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Alzheimer’s disease (AD) is one of the most progressive neurodegenerative disorders resulting in cognitive and
behavioral impairment in individuals beyond 65 years of age. It is distinguished by deposits of extracellular amyloidal
protein intracellular and neurofibrillary tangles resulting in senile plaques. Significant advancement has been made
in AD therapeutics; however, most of the treatment approaches are based on attenuating symptoms, implying that
AD is still an insolvable neurodegenerative illness. Though an enormous number of drug moieties were already
screened for different molecular targets of AD, only few of them (N-methyl D-aspartate receptor antagonists and
acetylcholinesterase inhibitors) are currently implied for efficacious clinical treatment. Though these medications slow
down the development of the disorder and give symptomatic relief; yet they are unsuccessful in achieving a proven
cure. Nonetheless, targeted drug delivery of these medications to the Central nervous system (CNS) manifested various
restrictions like meager solubility, lower bioavailability along with diminished effectiveness because of the blood—
brain barrier. Recent developments in nanotechnology present chances to overcome such limitations in targeting.
Various nanocarriers have been researched that offer promising targeting capabilities. This review aims to provide an
update on various dosage forms based on nanotechnology aimed for AD therapeutics, the patents on nanocarriers for
AD and clinical trials on AD drugs.

INTRODUCTION

diabetes are also associated with AD (Oesterling et al., 2014).

Alzheimer’s disease (AD) is one of the most progressive
neurodegenerative disorders in individuals beyond 65 years of
age resulting in loss of neurons, and eventually dementia. It is an
untreatable disorder with progressive and longer duration (Goedert
and Spillantini, 2006) and represents over 80% cases of dementia
in the world in elderly individuals. It results in progressive loss
of behavioral, mental, functional decline, and other intellectual
abilities (Anand et al., 2019). Age is the most considerable risk
factor; as in 2010, 38% of individuals beyond 85 years of age
were troubled with AD which is anticipated to escalate to 51% by
2050 (Herbert et al., 2013). Various cardiovascular risk factors,
for example, atherogenic dyslipidemia, hypertension, obesity, and
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Because of its constantly expanding rate and societal aging factor,
AD has garnered enormous research interest.

Pathophysiology

AD can be distinguished by significant atrophy of
the cerebral cortex as well as loss of cortical and subcortical
neurons. The neurotic signs of this disorder are senile plaques
that are spheric aggregations of the protein beta-amyloid along
with declining activities of neurons (also referred to as cerebral
amyloid angiopathy) and neurofibrillary tangles (NFTs),
consisting of paired helical filaments and other proteins (Braak
and Braak, 1994). Neuronal loss as well as pathology might be
observed especially in the amygdala, hippocampus, entorhinal
cortex and the cortical associated regions of the frontal, temporal,
and parietal cortices, and also subcortical nuclei. The tangles
deposition occurs in a specific pattern, beginning from the trans-
entorhinal cortex; followed by the entorhinal cortex, the CA1 part
of the hippocampus and then the cortical associated regions, where
frontal, parietal, and temporal lobes are especially influenced. The
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degree and position of tangle arrangement associates well with
the seriousness of dementia, significantly more than quantities of
amyloid plaques (Kumar et al., 2015; Thakur et al., 2018).

Advanced AD is characterized by large number of senile
plaques and NFTs mostly in the hippocampus and related areas of the
cortex, while regions like the visual and motor cortices are moderately
spared. Thisrelates to the clinical characteristics of noticeable disability
of memory and theoretical thinking, with conservation of vision and
movement. Parameters responsible for the particular susceptibility of
specific cortical neurons to the pathological outcomes of AD are still
unknown (Hardman ez al., 2006).

The accumulation of tau proteins correlates intimately
with intellectual decay and atrophy of brain along with
hippocampus. The neuronal pathology of AD involves neuronal
loss and temporofrontal cortex atrophy, leading to inflammation,
deposition of amyloid plaques, and unusual accumulation of
fragments of protein and tangled bundles of filaments. This results
in a rise in macrophages and monocytes in the cerebral cortex, and
activation of the microglial cells in the parenchyma (Thakur ez al.,
2018). The pathophysiology of AD is exceptionally intricate and
relies upon various pathological processes, which have been
summed up in Figure 1 and are described in the preceding text.

MANAGEMENT OF AD

The overall management of AD includes pharmacological
as well as non-pharmacological treatments. Non-pharmacological
approach basically addresses different causes of cognitive
impairment and behavioral disturbances. Pharmacological
approach, which is described as symptomatic or neuroprotective
is based on modulation of disease-related neurotransmitter
alterations. At present, approved symptomatic treatment includes
cholinesterase inhibitors (ChEIs) and N-methyl-D-aspartate
(NMDA) receptor antagonists, (Kumar et al., 2015) that depends
on their ability to retard the clinical development of symptoms
across intellectual, behavioral, and functional areas. Currently
approved some of the disease modifying therapeutic drug targets
are highlighted in Table 1.

Initially, pharmacological approach for AD was aimed
to increase cholinergic transmission in the brain (cholinergic
hypothesis). Among the various approaches utilized to
raise synaptic levels of acetylcholine (ACh), hindering the
disintegration of ACh by acetylcholinesterase (AChE) inhibition
was proved to be successful. Inhibition of butyrylcholinesterase
(BuChE) enzyme, which is present in lower amounts in normal
brain, is present in greater amount in AD brain may also enhance
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Figure 1. Hypothesis for pathophysiology of Alzheimer’s disease.
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cholinergic transmission (Thakur ez al., 2018). Novel approaches
of targeting the AP and tau-based therapeutics can be significant
keys to cater the disease (Anand et al., 2014).

Non-pharmacological treatments can enhance the
quality of life of individuals with AD (Olazaran et al., 2010). A
moderate quantity of well-organized randomized controlled trials
has evidenced the advantages of different non-pharmacological
strategies, such as intellectual training, intellectual rehabilitation,
and intellectual stimulation treatment in AD patients (Ballard
et al., 2011). Various non-pharmacological approaches were
reported in Table 1.

The biomarkers manifest significant importance in
drug development for AD for choosing the ideal drug candidate
for large and high-cost phase-III clinical trials. Biomarkers are
also significant in confirming the drug influence on the basic
pathophysiology of the disease, which may be required to
designate the drug as a disease-modifier (Thakur e al., 2018).
Generally used biomarkers for AD are compiled in Figure 2.

Table 1. Pharmacological and non-pharmacological therapy for AD.

Pharmacological therapy for AD

Therapeutic drug targets In AD Approach for targeting

Targeting AP protein
(anti-amyloid approach)

Targeting amyloid transport
Modulation of secretase enzymes
Targeting amyloid aggregation
Targeting amyloid clearance
Amyloid based vaccination therapy
Targeting tau protein Inhibition of tau phosphorylation
Targeting microtubule stabilization
Blocking tau oligomerization
Enhancing tau degradation
Tau-based vaccination therapy
Targeting intracellular signaling cascades
Modulating levels of neurotransmitter Acetylcholinesterase inhibitors (AChEIs)
Modulation of GABAergic neurons
NMDA receptor antagonism

Modulation of serotonin receptor
Histaminergic modulators

Modulation of adenosine receptor
Targeting mitochondrial dysfunction
Targeting oxidative stress
Anti-inflammatory therapy

Other pharmacotherapeutic strategies Cholesterol lowering drugs
Neuroprotective gonadotropin hormones
Neurogenesis

Epigenesis

Caspase inhibitors

Modulators of Nitric oxide synthase (NOS)
Nucleic acid drugs

Multi-target directed ligands
Non-pharmacological therapy for AD

Sleep Music therapy

Physical activity

POTENTIAL RISK FACTORS ASSOCIATED WITH AD

A few studies have exhibited that hypertension, sedentary
lifestyles, and lifestyle-related disorders like type 2 diabetes
mellitus and obesity can enhance possibility of AD (Jayaraman
and Pike, 2014). Several genetic factors are also responsible for
its outbreak and their contribution in its pathogenesis. However,
there are no incidences recommending a considerable effect of
occupational exposures on AD. Various physiological and other
risks associated with AD are encapsulated in Table 2.

APPROVED DRUGS FOR THE TREATMENT OF
AD—CURRENT STATUS

ChEIs and NMDA receptor antagonists are the drugs
which are used most frequently for the treatment of AD. Donepezil,
rivastigmine, galantamine, and memantine are the generally used
four FDA-approved drugs; however, combination of donepezil
and memantine is also used for AD therapeutics. They improve
the quality of life by controlling the intellectual loss and thus
motor regulation (Harilal et al., 2019). Three of these drugs
including donepezil, galantamine, and rivastigmine act on CNS
cholinergic pathways. All these have anticholinesterase activity,
and galantamine which is a natural-product alkaloid also acts as an
allosteric modulator at nicotinic acetylcholine receptors. These drugs
are frequently prescribed for individuals in early predementia stage
having considerable continuous memory impairment depending on
intellectual testing reports (Graham et al., 2017). AChE inhibitors
may cause g.i. adverse effects such as vomiting and nausea that may
be reason for discontinuation of treatment (Santos ez al., 2015).

Rivastigmine co-inhibits acetylcholinesterase and
butyrylcholinesterase and is specific for the G1 rather than G4
form of the enzyme. As compared to other approved drugs, it does
not metabolize in liver and, subsequently, does not cause adverse
drug reactions of other drugs generally given to elderly individuals
with AD. Galantamine shows lower AChE selectivity; vomiting
and nausea are its most frequent adverse effects, which are usually
self-limiting (Atri, 2019; National Institute for Health and Clinical
Excellence, 2011).

