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Abstract: Neurodegenerative disorders entail a progressive loss of neurons in cerebral and peripheral
tissues, coupled with the aggregation of proteins exhibiting altered physicochemical properties.
Crucial to these conditions is the gradual degradation of the central nervous system, manifesting
as impairments in mobility, aberrant behaviors, and cognitive deficits. Mechanisms such as pro-
teotoxic stress, neuroinflammation, oxidative stress, and programmed cell death contribute to the
ongoing dysfunction and demise of neurons. Presently, neurodegenerative diseases lack definitive
cures, and available therapies primarily offer palliative relief. The integration of nanotechnology
into medical practices has significantly augmented both treatment efficacy and diagnostic capabil-
ities. Nanoparticles, capable of traversing the blood–brain barrier, hold considerable potential for
diagnosing and treating brain pathologies. By combining gene therapy with nanotechnology, the
therapeutic effectiveness against neurodegenerative diseases can be substantially enhanced. Recent
advancements in nano-biomaterial-based methodologies have fortified existing approaches to neural
stem cell (NSC) differentiation therapies. NSC-targeting technologies offer a promising, potentially
safe method for treating neurodegenerative diseases. This review endeavors to summarize current
insights and perspectives on nanotechnology-driven therapeutic innovations in neurodegenerative
disorders, with a particular emphasis on Alzheimer’s and Parkinson’s disease.
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1. Introduction

Neurodegenerative illnesses are conditions marked by a gradual loss of neurons in
the brain and other peripheral organs, along with the accumulation of proteins exhibiting
changed physicochemical characteristics [1]. The main characteristic of neurodegenerative
diseases is defined by a gradual deterioration of the central nervous system (CNS), which re-
sults in mobility problems, behavioral abnormalities, and cognitive deficits [2]. Proteotoxic
stress, neuroinflammation, oxidative stress, and programmed cell death all cause progres-
sive neuronal malfunction and death, representing interconnected processes that contribute
to the progressive malfunction and death of neurons, often observed in neurodegenerative
diseases, such as Alzheimer’s (AD), Parkinson’s (PD), and Huntington’s disease (HD) [2,3].
Proteotoxic stress is caused by an imbalance between the production of misfolded or aggre-
gated proteins and the cell’s capacity to properly fold, refold, or degrade these proteins.
This accumulation of misfolded proteins impairs cellular defense mechanisms and con-
tributes to neuronal dysfunction and death. Disruptions in the ubiquitin-proteasomal and
lysosomal/autophagosomal systems are also noted [1,2]. Although most neurodegenera-
tive illnesses are defined by anomalies in proteins, clinical symptoms frequently appear
later, and patients may experience numerous disease processes at the same time [3].
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Neuroinflammation is an inflammatory response within the central nervous system
(CNS), induced as a response to various stimuli, such as infection, injury, or the accumula-
tion of abnormal proteins. Acute neuroinflammation plays a beneficial role in tissue repair,
but chronic or excessive neuroinflammation can lead to neuronal damage and exacerbate
neurodegenerative processes [2,3]. During these molecular processes, a plethora of different
inflammatory mediators are being generated, including reactive oxygen species (ROS), that
lead to oxidative stress. Neurons are particularly vulnerable to oxidative damage due to
their high metabolic activity and relatively low levels of antioxidant defenses. Oxidative
stress can damage crucial macromolecules, such as nucleic acids, proteins, and lipids,
disrupt cellular function, and contribute to neuronal degeneration. Moreover, programmed
cell death, or apoptosis, as a highly regulated process that eliminates damaged cells, can
also contribute to neurodegenerative disease progression since dysregulation of apoptotic
pathways can lead to excessive neuronal death [1–4] (Figure 1).
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Indeed, the interplay between proteotoxic stress, neuroinflammation, oxidative stress,
and programmed cell death creates a vicious cycle of neuronal dysfunction and death
in neurodegenerative diseases, highlighting the complex and multifactorial nature of
these disorders. Therapeutic strategies aiming at targeting these causal connections may
contribute to the development of new modalities focusing on slowing disease progression
and preserving neuronal function [2–4].

However, the absence of biomarkers presents diagnostic problems unless genetic
alterations are implicated [4]. This places a burden on the public health sector. Immune-
mediated illnesses, ischemia, neurodegeneration, and infections can all result from the
activation of the immune system, even if it may also help with regeneration and repair [5].
A wide range of medical problems that impact the brain are included in the term “brain
diseases and disorders”, including infections, tumors, and neurological disorders. As of
2019, they accounted for roughly 349 million disability-adjusted life-years (DALYs) and
nearly 10 million deaths, making them one of the leading causes of disabilities and mor-
tality [6]. According to Ghosh and Higgins, the term “brain diseases” frequently denotes
medical conditions that are highly transmissible and typically caused by external agents,
such as viruses or bacteria [7]. Conversely, “brain disorders” refer to non-communicable
diseases that are often hereditary and stem from abnormalities in structure or function
caused by birth defects or genetic aberrations [8]. Some of the main neurodegenerative
disorders—amyotrophic lateral sclerosis (ALS), Parkinson’s disease (PD), Alzheimer’s dis-
ease (AD), and Huntington’s disease (HD)—are intimately associated with aging, genetics,
and compromised immunity (Figure 2) [5].
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Additionally, neurological dysfunction causes cognitive, motor, and behavioral deficits
that are similar to many brain illnesses and disorders. Due to brain complexity and sensi-
tivity, treating these diseases may be very challenging [9,10]. The capacity of nanoparticle
(NP)-based therapeutics to cross the blood–brain barrier (BBB) has made them attractive
therapeutic options for brain illnesses and disorders in recent years. Their special qualities
include small size, selectivity, low toxicity, biodegradability, and solubility [11,12]. In the
field of nanomedicine, which combines nanotechnology with medicine, pharmacologically
active compounds are delivered to diseased areas, including the brain, using nanoscale
particles [5]. Active substances are encapsulated within or on the surface of polymeric
NPs, which are commonly measured in the range of 1 to 1000 nm. Although they have
different structural morphologies, this word encompasses both nanospheres and nano-
capsules [13]. Numerous classes of NPs have been created, each with unique physical and
chemical characteristics, such as metal and metal oxides, fullerenes, liposomal, polymeric,
solid-lipid, and polylactide-co-glycoside (PLGA) NPs [14,15]. Applications of nanoparticles
are found in many domains, but in medicine, they show great promise for the detection
and management of deep-seated illnesses, including brain tumors, metastatic malignancies,
and neurodegenerative diseases [16,17].

A promising route for the development of new treatments for CNS illnesses is the
combination of gene therapy with nanomedicine [13–15]. Beyond nanotechnology, several
other therapeutic approaches are being explored to treat neurological diseases, most impor-
tantly gene therapy and optogenetics, stem cell therapy, immunotherapy, neuromodulation,
and as in other pathologies, drug repurposing and drug discovery. Gene therapy involves
the delivery of genetic material into cells in order to modify abnormal genes or to provide
therapeutic benefits. In the context of neurological diseases, gene therapy holds promise for
conditions with known genetic causes, such as HD, spinal muscular atrophy, and certain
forms of PD [18]. Optogenetics combines genetic and optical techniques to control the
activity of specific neurons with light-sensitive proteins. Stem cell therapy aims to replace
damaged or dysfunctional cells in the nervous system with healthy cells derived from
stem cells that show potential for treating conditions such as PD, AD, spinal cord injury,
and stroke. Immunotherapy approaches harness the body’s immune system to target
pathological processes in neurological diseases and hold promise for conditions such as AD,
multiple sclerosis, and certain types of neuropathies. Neuromodulation techniques, such as
deep-brain stimulation, transcranial magnetic stimulation, and transcranial direct current
stimulation, can modulate neuronal activity and are intensively investigated for treating
conditions such as PD, epilepsy, chronic pain, and other neurological pathologies. Finally,
high-throughput screening, computational modeling, and other innovative approaches
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are accelerating drug discovery efforts that may contribute to the development of new
pharmaceutical strategies to treat these diseases [13–18].

Neurodegenerative diseases currently have no known cure, and the therapies that are
offered are primarily palliative. Western medicine uses antipsychotic drugs for psychiatric
and behavioral problems associated with dementia in AD and dopaminergic therapy for
movement difficulties in PD. There are several medications available to treat the symptoms
of AD and PD but still, even with some clinical alleviation, medication treatment frequently
becomes inadequate and inefficient as the illness progresses [5]. Because the blood–brain
barrier (BBB) prevents effective drug transport to the brain, establishing appropriate drug
concentrations within the central nervous system (CNS) is a significant difficulty in drug
therapy [19].

