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ABSTRACT

Neurodegenerative diseases pose a growing global health crisis, with no curative treatments
currently available due to the formidable blood-brain barrier limiting drug delivery.
Nanomedicine offers innovative solutions by utilizing Nano carriers like nanoparticles,
liposomes, and polymeric micelles to encapsulate therapeutics and enable brain targeting. This
review systematically examines emerging Nano carrier platforms for enhanced diagnosis and
therapy of neurodegenerative disorders. Lipid-based, polymeric, inorganic, and biomimetic
Nano carriers are discussed, highlighting their unique advantages in crossing the blood-brain
barrier, targeted delivery, sustained release, multimodal imaging, and neuroprotection. Novel
brain penetration strategies like inhibiting efflux transporters, polymer conjugation, and active
targeting ligands are explored. Applications in early detection, neural regeneration, and
combination therapies are presented. While challenges persist, the review provides insights into

potential breakthroughs leveraging biomimetic design, advanced targeting, gene editing, and
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theranostic integration. Overall, nanomedicine represents a promising paradigm to

revolutionize neurodegenerative disease treatment.

Keywords: Alzheimer's disease, Huntington’s disease, nanomedicine, nanoparticles,

nanotechnology, and Parkinson's disease

INTRODUCTION:

The global prevalence of neurodegenerative
diseases, such as Alzheimer's and
Parkinson's, is increasing as populations
continue to age. These diseases cause
progressive nerve cell damage and death in
the brain, leading to problems with
movement and memory that severely reduce
quality of life. Neurodegenerative diseases
are conditions where nerve cells in the brain
gradually degenerate and die, causing
difficulties like ataxia (trouble moving) or
dementia (memory and thinking issues).
Symptoms worsen over time, sadly leading
to death. Alzheimer's is the most prevalent
neurodegenerative disease, causing over
50% of dementia cases in America. Others
like Parkinson's, Huntington's, and ALS are
also quite prevalent. Despite much research,
there is still no cure, and patients experience
slow decline. Current treatments only
manage symptoms and don't halt disease
progression. Finding a treatment that slows
neurodegeneration would greatly help
patient’s live better longer!. A major
challenge is getting drugs across the blood-
brain barrier into the brain. The blood-brain
barrier protects the brain by blocking entry
of cells and particles from blood but also

obstructs most drugs from reaching the brain

even after intravenous injection. Less than
1% of an injected drug enters the brain, if at
all. Thus, the high systemic doses needed for
therapeutic brain levels can be toxic for the
body?. Better techniques are needed to
safely deliver therapies into the central
nervous system?.

Nanomedicine offers innovative therapeutic
approaches to cross the restrictive blood-
brain  barrier and  directly target
neurodegeneration pathways.

Nanoparticles, liposomes, micelles,
dendrimers, Nano gels, nanoemulsions, and
other Nano carriers can encapsulate and
protect small molecule drugs and biologics
like antibodies, proteins, peptides, siRNA,
mRNA, and plasmid DNA. This enhances
their stability and circulation time in the
bloodstream* 3. Nano carrier surfaces can be
functionalized with targeting moieties like
antibodies, aptamers, peptides, or small
molecules to enable preferential
accumulation and cellular uptake in the
brain versus peripheral organs®. This allows
localized delivery of therapeutics while
avoiding systemic toxicity. The high surface
area-to-volume ratio of Nano carriers also
facilitates the delivery of enzymes,

antioxidants, neurotropic factors, and other
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agents to modulate cell signalling and

molecular pathways driving
neuroinflammation, protein misfolding, and
apoptotic cell death’.

The primary goal is to develop effective
interventions that positively impact the
rthythm and progression of human CNS

disease. Achieving these goals is thought to

require specialized knowledge across
multiple fields, including biomedical
sciences (neuroscience, pathology,

immunology, pharmacology, and molecular
imaging) as well as material, biomaterial,
and pharmaceutical sciences (polymers,
nanomaterial’s, drug delivery, and gene
delivery). Although numerous
comprehensive reviews on brain drug
delivery have been published in recent years
18:91 none have focused on the most recent
and impactful studies involving cell- and
polymer-based nanomaterial’s for CNS
delivery. In this regard, modified
discussions are presented to outline disease
processes and requirements in conjunction
with  current  research  efforts in
nanomedicine. This work was conducted
with the aim of improving the diagnosis and
treatment of neurodegenerative disorders.
The review is organized into several key
sections 1% 111, First, it provides an overview
of these disorders, including the role of bio
imaging in disease diagnosis. Second, it
addresses the challenges that must be

overcome to achieve effective treatment for

CNS diseases. Third, it outlines the main
types of Nano carriers (such as liposomes,
nanoparticles, polymeric micelles, Nano
gels, and others) that show potential for
delivering diagnostic and therapeutic agents
to the brain'2. Fourth, it discusses cell-
mediated delivery of Nano carriers to
targeted brain areas and their potential to
improve pharmacokinetics in the body.
Fifth, it explores the use of polymeric
inhibitors to block drug efflux systems,
thereby  selectively  increasing  the
permeability of therapeutic agents across the
blood-brain barrier. Finally, it examines
chemical modifications of proteins,
particularly conjugation with amphiphillic
block copolymers, as innovative strategies
to enhance protein delivery to the brain'3.
Neurodegenerative diseases:
Neurodegenerative diseases are a group of
disorders marked by the gradual
deterioration of the nervous system. These
conditions result in the gradual dysfunction
and loss of neurons, leading to various
cognitive, motor, and sensory impairments.
The pathophysiology of neurodegenerative
diseases is complex and involves a
combination of genetic, environmental, and
age-related factors.
Common neurodegenerative diseases are
as follows:

