liposomes through the intranasal route might be a newer approach for 
the treatment of AD [169]. In a recent study after three days of treatment, curcumin-​
loaded exosomes, which were derived from mouse embryonic stem cells and given 
nasally to ischemia-​damaged mice, were dispersed throughout the entire brain 
and improved the neurological score. Additionally, the therapy increased the tight 
(claudin-​5 and occludin) and adherent (VE-​cadherin) junction proteins of the vas-
cular endothelium (VE), showing that merging the potentials of embryonic stem cell 
(ESCs) exosomes and curcumin can help with neurovascular recovery after ischemia-​
reperfusion damage in mice [170]. For the treatment of cancer, liposomal curcumin 
formulations have been created [171]. Curcumin was encapsulated in liposomes 
using several techniques, and Cheng et al. [172] evaluated the results and found that 
the approach that depended on pH produced stable products with good encapsulation 
efficiency and bioaccessibility which might be used to treat cancer. Thus, it can be 
claimed that naturally found bioactive constituents (or herbal drugs) with controlled 
release systems show themselves as significant instruments for improving their bio-
activity and minimizing their limits by providing novel possibilities for the manage-
ment of chronic and fatal disorders [173]. According to BBC Research, the global 
market for herbal pharmaceuticals has expanded at a compound annual growth rate 
(CAGR) of 6.15% from $29.4 billion in 2017 to around $39.6 billion in 2022 [174].

12.7 � CONCLUSION AND FUTURE PERSPECTIVE

ND illnesses are becoming more prevalent, which is a significant social and economic 
healthcare issue throughout the globe and is mostly caused by ageing populations and 
a shortage of impactful treatments. Additionally, the CNS is well known to be firmly 
protected by a number of barriers. Hence, in order for a suitable medicine to reach the 
CNS, it must basically cross the BBB. Since there is currently no treatment, ND is 
expensive for the health sector and also for the families of sufferers. The majority of 
herbal drugs include both anti-​inflammatory and antioxidant effects; therefore, looking 
into alternate sources for ND treatment can lead to herbal remedies. Despite the fact 
that there are many drug-​delivery methods that have been devised and established, 
herbal drug-​based nanostructures stand out for having benefits including being safe, 
non-​toxic, economical, simple to expand, and for offering NPs with controllable 
shapes and sizes. Irrespective of the availability of intriguing herbal compounds, their 
limited transport to the brain in therapeutically useful quantities prevents them from 
realizing their detailed clinical significance. Hence, among the most difficult tasks 
facing modern neurological research is identifying clinically viable entry sites from the 
bloodstream to the brain. Studies investigating neuro-​pharmaceuticals are attempting 
to comprehend both the receptor-​assisted and adsorptive transcytosis mechanisms 
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in addition to all the physical and chemical characteristics that are unique to neuro-​
pharmaceuticals. This may result in novel treatments that have a greater chance of 
being successful at penetrating the BBB. According to the data presented here, herbal 
drug-​loaded nanostructures have the potential to modify neurobiological knowledge 
and restorative approaches and may be utilized to potentially make important pledges 
for the significant emergence of nano-​enhanced herbal products for the manage-
ment of NDs. Owing to these NPs’ innate biodegradability, cytocompatibility, ease 
of clearance, and low toxicity, they are acceptable for use in the administration of 
medication. Therefore, it can be inferred that nano-​formulated herbal drugs offer an 
extensive source of chemically, structurally, and functionally varied compounds for 
novel therapeutic and curative usage in NDs.
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13.1 � INTRODUCTION

The complex anatomical and pathophysiological features of the brain make it par-
ticularly challenging to comprehend and manage neurological diseases. Despite 
recent rapid drug discovery, there continues to be a substantial rate of failure in the 
efficient management of neurological illnesses. On the other hand, a severe public 
health hazard has arisen as a result of the significant rise in neurological diseases 
over the past few decades. It is the second most frequent cause of death worldwide 
[1]. The global burden of brain illnesses is so large that it will affect approximately 
100 million Americans, with a projected cost of $800 billion (including $37 billion 
for epilepsy, $86 billion for traumatic brain injury (TBI), and $110 billion for stroke) 
[2]. The bitter truth is that conventional therapies are largely symptomatic-​centric 
rather than addressing the underlying aetiology or pathogenesis of the disease. In 
addition, the severe acute respiratory syndrome coronavirus-​2 (SARS-​CoV-​2) epi-
demic of the novel coronavirus disease 2019 (Covid-​19) may bring about new dif-
ficulties and contribute to an increase in the worldwide burden of central nervous 
system (CNS) disorders. As the ability of SARS-​CoV-​2 to target the nervous system 
has now been established [3], it is believed that approximately 40% of Covid-​19 
patients experience CNS-​related problems, including encephalitis, an increased risk 
of stroke, and damage brought on by hypoxic condition [4–​6]. The effects of SARS-​
CoV-​2 infections during pregnancy are another mystery. One major explanation for 
the origin of abnormal developmental disorders of the brain such as autism or schizo-
phrenia posits certain viral infections during pregnancy may activate the mother’s 
immune system, potentially disrupting physiological mechanisms necessary for typ-
ical neurodevelopment [7,8]. The aforementioned examples highlight how the field of 
brain disorders and their aetiologies and processes are continually changing and how 
new research approaches may require coordinated efforts.

The currently prescribed modified chemical interventions are associated with an 
inadequate pharmaco-​therapeutic profile with various psycho-​somatic complications 
including psychedelic impairments, agitation, and other behavioural issues [9–​11]. 
A major hindrance to the effectiveness of therapeutic interventions is the blood–​brain 
barrier (BBB), which restricts the efficient transfer of many chemically modified syn-
thetic drugs from the blood to the brain milieu. This makes it difficult to effectively 
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treat CNS illnesses [12–​14]. However, nanoparticles with a diameter between 10 and 
100 nm can cross the BBB by varying degrees [15,16]. Bhasmas (herbo-​mineral-​
metallic compounds) and Rasa sindoor (red-​HgS), on the other hand, are Ayurvedic 
nanomedicines that show a unique set of special characteristics, including Rasayana 
(immune regulation and anti-​aging efficiency), Yogavahi (targeted drug distribution), 
Alpamatra (recommended in small doses ranging from 15 to 250 mg/​day), Rasibhava 
(quickly and easily absorbable, adaptable, assimilable, and non-​poisonous), 
Shigravyapi (distributes quickly and act rapidly), and Agnideepana (enhances cel-
lular metabolism at multiple level and acts as catalyst). These characteristics are 
developed by opting herbal derivative-​based modus operandi during a pharmaceutical 
procedure [17,18]. Being biocompatible, nontoxic, and nonantigenic by nature, these 
nanomedicines can also be used for selective, targeted, or controlled drug administra-
tion [19,20]. In this section, we will address the potential neuro-​therapeutic impacts 
of Ayurvedic nanomedicines.

13.2 � BLOOD–​BRAIN BARRIER: ANATOMICAL AND 
PHYSIOLOGICAL PERSPECTIVE

The human brain is the most complicated and vital organ, which produces ser-
ious health consequences when it becomes diseased. While brain disorders 
are becoming more prevalent, there are currently no effective treatments. The 
challenge of getting medications to their intended target components in the brain is 
one of the main causes of the significant failure rates in the development of drugs 
for the brain. The desired pharmacological effect can only be achieved when the 
drugs penetrate the BBB sufficiently and interact with target cellular component 
of the brain.

The BBB is regarded as the most important component of the neurovascular  
unit (NVU) [21]. The NVU, which is made up of endothelial cells (ECs), neurons,  
pericytes (PCs), glial cells, and the extracellular matrix, is critical for the CNS  
microenvironment’s integrity. The effective functioning of the NVU relies on efficient  
communication between its various parts. The BBB, on the other hand, is formed by  
ECs that are tightly packed within the capillaries [22]. PCs, vascular smooth muscle  
cells (VSMCs), and ECs have cell-​specific surface proteins, ion channels, pump  
proteins, specific bioreceptors, and transport proteins that maintain BBB integrity  
and establish the equilibrium of substances by transcellular or paracellular transport 
[22]. The BBB is a semi-​permeable multicellular complex, communicating the  
blood and the brain tissue (Figure 13.1). This complex is supported by complicated  
intercommunication and the arrangement of endothelial cells, astroglia, pericytes,  
and perivascular mast cells [23–​25]. The BBB blocks the entry of infections, blood  
cells, and neurotoxic plasma components into the brain [26]. Moreover, the BBB  
precisely controls molecular entry and exit from the CNS, ensuring that the neuronal 
milieu’s chemical composition is carefully regulated and suitable for neuronal  
activity [27,28]. The transfers occur between the two compartments, allowing only  
specific types of molecules or ions to do so by simple diffusion, facilitated diffusion,  
passive transport, or active transport. This ultimately brings about the maintenance of 
homeostatic equilibrium for neuronal functions, protecting the CNS from  
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xenobiotic assaults, coordinating communication between the regulatory and struc-
tural components, and providing nutritional support to the brain. In disease states, the  
BBB breaks down and dysfunction results in leakages of potentially harmful blood  
products into the CNS, cellular infiltration, and abnormal molecule transport and  
clearance, which is connected to cerebral blood flow reductions and dysregulation  
[29–​32] and contributes to neurological impairments [26–​28].

The inherent resistivity of the BBB is governed by the uninterrupted covering 
of endothelial cells interconnected through tight junctions (TJs), adherent junctions 
(AJs), and gap junctions (GJs) that restrict paracellular transport [33] and exhibit 
little pinocytotic activity [34,35], although limited transcellular transport does occur. 
However, among the junctions that give the BBB increased trans-​endothelial resist-
ance, TJs are the essential part of the BBB’s make-​up [33]. Furthermore, the BBB’s 
endothelial cells serve as a few additional transport pathways (such as fenestra, trans 
endothelial channels, and pinocytotic vesicles) and express high concentrations of 
active efflux transport proteins, such as P-​glycoprotein (P-​gp, MDR-​1 or ABCB1) and 
breast cancer resistance protein (BCRP, ABCG2) [36,37]. The most difficult aspect 
is creating a vehicle that is physiologically efficient and can transport medications 
through the BBB with ease. These vectors, which attach to a particular receptor at the 
BBB and traverse it via transcytosis, can acquire a specific form of intracellular entity 
or other tailored formulations like nanoparticles.

FIGURE 13.1  Structural illustration of blood–​brain barrier.
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13.3 � INTERACTIONS OF METAL NANOPARTICLES WITH THE 
BLOOD–​BRAIN BARRIER

Nanoparticles (NPs) are a cutting-​edge method for breaching the BBB and are rich 
in a diverse range of unique physical and chemical characteristics that allow for the 
selective delivery of the therapeutic agent within the neural tissue [38]. NPs are a 
particularly appealing choice due to their small size, dynamic functioning, low tox-
icity, and managed release of drug method [39–​41]. Once there, NPs can naturally 
cross the BBB via a variety of mechanisms, including paracellular transport, car-
rier transport, adsorptive-​ and receptor-​mediated transcytosis. Other non-​invasive 
techniques, on the other hand, are also available that change the pharmacodynamic 
characteristics by altering the drugs to facilitate passage through the BBB. Transient 
BBB integrity disruption, intracerebroventricular infusion, and intrathecal infusion 
are invasive procedures that can be used to circumvent the BBB but are still in the 
experimental phase.