In contrast to all other drugs listed above, donepezil
has significant effect in AD therapeutics and is given as 5-10 mg
tablets once in a day before bed, because of its longer half-life.
It selectively inhibits AChE, leading to well response from AD
patients with enhancement in intellectual, behavior, and general
function. These may be the reason for its more frequent use as
compared to other drugs mentioned above (Atri, 2019).

METALS

GALANTH AMINE STEM CELLS

MULTI TARGET BIOMARKERS CANNABINOIDS
DIRECTED
LEGEND
POLYPHENOLIC " METAL COMPLEXESs
COMPOUNDS

ANTIBODIES

Figure 2. Biomarkers for Alzheimer’s disease.
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Table 2. Risk factors associated with Alzheimer’s disease.

Risk factors associated

with Alzheimer’s disease Characteristic features

Obesity

Several reports indicated that obesity during mid-life and underweight during late-life can be the risk factors for dementia and AD may be because of

unhealthy regulation of adipokine leading to various health problems e.g. insulin resistance, chronic inflammation, hypertension and hypercholesterolaemia.
Hippocampal neurogenesis in adults is also affected by recognized adipokine dysregulation (Atti ez al., 2008; Beydoun et al., 2008).

Hypertension

This factor depends upon the age of the patient, and probably high blood pressure results in increased neuritic plaques and NFTs in the brain causing brain

atrophy due to neurodegeneration and hippocampal shrinkage (Hoffman et al., 2009).

Physical activity
meditation (Gard ez al., 2014; Streeter ef al., 2007)

Inflammatory biomarkers

Although the mechanism is not known, brain activity can be increased and cognitive risks can be reduced by increasing physical activity including yoga and

Increased concentration of inflammatory markers in blood like interleukin-6, interleukin-1b, C-reactive protein, lipoprotein-associated phospholipase A2,

fibrinogen and alpha-1-antichymotrypsin are reported to cause vascular inflammation and vascular dementia which can be a factor for risk of AD. (Irizarry,

2004; Mrak and Griffin, 2005)

Diabetes mellitus

Diabetes and its complications which are generally responsible for development of vascular diseases play a major role in the pathogenesis along with further

development of AD and dementia. Further, elevated insulin resistance also results in hippocampal shrinkage and brain atrophy due to neurodegeneration,

again contributing to AD (Breteler, 2000; Stampfer, 2006)

Neurotoxic metals

Metal-based nanoparticles, several pesticides and the most important neurotoxic metals like arsenic, aluminium, mercury, lead and cadmium can alos result

in AD because of their capability to raise AP peptide and Tau protein phosphorylation, leading to NFTs and senile/amyloid plaques in the brain, indicative of

AD (Chin-Chan et al., 2015).

Elevated plasma total
homocysteine levels

Homocysteine lowers the nitric oxide activity in the brain cells, enhances oxidative pressure and also stimulates the formation of A plaques, which further
results in neurotoxicity and neurodegeneration consequently promotes the pathogenesis and advancement of AD (Pacheco-Quinto ef al., 2006; Selley, 2004).

Table 3. Drugs approved by FDA for treatment of Alzheimer’s disease.

Drug (brand Name) Half-life (h)  tmax (h) Bioavailability (%)  Protein binding (%) Type Stage of AD approved

Rivastigmine (Exelon) 2 0.8-1.7 40 40 Acetylcholinesterase and butyrylcholinesterase Mild to moderate
inhibitor

Galantamine (Razadyne) 5-7 0.5-1.5 85-100 18 Acetylcholinesterase and butyrylcholinesterase Mild to moderate
inhibitor

Donepezil (Aricept) 60-90 3-5 100 96 Selective acetylcholinesterase inhibitor All stages

Memantine (Namenda) 60-80 3-7 100 45 NMDA Receptor Antagonist Moderate to severe

Memantine, a recently approved drug for AD, aims
to target the NMDA receptors and glutaminergic pathways.
Application of memantine in chronic treatment decreases the
concentration of AP both in aged animals and in AD models. This
results in decreased AP production. However, in 2005, USFDA
refused to extend the application of memantine for mild AD;
because of significant adverse effects, e.g. confusion, dizziness,
headache, and constipation (Carvalho et al., 2015). Riluzole, a
glutamate release inhibitor and post synaptic glutamate receptor
signaling, is under phase II trial in mild AD patients (Thakur
etal., 2018).

The combination of memantine and donepezil has also
been permitted by USFDA for treating moderate-to-severe AD
in individuals who were on 10 mg of donepezil hydrochloride
treatment. When memantine is given along with stable
cholinesterase inhibitor therapy in patients with AD, a good safety
profile was found (Ito et al., 2017). Table 3 compiles an overview
of pharmacokinetics of drugs used in AD.

DRAWBACKS OF CONVENTIONAL THERAPY

Conventional drug delivery systems including tablet,
capsules, powder, or liquid dosage forms have critical restrictions,
namely requirement of high-dose, rapid/extensive first pass
metabolism, and unfavorable pharmacokinetics leading to low/poor
bioavailability (Mudshinge et al., 2011). In treatment of AD, drugs
administered orally are expected to cross various gastrointestinal
barriers, undergo effective absorption, sustain the drug in the

systemic circulation, and successfully transport the drug into the
blood-brain barrier (BBB), to reach the target site (Stegemann
et al.,2007). Breakdown of the drug moiety in the gastrointestinal
tract accelerates drug elimination, reduces half-life, and reduces
bioavailability, thus mitigating the predicted beneficial effects.
Additionally, sustained interaction or unpremeditated activation
of drug substances at non-specific target sites resulting in several
side effects, namely nausea, vomiting, gastric problems, etc.
(Sainsbury et al., 2014). Few examples are memantine causes
dizziness, confusion, constipation, and vomiting (Kornhuber et al.,
2007). Acetylcholinesterase inhibitors are associated with
vomiting and nausea which frequently leads to discontinuance of
therapy (Raina et al., 2008). Owing to a short half-life of 0.5-3
hours, tacrine needs four administrations in a day (Watkins et al.,
1994). Furthermore, the physicochemical properties of the drug
molecule including the solubility, molecular weight, polarity,
partition coefficient, and dissociation constant play an important
part in therapeutic effect or drug failure (Alyautdin et al., 2014;
Sainsbury et al., 2014). Furthermore, several bioactive substances
like proteins, peptides, and other biological macromolecules
have poor solubility and are poorly absorbed in the g.i.t, which
is responsible for their lower therapeutic effectiveness and hence
clinical trials (Munin and Edwards-Levy, 2011).

NANOCARRIERS IN AD THERAPEUTICS

The primary reasons for frequent therapy failure
can be correlated to the adverse pharmacodynamics and
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pharmacokinetics of drugs, gastrointestinal instability of drugs,
and toxicity (hepato-, neuro-, or renal toxicity) to the tissues
(Arias, 2015; Suri et al., 2015). Currently approved drugs for AD
therapeutics are based on improving neurotransmission or enzyme
modulation. The drugs conventionally used to target CNS suffer
from the primary constraints of the inability to cross the “BBB”
or the “B-CSF barrier” efficiently; and higher drug efflux because
of P-glycoprotein activity. Nanotechnology, in conjugation
with therapeutics, can be used to control various obstacles
faced by drug molecules in the treatment of neurodegenerative
diseases. Nanotechnology based dosage forms radically regulate
these characteristics of the drug molecules and enhance the
therapeutic potential applying various functional aid by utilizing
nanotechnology-based dosage forms (Brambilla et al., 2011,
Nazem and Mansoori, 2008). Nanoformulations not only result in
the improvement of pharmacodynamics and pharmacokinetics of
drugs, they also have potential to minimize toxicity (Orive ef al.,
2003; Parveen and Sahoo, 2006). Nanoformulations overcome
the obstacles by safely carrying the drug through the biological
environment with enhanced permeability, thus providing
maximum efficiency at a comparatively lower dose. an essential
feature of nanoformulations is the controlled drug release at the
target site (Safari and Zarnegar, 2014).

Substantial research reports have evidenced the capability
of nanoformulations to circumvent oral and intestinal absorption
barriers and carry drugs to the site of action (Ensign ez al., 2012;
Lundquist and Artursson, 2016). This is achievable owing to their
small size (1-1,000 nm), surface charge, high surface to volume
ratio (Singh and Lillard, 2009). In CNS delivery, the BBB barrier
presents a great obstacle for the nanoformulations targeting
neuronal systems (Misra et al., 2003). Altering the surface
characteristics of nanformulations enables crossing the BBB by
avoiding phagocytic opsonization, thus enhancing the drug levels
in the brain (Gidwani and Singh, 2014). The nanosized dosage
forms can be classified on the basis of nature of the carrier material
as (i) inorganic (gold, carbon, and silica) and (ii) organic (solid-
lipid NPs, dendrimers, emulsions, liposomes, and polymers).

Various nanotechnology-based strategies such as
polymeric nanocarriers, carbon nanotubes, lipidic nanocarriers,
liposomes, nanoemulsions, dendrimers, and metal-based
nanocarriers have been evolved over the past decade, focusing
on both arresting neurogeneration and neuroprotective for the
treatment of AD. Herein, we discuss emerging nanodrug delivery
systems for AD therapeutics.