1. Alzheimer's disease

2. Parkinson's disease

3. Huntington's disease
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4. Amyotrophic lateral sclerosis (ALS
or Lou Gehrig's disease)

5. Multiple sclerosis (MS)

6. Frontotemporal dementia

7. Progressive
(PSP)

8. Corticobasal degeneration (CBD)

9. Creutzfeldt-Jakob disease (CID)

supranuclear  palsy

10. Spinocerebellar ataxia

11. Wilson's disease

12. Charcot-Marie-Tooth disease

13. Spinal muscular atrophy (SMA)

14. Friedreich's ataxia

15. Lewy body dementia
Alzheimer's disease:
Alzheimer's disease (AD) is a devastating
condition characterized by the progressive
deterioration of the brain, which occurs as a
result of the formation of plaques in the
hippocampus!'4. The formation of these
plaques begins approximately 20 years
before the appearance of clinical symptoms,
making it challenging to fully understand
the precise pathological progression of
AD'. The global prevalence of AD is
increasing, with over 50 million individuals
affected in 2019, leading to a significant
economic and workforce burden. According
to projections, AD may affect 13.8 million
Americans 65 and older by the middle of the
twenty-first century, ranking it as the sixth
most common cause of death in the

country!6.

The most significant risk factors for
Alzheimer's disease include advanced age
(usually over 65 years, though this is not a
strict definition) and the presence of at least
one APOE &4 allele!”. Additionally, women
are more likely than men to develop
Alzheimer's, especially after the age of 8018,
Despite having a similar amyloid B burden,
women also tend to have a higher tau
burden'. In addition, cardiovascular risk
factors and poor lifestyle choices have been
associated with a higher risk of dementia.
The Lancet Commission on Dementia
Prevention states that these 12 modifiable
risk factors together account for around 40%
of the global risk for all types of dementia?’.
Parkinson’s disease:

Parkinson's disease (PD), first described by
James Parkinson in 1817, is a debilitating
neurodegenerative disorder with no cure. It
affects 1-2% of individuals over the age of
50, with approximately 1.5 million cases in
the United States alone. The disease is
characterized by the progressive loss of
dopaminergic neurons containing
neuromelanin in the substantia nigra pars
compacta (SNpc), as well as the
accumulation of eosinophilic,
intracytoplasmic protein inclusions known
as Lewy bodies (LB) and dystrophic Lewy
neurites in the remaining neurons. While the
loss of neurons in the SNpc is a prominent

feature, the disease also causes widespread

neurodegeneration throughout the central
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nervous system (CNS), with the pars
compacta being affected in the intermediate
stages of the condition?!>22,

Around 70% of Parkinson's disease patients
experience the characteristic tremor, while
many others exhibit more subtle symptoms.
These can include sensations of numbness or
pain without clear sensory loss. Patients
often report muscle pain and tenderness,
along with weakness or stiffness in their
limbs. Difficulty with tasks such as
handwriting, performing repetitive actions
like brushing teeth, winding a watch,
buttoning clothes, or using utensils is a
common issue for several months. Fatigue,
depression, and a general sense that time is
moving slowly and life feels monotonous
are also frequent complaints 2324,
Huntington's disease:

George Huntington was the first to address
and depict the disease, which is now known
as Huntington's chorea. This
neurodegenerative disorder is inherited
within families from one generation to the
next, typically manifesting in middle age
with symptoms including involuntary

choreatic movements, behavioral and
psychiatric disturbances, and dementia?>.
The disease was originally referred to as
Huntington's chorea until the 1980s, when
the name was changed to Huntington's
disease (HD) to reflect the broader non-
motor symptoms and signs associated with

it. In 1983, a linkage on chromosome 4 was

established, and in 1993, the gene
responsible for HD was identified. This
period saw a notable surge in interest in
Huntington's disease (HD) and other
neurogenetic disorders. For the first time,
premanifest testing became a reality, and as
more diseases linked to CAG trinucleotide
repeats were identified, HD emerged as a
model for many medical studies. CAG refers
to a trinucleotide sequence consisting of
cytosine (C), adenine (A), and guanine (G),
which serves as the building block of DNA
and codes for the amino acid glutamic?®
Amyotrophic lateral sclerosis (ALS or
Lou Gehrig's disease):

