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ليكشتنمضتتيتلاو،نيتيسيئرنيتملاعنيوكتلةجيتنكرمياهزلأضرمروطت
ىلإيدؤيامم،واتـلانيتوربةرفسفطرفوولخلاجراخديوليمأ-اتيبلاتايليفط
ايلاخلانيبرزآتلانادقفىلإناتملاعلاناتاهيدؤت.ةجرعتمةيبصعدقعلكشت
،يدسكأتلاداهجلإاويبصعلاباهتللااريوطتو،ةيبصعلاايلاخلافلتو،ةيبصعلا
هذهىلعءاضقلاىلإرمياهزلأضرمجلاعفدهي،كلذل.ضرملامدقتززعيامم
جلاعلانإف،كلذعمو.ضارعلأاليلقتوضرملامدقتعنملةيسيئرلاتاملاعلا
يساسلأاببسلاةجلاعمنملادبايضارعأافيفخترفويقوسلايفرفوتملايلاحلا
لوخدقوعتيتلامدلا-غامدلازجاحلةديقملاةعيبطلاىلإاذهىزعيو.ضرملل
ىلعنوثحابلازكري.صاصتملالهتيلباقوءاودلاةيلاعفىلعرثؤيامم،ةيودلأا
ليصوتريفوتل،مدلا-غامدلازجاحزواجتتنأنكميةديدجةيجلاعقرطريوطت
نم.ةيبناجراثآلقأوةنكممصاصتماةيلباقىصقأعمددحملاعقوملاىلإءاودلا
دادضأكتايجولويبلامادختسايهةفشتكملاةديدجلاةيجلاعلاتايجيتارتسلاانيب
لصحورمياهزلأضرمجلاعلايوقاحشرمبامونوكاداحرتقاو.ةليسنلاةيداحأ
دقةملاسلافواخمنإف،كلذعمو،ءاودلاوءاذغلاةرادإنمةعرسمةقفاومىلع
اديدجارصعةيونانلاةينقتلالكشت،يلاتلابو.لبقتسملايفهمادختسانودلوحت
نمونانلاتائيزجاهرفوتيتلاةزيمملاتامسللارظن،رمياهزلأضرمجلاعل
صئاصخلازيزعتو،ريغصلااهمجحببسبمدلا-غامدلازجاحزايتجاثيح
ةيرميلوبلاونانلاتائيزجسردت.فدهتسملاءاودلاليصوتوةيودلألةيئاودلا
للحتلاو،اهجاتنإةقيرطةطاسبوةلوهسلارظن،نهارلاتقولايفعسوملكشب
هليدعتنكمينرمءاعورفوييذلاديرفلالكيهلاويجولويبلاقفاوتلاو،يجولويبلا
عاونأةشقانممتيس،يلاتلابو.ةبوغرملاةيئايميكويزيفلاصئاصخلاقيقحتلةلوهسب
طيلستعم،ةعجارملاهذهيفرميلوبلاىلعةمئاقلاونانلاتائيزجنمةفلتخم
ديدعلارهظتيتلاوةعنصملاونانلاتائيزجاهرفوتيتلاصئاصخلاىلعءوضلا
ةداضملاتاريثأتلاصئاصخلاهذهلمشت.رمياهزلأضرمجلاعيفدئاوفلانم
.تاباهتللالةداضملاوةدسكلألةداضملاوديوليملأل
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Abstract

Alzheimer’s disease (AD), is characterised by two major

hallmarks: the formation of extracellular b-amyloid (Ab)
plaques and the hyperphosphorylation of tau protein,

thus leading to the formation of neurofibrillary tangles.

These hallmarks cause synaptic loss, neuronal damage,

and the development of neuroinflammation and oxidative

stress, which promote AD progression. Thus, the goal of

treating AD is eliminating these hallmarks, to prevent

AD progression and decrease symptoms. However, cur-

rent available therapies provide symptomatic relief rather

than treating the underlying cause of the disease, because

the restrictive nature of the blood brain barrier (BBB)

impedes the entry of drugs, thereby affecting drug effi-

cacy and bioavailability. Researchers are focusing on

developing new therapeutic approaches to bypass the

BBB, for achieving site-specific drug delivery with the

highest possible bioavailability and the lowest adverse

effects. Recently explored therapeutic strategies include

use of biologic agents such as monoclonal antibodies.

Aducanumab, a strong candidate for treating AD, has

been granted accelerated Food and Drug Administration

approval; however, safety concerns may hinder its future

use. Thus, nanotechnological approaches have led to a

new era of AD treatment. Nanoparticles (NPs), because

of their small particle size, can cross the BBB, thus

enhancing drug pharmacokinetic properties and enabling

targeted drug delivery. Polymeric NPs have been exten-

sively studied, because of their simple production,

biodegradability, biocompatibility, and unique architec-

ture. These NPs provide a flexible vesicle that can be
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easily tailored to achieve desired physicochemical fea-

tures. In this review, various types of polymer-based-NPs

are discussed, highlighting the properties of fabricated

NPs, which have multiple benefits in AD treatment,

including anti-amyloid, antioxidant, and anti-

inflammatory effects.

Keywords: b-amyloid (Ab) plaques; Alzheimer’s disease

(AD); Chitosan; Curcumin; Fucoxanthin; PLGA; Polyester;

Polymeric nanoparticle

� 2024 The Authors. Published by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The treatment of neurodegenerative diseases including
Alzheimer’s disease (AD) has remained a burden on the

pharmaceutical industry in the past decade. This topic has
received substantial research attention, because increasing
numbers of people are expected to have neurodegenerative

diseases by the end of the 21st century, primarily because the
life expectancy of the population is increasing, and AD is
typically observed with aging.1 Approximately 50% of the

population is expected to have AD at some point in ther
lifetimes in the future, thus making AD a leading cause of
morbidity and mortality in the 21st century.2 In 2021, the
World Alzheimer’s Disease Report indicated that

approximately 50 million people had AD globally, thus
suggesting that AD is one of the most incapacitating
neurodegenerative disorders. By 2030, the number of

people with AD is expected to increase to 78 million
worldwide, with the aging of the world’s population.3 In
addition, AD is a leading cause of dementia in older

people: approximately 60% of cases of dementia are
associated with AD, affecting 24 million people globally,
and the fifth leading cause of death.4,5

Conventional oral drug therapy

AD is challenging to diagnose, because the disease pro-
gression is slow and may begin 20 years before the symptoms

escalate. Currently, AD is managed with oral medications
such as the Food and Drug Administration (FDA) approved
cholinesterase inhibitors, including donepezil, rivastigmine,

and galantamine. These drugs are indicated primarily for
alleviation of symptoms rather than treating the underlying
pathology.4

The main obstacle to effective and successful drug therapy
is enabling the drug to reach the desired site of action with the
highest possible bioavailability and at the recommended dose.