ACROSS THE BLOOD-BRAIN BARRIER

Newly discovered drugs that might be efficacious for
the AD treatment may face various hindrances that other drugs
used for non-CNS systems may not confront, one of which is the
—BBB. The BBB is a highly complex and specialized structure that
permits only those substances which are essential for brain activity
(Banks, 2012). It is made up of tight junctions in the endothelial
membrane that permits just certain molecules to pass through. The
tight intersections of BBB are at high transendothelial electrical
resistance in comparison to other tissues. There are specialized
mechanisms such as specific enzyme systems, protein receptors,
and glucose transporters for transporting substances across the
BBB. The BBB obstructs undesirable substances from crossing

by utilizing tight intersections between cells, extra degradative
enzymes, and pumps to eliminate undesirable substances that
do pass. Receptors and transporters permit nutrients required for
normal functioning to move through to the brain parenchyma
(Oesterling et al., 2014). The BBB does not have transporters
for conventional drugs and so they are generally not able to pass
or are actively pumped back out after crossing. This turns into
a significant issue for the therapy of neurodegenerative disorders
(Edwards, 2001).

Although conventional methods are suitable for
treatment of neurodegenerative disorders, they do not have
optimum efficacy. This necessitates for the development of
therapeutic alternatives for AD. Various approaches can be
prodrug formation and the utilization of carrier-mediated transport
systems, for example, carbohydrates, peptides, antibodies, gene
delivery vectors, nanoparticles, micelles, and liposomes. The
mechanisms by which nanocarriers can improve BBB penetration
are efflux transport inhibition, nanocarrier cationization,
paracellular transport enhancement pharmacologically, or using
the hyperosmotic strategy and olfactory delivery of nanocarriers
(Shah et al., 2013). To cross the BBB, various nanotherapeutic
approaches have been adapted (Fig. 3). The approaches include

(1) The affinity and binding of lipophilic nanocarriers
for endothelial cells improve the transportation of
drug molecule via lipophilic transcellular pathways
or endocytosis;

(ii) The adsorptive property of nanocarriers towards
blood vessels provided a sustained drug release in
the systemic circulation with increased possibility
for transport of drug across BBB;

(iii) Additionally, functionalized nanocarriers trigger
receptor mediated transcytosis and carrier protein
mediated transport of drug candidates across BBB
(Saraiva et al., 2016).

NANOPARTICLES IN DRUG DELIVERY SYSTEM AND
ITS IMPORTANCE

Nanoparticulate drug delivery system is an advanced
technology that could be applied to deliver drug substances
directly into the brain and has been shown to be extremely
efficacious against some CNS disorders. Nanosized systems have
garnered considerable interest owing to their favorable features,
namely capability to prevent chemical and enzymatic drug
degradation, improve drug solubility, and facilitate its transport
across the biological membranes. Targeted systems carry the
drug straight to the site of action, reduce adverse reactions of the
drug, and improve the therapeutic index (Mehmood et al., 2015).
Various nanoparticulate systems like polymeric nanoparticles,
nanoemulsions, liposomes, antibody tethered nanocarriers,
dendrimers, etc., are used for drug delivery and some of them are
depicted in Figure 4.

While nanoformulations have been investigated for
efficacious drug delivery through various routes such as oral,
parenteral, topical, vaginal, rectal, etc., they can also play an
important part in diagnosis, and imaging. Nanocarriers are also
amenable for nasal mucosal vaccination and nasal drug delivery.
The nanocarrier systems allow the effective antigen recognition;
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especially nanocarriers based on the lipid and polymer are used for
nasal delivery of antigen (Le ef al., 2019). Nanomedicines played
a vital role in the nose to brain delivery. For treating the brain
related pathologies, the main focus is on the drug’s ability to cross
the BBB. The nanoparticulate systems are considered efficient
in to achieve brain targeting as they exhibit better penetration of
the drugs in the brain. While the need for devices that can allow
deposition of the dosage form to the upper part of nose is essential
for nose to brain delivery, surface modification of the nanocarrier
can act as a strategic approach for perfect nose to brain targeting.
Several reports account for targeting of drugs to brain via different
nanoparticulates. Of the various nanocarrier systems investigated
for brain therapeutics and theranostics in recent years, are either
polymeric or lipidic in nature. Polymeric nanoformulations include
polymeric nanoparticles, polymeric micelles, and carbon based
nanovehicles. Lipidic nanoformulations are liposomes, niosomes,
transferosomes, solid lipid nanoparticles, and nanostructured
lipid carriers. Nanogels and nanoemulsions have also garnered
considerable attention of researchers for transendothelial delivery
of neuropharmaceuticals (Oesterling et al., 2014).

The BBB is enriched with various transport systems
which can transport substances in and out of the brain. The
prominentones arereceptor-mediated transport system, transporter-
mediated system, adsorptive-mediated transport system, active
efflux-mediated transport system, and peptide-mediated transport
approach. Mostly, molecules use either of these transport systems
to enter and leave the brain with the exception of certain small
lipid soluble molecules that cross the BBB transcellularly. These
transport systems could serve as efficient routes for the transport
of drugs to the brain by improving its permeability (Sweeney
etal., 2018).

Biological therapeutic agents such as nucleic acids,
peptides, proteins, and monoclonal antibodies are being
aggressively researched since they have potential to restore the
damaged cells and decelerate the progression of AD (Sharma
et al., 2012). Researchers have developed vaccines for AD and
some of them are under clinical trial. Most of the vaccines act on
the tau protein in the AD which prevents the functional damage
in the brain. Of lately, nano-vaccines (antigen loaded in the
nanoparticles as vehicles) have emerged that confer protection
to the antigen and result in enhanced efficacy (Wisniewski et al.,
2016). The drug delivery systems mediated by nanotechnology are
primarily based on the brain’s transportation of therapeutic agents.
Currently the focus is on both specific and non-specific processes
for mechanisms to target research of brain locations.

Polymeric nanoparticles

Nanoparticles of 10-1,000 nm can easily cross through
various biological and physiological barriers to facilitate rapid
transport of drug molecules. The NPs can entrap hydrophilic
as well as hydrophobic drugs, and also due to excellent release
profile they serve as optimistic drug delivery systems (Kamaly
et al., 2016). In context to brain delivery, owing to smaller size,
NPs can be delivered to cerebellum via olfactory bulb to olfactory
cortex and cerebral hemisphere has a caudal pole which carries to
the cerebrum. The low efficiency of BBB transportation can be
overcome by surface modification of these NPs with antibodies,
surfactant, or transferrin (Ghalamfarsa et al., 2016).

Muntimadugu et al. (2016) investigated encapsulation
of the drug tarenflurbil, and recommended for the treatment
of AD but failed in the phase III clinical trial due to very low
drug permeability in the brain. Tarenflurbil was enclosed in two
different nanocarriers, namely solid lipid nanoparticles and poly
(lactide-co-glycolic) nanoparticles. A particle dimension of less
than 200 nm assured transcellular transport along the olfactory
axons (diameter ~ 200 nm) and then paving a direct transport to
brain. This was confirmed by pharmacokinetic studies in male
Sprague Dawley rats that proved prolonged circulation of the
nanoparticles, and the absolute bioavailabilities of intranasally
administered poly (lactide-co-glycolytic) nanoparticles was
highest followed by solid lipid nanoparticles and drug solution.
Similar pattern was recorded for drug targeting efficiency (DTE)
and drug transport percentage (DTP). The poly (lactide-co-
glycolytic) nanoparticles showed higher DTE (287.24) and DTP
(65.18) than solid lipid nanoparticles (% DTE: 183.15 and DTP:
45.41) among all other tested groups. These results confirmed
direct transport of tarenflurbil in therapeutic concentration, to
brain through olfactory pathway after intranasal administration of
lipidic and polymeric NPs.

Elnaggar et al. (2015) elaborated intranasal chitosan
NPs for targeting piperine into the brain. The oral delivery of
neuroprotective piperine suffers due its pre-systemic metabolism
and hydrophobicity. The optimized drug loaded chitosan
nanoparticles significantly improved the intellectual functions
as efficiently as donepezil injection (standard) with additional
benefits of dual mechanism (AChE inhibition and antioxidant
effect). The nanoparticles alleviated piperine associated nasal
irritation, and was devoid of brain toxicity. The authors claimed
20-fold decreases in oral dose of the drug for AD therapeutics.

Likewise rivastigmine, an AChE as well as BuChE
enzyme inhibitor, can be given for AD treatment. Nonetheless, the
drug has limited entry into the brain because of its hydrophilicity,
thus repeated dosing becomes necessary. So, rivastigmine loaded
chitosan nanoparticles were prepared by ionic gelation method
to improve the uptake of RHT to the brain through intranasal
delivery and enhance the bioavailability (Fazil et al., 2012). The
intranasally administrated drug loaded chitosan NPs generated
stronger fluorescent signals in brain as compared to intravenously
injected NPs. The brain/blood ratio of rivastigmine for intranasally
administered chitosan NPs at 10480 minutes was 1.35-2.16,
higher than that of intranasally administered rivastigmine solution
or intravenously injected NPs. The DTE of 355% and DTP of
71.8% suggested better brain targeting efficiency of the developed
system.