Amyotrophic lateral sclerosis (ALS) is a
specific type of motor neuron disease that
exhibits both upper and lower motor neuron
symptoms. The term "amyotrophic" refers to
the muscle wasting, weakness, and
twitching that result from damage to the
lower motor neurons. "Lateral sclerosis"
describes the hardness found in the spinal
cord's lateral columns upon post-mortem
examination, where gliosis occurs after the
degeneration of the corticospinal tracts. The
clinical features of ALS include upper motor
neuron signs such as hyperactive tendon
reflexes, Hoffmann signs, clonus, and
Babinski signs. ALS has two meanings: it
refers to several adult-onset conditions
involving the progressive degeneration of
motor neurons, and in the United Kingdom,

it is referred to as “motor neuron disease’?’.
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Multiple sclerosis (MS):

Multiple sclerosis (MS) is a chronic
inflammatory disorder that impacts the
central nervous system. As an autoimmune
disease, MS is the leading cause of non-
traumatic neurological disability in young
adults. Diagnosing MS involves identifying
lesions that are both spatially and temporally
distinct while ruling out other inflammatory,
infectious, or genetic conditions with similar
clinical symptoms. The disease manifests in
three primary forms: relapsing-remitting
MS, which

involves  episodes  of

neurological dysfunction followed by
periods of stability; primary-progressive
MS, where progressive neurological
disability begins at the onset; and secondary-
progressive ~ MS, where  progressive
disability develops later in the disease's
progression?3.

Frontotemporal dementia:
Frontotemporal dementia is a

neurodegenerative clinical disorder
characterized by progressive deficits in
behaviour, executive function, and
language?® 3. Frontotemporal dementia is a
diverse group of non-Alzheimer dementias
that collectively involve distinct and
progressive degeneration of the frontal or
temporal lobes, or both. The earliest
descriptions of frontotemporal dementia
cases date back to the late 19th century,
primarily by Arnold Pick, who initially

referred to the condition as Pick's disease.

However, it has only been in the last 30
years that the clinical and pathological
complexity of these diseases and their
recognition as distinct forms of brain
degeneration have been fully understood.
Frontotemporal dementia is rarer than
Alzheimer's disease, with prevalence
estimates ranging from four to 15 per
100,000 people under the age of 65,
according to studies in Europe and the US.
Despite its lower prevalence, this group of
diseases remains a significant cause of early-
onset dementia, with substantial financial
and human impacts3!.

Progressive supranuclear palsy (PSP):
Progressive supranuclear palsy (PSP) is a
unique type of Parkinsonian disorder
marked by progressive stiffness in the trunk,
difficulty with vertical eye movements,
speech  difficulties  (dysarthria), and
swallowing problems (dysphagia). It was
first identified by Steele, Richardson, and
Olszewski in 196432, This condition
manifests with a range of symptoms
balance, vision,

affecting speech,

movement, and swallowing.  These

symptoms may include difficulties with

walking balance, eye movement
coordination, light sensitivity, speech
articulation, swallowing function,

behavioral changes, memory impairment,
sleep disturbances, light sensitivity, and
mood disturbances3. Additionally, frontal

lobe dysfunction and subcortical dementia
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can sometimes be observed. PSP typically
presents in late middle age with features
such as bradykinesia and rigidity similar to
Parkinson's disease (PD), but distinguishes
itself through severe gait disturbances,
supranuclear gaze palsy, and early pseudo
bulbar signs3* 35, Other key characteristics
of PSP include dementia, emotional
liability, axial extensor dystonia, poor
response to levodopa treatment, and a more
rapid disease progression compared to
untreated PD. In some atypical cases,
patients may exhibit apraxia of speech,
corticobasal ~ syndrome, or  spastic
paraparesis3®.

Corticobasal degeneration:

Corticobasal degeneration is an uncommon,
progressive  neurodegenerative  disorder
marked by unique motor symptoms and a
range of clinical presentations that may also
occur in other conditions” 3%, The clinical
variability and lack of specificity of CBD
present a significant diagnostic challenge
even to movement disorder specialists®” 3,
It shares tau-related pathology with other
conditions, including Alzheimer's disease
(AD), Pick's disease, and progressive
supranuclear palsy (PSP), particularly the
presence of four-repeat (4R tau) isoforms.
This common tau pathology may explain the
overlapping clinical features observed
among these disorders. The classic clinical

description of corticobasal degeneration,

specifically corticobasal syndrome (CBS),

was initially outlined by Rebeiz and
colleagues in 19674,

Creutzfeldt-Jakob disease (CJD):
Creutzfeldt-Jakob disease, also known as
transmissible spongiform encephalopathy,
is a group of lethal neurodegenerative
disorders that impact both humans and
animals. This rare and rapidly progressive
disorder is characterized by the degeneration
of the brain and is classified into sporadic,
genetic, and acquired forms. Although the
term "sporadic" is commonly used to
describe this disease, it could be argued that
"idiopathic" is a more appropriate term, as
the exact cause of this form of CJD remains
unknown despite its consistent occurrence
worldwide, with an estimated frequency of
approximately 1 case per million individuals
annually*! 4%