A notable drawback of available therapeutic regimens is their
difficulty in crossing the blood brain barrier (BBB), which is
composed of a capillary network that isolates the brain from
the blood circulation.2 The role of the BBB is to protect the

CNS against any foreign material; hence, this barrier limits
entry of drugs into the brain. The BBB contains efflux
transporters, such as p-glycoprotein, that prevent the

passage of foreign agents and transport them out of the
brain. In addition, the BBB’s high lipophilicity limits the
types of drugs that can reach the brain.2 Crossing the BBB

is the limiting step preventing drugs from reaching reach
their sites of action. Beyond the BBB, poor drug absorption
in the gastrointestinal tract and rapid metabolism also

affect drugs’ oral bioavailability. These factors contribute to
the lack of effectiveness of drug therapy, thereby prolonging
treatment and affecting patient compliance.6

Most (98%) small drug molecules cannot reach the brain.
Drugs administered to the brain should be small (<500 Da)
and should have suitable hydrophobicity to cross the BBB.6

No new small drug molecule has been licensed by the FDA to

treat AD since 2003; therefore, the pharmaceutical industry
is focusing on implementing nanotechnology and the use of
biologic agents such as monoclonal antibodies (mAbs) for

AD treatment and to enhance crossing of the BBB.7

Advances in AD therapy

Recently, human mAbs have been extensively studied to
treat AD. Aducanumab was the first FDA approved disease-
modifying mAb indicated to treat AD pathophysiology, by

targeting b-amyloid (Ab) aggregates.8 Aducanumab is the
most effective mAb, according to clinical trials.

Aducanumab exerts therapeutic effects after crossing the
BBB. This drug selectively binds and subsequently decreases

Ab aggregates in the brain. Aducanumab also decreases
levels of phosphorylated tau protein in the cerebrospinal
fluid, thereby delaying disease progression.9 However, recent

studies have demonstrated the emergence of amyloid-related
imaging abnormalities with high injected doses of the drug;
these adverse effects are a form of the vasogenic edema that

occurs with the BBB disruption that enables mAb entry to
the CNS.7 In addition, a linear relationship exists between
the decrease in Ab plaques and amyloid-associated imaging

abnormalities. Cerebral microhemorrhages in mouse models
have been observed after administration of mAbs, thus giv-
ing rise to safety concerns regarding administration of high
mAb doses. Additionally, high production costs may pose a

burden on the industry.8

The FDA granted accelerated approval of aducanumab in
2021, requiring a post-approval clinical trial to ensure that

the drug exerts the desired therapeutic action; however, the
European Medical Agency cancelled approval of the drug in
2022.8

Importance of nanotechnology

To overcome the aforementioned limitations of the FDA-

approved aducanumab and small drug molecules, re-
searchers are implementing nanotechnology aimed at
providing successful drug therapy for AD. Nanotechnology
uses nanomaterials as carriers for drugs with a size range of

1e1000 nm, and has several attractive features for effective
drug therapy, including the following:10e13

� Sustained drug release
� Enhanced bioavailability and biocompatibility
� Ability to deliver multiple drugs

� Protection of drugs against degradation while limiting
undesirable adverse effects

http://creativecommons.org/licenses/by-nc-nd/4.0/
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� Flexibility of nanoparticles (NPs) to be tailored to ach-
ieve desired surface properties, such as chemical groups
with positively charged surfaces that interact with the

negatively charged endothelial cells in the BBB, thus
facilitating cellular uptake and drug absorption in the
brain, and improving drug pharmacokinetics and pro-

longing the half-life
� High surface to volume ratio of NPs, to promote binding
to Ab fibrils and prevention of their assembly, through
hydrophobic interaction or the use of target ligands

To attain these features, NP materials should be carefully

chosen to provide suitable permeability, flexibility, biocom-
patibility, and surface charge for successful drug delivery.
Thus, maintaining the hydrophobicity, surface chemistry,
and ionic charge of the selected material is crucial to ensure

efficient BBB crossing.11

Polymeric NPs

Finding strategies for therapeutics that can cross the BBB
without disruption is the main goal in successful drug de-

livery. Hence, increased attention has been paid to formu-
lating ideal NPs in which drugs are embedded and released at
the target site. NPs’ small size and flexibility enable delivery

of drugs across the BBB through NP retention and adsorp-
tion to the brain capillaries. This process increases transport
of the loaded NPs across the endothelial cells, driven by a

high concentration gradient. NPs are endocytosed by endo-
thelial cells, thus enabling drug release. NPs can enter
endothelial cells through transcytosis, or a combination of
both transcytosis and endocytosis.14

NPs are classified into two main categories: organic and
inorganic. Inorganic NPs are metal-based NPs that enable a
more controlled size distribution; however, they are not

biodegradable and may elicit toxicity.15 In contrast, organic
NPs are polymeric NPs that serve as promising carriers for
delivering therapeutic agents to the brain. Polymeric NP

structures surround a drug core with a coating polymer.
Polymeric NPs, through their flexible architecture, nano-
size range, biodegradability enabling coating polymers to

be easily excreted from the body, and versatility in encap-
sulating a wide range of drugs, enhance drug circulation
times and prolong drug release. In addition, polymeric NPs
have more favorable in vivo and in vitro stability, and enable

better control of drug release, than liposomes.16

An additional attractive feature is that the preparation
techniques for polymeric NPs are generally simple and easily

scaled up.17 The methods include ionic gelation, coacervation,
emulsion solvent evaporation, spontaneous emulsification,
spray drying, and supercritical fluid technology of

monomers as albumin or polysaccharides.12,18

Aim and objective

The purpose of this review is to highlight how the inca-
pacitating disease of AD may affect the future of humanity.
The failure of available drug therapies to treat the underlying

pathophysiology of AD has motivated researchers to develop
novel and smart formulations. Oral conventional drugs fail to
treat AD because of their low ability to bypass the BBB and

poor bioavailability. Additionally, administration of the only
FDA approved mAb for treating AD poses major safety
concerns that may hinder use of this therapy. Therefore, this

article emphasizes recent advances in polymeric NP formu-
lations to enhance drugs’ crossing of the BBB, to reach the
brain and treat the underlying causes of AD. Effective drug

delivery may be achieved by using various polymers in the
NPs. To aid in identifying an ideal NP to achieve enhanced
therapeutic action of the embedded drug with high safety and

efficacy, this article describes diverse types of polymeric NPs,
on the basis of a comparison of the literature, including their
anti-AD properties, preparation methods, morphology, and
surface charge that contributes to crossing the BBB, according

to various characterization tests. Overall, this systematic re-
view is aimed at determining the ability of polymeric NPs to
serve as a strategy for AD treatment, and providing insights

into the current state of research and gaps in the scope of AD
treatment through polymeric NP approaches.

Pathophysiology

The complexity and diversity of AD pathophysiology has
posed challenges in identifying AD’s underlying causes, since

the discovery of the disease by scientist Alois Alzheimer in
1907.3 AD is defined as an age-related neurodegenerative
disease characterized primarily by chronic progressive loss of

neuronal activity, neuroinflammation, and cerebral atrophy,
which together lead to cognitive and memory impairment.1

People with AD experience memory loss, learning

difficulties, and behavioral changes, all of which affect
quality of life (see Figure 1).

Although AD is a multifactorial condition, the principal
factors in AD development are extracellular accumulation of

b-amyloid protein (b-amyloid plaques) and abnormal intra-
cellular accumulation of tau protein (neurofibrillary tangles;
NFTs). These two hallmarks predispose individuals to a se-

ries of inflammatory reactions, as described below
(Figure 2).19

� Ab plaque hypothesis: The production of extracellular Ab
plaques is a substantial hallmark in AD progression.
Normally, Ab is produced from the breakdown of a

glycoprotein referred to as amyloid precursor protein
(APP). APP is involved in multiple cellular processes in
neuronal development and intracellular transport,

including signal transduction, and the maintenance of
neuronal homeostasis.APPundergoes proteolytic cleavage
by beta-secretase, thereby yielding soluble APP fragments.