Amyloid peptides (A beta) (amyloid plaques) are
recognized as targets for developing the biomarkers for AD
diagnosis. For the sake of developing efficacious in vivo probes,
polymeric n-butyl-2-cyanoacrylate (PBCA) NPs were formulated
and enclosed with the radiolabeled 1125-clioquinol to enhance
its delivery to the brain and retention in the amyloid plaque. The
nanocarrier was preferentially taken up by AD brain sections
compared to cortical control sections. Furthermore, the I125-
clioquinol PBCA nanoparticles crossed the BBB in wild type mouse,
verifying an increased brain uptake measured in terms of percent
injected dose/g compared to I125-clioquinol. I125-clioquinol
PBCA nanoparticles demonstrated enhanced brain retention in the
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AD transgenic mice against wild type controls. The study exhibited
specificity of I125-clioquinol PBCA nanoparticles for A beta
plaques both in vitro and in vivo, thus offering a promising delivery
vehicle for amyloid imaging (Kulkarni et al., 2010).

Lipidic nanoparticles

The nanocarriers, SLNs can also encapsulate both
hydrophilic and hydrophobic pharmaceutical drugs (Chen et al.,
2001). Being in the dimensions ranging from 120 to 200 nm, SLNs
are not quickly captured by RES cells and, therefore, are cleared
by liver and spleen filtration. Moreover, by adding a specific ligand
on their surface, their drug-targeting ability can be improved. In
fact, many pharmaceutical molecules, other than those intended
for AD therapeutics, have been delivered to the brain via receptor-
mediated transcytosis mechanism (Grumezescu AM et al., 2016;
Mozafari M, 2020).

These lipidic systems are efficient nanocarriers that can
competently upload versatile therapeutics and bioactive agents.
The system quite resembles with lipid emulsion, liposomes, and
polymeric nanoparticles. Literature envisaged that SLNs behave
as low-density lipoproteins, and, therefore, get interacted with
LDL receptors present on blood—brain barrier (Ghasemiyeh and
Mohammadi-Samani, 2018). The created network of SLNs and
receptors let entry of SLNs inside BBB (Fig. 5).

Surfactant

Solid lipid

Active pharmaceutical agent

SOLID LIPID NANOPARTICLES

These formulations are feasible to fabricate without use
of organic solvents, are cost effective, have reproducibility, and
offer several advantages over other nanocarriers, i.e., controlled
release (for weeks), site specific drug delivery (neurons, cancer
cells), stability (~ 3 years), etc. Nanoscaled size range (50-200 nm)
enables these particles to circumvent liver/spleen filtration, assists
to escape from RES (reticuloendothelial system), and facilitates
to cross tight junctions of BBB (Mukherjee et al., 2009). Table 4
summarizes few research reports on SLNs for AD targeting.

Magnetic nanoparticles

In the recent years, magnetic NPs have been extensively
explored and are applied for both diagnosis and therapeutic
reasons. Their inert nature associated with low toxicity suggests
implications in brain pathologies including AD. Kong et al. (2012)
in an experiment in a mouse model suggested that magnetic NPs
can permeate the normal BBB when an external magnetic field is
applied. On systemic administration, an applied strategic external
magnetic field navigates the magnetic nanoparticles to cross the
BBB and aggregate in a perivascular zone of the brain parenchyma.
Internalization by endothelial cells was suggestive of transcellular
trafficking as the BBB crossing mechanism. Furthermore, remote
radio frequency magnetic field can be utilized to release drug from
silica coated magnetic nanocapsules. In conjunction, the results

Low density lipoprotein receptors

SLNs

\ Blood brain barrier /

Figure 5. Schematic illustration of composition of SLN and its interaction with LDL receptors.

Table 4. SLNs for the treatment of AD.

SLN approach

Research outcome

Reference

Resveratrol SLN functionalized with antitransferrtin
receptor monoclonal antibody for inravenous administration

Transferrin modified quercetin SLNs for neuroprotective
activity

Erythropoeitin loaded SLNs for better BBB permeation and
neuroprotective efficacy

Phosphotidylserin functionalized nicotinamide loaded
SLNs for

Piperine loaded SLNs for reduction in oxidative stress and
cholinergic degradation in brain cells

Developed antibody conjugated SLNs to be taken up through brain endothelial cells.
They were able to cross BBB, hence have attribute for the treatment of AD.

Developed SLNs for ease of passage across BBB via transferrin receptor available on
brain cells. A experimental study revealed suppression of amyloid peptide aggregation
and fibril formation by developed transferrin functionalized quercetin SLNs.

Morris water maze test on rats investigated improved restoration of cognitive cells in
AD affected rats. Prepared erythropoeitin-SLNs diminished oxidative stress and plaque
deposition in hippocampus region.

Intraperitonially administered phosphotidylserin-nicotinamide SLNs exhibited
augmented cognitive neuronal activity, preserved memory cells and reduced deposition
of tau hyperphosphorylation in AD affected rat model.

Piperine SLNs were coated with polysorbate 80 for brain specific targeting.
Histopathological study exhibited reduction in plaque and tangle phenomenon in 2 mg/
kg dose equivalent.

Loureiro et al., 2017

Pinheiro et al., 2020

Dara et al., 2019

Vakilinezhad et al.,

2018

Yusuf et al., 2012
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suggest a meticulous approach for manipulating the biodistribution
of MNPs in the brain via an external magnetic field.

In a strategic approach, an electromagnetic actuator
was designed for guiding magnetite containing drugs (Do et al.,
2016). These magnetic nanoparticles were capable to cross
BBB after applying external electromagnetic fields [28 mT
(0.43 T/m)]. Additionally, the brain uptake and transport rates of
magnetic nanoparticles were considerably improved by applying
a pulsed magnetic field. The localization of NPs monitored using
fluorescent magnetic nanoparticles demonstrated the feasibility of
the magnetic nanocontainers as valuable targeting system for AD
diagnosis and therapy.

Nanoparticle conjugates

Functionally integrating proteins, peptides, antibody,
DNA, and other nucleic acids with NPs have developed a
large variety of composite nanomaterials which in many cases,
display augmented properties because of synergistic effect of
both components. These capabilities are drawing increased
attentiveness from researchers searching of new nanosize
options for diverse applications that include therapeutics, cellular
delivery, and diagnostics (Jeong et al., 2018). Table 5 compiles
few promising approaches containing nanoconjugates to combat
neurological disorders.

Xiong et al. (2017) developed peptide-gold NPs
comprising two inhibitory peptide sequences (VVIA and LPFFD)
for amyloid-p aggregation. The system was targeted to inhibit
accumulation of AP proteins. The two peptide sequences were
conjugated onto the gold NP surfaces and ordered/oriented in
optimal conformation to effectively inhibit amyloid- protein
accumulation. Using the two different peptides on a single NP was
greatly synergistic, prohibiting amyloid-f proteins accumulation
more strongly with less cytotoxicity, compared to the free peptides.

AD is distinguished by the cerebral aggregation of
extracellular amyloid plaques and can target on a dual-functional
nanoparticle (TQNP) to deliver biotechnological drugs, namely
the H102 peptide, a B-sheet breaker, to AD lesions precisely.

A spherical, dual-function, drug delivery system loaded with
H102 (TQNP/H102) was designed by Zheng et al. (2017). Two
targeting peptides, TGN and QSH, were linked to the surfaces of
NPs to allow BBB transport and Ab42 targeting, respectively. The
study revealed that TQNP could be taken up via various routes,
including caveolae-mediated endocytosis, indicating that some of
TQNP could cross the BBB intact.

A hybrid system for amyloid plaques targeting
siRNA delivery was developed using PEGylated Poly (2-(N,
N-dimethylamino) ethyl methacrylate) (PEG-PDMAEMA) joined
with two d-peptides, a CGN for brain penetration, and a QSH
for B-amyloid binding. The hybrid complex composed of 25%
QSH-PEG-PDMAEMA, 50% CGN-PEG-PDMAEMA, and 25%
MPEG-PDMAEMA encapsulating siRNA showed negligible
cytotoxicity and conferred protection to siRNA from enzymatic
degradation. It was determined that the complex was taken up by
neuron cells suggesting that the complex was capable of escaping
from lysosomes, releasing siRNA in the cytoplasm, and, therefore,
establishing effective gene silence (down-regulated protein level
to 18.5%). Post i.v. injection, the intact hybrid complex penetrated
into the brain and was localized around the amyloid plaques in
transgenic AD mice. The precise delivery leads to increased
therapeutic activities, which was affirmed by the poor yield of
enzyme-digested products sSAPPP (—42.6%), the strong mRNA
(36.4%) knockdown of BACE] (a therapeutic target of AD), as
well as the better neuronal protection than the single component
complexes. The results are suggestive of an efficient and precise
nanocarrier for delivery of siRNA to the AD lesion that may be
future candidate for gene therapy for AD (Zheng et al., 2017).

Cubosomes

These are liquid crystalline nanostructured particles
consisting of biocompatible carriers. A cubosome is comprised
of a three dimensionally organized bicontinuous curved lipid
bilayer separated by two aqueous channels within which the
bioactive ingredients and proteins come into contact (Fig. 6)
Their distinguishing characteristics are that they can encapsulate

Table 5. Research highlights of few nano-conjugates developed for treatment of Alzheimer’s disease.

Strategy

Research highlights

Reference

Intranasal delivery of nanoparticles conjugated with S. tuberosum lectin
(STL) modified basic fibroblast growth factor by the virtue of selective
binding of STL to nasal epithelial N-glucosamine.