2. Applications of Nanotechnology in Neurological Diseases and Disorders
2.1. Molecular Imaging (MI)

MI is a significant field in biomedical research that studies disease or physiological
processes at the molecular level and visualizes the spatial distribution of pathologic changes
in illnesses that are not yet identified (NDDs), which has shown promise. Research has
demonstrated that it can enhance the accuracy of diagnosis and provide guidance for
therapeutic measures. These imaging techniques provide a simple way to detect, describe,
and measure certain bodily activity with remarkable sensitivity and accuracy [20,21]. The
range of methods includes bioluminescence imaging, magnetic resonance imaging, positron
emission tomography, ultrasound, X-ray radiography, magnetic resonance imaging, and
single-photon emission computed tomography. MI techniques have been shown useful
for characterizing and analyzing a wide range of brain-related illnesses, including infec-
tions, brain tumors, and neurological diseases [22,23]. The use of contrast chemicals, or
probes, improves the accuracy of MI. These probes fall into two categories: targetable
probes, which attach to certain targets, and activatable probes, which, when in contact
with particular indications on their targets, provide an audible signal. Studies show that
because oligopeptide nanoparticles may fluoresce when exposed to the low pH of the
tumor microenvironment, they may be useful as activatable probes. Studies also show
that targetable probes may be transported across the blood–brain barrier via polysorbate
80-coated poly(butyl cyanoacrylate) dextran polymeric nanoparticles, which makes it easier
to see Aβ plaques in Alzheimer’s disease models [11]. Additionally, recent studies show
that by interacting with highly expressed class A scavenger receptors, sulfated dextran-
coated iron oxide nanoparticles might improve the bioimaging of microglia-induced brain
inflammation [24]. Furthermore, fluorescence imaging has made use of rare-earth-doped
nanoparticles, which bind to integrin α Vβ3 and release short-wave infrared light [25].

Recent advancements in structural and functional imaging, however, have made
it possible to measure and evaluate the pathophysiological pathways underlying neu-
rodegeneration in vivo. Molecular neuroimaging techniques, such as PET and SPECT
imaging, are made possible in this case by the use of ad hoc radioligands, which allow
for the in vivo evaluation of many pathological pathways. Some of these ligands—such
as tau and amyloid—are used as targets for treatments aimed at changing the illness or
as diagnostic tools to determine the specific abnormal protein aggregation that results in
neurodegeneration.

Molecular imaging also makes it feasible to evaluate novel ligands, change brain
glucose metabolism (using 18F-FDG PET), change the neurotransmitter receptor and trans-
porter density (e.g., dopamine and serotonin), and assess brain inflammation (e.g., microglia
activation, using 11C-PK11195). Based on a growing amount of evidence, these techniques,
particularly early in the course of the illness, can provide invaluable diagnostic and prog-
nostic value in neurodegeneration, and in certain cases, even provide a clear description
of the illness. Testing is underway for additional PET ligands that investigate different
targets, including 11C-UCB-J, which evaluates synaptic density and has great potential for
understanding neurodegenerative illnesses [26].
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The extent and quantification of a number of the recognized underlying pathologic
characteristics in these illnesses may be achieved using molecular imaging biomarkers, im-
proving the identification of risk factors and the characterization of the disease. These might
affect the specific phenotype in an antagonistic, potentiating, synergistic, or independent
manner [20–22]. Signs of neurodegeneration, such as brain glucose hypometabolism, and
disease indicators from molecular imaging, such as tau and β-amyloid imaging, are already
included in the new diagnostic criteria. Moreover, molecular imaging research has shown
that the underlying pathologic traits—such as the deposition of Aβ in AD and the loss
of nigrostriatal terminals in Parkinson’s disease—develop over decades and precede the
clinical phenotype [25,26]. Novel approaches for designing clinical trials aimed at delaying
or preventing the onset of dementia and cognitive impairment have been impacted by
the development of biomarker-based tools for diagnosing brain illness in AD [21,26]. By
defining the disease solely by the clinical syndromal presentation, it will be impossible to
choose individuals who are a good fit for therapy (i.e., exhibiting the therapeutic target or
neuropathology), as the use of these biomarkers has shown. The most reliable way to enable
at-risk people to begin treatment early before chronic, irreversible brain damage occurs may
be through the use of multimodal imaging. These imaging markers may thus become more
important for patient selection and for monitoring novel therapy approaches [20–22,26].
Gold standards for diagnosis of neurodegenerative diseases involve clinical assessment,
which may include cognitive testing, neurological examination, and often postmortem
examination for definitive confirmation. However, these methods are often limited in their
ability to accurately diagnose diseases in their early stages or to differentiate between differ-
ent types of neurodegenerative diseases [20]. Comparative studies evaluating biomarkers
and diagnostic approaches for neurodegenerative diseases in relation to the gold standard
of diagnosis have been conducted to evaluate the sensitivity, specificity, accuracy, and
predictive value of different biomarkers and diagnostic approaches in relation to the gold
standard. However, further research is needed to evaluate their significance since they may
not always fully replace the gold standard of diagnosis [20–22,25,26].

2.1.1. Innovations in Protein Aggregation Imaging for Neurodegenerative Disorders

A few protein aggregates, such as TDP-43, tau, α-synuclein, and β-amyloid, are sug-
gestive of neurodegenerative illnesses. Traditionally, postmortem histology has been the
gold standard for diagnosis; however, new advancements in molecular imaging have
allowed for the in vivo identification of these aggregates, resulting in an earlier and more
accurate diagnosis. PET and SPECT imaging techniques can detect β-amyloid and tau
illnesses, but further research is needed to develop tracers that target protein aggregation
diseases selectively [27]. Since unique protein pathologies may underlie different neurode-
generative illnesses, high-affinity tracers for particular accumulation types are necessary.
Currently, efforts are being made to produce PET tracers for α-synuclein aggregation,
which might significantly improve in vivo histopathology-based medical diagnosis [28].
However, challenges, such as poor target density and selectivity issues, impede progress
and highlight the need for advanced development methods [29]. TDP-43 is a histopatho-
logic feature of some forms of frontotemporal dementia, amyotrophic lateral sclerosis,
and limbic-predominant, age-related TDP-43 encephalopathy. There are no suitable PET
tracers for TDP-43 at the moment. It will be intriguing to observe if TDP-43 or alternative
possibilities for neurodegenerative illness tracers materialize [30].

2.1.2. PET Imaging and Nanoparticles’ Role in Advancing Molecular Imaging in
Brain Diseases

In cases where there is uncertainty about a patient’s diagnosis of neurodegenerative
disease, PET imaging is usually employed as an extra diagnostic method. In these situations,
the diagnosis is often made using clinical assessments to identify specific symptoms, and
CT or MRI scans are performed to rule out other potential medical conditions.



Future Pharmacol. 2024, 4 357

Despite the syndromal approach, neurodegenerative illnesses have not seen any
significant progress in the creation of medications that either cure or modify the disease
over time, even if the latter are identified by distinct clinical characteristics. The first
disease to employ a cutting-edge diagnostic strategy was AD. Characterizing AD by
assessing biomarkers for neurodegeneration, tau and amyloid, is widely used in research
and drug development [31]. However, although amyloid plaques and tau tangles are
classical hallmarks of AD pathology, emerging research suggests that neuroinflammation
and cellular responses play crucial roles in disease initiation and progression. In the
early stages of AD, before significant neuronal damage occurs, there is often activation of
microglia, as well as infiltration of peripheral immune cells, such as polymorphonuclear
leukocytes (PMNs) and activation of astrocytes. These inflammatory responses are thought
to contribute to neuronal dysfunction and cognitive decline. Focusing on the early stages
of AD pathology, particularly inflammation, microglia activation, PMN infiltration, and
astrocyte activation, is essential for developing effective therapeutic strategies. Proteomic
analyses, such as those highlighted in a recent study [], provide valuable insights into
the molecular mechanisms underlying early-stage AD and offer promising strategies for
further investigation and intervention in order to delay or prevent the progression of AD
and preserve cognitive function [29,31]. With aducanumab’s recent FDA clearance, AD
sufferers now have a medication alternative that decreases the levels of β-amyloid [32].
Anticipating more drugs that target β-amyloid and successfully treat tau, α-synuclein,
and other pathogenic aggregates to hit the market, it is expected that neurodegenerative
illnesses will go from being classified as syndromes to being constructed physiologically.
For etiological therapy choices, biomarker-based diagnosis is going to be required, and PET
imaging may be crucial [30].

2.2. Detection of Biomarkers

A biomarker is defined as a molecule or signal that may be detected and is directly
linked to a certain state or illness. Disease treatment depends on a biomarker’s ability
to discriminate between healthy and unwell people and to accurately identify the stage
of an illness [1,5]. Many biomarkers have been found in brain illnesses and disorders;
however, the lack of appropriate detection methods frequently makes it difficult to use these
biomarkers. Nanoparticles (NPs) have become useful instruments for the very effective
identification of important biomarkers of brain illnesses and disorders [5,11,13]. Using
NPs for detecting biomarkers in situ (in the brain) offers several advantages compared to
detecting them in cerebrospinal fluid (CSF) or blood, which mainly refers to the invasiveness
of the diagnostic procedures. Invasive procedures for obtaining CSF or blood samples carry
important risks and discomfort for patients. In situ detection using nanoparticles may offer
a less invasive alternative, reducing patient discomfort and improving compliance with
diagnostic protocols. In addition, the enhanced sensitivity and specificity of in situ detection
using NPs should be mentioned, where increased sensitivity can enable the detection of
biomarkers at lower concentrations than traditional methods, enhancing the diagnostic
accuracy. Detecting biomarkers in situ using NPs minimizes the need for sample collection
and processing, thus reducing the risk of sample contamination and degradation [11–13].

