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ARTICLE INFO ABSTRACT

Alzheimer’s disease (AD) is an irreversible and progressive neurodegenerative disorder manifested by memory
loss and cognitive impairment. Deposition of the amyloid 3 plaques has been identified as the most common AD
pathology; however, the excessive accumulation of phosphorylated or total tau proteins, reactive oxygen species,
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Amyl‘l)ii [i and higher acetylcholinesterase activity are also strongly associated with Alzheimer’s dementia. Several ther-
Qz)esty chotine apeutic approaches targeting these pathogenic mechanisms have failed in clinical or preclinical trials, partly due

to the limited bioavailability, poor cell, and blood-brain barrier penetration, and low drug half-life of current
regimens. The nanoparticles (NPs)-mediated drug delivery systems improve drug solubility and bioavailability,
thus renders as superior alternatives. Moreover, NPs-mediated approaches facilitate multiple drug loading and
targeted drug delivery, thereby increasing drug efficacy. However, certain NPs can cause acute toxicity dama-
ging cellular and tissue architecture, therefore, NP material should be carefully selected. In this review, we
summarize the recent NPs-mediated studies that exploit various pathologic mechanisms of AD by labeling,
identifying, and treating the affected brain pathologies. The disadvantages of the select NP-based deliveries and

Tau protein

the future aspects will also be discussed.

1. Introduction

Alzheimer's disease (AD) is an irreversible neurodegenerative dis-
order of the elderly characterized by progressive intellectual dete-
rioration involving memory, language, and judgment, ultimately
leading to total dependence on nursing care. More than 100 million
people worldwide will be living with dementia by 2050 [1], with an
estimated cost to reach 1 trillion by next year [2]. AD is the leading
cause of dementia, and the possibility of developing AD roughly dou-
bles every five years after 65, and it is close to 50% over the age of 85
[3,4]. The major hallmark features of AD include the extracellular de-
position of beta-amyloid (Ap) plaques, the intraneuronal accumulation
of neurofibrillary tangles (NFT) due to hyperphosphorylated tau, loss of
synapses and neurons, vascular abnormalities, glial dysfunctions and
neuroinflammation [5-8]. Although plaques and tangles are the major
constituents in AD, there is no compelling evidence that the neurode-
generative process in AD begins in synapses. For example, the extent of
synaptic loss, which begins prior to the appearance of tangles, plaques,
or neuronal loss is an excellent correlate of dementia [9-11]. While the
mechanism of neuropathology and the genetic basis of familial cases of
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AD (FAD) have been fairly understood, the molecular basis for sporadic
cases of late-onset-AD (LOAD) which comprises the majority cases of
AD is far from clear. Inheritance of two apolipoprotein E (APOE) &4
alleles (APOE &4/¢4) is the single most significant genetic risk factor for
the development of LOAD [12], and sixty percent of all AD patients
carry at least one APOE ¢4 allele [13]. More recent studies have iden-
tified a large number of other genetic risk alleles [14-16], implying that
AD is a complex and highly heterogeneous disease.

Amyloid plaques are parenchymal deposits of AB, a fibrillous 4-kDa
protein of 40 to 43 amino acids derived from amyloid precursor protein
(APP) by the sequential actions of (3- and y-secretases at the N- and C-
terminus of the A domain, respectively [17]. FAD mutations are
known to increase the generation of A} or produce more aggregation-
prone AP. The oligomerization of excess A} leads to the plaque for-
mation that causes neuronal cell death via intracellular neurofibrillary
tangle formation and synaptic dysfunction leading to the loss of cog-
nitive functions [5-11].

The abnormal hyperphosphorylation of a microtubule-associated
tau protein (P-tau) has also been implicated in the AD pathogenesis.
The P-tau proteins produce neurofibrillary tangles, neuropil threads,
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and neurotic plaques, which are surrounded by dystrophic neurites,
that lead to AD development [18]. The elevated levels of both AB-42
and P-tau proteins in cerebrospinal fluid (CSF) are two excellent bio-
markers that distinguish AD from other neurodegenerative diseases.
Tau protein is phosphorylated either at threonine 231 (P-tau,sip) or
serine 199 (P-tau;gop), with P-tau,3ip being the dominant form asso-
ciated with the higher risk of Alzheimer’s dementia [19].

Acetylcholine (ACh) is an essential neurotransmitter in the central
and peripheral nervous systems. The elevated levels of acet-
ylcholinesterase (AChE) reduce the ACh concentration and contribute
to AD. There are several regions in the brain, including basal forebrain,
where the cholinergic neurons are innervated [20]. The loss or de-
generation of the cholinergic neurons in the basal forebrain, strongly
intercorrelate with AB deposition and plaque formation, at the early
stages of AD. The upregulation of AChE in mild AD condition does not
affect the cholinergic forebrain neurons, but the loss of calcium-binding
proteins (calbindin) in basal cholinergic forebrain induces the forma-
tion of tangles and severe functional alterations in cholinergic neurons.
The severe functional impairment in the cholinergic neuronal axon
reduces the neurotransmitter ACh and its biosynthetic enzyme choline
acetyltransferase or ChAT [21]. There is a strong correlation between
the AChE levels and the amyloid tangle formation. Therefore, blocking
AChE activity has been proposed as one of the strategies to treat the
cognitive impairment of AD patients.

The neurotoxic accumulation of reactive oxygen species (ROS) has
also been identified as a possible pathogenic mechanism for AD de-
velopment. ROS, such as hydrogen peroxide, superoxide anions, and
hydroxyl radicals, cause mitochondrial dysfunction, and cell death
[22-24]. The brain consumes 20% more oxygen than any other tissue,
which makes it more susceptible to the potential damage by ROS. The
APP is expressed in higher quantities when the brain attempts to repair
the oxidative damage caused by ROS, which in the case of AD, leads to
the production and accumulation of AP plaques [25-27]. This leads to a
higher production of superoxide anions, which diminishes the oxidative
phosphorylation and the cellular ATP pool causing mitochondrial dys-
function and further development and severity of AD.

Numerous treatment modalities and therapeutics have been devel-
oped to target the above-described AD pathologies, i.e., AR aggregation,
P-tau protein, ROS, and AChE inhibitions [28,29]. Recent studies have
proposed the utility of tacrine, estradiol, curcumin, and peptides, in-
cluding D-peptide in AD treatment [30-33]. However, the above po-
tential therapeutics have been limited due to the poor permeability of
the blood-brain barrier (BBB) and side effects of subacute myelopathic
neuropathy (SMON) [22,34]. Nano-delivery is a superior alternative
due to the site-specific delivery, ability to cross the BBB, enhanced drug
solubility, and higher therapeutic efficacy. Nanoparticles (NPs) used for
drug encapsulation, which increases the drug half-life and sustained-
release while extending further bioavailability in the brain [35,36]. The
capacity of multiple drug loading onto NPs also improves the ther-
apeutic efficacy. Furthermore, the ability to tag a site-specific ligand
enhances the accumulation of drugs at the specific tissue region and the
drugs’ ability to cross the BBB [37-39]. NPs thus play a significant role
in providing better treatment options for AD, and this review discusses
the different types of NPs which have been exploited to develop the AD
treatments in the field of targeted drug delivery.

2. Nanoparticles

NPs are materials that lay on the 1-100 nm scale. The numerous
organic and inorganic materials can be used to synthesize NPs. NPs are
popular as nanocarriers, mainly due to their characteristics such as high
water dispersity, biocompatibility, and biodegradability [40-42]. Most
of the drugs that target AD have low bioavailability and lack of ability
to cross BBB. Therefore, NPs are mostly the best candidates to deliver
drugs to the brain that can improve the drugs’ bioavailability and half-
life even at a lower concentration. NPs also enhance the efficacy of
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therapeutics by increasing the target specificity, via reducing the acute
toxicity [43-45]. There are varieties of nanoparticles that have been
used in AD studies. The most popular nano-agents are liposomal and
polymeric NPs, while metallic, carbon-based, and curcumin NPs have
also been studied. Therefore, this review article focuses on NPs’ parti-
cipation in different pathogenesis of AD (Table 1).