Surface modified positive allosteric modulaters (PAM)

The developed intranasal system exhibited approximately five times greater drug
distribution at the affected area of brain comparable to injectable NPs.

The developed system enhanced binding affinity of Ach to the muscarinic receptors

Zhang et al., 2014

Kumar ez al.,

thus improves bioavailability in brain. The prepared conjugate reported better 2017
efficacy at low dose when co-administered with AChE inhibitors

Nanoconjugate of tacrine with 1,2,4-thiadiazole derivatives

Prepared tacrine conjugates were stable and showed greater BBB permeability.

Makhaeva et al.,

They have potential for inhibition of butylcholinesterase enzyme (BCHE). These 2020
conjugates were free radicle scavengers that checked amyloid deposition in brain.

Impressive regimen containing chitosan-based simvastatin-citicolin
conjugate nanoparticles (~ 300 nm) with minimum undesirable side effects.

Co-administered simvastatin and citicolin therapeutics from the chitosan conjugate
system proved effective tool for the management of Alzheimer’s disease with 2020

Mozafar et al.,

lessened side effects.

Multifaceted 3-phenylcoumarin lipoic acid conjugate for treatment of
Alzheimer’s disease

Developed conjugates were evaluated for neuroprotective activity against H,0,

Jalili- Baleh et al.,

Dihydrolipoic acid(DHLA)/ CdSe-ZnS/ Amyloid beta conjugated QDs for
inhibition of Ap-fibrillation

induced cell death. The system displayed potent AchE inhibition, antioxidant and 2018

metal chelating activity.

Nanoscaled DHLA capped conjuagated QDs of approximately 2.5nm were prepared
that contained CdSe/ZnS conjuage. The system aimed to reduce amyloid fibrillation
process in brain tissues. This QD conjugate adhered over Amyloid peptide in
aqueous phase. Significant fibril morphology alteration and lessening in fibrillation
process were observed.

Thakur et al.,
2011
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Figure 6. Composition of cubosome drug delivery system.

substances that are hydrophobic, hydrophilic, and amphiphilic,
maintain controlled release of the drug and bioadhesion, are
thermodynamically stable, and are promising vehicles for various
drug administration routes (Karami and Hamidi, 2016).

Wu et al. (2012) developed lectin modified non-
immunogenic odorranalectin (small peptide) cubosomes. The
system was conjugated with streptavidin through incorporating
maleimide PEG oleate and aimed for effective nose to brain
drug delivery. The relative uptake of odorranalectin cubosomes
was 3.46 times higher compared to the bare cubosomes in
brain tissues. Pharmacodynamic study on rats after intranasal
administration revealed enhanced efficacy of streptavidin
conjugated odorranalectin cubosomes for the mitigation of
Alzheimer’s disorder that suggested a potential non-invasive
peptide and protein delivery approach in brain tissues.

Piperine, a memory enhancing natural alkaloid, was
used for developing novel oral cubosomal delivery system
by Elnaggar et al. (2015) for the treatment of neurological
AD. Various bioactive surfactants (Tween, cremophore, and
poloxamer) modified crystalline cubosomes were evaluated
for pharmacokinetic and pharmacodynamics assessments.
Among them, Tween 80 modified piperine cubosomes exhibited
effective anti-apoptosis and prominent anti-inflammatory activity
performed through Caspase-3 assay. Nanoscaled dimension (~167
nm), low polydispersity index (0.18), and optimum zeta potential
of developed cubosomes exhibited high entrapment efficiency
(~88.7%) and superior stability. Developed novel oral cubosomes
depicted potential for inhibition of AD progression.

Inorganic nanoparticles

Gold and silica nanoparticles are designated for
the impressive management of AD owing to their exclusive
transcytosis movement through endothelial cells of brain without
surface modification. These positive charged nanoparticles
are self-sufficient for the carriage of bioactive agents across
targeted brain tissues. A lot of inorganic NPs are reported that
successfully crossed BBB, designed for nose to brain delivery
without surface modifications. Intranasal silicon coated NPs
(mean particle size 200 nm) were developed for effective brain
targeting (Masserini, 2013).

PEG coated iron oxide NPs were demonstrated by
Wadghiri et al. (2013) for improved BBB permeation. Although
inorganic nanoparticles are highly concerned with immunotoxicity,
inorganic NPs (silicon oxide) have been extensively explored
for brain targeting owing to their biocompatibility and minimal

cytotoxicity. In this context, silicon quantum dots (QDs) are widely
explored as theranostic system that serves both as therapeutic and
diagnostic agent for the management of neurological diseases.
QDs proficiently cater drug delivery at the target sites, monitor
cellular uptake with less cytotoxicity. Moreover, the fluorescent
silicon QDs have been utilized for cellular imaging and diagnosis
of the neuronal diseases (Sivasankarapillai et al., 2019).

Silica nanoparticles (SiNPs) were designed as novel
drug delivery systems for BBB targeting due to their profound
cellular uptake efficiency and localization in the cytoplasm.
These NPs were significantly deposited in the intracellular
amyloid cells (AB1-42), thus facilitating alleviation of AD (Yang
et al., 2014). Developed SiNPs have potential to reduce cellular
apoptosis and reactive oxygen in the intracellular region in dose
dependent manner. Amyloid peptide deposition and increased tau
phosphorylation are the two distinct pathological hallmarks of AD.
Both were notified for the activity of silica nanoparticles to check
their efficiency for diminishing Ap (1-42) plaque formation and
hyperphosphorylation. However, cellular uptake study performed
in mouse neuroblastoma cells and human brain model (SK-N-SH)
revealed neurotoxicity after administration of 10 pg/ml SiNPs for
24 hours. The developed system got deposited in the cytoplasm,
reduced cell viability, and increased pathogenesis of AD.

Gold nanoparticles (Au NPs) have been extensively
used to mitigate neurological disorders owing to their efficiency
to cross BBB that project important role in retrieval of depreciated
behavioral aspects of brain cells in AD. Developed AuNPs
significantly suppressed amyloidosis, checked aggregation of
oligomers, and avoided fibril formation within 72 hours (Chiang
et al., 2020). Sanati et al. (2019) worked for the development of Au
NPs and investigated their impact on memory cells. The outcomes
revealed improvement in acquisition and retention in AD. The
study was conducted in rat animal model (Morris water maze) to
investigate restoration of memory cells after intraperitoneal and
intrahippocampal injections of developed AuNPs. The results
showed reduction in retention time of memory and spatial learning
cells by AuNPs in rats, i.e., ~25.7 seconds compared to non-treated
memory cells (39.6 seconds). Moreover, other brain derived
factors such as Brain-derived neurotrophic factor (BDNF), cAMP
response element binding protein (CREB), and neural survival rates
were also modified interpreting improved neural behavior. The
developed system displayed promising efficiency for AD outbreak.

Antibody-tethered nanoparticles

Of lately, researchers from University of Cambridge
have disclosed a methodology that demonstrates designing of an
antibody that can recognize and quantify toxic particles (amyloid
beta oligomers) associated with destruction of human healthy brain
tissues/cells. Antibodies are proteinaceous molecules that identify
and neutralize pathogens/microbes by the virtue of their affinity
towards oligomers (Fig. 7). This innovation in healthcare sector
would pave of management strategy against the AD (Francesco
et al., 2020).

Antibody conjugated novel delivery approach is
considered as promising clinical strategy for mitigation of AD.
These antibody tethered systems reduce amyloid protein/plaque
deposition at the presynaptic phase of the neurological disorder
and hence facilitate retrieval of diminished memory cells of brain.
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Figure 7. Monoclonal antibody-oligomer interaction to neutralize amyloid
plaque.

In this context, monoclonal antibodies (MAb) have displayed
satisfactory capability to target amyloid 3 peptides in AD affected
transgenic mice and human brain tissues. Numerous MAbs, i.e.,
solanezumab, bapineuzumab, and crenezumab have been explored
for the evolution of brain drug delivery systems (Watt ez al., 2014).

MADs sweep away undesirable amyloid protein either
by passive immunization or through complement activation and
check neurodegeneration process. Although, solanezumab and
bapinezumab were reported to non-specifically target the amyloid
protein and delayed the AD treatment time comparative to
crenezumab monoclonal antibody (Prins et al., 2015).

Rosse (2017) presented a series of conjugates composed
of antibody-drug to combat wide range of inflammatory diseases,
namely, AD, atherosclerosis, Parkinson’s disease, rheumatoid
arthritis, etc. These conjugates were fabricated through phosphate-
based linkers associating immunoglobulin proteins (CD74/
CD163) and therapeutics as steroids (Rosse, 2017).

Another, antibody tethered PBD-C06 formulation
(anti-pGlu3-Aantibody) has been developed through grafting
murine antigens on light and heavy chains of antibody. This
immunotherapeutic approach was designed to target pGlu3-
Apepitope to mitigate the pathology of AD. Developed PBD-C06
has affinity for oligomers, monomers, fibrils, and clustered
ApBpeptide that efficiently targeted neurotoxic peptides at site.
Significant reduction of inflammation in the intracellular cells was
reported that suggested potential clinical application in vasogenic
edema (Hettman et al., 2020).

Nanocomposites

In AD, most of the therapy and therapeutics are focused
on amyloid AP peptide as it hinders functions of memory
cells and causes dementia. In this perspective, tau pathway is
extensively correlated with AD symptoms, pathology, and clinical
development.