Scientific knowledge indicates that elevated concentrations of ubiquitin-C-terminal
hydrolase-L1 (UCH-L1) have been found in the plasma of TBI patients compared to healthy
persons, indicating that UCH-L1 may serve as a biomarker for the disorder [33,34]. Ac-
cording to a recent study, a unique technique using gold nanoparticles’ (Au NPs’) surface
plasmon resonance may quickly and precisely identify the UCH-L1 biomarker in patients
suffering from TBI, with a full range of sensitivity and specificity [35]. Furthermore,
there is a substantial correlation between Aβ levels and dementia and associated disor-
ders [36,37]. According to studies, Aβ plaques in Alzheimer’s disease-modeling mice may
be safely and successfully detected using modified magnetic nanoparticles [38]. Ferrández-
Cabada and Ramos-Gómez have shown that raised cholesterol levels are a crucial sign of
Alzheimer’s disease (AD), and elevated cholesterol levels may be efficiently detected using
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anti-cholesterol antibody-bound magnetic nanoparticles. Additionally, current studies
suggest that AD biomarkers, such as tau proteins, inflammatory cytokines, and Aβ, may
be detected by fluorescent nanoparticles. All of these results point to the possibility that
nanoparticles provide a quick and effective way to uncover biomarkers for illnesses and
conditions of the brain [39,40].

2.3. Drug Delivery

Treating brain illnesses and diseases still primarily involves the issue of transporting
possible medications past the blood–brain barrier (BBB). To effectively reach their objectives
in the brain, these medications must cross the BBB without inflicting any appreciable
short- or long-term harm. Drug transportation across the blood–brain barrier is impeded
by variables such as size and hydrogen bond count, but also other parameters, such as
hydrophilicity, lipophilicity, charge, membrane transporters, and excretion (efflux) pumps.
Considering these factors is crucial for the development of drugs targeting the central
nervous system, as they determine the ability of a drug to reach its target in therapeutic
concentrations while minimizing off-target effects and systemic toxicity [41,42].

Because of their capacity to pass across the BBB and serve as possible medication
carriers, nanoparticles, or NPs, have attracted a lot of interest recently. NPs can carry
medications that target the brain and have improved BBB-penetrating capacities [43–45].
Furthermore, gold nanoparticles (Au NPs) have shown promise in passing across the BBB
to transport antibodies by binding to transferrin receptors; however, this is contingent
upon the valency and affinity of the coated antibody [46]. In a mouse model of Alzheimer’s
disease (AD), intranasal administration of huperzine A increased its bioavailability and
retention time using lactoferrin-conjugated, N-trimethylated, chitosan-modified poly(lactic-
co-glycolic acid) (PLGA) [47]. Taken together, recent scientific knowledge implies that
NPs can efficiently and effectively transport different medications over the BBB. However,
previously mentioned limitations have important implications in the choice and design of
appropriate NPs. By considering these factors, NPs with optimized properties for crossing
the BBB and delivering therapeutics to the CNS can be designed, potentially improving the
treatment of neurodegenerative diseases, brain tumors, and other CNS disorders.

3. Nanoparticles in Neurodegenerative Diseases
3.1. Alzheimer’s Disease

Alzheimer’s disease (AD) is a common, irreversible kind of dementia characterized
by progressive neuronal degradation that occurs with aging and results in impaired cog-
nitive performance, gradual deterioration in memory, as well as other neuropathological
symptoms (Figure 2). AD plays a significant role in between 60 and 80 percent of dementia
patients [48]. It has to be emphasized that the majority of AD cases are of the late-onset
type, particularly among individuals aged 65 and older, as opposed to the less common
early-onset form that is associated with specific genetic mutations that are discussed further
in this review. Late-onset AD is believed to have a multifactorial etiology involving a com-
plex interplay of genetic, environmental, and lifestyle factors [48,49]. Understanding these
multifaceted contributors is essential for developing effective approaches for prevention
and treatment strategies for the majority of AD cases.

AD was ranked seventh in terms of causes of mortality in 2020 and 2021, the year
COVID-19 joined the top 10 causes of death. AD is still the sixth most common cause
of mortality in the United States among people over 65. Reports of fatalities from AD
climbed by more than 145% between 2000 and 2019, whereas mortality from stroke, heart
disease, and HIV declined [49]. Autosomal-dominant types of AD are linked to mutations
in genes, including amyloid precursor protein (APP), presenilin 1 (PSEN1), and presenilin
2 (PSEN2), while sporadic AD is connected to apolipoprotein E (ApoE). The cleavage of
amyloid-beta peptide (Aβ) by β-secretase and γ-secretase complexes is a crucial step and a
possible target for therapy in AD pathogenesis [50]. Other strategies are being considered
that target APP-cleaving enzymes, such as legumain (δ-secretase), rhomboid-like protein-
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4 (RHBDL4), caspases, meprin-β, and membrane-type matrix metalloproteinases (MT-
MMPs/η-secretases) [50,51].

The buildup of Tau proteins is one of the pathogenic characteristics associated with
the development of neurodegenerative diseases, such as AD [52,53]. According to recent
studies, protein-capped iron oxide and cadmium sulfide nanoparticles efficiently prevent
Tau proteins from polymerizing and fibrillating, with respective inhibition rates of 49% and
63% [54].

As the illness progresses, intracellular neurofibrillary tangles and extracellular β-
amyloid plaques accumulate, causing neurotoxicity and synapse loss, which are another
hallmark of AD [55,56]. PSEN1 gene mutations are the primary cause of familial AD (FAD)
and encode presenilin-1 (PS1), a part of the γ-secretase complex that cleaves APP [57]. This
mechanism is dysregulated, which results in the production of Aβ40 and Aβ42. The latter
is more likely to aggregate and cause amyloid plaque development and neurodegeneration,
which are hallmarks of FAD [58]. PSEN1 mutations disrupt memory, learning, and neuronal
survival, which adds to dementia and neurodegeneration in FAD [57]. They also impair
normal presenilin activity. The synthesis of Aβ, hyperphosphorylation of Tau proteins,
and the subsequent development of AD are all influenced by the serine/threonine kinase
GSK-3 [59]. Research indicates that GSK-3 regulates neuronal activity by working with
histone deacetylase (HDAC) proteins [60,61]. As a result, GSK-3 and HDAC inhibitors
have demonstrated effectiveness in reducing AD [62]. PSEN2 mutations are associated
with many neurodegenerative disorders, including late-onset AD (LOAD) and early-onset
AD (EOAD), notwithstanding their rarity [63]. Though not as much as PSEN1, PSEN2
mutations also play a role in Aβ42 accumulation and neurodegeneration [64,65]. The
potential targets for treatment methods, such as gene therapy and nanomedicine, include
PSEN1 and PSEN2.

Solid-lipid nanoparticles (SL NPs) loaded with the HDAC inhibitor nicotinamide
dramatically attenuate the cognitive impairment linked to AD by lowering Tau protein
phosphorylation in a rat model [66]. Similarly, administering vitamin D-binding protein-
loaded PLGA NPs to 5XFAD mice mitigates cognitive impairments by blocking the binding
and accumulation of Aβ [67]. According to Dos Santos Tramontin et al., Au NPs have
also been shown to have cytoprotective benefits in AD rat models by boosting antioxidant
status and anti-inflammatory responses [68]. According to Moore et al., surface-coated Au
NPs have also shown decreased Aβ aggregation, and the effectiveness of this reduction
is dependent on the surface chemistry and NP diameter [69]. In AD models, negative-
surface-potential Au NPs have been demonstrated to significantly lessen Aβ fibrillization
and related neurotoxicity [70,71]. According to recent research, smaller Au NPs can prevent
Aβ fibrillization better than greater ones [72]. Genetic polymorphisms in the ApoE gene
enhance vulnerability to AD. ApoE is essential for lipid transport and the healing of brain
damage [73]. The ε4 allele of ApoE affects several processes, including Aβ control, glucose
metabolism, mitochondrial function, and neuroinflammation, and is linked to an increased
risk of AD and age-related cognitive decline. ApoE mutations impair lipid transport,
worsen Aβ buildup, and worsen neuronal dysfunction and neurodegeneration [74].

In summary, surface-coated Au NPs, particularly those with negative surface potential
and smaller diameters, have shown promise in reducing Aβ aggregation and related neuro-
toxicity in AD models. Understanding the interactions between NP and biological systems,
as well as genetic factors influencing disease susceptibility, can provide insights into the
development of novel therapeutic strategies for AD and other neurodegenerative diseases.