The remaining portion of APP undergoes further cleavage
by gamma-secretase, thus leading to the production of
peptides that are rapidly eliminated from the brain 20. The
resultant soluble Ab fragments usually comprise a 40

amino acid sequence (Ab1e40), which is generally
considered less toxic. However, various lengths have also
been identified, such as longer forms (Ab1e42), which are

prone to aggregation.21 Whereas soluble Ab fragments
have beneficial roles in synaptic plasticity, memory, and
brain cell growth, in AD, these soluble fragments bind

other Ab fragments and form oligomers. These oligomers
exhibit diminished clearance from the brain and
ultimately aggregate into insoluble Ab plaques, thus

predisposing individuals to AD.20 Additionally, in AD,
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APP is broken down by beta and gamma secretase
enzymes, thus producing an insoluble form of Ab (Ab1e
42), which tends to form plaques. The accumulation of

neurotoxic Ab occurs because of an imbalance between
the production and elimination of the insoluble peptide,
thereby disrupting the normal levels of Ab in the brain,

and causing loss of neurons, synaptic dysfunction, and
disruption of calcium homeostasis.20,22 The abnormal
APP processing in AD is attributed to increased activity
of beta-secretase, as well as expression and secretion of

the enzyme into the blood circulation by tissues other than
the brain, as reported by Nicsanu et al.23 Consequently,
these disturbances lead to cognitive deficits and

eventually dementia. Hence, inhibiting the accumulation
of Ab fibers to prevent the formation of toxic fibrils is the
main strategy for alleviating AD progression (Figure 2).22

� NFT hypothesis: Tau is a microtubule-associated protein
normally found in brain neurons. Its main functions are
maintaining microtubule stability and flexibility in axons,

and regulating cell signaling.20,24 In healthy brains, tau
protein contains several phosphate groups in its
microtubule assembly domain. However, the
phosphorylation of tau protein increases its tendency to

aggregate in its hyperphosphorylated form, thus
decreasing its affinity to bind microtubules,3 and
leading to microtubule disassembly, a hallmark of AD.

As a result of the accumulation of hyperphosphorylated
tau protein, NFTs form through the polymerization of
free tau fragments into paired helical aggregates. The

appearance of NFTs in the brain results in neuron loss
and cognitive impairment, by hindering nerve cells’
nutrient access and leading to neuronal cell death
(Figure 2).19

� Neuroinflammation: The presence of Ab aggregates and
NFTs in the brain triggers a series of inflammatory re-
actions that contribute to AD progression. The forma-

tion of neurotoxic proteins activates the release of brain
immune cells called microglial cells. Microglial cells
resemble macrophages, and play crucial roles in the

clearance of aggregated protein, dead neurons, and
debris. Moreover, microglial cells activate the release of
cytokines, such as interleukins and tumor necrosis fac-

tor-a (TNF-a), which is a major cause of neuro-
inflammation in AD. Consequently, inflammatory
reactions increase when microglial cells fail to eliminate
debris and the accumulated proteins, thus resulting in

cerebral atrophy.19 Excessive inflammatory responses
can cause cerebral dysfunction, which in turn
contributes to disease progression. Neuronal loss has

also been observed as a result of the production of
reactive oxygen species and free radicals released by
activated microglial cells.25 Notably, post-mitotic cells,

such as neurons, exhibit high aerobic metabolism, which
requires high oxygen levels to support energy produc-
tion through mitochondrial respiration. This process
may increase the levels of reactive oxygen species. In

contrast, the levels of reactive oxygen species are kept
low in healthy conditions, because of the presence of
antioxidant compounds, such as glutathione, that scav-

enge reactive oxygen species and free radicals, and pre-
vent oxidative stress. The activity of antioxidants
decreases with aging. For instance, people with AD have
low concentrations of glutathione, and thus the pro-
duction of reactive oxygen species increases beyond
glutathione’s capture capacity. Oxidative stress may

eventually lead to neurodegeneration (Figure 2).
Oxidative stress is correlated with Ab aggregation;
therefore finding a therapeutic approach that combines

antioxidant effects and anti-amyloid activity may pro-
vide a breakthrough in treating AD.26

� Calcium dysregulation hypothesis: Given the crucial
involvement of calcium signaling in several neuronal

functions, such as neuronal precursor cell growth and
differentiation, any alterations in calcium homeostasis
may induce mitochondrial dysfunction, oxidative stress,

and neuroinflammation (Figure 2). Recent studies have
suggested that disturbances in calcium signaling occur
during early stages of AD,27 through an underlying

mechanism of increased calcium ion concentrations in
the cytoplasm of neuronal cells. This elevation occurs
as calcium is transported from both the extracellular

environment and intracellular reservoirs, as a result of
Ab activation of calcium ion transporters. Additionally,
Ab peptide accumulation has been shown to alter
calcium concentrations by activating calcium channels

in cells, thus inducing the formation of membrane
pores and resulting in cell death.27 The accumulation of
calcium ions within neurons can trigger the generation

and buildup of Ab plaques and hyperphosphorylated
tau proteins. This process contributes to the decline in
cognitive ability in people with AD.28

Beyond these major hallmarks, diseases such as diabetes,
hypertension, and obesity, as well as aging, lifestyle, and

genetic factors, may predispose people to AD development.
Notably, identifying risk factors may aid in the development
of efficient therapies.25

Materials and Methods

This systematic literature review was conducted in

accordance with the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses framework guidelines for
analyzing selected articles. Initially, the search strategy

involved use of electronic databases as PubMed, Science-
Direct, and Google Scholar. The following keywords were
used: nanoparticles, anti-Alzheimer’s drugs, polymeric
nanoparticles, brain targeting, neurodegenerative diseases,

and blood brain barrier. The relevant articles (98 articles,
including research and review articles) were downloaded. In
Mendeley Reference Manager software, any duplicated re-

cords were removed. Moreover, the abstracts and conclu-
sions of the articles were screened to determine those relevant
to the aim and objective of this review. The selected articles

meeting the following inclusion criteria were eligible for
inclusion:

� Research and review articles published in the scope of
health sciences and pharmaceutical innovation, empha-
sizing treatment of AD with polymeric NPs

� Research articles published between 2010 and 2023, or
review articles published between 1999 and 2023

� Research articles with polymeric nanoparticles’ charac-

terization tests
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� Research articles focusing on AD treatment rather than
managing symptoms

� Research articles focusing on brain targeting with nano-

drug delivery systems

The exclusion criteria comprised the following:

� Studies not associated with neurodegenerative diseases

� Articles focusing on various types of NPs other than
polymeric NPs, such as liposomes and exosomes

� Articles not using nanotechnology
Results and discussion

Over the past decade, polymeric NPs have been explored
to determine their potential to treat AD with preparations
of vesicles below 1000 nm in diameter, with special physi-

cochemical properties to promote efficient drug delivery. The
polymer-based NPs include poly (D,L-lactide-co-glycolide
(PLGA), chitosan, polyethylene glycol (PEG), and polyester

based NPs. Each NP has been assessed to determine its ef-
ficacy and effectiveness as a drug delivery carrier (summa-
rized in Table 1).