2.1. Liposomal NPs

Liposomal NPs were introduced in 1965, which was the first NP
used as a nano-drug carrier. Liposomes are spherical-shaped vesicles
which have an aqueous inner core and vesicle shell. They consist of the
single or bilayered lipid membrane structure [46,47]. The amphiphili-
city of the phospholipid molecules in lipid vesicles make liposomes
amphiphilic. The impressing fact is, not all the lipid or phospholipid
combinations in the nanoscale make liposomes. Some nano-scale
phospholipids combinations have different shapes, such as hexagonal,
micellar, or cubic phases, making them deviate from the liposomal
characteristics, wherein only the vesicle spheres have the liposomal NPs
features [48]. Liposomes are highly biodegradable, non-toxic, and non-
immunogenic [47,49]. The size distribution of liposomal NPs is broad
as 10 nm — 10 um. Liposomal NPs can encapsulate hydrophilic agents in
their hydrophilic cores and hydrophobic agents in their hydrophobic
membranes. The versatile structure of liposomal NPs makes them easy
to load probes and therapeutic agents, which also facilitate BBB pene-
tration. Liposomal NPs can be synthesized by using many different
natural sources such as milk, soy, eggs, and even the very first natural
food, breast milk [50-52]. These natural sources are enriched with
phospholipids and lipid vesicles, which provide liver protection and
memory improvement as health welfares to liposomal NPs [53-55].
Therefore, liposomal NPs are one of the best candidates to be used in
AD drug delivery systems.

Due to the broadness of AD, liposomes have been applied to target
numerous AD pathogenesis. Masserini and co-workers have designed
amphipathic liposomal NPs, to target the gangliosides of the
Alzheimer’s brain while showed a higher affinity to AB;.42 peptide and
lysosomes [56-58]. Liposomal NPs were made up of a 1:1 molar ratio of
sphingomyelin (Sm) and cholesterol mixed with and without 5 or 20%
of one of the following lipids; gangliosides, Sm, 1-palmitoyl-oleoyl-
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphati-
dylglycerol (PG), dimyristoylphosphatidic acid (PA), or cholesterol li-
pids (CL). The particle sizes of all the combination types of liposomes
were approximately 144 —178 nm and the zeta potentials were —11 to
—50 mV. The excellent stability of liposomal NPs and the consistency
of their size over time up to 48 h were confirmed by dynamic light
scattering (DLS). The binding of liposomes to commercially or lab
synthesized Af;4» was investigated by surface plasmon resonance
(SPR). Even though the SPR results suggested that the PA, CL, and
ganglioside liposomes showed the best affinity towards AP 45, the re-
sults have not been further proved by in vivo or in vitro studies [56].
Authors have also confirmed the cell-permeability of their large size
liposomal NPs by using those as bio-imaging probes that are conjugated
with cell-permeant dye calcein. The conjugated system displayed green
fluorescence due to the acetoxymethyl ester hydrolysis after the inter-
action with intracellular esterases, which proved the successful cell
membrane penetration of the liposomal conjugated system [56].
However, the authors suggested that their results are open to the public
to develop better nanocarrier for imaging and drug delivery in AD
studies. Therefore, based on the above research, Balducci et al. designed
a receptor-mediated liposomal model of bifunctionalized liposome,
mApoE-PA-Lip, by using mApoE peptide (which derived from apoli-
poprotein-E) and phosphatidic acid (PA) [59]. The mApoE peptide is
the BBB binding ligand, and phosphatidic acid directs the NP system to
A binding domain. The overall particle size after the conjugation was
approximately 120 nm and the zeta potential was -18.7 mV. The in vitro
studies were conducted with synthetic AB; 4, fibrils in phosphate buffer
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solution. The electron microscopic images have shown the ability of
liposome conjugate to disaggregate and delay the formation of Af de-
posits. The in vivo studies were performed by 10 months old APP/pre-
senilin 1 transgenic mice (Fig. 1). The mice were injected with mApoE-
PA-LIP for three times (once a week) before the histological analysis.
The results have displayed, the reduction of brain soluble Af; 45 by
33% and the total plaques by 34%. The PET imaging studies conducted
with APP23 mice have revealed the depletion of A deposits after the
treatments of bifunctionalized liposomes, mApoE-PA-LIP. Therefore,
the authors concluded saying the mApoE-PA-LIP showed the superiority
by crossing BBB, interacting with the AD brain region, and diminishing
the AR aggregates. The depletion of AP was stable for more than 3
months of period (Fig. 2).

Due to the successfulness of the mApoE-PA-LIP conjugates, it has
been repeatedly used in AD studies in recent years. The peripheral sink
effect and withdrawal of A peptide from different aggregation forms of
the brain have been studied by Mancini et al. in 2016 by using a
transwell cellular model of the BBB for in vitro study and APP/PS1 mice
for in vivo study [60]. Mancini et al. used the same liposome conjuga-
tion (mApoE-PA-LIP), as Balducci et al. studied [59,60]. The mApoE-
PA-LIP that synthesized by Mancini et al. was approximately 140 nm in
size and has —18.32 mV of zeta potential [60]. The principal goal of
their study is to identify the type of AP that capable of crossing the
endothelial cells in the transwell BBB model to be in the equilibrium of
the brain and blood side. Their control experiment stated that only the
small soluble AP oligomers spontaneously crossed the endothelial
monolayer, but not the AP fibrils. In the presence of liposomal con-
jugation of mApoE-PA-LIP, the concentration of AP oligomers was en-
hanced 5-fold in the apical compartment (which mimics the blood side)
in the transwell model compared to the basolateral compartment
(which mimics the brain side). Authors verified the higher permeability
of Af oligomers into the blood is due to the higher binding affinity of
Ap oligomers with mApoE-PA-LIP. However, the authors are not cap-
able of ascertaining the permeability of A fibrils from the brain side to
the blood side by their transwell model.

In addition to PA and apolipoprotein-E peptides, AP} targeting
fluorescent lipid, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy-XO4-(polyethylene glycol-3400)] sodium salt (DSPE-
PEG3400.X04) conjugated stealth liposomes were synthesized by
Tanifum et al. in another liposomal A( targeting study [61]. The
symmetrically shaped methoxy XO4 group in the lipid conjugation
works as the binding ligand to A} moiety and the fluorescent marker
(Fig. 3). Tanifum et al. tested the binding ability of lipid conjugated
liposomes with synthetic Af fibrils and then the selectivity of finding
the AP deposits by the conjugated system in AD transgenic mouse brain
tissues [61]. A} deposits have many binding sites that can be targeted
by structurally different small-molecule ligands [62]. Congo red,
Chrysamine G (CG), Thioflavin T, and their derivatives are the most
common dyes used to identify the amyloid binding pockets. Therefore,
based on the above fact, Tanifum et al. stated both DSPE-PEG-X04 (NPs
bound X04) and free XO4 bind to the same binding pocket as where CG
binds. Also, the authors further confirmed that the NPs bound XO4
showed a longer retention time in the brain compared to free XO4 [61].
The ex vivo studies have been conducted by an intravenous tail injection
to 12-month-old APP/PSENI1 transgenic mice. After 72h, mice were
sacrificed, and their brain sections were analyzed by confocal micro-
scopy. Rhodamine was encapsulated into liposomes to screen the
amyloid plaques and confirmed the intact of liposomal structure. Even
though this study does not mention the particle size of DSPE-PEG-X04,
all the in vitro immunohistochemistry, in vivo, and ex vivo studies con-
firmed the ability of the liposomal NPs to cross the BBB and bind AP
plaques. However, later, in 2016, Tanifum et al. conversely reported
that methoxy-XO4 liposomes were hydrophobic, which also interfere
with the lipid bilayer formulation [63]. Thus, XO4-targeted liposomes
were mostly unstable in magnetic resonance imaging (MRI) when Gd
chelates interact with XO4 bound liposomal systems. Therefore, even
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Fig. 1. The PET images of the AP, 4> plaques in APP/PS1 transgenic (Tg) mice. A) Cortical and hippocampal brain sections of mice treated with PBS B) Cortical and
hippocampal brain sections treated with mApoE-PA-LIP. Figure reproduced from Ref. [59] with permissions from the publishers.
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though the methoxy-XO4 capable of penetrating BBB, it is failed in the
MRI process. The authors suggested this instability might be due to the
osmotic gradient that occurred by the high internal concentration of Gd
chelates. Therefore, they have further modified the methoxy-X04 to
synthesize less hydrophobic analogs such as ET6-21. The new candi-
date, ET6-21, has shown the capability of successful Gd encapsulation
into liposomal NPs core while maintaining the stable hyper-relaxive
surface of Gd chelates in the lipid bilayer that facilitates the MRI.
Zheng et al. introduced H102 (HKQLPFFEED) peptide-loaded lipo-
somes to deliver drugs for the AD treatments [64]. The mean particle
size of the peptide loaded-liposomes was 112.2 nm with a narrow dis-
tribution range. The zeta potential was -2.96 mV, and the peptide
loading ability on liposomes was 71.35%. The secondary structure
formation of the peptide was analyzed by circular dichroism (CD)
concerning free H102. The a-helix and B-sheet formation of the free
H102 peptide was 15.46 and 9.16%, respectively, while the liposome
bound-H102 peptide displayed 8.15 and 14.08%, respectively. The
authors suggested the creation of B-sheets in the conjugated model
leads to confine the peptide into a small volume that increases cell
penetration. The in vitro studies have been performed with human
bronchial epithelium cell lines of calu-3. The calu-3 cell lines were used
as the nasal platform to investigate the nasal membrane penetration of
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Fig. 2. The PET images of the AP plaque de-
pletion in APP23 Tg and WT mice, after the
treatments with bifunctinalized, mApoE-PA-
LIP compared to non-treated Tg mice. The
cortical sections’ AP binding pockets were
stained by Thioflavin-S (ThS) or 6E10 anti-Af-
antibody (6E10). Scale bar represents 200 pm.
Figure adapted from Ref. [59] with permis-
sions from the publishers.