Spinocerebellar ataxias (SCA):
Spinocerebellar ataxias (SCA) are a
collection of inherited cerebellar ataxias that
are transmitted through an autosomal
dominant pattern. These disorders are
characterized by progressive
neurodegeneration, specifically the
degeneration of the cerebellum and
potentially other interconnected regions
such as the brain stem. 43 Ataxia refers to a
clinical condition of incoordination,
denoting a lack of order. Moreover, the term
ataxia is also used to refer to a specific group
of degenerative nervous system diseases

where progressive ataxia is the primary
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clinical symptom. Ataxias can have both
genetic and non-genetic causes, with
spinocerebellar ataxias (SCAs) being the
genetically inherited, autosomal dominant
forms among them. 4445,

Wilson’s disease:

Wilson's disease is an uncommon autosomal
recessive genetic condition that impairs the
body's ability to metabolize copper. It is
characterized by both hepatic and
neurological symptoms. The prevalence of
this disease is estimated to be between one
in 30,000 and one in 100,000 individuals.
The disorder was first identified by Kinnier
Wilson in 191246, Over the past two
decades, significant advancements have
been made in our understanding of the
disease's pathogenesis, cellular biology, and
molecular genetics. The majority of
symptoms typically manifest during the
second and third decades of life. In
individuals with Wilson's disease, there is an
accumulation of excess copper in the liver
due to impaired copper excretion in bile. The
concerning aspect of this condition is its
progressive nature, potential for remaining
undiagnosed, and the possibility of being
fatal if left untreated. In the early stages of
the disease, copper build up can only be
immune

identified using specialized

histochemical stains, which are not

commonly accessible. This early copper
accumulation is associated with

macrosteatosis, microsteatosis, and

glycogenated cores, which are also observed
in other disorders such as non-alcoholic
steatohepatitis.

Charcot-Marie-Tooth disease:
Charcot-Marie-Tooth (CMT) disease, also
referred to as hereditary motor and sensory
neuropathy (HMSN), includes a range of
disorders that vary both clinically and
genetically. These conditions are marked by
muscle atrophy, weakness, and sensory
impairment, with the most pronounced
symptoms usually affecting the distal parts
of the body. The disease was first described
in 1886 and was named after the three
clinicians who initially reported it. It is the
most common inherited neuromuscular
disorder, affecting at least 1 in 2,500
individuals.®. The understanding of CMT
has evolved over time, with two distinct
periods of advancement. The first period,
from 1886 to 1991, was the pre-genetic era.
During this time, there were significant
advancements in the understanding of
peripheral nerve diseases in general. From
the perspective of CMT, this period was
particularly important for the development
of techniques to study peripheral nerve
neurophysiology and pathology.**-*

Spinal muscular atrophy (SMA):

Spinal muscular atrophy (SMA) refers to a
group of inherited conditions characterized
by the degeneration of motor neurons in the
spinal cord, leading to muscle wasting and

weakness. SMA is a serious neuromuscular
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disorder marked by the progressive
weakening and paralysis of proximal
muscles due to the degeneration of alpha
motor neurons. The disease was first
described in the 1890s by Werdnig and
Hoffmann. In 1995, the discovery of the
survival motor neuron (SMN) gene
confirmed it as the genetic cause of SMA 51
52.

Friedreich's ataxia:

Between 1863 and 1877, Nicholaus
Friedreich published five papers that
described a disease now known as
Friedreich ataxia (FRDA). In these reports,
Friedreich detailed the characteristics of the
condition, which he named after himself,
based on observations of nine individuals
from three families. His initial findings
highlighted that the onset of symptoms
typically occurred during childhood, and
manifestations such as ataxia, dysarthria,
sensory loss, muscle weakness, scoliosis,
foot deformities, and cardiac symptoms
were present. However, it was not until the
last two reports>® that the debate regarding
the diagnosis of FRDA arose. Some
researchers argued that the absence of knee
and ankle reflexes could rule out the
diagnosis, while others disagreed. Early
publications on the subject were further
complicated by the inclusion of cases that
are now recognized as not being FRDA.
Furthermore, the occurrence of spastic

paraparesis, a condition similar to FRDA,

has led to some confusion. Bell and
Charmichael proposed that spastic ataxia
might be a subset of FRDA, a view that
Harding disagreed with. It is important to
highlight that FRDA is the most common
inherited form of ataxia-34

Lewy body dementia:

Dementia with Lewy bodies is a common
form of dementia, with about 80% of people
with  Parkinson's  disease eventually
developing dementia. Although these two
conditions differ in the timing of dementia
onset and parkinsonism, both diseases share
similar motor and cognitive changes as they
progress, indicating that they may represent
a continuum rather than separate disorders.
Together, they are known as Lewy body
dementias.  This  review  highlights
developments following a key 2004 analysis
and the subsequent dementia with Lewy
bodies consortium criteria. While the
consortium criteria show high specificity
when core and suggestive features are
present, their sensitivity is only moderate.
Accurate diagnosis is essential for effective
management, as these patients require a
personalized treatment approach. Ongoing
clinicopathological research in  both
dementia with Lewy bodies and Parkinson's
disease dementia has led to considerable
advancements. 5.