3.1.1. Nanoparticle-Based Therapy: Aducanumab

The therapy with Aducanumab works as a monoclonal antibody that binds to amy-
loid aggregates, potentially decreasing β-amyloid plaques in AD patients and restoring
neurological function [75]. Anti-amyloid drug therapy aims to disrupt plaque formation, a
key process in Alzheimer’s disease progression. Aducanumab, the only FDA-approved
drug for this purpose, selectively binds to amyloid aggregates, distinguishing it from other
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Aβ immunotherapies. While Aβ aggregates are neurotoxic, monomeric Aβ has beneficial
effects. Aducanumab’s unique binding interactions with amyloid enable shallow and com-
pact binding, minimizing interactions with monomers [63,76]. Researchers are exploring
its binding mechanisms further to enhance selectivity, potentially improving efficacy with
smaller doses [77,78].

In a preclinical investigation, the effectiveness of Aducanumab in reducing Aβ plaques
in mice was evaluated using a placebo-controlled trial. Aducanumab, a chimeric analogue,
was administered to mice with overexpressed APP genes. While chronic therapy had no
significant benefits, acute treatment significantly reduced the number of plaques (~48%,
p < 0.0001). On the other hand, acute therapy did not stop the development of new plaques.
Furthermore, aucasamine malabsorption may rectify intracellular calcium imbalances
resulting from neurodegenerative diseases. According to research, people with AD may
benefit from chronic therapy, as it was shown to enhance calcium permeability through
NMDA receptors (p < 0.05) and restore SERCA pump regulation (p < 0.001) [79,80].

Aducanumab’s phase I clinical trials comprised a 53-person, randomized, double-
blind, placebo-controlled, dose-escalation study. They were administered a placebo or
escalating doses (0.3 to 60 mg/kg). With typical side effects such as headache and diarrhea,
Aducanumab demonstrated excellent tolerance up to 30 mg/kg. High-dose patients ex-
perienced the most severe side effect, Amyloid-Related Imaging Abnormalities-Effusion
(ARIA-E), which went away without any issues. Linear and dose-dependent pharmacoki-
netics were observed.

Aducanumab then entered a phase Ib clinical study called Prime, which included
165 patients with moderate AD or MCI. For a whole year, they were administered monthly
dosages of 1, 3, 6, or 10 mg/kg. At dosages of 3 and 10 mg/kg, Aducanumab dramatically
decreased Aβ plaques, enhanced cognitive function, and retarded the development of the
MMSE. ARIA-E was more likely, nevertheless, particularly at larger dosages. Aducanumab
has shown potential in treating cognitive problems linked to Aβ plaque development,
notwithstanding the risk [5,81]. Monitoring for ARIA-E is an important aspect of clinical
trials and treatment protocols involving amyloid-targeting therapies for AD disease and
other neurodegenerative disorders characterized by amyloid pathology.

Beginning in September 2015, Aducanumab’s impact on AD was evaluated in two
phase III trials: Engage and Emerge [82]. For a period of eighteen months, patients with
moderate AD or MCI were administered Aducanumab at low or high dosages every four
weeks. In both studies, high-dose Aducanumab significantly decreased the Aβ plaque
size when compared to placebo, and lower reductions were seen with low doses. In phase
III studies, only Aducanumab significantly reduced Aβ PET SUVR among monoclonal
antibodies. According to an analysis of the Emerge trial, people with mild AD may benefit
from high-dose Aducanumab since it may delay cognitive decline and enhance daily
living skills.

Aducanumab may be able to help people with AD regain their neurological function by
lowering Aß plaques and regaining neuronal calcium permeability, according to preclinical
research and clinical trials [83,84]. Nonetheless, disparities in the outcomes of post hoc
analyses have raised questions in the scientific and medical communities. According to
certain research, Aducanumab’s advantages could only be statistically significant rather
than clinically meaningful [85–87].

However, other research contends that the FDA’s decision to reject Aducanumab was
based on a limited viewpoint that ignored other factors [88]. The discrepancy between the
Emerge and Engage trials may have been due to confounding variables, but the observed
incongruency has highlighted the need for more trials to boost confidence [85]. All cortical
brain areas studied have shown Aducanumab to dramatically reduce amyloid, despite
ongoing doubts about its therapeutic usefulness [89,90]. To sum up, Aducanumab has
given hope to people striving to provide patients a safe and effective therapy choice for the
management of AD.
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3.1.2. Lacenemab

In a phase III trial spanning 18 months, the effectiveness of lecanemab was examined
in persons ages 50 to 90 who had early Alzheimer’s disease, as determined by PET or
cerebrospinal fluid tests for the presence of amyloid. Intravenous lecanemab (10 mg/kg
every two weeks) or a placebo was administered to participants at random. The shift in
the eighteen-month Clinical Dementia Rating–Sum of Boxes (CDR-SB) score was the main
outcome. Changes in ADAS-cog14, ADCOMS, ADCS-MCI-ADL, and PET amyloid load
were among the secondary objectives [91].

Lecanemab showed improvement in secondary clinical endpoints and a decrease in
the Clinical Dementia Rating–Sum of Boxes (CDR-SB) score at 18 months when compared
to placebo in this phase 3 study. Lecanemab exhibits selectivity for hazardous pathologic
amyloid species and targets soluble aggregated species of Aβ. The trial’s CDR-SB score was
higher than the prospectively set goal. An exploratory study revealed that lecanemab was
numerically superior to placebo in terms of postponing the onset of dementia’s subsequent
stages [92].

The frequency of amyloid-related imaging abnormalities (ARIA) was noted: ARIA-E
was often low and asymptomatic, peaking in the first three months and decreasing in the
fourth. The trial’s eighteen-month length and possible bias from ARIA events are among
its drawbacks. Sensitivity studies, however, confirmed the primary endpoint results [93].
Long-term extension trials at different phases of Alzheimer’s disease are ongoing [94].

Overall, despite some side effects, lecanemab had encouraging effects in lowering brain
amyloid levels and delaying the cognitive and functional deterioration associated with
early Alzheimer’s disease. To properly evaluate its effectiveness and safety, further studies
are required. However, it has to be emphasized that the side effects of the latest drugs for
AD are serious and include brain bleeding, swelling, and death, which has to be evaluated
in detail to evaluate the risk–benefit ratio of implementing those therapeutical options.

3.2. Parkinson’s Disease

Parkinson’s disease (PD; Figure 2) is one of the most common neurodegenerative
conditions, which mostly affects those over 50. According to data from 2016, there were ap-
proximately 6.1 million people with PD, which is a 2.4-fold increase from 1990. Parkinson’s
disease shows a discrete and well-defined set of damaged neurons, unlike illnesses such as
ALS, leukodystrophies, and lipid storage disorders. The availability of rodent and primate
models and a thorough understanding of dopamine neuron survival, function, and devel-
opment have aided research on Parkinson’s disease [5,95]. The main cause of Parkinson’s
disease is neuronal damage in the substantia nigra (SN) area, a brain region critical for motor
control and affected in PD. In addition, hypoxia, or inadequate oxygen supply, has been
found to be implicated in PD pathogenesis and has been proposed as a potential risk factor
for PD, particularly concerning the SN. Hypoxia can lead to cellular stress, mitochondrial
dysfunction, and oxidative damage, contributing to neuronal degeneration and the onset of
PD symptoms. Studies have shown that hypoxia-inducible factors (HIFs), which regulate
cellular responses to hypoxia, may play a role in PD pathophysiology by modulating gene
expression and cellular survival mechanisms [5,95–99].

Lewy bodies (LBs) occur in the SN as a result of the disease’s loss of dopaminergic
neurons, and symptoms can be both motor and non-motor [95]. This damage results in
dystrophy of projection fibers to the corpus striatum and lower neurotransmitter levels,
which in turn cause motor dysfunction and other non-motor symptoms. These neurons
play a key role in motor control and dopamine production in a large region of the forebrain.
When there is a considerable reduction in dopamine levels and a notable loss of dopamine
neurons in the substantia nigra pars compacta (SNpc), symptoms usually appear. In
addition to emotional symptoms, including apathy, anxiety, and despair, early signs include
tremors, bradykinesia, stiffness, and gait problems [96]. LBs have α-synuclein clumps in
them, and that leads to an increase in neuronal loss and stress sensitivity, advancing the
illness [97–99].
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Emerging evidence suggests that α-synuclein may also interact with components of
the cytoskeleton, including actin proteins. Actin is a major structural protein involved
in maintaining cell shape, cell motility, and intracellular transport. Dysregulation of the
actin cytoskeleton has been implicated in PD pathogenesis, and α-synuclein has been
shown to modulate actin dynamics, potentially contributing to synaptic dysfunction and
neurodegeneration [95,99]. According to Lee et al., Chatterjee et al., and Oliveira et al.,
α-synuclein also contributes to inflammation and the activation of apoptosis [100–102].
Based on recent studies, there may be a diagnostic signal for PD in the form of significantly
higher levels of α-synuclein in the plasma and serum of people with the illness than in
healthy persons [103]. In addition, studies have suggested that α-syn expression may be
influenced by hypoxia and HIF-1α signaling. Under hypoxic conditions, increased HIF-1α
activity has been associated with elevated levels of α-syn expression in neuronal cells.
It is hypothesized that α-synuclein accumulation may represent a neuronal response to
hypoxia and cellular stress. Under conditions of reduced oxygen availability, neurons may
upregulate α-synuclein expression as part of a protective response to maintain cellular
homeostasis and mitigate oxidative damage. However, prolonged or excessive α-synuclein
accumulation may overwhelm cellular defense mechanisms and contribute to neurotoxicity
and neuronal dysfunction observed in PD [101–103].