Methylene blue, an inhibitor of tau aggregation, was loaded
on CeNC-IONC-MSN-T807 to make nanocomposite. Developed
system exhibited profound affinity towards tau and checks AD
pathogenesis. Moreover, the designed system depicted symptomatic
relief through hindering process of hyperphosphorylation and
alleviating mitochondrial oxidative stress. A significant reduction
in neuronal cells was observed that rescued destruction of memory
cells in AD affected rats (Chen et al., 2018).

Karaboga et al. (2020) developed nanocomposite
biosensor comprising of reduced graphene oxide and gold
nanoparticles. The surface of nanocomposite was functionalized
with 11-mercaptoundeconoic acid to target tau-441 protein
accountable for degeneration of memory cells. Developed
functionalized nanocomposite has potential to capture tau-441
proteins at a concentration 0.091 pg/ml that offered targeting
proteins present in serum and cerebrospinal fluid.

Quercetin, a flavonoid is reported to inhibit AR plaque
deposition owing to its antioxidant property. However, poor water
solubility and extensive first pass metabolism restrict the usage of
quercetin in the management of neurological disorders. Selenium
nanocomposite containing quercetin and sodium selenite was
synthesized and modified with polysorbate 80. The developed
template possessed high aqueous solubility and capacity to cross
BBB efficiently in comparison to plain quercetin. The outcomes
suggested improved inhibition of AP fibrillation and antioxidant
activity (Qi et al., 2020).

Zhao et al. (2019) demonstrated novel synthesis
of nanocomposites to eliminate AP induced neurotoxicity in
AD affected mice. Nanodimensional clusters containing cross
linked KLVFF proteinaceous body were developed through
in situ polymerization. The prepared bioactive system altered
the morphology of amyloid peptide aggregates and reduced the
population of pathological oligomers at the infected site. The
nanocarriers system lessened neuronal injuries caused by amyloid
aggregation and plaque deposition. Thus, nanoscaled composites
presented feasible approach for protection of AD affected
hippocampal neurons and enabled fast recovery of endocranial
microglia efficiency (Zhao Y).

Nanoemulsions

Thermodynamically stable nanosized emulsions have
been explored for effective import of bioactive agents across
BBB owing to their advanced pharmaceutical designing.
Innovative surfactants and co-surfactants enable nanoemulsion
as potential drug delivery approach for the management of
neuronic disorders. Their small particle size (50-500 nm) let
uniform dispersion and higher payload of therapeutics for the
site specific delivery.

Memantine embedded nanoemulsion has been reported
for impressive intranasal drug delivery. This approach bypassed
BBB and was found to be effective for AD therapeutics. Formulated
nanoemulsion depicted mean globular size of approximately 11
nm, with 80% drug release in simulated nasal fluid. On intranasal
administration, memantine loaded nanoemulsion exhibited
amplified antioxidant efficiency and superior cellular uptake in
brain cells of experimental rats (Kaur e al., 2020a). The oil in
water donepezil hydrochloride loaded nanoemulsion was prepared
utilizing 10% each of labrasol and glycerol. Nanoscaled, uniform,
and stable particles of nanoemulsion impacted the AD infected
brain cells. Cytotoxicity behavior investigated on Sprague Dawley
rats through nasal route revealed dose dependent efficacy without
disturbing the morphology of cells. The antioxidant and radical
scavenging efficacy revealed promising potential of donepezil
hydrochloride nanoemulsion for treating neurological diseases.
Outcomes of scintigram defined maximum cellular uptake by
brain cells (Kaur e al., 2020b).
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Recently, selective AChE inhibitor, Huperzina A, was
explored for nose to brain delivery to mitigate AD. Extensive
researches on conventional dosage of Huperzina A demonstrated
its noticeable adverse effects in the peripheral cholinergic region
and gastrointestinal tract. Huperzina A nanoemulsion modified
with lactoferrin (Lf-HupA-NE) was investigated against in vitro
brain model (Hcmec/D3 cells). Lactoferrin, an iron binding
glycoprotein, is widely expressed in brain endothelial cells and
highly utilized in the treatment of age related neurodisorders.
Thus developed nanoemulsion on intranasal administration was
targeted to brain cells and tissues. The results notified impressive
drug release in the brain parenchyma and suggested brain targeted
drug delivery systems (Jiang et al., 2019).

Md et al. (2018) revealed neuroprotective property of
naringenin bioflavonoid. Its restricted permeation coefficient
across biological membrane limits its pharmaceutical applications.
Naringenin loaded nanoemulsion was investigated against
amyloid peptide induced toxicity in the brain cells (SH-SY5Y).
The outcomes defined alleviation of amyloid induced reactive
oxygen species and exhibited neuroprotective action in SH-SY5Y
neuroblastoma cells in the brain. Designed nanoemulsion depicted
promising approach for reducing phosphorylated tau level and
amyloidogenesis related to AD.

Liposomes

Liposomes are self-aggregating lipid nanosystems that
amalgamate and supply the CNS with lipophilic drugs, hydrophilic
drugs, protein-based drugs, and nucleic acid components
(Pashirova et al., 2018). The lipophilic characteristics of
liposomes assist the transportation of drugs across the endothelial
membrane of brain cells and provide them with outstanding brain
uptake characteristics. Drug diffusion and liposome endocytosis
are the two prominent mechanisms engaged in drug release
from liposomes (Wei et al., 2014). Although, vesicle size and
lipid composition do affect their transmission in the systemic
circulation and in cellular uptake in brain cells (Montesinos,
2017). Liposomes offer high pay loads both for hydrophilic and
hydrophobic therapeutics (Fig. 8).

Research on liposomes demonstrates its versatile
pharmacological actions, i.e., neuroprotective, anti-ischemic,
anti-epileptics, and antimicrobials. These formulations have been
explored as cargo for import of therapeutics across BBB through
active targeting. Austen et al. (2008) carried out a study based on
inhibition of AP aggregation and toxins in the fibrils on brain cells.
They developed stable retro-inverso peptides capable to crossing
BBB. The system was modified with fluorescein labeled inversion
to amplified anti-amyloid aggregation property. In vivo study

Liposomes

Active pharmaceutical agent

Figure 8. Nanocarrier: liposomes and its salient features.

on transgenic mice (TG2576) after peripheral injection revealed
protection of memory cells of brain.

Behl et al. (1994) formulated curcumin loaded
liposomes for the impressive management of AD. Antioxidative
curcumin liposomes offered anti-amyloid effects. The outcomes
demonstrated neuroprotective efficacy against amyloid toxins
released in brain endothelial region. Adorned phenolic group in
curcumin therapeutic got bound with amyloid proteins, diminished
plaque deposition, and facilitated aggregation free environment
around brain cells.

Arumugam et al. (2008) demonstrated treatment of AD
through rivastigmine loaded liposomes administered intranasally.
The delivery system sustained the drug release effect that could
reduce frequency of drug administration and ultimately patient
compliance. Augmented half-life and higher concentration of
rivastigmine in brain cells were reported after oral and intranasal
administration.

Zheng et al. (2015) encapsulated H102, a novel peptide
(Bsheet breaker) in liposomes to avoid degradation and enhance
brain penetration through intranasal drug delivery for AD
therapeutics. The formulated liposomes had ability to penetrate
Calu-3 cell monolayers consistently. After drug administration
through nasal route, H102 was effectively delivered to the brain and
produced the three times greater effect in the brain. The delivery
produced excellent spatial memory. The liposomal intranasal brain
delivery approach for H102 was stable, effective, and safe.

Doneperzil encounters hurdles in crossing BBB, hence
is not preferred in conventional dosage formulations. To avoid
this problem, donepezil was loaded in liposomes and intranasally
administered which reduced the risk of first-pass metabolism,
unwanted side effects, and persisted rapid drug delivery to the
CNS. Pharmacokinetic study of both donepezil loaded liposomes
and free donepezil administered through oral and intranasal routes
revealed improved bioavailability of the former owing to its better
absorption via intranasal administration. A twofold increase in
the AUC of donepezil liposomes administered intranasally was
observed compared to oral route. Microphotographs of brain
and olfactory bulb revealed no morphological changes in the
visceral tissues after intranasal administration of liposomes after
intranasal administration in rats. Donepezil loaded liposomes
given through intranasal route showed improved bioavailability
in brain, enhanced cellular uptake, and reduced cellular toxicity
(Al-Asmari et al., 2016).

Dendrimers

The three dimensional, spherical, branched architectural
entities (dendrimers) are emerging pharmaceutical nanocarriers,

/ System is suitable for hydrophilicand lipophilicdrugs

! ___——> Lipophilic core deliverstherapeutic across

endothelial membrane

Drug release through diffusion and endocytosis
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Figure 9. Drug loaded dendrimers for treatment of AD.

widely worked out for designing numerous targeted drug
delivery system owing to their versatile properties, i.e., nanosize,
low polydispersity index, high payload efficiency, improved
solubility, less viscosity, biocompatibility, non-immunogenicity,
and stability. The morphology of dendrimers is comprised of
functional groups containing linkers attached with therapeutic
agents on their periphery (Fig. 9). Their specific structure
facilitates site specific drug delivery. For the effective treatment
of neurogenerative disorders, extensive research and formulations
based on dendrimers are reported. Presence of multiple functional
groups or polyvalent recognition sites enable high pay load of
therapeutics (Abbasi ef al., 2014).