Nanomedicine:

Nanomedicine involves the application of

nanotechnology in healthcare, using Nano
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scale materials and devices for diagnostic,
therapeutic, and preventive purposes. Many
diseases arise from changes in biological
structures at the atomic or Nano scale level.
Mutations in genes, misfolded proteins, and
infections caused by viruses or bacteria can
disrupt cellular function or communication,
sometimes resulting in life-threatening
conditions. These particles and pathogens
are on the Nano scale and exist within
biological systems that are protected by
nanometre-sized barriers, like molecular
pores approximately 9 nm wide. Their
chemical properties, size, and shape
influence how molecules are transported to
specific biological areas and how they
interact. Nanotechnology is the intentional
design, characterization, production, and use
of materials, structures, devices, and
systems by manipulating their size and
shape within the Nano scale range (1 to 100
nm). Because nanomaterial’s share a similar
scale to biological molecules and systems
but can be engineered for various functions,
nanotechnology offers significant potential
for medical applications. 3. Nanoparticles
like liposomes and dendrimers can be
modified with ligands such as transferrin
receptor antibodies or lactoferrin that target
receptors on the BBB, facilitating active
transport ~ through  receptor-mediated
transcytosis. Nanoparticles made from

polymers like PLGA allow for the

adjustment of drug release from days to
months based on polymer composition,
enabling sustained drug release for
prolonged therapeutic effects. Inorganic
nanoparticles like iron oxide and gold
nanoparticles possess inherent imaging
properties or can be linked to contrast agents
like gadolinium, making them suitable for
diagnosis and imaging of
neuroinflammation.’

Nanomedicine offers innovative approaches
to enhance the safety and effectiveness of
traditional therapeutics. By targeting drugs
with lower bioavailability to specific
locations, nanomedicine can reduce the
required dosage. The larger surface area and
increased reactivity of nanoparticles may
reduce the required drug dosage, thereby
improving toxicity profiles and enhancing
patient compliance. Moreover, the extensive
surface area of nanoparticles can increase
drug dissolution rates, saturation solubility,
and cellular uptake, leading to improve in
vivo performance. Through the combination
of encapsulation, controlled release
mechanisms, and surface modifications,
nanomedicine can significantly improve
therapeutic targeting and bioavailability,
making it several times more effective than
traditional treatments. Targeted
nanoparticles can also deliver a higher

dose.38
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Nanomaterials in clinical
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Gold nanoparticle

Nanomaterials in proof.of-
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Figure 1: Examples of the nanomaterial’s most commonly used in medicine 3

Ongoing research is focused on developing
advanced nanoparticles (NPs) for the
targeted delivery of various therapeutic or
diagnostic agents. The appeal of targeted NP
applications arises from the ability to use
MRI to track the particles and correlate the
observations

Polymer/SPIO

results with histological

following treatment.

composites are the most widely used NPs for
theranostics (diagnostics). In addition,
multiple cancer drugs can be attached to a
polymer/IO conjugate backbone, allowing
for their release at the tumour site where
they can work together synergistically,
effectiveness.

potentially enhancing

Furthermore, electromagnetic fields can be
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applied remotely to generate heat in SPIO
NPs, enabling thermal ablation therapy, as
SPIO NPs produce heat when exposed to an
alternating field.

Nanotechnologies have already transformed
genetic and biological analysis through
devices that assess molecular biomarkers.
Unlike traditional methods, these tests are
faster, more reliable, and cost-effective,
thanks to in vitro and in vivo diagnostic
innovations that use nanochips or quantum
dots (QDs). Nanotechnology can also create
diagnostic tools that are more sensitive,
allowing for the early detection of metabolic
imbalances, which could help prevent
diseases like diabetes and obesity. The
ongoing use of nanotechnologies to develop
better and more affordable methods for
identifying molecular biomarkers will also
facilitate the widespread use of personalized
medicine.

Nanomedicine for Neurodegenerative
Disease:

Neurodegeneration is the term used to
describe the gradual loss of a neuron's
structure and function, which eventually
results in its death. This process gives rise to
a wide range of debilitating disorders of the
central nervous system (CNS), collectively
known as neurodegenerative disorders
(NDs). Neurodegenerative diseases (NDs)
include conditions such as Alzheimer's
disease (AD), Parkinson's disease (PD),

prion diseases, amyotrophic lateral sclerosis

(ALS), and Huntington's disease (HD).
Neurodegeneration can take place at
different levels within the neuronal
environment, ranging from the molecular to
the systemic level. Extensive global
research has revealed several subcellular
and molecular similarities among these
NDs, such as abnormal synaptic activity and
the accumulation of misfolded proteins in
the brain, which may provide insights into
the development of effective therapeutic
approaches. In contrast, other brain-related
illnesses like stroke or cancer exhibit distinct
subcellular differences.

Various factors contribute to the onset and
progression of neurodegenerative diseases
(NDs), including genetic mutations, protein
misfolding and aggregation, mitochondrial
dysfunction, DNA damage, damage to
organelle = membranes, apoptotic  or
autophagic cell death, and transglutaminase
binding. Aging is considered a significant
risk factor for most NDs, as they typically
appear later in life, likely due to alterations
in mitochondrial DNA and increased
oxidative stress.

The main treatments for managing motor
symptoms include levodopa  (often
combined with a dopa decarboxylase

inhibitor and, in some cases, a catechol-O-

methyltransferase ~ (COMT)  inhibitor),
dopamine agonists, and monoamine
oxidase-B (MOA-B) inhibitors.