NPs, as promising therapeutic strategies for neurodegenerative diseases, can be en-
gineered to cross the BBB and deliver therapeutic agents directly to the brain, enhancing
drug efficacy and minimizing off-target effects. NPs can encapsulate and deliver therapeu-
tic drugs, such as dopamine replacement therapies or neuroprotective agents, to specific
regions of the brain affected by PD. In addition, NPs can be utilized as vectors for deliv-
ering genetic material, such as siRNA or CRISPR/Cas9, to modulate the expression of
genes associated with PD pathology, including LRRK2. Moreover, NPs can be designed
to deliver neurotrophic factors or promote neural regeneration, offering potential thera-
peutic benefits for PD by preserving dopaminergic neurons and enhancing neuronal repair
mechanisms [104–110]. Treating motor dysfunction in PD mouse models with α-synuclein,
short-hairpin, RNA-loaded magnetic iron oxide (IO) NPs coated with oleic acid counteracts
α-synuclein-mediated upregulation of the apoptotic markers, Bcl-2-associated X protein
and p53, while increasing B-cell lymphoma 2 expression [104]. Likewise, polymeric NPs
loaded with microRNA-124 show promise in correcting motor impairments and reducing
Parkinson’s disease (PD) symptoms [105]. Reactive oxygen species levels in PD animal
models have been demonstrated to decrease in response to cerulean nanoparticles [106].
In addition, treatment with iron chelation NPs modified with the HIV-1-transactivating
transcriptor and zwitterionic poly(2-methacryloyloxyethyl phosphorylcholine) prolongs
blood circulation and improves in vivo longevity, effectively reversing PD symptoms more
effectively than individual treatments [107]. According to further research, treating PD
mice models produced by alkaline reserpine with Au NPs greatly reduces behavioral
abnormalities, boosts antioxidant status, and increases neuronal survival [108]. Addition-
ally, compared to pure levodopa, the main medication used to treat Parkinson’s disease
(PD), therapy with nano-dopamine medications in PD-induced animal models shows im-
provements in motor deficits with little toxicity [109]. Metformin-loaded polydopamine
nanoparticles (NPs) demonstrate anti-inflammatory, anti-apoptotic, and antioxidative char-
acteristics by inhibiting the histone-lysine N-methyltransferase enzyme, also referred to
as the enhancer of zeste homolog 2, which in turn targets the proteolytic breakdown of
phosphorylated serine 129 of the α-synuclein protein [110]. Many other NPs and nanodrugs
have been shown to have significant potential in the treatment of Parkinson’s disease (PD)
through the modulation of oxidative stress and inflammation. These include naringenin
nano-emulsions loaded with vitamin E, selegiline chitosan NPs, NPs co-modified with
borneol and lactoferrin, resveratrol NPs, and cerium NPs [111–115]. In conclusion, by
controlling oxidative stress, apoptosis, inflammation, α-synuclein activities, and down-
stream effects on both motor and non-motor dysfunctions, NPs and nanodrugs show great
potential in the treatment of Parkinson’s disease.
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The course of Parkinson’s disease is significantly influenced by both hereditary and
environmental variables, with a somewhat stronger impact from hereditary causes. The
first genetic mutation was found in the SNCA gene, which codes for α-synuclein on chromo-
some 4 [116]. Subsequent genomic analysis identified SNCA triplications or duplications,
indicating that elevated α-synuclein expression may cause PD and toxicity. Leucine-Rich
Repeat Kinase 2 (LRRK2), DJ-1, ubiquitin carboxyl-terminal esterase L1 (UCHL 1), phos-
phatase and tensin homolog (PTEN), and Parkin are other genes linked to Parkinson’s
disease. The LRRK2 gene mutations, namely the Gly2019Ser mutation, are the most fre-
quently occurring monogenic mutations seen in both sporadic and familial Parkinson’s
disease patients around the globe. Because kinase inhibitors may be used to boost LRRK2
kinase activity, this mutation presents a viable target for gene therapy [117].

PARK7 is another noteworthy gene, which codes for the protein DJ-1, which is involved
in oxidative stress defense. Due to the association between DJ-1 mutations and early-onset
familial Parkinson’s disease, gene therapy targeting the upregulation of DJ-1 levels in order
to preserve dopaminergic neurons may be possible. Raising DJ-1 levels have been shown to
have neuroprotective benefits in studies using rat models of Parkinson’s disease. Preclinical
research has also demonstrated the potential of methods such as the use of recombinant
fused TAT cells to avoid the blood–brain barrier and lessen the harm caused by toxins [118].

According to research on Lewy bodies in PD patients’ nerve cells, mutations in genes
linked to the ubiquitin-proteasome system (UPS) have been linked to Parkinson’s disease
(PD). To be more precise, one known cause is mutations in the UCHL1 gene [119]. Instability
in free ubiquitin levels, motor ataxia, and axonal degeneration are caused by decreased
expression of that gene. Preferred expression in the peripheral nervous system, UCHL1,
a protein with 223 amino acids that makes up 1–2% of human brain protein, is found
there. Mutations in the UCH-L1S18Y gene, on the other hand, have unique antioxidant
protective properties that may lower the chance of Parkinson’s disease development.
Consequently, for individuals with UCHL1-related Parkinson’s disease (PD), gene therapy
and/or nanomedicine techniques show potential.

Known for its ability to reduce tumors, phosphatase and tensin homolog (PTEN) acts
as a dual-specificity phosphatase that has the ability to phosphorylate both lipids and
proteins, controlling the PI3K/AKT pathway. The activation of the proteolytic cascade for
apoptosis by overexpression of PTEN results in reduced levels of cell survival kinase AKT,
neuronal damage, and eventual death. On the other hand, elevated AKT has therapeutic
promise for reducing brain damage by lowering oxidative stress and cell death.

Furthermore, PTEN-induced kinase 1 (PINK1) counteracts the apoptotic consequences
of overexpressed PTEN in neuronal injury by avoiding oxidative DNA damage, reducing
mitochondrial oxidative stress, inducing autophagy, and retaining mitochondrial func-
tion [2,5,8].

Early-onset PD, both sporadic and familial, is greatly influenced by the PARK2 gene,
which is linked to the most prevalent autosomal recessive juvenile form of the disease.
Important cellular processes, including apoptosis and mitochondrial quality control, are
regulated by Parkin, an E3 ubiquitin ligase that is encoded by PARK2. Mitophagy results
from the ubiquitination of mitochondrial proteins caused by PINK1 kinase when Parkin
activity is lost. PD motor symptoms and dopaminergic neuron loss are brought on by the
accumulation of malfunctioning mitochondria, which causes oxidative stress [120].

As a result, by carrying therapeutic genes to certain brain areas, NPs may make it easier
to shut down overexpressed genes or express under-expressed genes, such as Parkin. Even
though it is complicated, knowing the genetics of PD is essential to developing successful
genetic-level therapies. Considering the genetic diversity among people, therapeutic gene
techniques in personalized medicine show potential for minimizing adverse effects.

3.3. Hungtington’s Disease

Impaired motor, cognitive, and mental functions are hallmarks of Huntington’s disease
(HD), a progressive neurological illness with autosomal-dominant etiology. A huntingtin gene
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mutation leads to the condition by extending polyglutamate repeats in exon-1 and causing
functional abnormalities in its downstream protein that are mediated via post-translation; in
summary, to malfunctioning neurons and, ultimately, neuronal death [121,122]. High rates of
tryptophan metabolism, inflammation, oxidative stress, excitotoxicity, and gene dysregulation
have all been linked to the advancement of HD, as evidenced by studies conducted on patients
and animals [11].

Significantly lower levels of Se, an important metal that guards against cytotoxicity
and redox imbalance, have been found in the brain autopsies of HD patients [123]. In
contrast, new research indicates that HD patients’ blood samples had higher Se, iron, and
chromium levels than those of healthy people [124]. Caenorhabditis worms treated with
modest doses of Se NPs reverse neurological disorders by improving the oxidative state
and decreasing huntingtin protein aggregation, suggesting possible therapeutic effects
for HD [125]. Similar to this, TiO2 NPs show the capacity to catalyze the oxidation of
methionine on the mutant huntingtin protein’s N-terminal domain, hence inhibiting the
aggregation of proteins [126]. Thymoquinone-loaded solid-lipid NPs reduce the nuclear
translocation of phosphorylated nuclear factor κB in a rat model, decrease the generation
of inflammatory markers, and increase the activity of the ATPase enzyme [127].