PLGA-based NPs

Biodegradable polymers, such as the FDA approved

PLGA, have been extensively used in the past decade as drug
delivery carriers for the treatment and management of
various diseases. The synthesis of PLGA involves ring
opening polymerization of glycolic acid and lactic acid. Ac-

cording to the ratio of monomers, various forms of PLGA
can be obtained. Because of its biodegradability, the ester
linkage of PLGA is broken into monomers through
Figure 1: Graphical Abstract: Overview of proposed AD
hydrolysis in the body, the original monomers serve as
physiological byproducts of various metabolic pathways that

are easily eliminated through the Krebs cycle.29

Native PLGA NPs

Anand et al.29 have investigated the effects of native
PLGA NPs on Ab plaques and demonstrated that PLGA

inhibits spontaneous Ab accumulation. A series of
characterization tests have been conducted to confirm the
efficacy of PLGA NPs against Ab plaques. The study

revealed the following unique effects of PLGA NPs, thus
highlighting the importance of PLGA in treating the
underlying cause of ADdan aspect not clearly stated in
any other research article:

1. Decreased Ab plaques: Transmission electron micro-

scopy (TEM) was used to determine the size and
morphology of PLGA NPs without encapsulated drug.
The results indicated a stable dispersion of homogeneous

spheroidal NPs with diameters of approximately 100 nm
and a zeta potential of 8 mV. Thioflavin T (ThT) fluo-
rescence assays were conducted to determine the sup-
pression of amyloid fibril aggregation, on the basis of

strong binding of ThT to Ab deposits. Ab peptide
samples (10 mM) were added to various concentrations
of PLGA NPs ranging from 1 to 50 mM, then assessed

for 24 h at 37 �C. The spontaneous formation of amyloid
aggregates was suppressed in the presence of PLGANPs
in a dose-dependent manner. Inhibition of amyloid

formation was also confirmed by TEM and dynamic
light scattering. In addition, a decrease in the size,
number, and area of Ab plaques observed after treat-
ment of 5 � FAD mice (an animal model of AD) with

PLGA NPs confirmed the ability of the NPs to sponta-
neously inhibit Ab aggregates. The decreased areas of
treatment strategies (constructed with biorender.com).

http://biorender.com


Figure 2: Reproduced from Sehar et al. 2022. Pathogenesis of Alzheimer’s disease. The multiple factors responsible for the progression of

Alzheimer’s disease include amyloid beta plaques and tau neurofibrillary tangles. Subsequently, neuronal loss and activation of microglia

(concentrated in the vicinity of amyloid plaques) occur, thereby leading to neuroinflammation, mitochondrial dysfunction, synaptic loss,

and dysregulation of calcium homeostasis. The accumulation of Ab in the brain in Alzheimer’s disease perturbs synapsis and leads to

postsynaptic hyperexcitability. Hyperexcitability of neurons causes dysregulation of calcium homeostasis and increased production of

reactive oxygen species.20
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Ab deposits correlated with the decreased levels of APP
and its products in the mouse cortex, after PLGA NP
treatment.

2. Decreased Ab-induced toxicity: Cytotoxicity (MTT)
assays were conducted in human neuron samples
derived from induced pluripotent stem cells from pa-

tients with AD, to study the effects of PLGA treatment
Table 1: Summary of the properties of the described polymeric NPs

Encapsulated

drug

Polymer Size (nm) Charge (mV) EE% A

Curcumin PLGA 150e200 �30 to �20 N/A* I

Fucoxanthin PEG-PLGA 200 �22.6 � 1.2 48.44

Rivastigmine Chitosan 185.4 � 8.4 38.40 � 2.85 85.3 I

c

Rosiglitazone Poloxamer

stabilized

mPEG-PCL

124.6 � 12 �17.5 � 5.54 70.65

e PLGA 100 8 e D

p

*Not available.
on neuronal cells in terms of Ab-induced toxicity. In the
presence of PLGA NPs, tau protein phosphorylation in
Ab cultured neurons decreased after 24 h exposure,

thus indicating increased cell viability. Additionally,
the same test conducted on mouse samples supported
that PLGA NP treatment protected neuronal cells

against toxicity.
.

nti-AD effect Reference

nhibited Ab aggregation 30

� Inhibited Ab aggregation

� Alleviated neuroinflammation

� Potentiated antioxidant enzyme activity

33

ntranasal administration achieved higher drug

oncentrations in the brain than the plasma

39

� Increased antioxidant enzyme levels and PPAR

expression

� Decreased AChE activity and

neuroinflammation

43

ecreased Ab aggregation and tau protein

hosphorylation

29
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On the basis of the results obtained from characterization
tests, native PLGA NPs have therapeutic features that not

only decrease the aggregation of Ab peptides but also protect
neurons against Ab associated toxicity. Therefore, using
PLGA as a carrier for therapeutic agents may maximize the

therapeutic effects against the disease through synergistic
effects. Because AD is a multifactorial disease, incorporating
compounds with versatile pharmacological properties, such

as curcumin, could aid in AD treatment.

Curcumin loaded PLGA NPs

Curcumin is well known for its broad-spectrum biological
properties, such as anti-inflammatory, antioxidant, and,
most importantly, neuronal protective activity. Recently,

curcumin has been demonstrated to act against the major
hallmarks of AD. Curcumin is a strong candidate for AD
treatment because its anti-amyloid and antioxidant proper-

ties enable it to regulate the oxidative stress and inflamma-
tory reactions occurring during AD.30 In addition, curcumin,
owing to its chemical structure, has been reported to have

unique bonding properties that enable BBB permeation
and binding to Ab plaques. Moreover, curcumin’s
structure possesses both hydrophobic and hydrophilic

moieties that facilitate BBB penetration and bind Ab
oligomers, respectively.31 The main challenges in using
curcumin as an anti-AD drug are its low bioavailability
and its low water solubility due to its high hydrophobicity.

Therefore, encapsulating curcumin in a carrier such as
PLGA could provide an ideal solution to enhance curcu-
min’s bioavailability and biodistribution, and decrease its

rapid elimination from the body.30

A recent study has investigated the effects of curcumin
encapsulation in PLGA NPs (curcumin-PLGA NPs) with
Figure 3: Adapted from Mathew et al., 2012. Anti-am
the conjugation of Tet-1 peptide as the targeting ligand. Tet-
1 peptide interacts with motor neurons and bypasses the BBB

through retrograde axonal transport, wherein the NPs are
transported from the axon to the cell body of the neuron.30

Mathew et al.30 have prepared curcumin-PLGA NPs

through a single emulsion evaporation method, which is
optimal for encapsulating hydrophobic drugs. According to
TEM images, the resultant particle size ranged from 150 to

200 nm and showed a smooth morphology because of PLGA
coating of the particles. In addition, the encapsulation of
curcumin in PLGA NPs resulted in full water solubility. The
zeta potential of curcumin-PLGA NPs had a range of �30

to �20 mV, thus indicating the negative charge exhibited by
the prepared NPs, and revealing the stability of the system
supporting crossing of the BBB via clathrin-mediated

endocytosis.30 This finding is in accordance with results
reported by Lockman et al., in 2004,32 demonstrating that
anionic NPs increase brain permeability, and that the brain

penetration is attributable to the binding of anionic NPs to
the BBB’s low-density lipoprotein receptor.32