Huntington's disease, another genetically
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inherited and debilitating condition with no
cure, affects 5—15 out of 100,000 individuals
globally. The most effective drug for
managing  cognitive  symptoms  is
Tetrabenazine, followed by neuroleptics and
benzodiazepines. Currently, amyotrophic
lateral sclerosis (ALS) is the most severe
motor neuron disease and remains without a
cure. Although its mechanism is not fully
understood, Riluzole and Edaravone are the
most widely used treatments for ALS.

Prion disease has led to some of the most
unexpected discoveries, where a protein
functions as an infectious agent and causes
neurodegeneration. Researchers are actively
working to identify new drugs to treat this
rare but fatal condition. As a result, finding
novel therapeutic strategies for managing
and potentially eliminating
neurodegenerative diseases is essential.

However, the challenge in

primary
developing effective treatments is the
limited ability of therapeutics to cross the
blood-brain barrier (BBB).

Nanotechnology,  despite its  well-
demonstrated influence, is currently being
extensively researched to discover potential
solutions for Neurological Disorders (NDs).
When

appropriately manipulated,

nanomaterials with specific physico-
chemical properties such as structure,
polarity, size, charge, surface chemistry,
etc., have the capability to penetrate the

blood-brain barrier (BBB) and target the

central nervous system (CNS) to deliver
therapeutic cargo. This review will explore
recent developments in different types of
nanoparticles (NPs), such as liposomes,
polymeric nanoparticles, metal
nanoparticles, and bio-nanoparticles, for the
treatment and diagnosis of various
neurodegenerative diseases (NDs). It will
also address topics like neuroprotection,
neuronal tissue regeneration, clinical
progress, safety, toxicity, and the challenges
associated with using nanomedicine in NDs.
Finally, the future prospects of Nano
technological approaches in addressing NDs

will be discussed in detail.®3

Types of Nanomedicine in
Neurodegenerative Diseases for
Treatment

o Lipid-Based Nanoparticles

o Solid lipid nanoparticles (SLN)

e Nanostructured lipid carriers (NLC)

o Polymeric Nanoparticles

o For diagnostic purposes

e Inorganic Nano carriers

o Iron oxide nanoparticles

¢ Gold nanoparticles

e Quantum dots

o Radiolabeled nanoparticles

e Plasmonic gold nanoparticles
ADVANTAGES OF NANOMEDICINES
Crossing the blood-brain barrier:
Nanoparticles can be modified with
targeting

ligands to penetrate the

challenging blood-brain barrier and deliver
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drugs directly to the brain. This enhances the
delivery of drugs that typically suffer from
low bioavailability.6*
¢ Drug protection:
o Nano carriers allow
encapsulation of drugs and
protect them from
degradation as well as
premature clearance. This
increases  half-life  and
circulation time.%

¢ Sustained release:

o Nanomedicine from
polymers, lipids, etc.,
provide  controlled and

sustained release of drugs
over long periods. This
improves  efficacy  and
reduces dosing frequency.5
e Solubility enhancement: Poorly
water-soluble drugs like curcumin
can be incorporated into Nano
carriers like liposomes to enhance
solubility. This improves
bioavailability.®’
Targeted delivery: Active targeting ligands
enable Nanomedicine to selectively deliver
drugs to affected areas and cells in the brain.
This reduces off-target effects.®
Combination therapy: Nano carriers can
co-deliver multiple therapeutic agents and
effects.  This

genes for  synergistic

overcomes limitations of monotherapy.®

Lesser side effects: Nanomedicine
accumulate less in normal tissues, thereby
reducing systemic side effects associated
with high doses of traditional drugs.%
Diagnosis and imaging: Nanoparticles can
incorporate imaging agents and enable
diagnosis of neurodegeneration along with
therapy.

Patient compliance: Reduced dosing
frequency improves patient compliance to
medication regimes, especially in chronic
neurodegenerative disorders. %
Nanomedicine Strategies in
Neurodegenerative Disorders

A. Drug Delivery

1. Nanoparticle-based drug delivery
systems

Polymeric nanoparticles made from FDA-
approved biodegradable polymers like
PLGA (poly (lactic-co-glycolic acid)) and
chitosan have been widely explored for
sustained and controlled drug delivery.
PLGA nanoparticles can encapsulate
hydrophobic small molecule drugs and
hydrophilic macromolecules like proteins
and peptides using techniques like emulsion
solvent evaporation and Nano precipitation.
To prevent systemic toxicity, PLGA is
hydrolysed in the body to produce the
metabolite monomers lactic acid and
glycolic acid. The lactide/glycolide ratio and
molecular weight of PLGA nanoparticles
determine how quickly drugs are released

from them. For example, tacrine-loaded
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PLGA nanoparticles provided sustained
drug release over 120 hours in vitro and
residence in the brain for up to 15 days after
intranasal administration in an Alzheimer's
disease rat model.’’ Chitosan is a
biocompatible cationic polymer that can
form nanoparticles through ionic gelation
with polyanions like triphosphate. Chitosan
nanoparticles have shown enhanced cargo
encapsulation efficiency owing to strong
electrostatic interactions.