In Neuro 2A and PC12 cellular models, encapsulating peptide-based polyglutamate
aggregation inhibitors into PLGA NPs amplifies their protective effects, and in a Drosophila
model of HD, it exhibits biocompatibility [128]. According to Debnath et al., poly(trehalose)
NPs effectively impede the advancement of Huntington’s disease by reducing the build-up
of mutant huntingtin protein in both neuronal cells and rodent models [129]

The animal model of HD has been shown to exhibit modifications in the metabolism
of cholesterol, particularly in relation to the levels of 24S-hydroxycholesterol, an important
cholesterol metabolite generated by hydroxylation, catalyzed by cholesterol-24 hydro-
lase [130]. Increasing this enzyme is essential for treating HD because it makes it easier for
mutant huntingtin aggregates to be cleared by autophagy and proteasomal processes [131].
In HD mice, treatment with polymeric NPs modified by glycopeptide and loaded with
cholesterol corrects behavioral and cognitive abnormalities [132]. Passoni et al. demon-
strated the efficacy of liposomal NPs in delivering cholesterol in an HD mouse model using
nose-to-brain delivery analysis, hence validating their potential for HD therapy [133].

One of the common symptoms of HD is known as chorea. The term chorea refers
to the aberrant movement that results from these symptoms in the patient [134]. Even
though the biochemical and genetic elements of HD are well understood, the present
treatment strategies only target the symptoms of HD instead of the underlying illness.
Until now, tetrabenazine is thought to be the most useful drug for treating cognitive
impairment in people with HD, with benzodiazepines and neuroleptics following closely
behind [135]. Along with the typical chorea symptoms, patients with HD frequently
develop neurological symptoms, such as sadness and psychosis. The treatment of chorea
brought on by Huntington’s disease involves the use of a wide range of neuroleptic drugs.
Some HD patients who have seizures can get medication with common anticonvulsants,
such as valproic acid. Parkinsonism is a disease that can occur in HD patients and is
commonly treated with levodopa to lessen symptoms [136]. Drugs cannot currently be
used to treat the mutant huntingtin protein; nevertheless, research is being carried out on
potential disease-modifying therapeutics. Recombinant adeno-associated viruses (rAAVs)
that carry RNA interference (RNAi) treatments have been employed in the HD sickness
model to mitigate disease pathology [137]. The introduction of cells that produce ciliary
neurotrophic factors into the brain has been linked to improvements in HD. Treatments to
stop the progression of HD and eliminate the mutant huntingtin protein may be able to
be delivered to the central nervous system (CNS) through the use of cutting-edge siRNA
delivery methods. By focusing on important pathways implicated in the development of
the illness, the potential neuroprotective function of NPs and their potential for therapy for
HD and other neurodegenerative diseases are discussed in the next section.
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4. Nanoparticles and Nanomedicine

Benefiting from their beneficial traits, such as size, shape, and surface characteristics,
the utilization of nanoscale particles in medicine, especially as carriers for medicines, holds
tremendous promise in treating a wide range of disorders (Figure 3) [138]. Deliberate
personalization is made possible by nanotechnology, which gives one command over their
properties [63]. The versatility of nanoparticles (NPs) enables the attachment of various
biomolecules, hence promoting the safe and effective transport of pharmacologically active
substances, such as medicines or genes. Nanoparticles (NPs) whose diameters range from 1
to 100 nm are able to pass through important physiological barriers, such as those found in
the circulation, lungs, liver, gastrointestinal tract, tumor vasculature, mucosal membranes,
and the blood–brain barrier [139–141].
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For this, many kinds of nanoparticles (NPs) have been used, each with unique proper-
ties, as therapeutic, diagnostic, or theranostic instruments. Target-specific nanomedicine
has expanded its possibilities with the ability to attach medicines and therapeutic nucleic
acids to nanoparticles. NPs are used in packaging, biotechnology, electronics, cosmetics,
and other industries outside of medicine. NPs can be generically classified as inorganic,
organic, or carbon-based. The physicochemical properties of nanoparticles (NPs), which
differ between NPs, determine their biocompatibility. NPs may be modified to improve
their binding affinities with the gene or medicine they carry, as well as to encourage cell-
specific absorption, by using polymers and targeting ligands [142]. Noble metals with
advantageous physiochemical, biological, and optical properties, such as gold (Au), silver
(Ag), platinum (Pt), and palladium (Pd), are widely used [140,143]. Au NPs’ adjustable
physicochemical characteristics make them appropriate for use in clinical settings, where
they have demonstrated promise in treating a range of illnesses, including AIDS, syphilis,
smallpox, cancer, and skin ulcers [144,145]. Ag NPs are helpful in the pre-treatment of
wound infections because they have antibacterial and antiviral characteristics [146]. Nev-
ertheless, their inclination to congregate and grow in bulk presents difficulties in their
unaltered state [147]. Dental and electrical devices utilize Pd more frequently [143,148].
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Quercetin-modified bimetallic Au-Pd NPs have been investigated as possible autophagy-
inducing agents in Alzheimer’s disease [149]. Pt, which is well known for its antioxidant
qualities and function in anticancer medications, such as oxaliplatin and cisplatin, may also
be neurotoxic [140,150].

When taken in supplement form, selenium (Se) is known to lower the risk of a number
of illnesses, including type 2 diabetes, osteoarthritis, cardiovascular disease, and neuro-
logical disorders, such as Alzheimer’s disease [151]. Benefits of Se NPs include enhanced
bioavailability, biocompatibility, and biodegradability in vivo, as well as the antioxidant
and anticancer qualities of Se with reduced cytotoxicity [152,153]. These NPs are becoming
more widely known because of their possible synergistic effects with therapeutic genes
or medications.

Because of their porous architectures, which provide greater surface areas for ther-
apeutic cargo, mesoporous silica nanoparticles (MSNs) are being exploited more and
more as nano-delivery vehicles [154,155]. Due to their porosity, MSNs may possibly en-
hance biological activity by delivering therapeutic genes and medications together [156].
Quercetin-encapsulated silica nanoparticles have demonstrated potential in combating
copper-induced oxidative stress, which is known to occur in neurodegenerative disor-
ders [157]. Because of their advantageous qualities, including minimal cytotoxicity, stability,
and magnetism, iron oxides—also known as magnetic nanoparticles, or MNPs—have been
the subject of much research in the field of nanomedicine. This is because these traits
make them appropriate for use in applications such as magnetic hyperthermia and mag-
netic resonance imaging (MRI). Magnetofection, using an external magnetic field, may be
used to target MNPs, increasing their usefulness for delivery systems [158–160]. However,
unaltered MNPs can cluster and have a tendency to be hydrophobic, which limits their
effectiveness in vivo [161].

Although quantum dots (QDs) have special optical qualities, their composition—
which frequently includes metals, such as zinc and cadmium—can make them hazardous.
Coated QDs or modified core-shell QDs can reduce this toxicity [156]. Without internal
or external functionalization, carbon nanotubes—single- and multi-walled—are immuno-
genic, insoluble, cytotoxic, and hydrophobic, notwithstanding their ease of entry into
cells [162]. Because polymeric delivery methods may bind anionic compounds, such as nu-
cleic acids, they are preferred. This is especially true of those containing cationic polymers.
Additionally, these polymers need to be stable in vivo, biocompatible, and biodegrad-
able [156]. For this function, dendrimers—which contain several cationic groups—have
gained popularity and are utilized to stabilize metallic NPs, such as Au NPs [163,164].
FDA-approved poly(lactic-co-glycolic acid) has demonstrated potential for medication
delivery when paired with Au, and PEGylated variants of this polymer are being studied
for AD [165,166]. When it comes to lipid-based NPs, liposomes are commonly utilized
to carry bioactive chemicals, and they have demonstrated promising outcomes in animal
models of AD [167,168].

Between them, inorganic nanoparticles (NPs) have an edge against organic ones
in terms of stability, size, production, functionalization, and theranostic potential. In
nanomedicine, all of the above-described NPs have demonstrated promise and may one
day be used to treat neurological conditions, including AD and PD. However, in order
for these nano-systems to function well, the NPs’ specified qualities need to be carefully
considered and given priority [169].

4.1. Nanopharmaceuticals Currently on the Market and Clinical Trials in Progress

The fact that the US Food and Drug Administration has authorized over 250 nanodrugs
is evidence of the efficacy of NPs in clinical studies. Notable medications among them are
Plegridy (PEGylated interferon β-1a), DepoCyt (liposomal cytarabine), Invega Sustenna
(paliperidone palmitate), and Doxil (liposomal doxorubicin HCL injection), which are
prescribed for the treatment of MS, schizophrenia, multiple myeloma, and lymphomatous
meningitis, respectively [170]. Over 33% of available medications are liposomal formu-
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lations, making them the most common type of nanodrugs on the market. It is worth
mentioning that some of these formulations have been used extensively in clinical settings
for cancer treatment [171].