The size of NPs is an important characteristic for their distribution to the targeted 
tissue, cellular absorption, and capacity to reach target proteins, since even chemical 
reactions are size driven. The BBB has the least permeability for particles larger than 
200 nm [42,43], while NPs under 5 nm are quickly removed by renal filtration [44]. 
NPs having sizes between 10 and 100 nm are therefore the most preferred for targeted 
drug delivery across the BBB [45]. Permeability is also determined by electrostatic 
interactions between NPs and the BBB. The endothelial cells of the BBB are given 
a high density of anionic surface charges by negatively charged proteoglycans. As a 
result, positively charged particles are suitable for adsorptive-​mediated transcytosis 
throughout the BBB because they electrostatically interact favourably with endothe-
lial cell membranes [46]. Neutral particles, on the other hand, are approximately 100 
times less accessible than positively charged NPs [47]. The plasma membranes of 
the BBB endothelial cell ‘layer can passively absorb small lipophilic cationic NPs 
in to the brain’ [48]. This spontaneous but seldom occurring process occurs at the 
BBB, but due to their small size, NPs can take advantage of it. NPs loaded with 
enhanced cationic charge density show increased diffusion capacity [49]. Particularly 
gold nanoparticles have been demonstrated to passively diffuse through endothe-
lial cells of the BBB [50]. The distinctive physico-​chemical characteristic imparted 
to NPs can also lead to targeting the specific carrier transporters, such as glucose 
for activating the glucose transporter [51]. Active transcytosis of NPs across endo-
thelial cell plasma membranes via adsorptive or receptor-​mediated processes is a 
common transport route at the BBB [52]. Positively charged NPs may internalize 
through charge-​dependent manner. This occurs when charged molecules/​particles 
engage electrostatically with the oppositely charged cell membrane and incorporate 
via adsorption-​mediated transcytosis [53]. Such interplays induce the cell membrane 
of endothelium to invaginate and form intracellular vesicle. Caveolae contribute in 
adsorptive-​mediated endocytosis (AMT) of extracellular molecules and receptor 
trafficking, while clathrin-​coated pits participate in the majority of receptor-​mediated 
transcytosis (RMT) [54]. AMT is frequently associated with electrostatic communi-
cation between positively charged NPs and the negatively charged plasma membrane
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The binding of NPs to specific receptors on the luminal side of endothelial cells 
facilitates endocytosis via RMT. Similar to AMT, the vesicle-​based intracellular 
transport system is generated by the inward folding of the cell membrane, and the NP 
is carried to the basolateral surface [55]. NPs can be targeted to specific brain tissues 
based on surface characteristics by binding to receptors on the apical surface of BBB 
endothelial cells as well as target tissue, including cancer cells [56–​58]. Bioinspired 
designed homologous NPs easily bind to the cell surface and produce a desired cell 
response [38,59,60].

13.4 � AYURVEDIC NANOMEDICINES CAN EFFECTIVELY MANAGE 
SEVERAL NEUROLOGICAL DISEASES

Additional to the botanical category, there is another medicinal class based on 
metals and minerals mentioned in the Indian traditional medicine, Ayurveda [59,61]. 
The Ayurvedic nanomedicines are metal nanopowder (also called as bhasma) and 
are considered the most potent formulation with the least adverse effect when 
administered in the recommended dose [62–​66]. When any classical pharmaceutical 
method is opted for, the surface of bhasma NPs (BNPs) spontaneously develops a 
corona of several trace elements of varying degrees of thickness around the metallic 
core [67]. The corona has very high pharmacological significance as it has dis-
tinctive physico-​chemical characteristics. Moreover, the core has its own pharmaco-​
therapeutic significance. This means that no additional surface-​related modifications 
are required in the BNPs as is the case in conventional synthetic drugs for promoting 
therapeutic effects. The versatile functionalities of bhasmas are the result of a series 
of steps in a tedious well-​defined pharmaceutical process, called bhavana. It is a 
special technique of drug preparation in ayurveda which involves levigation or wet 
grinding of single/​compound powdered medications with liquid derivatives, that is, 
juice/​decoction/​solution of plant, animal, or mineral origin [68]. In simple words, 
it is a technique used in drug manufacturing to imbue the substance with the prop-
erties of liquid media. The end result of the bhavana process is the transformation 
of the solid inorganic material into a nanosized bio-​assimilable organometallic/​
organomineral complex with a rich trace element composition and distinctive sur-
face chemical properties. BNP as a vehicle, on the other hand, is a novel strategy for 
improved and efficient drug delivery to targeted tissue and is still in the experimental 
phase. The pharmacological aspects of Ayurvedic nanomedicines can be outlined as 
follows:

13.4.1 �M ultielemental Composition and Nanocrystalline Structure

BNPs are packed with a chemical cocktail of several constituent metals that 
are produced as a result of treating botanical derivatives during pharmaceutical 
processes. BNPs can serve as a source of different metal ions in the cellular envir-
onment despite their limited solubility. One per cent of a person’s body is made up 
of alkali metals and alkaline earth cations (Na+​, K+​, Mg2+​, and Ca2+​), yet numerous 
additional metal ions, particularly transition metal ions like copper, zinc, iron, 
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manganese, and cobalt, which are essential to many biological processes but make 
up less than 0.01% of the body, are also needed in trace amounts. Most frequently, 
these transition metal ions are found attached to biomolecules. A metalloenzyme, 
for instance, is made up of metal ion-​protein complexes, with the metal ion serving 
as the essential component in the active site. The bonding might be as loose or 
easily interchangeable as in zinc carboxypeptidase, or as rigid as iron to haemo-
globin. A biological process that is regulated by metal ions is quickly reversible and 
also extremely reactive to cause alterations at the molecular scale. When an enzyme 
attaches to a metal ion, changes in the structural organisation take place concur-
rently with the reactivity of the nearby metal ions. The best illustration of this phe-
nomenon is when apoenzymes are activated by metal ions. The auxiliary groups 
that are linked to metal ions bring about additional biochemical alterations. Due to 
their high reactivity, metal ions are thus involved across all biological processes, 
including the production of DNA, RNA, and proteins and intermediate reactions 
[69]. Metal chelation biomolecules can limit virus-​derived enzymes in diseased 
cells by combining with metal ions at their active sites [70]. Moreover, the tox-
icity of NPs and the pattern of interactions between cellular functional machin-
eries are also influenced by the crystal structure. According to Zhang et al., metal 
nanoparticles can modify their crystalline structure following contact with water 
or other dispersion media [71]. They stated that when water is present, ZnS NPs 
undergo a crystal structure rearrangement that makes them more organised and 
structurally similar to a solid piece of ZnS [72]. This explains why some NPs have a 
toxic nature while some do not exhibit toxicity despite having identical particle size 
and chemical composition. Thus, it can be postulated that bhasma nano-​crystallites 
might alter surface-​related characteristics and crystalline-​specific chemical behav-
iour (including the mechanism of interaction with interacting biological proteins/​
receptors) in the cellular media from its expected natural structural organization. 
Broad scientific investigations are required for the authentication of this statement. 
It explains why, despite having equal particle sizes and elemental composition, cer-
tain NPs are hazardous in comparison to others. Therefore, it can be hypothesised 
that bhasma nano-​crystallites may be distinguished from their expected natural 
structural organisation in terms of surface-​related properties and crystalline-​specific 
chemical behaviour in a water-​rich biological milieu. The verification of this argu-
ment requires extensive scientific research.

13.4.2 �S ize and Shape Factor

The size and geometry of NPs significantly determine cellular import and responses, 
gene expression, and bloodstream circulation time. Cellular receptors are typically 
10–​50nm in size, whereas proteins are 50–​100nm in size. Nuclear pores range in 
size from 9 to 12nm. Because of the multi-​element pathway and varying nano-​size, 
they are compatible with a wide range of receptors, proteins, enzymes, and so on. 
These interactions may affect a pathway by engaging with several regulatory agents 
at multiple levels in a multistage pathway at the same time, or by interacting with 
regulators at distinct pathways, resulting in a single altered outcome. Several studies 

 

 

 

 

 

 



303Neuropharmacological Potential of Ayurvedic Nanomedicines

303

using modern analytical tools such as XRD, SEM, and TEM have revealed that the 
formulation is a heterogeneous mixture containing nanoparticles as groups of irregu-
larly shaped flakes [73]; some have polyhedral particles [74]; a few have a spherical 
geometry [75]; some have unusual morphologies [76]); and some have a cocktail of 
spherical, elliptical, and elongated shapes [77]. BNPs’ varied surface architecture 
provides extra advantages. They have planes with facets of different atom density. 
The design of NPs with equal surface areas matters because planes with high atom 
density facets facilitate reactivity [78]. These distinctive crystalline morphologies 
with different corners, edges, and other electrochemically active surface sites, as well 
as an incredibly high surface area, allow bhasma to interface fundamental regulatory 
biomolecules of cellular pathways to produce a specific output. A subtle change in 
NP size could lead to substantially diverse cell response levels [79,80]. Furthermore, 
the majority of studies have shown that non-​spherical NPs have lower cellular intern-
alisation than spherical NPs [81]. Additionally, such NPs have a longer blood circu-
lation half-​life duration [81].

13.4.3 �E ffect of Surface Charge

The ion-​specific electrostatic interaction of metal NPs has a substantial impact at 
nano/​bio interfaces [82–​86]. The negative membrane potentials of cell membranes 
can exhibit electrostatic interactions more efficiently with cationic NPs, leading to a 
faster rate of intake of positively charged NPs in diverse cell types [87–​91]. Cationic 
NPs are reported to be more active than neutral or anionic NPs [92]. The surface 
charge density of NPs substantially influences their cellular internalisation, aggrega-
tion tendency, reactivity, and cytotoxic properties [93,94]. The surface charge density 
is largely size dependent, with smaller NPs (10nm) exhibiting a significant increase 
in surface charge density as compared to large particles [95]. Many electropositive 
metals constituents are packed into the diversely sized and shaped metal bhasma 
nanocrystallites. The BNPs can be thought of as a huge collection of different-​sized 
nano crystallites with a high surface charge density. Few positively charged particles 
can escape the endosomal system of cellular internalisation; therefore, these NPs can 
either be taken up by different types of cells by an endocytotic mechanism or can 
escape this process and become located directly in the cytosol [96,97]. Certain 
bhasma NPs may be internally absorbed directly because of high surface charge prop-
erties. This allows them to engage with specific intracellular receptors and trigger 
rapid cell-​type-​specific actions.