the liposome-peptide conjugate. H102 conjugated liposomal NPs have
crossed the calu-3 cell monolayer by mimicking the efficiency of nasal
membrane penetration. Authors stated that the liposome bound H102
showed lower absorption rate and longer retention time compared to
free H102, suggesting liposome bound H102 as a superior candidate to
deliver drugs. The brain uptake study further proved that no drug was
found in the brain after the intravenous administration of the liposome
bound H102, verifying the incapability of BBB penetration. The in-
tranasal administration has shown a better absorption in the brains’
olfactory bulb region, proving the intranasal administration is the best
method to deliver drugs with H102 bound liposomes. Moreover, the
authors reported that the liposomal bound H102 and free H102 could
protect the central cholinergic neurons, by reducing the AchE levels and
enhancing the ChAT to upregulate the ACh secretion to diminish the
cognitive impairment.

2.2. Polymeric NPs

Polymeric NPs fall into two categories, such as natural and synthetic
NPs. Chitosan and cellulose-based polymeric NPs are the natural for-
mers, while synthetic polymeric NPs are usually made up of binding
copolymers into another polymer matrix [65]. Chemical synthesis of
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Fig. 3. Lipid conjugated stealth liposome. Figure reproduced from Ref. [61] with permissions from the publishers.

polymeric NPs can be achieved by emulsification, salting out, and na-
noprecipitation [66,67]. The particle sizes of chitosan and synthetic
polymers range from 50 to a few hundred nanometers. Drugs or any
ligands can be loaded onto polymeric NPs by chemical conjugation,
surface adsorption, or encapsulation [68].

2.2.1. Natural polymeric NPs - chitosan

Chitosan is a natural starch and cationic polysaccharide composed
of glucosamine and N-acetylglucosamine copolymers [69]. It is a dea-
cetylation type of chitin obtain from crustacean shells such as lobster,
crab, or shrimp. Chitosan can be hydrolyzed into its non-carcinogenic,
non-toxic, and non-immunogenetic amine sugar products by the en-
zyme, lysozyme, that can be further absorbed and degraded by the
human body; thus, chitosan is a biodegradable NP [70]. Chitosan acts
as self-medication, downregulating cholesterol, and facilitating anti-
ulcer activity and wound healing. Chitosan has been approved by the
FDA for wound dressings. The application of chitosan NPs for biome-
dical applications has recently become a favored field, because of the
biocompatibility, biodegradability, nonlethal, and low immunogenicity
[71]. Chitosan NPs have particle sizes less than 70 nm, which shows a
higher surface to volume ratio. According to the literature, the drug
encapsulation efficiency of chitosan increases with molecular weight
reduction [72]. However, literature studies have further stated that the
degradation tendency of chitosan also increases with molecular weight
reduction [73]. The chitosan nano-deliveries are used mostly used in
oncology studies, but limited in neurodegenerative targeted deliveries
[74,75].

Apart from the most common AD hypothesis of AB cascade, the
cholinergic system abnormality also plays a vital role in AD brains.
Chitosan-based AD-related drug deliveries have mostly targeted the
cholinergic system by loading some popular drugs such as tacrine and
galantamine hydrobromide. Cholinergic dysfunction leads to central
memory impairment in AD patients [76]. Therefore, the restoration of
cholinergic neurotransmission by inhibiting cholinesterase via in-
creasing the acetylcholine (Ach) concentration in the AD brain will be a
remarkable treatment to recover cognitive failure. Tacrine was the first
acetylcholinesterase inhibitor, which reversibly inhibits AChE. How-
ever, later studies discovered tacrine is a potent reversible inhibitor for
butyrylcholinesterase rather than acetylcholinesterase [77]. The bioa-
vailability of tacrine is as low as 17%, which shows the need of a na-
nocarrier to increase the bioavailability. Wilson et al. have synthesized
tacrine-containing chitosan NPs to increase the bioavailability of ta-
crine [78]. The spontaneous emulsification method was used to bind
tacrine with chitosan gel. The average particle size was 41 nm after the
drug loading, and the drug loading capacity was approximately 15%.
The in vitro drug release ability was tested by the dialysis method,
whereas the sustained drug release was observed for 12 h. The accu-
mulative, drug release was higher from the NPs that have a higher
loaded percentage of drugs, and polysorbate 80 coated tacrine loaded
chitosan NPs showed a sustained drug release of 83-94%. Moreover,
this study discovered the higher tacrine concentration in the liver,
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spleen, and lung when intravenously injected with NPs compared to
free drug administration. The authors suggested that the observed
higher tacrine concentration in organs when tacrine is bound to NPs
was due to the dual uptake by the normal blood circulation through
organs and the NP uptake by the reticuloendothelial system. However,
the above study does not discuss brain uptake studies; instead, the
authors mentioned the glazing of the NPs by hydrophilic polymer sur-
factants favor the dysopzonization, which can be facilitated the re-
duction of reticuloendothelial system uptake to the liver, which ulti-
mately causes to increase the NP brain uptake [78].

In another study, piperine-loaded chitosan NPs were fabricated by
Elnaggar et al. [79]. The chitosan NPs synthesized in this study have an
average size of 230 nm after piperine was loaded. The in vitro piperine
release study performed by dialysis (for 2 h), confirmed that the con-
trolled release of piperine in piperine-loaded chitosan NPs was higher
than unbound piperine. In vivo studies have also been conducted with
an animal model of senile dementia of Alzheimer type (SDAT); which is
a model to study the colchicine-induced cognitive dysfunction. In AD
brains, colchicine increases the generation of free radicals, which
causes to increase the AChE secretion. The elevated level of AChE re-
duces the Ach concentration in the brain, which causes to increase the
cognitive impairment [76]. Therefore, Elnaggar et al. stated, based on
the results of in vivo studies, that the reduction of Ach concentration by
colchicine could be restored by piperine loaded chitosan NPs, making
them a good candidate to reduce the cognitive dysfunction in AD brain
[791.

Galantamine hydrobromide (GH) is a reversible competitive in-
hibitor for AChE. It binds to nicotinic acetylcholine receptor allosteri-
cally to increase the receptors’ sensitivity to Ach [80]. GH also been
identified as a drug to slow down plaque formation and the behavioral
decline in 5XFAD mice [81]. However, the clinical trials have shown
that the oral administration of GH in AD patients has given adverse side
effects on organelles, showing the need for an alternative method to
deliver GH to the brain [82]. Hanafy et al. in 2016 reported a reaction
between GH and chitosan complex NPs to synthesize CX-NP2 NPs, to
compare the pharmacological and toxicological profile of free GH and
chitosan bound GH [83]. The AChE level and activity in the rat brain
have been studied by the intranasal administration of CX-NP2 or free
GH. The nontoxic behavior of the CX-NP2 NPs was tested by using
hematoxylin and eosin (H&E) stained olfactory bulb sections compared
to the negative control group (Fig. 4). In the negative control group, the
six layers of the olfactory nerve, glomerular nerve, external plexiform,
mitral cell, internal plexiform, and granular cell layer were visible,
whereas those layers were visible even in the CX-NP2 treated group
suggesting the nontoxic behavior of CX-NP2. Even though the authors
do not mention the particle sizes to understand the BBB penetration,
they confirmed the CX-NP2 significantly reduced the brain AChE level
compared to the free GH treated group.