Effects of curcumin-PLGA NPs on AD30

1. Anti-amyloid activity of curcumin-PLGA NPs

For determination of the anti-amyloid activity of the
prepared NPs, Mathew et al.30 treated amyloid protein
aggregates (Figure 3A) with curcumin-PLGA NPs. The re-
sults indicated that NPs attached to the aggregates, which in

turn decreased in size after 12 h of incubation (Figure 3B).
After 48 h of incubation, the aggregates were completely
broken down (Figure 3C). The exact mechanism of anti-

amyloid activity of curcumin remains unknown.30
yloid activity of PLGA-curcumin nanoparticles.30
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2. Antioxidant effects of curcumin-PLGA NPs

Mathew et al.30 investigated the free radical capturing
capacity of the prepared NPs compared with raw
curcumin, with a free radical source of 1,10-diphenyl-2-
picrylhydrazyl. The antioxidant activity was presented as

percentage decrease in 1,10-diphenyl-2-picrylhydrazyl. Raw
curcumin had higher antioxidant activity, with 80% free
radical capturing activity, whereas the prepared NPs had

60% antioxidant activity. This finding was attributed to the
time required for curcumin to leach from the NPs. However,
the encapsulation of curcumin in PLGA did not eradicate its

antioxidant effects. Despite the lower antioxidant activity of
the prepared NPs than raw curcumin, a potent effect was
observed that could potentially ameliorate oxidative stress.

3. High viability of cells treated with curcumin-PLGA NPs

Cytotoxicity testing with MTT assays was conducted to
assess cell viability after curcumin-PLGANP treatment. The
experiments revealed a high safety profile of the nano-

formulation: the cell viability reached 70% after exposure
of cells to high concentrations of prepared NPs.30

4. BBB penetration through Tet-1 conjugation

To ensure effective uptake of fabricated NPs, flow
cytometry analysis was conducted to determine the in vitro
uptake of fabricated NPs by glioma cells. According to the

intensity of the fluorescence of the flow cytometry analysis,
NPs with Tet-1 conjugation showed greater neuronal uptake
than unconjugated curcumin-PLGANPs, as indicated by the

high fluorescence intensity, in which a high NP concentration
was found around the cells. Therefore, the conjugation of
Tet-1 peptide may serve as a promising targeting ligand for
efficient drug delivery and crossing the BBB. In addition,

Mathew et al.30 used confocal laser scanning microscopy to
confirm the uptake of NPs by neuronal cells.

On the basis of the results of the aforementioned study,

coating curcumin with PLGA to form NPs is a promising
approach for AD treatment. Curcumin exhibits relatively
strong antioxidant activity, which might be effective in alle-

viating oxidative and inflammatory stress in AD, as well as
decreasing amyloid plaques that are a major disease hall-
mark. However, release kinetics studies must be conducted to
determine the amount of drug that reaches the site of action,

and the encapsulation efficiency (EE%) calculation results
should be clearly stated, because this parameter is essential in
assessing the efficiency of drug delivery systems but was not

reported.30

Consequently, the presence of PLGA along with curcu-
min may maximize the anti-amyloid activity, thus further

decreasing the sizes of amyloid aggregates, through its ability
to interact with, and inhibit the aggregation of, Ab, while
protecting neurons against cell toxicity, thus suggesting a

high safety profile. Combining these properties in a single
formulation could potentiate the anti-amyloid effects and
enable high drug therapy efficiency.

Fucoxanthin loaded NPs

In the past decade, research has increasingly focused on

examining the potential of naturally existing compounds in
AD treatment, because of their high safety profile. Recently,
marine algae derived fucoxanthin, which is currently used as

a dietary supplement, has been studied to determine its anti-
AD effects in decreasing oxidative stress and inflammatory
reactions in the brain, and inhibiting Ab aggregation.

Notably, fucoxanthin has been reported to have a high safety
profile, on the basis of preclinical and small population
clinical studies. However, fucoxanthin’s low water solubility

and poor permeation of the BBB limit its use as an anti-AD
drug. Encapsulating fucoxanthin in a PLGA based NPs
might overcome these limitations and enhance its therapeutic
effects, by achieving drug delivery into the brain with higher

efficacy and bioavailability. In a study conducted by Yang
and coworkers, fucoxanthin was entrapped in PLGA NPs
with PEG conjugated to the surfaces of NPs, to form PEG-

PLGA-fucoxanthin (PEG-PLGA-fuc) NPs (Figure 4). The
purpose of PEG attachment was to enhance the surface
hydrophilicity, thereby increasing the circulation time and

the bioavailability of the loaded drug. These properties
may potentiate the efficacy of the drug to treat AD.

PEG-PLGA-fuc NPs were prepared with a solvent
evaporation method to produce spherical NPs (Figure 4)

with a uniform size of approximately 200 nm, which is
suitable for BBB penetration. The zeta potential was
measured, to determine the surface charge and stability of

the NPs. PEG-PLGA-fuc NPs exhibited a negative charge
of approximately �22.6 � 1.2 mV, thus supporting BBB
penetration32,33 and stable dispersion without aggregation.

The EE% of the drug in the NPs was 48.44%, thus
suggesting that a fair amount of drug was entrapped.33

Influence of PEG-PLGA-fuc NPs on AD33

1. Prolonged drug release

A sustained release profile was observed in testing of
fucoxanthin release from fabricated NPs. The release profile
indicated an initial burst release followed by sustained drug

release as a result of diffusion of fucoxanthin through the
swollen NPs. Approximately 62.84% of the release of fuco-
xanthin occurred after 130 h (Figure 5A). This mechanism
prolonged the presence of PEG-PLGA-fuc NPs in the

blood circulation, thus enabling a high amount of the drug to
penetrate the brain, and resulting in increased bioavailability
and decreased metabolism in vivo.

2. Inhibition of amyloid plaques

In vitro ThT assays were performed to determine the
ability of PEG-PLGA-fuc NPs to inhibit the formation of

Ab aggregates (Figure 5B). The human neuroblastoma cell
line SH-SY5Y with Ab oligomers was treated with PEG-
PLGA-fuc NPs, and a decrease in fluorescence level was

observed, indicating the prevention of Ab fibril formation,
given that ThT specifically binds Ab fibrils. Dot blot assays
were also conducted with Ab fibrils, to compare the effects of
treating the fibrils with PEG-PLGA-fuc NPs or free drug

solution. Greater inhibition of Ab aggregates (oligomers)
was observed after treatment of the cells with the fabricated
NPs than the free drug, thus suggesting potent anti-amyloid

activity (Figure 5C). Interestingly, SH-SY5Y neuronal cells
showed high viability and prevention of death of neuronal



Figure 4: Reused with a permission from Yang et al., 2021. Diagram of mechanisms underlying the anti-AD neuroprotective effects of

PLGA-PEG-Fuc nanoparticles.33
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cells in MTT assays, in contrast to untreated cells and cells
treated with free drug, thus indicating the protective effects
of the fabricated NPs against neurotoxicity (Figure 5D).