In AD, several molecular mechanisms are involved such
as apoptosis, inflammation, and oxidative stress. These processes
should be targeted through designing nanoengineered dendrimers.
Numerous bioactive agents, i.e. peptides/protein, nucleic acids,
genes, and biosensors are frequently loaded in dendrimers for
brain delivery (Aliev et al., 2019).

Katare ez al. (2015) stated that drug delivery to the brain is
challengingbecause ofthe low aqueous solubility and bioavailability.
The haloperidol dendrimer was delivered to the brain through the
nasal route of administration. The developed preparation showed
hundred times high aqueous solubility. Cataleptic and locomotor
studies were evaluated after intraperitoneal injection administration
of haloperidol dendrimers. Haloperidol response given through
nasal and intraperitoneal route was compared. It was mentioned
that 6.7 times less dose was required for nasal delivery to obtain
same behavioral response compared to intraperitoneal route. The
study suggested improvement in aqueous solubility of poorly
soluble drug through dendrimers for the amplified locomotors
action in AD cases. The study confirmed that the dendrimers given
via nasal route is suitable delivery for targeting brain for poorly
aqueous soluble drugs.

Nazem and Mansoori (2011) described various
biomedical applications of dendrimers due to their shape and size.
The anti-myeloid strategy was recommended for the dendrimers.
The strategy was designed in such a way that the peptide monomer
was attached to the end of fibrils which resulted in the prevention
of cytotoxic effects. The most frequently researched dendrimers
for the therapy of brain diseases are polyamidoamine (PAMAM)
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Cortical shrinkage

Hippocampal shrinkage Enlarged ventricles

Alzheimer diseased brain

dendrimers. The effect of PAMAM dendrimers on prion peptide
PrP185-208 and Alzheimer’s peptide AP1-28 was assessed using
thioflavin T dye. Outcomes of the fluorescence and electron
microscopy revealed high degree of amyloid aggregation and
signs of fibril disruption. The interaction of globular and branched
dendrimers with amyloid proteins showed inhibition of fibril
formation in AD (Klajnert ez al., 2006).

Another anti-inflammatory and antioxidant therapeutic
N-acetyl-l-cysteine was explored for the synthesis of poly
(amidoamine) (PAMAM) dendrimers. The synthesized system was
capable of intracellular drug delivery at the site of inflammation.
Presence of detachable disulfide bonds in the integrity of
dendrimers enabled linking with intracellular glutathione and
microglial cells. Higher payload facilitated desirable amount of
drug release at local cells and exhibited improved antioxidant
activity (Navath et al., 2000).

Klementieva (2019) discussed exclusive brain cell
protective activity of poly propyl imine (PPI) dendrimers
functionalized with maltose in transgenic mice. PPI dendrimers
modified with maltose got bound with amyloid proteins, hindered
their aggregation and checked fibril deposition at brain cells. The
study revealed that unmodified PPI dendrimers cause cellular
toxicity, whereas maltose modified dendrimers did not show
intrinsic toxicity. The research highlighted that polysaccharide
coated dendrimers were non-toxic to the neuroblastoma cells.
Dendrimers containing cationic PAMAM and phosphorous have
been fabricated through polymerization technique to investigate
efficacy against deposited amyloid peptides over neuroblastoma
cells. The intrinsic toxicity due to positive charge of PAMAM
restricted the performance of dendrimers. Biocompatible sugar
coated glycodendrimers have also been reported. The modified
dendrimers were capable of interacting with amyloid proteins
with minimum cell toxicity. The developed sugar coated
glycodendrimers were taken account for symptomatic relief in
AD owing to their high surface group density over protofibrils
G4 of brain cells (Benseny-Cases et al., 2012).

Nanosuspensions

Pharmaceutical nanoscaled Dbiphasic suspensions
are acceptable drug delivery systems for hydrophobic drug
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therapeutics owing to their stable and well dispersed appearance.
Availability of a series of natural/synthetic surfactants and the ease
of preparation methodologies enable nanosuspensions for targeted
drug delivery through oral, parenteral, pulmonary, ocular, and
topical routes (Yadollahi et al., 2015).

Donepezil nanosuspensions prepared through ionic
crosslinking method with chitosan were investigated in Sprague
Dawley rats for olfactory pathway following nose to brain
administration. Fine nanoscaled particles (mean size 200 nm)
and low polydispersity index (0.341) provided better absorbance
and bioavailability in brain. The animal study revealed effective
donepezil responses to the brain cells (C_ 7.2 ng/ml) and plasma
(82.2 ng/ml) by developed nanosuspension. The formulation was
safe as no animal loss or distinct change in cell morphology or
intrinsic toxicity was observed in experimental animals. The
formulation served as a novel approach for drug administration to
combat symptomatic relief from AD (Bhavna et al., 2014).

Li et al. (2018) developed meloxicam nanosuspensions
for reduction in brain that efficiently reduced inflammation in brain
cells. Meloxicam embedded bovine serum albumin suspension was
formulated through acid/base neutralization method. Uniformly
dispersed biphasic suspension consisted fine particles of mean
size 78.67 nm that were physically stable with 6 months shelf-
life. Spherical, smooth, and regular surface coating of bovine-
serum albumin over drug particles (mean particle size = 78.67
+ (0.22 nm) was revealed by transmission electron microscopy.
The pharmacokinetic parameters, half-life, mean residence time,
and AUCO-o got improved by 169.8%, 150.1%, and 148.8%
after intravenous administration. Though the authors did not
prove its utility in AD therapeutics, they claimed its usefulness
for symptomatic relief in neurodegenerative disorders. The
concentration of meloxicam was found to be higher in inflamed
brain tissues after injecting a nanosuspension in Sprague Dawley
rats left and right paws. The graph plotted between concentration
of drug in endothelial cells and time exhibited higher meloxicam
concentration (~450 ng/ml) from nanosuspension compared to
meloxicam solution (225 ng/ml) after 2 hours. The results exhibited
novel application of bovine-serum albumin coated meloxicam for
alleviation of inflammation in brain neurons.

RECENT UPDATES ON PATENTS AND CLINICAL
TRIALS ON ALZHEIMER’S TREATMENT

Nanotechnology based dosage forms are being the most
explored area for efficient delivery of the drugs for AD. The USFDA
has recently approved Tauvid (flortaucipir F18) for i.v. injection,
the first drug used to help image a distinctive characteristic of AD
in the brain called tau pathology. Tauvid is a radioactive diagnostic
agent for adult patients with intellectual impairment and is being
evaluated for AD. Tauvid is suggested for positron emission
tomography imaging of the brain to determine the distribution and
density of aggregated tau NFTs, a primary marker of AD (USFDA,
2020). Luthman et al. (2019) patented methods for bringing down
clinical reduction in an individual having early AD, methods of
converting an amyloid positive individual during initial stages to
amyloid negative, methods for lowering brain amyloid level in an
individual, and methods of preventing AD, the methods comprising
administering a composition comprising a therapeutically effective
amount of at least one anti-Ap protofibril antibody. Gelmont et al.

(2019) have been assigned a patent which provides, among
other aspects, methods for the treating AD in individuals in need
thereof, the method including administration of a therapeutically
effective amount of a pooled human immunoglobulin G (IgG)
and/or an anti-beta amyloid monoclonal antibody composition to
an individual having moderately severe AD.

Various patents have been granted/published in this field
depending on the nanocarrier systems, including multiple dosage
forms, liposomes, nanoparticles, solid lipid nanoparticles, nano-
emulsion, etc., (Patel e al., 2017) which are compiled in Table 6.
Castor et al. (2019) got patented an AD drug candidate, APH-
1104, a potent analog of Bryostatin-1, and is neuroprotective by
o-secretase activation via novel protein kinase C (PKC) isoforms,
down-regulation of pro-inflammatory and angiogenic processes,
and the substitution of B-amyloid for its soluble and harmless
relative, SAPP-a at concentrations which are orders of magnitude
lower than conventional APP modulators. These nanoparticles
protect Bryostatin-1 in its transit to the stomach, are resistant to
stomach acids, and increase residence time and efficacy once
transported to the circulation system in the duodenum. Castor
(2020) has been assigned a patent for the combination therapeutic
consisting of nanospheres co-encapsulating Bryostatin-1 and a
Retinoid to improve synergistically a-secretase production and
reduce B-amyloid plaque generation. Bryostatin-1 stimulates the
production of some isoforms of PKC which enhances the production
of a-secretase resulting in soluble amyloid precursor protein, and
inhibits the formation of B amyloid plaques. Retinoids such as
all-trans retinoic acid (ATRA, retinoic acid) enhance a-secretase
activity via increased levels of expressed ADAMI10 protein.

Improvement in therapeutic mediation for treating
individuals with AD is of prime importance for both clinicians
and pharmaceutical industries. Hence collection and investigation
of clinical information is required for designing new protocols
and/or the advancement of upgraded therapeutics for treating the
disorder. Table 7 presents a compilation of the drugs that are in
phase III clinical trials, while the drugs utilized in phase II clinical
trials are summarized in Table 8 (Romano, 2018).