2.2.2. Synthetic polymeric NPs
Synthetic polymeric NPs are colloidal particles, which can be



S.D. Hettiarachchi, et al.

further altered to tune the lipophilicity, charge, and biocompatibility
during the synthetic process. [84] The high water solubility and cell
permeability make polymeric NPs stable over a long period, even
during the gradual release of the loaded drugs. Polymeric NPs have
high drug loading capacity as well as low toxicity. Especially when they
were coated with polyethylene glycol (PEG)-phospholipid copolymers,
the toxicity could be reduced. Polyhydroxyalkanoates, polylactide-co-
glycolide (PLGA), cyclodextrin-derived, and PEG-coated polymeric NPs
are vastly applied as nanocarriers in brain-related studies whereas
PLGA and PEGylated polymeric NPs are more common in AD treatment
[671.

Polymeric NPs have been used in a vast range of AD-related pa-
thogenesis, including AP and tau protein inhibition. Other than Af} and
tau related studies, polymeric NPs have been used to deliver the drug
estradiol, which supports the replacement of the post-menopausal es-
trogen in women. Endogenous estrogen deficiency after menopause
posed a risk of AD pathology development in women, knocking them
down to a two-times’ higher risk than men [85,86]. The post-meno-
pausal estrogen replacement theory is another suggestion to reduce the
probability of AD development in women [85]. Many clinical trials of
estradiol oral consumption have been investigated to treat women with
AD. However, on the contrary, the non-target specificity of the oral
consumptions of estradiol has increased the risk of developing breast
cancer by 30% [86]. Therefore, a targeted delivery system is essential to
deliver the drug estradiol to the brain to minimize the adverse side
effect of breast cancer development. Mittal et al. have designed a tar-
geted nano-drug delivery system with tween 80 (T-80) coated PLGA
polymeric NPs to deliver estradiol to the brain [87]. They stated that T-
80 supports to cross the BBB by endocytosis. To be specific, the apoli-
poprotein E (Apo-E) or B (Apo-B) in the blood were adsorbed by T-80
coating onto the surface of PLGA NP resembling PLGA-NPs as low-
density lipoproteins (LDL). As a result, the endocytic uptake of PLGA
NPs occurred through LDL receptors of endothelial cells. The average
particle size and zeta potential of the estradiol entrapped PLGA NPs
were 134.7 nm and 68.5 mV, respectively. After increasing the T-80
coating percentage from 1 to 5%, the particle size has increased from
134.7 to 172. 4 nm. In vitro studies have shown that higher the T-80
coating percentage, higher the stability of the NPs in the simulated
gastric and intestinal fluid. In vivo animal models suggested that a
higher level of estradiol was observed in the brain after the oral ad-
ministration of estradiol-encapsulated T-80 coated PLGA NPs than the
uncoated NPs. The higher estradiol concentration in brain confirms the
efficiency of the targeted delivery of T-80 coated PLGA NPs. Further-
more, the Af immunostaining results revealed that the oral adminis-
tration of estradiol loaded PLGA NP was efficient as intramuscular free
drug injection by confirming the prevention of peripheral drug burden
effect, which enables the reduction of side effects.

Apart from the T-80 coated PLGA NPs which can adsorb Apo E and
B, another polymeric NPs of PEG corona of poly (alkyl cyanoacrylate)
(PACA) NPs also have identified as an excellent candidate to adsorb
Apo-E making PACA another promising platform to bind with circu-
lating AP,.4> peptide in the blood [88]. In 2012, Brambilla et al. in-
troduced a long-circulating PEG corona of PACA and poly (lactic acid)
(PLA) NPs for the AP treatments [89]. Authors stated PLA and PACA
NPs in PEG corona could interact with monomeric and soluble forms of
APj.42. Even though the mean particle size was larger (110 nm), the
results suggested the successful BBB penetration of the NPs by the
strong adsorption of Apo-E onto NPs surface from the serum-supple-
mented with AB;4> The Apo-E adsorption onto NPs increased the
peptide affinity of NPs, which facilitates the successful elimination of
Ap from the serum. The authors further suggested that during the in vivo
studies, the NPs acted like an “LDL-like” structure to clear the A
peptides from the serum while directing the soluble form of AR towards
macrophages for destruction. Thus, the PEGylated NPs could probably
prevent the AP aggregation in the brain via a sink effect mechanism.

Other than the LDL like structures that penetrate the BBB and bind

130

Journal of Controlled Release 314 (2019) 125-140

to APB1.42, in 2014, Zhang et al. reported a peptide conjugated biode-
gradable and low immunogenic polymeric NPs: Polyethylene glycol-
poly lactic acid (PEG-PLA) NPs, which facilitate the BBB penetration
and Af binding [90]. The PEG-PLA NPs have been conjugated to two
peptides: D-enantiomeric peptide of QSH (QSHYRHISPAQV), which can
bind and stain Af;.4> at a sub-micromolar concentration, and a 12
amino acid peptide of TGN (TGNYKALHPHNG) which facilitates the
BBB penetration. The mean particle size of NPs was 100 nm, and the
zeta potential was approximate —20 mV. For the in vitro studies, the
mouse brain endothelial cell lines of bEnd.3, which mimic the BBB,
were used to test the BBB/cellular uptake. The results displayed a
higher cellular uptake and the brain distribution of TGN-conjugated
PEG-PLA NPs compared to the bare PEG-PLA NPs. The AD mouse
models were produced by injecting AP;.4- bilaterally into the hippo-
campus, and the efficiency of QSH peptide in diseased mouse models
was tested by analyzing the accumulation of PEG-PLA NPs in the hip-
pocampus. The experimental results revealed that the QSH admini-
strated PEG-PLA NPs were efficient in clearing Af3; 4> peptides, making
this bifunctional PEG-PLA NPs a good nanocarrier for AD treatment.

Along with the peptides, synthetic polymeric NPs have also been
used in gene delivery studies to down-regulate BACE1. In 2016, Liu
et al. proposed a Multi-purpose delivery system of gene and peptide
along with PEGylated dendrigraft poly-L-lysine NPs for the down-
regulation of B-site APP cleaving enzyme 1 (BACE1) [37]. BACE1 is the
major (-secretase enzyme to convert APP into AP plaques through
proteolytic cleavages [91]. Therefore, the downregulation of BACE1
could be one of the best resolutions to reduce the formation of A
plaques [91-93]. The most popular tool to knock down BACE1 anti-
sense (BACE1-AS) gene is siRNA [94]. Due to the low stability of the
siRNA in the blood circulation, Liu et al. used the BACE1-AS gene of
shRNA, encoded with a plasmid that has loaded on PEGylated NPs
[37,95]. Two peptides were conjugated to facilitate the BBB penetration
and the inhibition of tau-related fibrils. The 29 amino acid peptide is
the brain-targeting ligand, which was obtained from rabies virus gly-
coprotein (RVG29) that binds to n-acetylcholine receptors to facilitate
the BBB penetration [96]. The D-peptide was used as the inhibitor for
tau-related fibril formation that enables the delay or prevents the AD
progression [97]. Then the shRNA was loaded onto NPs via the elec-
trostatic attraction. Thus, Liu et al. have introduced multi-purpose
nano-delivery for the AD treatment by loading dual-peptides and
shRNA on the same PEGylated NPs (Fig. 5) [37].