Moreover, flow cytometry testing was conducted with SH-
SY5Y neuronal cells, and the fluorescence intensity was
measured, to ensure efficient cellular uptake. An increase in

fluorescence intensity was observed, thus indicating high
cellular uptake of the fabricated NPs.

3. Alleviation of oxidative stress

Oxidative stress and inflammation strongly influence the
pathophysiology of AD, because of the production of reac-
tive oxygen species and stimulation of proinflammatory cy-

tokines, such as TNF-a and interlukin-1b (IL-1b), as a
consequence of Ab accumulation. Thus, testing the effects of
prepared NPs against oxidative stress and neuro-
inflammation is essential. Injected PEG-PLGA-fuc NPs were

speculated to prevent microglial cell stimulation in the mouse
brain, thus decreasing TNF and IL-1b levels in the hippo-
campus and the brain cortex.

Regarding oxidative stress, PEG-PLGA-fuc NPs were
tested to determine their ability to potentiate the effects of
the antioxidant enzymes, such as superoxide dismutase

(SOD) and catalase, in the brain. The activity of antioxidant
enzymes is inhibited by the presence of Ab oligomers in
mouse brains; however, the activity of these enzymes has
been found to be potentiated after treatment with PEG-

PLGA-fuc NPs. Furthermore, Yang et al.33 reported that
fucoxanthin inhibits the intracellular production of reactive
oxygen species, on the basis of studies using 20,70-
dichlorodihydrofluorescein staining to measure oxidative
stress, on the basis of fluorescence directly correlating with
the amount of reactive oxygen species.
Previous results have indicated that fucoxanthin has
potent antioxidant and anti-amyloid activities, and its
encapsulation in PLGA-PEG NPs facilitates its neuronal

uptake, and its neuroprotective, anti-neuroinflammatory,
and anti-amyloid effects. Therefore, this formulation pro-
vides a major advancement in anti-AD drug therapy. How-

ever, further in vivo studies must be conducted to validate the
described effects.

Chitosan-based NPs

Chitosan, a biodegradable and biocompatible polymer
derived from chitin deacetylation, is a natural mucopoly-

saccharide present in crustacean shells. The structure of
chitosan comprises two copolymers: glucosamine and N-
acetylglucosamine. Because chitosan is a biodegradable
polymer, it is broken down by lysozyme in the body, thus

producing safe and nonimmunogenic byproducts.34

Interestingly, chitosan is an attractive polymer for
encapsulating anti-AD drugs to form NPs. Its mucoadhesive

properties provide advantages in nasal drug delivery to the
brain, thus enabling bypassing of the BBB and enhancing the
bioavailability of orally administered drugs. Notably, chi-

tosan bears a positive charge that leads to opening of tight
junctions in the brain, thereby allowing the encapsulated
drug to enter the CNS and contributing to mucoadhesive
properties by facilitating binding to anionic groups present in

the mucus membrane.17 The mechanism of mucus membrane
binding involves absorption of water from the surrounding
environment, thus causing swelling of the polymer and

formation of a gel-like structure. This mechanism prolongs
the residence time of NPs in the nasal cavity and limits
mucociliary clearance, and consequently promotes absorp-

tion of the drug.35 Intranasal administration is a noninvasive



Figure 5: Adapted with permission from Yang et al., 2021. A collection of assay techniques used and resultant data.33
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drug delivery route to the CNS that provides several
advantages including bypassing the BBB; avoiding first
pass metabolism by transporting the drug through the

olfactory nerve; and achieving high drug concentrations in
the cerebrospinal fluid. These attractive features are
associated with the rich blood supply in the nasal cavity

and a large surface area promoting rapid drug absorption
and enabling direct brain access within minutes.36

In contrast, chitosan has poor water solubility and its

soluble only under acidic pH. The nasal mucosa has a pH
range of 5.5e6.5, thus providing a suitable environment for
drug delivery systems containing chitosan. This route of
administration is preferred, because it does not require any
modification of the polymer, and it enables direct transport

to the brain 37. Therefore, chitosan is a promising candidate
for intranasal administration, because of its attractive
characteristics that may optimize drug delivery.

A recent study has used a strategy of encapsulating orally
administered rivastigmine into chitosan NPs. Rivastigmine is
an acetylcholinesterase (AChE) inhibitor widely used in AD

management. This drug enhances the cholinergic functions
affected by the degeneration of cholinergic neurons; its
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mechanism involves increasing levels of acetylcholine by hin-
dering its hydrolysis; consequently, cognitive function is

improved.38 The administration of rivastigmine requires
frequent dosing, because its high hydrophilicity restricts
entry to the brain. However, frequent administration of

rivastigmine can cause severe cholinergic adverse effects.
Thus, the encapsulation of rivastigmine enhances its delivery
to the target site through the nose to brain approach, and

also aids in decreasing systemic adverse effects (Figure 6).39

Fazil et al.39 prepared rivastigmine loaded chitosan NPs
through the ionic gelation method in the presence of sodium
tripolyphosphate, a crosslinking agent that interacts with

chitosan electrostatically and promotes NP formation.
The optimum NPs had a particle size of 185.4 � 8.4 nm
and a zeta potential of 38.40 � 2.85 mV, thus indicating a

stabilized nanosuspension with positively charged NP
surfaces that cause electrostatic repulsion between
particles and prevent their aggregation. Fazil et al.39

attributed the positive charge of the NPs to the residual
amino groups of chitosan that were not neutralized by the
negatively charged sodium tripolyphosphate. TEM images
revealed smooth, spherical, and unaggregated NPs,

thereby confirming the stability of system. A high EE%
of the optimum NPs (85.3%) was observed, thus
suggesting high drug entrapment efficiency.39

Influence of proposed NPs on AD39

1. Sustained drug release

A sustained release profile was observed when the pre-
pared NPs were subjected to an in vitro release study. The

release mechanism showed an initial rapid release of the drug
in the first hour and a subsequent slow release over a 24 h
period, in which 89.27% of rivastigmine was released. The

sustained release profile correlated with the release of the
drug from the core of the NP, whereas the initial rapid release
was due to the release of rivastigmine from the surfaces of the

NPs (Figure 7A).
Figure 6: Reproduced from Manek et al., 2020. The in
2. Drug permeability through the nasal mucosa

In vitro permeability tests were conducted to assess the
ability of the formulation to penetrate the nasal mucosa and
reach the brain. The results indicated greater drug perme-
ation with the fabricated NPs than the free drug (70.1% vs

20.3% of the drug permeating the nasal mucosa in a 24 h
period). This enhanced drug permeation was associated with
chitosan’s ability to interact with the negatively charged cell

membranes of the mucosa, thus opening the tight junctions
between cells.

3. Drug concentrations in the brain

In vivo studies are essential to investigate the brain tar-
geting ability of prepared NPs and the drug concentrations in
the brain. On the basis of the concentrationetime curves

after administration of the free drug or the prepared NPs by
intravenous and intranasal routes, the rivastigmine concen-
tration in the brain was elevated after intranasal adminis-
tration of rivastigmine loaded chitosan NPs, compared with

intravenous or intranasal administration of free drug, in
Wistar rats (Figure 7B i). Consequently, the plasma
concentration of the prepared NPs was lower after

intranasal administration than intravenous administration
of the free drug (Figure 7B ii). Fazil et al.39 also calculated
the braineblood ratio of each formulation (free drug solu-

tion and rivastigmine loaded chitosan NPs) with both
administration routes. The prepared NPs administered
intranasally achieved the highest braineblood ratio, of
1.712. In contrast, the lowest braineblood ratio, 0.235, was

observed after intravenous administration of rivastigmine.
However, when rivastigmine solution was administered
intranasally, a higher value was obtained, at 0.790.