13.4.4 �E ffect of Dissolution

Bhasmas’ multi-​element structure produces dissolving effects based on the parent 
metal/​mineral types. The interplay of bhasmas with target cells may behave as a 
localized source of metal ions that discontinuously release ions; however, toxico-
logical tests of bhasmas show no harmful signs at the therapeutic dose and, in some 
cases, are considerably safer when administered with a dose factor larger than the 
prescribed dose [98,99]. The hypothesis that the bhasma delivers ions gently in a 
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bid to avoid metal poisoning may help explain these findings. It is possible that the 
bhasma’s size and shape have a significant impact on the kinetics of dissolution. This 
is only a hypothesis; thus, further research is required. According to Slavin et al., 
NPs’ surface morphology has a substantial impact on their activity, and a rougher 
surface causes NPs to dissolve more quickly. Furthermore, faster dissolution is 
facilitated by smaller NPs’ higher surface area-​to-​volume ratio [78]. The bhasma 
dispersion does, however, appear to be element-​dependent. For instance, Cu-​NPs 
produced 253-​fold more ions compared to Ag-​NP, which is probably because Cu 
seems to be more susceptible to oxidation. Notwithstanding ion production, Ag-​NPs 
even have stronger antimicrobial properties than Cu-​NPs [78]. The excessive gener-
ation of metallic ions might be hazardous. Furthermore, cytotoxicity occurs in the 
following order: ions > micro > nano [100]. From the perspective of toxic appre-
hension, nano-​ and micromaterials reverse the above pattern. The bulk of experi-
mental research, however, reveals no or low toxicity of various bhasmas. That could 
be because the majority of bhasma particles exist in nano form in biological territory, 
while a tiny proportion of bhasma particles become ionised and become a potential 
source of metal ions. Further, in-​depth research is necessary for a thorough explan-
ation. Additionally, the homeostasis mechanism that has developed for the essential 
elements does not apply to non-​essential elements like Ag. This encourages Ag to 
remain in the cellular milieu for an extended period of time at low concentrations, 
allowing it to continue performing its metabolic role [78]. Being components of the 
biological system, Ag, Au, Hg, Sn, Pb, and several other elements are also regularly 
detected in bhasma, either as the primary component or in residues from medicinal 
herbs. From this, it can be inferred that Ayurvedic bhasmas’ sustained therapeutic 
impact may be brought on by avoiding intracellular homeostasis systems. Further 
research is needed to confirm this.

13.4.5 �C ontribution of Hydrophobicity

The surface hydrophobicity of NPs influences their biodistribution. Hydrophobic 
coatings allow the particle to evade phagocytosis and have a longer half-​life in cir-
culation [101–​103]. Prolonged circulating NPs can be employed to target the tumour 
[104], spleen [105,106], and site of acutely wounded tissue where vasodilation can 
accelerate the deposition of hydrophobic NPs, depending on their size. Bhasma 
nanocrystalline particles are largely insoluble in water-​based media, including bio-
logical media. Through hydrophobic interactions, the hydrophobic feature of bhasma 
metal NPs may increase penetration into cell membranes and nuclear pores [107–​
109]. Its ease of cellular penetration may favour bhasma metal NPs in cytoplasmic 
pharmacodynamic alterations.

The ancient use of several Ayurvedic nanomedicines for treating different 
neurological illnesses is being decoded in terms of molecular biology [110,111]. 
Several types of drug dose forms, including Chyawanprash, have also pronounced 
biomolecular explanation in this context [112,113]. The therapeutic approach 
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in ayurveda is highly patient oriented and offers a well-​elaborated, strategic, 
personalised treatment protocol for curing a disease as the Ayurvedic system of 
medicine firmly advocates that each patient has a unique, characteristic phenotype-​
based human constitution [114]. In general, herbal and metal-​based ayurvedic 
nanomedicines reduce oxidative changes and inflammation-​related neuro-​glial 
changes, as observed clinically [115–​118]. Thus, the neuroprotective capabilities 
of ayurvedic medicines are produced due to imparting the antioxidant potential 
and checking the inflammatory activities at various pathological strata [119–​121]. 
The most frequently prescribed formulation for a variety of medical conditions 
is Swarna bhasma, which is only prescribed with a certain adjuvant (vehicle) 
(Table 13.1). The diversified pharmacological effects of Swarna bhasma in multiple 
health conditions are impregnated by classically defined pharmaceutical methods 
of incineration (Table 13.2).

The gold preparation, Swarna bhasma (SB), and the silver preparation, Rajat 
bhasma (RB), are frequently recommended in dementia, neurodegeneration and 
promote nootropic functions [133]. SB were found to restore the restraint stress-​
induced elevation in the levels of brain catecholamines (norepinephrine, epinephrine, 
and dopamine), 5-​HT, and plasma corticosterone for therapeutic benefits [134,135]. 
Zinc preparation, Yashad bhasma [136], as well as Rajat bhasma was reported to be 
effective in Parkinson’s disease [133,134]. Rasasindura is composed of single-​phase 
α-​HgS nanoparticles (size ~24 nm), free of Hg0 or organic molecules [137]. In fly 
models of Huntington’s and Alzheimer’s diseases, it prevented neurodegeneration 
(Figure 13.2). It suppressed apoptosis, reduced the build-​up of inclusion bodies and 
heat shock proteins, increased levels of heterogeneous nuclear ribonucleoproteins 
and cAMP response element binding protein, and simultaneously enhanced the 
ubiquitin-​proteasomal system for better protein clearance in the affected cells [138]. 
Ayurvedic nanomedicines can therefore effectively manage CNS diseases of primary 
or secondary origin [139,140]. Besides these, a newer strategy involves repurposing 
traditional herbo-​mineral/​metal/​ mineral drugs for managing brain-​related disorders 
with better clinical output [38,141,142].

13.5 � CONCLUSION

The chemical architecture and surface-​related characteristics of naturally synthesised 
bhasmas are extremely distinctive. Even a tiny amount after crossing the BBB can 
produce significant dynamic metabolic alterations by carrying out multiple pathway 
regulatory and modulatory functions. Many of the bhasmas examined so far have 
tremendous medicinal potentials based on traditional knowledge, but only a small 
number of them have had their scientific advantages thoroughly evaluated. Despite 
this lack of research, the low cost, and the reduced toxicity compared to more expen-
sive and unreliable synthetic drugs, ayurvedic nanomedicines provide a great alterna-
tive to effectively managing neurological diseases and providing a solid foundation 
for the development of newer and safer drugs.
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TABLE 13.1
List of Vehicle Drugs Recommended along with Swarna bhasma Mentioned in 
Classical Ayurvedic Texts

Disease conditions/​  
health purposes Vehicle for SB References

Burning sensation Bile of fish [122], [123], [124]
Aphrodisiac Elipta prostrata Linn. [Asteraceae] [122–​124]
General weakness, Phthisis Cow’s milk [122–​124]
Eye diseases Boerhavia diffusa Linn.

[Nyctaginaceae]
[122–​124]

Rejuvenation Cow’s ghee/​clarified butter [122–​124]
Old age-​related diseases Cow’s ghee/​clarified butter [122–​124]
Debilities developed due 

to chronic diseases like 
tuberculosis

Cow’s milk [122,124]

Schizophrenia Dried form of Zingiber officinale 
Linn. [Zingiberaceae]; Syzygium 
aromaticum Linn. [Myrtaceae], Piper 
nigrum Linn. [Piperaceae]

[122,124]

Chronic fever Abhraka bhasma (fine ash of calcined 
mica) along with honey

[122]

Malabsorption disorders 
(IBS, IBD, Tropical 
spruce disease)

Rasaparpari (cubic and hexagonal 
crystallite of mercury sulphide)

[122]

Acute and Chronic Jaundice Guduchi satva (a starchy extract 
obtained from stem of Tinospora 
cordifolia Linn. [Menispermaceae]

[122]

Tuberculosis Abhraka bhasma, Rasasindura and 
mukta pisti (very fine paste of pearl)

[122]

Potentiation of uterus Powder of Gymnema lactiferum Linn. 
[Apocynaceae] and Smilax china 
Linn. [Smilacaceae]

[122]

Chronic syphilis Rasa puspa (a mercurial preparation) 
along with blood purifying herbs*

[122]

Acute or Chronic condition 
of hyperacidity

Powder of fruits of Phyllanthus emblica 
Linn. [Euphorbiaceae]

[122]

Epilepsy and Hysteria Rasasindura, Abhraka bhasma, powder 
of Clitoria ternatea Linn. [Fabaceae]

[122]

Parkinsonism Decoction of Sida cordifolia Linn. 
[Malvaceae]

[122]

Swelling in testicles Mixture of kallali# with equal 
proportionated mercury sulphur 
preparation) and powder of 
Boerhaavia diffusa Linn. 
[cryophyllales] along with 
cow’s urine

[122]
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(Continued)

Disease conditions/   
health purposes Vehicle for SB References

or,
Mixture of powder of Curcuma longa 

Linn. and Boerhaavia diffusa Linn. 
along with juice of Zingiber officinale 
Linn.

For pleasant and euphonious 
sound

Raisins (dehydrated or dried form of 
grapes), powder of Piper longum 
Linn. [Piperaceae], powder of 
Myrica negi Linn. [Myricaceae] and 
powder of Glycorrhiza glabra Linn. 
[Fabaceae]

[122]

Improve beauty of women Blood purifying herbs and hemopoietic 
herbs¶

[122]

Ominous sign of near death Powder of Phyllanthus emblica Linn. 
triturated with decoction of bark/​skin 
of Senegalia catechu Linn.

[122]

Improving intellect Powder of Acorus calmus Linn., 
Tinospora cordifolia, dry form 
of zingiber officinale Linn. and 
Asparagus racemosus Linn.

[122]

For generalized 
strengthening, 
rejuvenation and 
beautification

Decoction of Phyllanthus emblica 
Linn., Desmodium gangeticum, dried 
form of Zingiber officinale Linn. and 
Boerhavia diffusa Linn.

[122]

Uterine fecundity Powder of Mesua ferrea Linn. [122]
Lactogenesis in nursing 

women
Herbs of kakolyadi gana † [122]

Bone disorders Khand (a brown powder obtained from 
the processing of sugarcane juice)

[122]

Nephrotic disorders Swarna bhasma, Abhraka bhasma and 
Lauha bhasma in the ratio of 1:1:3 
along with decoction of Crataeva 
nurvala Linn. [Caparaceae]

[122]

Uterine swelling with 
associated complications

Shilajit (mineral pitch; a sticky, brown-​
black substance primarily obtained 
from between the mountain rocks of 
Himalayan range), Lauha bhasma and 
Silver bhasma along with decoction 
of Dashmool plants (formulation of 
10 specific medicinal herbs)

[122]
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Disease conditions/   
health purposes Vehicle for SB References

Improvement in memory Vacha (Sweet flag –​ Acorus calmus 
Linn.)

[123]

Luster of body Saffron (Crocus sativus Linn.) [123]
Antidote to poison Nirvisa (Aconitum heterophyllum Linn.) [123]
Hyperacidity Gooseberry powder [122]
Chronic fever Abhraka bhasma (incinerated mica) 

with honey
[122]

Notes:
*  �Blood-​purifying herbs are group of detoxicant herbs claiming antiseptic, anti-​inflammatory, and antioxi-

dant properties which are very commonly recommended for rashes, acne, allergic irritation, and other skin 
disorders. It includes Azadirachta indica (Family: Meliaceae), Glycyrrhiza glabra (Family: Fabaeceae), 
Tinospora cordifolia (Family: Menispermaceae), Rubia cordifolia (Family: Rubiaceae), Curcuma longa 
(Family: Zingiberaceae) etc.

#  �Kajjali is a chemical mixture of mercury, sulphur, and compound HgS, obtained after result of con-
tinuous trituration of bio-​purified mercury and sulphur.