The mean particle size of the gene and peptide conjugated NPs was
97 nm, and the zeta potential was 7.72 mV. The in vitro cytotoxicity and
the cellular uptake were tested with SH-SY5Y cell lines, which express
the nicotinic acetylcholine BBB receptors enabling the analysis of the
receptor-mediated endocytosis of RVG29 peptide. The cell viability of
the DGLs-PEG-RVG29-D-peptide/shBACE-As NPs was 80% at the con-
centration of 200 pg/mL, which proved the less cytotoxicity of the NPs.
The in vivo images of C57BL/6J mice were taken 1 h after the in-
travenous injection of the peptide and shRNA (shBACE-As) loaded NPs.
The mice were injected with and without RVG29 peptide conjugated
NPs. According to the in vivo and ex vivo images, the mice injected with
RVG29 conjugated NPs have the most accumulation in the brain com-
pared to the NPs without RVG29 (Fig. 6). Immunofluorescence study of
mice suggested the AD brain has higher signals for BACE1 than the
healthy brain. The BACE1 positive signals were diminished by DGLs-
PEG-RVG29-D-peptide/shBACE-As and DGLs-PEG-RVG29/shBACE-As
NPs, confirming the silencing and the downregulation of the BACE1
gene in the hippocampus region in AD mice. Further, the p-tau positive
immunostaining studies revealed the D-peptide loaded NPs diminished
p-tau positive signals in AD mice compared to the NPs without D-
peptide, demonstrating the efficiency of the D-peptide. Therefore, the
DGLs-PEG-RVG29-D-peptide/shBACE-As NPs were a better nano-de-
livery system for AD treatments.
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2.3. Metallic NPs

Metallic NPs can be synthesized basically from any metal and some
metal oxides by obtaining different sizes, shapes, surface functionali-
zation, structures, optical, and electronic properties [98,99]. Most
commonly, silver, copper, gold, platinum, iron, and iron oxides (Fe304)
are used as metallic NPs. Metallic NPs have remarkable physical and
chemical properties that are different from the bulk materials, such as
wavelength-dependent photoluminescence (PL), smaller size, high
water dispersity, and localized surface plasmon resonance [99,100].
Vastly different fields use the benefits of metallic NPs such as electronic
applications as catalysts, biomedical fields as nano-DDS in vitro and in
vivo, and as enzymatic biosensors [98]. The biggest downside of the
metallic NPs is the elevated toxicity at higher concentrations. There is a
tendency to change the metallic NPs structure into toxic structures with
the touch of chemicals in the synthesis process that ultimately leads to
excrete and accumulate in the tissues during the in vivo applications,
making it toxic to use for animal studies. However, gold NPs (AuNPs)
and iron oxide NPs have been widely used as metallic NPs in AD stu-
dies.

2.3.1. Gold NPs

The most applicable metallic NP in every field is AuNP. AuNPs have
drastic differences from its bulk material. Bulk gold is a yellow solid,
which is inert, whereas the colloidal solution of AuNPs is wine red,
which acts as an anti-oxidant [101]. AuNPs are more popular compared
to other metal-based NPs because of its’ unique properties such as
shape, size-dependent optical properties, and low cytotoxicity. The size
varies from 1 to 100 nm, and exhibit different shapes such as spherical,
octahedral, decahedral, tetrahedral, triangles, and prisms [102]. AuNPs
are more commonly used in biotechnology, biomedicine, and radiation
medicine due to their ability to conjugate with probes and drugs
[103,104]. Also, AuNPs are less cytotoxic, making them more promi-
nent in drug delivery, including in brain targeted disease AD. The in-
hibition of AP fibril, tau protein, neurofibrillary tangle, and acet-
ylcholine esterase have been studied with AuNPs [22,105-107].
However, AuNPs have been mostly used as biological colorimetric and
fluorometric sensors as well as metal ion detectors to examine the AD
pathogenesis.

Insoluble neurofibrillary tangle (NFT) formation in the brain is also
one of the common AD pathologies. Neurofibrillary tangles are twisted
fiber forms, appear due to the aggregation of hyperphosphorylated tau
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Fig. 4. The photomicrographs of H&E stained
olfactory bulb sections of the negative control
group (a—c), and intranasal administrated CX-
NP2 group (a-c’). The olfactory nerve, glo-
merular nerve, external plexiform, mitral cell,
internal plexiform, and granular cell layer are
the 1-6 layers denoted in the picture. Figure
adapted from Ref. [83] with permissions from
the publishers.

proteins in the brain. Tau protein phosphorylates rapidly and can be
found in high concentrations in AD brains. Over time tau proteins bind
to each other to form NFTs via “knots” [108-110]. Therefore, the im-
portance of detecting the concentration level of tau protein is sig-
nificant in understanding the NFTs level in the brain. In 2009, Neely
et al. developed AuNPs-based two-photon Rayleigh scattering (TPRS)
assay to detect the tau protein concentration by introducing the AuNPs
as a colorimetric sensor [111]. The anti-tau antibody (tau-mab) con-
jugated AuNPs were used to identify tau proteins via the antibody-an-
tigen interaction. Antibody-bound NPs, aggregate in the region of tau-
proteins and bind to several antigen receptors because a single tau
protein has several tau-mab antigen receptors. The reddish AuNPs have
changed to blue when the antibody-bound NPs bound to the antigen
receptor. The results have confirmed that the anti-tau antibody-con-
jugated AuNPs able to detect 1 pg/mL level of AD tau protein in the
brain. The tau protein detection limit by antibody-bound NPs was two
orders of magnitude lower than the cutoff value of tau-proteins
(195 pg/mL) in cerebrospinal fluid, which reveals the ultra-sensitivity
of the anti-tau antibody conjugated AuNPs. AuNPs have been used in
AD studies, not only to identify the tau protein levels but also to ex-
amine the metal ion interaction with AP peptides. In 2010, Wang et al.
developed a colorimetric sensor from AuNPs to analyze the interaction
of the AB;.16 peptide with metallic ions of Ca®>* and Zn?>* [112]. The
molecular events of AuNPs can be easily observed qualitatively by its’
color changes, which can be further analyzed analytically by the ab-
sorption spectrum and surface plasmon resonance (SPR). The main AD-
related peptide AP;.4> has 42 amino acids that undergo conformational
changes into amyloid-like aggregates of AB;.16, which bind with metal
ions to generate cell toxicity [113,114]. Therefore, Wang et al. syn-
thesized AP;.16 conjugated AuNPs to study the interaction with Ca®*
and Zn?* [112]. The color of Ap1.16 bound AuNPs had changed from
red to purple when it was interacted with Zn>*. The SPR band was red-
shifted from 527 to 537 nm, with the increment of Zn?>* concentration.
Also, the results further confirmed that Ca?* has a weak interaction
with AB;.16 bound AuNPs, displaying no change in SPR. The authors
reported the AfB;.1¢ bound AuNPs are prominent sensors to detect the
Ca®* interactions.

Another colorimetric and fluorometric study has been developed by
Liu et al. by using rhodamine B (RB) modified AuNPs as a sensor to
detect the acetylcholinesterase (AChE) level in CSF [115]. The amino
groups on RB were electrostatically attracted to negatively charged
citrate-AuNPs displaying the fluorescence intensity quenching of RB
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Fig. 5. Schematic diagram of a) the electrostatic attraction of the BACE1-AS plasmid, shRNA onto PEGylated NPs (DGLs), which has the covalently bound RVG29 and
D-Peptide b) The intravenous administration of the NP system that crosses the BBB by RVG29 via the receptor-mediated transcytosis and then the dissembling of
BACE1-AS and D-peptide in the brain [37]. Figure adapted from Ref [37]. with permissions from the publishers [37].

upon the interaction. After the addition of AChE and ATC to the
medium, the AChE hydrolyzed ATC into thiocholine, which bound to
AuNPs to form Au-S bond. Upon creating the Au-S bond, the AChE
induced AuNP aggregation occurs, resulting in the desorption of RB
from the AuNPs surface while increasing the fluorescence intensity
(Fig. 7b). Therefore, the differences in fluorescence intensities of RB
revealed the binding of AuNPs with thiocholine, which ultimately re-
vealed the presence of AChE in the medium. The color of the RB-AuNPs
changed from red to blue upon the introduction of AChE, whereas the
AChE concentration increases the color turned to green by acting the
RB-AuNPs as a colorimetric sensor. The UV-vis absorption spectra
further showed the AChE induced AuNP aggregation. The RB-AuNP

absorption peak at 520 nm has disappeared after introducing AChE to
the medium while displaying the new two peaks at 600 and 800 nm,
revealing the desorption of RB from the AuNP surface (Fig. 7 a). Also,
the authors further stated the AChE detection limit by RB-AuNPs was
much lower (0.1 mU mL ™) than the previously reported values. Thus,
the authors suggested that the RB-AuNPs assays could be useful to
detect AChE levels in human AD brains.

However, as described above, Ray et al., and Wang and Liu et al.,
have only used AuNPs as sensors. AuNPs have also been used in
quantitative AD studies, such as AP inhibitions. The inhibition of Ap
fibrillation and the initiation of its’ alteration have been studied by Liao
et al. by using bare AuNPs in the AP, 40 peptide model system [116].