Intranasal delivery of curcumin using
chitosan nanoparticles functionalized with
rabies virus glycoprotein showed 5-fold
higher drug levels in the brain compared to
intravenous delivery in a mouse model.”?
Triglycerides, fatty acids, and other
biocompatible and biodegradable lipids
make up lipid-based nanoparticles, such as
solid lipid nanoparticles (SLN), which stay
solid at normal temperature. SLNs are
suitable for the encapsulation of highly
lipophilic molecules like alpha-mangostin,
which showed 85% entrapment efficiency
and sustained release across 96 hours.”
Nanostructured lipid carriers (NLC) are an
improved generation of SLN, with
controlled nanostructures for optimal drug
loading. Clioquinol-loaded NLC
administered intravenously led to 3.6-fold
higher drug accumulation in the brain

compared to free drug.”*

2. Targeted drug delivery to the brain:

Transport of chemicals into the brain is
carefully regulated by the blood-brain
barrier (BBB), which is made up of tight
connections between endothelial cells.
Nonetheless, the BBB's receptors can be
used to deliver nanoparticles to the brain
precisely.”

Through receptor-mediated endocytosis, the
transferrin  receptor, which is widely
expressed on brain capillary endothelial
cells, promotes iron uptake into the brain.
Hence, surface functionalization of
nanoparticles with transferrin has been
widely used for transport across the BBB.”¢
For example, transferrin-conjugated solid
lipid nanoparticles loaded with rivastigmine
demonstrated 2-fold higher brain drug levels
compared to normal SLN after intravenous
administration in rats. Similarly, lactoferrin
receptors are also expressed on the BBB and
have been explored for nanoparticle
targeting. Lactoferrin-anchored PEG-PLGA
nanoparticles could deliver loperamide
across the BBB in in vitro models. Co-
functionalization with transferrin and
lactoferrin on bovine serum albumin
nanoparticles led to greater permeation
across the BBB compared to nanoparticles
with a single ligand in an in vitro model.”’
Cell-penetrating peptides like TAT have
also been investigated for crossing the BBB
via adsorptive-mediated endocytosis. TAT-

conjugated liposomes loaded with an

antioxidant enzyme showed increased
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delivery across the BBB and The large surface area to volume ratio of
neuroprotective  effects in  ischemia- nanoparticles allows the creation of

reperfusion injury mice models.”

B. Imaging and Diagnosis

1. Nanoparticle-based imaging agents:
In order to diagnose and track
neuroinflammatory  diseases such as
multiple sclerosis, super paramagnetic iron
oxide nanoparticles have been utilized
extensively as MRI contrast agents. The iron
oxide nanoparticles improve contrast in T2-
weighted MRI images by reducing the
protons' T2 relaxation durations. High
accumulations  of  nanoparticles  at
inflammatory foci result in signal reduction
in MRI.  Gold nanoparticles provide

significant contrast enhancement for
computed tomography (CT) imaging.”The
high atomic number of gold leads to strong
X-ray attenuation. Gold nanoparticles
functionalized with BBB-targeting peptides
like cRVG accumulated in the brain upon
intravenous injection and showed over 3-
fold greater CT contrast. Quantum dots are
fluorescent semiconductor Nano crystals
that can trace abnormal protein aggregation
pathways in the brain. Near-infrared-
emitting quantum dots coated with
antibodies specific to amyloid beta plaques
demonstrated labelling of plaques in post-
mortem human Alzheimer's brain tissues.

2. Early detection and diagnostic

applications:

sensitive surface-based bio sensing assays
for neurodegenerative disease biomarkers. 3!
Magnetic nanoparticles modified with
antibodies detected amyloid beta oligomers

at Pico molar concentrations in plasma

samples from Alzheimer's patients.??
Plasmonic gold nanoparticles exhibit
surface plasmon resonance, allowing

detection of subtle changes in the local
environment. This was leveraged to develop
aggregation assays for alpha-synuclein,
which could differentiate Parkinson's
patients from healthy controls.?3

C. Neuroprotection and Regeneration

1. Neuroprotective effects of
nanomaterials:

Nanomaterial’s like dendrimers, cerium
oxide nanoparticles, and carbon nanotubes
have been investigated for their innate
antioxidant properties that can help mitigate
oxidative stress associated with
neurodegenerative diseases. For example, a
study by 3 found that glyconanoparticles
called Sweet-Iron modified with
antioxidants were able to decrease reactive
oxygen species generation and provided
neuroprotection in cell models of

Parkinson's disease. The antioxidant
glyconanoparticles sequestered iron ions
and reduced their participation in Fenton
reactions, which generate free radicals.

Similarly, platinum nanoparticles were also
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able to act as free radical scavengers.
According to research, by pre-treating
neuronal cell cultures with platinum
nanoparticles, they could decrease apoptosis
and oxidative damage induced by toxins

used in experimental models of Parkinson's

disease.?