¶  �Hemopoietic herbs are groups of drugs which include iron bhasma, copper bhasma, abhraka bhasma, 
Cordeauxia edulis (family: Fabaceae), Achyranthes aspera (family: Amaranthaceae), and many more.

†  �kakolyadi gana are includes Roscoea procera (family: Zingiberaceae), Lilium polphyllum 
(family: Aliaceae), Malaxis acuminata (family: Orchidaceae) etc.

TABLE 13.2
Summary of the Material Required in Different Methodologies for the 
Preparation of Swarna Bhasma

Methods 
(Serial 
number)

Ingredients which are treated for incineration  
and trituration

Metallic ingredients Herbal ingredients References

1. Gold (purified),
Mercury-​bhasma or kajjali

Citrus medica Linn. 
[Rutaceae]

[125], [126]

2. Gold (purified), Rasa 
sinduraᴪ or kajjali,

Cinnabar (HgS)

Citrus medica Linn. 
[Rutaceae]

[125]

3. Gold (purified), mercury 
purified, Sulphur purified

Citrus medica Linn. 
[Rutaceae]

[127]

4. Gold (purified), lead 
purified, sulphur purified

Citrus medica Linn. 
[Rutaceae]

[127]

5. Gold (purified), kajjali Bauhinia variegate Linn. 
[Leguminosae]

[127]

 

 

  

 

 

TABLE 13.1 (Continued)
List of Vehicle Drugs Recommended along with Swarna bhasma Mentioned in 
Classical Ayurvedic Texts



309

309Neuropharmacological Potential of Ayurvedic Nanomedicines

(Continued)

Methods 
(Serial 
number)

Ingredients which are treated for incineration  
and trituration

Metallic ingredients Herbal ingredients References

6. Gold (purified), kajjali, 
realgar (As

2
S

2
)

Gloriosa superba Linn. 
[Colchicaceae], Tridax 
procumbens Linn. 
[Asteraceae]

[127], [126], 
[128]

7. Gold (purified), Rasa 
sindura

Calotropis procera Linn. 
[Apocynaceae],

or Citrus medica Linn. 
[Rutaceae]

[129]

8. Gold (purified), Rasa 
sindura, Hingulaᴥ (HgS)

Citrus medica Linn. 
[Rutaceae]

[127], [130]

9. Gold (purified),
Mercury(purified), Hingula 

(purified), Sulphur 
(purified),

Realgar (purified),
Ammonium chloride 

(NH
4
Cl)

Citrus medica Linn. 
[Rutaceae]

[131]

10. Gold (purified),
Mercury (purified),
Realgar (purified),
Rasa sindura,
Copper pyrite (Cu

2
S.Fe

2
S

3
)

Citrus medica Linn. 
[Rutaceae]

[131]

11. Gold (purified),
Mercury(purified)

Citrus medica Linn. 
[Rutaceae]

[131]

12. Gold (purified),
Mercury(purified),
Sulphur (purified),
Lime stone (CaCO

3
)

Citrus medica Linn. 
[Rutaceae], Bauhinia 
variegate Linn. 
[Caesalpiniaceae]

[131]

13. Gold (purified),
Hingula (purified)

Ferula asafoetida Linn. 
[Umbelliferae], 
Euphorbia nerifolia Linn. 
[Euphorbiaceae]

[131]

14. Gold (purified), Lauha 
parpati, Hingula

Citrus medica Linn. 
[Rutaceae]

[126]

15. Gold (purified) Cordia dichotomy Linn. 
[Boraginaceae],

Bauhinia variegate Linn. 
[Caesalpiniaceae]

[126]
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Methods 
(Serial 
number)

Ingredients which are treated for incineration  
and trituration

Metallic ingredients Herbal ingredients References

16. Gold (purified),
Mercury(purified),
Galena (PbS)

-​ [130]

17. Gold (purified),
Mercury (purified),
Realgar (purified),
Red lead (Vermillion)

Euphorbia neriifolia Linn. 
[Euphorbiaceae],

Citrus medica Linn. 
[Rutaceae]

[130]

18. Gold (purified),
Sulphur

Excreta of pigeon or chicken [130]

19. Gold (purified), kajjali Citrus medica Linn. 
[Rutaceae]

[128], [129]

20. Gold (purified),
Iron pyrite,
Lead (purified)

Calotropis procera Linn. 
[Apocynaceae]

[128], [129]

21. Gold (purified),
Mercury (purified), Lead 

(purified)

-​ [128], [129]

22. Gold (purified),
Mercury (purified), Hingula 

(purified),
Rasa sindura,
Realgar (purified)

Ferula asafoetida Linn. 
[Umbeliferrae],

Bauhinia variegate Linn. 
[Caesalpiniaceae]

[128], [129]

23. Gold (purified),
Realgar (purified),
Rasa sindura

Calotropis procera Linn. 
[Apocynaceae]

[128], [129]

24. Gold (purified),
Stibnite (Sb

2
S

3
)

Eclipta alba Linn. 
[Compositae]

[128], [129]

25. Gold (purified),
Mercury (purified),
Sulphur (purified)

-​ [132]

26. Gold (purified),
White Arsenic powder

Juice of Bauhinia 
variegate Linn.,

Leaf juice of Tulsi –​ Ocimum 
sanctum

[132]

Notes:
ᴪ  Rasa sindura is mercury-​based ayurvedic formulation that contains rejuvenating properties.
ᴥ  Hingula is chemically mercury sulphides and is ore of mercury.

 

 

 

TABLE 13.2 (Continued)
Summary of the Material Required in Different Methodologies for the 
Preparation of Swarna Bhasma



311

311Neuropharmacological Potential of Ayurvedic Nanomedicines

13.6 � ABBREVIATIONS

BBB Blood–​Brain Barrier
Covid-​19 Coronavirus disease 2019
CNS Central Nervous System
NVU Neurovascular unit
EC Endothelial cells
NPs Nanoparticles
AMT Adsorptive-​mediated endocytosis
RMT Receptor-​mediated transcytosis

FIGURE 13.2  Therapeutic effects of ayurvedic nanomedicines in neurological disorders.
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14.1 � INTRODUCTION

The chronic neurological conditions that affect a significant portion of the population 
worldwide and are to blame for a great deal of suffering and death include epilepsy, 
Alzheimer’s disease (AD), Huntington’s disease (HD), neuromuscular disease, brain 
tumors/​cancers, multiple sclerosis (MS), neurodegeneration, and Parkinson’s disease 
(PD) [1]. Central nervous system (CNS)-​related disorders often include an imbalance 
in neurological function, which ultimately causes the death of neurons [2,3,4]. Many 
processes contribute to various neuropathologies. Misfolded proteins, mitochondrial 
malfunction, a lack of neurotrophic factor synthesis, a depletion of endogenous anti-
oxidant enzyme activity, a lack of neurotrophins, and occasionally problems at the 
genetic and molecular levels all contribute to CNS illnesses. This makes it difficult 
to identify a definitive therapeutic plan for CNS disorders. The blood–​brain barrier 
(BBB) is an additional critical factor as a barrier that these medications must over-
come [5]. Hence, the pharmacokinetic effectiveness of currently available medicines 
is disheartening for treating neurological illnesses. In order to create drugs and car-
rier systems that can effectively transport the medicine to the brain region with min-
imal side effects, a better comprehension of the BBB is necessary. As of yet, less 
effective therapy options have been discovered for neurodegenerative illnesses [6]. 
Meanwhile, innovative drug-​delivery techniques like polymer-​based nano-​carrier-​
mediated administering drugs have emerged as a first-​line clinical treatment approach 
for evading the obstacles posed by the BBB. While polymeric nano-​formulations 
have shown promise in the clinic, their broad usage has been limited by a lack of safe 
polymers and their expensive cost [7]. A newer, cheaper carrier of medicine –​ solid 
lipid nanoparticles (SLNs) –​ may pass through the BBB for treating neurological 
disorders in a benign, acceptable, and efficient manner. Because the functionality 
and effectiveness of SLNs are dependent on their unique physico-​chemical proper-
ties, and synthetic procedures, it is critical to have an understanding of the innova-
tive manufacturing techniques. Over time, improved lipid NPs have made up for the 
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drawbacks of older SLNs [8]. To improve and ensure efficient delivery of medications 
to the brain, scientists have developed second-​generation nano lipid carriers (NLCs) 
that are essentially improved SLNs. These NLCs are able to circumvent problems 
associated with the former technology, such as drug spillage and the abrupt exposure 
of pharmacologically active constituents. Drugs that are designed to be delivered to 
the brain through SLNs may be able to bypass the BBB and have greater bioavail-
ability as a result.

As SLNs and their variations may one day be used to treat neurological illnesses 
with reduced toxicity and adverse effects, it is crucial that their characteristics and the 
BBB are well investigated.

14.2 � BLOOD–​BRAIN BARRIER

The BBB, together with the choroid plexus and cerebrospinal fluid (CSF), serve as 
metabolic and anatomical barriers at the interface of the brain tissue and the vas-
cular supply. The BBB protects the CNS tissue from being exposed to the vascu-
larly circulating components directly [9]. Specialized lining cells of the blood vessels, 
specialized glial cells and their connections among them and brain cells, supporting 
the acellular layer underlyng the endothelial cells, junctions between the endothelial 
cells, and pericytes are the primary components of the BBB [10,11,12]. Tight junctions 
and the metabolic barrier provide the physical barriers through which chemicals are 
carefully regulated in their entry into the brain through the BBB (various enzymes). 
A complex barrier unit is formed by endothelial cell adhesion molecules, pericytes, 
smooth muscle cells, astrocytes, microglia, and so on. [13,14,15,16], these cell types 
are important to the BBB’s functioning. Endothelial cells and pericytes are rich in 
transporters, receptors, and channels to facilitate the carrier-​ or receptor-​mediated 
transport across the BBB [17]. The BBB serves as a transport and secretory interface 
[18] to the brain and neuro-​regulatory organizations in addition to its other functions 
as a physical barrier. It is the BBB’s job to prevent neurotoxic chemicals from entering 
the brain while also facilitating the controlled and specialized transit of a number of 
components involved in neurological function from serum [5]. ATP-​driven carrier 
proteins, transporter proteins, and ectoenzymes are all part of the capillary endo-
thelial plasma membrane, which determine the selective transport of nutrients and 
medicines across the BBB [19]. Neurological illnesses are treated with a wide variety 
of medications, however, only a subset of these therapies is effective when given sys-
temically due to the BBB’s unique microvasculature.

Drug-​related physicochemical parameters, including molecular weight (below 400 
Da), shape (spherical), size (nano meter range), ionization (physiological pH), and 
lipophilicity, have a role in drug penetration of the BBB [20, 21].