These results indicate enhanced drug uptake in the brain
through direct nose to brain delivery bypassing the BBB, thus
providing a major advantage in enhancing drug bioavail-

ability. The results have been attributed to the mucoadhesive
property of chitosan limiting rapid mucociliary clearance in
fluence of chitosan loaded NPs in AD treatment.34



Figure 7: Reproduced from Fazil et al., 2012. Rivastigmine (RHT) release from chitosan nanoparticles in vitro (A) and in vivo

bioavailability of RHT (B).39
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the nose, thereby enabling higher drug concentrations to reach

the target site.

Polyester based NPs

Block copolymers are defined as various repeating units of
a polymer segment arranged in a distinctive manner that
alters the physicochemical properties of the polymer. This
composition offers several benefits over conventional poly-

mers, such as amphiphilicity; water solubility; prolonged
stability of sensitive drugs; and, most importantly, enhanced
release kinetics of encapsulated drugs, thus providing a

sustained release profile that can be maintained over several
weeks. Moreover, the use of suitable block copolymers en-
ables encapsulation of both hydrophilic and hydrophobic

drugs. Block copolymers result in small particle sizes (below
150 nm) that increase the surface area of the resultant NPs
and improve the EE%.40 Further decreases in particle size

facilitate drug delivery to the brain, through more efficient
BBB permeation of NPs, thus increasing the drug’s ability
to reach the brain and promoting effective drug delivery.41

One frequently used block copolymer is PEG-

polycaprolactone (PEG-PCL). PCL, a hydrophobic poly-
mer composed of polar ester groups and methylene groups, is
effective in encapsulating hydrophobic drugs. PCL is known

for its slow metabolism in the body, thus providing sustained
drug release. However, PEG is hydrophilic and, when
incorporated into NPs, it decreases immunogenicity by hin-

dering phagocytosis. Conjugation of both polymers yields a
block copolymer with enhanced biodegradability and circu-
lation time.42
Sarathlal et al.43 have investigated the effects of

entrapping a peroxisome proliferator-activated receptor
(PPAR) agonist with insulin sensitizing effects such as rosi-
glitazone in methylated PEG-PCL (m-PEG-PCL) NPs. The
authors have suggested that the addition of stabilizing agents

such as poloxamer to the NPs, an amphiphilic triblock
copolymer, enhances NP permeability in the brain by
inhibiting p-glycoprotein efflux in the BBB. This study is

notable for encapsulating an antidiabetic drug to treat AD.
Over the past decade, several studies have reported associa-
tions between AD and disrupted glucose metabolism and

insulin signaling in the brain mimicking that in type 2 dia-
betes mellitus.43

Moreover, insulin receptors are present in regions in the

brain that affect memory generation, and decrease free fatty
acid release from adipose tissue through lipase inhibition.
However, under pathological conditions affecting insulin
receptors, the levels of free fatty acids are elevated, thus

hindering the insulin degrading enzyme that is crucial for the
clearance and degradation of Ab peptides. In addition,
elevated free fatty acids trigger the accumulation of amyloid

and tau fibrils. Notably, because PPAR plays a role in
maintaining insulin sensitivity, PPAR agonists might have
strong prospects for treating AD. Studies have confirmed

that PPAR agonists, such as rosiglitazone, alleviate oxidative
stress in the brain, and decrease neuroinflammation through
increasing glucose levels and lipid metabolism. However,

rosiglitazone has poor brain permeability and causes severe
adverse effects, such as cardiac toxicity. Thus, the encapsu-
lation of rosiglitazone into polymeric NPs might alleviate the
adverse effects of the drug and potentiate its therapeutic



Figure 8: Collection of results revealing the effects of rosiglitazone loaded poloxamer stabilized m-PEG-PCL NPs, based on the data

from.43
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effects by enhancing brain permeation.43 Sarathlal et al.43

have prepared rosiglitazone loaded m-PEG-PCL NPs

decorated with poloxamer, by using the double emulsion
solvent evaporation method. The resultant particle size of
124.6 � 12 nm was considered optimal for the drug to

reach the target site; the zeta potential of �17.5 � 5.54 mV
suggested the stability of the system; and the EE% was
high, reaching 70.65%. The potential for AD treatment
was assessed in several experimental assays evaluating the

neuroprotective and anti-AD effects of the fabricated NPs.43

Evaluation of the activity of fabricated NPs against AD43

1. Effects of nano-formulations on oxidative stress
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Assessing the effects of nano-formulations on the antiox-
idant enzymes in the brain is essential for determining the

therapeutic efficacy of a drug. Sarathlal et al.43 compared the
effects of the free drug and the nano-formulation on SODand
glutathione. Increasing the dose of the free drug increased the

levels of SOD and glutathione, thus confirming its antioxi-
dant effect. However, the nano-formulation further increased
the levels of SODandglutathione beyond those observedwith

the free drug at the same concentration (5 mg/kg)
(Figure 8 A). Thus, the nano-formulation provides greater
neuroprotective effects at lower doses than the free drug.

2. Effects of rosiglitazone on AChE

A quantitative assay of AChE in mouse brains was con-
ducted to determine the effect of the drug on this enzyme.
AChE decreased after administration of the free drug at high

doses (10 and 20 mg/kg). However, a significant decrease in
enzymatic activity was observed after treatment of mouse
cells with NPs at lower doses (5 mg/kg) (Figure 8B).

3. Evaluation of the neuroinflammatory effects of prepared
NPs

Measuring inflammatory markers such as TNF-a and IL-

6 in the brain is essential to confirm the neuroprotective ef-
fects of a proposed drug and prepared NPs. After treatment
with free drug at high concentrations (10 and 20 mg/kg), the
levels of TNF-a and IL-6 markedly decreased However,

fabricated NPs administered at a dose of 5 mg/kg markedly
decreased the cytokines, to levels similar to those observed
after treatment with free drug at 10 mg/kg (Figure 8C), thus

indicating potent anti-inflammatory effects.

4. Cell viability assays

On the basis of MTT assays, increasing the drug con-

centration decreases cell viability. Therefore, the safety of
rosiglitazone on neuronal cells is questionable, and further
cytotoxic studies with the prepared NPs and free drug solu-

tion should be conducted to evaluate whether the prepared
NPs, as compared with the free drug, increase cell viability.

5. Histopathological analysis

Histopathological analyses of mouse hippocampus have

been performed to determine the effects of rosiglitazone
loaded m-PEG-PCL NPs on neurons. The diseased cells
before treatment with the prepared NPs showed low neuron

density, and appeared sickle shaped and shrunken. Admin-
istration of the free drug at a dose of 5 mg/kg did not prevent
cell loss, whereas, at higher concentrations, rosiglitazone

successfully decreased neuronal cell loss. In contrast, at dose
of 5 mg/kg, the prepared NPs, compared with the free drug,
enhanced the neuronal cell density, and healthy cells were

observed with spherical nuclei and clear cytoplasm.