Fig. 6. The in vivo distribution of the NPs at 1 h post intravenous administration. The left mice are without RVG29, and right mice are with RVG29 containing NPs. a)
Fluorescence image of YOYO-3-labeled DNA. b) Fluorescence image of IR-783-labeled D-peptide. ¢) Overlay image of YOYO and IR-783. d) Ex-vivo fluorescence
image of the YOYO labeled brain (the left brain is the mice treated without RVG29, and the right brain is with RVG29 e). IR-783 tagged the D-peptide brain. f)
Overlay the brain image of YOYO and IR-783. Figure reproduced from Ref. [37] with permissions from the publishers [37].
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Fig. 7. a) The UV-vis absorption spectra show
the color change of the RB-AuNP solution from
red to purple b) The fluorescence intensity re-
covery upon the incubation of AChE and ATC
along with RB-AuNPs. Figure adapted from Ref.
[115] with permissions from the publishers
(For interpretation of the references to color in
this figure legend, the reader is referred to the
web version of this article).
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Negatively and positively charged AuNPs have been synthesized by
conjugating carboxylic and amine groups, which have a mean particle
size of 30 nm. The negatively charged NPs had a zeta potential of
—39mV and reported as less toxic, whereas amine-conjugated posi-
tively charged AuNPs (zeta potential of +7 mV) were reported as toxic.
The negatively charged AuNPs have used to analyze the inhibition of
AB fibrillation that has mainly affected in the elongation phase of the
Ap fibrillation rather than the nucleation during the inhibition process.
Therefore, Liao et al. introduced negatively charged AuNPs as a pro-
minent NP to be used in AD A inhibition [116].

2.3.2. Magnetic NPs

In addition to AuNPs, some other metal-based NPs, such as iron,
copper, and zinc, are used in AD treatments as metal-ion detection
chelators. The widely used magnetic NP is Fe;04 [117]. The magnetic
NP of Fe30,4 has been commonly used in AD studies to detect the metal
ions Cu®>* and Zn?" that accelerate the ROS formation and Ap ag-
gregation.

In 2012 Li et al. have synthesized magnetic Fe;0,4 caged NPs to use
as a photolytic controlled release-prochelator (CQ) [118]. The photo-
active molecules were covalently conjugated to the Fe;O4 caged NP
surface, followed by the direct substitution of CQ molecules onto the
surface. The loading quantity of the CQ molecules was calculated by
thermogravimetric and elemental analyses. The relative immobilization
efficiency was 56.96 umol g~ ' Fe;0, NPs. The maximum release of the
CQ molecules from the NPs surface was 30% at 3 min. The metal ion
chelation of the photo-released product of CQ, with Cu®*, was tested by
UV-vis spectroscopy. CQ showed a peak at 335nm in the UV-vis
spectroscopic data, whereas after the Cu®>* addition, a new peak ap-
peared at 410 nm corresponding to the copper complex. The controlled
experiment was carried out in the dark, which shows no peak appeared
at 410 nm, confirming the light-triggered release of CQ molecules. The
effect of the photolytic product of CQ on Cu®* induced Ap aggregation
was conducted in a weak acidic buffer solution, by based on the pre-
vious studies that have reported as the Cu®>* induced Ap aggregation
was more prominent at pH 6.6 [114,119]. AR aggregates were in-
cubated with Fe3O4 NPs in dark or light irradiated conditions. Before
the irradiation, the A} amorphous aggregates were 10-15 nm in size,
while after the irradiation, fewer aggregates with smaller size were
found. The samples incubated in the dark showed no change in the size
of AB-metal aggregates. Therefore, the results concluded the effective-
ness of light-sensitive magnetic NPs in inhibiting the AP aggregation.

Not only the AB cascade but the tracking of senile plaques is also
equally important, and it was the first step of AD treatments in the early
stages. However, the used pathological staining dyes, including chry-
samine C, congo red, and styryl benzene, failed to cross BBB [120].
Therefore, alternatives should be created to stain the senile plaques or
identify the plaque regions. In 2014, Zhou et al. have carried out a
study related to the senile plaque staining process. They have synthe-
sized a small hydrophobic lipophilic fluorescent probe of 1,1-dicyano-2-
[-6-(dimethylamino) naphthalele-2-yl] propene (DDNP) carboxyl

540 560 580 600 620 640
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derivative, to cross the BBB and superparamagnetic NPs of Fe3O4
(SPIONPs) as a molecular imaging probe. [121] DDNP was in-
corporated into the SPIONPs through structural modification of car-
boxylic acid and succinic anhydride. The NPs were 11.7 nm in size,
with a monodisperse size distribution. The in vitro binding affinity of
the DDNP-SPIONPs to senile plaques was tested by fluorophotometry.
Upon the binding of DDNP-SPIONPs to Af;.40, the fluorescence in-
tensity was increased. The high viscous medium limited the in-
tramolecular rotation of NPs which led the rigid structure to enhance
the fluorescence quantum yield. The MR images show that the NP
system has a 140.57 s~ Fe mM ! of MR relaxation property. There-
fore, DDNP-SPIONP is an excellent candidate to bind with senile pla-
ques and for the MRI studies that able to use as a contrasting agent as
well as a good BBB crossing agent.

Besides using magnetic NPs as metal ion chelators or imaging
probes, it was also used as tau protein detecting sensors. Most of the
nanosensors have been developed to detect only B amyloids, not to
identify the phosphorylated tau proteins. The clinical studies have
shown that abnormally low levels of A} and tau proteins are present in
early-stage AD brain plasma, indicating the need for ultra-sensitive
probes [122-126]. Upon this need, Ray et al. have developed large scale
chemically stable magnetic plasmonic nanoplatforms to separate and
quantify the trace levels of B-amyloid and tau proteins in the whole
blood samples [127]. The conjugation of magnetic Fe;04 with gold
plasmonic shell NPs was followed by the bioconjugation of the 2D
graphene oxide. Furthermore, the hybrid graphene oxide was coated
with amine-modified polyethylene glycol (HS-PEG) and conjugated
with anti-amyloid and anti-tau antibodies. According to the ELISA ex-
periment, the displayed high efficiencies for NP conjugated-anti-amy-
loid and anti-tau antibodies at the lowest concentration of 100 fg/mL
are 98 and 97%, respectively. The authors further reported that this
detection limit is lower than the regular ELISA kit detection of A
(0.312 ng/mL) and tau proteins (0.15 ng/mL), which makes their NP
system is more sensitive to detect AB;.4» and tau proteins.

So far, as described above, the most popular magnetic NP was Fez04
that has been used as metal ion detectors, imaging probes, and sensors.
Besides Fe;04 magnetic NP, ceria NP has also been used in AD-related
studies as reactive oxygen species (ROS) scavengers. The ROS, such as
superoxide anions, hydroxyl radicals, and hydrogen peroxides, cause
mitochondrial dysfunction, contributing to AD pathogenesis [23,128].
ROS arise in the mitochondria as a byproduct of oxidative phosphor-
ylation, and interact with A} peptides and the mitochondrial proteins of
alcohol dehydrogenase, cyclophilin D, and ATP synthase to increase the
AP production in the brain [129-132]. Therefore, the detection of ROS
levels is equally vital as AP cascade in AD-related studies. In 2015,
Kwon et al. synthesized triphenylphosphonium (TPP)-conjugated ceria
NPs (TPP-ceria NPs) to use as ROS scavengers [24]. CeO, can reversibly
bind to oxygen atoms, whereas the oxidation state can be changed from
Ce®* to Ce** on the NPs surface [133-135]. TPP is a lipophilic cation
that can cross the negatively charged mitochondrial membrane, which
makes it a mitochondrial-targeting ligand [136,137]. The in vivo studies
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Mitochondria Merged

Fig. 8. The confocal fluorescence microscopic images of subcellular colocalization of FITC-labeled ceria NPs with and without TPP in SH-SY5Y cell lines. The control
SH-SY5Y cells were stained with LysoTracker (blue) and MitoTracker (red). The enlarged areas in the square are shown in each image below. The colocalization of
FITC-conjugated TPP-ceria/ceria NPs is shown in green. (Scale bar is 20 pm). Figure adapted from Ref. [24] with permissions from the publishers (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article).

of neuronal death suppression were tested with 5XFAD transgenic AD
mice. The in vitro cytotoxicity studies have been conducted with human
neuroblastoma SH-SY5Y cell lines, which displayed the low cytotoxicity
for NPs. The hydrodynamic particle size of TPP-ceria NPs was ap-
proximately 57 nm. The cellular uptake was observed by the confocal
fluorescence microscope using fluorescein isothiocyanate (FITC) la-
beled ceria NPs with and without TPP (Fig. 8). According to Fig. 8, the
TPP-conjugated ceria NPs showed a higher cellular uptake than bare
ceria NPs. The ROS scavenging activity was studied with the superoxide
dismutase, and catalase activity assay by investigating the A induced
neuronal cell count. The reduction of the AP influenced neuronal cell
loss was examined by the immunohistochemical analysis of NPs-treated
5XFAD mice. Their results suggested the TPP-ceria NPs are an effective
neuroprotectant in the 5XFAD mice brain. However, the authors illu-
strated that the TPP-ceria NPs acted only as an anti-oxidant, which can
scavenge the ROS but not as Af} plaques eliminators.