2. Nanotechnology for neural
regeneration:

Aligned nanofibers fabricated from

materials like collagen, fibrin, and
hyaluronic acid provide contact guidance
cues, mimicking the native extracellular
matrix. %  This promotes directional
adhesion and axonal extension along the
long axis of the fibres. Transplantation of
BDNF-loaded collagen nanofibers in
hemisected spinal cord injury models
demonstrated significant axonal regrowth.
Gelatin-siloxane nanoparticles loaded with
miR-124 transfected neural stem cells and
stimulated neuronal differentiation in cell
culture models of Huntington’s disease.?”
Conjugation of nanoparticles with cell-
penetrating and targeting peptides enhanced
intracellular delivery.

¢ Challenges and Future

Perspectives:

Current challenges in nanomedicine for
neurodegenerative disorders:
One of the major challenges is the ability to
cross the blood-brain barrier (BBB)
efficiently using Nano carriers. The BBB

has very tight junctions that restrict the

permeation of most molecules and needs to
be crossed without disrupting it. 3% Although
ligands like transferrin have been used, in
vivo delivery across the BBB needs further
improvement.
Another key challenge is potential long-term
toxicity and accumulation of nanomaterials
in the body.®The interactions of
nanoparticles with the immune system and
the effects of their accumulation in organs
like the liver and spleen require extensive
evaluation to ensure safety. Biocompatible
and biodegradable materials could help
mitigate adverse effects.
Targeted delivery of Nano therapeutics
specifically to the site of neurodegeneration
is also challenging. °° Most approaches rely
on passive targeting based on enhanced
permeation effects. Active targeted delivery
to specific cell types affected in the brain
remains elusive and needs innovative
targeting moieties.
Scale-up of nanoparticle fabrication
methods from lab to industry while retaining
the desirable Nano scale properties is not
trivial. °! Maintaining reproducibility and
quality control during mass production
requires significant process optimization
and control.

e Future directions and potential

breakthroughs:

Advanced biomimetic Nano carriers could
replicate properties of cell membranes and
circulation  times,

exhibit  enhanced
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biocompatibility, and the ability to cross the
blood-brain barrier (BBB). For example,
supported bilayer lipid membranes on Nano
porous silica nanoparticles may act as cell-
like transporters 2.

Novel targeting moieties need to be explored
for active transport across the BBB as well
as targeted delivery to specific cells and
subcellular compartments affected in
neurodegeneration.”®> Peptide sequences
identified through phage display and
envelope proteins from viruses that cross the
BBB could provide exciting options.
Combination Nano therapies co-delivering
multiple drugs with synergistic mechanisms
tailored to interrupt different
neurodegenerative pathways could provide
more efficacious treatment and delay
disease progression. ** For instance, co-
delivery of anti-amyloid and anti-
inflammatory drugs.

Advances in micro fabrication techniques
like 3D printing and lithography can aid in
the precision engineering of Nano carriers
with controlled shape, size, and release
characteristics to match specific application
needs.
Leveraging newer  modalities like
CRISPR/Cas9 gene editing has the potential
for repairing and silencing mutant genes
implicated in neurodegeneration using Nano
delivery systems.

Integration of theranostic Nanomedicine

capable of simultaneous imaging, diagnosis,

and therapy in neurodegenerative diseases
could enable real-time guided personalized
therapy.”

CONCLUSION:

The therapy of neurodegenerative diseases
may benefit greatly from nanomedicine.
Nano scale materials are perfect for
delivering therapeutic compounds directly
to the site of disease because of their special
qualities, which include their capacity to
target certain regions of the brain and pass
the blood-brain barrier. Even though this
sector has seen a lot of progress, there are
still obstacles to be addressed, such as
possible toxicity, moral dilemmas, and the
requirement for additional scientific trials to
confirm the efficacy and safety of these
treatments. Notwithstanding these obstacles,
nanomedicine appears to have a bright
future in the treatment of neurodegenerative
diseases. It is envisaged that as research
advances, nanomedicine will result in more
potent therapies for neurodegenerative
diseases, enhancing patients' quality of life
and possibly even bringing about a cure.

To sum up, nanomedicine is a fresh and
exciting strategy to get over the present
restrictions in the management of
neurodegenerative diseases. It has the
potential to completely transform neurology
and greatly enhance patient outcomes with

more study and advancement.
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Abbreviation Full Form
ALS Amyotrophic lateral sclerosis
siRNA small interfering ribonucleic acid
mRNA Messenger Ribonucleic acid
DNA Deoxyribonucleic acid
CNS Central nervous system
MS Multiple sclerosis
PSP Progressive supranuclear palsy
CBD Corticobasal degeneration
CJD Creutzfeldt-Jakob disease
SMA Spinal muscular atrophy
AD Alzheimer's disease
SNpc substantianigra pars compacta
LB Lewy bodies
HD Huntington’s disease
SCA Spinocerebellar ataxias
CMT Charcot-Marie-tooth
SMN Survival motor neuron
FRDA Friedreich ataxia
Np’s Nanoparticles
MRI Magnetic Resonance Imaging
QDs Quantum Dots
PD Parkinson disease
NDs Neurodegenerative diseases
COMT catechol-O-methyltransferase
BBB Blood Brain Barrier
SLN Solid Lipid Nanoparticles
NLC Nanostructured Lipid Carriers
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