The management of BBB transport as well as neuronal functions such as brain 
proliferation and degeneration are essential to the CNS’s special function. Hence, the 
BBB is a fascinating target for designing sophisticated technologically advanced bio-
compatible drugs. Current clinical biomedical research focuses on developing more 
advanced drugs, carriers, and smaller molecules in order to better understand the 
BBB and treat neurological diseases.
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14.3 � BRAIN DRUG-​DELIVERY STRATEGIES

Historically, several methods have been discovered to successfully transport thera-
peutic chemicals to the brain, where they may be used to manage neurological  
problems (Figure 14.1). Drugs may be administered locally to the brain, via a cath-
eter, or directly during and after invasive surgical procedures. This method of admin-
istration involves implanting drug-​loaded polymeric biodegradable polymers for  
prolonged release of the medication to a particular spot in the brain [22,23]. Whilst  
very successful in animal models for delivering medication formulation to the brain,  
local delivery is among the most intrusive administration ways and will thus be inef-
fective for treating actual human patients (with their varying physiology). Hence,  
less intrusive drug-​delivery methods that maintain pharmacological action over time  
are required. The intranasal method of drug administration is also promising since  
it allows the medication to traverse through the BBB and enter the brain unimpeded  
[24,25,26]. The drug’s active ingredient is delivered to the brain after being loaded  
onto a nanocarrier device that travels via the nasal cavity [27,28,29]. However, the  
variability in the released dosage at the target location caused by the specialized nasal  
epithelium and its interaction with the medication [22,30] makes the intranasal route  
less than optimal. The systemic delivery pathway has been the most researched and  
is generally accepted as the best way to get the medicine to the brain. However, this  
method of medicine administration faces a huge obstacle from the BBB. To overcome 
this barrier, it is necessary to build NPs that are both safe and porous enough  

FIGURE 14.1  Transport of therapeutic chemicals to the brain.
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to penetrate the BBB [31]. The BBB may be made more permeable in a number of  
ways, for example, by injecting hyperosmolar mannitol [32], which causes reversible 
transient structural alterations, or by using high energy soundwaves as a physical acti-
vation [33,34]. Neurotoxins were able to enter the brain when the BBB was  
compromised, causing extensive damage [31]. Hence, cutting-​edge medication modi-
fication tactics may be useful in the treatment of neurological illnesses to improve  
pharmaceuticals’ capacity to cross the BBB and reduce the risk of neuronal dysfunc-
tion caused by BBB disruption. NPs made of lipids can cross the BBB without  
causing any harm [35].

14.4 � OVERVIEW OF SLNS AS NEWLY DESIGNED CNS  
DRUG-​DELIVERY SYSTEM

Although there are various methods for administering medications, the desired out-
come has not yet been attained because of concerns with toxicity, low absorption, 
and lack of targeted approaches. Many of them currently rely on trial-​and-​error 
techniques and are not entirely complete. Tricking enables the administration of 
therapeutic molecules that have been altered with carrier molecules like liposomes 
or nanoparticles, the receptors encourage cellular internalization, and the ligands pro-
mote the targeted drug response [36].

In the framework of a membrane-​bound carrier-​based delivery system, re-​
engineering the active drug that may cross the BBB is of interest. According to 
research, small lipophilic molecules, defined as those with a molecular weight of 
less than 400 Da, can easily pass through the BBB endothelium [17]. Hence, lipid 
nanoparticles may interact with the BBB and its components as a drug carrier mol-
ecule, allowing them to cross the BBB because of their size and characteristics. These 
will be discussed in light of drug development in general [36] and with a focus on 
CNS-​oriented therapeutics in particular [37].

Because of their distinctive size and physicochemical properties, NPs can 
be developed for efficient and targeted drug delivery. Furthermore, the target-​
specific action of NPs can be redesigned by beautifying surface-​related capabil-
ities to traverse several anatomical barriers, continuously releasing therapeutic 
substance and maintaining particle size consistency. Biocompatible and bio-
degradable polymeric NPs, in particular, are critical for site-​specific medication 
delivery [38]. To present, only a select few polymers have been cleared for usage 
in clinical settings. Another factor preventing widespread use of polymeric NPs 
is their high price [7]. Membrane lipid-​derived vehicle systems have been found 
as a great alternative in the manufacturing of lipophilic medications. SLNs are 
achieving popularity as a global drug-​delivery method for a wide range of thera-
peutic applications [39].

The primary components of SLNs are lipid-​based biomolecules, making them a 
novel kind of biocompatible nanocarrier system. Because of their hydrophobic lipid 
core, SLNs may carry both hydrophilic and lipophilic medicines [40,41]. Their role 
in the breakdown of the reticuloendothelial system (RES) of the BBB is critical 
[42,43,44]. Because of its solid lipid composition, this colloidal nano-​carrier was 
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intended as a preferable alternative to polymeric NPs and liposomes for protecting 
active drugs against biochemical breakdown [45]. In contrast to polymeric NPs, 
their biocompatibility is higher and their systemic toxicity is lower since they are 
generated largely from a biological lipid emulsion system rather than chemical 
solvents [46]. The combination of lipids, newly adopted pharmaceuticals, and add-
itional components in a specific ratio results in a unique physicochemical status 
that allows for an extensive diffusion route and regulated drug release in drug-​
containing SLNs [47,48,49]. Studies in rats have demonstrated that administering 
drug-​loaded SLNs may improve the drug characteristics within the animal body 
[50]. SLNs may be economically sterilized and lyophilized at cheap cost and 
require only low costs for raw ingredients. They also have great physico-​chemical 
stability. These benefits make SLNs a good option for mass industrial manufac-
turing [51,52]. Furthermore, SLNs serve as an ideal drug delivery system with a 
number of important characteristic features, including maximum drug bioavail-
ability upon administration [53,54], specific tissue targeting [55,56], controlled 
release kinetics [57,58], minimal immune response [59,60], the ability to deliver 
conventional pharmaceutical formulations and biomolecules [61,62], sufficient 
drug loading capacity [63,64], good patient compliance [65,66], and cost effect-
iveness [67,68], which potentially render it superior and distinct from polymeric 
drug-​delivery systems.

14.4.1 �D rug Stabilization by SLNs

Although some pharmaceutical formulations can cross the BBB, they have min-
imal in vivo effectiveness due to chemical instability, fast clearance, and reduced 
half-​life [69,70]. Camptothecin, an anticancer medicine, may traverse the BBB 
and be used in the treatment of glioblastoma [71,72], however, it is not stable 
enough for use in clinical procedures. To improve brain targeting effectiveness, 
however, SLN changes have been included into the formulation to maintain a 
physiological pH while also maintaining a constant size, charge, and pharmaco-
kinetics [49,73,74,75].

14.4.2 �SLN s Show Improved Drug Bioavailability

Encapsulating in SLNs may improve the bioavailability of numerous lipophilic oral 
formulations used in the management of neurological diseases. Based on the efflux 
mechanism, BBB-​active drug efflux transporters may increase drug permeability 
to the brain location [76]. Surface medication to SLNs can achieve a high brain-​
targeting efficacy for CNS diseases [77]. The antipsychotic medicines clozapine and 
nitrendipine were made more bioavailable in this way: (1) a greater gradient of con-
centration at BBB due to increased SLN load, stimulating the enhanced movement 
across the barrier endothelium; and (2) a decrease in RES adsorption onto SLNs in the 
plasma due to surface modification with Pluronic F-​68. Another study found that sur-
face PEGylation, which may prevent RES absorption, and increased the medication’s 
plasma half-​life [78].
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14.5 � ENHANCED BBB PERMEABILITY OF DRUGS BY SLNS

When it comes to encapsulating and transporting various pharmacological molecules, 
SLNs and their variants provide a far superior carrier system. Doxorubicin, an 
anticancer medication that is hydrophilic and hence cannot cross the BBB, has signifi-
cant side effects including acute toxicity and cardiomyopathy. If it can get to where 
it has to go, those problems will be solved. Through specified laboratory techniques, 
researchers were able to demonstrate that doxorubicin could be integrated into SLNs. 
As compared to free doxorubicin, RES treatment resulted in reduced drug load in the 
liver, heart, and kidneys of rats, and greater concentrations in the brain [79]. When 
doxorubicin-​loaded SLNs were administered intravenously to rats, it was shown to 
enhance both drug plasma circulation and drug availability in the brain. the governing 
body [57]. Research on the amyotrophic lateral sclerosis (ALS) medication riluzole 
found that it was more effectively delivered in the brain tissue designed by SLN for-
mulation [80]. The SLN formulation of paclitaxel (anticancer treatment) stabilized 
with Brij 78 showed improved brain drug distribution, most likely due to activation 
of the P-​gp-​efflux mechanism [81].

Learning how the BBB may be traversed by biological and pharmaceutically active 
components is essential. To get a feel for how active pharmaceutical components, 
transported by a carrier system, may counter the BBB and reach within the CNS 
tissue, a short description of the transport processes of each route is provided. 
Although numerous methods have been discovered to nonspecifically break through 
the BBB and enable pharmaceutical medicines access to the brain, there is a risk that 
circulating poisons will be able to reach the brain tissue from the blood and cause 
severe neuropathological changes. The BBB must be preserved while an optimum 
and safe method is developed to increase drug permeability to the brain in a targeted 
and extended-​release manner. Biomaterials developed recently, such as SLNs, have 
great promise in the context of a BBB-​targeted drug-​delivery approach for the man-
agement of neurological diseases.

14.5.1 �P aracellular Pathway and Passive Transmembrane Diffusion

Paracellular routes rely heavily on the tight connections between endothelial cells, 
which enable only hydrophilic molecules to pass. Lipophilic nano-​sized molecules 
(having molecular weight less than 400 Da) may undertake diffusion through an alter-
nate transcellular channel [82]. In addition, BBB endothelial cells decrease pinocytic 
activity, which prevents active chemicals from accessing the brain [83,84,85].

14.5.2 �P rotein-​mediated Transport

The transporter proteins transfer chemicals with a certain molecular weight and 
charge to specific locations in the brain. The endothelial cells have these on both their 
luminal and basolateral surfaces. Size-​ and stereo-​selective translocation of diverse 
biomolecules [84,86,87] and their substrates [88] is facilitated by transporters such 
as GLUT-​1, which transports both cations and anions, and large neutral amino acid 
transporters (LAT), which transport neutral amino acids. Breast cancer resistance 
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proteins (BCRP/​ABCG2), multidrug resistance-​associated proteins (MRP1, 2, 4, 
and 5, ABCC), and P-​glycoproteins (P-​gp or ABCB1, MDR1 gene product) are all 
examples of efflux-​mediated proteins that can be used to transport pharmacologically 
active molecules and their derivatives across the BBB [84].

14.5.3 �R eceptor-​mediated Transcytosis (RMT)

Upon activating endothelial cells of the BBB, the RMT mode of transport allows 
the passage of endogenous substances through it [89]. This mechanism is a poten-
tially useful route for medication delivery across the BBB. Endocytosis, intracel-
lular vesicular trafficking, and exocytosis are the stages involved in this process [90]. 
During this process, elements bind to their specific receptors of the BBB’s endothelial 
cells. After this, vesicles for intracellular transport of receptor-​ligand complexes are 
constructed. Vesicles are generated, and exocytosis is used to transport the ligand 
from the cell’s apical surface to the basolateral side [90, 91, 92]. Clathrin-​coated pits, 
caveolae, and macropinocytosis vesicles are the endocytic vesicles that play a signifi-
cant part in this process. Most internalization mechanisms regulated by receptors like 
TfR or insulin receptors entail clathrin-​coated pits [89,90]. Hence, RMT is influenced 
by the receptor ligand binding type and the internalization method (clathrin-​mediated 
or caveolae) [89].