2.4. Carbon-based NPs
Carbon nanotubes, fullerenes, graphene, and carbon dots (C-dots)

are the most popular subunits in carbon-based NPs in drug delivery,
whereas carbon nanotubes and carbon dots are most prominent in AD
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studies [138]. Carbon-based NPs were developed mainly as an alter-
native for toxic heavy metal-based NPs, such as quantum dots. Due to
the non-toxicity, high biocompatibility, versatile surface functionality,
and unique optical properties, carbon-based NPs have been widely used
for in vivo deliveries [139].

2.4.1. Carbon nanotubes

Carbon nanotubes (CNTs) are fullerene allotropes that have long
cylindrical shaped hollow structures. Based on the number of graphene
sheets, they contain CNTs are categorized into two groups as single-
walled (SWCNTs) and multi-walled (MWCNTSs) nanotubes. CNT display
astonishing features in thermal conductivity, optical, and electrical
properties [140,141]. CNTs were used in nanomedicine in the early
days because of the capability of interacting with mammalian cells and
penetrate the cell membrane via cytoplasmic translocation. However,
some studies have shown that CNTs are also toxic to human keratino-
cytes, kidney cells, T lymphocytes, and alveolar macrophages. More-
over, if inhaled, CNTs can even be toxic to the lungs [142,143].

Therefore, Yang et al. investigated the pharmacological and tox-
icological profile of SWCNTSs to discover a method to use SWCNTs for
drug delivery [144]. The toxicity of the SWCNTs was analyzed with
lysosomes and mitochondria by analyzing the 3-galactosidase secretion
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levels. The higher levels of (3-galactosidase indicate the damage of each
organelle. The cytotoxicity studies of SWCNTs revealed that the ROS
production was not induced in lysosomes but did in mitochondria. The
authors further reported the (3-galactosidase secretion was enhanced
from three to eight times by SWCNTs with the presence of mitochon-
dria, suggesting the SWCNTs cytotoxicity is majorly affecting the mi-
tochondria. Moreover, Yang et al. have used SWCNTs to administrate
Ach to the brain because SWCNTs can cross the BBB via nerve axon
[144]. Also, due to the high affinity of SWCNTs to inorganic and or-
ganic molecules, the ACh molecules could easily load on SWCNT by the
absorption through acetyl and quaternary ammonium group of ACh.
The memory enhancement of SWCNT-ACh was tested with male AD
mice, which were damaged by injecting neurotoxin, kainic acid, 24 h
before the drug treatments. After treating the AD mice with SWCNT-
ACh, the AD mice recovered the learning ability to the average level,
whereas the bare ACh and bare SWCNTs treated groups have not dis-
played any recovery. The authors phrased, by keeping the SWCNT
dosage below 300 mg/kg, the cytotoxicity towards mitochondria can be
diminished. Therefore, Yang et al. claimed their SWCNT-ACh is a better
candidate to recover the learning ability in AD mice while using
SWCNT in a safe dosage [144].

Luo et al. have investigated the aggregation effect of SWCNTs with
AP peptide and cross-f structures [145]. The conformational change of
the random coiled A peptide into the B sheet amyloid fibers has been
identified as the primary mechanism in AD development. The CD
spectrum data revealed, in the presence of SWCNTs, the conformational
change of AP peptide into the [ sheet is faster. However, the authors
stated the SWCNTSs promoted the nucleation at the low concentration of
SWCNTs (0.0025 or 0.005 mg mL™Y), but at the higher concentration
(0.1 mg mL ™), the amyloid aggregation was inhibited. Luo et al. ex-
plained the above discrepancy by saying the SWCNTs fast bind to the
A peptides that have undergone the conformational change into par-
allel- sheets, not to the cross-f sheets. After the binding of the SWCNTs
to the parallel-f sheets, it slows down the conformational change into
cross-B stacking, which eventually inhibits the amyloid aggregation
[146,147]. However, the SWCNTs-interaction of Af is still not well
understood.

In 2014, Xue et al. used SWCNTSs to reverse the neuronal autophagy
[148]. Autophagy is a lysosomal degradative pathway that damages
organelle and neurons leading to neurodegenerative disorder AD
[149,150]. Therefore, the main goal of Liang and co-workers is to in-
vestigate the upregulation of autophagy by using SWCNTs in a trans-
genic AD mouse model of CRND8 and wild type (WT) [148,151,152].
The carboxylic acid-functionalized, less cytotoxic SWCTs, has an
average diameter of 1-2 nm. The CRND8 AD mouse models consist of
an overexpressed human APP gene that contains two mutations. The
overexpression of the APP gene induces the AP deposition while de-
creasing the lysosomal proteolysis. The reduction of lysosomal proteo-
lysis causes amyloidogenesis increasing cognitive impairment [153].
Xue et al. discussed the mammalian target of Rapamycin (mTOR) in-
duced autophagy [148]. The treatment of SWCNTs in CRNDS8 glia cells
revealed that SWCNTs were capable of suppressing the autophagy in-
duction, whereas in WT glia displayed a minimal effect. Therefore, the
authors stated SWCNTs selectively reversed the APP-originated patho-
logical action of mTOR signaling without affecting normal signaling in
WT. Moreover, Liang and co-workers reported, SWCNTs not only re-
versed the autophagy induction caused by mTOR but also the weak-
ening of lysosomal proteolysis, which leads to lysosomal swelling.
Therefore, the autophagy was remarkably weakened by SWCNTs in
primary glia in CRND8 mice while reversing the autophagic substrate
clearance and autophagy dysfunction.