The possible uses of NPs in medical contexts have also been investigated in a number of
clinical studies. According to results from Maier-Hauff et al., individuals with glioblastoma
who received magnetic nanoparticle treatment in addition to less radiation had an overall
better prognosis than those who were treated with traditional therapy [172]. Furthermore,
it has been demonstrated that NPs lessen the toxicity linked to traditional medications [173].
Notably, magnetic nanoparticles have shown a 70% capacity to distribute and transport
temozolomide, a chemotherapeutic agent, into cerebral tumor areas in dogs [174].

Promising outcomes in the management of migraines have been observed in recent
research, wherein the administration of curcumin NPs and omega-3 fatty acids significantly
decreased inflammation by inhibiting the expression of inflammatory markers, such as
TNF-α, intercellular adhesive molecule 1, and cyclooxygenase-2/inducible nitric oxide syn-
thase [175–177]. All things considered, these results highlight the tremendous promise of
NPs in the treatment of brain disorders through improved medication delivery, synergistic
benefits, and reduced drug toxicity.

The use of new nanomedicines in scientific research has garnered significant atten-
tion as a potentially effective strategy for managing neurodegenerative disorders (NDs).
These nanomaterial-based formulations have shown remarkable therapeutic performance,
including enhanced brain delivery with specific effects. These nanoformulations can mini-
mize brain damage, promote neuroprotection, improve behavioral outcomes in non-verbal
dementia patients, and limit Aβ aggregation, according to preclinical research. There
is not much research investigating the application of nanoparticles in the treatment of
neurological illnesses. Regarding the treatment of transthyretin-mediated amyloidosis, a
noteworthy clinical trial examined the use of a lipid nanoparticle-based formulation. The
experiment produced encouraging results, and the regulatory body later approved the
product for commercial distribution. Phase I research using CRISPR/Cas9 gene technology
and lipid nanoparticles for therapeutic medication delivery is one of the ongoing clinical
trials [178].

Just a small number of clinical trials examining medications, such as therapeutic
antibodies and secretase inhibitors in Alzheimer’s disease (AD), have been finished, with
the majority being discontinued [179]. Surprisingly, since 2003, there has been a global
shortage of new medication research for AD [180]. The NIH library was searched recently,
and only two pieces of research about the transport of nanoparticles (NPs) were found,
indicating this tendency. The research, entitled “Safety, tolerability, and efficacy assessment
of intranasal nanoparticles of APH-1105, a novel alpha-secretase modulator for mild to
moderate cognitive impairment due to Alzheimer’s disease”, was scheduled to begin in
2023. Phase II of the trial, titled “A Phase 2, pilot open-label, sequential group, investigator-
blinded study of magnetic resonance spectroscopy (31P-MRS) to evaluate the effects of
CNM-Au8 for the bioenergetic enhancement of the impaired neuronal redox state in
Parkinson’s disease,” commenced in December 2019 and was scheduled to end in July
2021 [181]. In this study, gold nanocrystals were used. Although gold nanocrystals have
been approved lately for the treatment of multiple sclerosis, further information on this
continuing investigation is highly anticipated. If these trials are successful, it might greatly
progress the use of NPs in future studies [182].

The objective of the research, “Evaluation of the impact of CNM-Au8 on altered
neuronal redox state in Parkinson’s disease using 31-MRS imaging”, is also used to deter-
mine how gold nanocrystals affect people with Parkinson’s disease (PD), looking at their
pharmacokinetic and pharmacodynamic characteristics, as well as their safety [183].

Although nanotechnology has been around for a while, its first uses have just lately
surfaced. Recent research has indicated a great deal of interest in the use of nanostruc-
tures to package various drugs or biomolecules to influence CNS inflammation, prevent
microbial infections, and influence neuronal regeneration. Taken together, these results
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provide a crucial basis for further investigations focused on enhancing pharmacokinetics,
decreasing systemic drug toxicity, and identifying illnesses in people at an early stage.
These developments are desperately required since there is a serious risk that the frequency
of neurological illnesses may rise [184].

4.2. Challenges of Nanoparticles

When it comes to using nanoparticles as therapeutic delivery systems for neurodegen-
erative illnesses, there are a lot of obstacles to overcome. In addition to the blood–brain
barrier (BBB), which is the main barrier to successful treatments, worries regarding neuro-
toxicity from nano-delivery methods also surface, which brings up safety concerns. The
most common way that this neurotoxicity shows up is as oxidative stress, which is greatly
impacted by the shape, size, surface area, solubility, concentration, length of time, and
mode of delivery of the nanotherapeutic. Even though the human body needs some metals
for particular functions, the buildup and aggregation of metal nanoparticles may be a
cause for concern. Iron nanoparticles have been revealed to be significantly harmful in
studies employing the PC12 cell neuronal model, while reactive oxygen species have been
discovered to be produced by manganese and copper nanoparticles. Neural stem cells
exposed to zinc oxide NPs underwent apoptosis, while Sprague Dawley rats exposed to
oral silver NP treatment had toxicity and accumulation in the kidney, liver, and brain [5].
When iron oxide nanoparticles were administered in animal models, the mice developed
oxidative stress, neurodegeneration, neuronal apoptosis that was reliant on the cell cycle,
and neurobehavioral damage [185–187].

Notwithstanding these difficulties, NPs are promising candidates for use in nanomedicine
due to their previously noted physicochemical characteristics. NP formulations must include
biocompatible, biodegradable, and readily excreted components from the system in order to
address some of these issues [188]. Furthermore, the kind of NP used typically determines
the reported toxicities, and surface functionalization provides a technique to reduce negative
effects and interactions. As such, there is no one-size-fits-all method for selecting a NP and
using it. Since many metals are necessary for bodily functions and many metal carriers are
non-metals, it is important to evaluate the benefits and drawbacks of each. As such, the
concentration that is employed will be essential to preserving homeostatic balance. Since
cell-specific targeting is necessary to address damaged or altered genes while maintaining
the integrity of normally functioning genes and cells, targeted methods will be crucial in the
treatment of AD and PD. Nonetheless, it is clear that further research on NPs is required
for developing CNS therapies. Because there is currently a dearth of knowledge on NP
neurotoxicity, it is imperative that further in vitro and in vivo research be conducted in order
to lay the groundwork for future studies. Developing an optimal NP formulation may be
made easier for nanomedicine by using new technology, especially in silico investigations,
computer and mathematical modeling, and improved bioinformatics understanding [5].

5. Future Perspectives

Since neurological diseases (NDs) include complicated physiological components and
sophisticated networks, current treatment techniques have not been able to successfully
stop the progression of NDs. There is a disconnect between research results and their
use in clinical trials, as seen by the insufficient therapeutic outcomes that persist despite
significant research efforts. Many unique approaches to administering medications to the
central nervous system (CNS) have been investigated in a significant quantity of scientific
studies over the past few decades, and these approaches have the potential to be used in
promising medical applications. The disorders persist in progress even with the availability
of drugs that purport to reduce or eliminate NDs’ symptoms. However, problems still exist
when it comes to transporting therapeutic and imaging substances beyond the blood–brain
barrier (BBB), underscoring the fundamental obstacles in therapy.

In an effort to find more potent forms of therapy, a variety of delivery systems, in-
cluding pharmaceuticals, biomolecules (including proteins, peptides, and monoclonal
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antibodies), and phytoconstituents, have been investigated for the administration of thera-
peutic agents targeting NDs. Furthermore, a method for treating NDs is known as gene
therapy, and this approach requires knowledge of the particular ND types and the genes
associated with their development. Using neural stem cells (NSCs) and creating ther-
apeutic treatments that can alter NSC differentiation to affect neurogenesis is another
possible strategy.

Moreover, NPs have the ability to cross extracellular and intracellular obstacles that
obstruct effective gene transport. Combining gene therapy and nanomedicine has the
potential to cure a number of illnesses, including monogenic disorders. While minimizing
damage to healthy cells, a thorough knowledge of the genetic abnormalities implicated is
crucial to developing effective and tailored therapy regimens [189].

Such a study establishes the foundation for tactics that might enhance the lives of
millions of people globally and minimize illnesses connected to brain injury, even though
an immediate medical solution may not be achievable. The fields of neurobiology and
nanomedicine may be able to combine to provide novel therapies for different NDs. How-
ever, toxicity-related issues in nanomedicine need to be resolved by using biocompatible
nanocarriers. Furthermore, the high expense of treating NDs with nanotechnology makes
it necessary to find affordable methods that also increase the safety and clinical effective-
ness [178,190].