Adsorptive mediated transcytosis (AMT) (4) is an additional critical BBB-​crossing 
mechanism that does not need the participation of plasma membrane receptors. 
Therefore, compared to SLNs, the AMT’s binding affinity is low, its binding ability 
is great, and its transcytosis efficiency [93,94]. The fundamental mechanism of AMT 
lies in the electrostatic interactions between positively charged proteins and the nega-
tively charged luminal membrane [95,96].

14.6 � METHODS TO IMPROVE SLNS FOR BRAIN DRUG DELIVERY

The quality of SLNs may be enhanced by adjusting a number of defining characteristics. 
Because of nano pharmacological advances, even hydrophilic drugs that can be 
loaded with SLNs [41,49,73,97] may pass the BBB. Yet, the pharmacological activity 
and therapeutic effectiveness of such medications may be subpar because of their 
pharmacokinetic restrictions. This is because the RES plays a role in their detection. 
Several studies have investigated methods for addressing the limitations of SLNs.

14.6.1 �P article Size

The therapeutic impact and clearance from the body that result from SLN drug 
administration are mostly influenced by particle size. SLNs must be either small 
or extremely flexible in order to pass through the interendothelial cell slits (IES) 
during the splenic filtration process [98,99]. Slits in endothelial cells range in size 
from around 200 to 500 nm [98]. The particle size of the SLNs should be modified so 
that it does not surpass 200 nm in order to prolong blood circulation and the drug’s 
interaction with the BBB for as long as possible. As a result, drugs will be able to 
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permeate the brain’s barrier more effectively. If the SLNs are sufficiently big, they 
may be distorted to escape IES filtering.

14.6.2 �S urface Coating with Hydrophilic Polymers/​Surfactants

Since the liver is so efficient at clearing out toxins, the half-​life of drugs containing 
colloidal nano-​particles is drastically shortened by their widespread use in RES-​
mediated active detection. Opsonization is crucial to the drug clearance pro-
cess as a whole. Preventing RES from recognizing the drug’s components may 
boost its effectiveness [100]. SLNs can be altered by impregnating them with 
the proper surfactant or hydrophilic drugs to prevent them from being ingested 
by the body’s defense mechanisms. Opsonization can be prevented and the 
blood circulation time and consequently the bioavailability, can be increased by 
safeguarding the hydrophobic nature of the drug-​containing nanoparticle [101]. 
SLNs coated with polyethylene glycol (PEG) showed positive results in avoiding 
unfavorable interactions with the biological components due to their hydrophilic 
nature, carbon-​chain stability, neutral behavior, and absence of reactive groups. 
Furthermore, coating SLNs with PEGs in the molecular weight range of 2000–​
5000 can reduce plasma protein adsorption. The clearance by the reticuloendothe-
lial system (RES) is also delayed in proportion to the thickness of the PEG coating. 
Consequently, this results in improved resistance to the reticuloendothelial system, 
enhancing the nanoparticle's ability to evade rapid clearance[41,102,103]. Drug 
bioavailability is dramatically improved when the paclitaxel-​SLN formulation is 
coated on hydrophilic molecules like Brij 78, Poloxamer F68, and Brij 68, and 
administered intravenously through injection as opposed to just taking the medi-
cine orally [97]. The pharmacological activity of SLNs coated with polysorbate 
(20, 60, 80) was increased because they were easily transported across the BBB 
through endocytosis caused by the apolipoprotein [103,104]. The BBB can be 
traversed by unfunctionalized doxorubicin and pristine SLNs, according to another 
research study. In contrast to pure SLNs, stealth SLNs were shown to be superior 
in transporting doxorubicin to the brain. In the case of SLN-​doxorubicin stealth, 
better outcomes were seen in a dose-​dependent manner, leading to an adequate 
circulation duration [57,105,106,107].

14.6.3 �U se of Ligands

The addition of ligands improves SLN selectivity, transforming it into a prolonged-​
circulating delivery agent and acting as a tracking device that has a preferentially 
binding tendency to cell-​specific receptors, and peptide with ligand-​conjugated 
SLNs, medication retention at the BBB is increased [60,108,109]. Another study 
[110] found that liposome-​like particles linked to sterically stabilized oppositely 
charged albumin interact more favorably with brain endothelial cells and concentrate 
more densely within brain cells.
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14.6.4 �SLN  and Arginine-​glycine-​aspartic (RGD) Conjugation

When doxorubicin-​SLN is combined with arginine-​glycine-​aspartic (RGD), its in 
vitro anticancer activity and in vivo cytotoxicity are increased compared to non-​
targeted SLN [111]. Drugs given to the brain via RGD-​conjugated SLNs easily pass 
through the BBB. A docetaxel-​functionalized SLN formulation was demonstrated to 
promote cytotoxicity and receptor-​based endocytosis permeability to the BBB [112]. 
This was accomplished by targeting the LDL-​receptor-​related protein-1 (LRP1), 
which is excessively expressed at the BBB. Some methods for binding a targeting 
ligand to an SLN focus on adjoining the fatty acid component of the NP to the −NH

2
 

group of the ligand [113], others on linking the −NH
2
 group of a phospholipid to the 

−COOH group of the ligand [114], and still others on linking the –​NH
2
 group of the 

chitosan coating to the –​COOH group of the ligand [115]. Any of these things might 
improve SLN medication transport through the BBB and into the brain.

14.7 � SLNS’ DIFFERENT MODELS

The relative abundance of drug components within SLN formulations results in a var-
iety of patterns. The following are some SLN models:

14.7.1 �E nrichment of Model Shell by Drugs

A homogenization technique is required for development of this type of SLN 
variant. As a result, when the resulting dispersion is cooled, the phospholipid content 
crystallizes in the central region at a specific temperature, so that the medications 
lie on the outer shell. When the lipid recrystallizes without the drug present, a 
solid core of lipid is prepared. The great peripheral area of the outer layer causes 
a fast burst release of drug particles in these SLNs [116,117]. The burst release of 
pharmaceuticals can be adjusted by exchanging microscopic medications for larger 
ones, such as lipid microparticles, depending on the surfactants-​related properties 
[118]. Bursts may be controlled, and drug release time extended, by using surfactants 
at lower concentrations during SLN production.

14.7.2 �E nrichment of Model Core by Drugs

The SLN model shown here has the active substance localized in the center, 
surrounded by a lipid bilayer. This particular SLN evolves through a series of stages. 
The medication is initially dissolved in the lipid, which leads to solubility at the crit-
ical level and the beginning of the formation of a drug lipid emulsion. After that, the 
mixture is chilled out, and the active ingredient of the drug migrates to the middle 
where it becomes supersaturated. When this version of SLNs forms, the medication 
precipitates before the lipid crystallizes, and thus it is concentrated in the lipid’s inner 
core. Fick’s rule of diffusion and the lipid membrane properties govern drug release 
in this SLN model [43].
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14.7.3 �H omogeneous Matrix Model

The solid solution model is another name for this framework. The medicine in the 
lipid may be dispersed throughout the lipid, or it may be present as amorphous 
clusters. This SLN is made by combining the medication with the lipid in a cold hom-
ogenization procedure. This sort of SLN is formed due to the drug’s robust molecular 
interactions with the lipid. This form of SLN is often formulated by encapsulating 
lipophilic medicines in a lipid matrix, as opposed to using surfactants. Since the drug 
particles are so firmly dispersed at the molecular level in the colloidal matrix, the 
release profile is stretched out in these SLN formulations [116].

14.8 � SYNTHESIS PROCEDURES FOR SLN

The standard and well-​accepted modus operandi and materials are owned by the 
following [119, 120, 121]. The size, shape, and chemical composition of drug-​
entrapped SLNs all contribute to their biological activity upon administration. Any 
necessary adjustments may be made to these formulae. Several methods have been 
developed throughout the years in an effort to produce natural diversity in the phys-
ical forms/​dimension of SLNs.

14.8.1 �H igh-​speed Ultrasonic Homogenization

Historically, SLN [122,170] suspension has been made by high-​shear homogen-
ization. High-​speed/​high-​shear homogenization is used in melt emulsification to 
create SLNs [123,169,171]. Time, stirring speed, and chilling environment are only 
a few of the many variables that affect the final SLNs’ physico-​chemical and elec-
trical characteristics, as well as poly-​dispersity index. This technique is used to 
create Ex-​Witepsol W35 SLN dispersions [124,172]. The quality of the dispersion 
may be compromised if microparticle production occurs during this process. To get 
beyond the restrictions of high-​shear homogenization, SLNs may be generated by 
ultrasonication [120,125,170,173] in a straightforward, evaluable approach. This 
method’s main benefit is that it requires nothing in the way of high-​tech tools. Metal 
contamination and the potential for the particles to become physically unstable during 
storage are two potential drawbacks. Thus, high-​speed ultrasonication may guarantee 
the creation of high-​quality biocompatible SLNs [126,174].

14.8.2 �H ot Homogenization

When lipids are heated to temperatures over their melting points, a process known 
as hot homogenization occurs, resulting in an emulsion [127]. The aqueous emulsion 
is created by melting a pre-​emulsion (containing the medication and lipid combin-
ation) in a high-​shear mixer. The resulting lipid SLNs crystallize when the mixture 
is cooled [128]. The emulsion size and qualities of finished SLNs are determined by 
the components of the pre-​emulsion and the surfactant used. This is typically how 
microparticles are produced [129]. Nevertheless, the viscosity of the lipid phase 
decreases with increasing processing temperature, resulting in smaller particle sizes 
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[130,175]. The deterioration of the medication and carrier material due to high 
temperatures is a potential drawback of this method [131,176].

14.8.3 �C old Homogenization

By using dry ice or liquid nitrogen, medicines and lipids may be cooled to a con-
trolled temperature and pressure for cold homogenization [132,176]. Then, lipid 
microparticles between 50 and 100 mm in size are obtained by grinding the solid 
drug-​lipid core using a ball or mortar mill. Lipid fragility caused by rapid cooling 
might be a drawback of this method. Nonetheless, it is preferable to hot homogeniza-
tion since it generates SLNs of diverse size range [133,177].

14.8.4 �S olvent Emulsification/​Evaporation Technique for SLN 
Preparation

The procedure entails using an appropriate organic solvent to create a homogeneous 
lipid solution. When the lipid solution has been homogenized, water is added to create 
an o/​w coarse emulsion [134]. The solution combination with bigger globules is then 
homogenized under high pressure to create a nano-​emulsion. After overnight stirring, 
the organic solvent may be removed, leaving behind the SLNs in the nano-​emulsion. 
The resulting SLNs have 25 nm particle size [135,178].

14.8.5 �SLN  Preparations Based on Micro-​emulsions

The solid lipid melts are produced using indirect heating in this procedure. Once the 
solid lipid melts, an aqueous solution of surfactant, and a co-​surfactant is prepared 
[136]. Microemulsions may be generated spontaneously by aqueous-​lipid solutions. 
The creation of SLN by the diluting of microemulsions was pioneered by Gasco 
and colleagues [137,144]. For instance, when using more lipophilic solvents, bigger 
SLNs may be generated, but when using hydrophilic co-​solvents, tiny and uniform 
particles can be formed [138,179].