FUTURE PERSPECTIVE

Nanocarriers seem to offer a novel way of facilitating
research attempts by explicitly regulating various pathways in
focused areas. An interesting target for the development of better
AD therapeutics can be mitochondrial dysfunction. Magnetic NPs
are a productive area for research and have numerous existing
as well as potential technological applications. Dendrimers and
nanoemulsions are also two classifications of nanoparticulate
systems which ought to be investigated additionally for transport
of CNS drug. A few issues are required to be resolved before
nanomedicines for AD comes to clinical setting. They are (i) the
general and the biggest hurdle is low targeting efficiency, which
may restrict the therapeutic effect and cause harm to other organs
and (ii) another concern is the distribution of nanomaterials into
the brain. To attain specific targeting in the brain, sequentially
targeted nanomaterials require consideration. Objective should
be to target not only BBB, but to also target the diseased site, to
prevent distribution in whole brain.

Various in vitro investigations have reported the
potential adequacy of nanocarriers; however, future in vivo
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Table 6. Patents on drug delivery systems based on nanotechnology for treatment of AD.
Country A . " Center point/  Publication
Patent number of filling Active ingredient/ Composition Main out come _ year/granted Ref.
CA 02203513 Canada Selegilin Selegilin liposome for improved targeting via parenteral route and enhanced 2001 Mezei et al., 2001
permeation in case of Transdermal delivery for AD treatment
US 2006 0018839A1  USA Cholinesterase Delivery of ChEIs through various delivery systems, through nasal and ophthalmic 2006 Ieni and Pratt, 2006
inhibitors route to enhance targeting in AD and ocular disorders
267/KOLNP/2007 India Glatiramer Nano-emulsion and Proteosomes for GA via parenteral route and nasal route for 2007 Maron et al., 2007
acetate (GA) improving neuroinflammation in AD
US 2009 0252796 A1 USA Nutritional Nutritional mixtures and food supplements prepared using microfluidizers for 2009 Mazed and Mazed,
supplement enhancing the status of AD patient. 2009
WO 2009 150686A1  WIPO Model drug Liposomes with specific lipid contents having 2009 Masserini et al.,
2009
high binding capacity to decrease AR
plaques in AD
EP 2332570 Al Europe Glatiramer Nano-emulsion and Proteosomes for GA via parenteral route and nasal route for 2011 Frenkel et al., 2011
acetate (GA) improving neuroinflammation in AD
US 2011 0045050A1  USA Multiple Bioavailability of various therapeutic agents can be improved by prepared nano- 2011 Elbayoumi et al.,
therapeutic agent  emulsion 2011
US 2013 8349293B2  USA Metallic ions Metal-based nanoparticles for diagnosis of AD by magnetic resonance imaging (MRI). 2013 Corot, 2013
WO 2014 076709A1  WIPO Model drug Peptide conjugated liposomes for targeting in AD 2014 Allon et al., 2014
US 2014 8877207B2  USA Cerium oxide Cerium oxide loaded polymeric nanoparticles containing antibody specific for Ap 2014 Cimini et al., 2014
embedded to provide improved targeting in AD.
EP 2550020 B1 Europe Metal ions and Reverse micellar system for enhanced 2015 Maurel, 2015
lipids
P targeting utilizing metal ions and various lipids
US 2015 9192644B2  USA Curcuminoid The formulation contains curcuminoid SLN which are stable at basic pH and enhances 2015 Frautschy and
the concentration in AD patient brain Gregory, 2015
US 2015 0017235A1 USA Model drug Liposomes with specific lipids that can 2015 Masserini et al.,
2015
decrease AP plaques in AD
US 2015 0086616A1  USA NSAIDS Intranasal NSAIDS for enhanced 2015 Lehrer, 2015
neuroprotection in AD using various nano-dosage forms
US10662226B2 USA Synthetic beta- The synthesized AP peptides can form stable, soluble oligomers that are useful for the 2016 Nowick et al., 2016
amyloid peptides advancement of knowledge, diagnosis, and management of AD. Related antibodies
(specific to oligomeric Ap) and their developmental techniques are discussed.
WO 2018 081460A1  WIPO An anti-abeta The novel antibody composition (at a dose ranging from 2.5 mg/kg to 10 mg/kg) is 2018 Satlin and
protofibril used for treating, preventing, and/or delaying the onset and/or development of AD. Fukushima, 2018
antibody and a
beta-secretase
bacel inhibitor
WO 2018 WIPO Idalopirdine, Novel combined therapeutic, their salts and prodrugs were invented for the 2018 Cohen et al., 2018
197383A1 Baclofen and management of AD.
Acamprosate
WO 2018 WIPO Ginseng and Active combination of ginseng and ginsenosides for improved cognition behaviour 2018 Kay and Maclellan,
ginsenosides and bioavailability in brain cells. 2018
148821A1
10485766 USA Nanoparticles In this invention, Bryostatin-1 oral nanoparticles were developed claiming rapid 2019 Castor et al., 2019
restoration of cognitive performance in Alzheimer's transgenic mice.
EP2994160 (B1) Europe IgG and/ or anti- ~ Present study claims treatment of AD (subject carrying ApEO4 allele) with 2019 Gelmont et al., 2019
beta amyloid therapeutically effective amount of pooled immunoglobulin G and/or anti-beta
monochlonal amyloid monochlonal antibody for the period of two weeks.
antibody
WO 2020 023530A3  WIPO Anti-AB The invention claims effective administration of a composition comprising a 2019 Luthman et al., 2019
protofibril therapeutically effective amount of anti-A protofibril antibody for the treatment of
antibody AD. The focus of invention is to convert amyloid positive subjects to negative in early
Alzheimer case.
10,828,276 USA Bryostatin-1 and ~ Nanospheres co-encapsulating a Bryoid and a Retinoid to improve synergistically 2020 Castor, 2020

Retinoic acid

alpha-secretase production and reduce beta-amyloid plaque generation.

studies of these nanocarriers can possibly disclose a long-term
systemic efficacy or potential toxicity in biological systems which
can be correlated with in vitro systems. Despite the fact that the
registration of patents related to nanotechnology-based systems is
presently rising, clinical studies are required to assess their clinical
efficacy and potential toxicological effects in humans. A detailed

focus on the stability and safety in terms of biological retention,
exposure time, nanocarrier size, dose, and metabolites of various
polymers of the nanocarriers is also required. Subsequently, an
assessment of the safety and adequacy of appropriate nanocarriers
by conducting clinical studies in humans can result in encouraging
cost-effective AD therapeutics.
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Table 7. Drugs used in phase III clinical studies for the treatment of AD patients.

Current status of the clinical
trial and results of previous
trials, if applicable.

Identifier no. of
ClinicalTrials.gov

Title of the study and/or Name
of the therapeutic agent

Patient group enrolled in the

. e hi . . .
Therapeutic agent’s biological classification clinical trial

BHV-4157
BIIB092

Exercise combined with Losartan,
Amlodipine and Atorvastatin

NCT03605667
NCT03352557
NCT02913664

Small molecule designed for neuroprotection
It is an anti-tau monoclonal antibody

Physical activity along with small drugs to control
high B.P. and hyperlipidemia

Patients with mild to moderate AD
Patients with early AD

Senior adults at high risk for
vascular dementia and/or AD

Active and not recruiting
Active and not recruiting

Active and not recruiting

Methylphenidate NCT02346201 Small molecule designed to reduce neuropsychiatric Patients with Alzheimer’s disease Active and not recruiting
symptoms related to apathy

ALZT-OPla/ALZT-OP1lb NCT02547818 ALZT-OP1la is anti-inflammatory and anti-amyloid. Patients with early AD Active and not recruiting
ALZT-OP1b is anti-inflammatory. Both of these are
small molecules.

Nabilone NCT02351882 This small molecule is a cannabinoid designed to Patients with moderate to severe Completed

control neuropsychiatric symptoms and calm agitation. ~AD

Table 8. Drugs used in phase II clinical studies for the treatment of AD patients.

Title of the study and/or

Name of the therapeutic Identifier no. of

ClinicalTrials.gov

Therapeutic agent’s biological classification

Current status of the clinical

Patient lled in the clinical . .
atient group enrolled in the clinica trial and outcomes of previous

trial

agent trials, if applicable
.. Patients with mild to moderate ..
COR388 NCT03823404 Anti-inflammatory AD-related dementia Recruiting
Neuroprotective small molecule designed to Patients with AD-related early
AMXO0035 NCTO03533257 inhibit mitochondrial and endoplasmic reticulum dementia, or late mild cognitive Active and not recruiting
stress impairment
AstroStem NCT03117738 M?sench'ymal stem cells derived from autologous Patients having mild-to-moderate AD Completed
adipose tissues
Small molecule designed to act as an anti-platelet
agent by inhibiting phosphodiesterase-3 . . . .
Cilostazol NCT02491268 (PDE-3). It is a neuroprotective factor that Patlgn?s Wlth AD and with mild Active and not recruiting
. . . cognitive impairment
reduces the accumulation of amyloid deposits and
the phosphorylation of tau protein
S47445 NCT02626572 Neurotransmitter Pa.tlems with AD, who are affected by Completed.
mild to moderate depressive symptoms.
CONCLUSION FUNDING

Significant advancement has been achieved in AD
therapeutics, but the entire currently available approaches target
on mitigating symptoms instead of curing, implying that AD can
still be considered as an unresolvable neurodegenerative disorder
and needs interim advancement. Nanotechnological applications
offer a lucrative efficient strategy for the AD treatment. A plethora
of nanocarriers have been developed that have ability to cater to
the limitations of conventional therapy, can assist in preliminary
diagnosis, enhance therapeutic efficacy and bioavailability, offer
negligible cytotoxicity in animal models, and present newer
possibilities for development of superior formulations of potent
drugs intended for AD therapeutics.
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