6. Effects of prepared NPs on messenger ribonucleic acid
expression levels

Sarathlal et al.43 measured the expression levels of various
genes and growth factors, including nerve growth factor
(NGF) and PPAR, involved in cognitive functions such as
memory formation. Increased messenger ribonucleic acid
(mRNA) expression was observed after treatment with

both the synthesized NPs and the free drug, in a dose
dependent manner. Interestingly, lower doses of the nano-
formulation than the free drug were required for gene

upregulation. This crucial finding suggests improved cogni-
tive function and neuroprotective effects associated with the
proposed formulation (Figure 8D).

Generally, the above results confirmed that embedding
the antidiabetic agent rosiglitazone into poloxamer stabilized
m-PEG-PCL NPs decreases the dose required to exert the
therapeutic effects mediated by PPAR activation. The

formulation induced neuroprotective action through allevi-
ating oxidative stress, and decreasing neuroinflammation by
increasing antioxidant enzyme activity in the brain. In

addition, the decrease in AChE activity was notable, because
acetylcholine plays a key role in cognitive function.
Furthermore, upregulating the levels of genes such as PPAR

potentiated the neuroprotective effects of the drug. However,
further experiments regarding cellular uptake and the clear-
ance Ab in the brain should be conducted to confirm the
crossing of the BBB. Release kinetics and cytotoxicity assays

should also be examined with the prepared NPs and the free
drug to confirm safety in cells.

The above studies have demonstrated that polymeric NPs

are strong candidates for treating AD. Such strategies should
be considered in further studies, and the ideal NPs should be
subjected to clinical trials.

Each study (Table 1) illustrated how the prepared
formulation alleviated the hallmarks of AD, through a
series of experiments demonstrating the hypothesis that the

authors suggested. Size is an important factor in
formulating NPs, because it controls drug passage across
the BBB, a barrier limiting the entry of large molecules.
Thus, smaller NP size is associated with better access to the

brain. For instance, the native PLGA NPs and
rosiglitazone loaded m-PEG-PCL NPs had the smallest
size of therapeutics among studies (Table 1) and therefore

would facilitate BBB crossing. Improvement of drug
bioavailability is a critical feature of drug entrapment in
NPs. A prior study has shown that fucoxanthin has poor

water solubility and weak penetration of the BBB, whereas
loading the drug in polymeric NPs increases its
bioavailability and therapeutic efficacy by enhancing its

delivery to site of action; however its encapsulation into
NPs remains low (less than 50%). Additionally, the
intranasal approach is a critical route of administration
that should be considered, because it directly transports

the drug to the brain. Fazil et al.39 have demonstrated
the effects of rivastigmine loaded chitosan NPs in
brain targeting after intranasal administration. The

mucoadhesive properties of chitosan facilitate nose to brain
delivery, and its cationic charge opens the tight junctions in
the brain and thereby promotes drug delivery.

Consequently, higher drug concentrations have been
observed in the brain than the plasma. In addition, the
highest drug release was observed when the drug was
encapsulated in chitosan, on the basis of higher EE%

(Table 1) than reported in the other studies described
herein. Furthermore, drug repurposing is a novel approach
used to develop promising treatments for various diseases.

This strategy has been applied by Sarathlal et al.43 for AD
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treatment with rosiglitazone embedded in poloxamer
stabilized m-PEG-PCL NPs. That study revealed the

positive effects of the fabricated NPs on the examined cell
lines, thus demonstrating the utility of this approach.

Future perspectives

As presented above, research is now being directed to-
ward formulating ideal NPs for delivering anti-AD drugs

with the highest possible efficiency. A recent study has sug-
gested combining the benefits of two various polymers in a
single NPs. In that study,44 PLGA was selected for its

biocompatibility, ease of surface modification, and, more
importantly, its anti-amyloid activity. Additionally, chito-
san was used to decorate this nano-system, because of its

mucoadhesive property and charge characteristics that
facilitate nose to brain delivery of the encapsulated drug
while bypassing the BBB. This approach achieved successful

permeation of the nasal mucosa, thus suggesting a high dis-
tribution of the prepared NPs to the brain. In addition, the
results revealed high uptake by target cells of the proposed
NPs compared with PLGA loaded NPs.44 Therefore, on the

basis of the experimental results, combining PLGA and
chitosan provides a favorable drug carrier with optimal
characteristics for intranasal delivery. Encapsulating

aducanumab in polymeric NPs composed of PLGA and
chitosan decorated with Ab binding peptidesdsuch as
KLVFF peptide, which acts as an Ab targeting

liganddhas been hypothesized to enable site-specific bind-
ing of Ab aggregates45 while limiting drug exposure at other
sites of the brain. Hence, this treatment could potentially
decrease the aforementioned adverse effects of the mAb,

and increase the drug concentration delivered to the brain
through intranasal administration. However, several
characterization tests should be conducted to support this

hypothesis.

Conclusion

Polymeric NPs exhibit a range of beneficial features that
enhance the therapeutic action of embedded drugs and serve
as promising candidates to treat the debilitating patho-
physiology of AD. Several studies have demonstrated the

efficacy of using a wide range of polymers to formulate stable
and effective NPs to decrease AD predisposing factors, such
as by alleviating amyloid plaques, oxidative stress, and

neuroinflammation, as well as providing neuroprotection to
ensure the safety of the prepared formulation for target cells.
Bypassing the BBB is an essential feature for successful

drug delivery enabled by polymeric NPs. For instance,
rivastigmine’s bioavailability is enhanced by its entrapment
in chitosan NPs. The formulation was given intranasally to

improve BBB crossing, thus increasing the drug concentra-
tions in the brain, given the attractive physicochemical
properties of chitosan. This route of administration is
currently receiving attention from researchers for its ease of

administration and substantial increase in drug bioavail-
ability. Additionally, the safety profile of administered drugs
is a crucial aspect of concern for researchers, given that the

main goal of treating AD is to provide safe and effective
therapy. Therefore, research in the past decade has focused
on exploring the potential effects of herbal and natural active
ingredients as anti-AD drugs. The tested therapeutic agents

include fucoxanthin and curcumin, both of which have high
safety profiles. When encapsulated in PLGA based NPs,
both drugs exhibit potent antioxidant effects, along with an

anti-amyloid action (exhibited by curcumin) and neuro-
protective action (attained by fucoxanthin); consequently,
they have potential as promising anti-AD agents. Notably,

native PLGA NPs are strong candidates for anti-amyloid
agents that, when encapsulated with drugs such as curcu-
min, may have synergistic effects and maximal anti-amyloid
action.

Furthermore, recent studies have shown that incorpora-
tion of anti-diabetic drugs such as rosiglitazone may aid in
treating AD. AD is associated with impaired insulin

signaling and glucose metabolism. Loading rosiglitazone in
m-PEG-PCL NPs has been found to decrease AChE enzyme
activity and to increase the mRNA expression of various

growth factors, thus enhancing cognitive function.
Finally, treating AD is an ongoing challenge faced by

researchers throughout the past decade. However, extensive
efforts have led to several nanotechnological approaches that

may enhance site specific drug delivery, and achieve high
bioavailability and efficacy.
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