14.8.6 �U tilizing Supercritical Fluid to Prepare SLNs

Unlike more typical methods, this one enables particle-​based generation of SLNs 
from gas-​saturated solutions (GSS). GSS is first used to liquefy lipids [139]. At room 
temperature and pressure, the lipid melts and GSS can be dissolved in the supercrit-
ical fluid (SCF). When sprayed with an atomizer, the SCF evaporates fast, leaving 
behind fine, dry SLNs. The fundamental supremacy of this process is that it produces 
nano-​sized SLN powder without the need for any solvents [140,180,181]. Ex-​SLN 
is a solvent that can be created by carbon dioxide (99.99%) and is used in Rapid 
Expansion of Supercritical Carbon Dioxide Solutions (RESS). [141,182].
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14.8.7 �S pray-​drying Method

This strategy is seldom utilized nowadays. If you need to convert an aqueous SLN 
solution into a pharmaceutical, you may use an alternative, cost-​effective lyophil-
ization approach [142]. The high temperature, shear pressures, and partial melting 
of the particle all contribute to the fundamental restriction of this technique, which 
is particle aggregation [129,143]. This technique can only be used on lipids having a 
melting point higher than 70°C [144,183,184].

14.8.8 �D ouble-​emulsion Method

This double-​emulsion technique, in which the basic step is solvent emulsification–​
evaporation, can be utilized to load hydrophilic drugs onto SLNs in general [145,185]. 
The drug is encased in a stabilizing ingredient during this technique to prevent it 
from partitioning to the water phase of the w/​o/​w double emulsion [146]. However, 
because the SLNs it produces are frequently bigger, surface-​related synthesis changes 
might be necessary [147,186].

14.9 � OPPORTUNITIES FOR CNS DISORDERS USING SLNS

Most pharmacological formulations fail to treat effectively the CNS-​related patholo-
gies because of being incapable to overcome the BBB. Because of this, SLNs are now 
recognized as a viable rational biological technique for enhancing medicine admin-
istration [148]. Recently, SLNs as a vehicle agent has focused on carrying drugs 
beyond the BBB. SLNs seems a novel intelligent way for nervous system-​related 
medicaments with desirable advantages including nano dimension [149,150], tissue-​
specific delivery (via receptor-​mediated transcytosis) [151,152], stability [153,154], 
capability to avoid the phagocytes [155,156], prolonged circulation time [157,158], 
sustained and controlled release [159,160], and broad safe use [161,162], biodegrad-
ability [163,164], and biocompatibility [165,166]. SLN manufacturing is both scal-
able and cost-​effective [167,187].

Drug-​loaded SLN carriers have been found to have a greater tendency to accu-
mulate and greater target-​specific activity in the brain than in other organs after 
intravenous injection [49,168]. It is possible to administer SLNs orally, inhalantly, 
or intravenously [169,188] to reach the neuronal locations, making them a novel 
delivery strategy for encapsulating active drugs to counter the CNS illnesses. The 
neuropathologies are then corrected by SLNs’ intervention in the abnormal signaling 
pathways and the metabolism. Many potential uses for SLNs including medicines 
for treating CNS diseases have been proposed [189,190]. Drug-​loaded SLNs have 
shown promise in treating a wide range of CNS conditions, including AD, PD, HD, 
MS, brain tumors and cancer, epilepsy, ischemic stroke, and other neurodegenerative 
diseases [191,192] (Table 14.1).
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TABLE 14.1
Physiological Role of SLNs against Various Neuropathological Conditions

CNS Disorders SLNs Functions Model

Alzheimer’s Disease Curcumin Full reversal of aluminium-​induced brain damage In vivo
Galantamine bBtter medication distribution and increased bioavailability In vitro
Quercetin Reversal of neural tissue damage In vivo
Piperine Avoid BBB permeability In vivo
Sesamol Oxidative-​nitrergic stress was reduced, and acetylcholinesterase activity was 

decreased
In vivo

Epilepsy Carbamazepine Anticonvulsant effect In vitro
Clonazepam Improved permeability of the blood–​brain barrier In vivo
Diazepam Massive and extended release was seen, and the encapsulation effectiveness was 

good
In vitro

Raloxifene Enhanced absorption from lymphatics, greater oral bioavailability and physical 
stability

In vivo

Huntington’s Disease Curcumin the improvement of mitochondrial anomalies In vivo
Rosmarinic acid improve the effectiveness of intranasal delivery for brain targeting and treat 

behavioural issues related to HD
In vivo

Multiple Sclerosis Riluzole increased ability to distribute the drug to the brain and less random biodistribution In vivo
Neurodegeneration Curcumin Therapeutically effective In vivo

Idebenone Enhancing delivery to the brain and lowering cytotoxicity and oxidative stress in rat 
cerebral cortex astrocytes

In vitro

Luteolin Enhance the compound’s pharmacokinetics and bioavailability In vitro
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CNS Disorders SLNs Functions Model

Parkinson’s Disease Apomorphine Oral administration to increase bioavailability In vitro
Bromocriptine stabilise plasma levels and lengthen the half-​life and concentration of CNS 

medications
In vivo

Levodopa Higher physical stability and trapping effectiveness In vitro
Ropinirole Alternate delivery methods using intranasal formulations In vitro
Rotigotine Oral inhalation improvement In vitro

Stroke Curcumin Acetylcholinesterase, the mitochondrial enzyme complex, the oxidative and 
nitrosative stress response, and physiological parameters have all been lessened

In vitro

Daidzein Increased cerebral circulation, decreased cerebrovascular immunity, and 
brain targeting have a protective impact on people who have undergone 
ischemia-​reperfusion.

In vitro

Vinpocetine Using brain targeting and sustained release, treat chronic cerebral vascular ischemia 
or stroke

In vitro

Tumor Camptothecin Increased drug density in brain and blood flow In vivo
Doxorubicin Increased bioavailability when targeting tumours In vivo
Etoposide Increased inhibition of glioma cell lines’ proliferative potential In vitro
Paclitaxel Increased bioavailability when targeting tumours In vitro
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Physiological Role of SLNs against Various Neuropathological Conditions
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14.9.1 �O ptimizing SLNs for Alzheimer’s Disease

Alzheimer’s disease (AD) is one of the neurodegenerative conditions that primarily 
affect the elderly. The gradual deterioration and final loss of cognitive skills, such 
as memory and behavior, are its defining characteristics [193, 218]. Cholinesterase 
inhibitor development forms the basis of its therapies [219]. Food and Drug 
Administration-​approved acetylcholinesterase inhibitors for treating different stages 
of AD include donepezil, galantamine, and rivastigmine [195, 220]. One of the main 
drawbacks of these medications is that the necessary drug percentage cannot be 
attained at the location of the neuronal tissues [196,197]. The major reason for this 
is because the medications cannot cross the BBB, reducing their pharmacological 
efficacy. Better neuroprotection can be achieved at higher medication concentrations 
[201]. The existing medications have been put into SLNs for further extraordinary 
effectiveness in managing AD [221,222]. According to in vitro research findings, 
donepezil (an anti-​medicine for AD) enhanced drug transport and a preferred release 
strategy in CMEC/​D3 brain endothelial cells and human SH-​SY5Y neuronal cells 
[207,223]. Galantamine hydrobromide SLNs are among the most effective anti-​AD 
medications [192,208]. Tween 80 was used as a surfactant in a solvent emulsification–​
diffusion synthesis to create this drug combination. The synthesized SLN has a 
polydispersity index (PDI of 0.432), a Z-​potential of 14.83 mV, and a particle size of 
772 nm. Piperine loaded in SLN was also investigated in vivo by Yusuf et al. [194] 
as an anti-​AD drug. This SLN is created using the solvent emulsification–​diffusion 
approach employing Polysorbate-​80 as a coating for selective brain distribution and 
glycerol monostearate as an exemplary solid lipid. Kakkar et al. conducted research 
on curcumin compounded with Compritol® 888, Polysorbate-​80, and soy lecithin. 
This was used in the microemulsification approach to [198] aluminum-​induced AD. 
The AD treatment technique is enhanced by the SLN’s capacity to overcome the 
drug’s poor bioavailability, reactivity at physiological pH, fast metabolism, and renal 
clearance [216,224,225,226].

14.9.2 �O ptimizing SLNs for Parkinson’s Disease

Parkinson’s disease (PD) is the most common neurophysiological deficit condition. 
Depression, tremor, and bradykinesia are some of the psychological and physical 
illness symptoms that come with aging [210,228]. The pathogenic process includes 
the loss of dopaminergic neurons brought on by mitochondrial dysfunction, oxidative 
stress, and protein misfolding. Thus far, the dopaminergic receptor-​targeting medica-
tion levodopa has shown to be the most successful strategy against the Parkinson’s 
disease [229,230,231. The BBB may be traversed by levodopa. There is a decrease 
in treatment effectiveness due to the inadequate bioavailability of the necessary 
drugs [232,233]. In order to circumvent these problems, microemulsion technology 
has recently been used to create SLN drug-​delivery systems that encapsulate levo-
dopa [199,211]. Bromocriptine loaded in SLNs proved effective for treating PD, as 
discovered by Esposito et al. [200] in order to enhance brain concentrations of drugs 
and half-​life. Several dopaminergic agonists have demonstrated promise in in vitro, 
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ex vivo, and in vivo rat models of PD, including oral apomorphine and intranasal 
ropinirole [202, 203].

14.9.3 �O ptimizing SLNs for Huntington’s Disease

Dementia, schizophrenia, bipolar disorders, depression, chorea, abnormal body 
movements, oculomotor apraxia, athetosis, and sometimes suicidal tendencies are just 
some of the neurological disturbances and phenotypes associated with Huntington’s 
disease (HD) [212,234]. HD is incurable due to a lack of effective treatments 
[235,236]. Because of the BBB’s peculiar nature as a barrier to drug-​crossing and 
targeting, HD therapy plans continue to fall short of their goals [213]. Because of 
their ability to penetrate the BBB and reach the target location in the CNS, the medi-
cation candidates for HD may be delivered via advanced SLN drug carriers, leading 
to improved therapeutic action. The anti-​inflammatory chemical curcumin, which has 
shown encouraging outcomes in in vivo trials for the treatment of HD [203,214], is 
one such candidate. It has been demonstrated that this SLN can repair mitochondrial 
dysfunctions and oxidative stress-​related neuronal loss in the HD brain. Bhatt et al. 
examined the neuroprotective benefits of a rosmarinic-​acid-​loaded SLN carrier for 
HD [204]. They were successful in in vivo animal models by minimizing oxidation-​
induced stress in HD.

14.9.4 �O ptimizing SLNs for Multiple Sclerosis

In persons with MS, the protective coatings of nerve fibers in the CNS are damaged 
and deactivated [237]. Thus, serious physical, behavioral, and psychiatric issues 
emerge from a breakdown in signal transmission in the brain [238,239,240]. Poor 
drug bioavailability and plasma concentration lead to diminished pharmacological 
effect for numerous medications [227]. Several MS medications have had their effect-
iveness boosted by the latest SLN-​based drug-​delivery approach. Microemulsion-​
synthesized riluzole-​loaded SLNs (average diameter 88, PDI 0.27 nm) showed 
improved drug delivery to the brain in in vivo research. More drug availability across 
the brain increases the medication’s neuroprotective properties in the rats of MS and 
ALS [241].