Scientific research in the field of neurodegenerative diseases has made significant signs
of progress in recent years, but there are still several gaps that need to be addressed, which
mainly include challenges in their early detection and diagnosis, where the development of
new reliable biomarkers and imaging techniques for early detection is essential [5,20–30].
Likewise, it is necessary to elucidate the underlying mechanisms of disease progression to
identify potential targets for intervention. In this context, it is also essential to understand
the causal connection between genetic predisposition and environmental factors since there
is a critical need to develop disease-modifying therapies that can slow or stop disease
progression [2,8,40,69]. Moreover, inflammatory processes in the brain are increasingly
recognized as a contributing factor in neurodegenerative diseases, and neuroinflammation
is a potential therapeutic target that should further be investigated [101,102].

Scientific research regarding non-pharmacological interventions, including cognitive
training, physical exercise, dietary adjustments, and lifestyle modifications, are increasingly
recognized as promising supplementary approaches for managing neurodegenerative dis-
eases. Nevertheless, further rigorous research is necessary to confirm their effectiveness
and determine the most effective ways to implement them. Finally, implementing precision
medicine approaches that take into account individual genetic profiles and clinical character-
istics could lead to more targeted and effective treatments. Addressing these challenges in
research requires interdisciplinary collaboration, innovative methodologies, and sustained
funding support to accelerate progress in understanding and treating neurodegenerative
diseases [1,2].

Nanomedicine is an emerging promising therapeutical approach in neurodegenerative
disease but, nevertheless, the lack of standardized analytical methods for characterizing
NPs is challenging for researchers, developers, and government regulatory agencies. Accu-
rately assessing critical quality attributes, such as particle size distribution, surface chem-
istry, and stability, is essential for ensuring the quality and performance of nanoparticle-
based therapies, since inconsistencies in measurement techniques and reporting standards
can hinder the comparability of data across studies and regulatory submissions. While
nanoparticle therapeutics hold great promise for revolutionizing drug delivery and treat-
ment strategies for neurodegenerative diseases, the complexity of their development and
regulatory approval process is very demanding [191]. Addressing these challenges requires
collaborative efforts among researchers in different scientific fields, industry stakehold-
ers, and regulatory agencies to establish clear guidelines, standardized protocols, and
reliable analytical methods for evaluating the safety and efficacy of nanoparticle-based
therapeutical approaches to neurodegenerative diseases [192,193].
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Numerous scientific studies indicate a consistent annual rise in the development of
medications based on nanotechnology [192–195]. Pharmaceutical nanomedicine products
exert a significant influence on the worldwide pharmaceutical market and healthcare
infrastructure [196]. Since 1995, roughly 80 nanomedicine products have secured marketing
authorization from both the US Food and Drug Administration (FDA) and the European
Medicines Agency (EMA), with double this number undergoing clinical trials [192]. The
FDA and EMA have, to some extent, different procedures for approving nanomedicines,
leading to differences in timelines and requirements. One crucial difference is the approach
to non-clinical biodistribution studies, which are mandatory in the EU but not necessarily
required by the FDA. This can result in additional time and resources being spent on
fulfilling EU-specific requirements. An example of a nanomedicine that faced differences in
approval processes between the FDA and EMA is liposomal doxorubicin (Doxil/Caelyx).
While the FDA approved Doxil for multiple indications, including ovarian cancer and
AIDS-related Kaposi’s sarcoma, in the late 1990s, it took several more years for the EMA
to grant approval for similar indications [192]. Abraxane, a nanoparticle albumin-bound
formulation of paclitaxel, is another example of differences in the regulatory requirements
and timelines between the two agencies that contributed to this discrepancy in approval
timings. While the FDA approved Abraxane for the treatment of breast cancer in 2005,
EMA approval was obtained several years later, in 2008. These delays were partly due to
differences in requirements for clinical trial data and non-clinical studies between the two
agencies [191–195].

Halwani, in his comprehensive review, recently summarized all globally marketed
nanomedicines approved by the FDA and MDA, including all important details, such as
active ingredients, type of nanotechnology, and indications for certain pathologies’ treat-
ment [192]. Currently, a plethora of new nanoparticle-based therapeutical approaches are
being evaluated by the FDA, EMA, and other agencies but, in general, there is a lack of
standards in the evaluation of these compounds due to their unique properties as ther-
apeutics, which makes this evaluation even more challenging [192,197]. The EMA and
FDA released reflection papers and preliminary guidelines for the industry to outline
their current perspectives on assessing nanotherapeutics [196]. A systematic method for
assessing similarity, starting from quality considerations, such as critical quality attributes
(CQA) and evaluation of nanoscale properties, progressing to non-clinical biodistribution
analysis (mandatory in the EU but not in the US), and ultimately to clinical evaluation, is
essential [196]. However, there is still an absence of a clearly defined or unified approval
process for nanotherapeutics, leading to potential disparities in approval outcomes. Ad-
vancement requires the establishment of a science-driven forum involving stakeholders
and field experts. However, an agenda has been established, focusing on CQA assessment,
dissemination of scientific and clinical research, consensus building on nomenclature and
labeling, and regulatory measures concerning substandard complex drug products [198].
The need for greater harmonization in approval procedures is essential to expedite access
to these innovative therapies.

The exchange of instructions and experiences between the European Medicines Agency
(EMA) and the US Food and Drug Administration (FDA) can significantly benefit the
commercialization of nanomedicines in the context of research, regulatory, and approval
processes’ review. Sharing best practices and expertise in analytical methods and char-
acterization techniques for nanomedicines can enhance the quality and consistency of
data submitted in regulatory applications. This can bring great benefit to the scientific
community and can help in the development and harmonization of guidance documents
and regulatory frameworks specifically tailored for nanomedicines, benefiting patients
affected by neurodegenerative and other diseases and, ultimately, improving general public
health [192].
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6. Conclusions

A promising strategy for addressing enduring issues in conventional medicine is
emerging—nanomedicine. Combining gene therapy with nanotechnology offers potential
for improved therapeutic outcomes, raising hope for eradicating neuronal-damage-related
illnesses, such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntington’s
disease (HD). Despite numerous pharmacological options, many struggle to penetrate the
blood–brain barrier (BBB) for meaningful clinical results. Brain-targeting strategies with
nano-biomaterials offer alternatives, allowing modulation of neural pathways for desired
therapeutic effects.

Gene therapy and nanoparticle-based treatments hold promise for treating neurolog-
ical diseases, but they also face significant limitations and challenges, such as delivery
challenges, where the major obstacle for both gene therapy and nanoparticle-based treat-
ments is effectively delivering therapeutic agents to the target cells or tissues within the
CNS, as well as bypassing or overcoming the BBB. In addition, the activation of the immune
response during those treatments may lead to inflammation, tissue damage, and clear-
ance of the therapeutic agent. Both gene therapy and nanoparticle-based treatments may
unintentionally affect non-target cells or tissues, leading to off-target effects. Achieving
sustained therapeutic effects over the long term remains a challenge for both gene therapy
and nanoparticle-based treatments. Factors such as degradation of therapeutic agents,
immune responses, and loss of transgene expression or nanoparticle functionality over
time can limit the durability of treatment outcomes. Developing strategies to enhance
the long-term efficacy and stability of these therapies is crucial for their clinical success.
Overcoming these obstacles is crucial to achieve the effectiveness of gene therapy and
nanoparticle-based treatments in the treatment of neurodegenerative diseases.

Nanotechnology in medicine has enhanced the treatment efficacy and the diagnosis
of illnesses. Nanoparticles, capable of crossing the BBB, hold promise for diagnosing
and treating challenging brain conditions. Combining gene therapy with nanotechnology
could enhance effectiveness in treating neurodegenerative diseases. Recent advancements
in nano-biomaterial-based techniques have strengthened existing neural stem cell (NSC)
differentiation treatments. NSC-targeting technologies offer a promising, potentially safe
method for treating neurodegenerative diseases.

Thorough testing for toxicity and stability is crucial for the diverse range of nanoparti-
cles available. Further investigation into nanoparticle toxicology and bioaccumulation in
clinical settings is essential for ensuring safety and effectiveness. Prioritizing therapeutic
nanoparticles with low toxicity is crucial for optimal results. Improved formulations, in-
cluding specific antibodies, can enhance selectivity to target specific biomarkers, offering
promise for treating brain illnesses and disorders with nanotechnology.

Finally, lifestyle interventions, including diet, exercise, cognitive stimulation, and
social engagement, can impact brain health and may complement other therapeutic ap-
proaches for neurological diseases. Rehabilitation strategies, such as physical therapy,
occupational therapy, speech therapy, and cognitive rehabilitation, aim to improve function
and quality of life for individuals living with neurological conditions. These approaches,
along with nanotechnology, represent a multifaceted and evolving landscape in the quest
to develop effective treatments for neurological diseases. Integration of these diverse strate-
gies and interdisciplinary collaboration will be crucial for advancing therapeutic options
and improving outcomes for patients affected by neurodegenerative diseases.
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