14.9.5 �O ptimizing SLNs for Brain Tumor and Cancer

There are many different types of benign and malignant brain tumors, with glio-
blastoma being the most common and carrying a significant risk of recurrence if not 
treated well. The poor therapeutic effectiveness of anticancer medicines is mostly 
due to their inefficient translocation through the BBB [242,243]. Targeted delivery 
of an anticancer medicine without harming healthy cells is made possible by a revo-
lutionary nano-​drug carrier technology [244]. Several other medications and drug 
modifications, including etoposide SLN [205] and paclitaxel SLN [206], have been 
studied for their potential to treat glioblastoma. The results from in vitro experiments 
showed that they were more effective than the free medication at inhibiting the growth 
of glioma cell lines. Cationic solid lipid nanoparticles (CASLNs) functionalized with 
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an antibody against epidermal growth factor receptor (EGFR) were used in another 
investigation. Malignant glioblastoma cells were shown to be the focus of the spe-
cific SLN’s anti-​proliferative action [245]. Research afterward examined the effects 
of SLN composites containing doxorubicin, etoposide, and other drugs on human 
brain microvascular endothelial cells (HBMEC), human U87 malignant glioma cells 
(glioma cells), and human astrocytes using in vitro studies. According to the findings, 
SLNs are safe to use and may even slow the growth of cancer cells. This may be 
due to the fact that drug-​loaded SLNs are able to enter the BBB, which bodes well 
for their therapeutic use in the future treatment of various types of glioblastoma 
[245,246,247,248,249]. The anticancer medication edelfosine was loaded onto SLNs 
and then evaluated on a C6 glioma cell line and C6 glioma xenograft tumor, the 
outcomes were promising in both cases. An anti-​proliferative activity was shown by 
greater deposits in brain tissue and a considerable decline in tumor growth [250]. 
The nanoparticles were internalized, according to internalization studies conducted in 
vitro and in vivo, improving the therapeutic efficiency of the drug’s ability to penetrate 
the BBB [251]. In order to increase drug penetrability through BBB, another study 
examined SLNs functionalized with a targeting moiety and loaded with resveratrol 
[252], indicating their natural potential to passively target the brain (hCMEC/​D3 
cell monolayer in vitro BBB model). Fatty acid coacervation-​made SLNs containing 
paclitaxel and bevacizumab were reported to traverse the BBB [253].

14.9.6 �O ptimizing SLNs for Epilepsy

Epilepsy is a CNS illness that causes partial or widespread seizures due to an over-
stimulation of the brain’s electrical circuitry [254]. In this pathology, the BBB limits 
the extent of medicine that gets to the target region in the brain and so reduces the effect-
iveness of the therapy. SLN has demonstrated potential for overcoming the current 
shortcomings in the therapeutic management of epilepsy [255], entering the ranks of 
conventional and recently found drug-​delivery systems. The anticonvulsant impact 
of SLNs loaded with carbamazepine has been demonstrated to be superior to that 
of nanoemulsions loaded carbamazepine [209], according to recent studies. Equally 
convincing evidence showed that both muscimol-​ and amiloride-​loaded SLNs effect-
ively control focal seizures in animal models through an improved and more effective 
drug release compared with the drug administered alone, according to equally strong 
data [256, 257].

14.9.7 �O ptimizing SLNs in Ischemic Stroke

When brain tissue suddenly stops receiving blood and oxygen, neurological function 
suddenly ceases, and irreversible impairment results [258]. Ischemic strokes occur in 
several forms, including lacunar, cardioembolic, cryptogenic, and hemorrhagic [259]. 
There is currently no curative treatment for this brain abnormality, despite its dev-
astating effects on people all over the globe. The damage to brain tissue following 
an ischemic stroke is also progressive. Hypoxia is the initial cause of ischemic 
stroke, which is followed by secondary effects such severe brain tissue inflammation, 
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reactive oxygen species (ROS) generation, glutamate excitotoxicity, and so on. 
Neuronal cell loss and related diseases, such as brain edema and BBB impairment, 
develop over time [260,261,262]. Reducing proinflammatory effects and promoting 
neuroprotection [263] should be the primary focus of therapy. Due to the low medica-
tion bioavailability across the BBB, conventional therapeutic methods are ineffective. 
Stroke care presents significant challenges that might be ameliorated with the use of 
a cutting-​edge nano-​drug-​delivery technique [264]. One contemporary nanotechno-
logical method investigating possible medication formulations for ischemic stroke 
therapies is SLN carrier-​based drug delivery. Primary research showed that high-​
shear homogenization-​produced SLNs loaded with vincristine and temozolomide 
had a deep, prolonged release, which bodes well for their potential human use as a 
regulated delivery method [265]. Curcumin-​loaded SLNs (an antioxidant) have also 
attracted attention for their potential application in stroke therapy [266]. Inhibiting 
acetylcholinesterase levels and increasing glutathione (GSH), superoxide dismutase 
(SOD), and catalase levels are only some of the therapeutic effects that SLN-​
encapsulated curcumin has been shown to have in this research. The corrective cap-
abilities of encapsulated baicalin with enhanced bioavailability and stability were 
discovered in a separate investigation examining the effects of SLNs containing 
baicalin on ischemic stroke [267]. Regarding the therapy of chronic cerebral vascular 
ischemia [215], vinpocetine loaded in a specific SLN formulation may be superior 
to free vinpocetine due to its higher bioavailability and longer half-​life. Low-​density 
lipoprotein (LDL) receptors in the BBB may recognize resveratrol-​loaded SLN that 
has been surface modified (with apolipoprotein E: ApoE). Hence, improved BBB 
permeability was observed with this functionalized SLN drug carrier in an in vitro 
cell model [268]. Neurobehavioral impairments were dramatically ameliorated by 
ferulic acid (FA)-​loaded NLC in ischemia rat models, with increased bioavailability 
and decreased oxidative stress [269].

14.9.8 �O ptimizing SLN for Other Neurodegenerative Diseases

Most neurodegenerative illnesses have a common feature: oxidative stress, which 
causes the malfunction and eventual death of neuronal cells [270]. Free radicals 
generated by ROS may be neutralized with the help of powerful antioxidants like 
glutathione (GSH), lipoic acid (LA), carnosine, and caffeic acid [222,271]. With 
improved stability and hydrophilicity [272], SLNs encapsulating LA have been shown 
to be useful for the topical distribution of LA as an anti-​aging agent [273]. Lipoyl-​
memantine (LA-​MEM codrug)-​loaded SLNs were shown to be a novel method, 
with the added benefit of being stable in stomach and intestinal fluid models. This 
facilitated better stability, solubility, and absorption. This indicates that even at high 
concentrations, they are able to traverse the BBB. In addition, hydrolysis resulted in 
the release of LA and MEM, which demonstrated therapeutic activity while being 
completely safe and nontoxic [273]. Idebenone is another popular anti-​oxidant medi-
cation that can be effectively delivered to the brain by SLNs [152,228]. In vitro analysis 
of rat cerebral cortex astrocyte primary cultures demonstrated that idebenone-​loaded 
SLNs suppressed 2,2′-​azobis-​(2-​amidinopropane) dihydrochloride (APPH)-​induced 
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LDH release and reactive oxygen species (ROS) generation. Idebenone-​loaded 
SLNs might pass through the BBB and boost a drug’s bioavailability in the brain 
[217]. Hot-​microemulsion SLNs loaded with synthetic luteolin (LU, 5, 7, 30, 40-​
tetrahydroxyflavone) have been found to reduce oxidation-​induced damage in animal 
models when used to treat neurodegenerative diseases. Interestingly, SLNs loaded 
with grape extract and resveratrol, a natural polyphenolic flavonoid that promotes the 
rapid recovery of unhealthy neurons [274,275], have shown promise in the treatment 
of PD and AD, both of which are linked to severe neurodegeneration.

This chapter focused on the therapeutic assessment of several different types of 
drug-​loaded SLNs with potential for use in the future clinical treatment of various 
neurological illnesses. Moreover, intriguing is the fact that SLN formulations have 
shown efficacy in both in vitro and in vivo BBB-​crossing scenarios. However, only 
a small number of them have received clinical approval for BBB crossing in the 
treatment of neurological illnesses [276,277], with the exception of those used to 
treat cardiac diseases and a small number of malignancies. No adequate clinical 
trial of a medication containing SLN for neurological diseases has been conducted. 
Nevertheless, the clinical trial showed [278] that ingestion of SLNs loaded with 
melatonin was sufficient to achieve improved therapeutic ranges even in the initial 
phase of severe disease with a favorable pharmacokinetic profile, compared to mere 
melatonin. There may be pharmacokinetic benefits to encapsulation into lipid nano 
vectors. When applied topically, transdermal melatonin therapy has the potential to 
restore circadian rhythms in critically sick patients by mimicking the natural pattern 
of melatonin blood levels. Another key unfavorable conclusion found in preclinical 
research was that the pharmacokinetic characteristics of the SLN-​loaded medica-
tion varied across various animal models when it crossed the BBB. Different brain 
microenvironments in the animal models may account for the discrepancy in medica-
tion effectiveness findings. To predict the pharmacological activity and drug absorp-
tion of the SLNs, it is desirable to assess their bioavailability in animal models whose 
neurophysiology is extremely comparable to that of humans. As a result, there is a 
greater likelihood that the SLNs may be clinically approved and then commercialized 
for the treatment of neurological disorders by targeting the BBB.

14.10 � CONCLUSIONS

The medical community has a formidable challenge when attempting to treat CNS 
illnesses. The BBB acts as a barrier for most of the therapeutic medications, which 
is problematic since the incidence of mortality and morbidity associated with 
complicated neuro-​pathologies and the reasons underlying the illnesses are still open 
questions. There has been significant development in our knowledge of the BBB as 
a possible target for brain medication delivery thanks to recent scientific research. It 
is crucial to take into account the BBB as both a physical barrier and a specific thera-
peutic target when figuring out how to deliver medications to the CNS with the goal 
of treating neuropathologies. One of the lipid-​based enhanced nano-​drug-​delivery 
vehicles that aims to get over the BBB’s restrictions is SLNs and their alterations as a 
unique therapy strategy. Their pharmacological efficacy has been shown to increase. 
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In addition, their one-​of-​a-​kind physicochemical makeup allows them to transport 
the drug’s active ingredients in a targeted and regulated fashion, with reduced tox-
icity. Fewer side effects, an extended half-​life, and the possibility for enhanced drug 
passage over the BBB are some of the therapeutic advantages of SLNs for effective 
brain medicine delivery. The drawbacks of SLNs include its inadequate drug-​loading 
efficiency, the more complicated physical nature of lipid components, and chemical 
stability concerns during dosing and repository steps. Due to their limitations, SLNs 
must be further developed to become the ideal CNS medicine delivery technology 
for countering the broadest spectrum of neurological disorders. Although it is true 
that present SLN techniques are unable to effectively treat neurological illnesses, 
recent technology advances and a deeper comprehension of the BBB dependent 
transport mechanism provide optimism for the future of this innovative treatment 
approach. Further obstacles that must be surmounted before SLNs may be used in 
clinical settings include standardizing the modified synthetic methods, optimizing 
the sterilizing process, scaling up production operations, and fixing present stability 
difficulties.
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