2.4.2. Carbon dots

Carbon dots (C-dots) are zero-dimensional nanomaterials that have
unique optical properties [154-156]. C-dots can be synthesized via top-
down or bottom-up approaches, which vary the optical and surface
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properties [157]. C-dots are tiny particles of 1-10 nm in size, which can
be used in wider application range, especially in cell penetration studies
[158,159]. The high photoluminescence, excitation wavelength-de-
pendent or independent emission, tunable surface, high cell perme-
ability, excellent biocompatibility, and nontoxicity, make C-dots ex-
cellent candidates for drug delivery in nanomedicine [39,160-162].
Although C-dots have been used widely in brain targeted tumor studies,
the use in neurodegenerative studies, including AD, is deficient.
C-dots have been tested mainly in in vitro studies for identification
and inhibition of the AChE activity and A aggregation, but not in in
vivo. Qian et al. developed a screening system to monitor and impede
the AChE activity by using C-dots [163]. As described earlier in this
review, the AChE enzyme maintains the level of Ach neurotransmitter
by hydrolyzing Ach into thiocholine, which has a high affinity to copper
(ID) ion [163]. Qian et al. synthesized carboxylic functionalized C-dots,
which yielded an intense green fluoresce, whereas when incorporated
Cu®* on the surface of C-dots, the fluorescence intensity was quenched
[163,164]. Upon the addition of ACh and AChE to the C-dots-Cu?*
medium, AChE hydrolyzed Ach into thiocholine. Thiocholin was at-
tracting Cu®>* from the C-dots surface, resulting in the fluorescence
intensity recovery. Therefore, by monitoring the fluorescence intensity,
the authors attempted to measure the AChE activity. Instead of pure
thiocholine, the thiol products of L-Cysteine (Cys), L-homocysteine
(Hcy), and glutathione (GSH) were used to analyze the quenching
process of C-dots. The particle sizes of the bare C-dots in the dispersing
medium were 2-5 nm, whereas after the addition of Cu®** the particle
size increases up to 10 nm due to the aggregation. The authors reported
that the 23.2 uM concentration of Cu®>* quenched C-dots fluorescence
intensity nearly to the completeness wherein the addition of thiol
compounds (which mimics the thiocholine) (333.3 pM) recovered up
the intensity to 90%. The above results revealed the efficiency of
monitoring the thiocholine by the C-dots-Cu®* system. Moreover, the
inhibition of AChE by tacrine was also analyzed by the fluorescent in-
tensity. As the control experiment, the fluorescence intensity of C-dots-
Cu?* was measured without adding tacrine. In the presence of Cu®*
(10.4 pM), the fluorescence intensity of C-dots was quenched, while the
addition of ACh and AChE, elevated the intensity up to 70% due to the
production of thiocholine. However, the addition of tacrine to the
medium did not induce fluorescence intensity confirming the inhibition
of AChE by tacrine. Finally, the authors confirmed the effectiveness of
screening AChE activity by C-dots in analytical methods, and they
further reported this system could be expanded to use in biological
analysis as well. In another study, Han et al. reported the efficiency of
the C-dots in binding to A} monomers due to its high surface to volume
ratio (Fig. 9) [165]. Moreover, Han et al. stated the C-dots inhibit the [3-
secretase (BACE1) enzyme by reducing the A fibril formation [165].
The inhibition of BACE1 by C-dots was examined by fluorescence re-
sonance energy transfer (FRET) assay. The authors reported that the
BACE1 activity was inhibited at a higher concentration of C-dots, such
as 10-20 pg/mL. They further elaborated that C-dots selectively bind to
the active site of the BACE1 enzyme to inhibit the enzyme action.
Moreover, Han et al. stated the C-dots were able to inhibit the early
stages of A monomers at a low concentration of 2 ug/mL. Also, the
TEM measurements have further proved the binding of AR monomers to
C-dots by displaying a 14 nm size for AB-C-dots conjugates and 6 nm for
bare C-dots. However, 10 ug/mL of C-dots were not inhibiting the
BACEL1 activity in the presence of 10 pg/mL A} monomers. When the
concentration of C-dots increased, the inhibition of BACE1 has been
noticed. This behavior revealed that C-dots have a favorable pre-
dominant affinity towards Ap monomers rather than into the BACE1
active site. The in vivo brain targeting delivery has been studied with an
anesthetized zebrafish model. Transferrin was conjugated to facilitate
BBB penetration. C-dots conjugates have crossed the BBB, and the
confocal images revealed C-dots could target the forebrain of the zeb-
rafish compared to dorsal and ventral sections. Therefore, the authors
showed the efficiency of C-dots to cross the BBB while pre-dominantly
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Fig. 9. Schematic diagram of a) Ap fibrillation conformational change to mature fibrils b) the effect of inhibition of mature fibrils by C-dots. Figure reproduced from

Ref. [165] with permissions from the publishers.

aiming A monomers and at the higher concentration inhibiting the
BACE 1.

2.5. Curcumin NPs

Curcumin is a natural polyphenolic antioxidant that scavenges su-
peroxide and hydroxyl radicals. Commonly, it is known as an Indian
and Chinese spice, Curcuma longa [166]. It has three significant cur-
cuminoids of I, II, and III. Curcumin I (Curcumin) is the major curcu-
minoid which is commercially available up to 77%, whereas II (de-
methoxycurcumin) and III (bisdemethoxycurcumin) availabilities are
17 and 3%, respectively [167,168]. Structurewise, each curcuminoid
has a diketone group that further tautomerized into the enol group.
Studies have found that during the binding with AP, curcumin was
found in enol structure [31]. Curcumin provides neuroprotection by
activating the primary regulator of the antioxidant response, which is
the transcription factor Nrf2 [169]. Further, curcumin has identified as
an inhibitor for Af3 oligomerization and tau-phosphorylation and also as
an inflammatory ROS scavenger and a neutralizer [170,171]. Even
though curcumin is a potent neuroprotective agent, its’ therapeutic
efficacy is limited due to poor BBB/cell penetration, fast metabolism,
and lack of bioavailability [36]. Therefore, the bioavailability must be
increased to use curcumin as a therapeutic agent. Curcumin NPs and its
NP-conjugates are the best possibilities to increase the bioavailability
[172-175]. However, curcumin NPs are still under development, and
not many experiments have been carried out for neurodegenerative
disease AD.

In 2013, Cheng et al. synthesized curcumin NPs by encapsulating
curcumin in PEG-PLA [35]. They used a multi-inlet vortex mixture
(MIVM) to do a high energetic rapid NP precipitation while avoiding
the nanoparticle aggregation. The average curcumin NPs sizes were
approximately 55.2-66.2 nm, which were uniform even after one year
of storage. The zeta potential was found to be — 0.3 mV. In vitro studies
were conducted with MDCK cell lines, mimicking BBB, and also ex-
pressing the multidrug resistance gene (MDR1). The transgenic mice
Tg2576 have been used to perform the contextual fear conditioning
(CFQ) test. The results revealed that the oral administration of curcumin
NPs significantly improve the memory of Tg2576 mouse models at a
lower concentration of 23 mg/kg per week. Pharmacokinetic studies
have shown the accumulation of curcumin NPs in the plasma and brain,
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10-40 min s after the administration. The authors stated the higher
concentration of NPs of less than 50 nm, were found at an elevated level
in the brain at 10-40 min after the administration, which passed the
BBB directly through tight junction. Whereas, the particles higher than
50 nm might enter the brain later, which were found after 80-160 min
of administration. Therefore, curcumin NPs have displayed a more
extended period of retention time in the brain compared to bulk cur-
cumin revealing the higher bioavailability of the curcumin NPs.

3. Conclusion and viewpoints

Over the last era, AD diagnostic strategies and therapeutics usage
via NPs have extensively been studied. As described above, although
the AP cascade is considered the most prominent, the ROS, tau, and
AChE levels are equally important. According to the experimental
findings discussed above, the ambiguity of the disease is evident. There
is no one particular reason for the disease; instead all the pathogenesis
are inter-correlated, enhancing the severity of AD. Therefore, even
though the experimental and clinical strategies demonstrated the ef-
fectiveness of the Np-based approaches, still the AD-related nano-de-
liveries should be optimized, especially in terms of lowering the side
effects and acute toxicity, and enhancing the specificity of targeted
delivery methods. Also, due to the indistinctness of AD, the most sig-
nificant point in nano-drug delivery is to target multiple pathogeneses
at the same time by loading numerous drugs on the same nano-vesicles.

All the NPs, we discussed here are biocompatible, and none/less
toxic, except SWCNTs. SWCNTs are toxic to human keratinocytes,
kidney cells, T lymphocytes, and alveolar macrophages, limiting the use
of SWCNTs in nanodrug deliveries. Even though most of the other NPs
are non-lethal, non-immunogenic, and less cytotoxic, the most sig-
nificant downside is the larger particle size as BBB penetration favors
the smaller particle size. Controversially, as discussed above in this
review, liposomal and synthetic polymeric NPs are the largest NPs in
size (> 100 nm) that have been used in many mouse models to prove
the BBB penetration ability. However, the higher the particle size, the
higher the tendency to damage the BBB endothelial cells in long-term
usage. [176]

Moreover, the smaller particle size has a higher surface to volume
ratio, which increases the drug loading capacity. Therefore, the parti-
cles such as chitosan, curcumin, and C-dots are more prominent to have
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higher drug loading capacity due to their medium particle size
(< 100 nm). However, the higher the molecular mass of chitosan NPs,
the higher in degradability by dissatisfying long-term stability. Thus,
concerning particle size and stability, C-dots are the promising nano-
carriers that have an average particle size of 1-10 nm, which also favors
multiple drug loading and higher loading capacity. Even though gold
NPs have a larger average particle size than C-dots, both of the NPs
have their unique optical properties that can be used in bioimaging.
Besides, the higher drug loading capacity of smaller size NPs, the re-
duction of acute toxicity, can be achieved by using smaller size parti-
cles. The NPs which have larger particle sizes (> 100 nm) tend to ag-
gregate, causing obstruct blood flaw and severe side effects of
myocardial infarction, pulmonary embolism, and neurotoxicity.
Therefore, using the smaller size NPs is equally vital to enhance the
safer BBB penetration, reduction of the acute toxicity and side effects
while having a higher drug loading capacity. [34] Thus far, C-dots can
be designated as the promising NPs for BBB targeting deliveries due to
their smaller size, low cytotoxicity, multiple drug loading capacity, and
excitation wavelength-dependent/independent optical properties. Even
though C-dots have been used in many tumor-targeting deliveries, in-
cluding brain tumors, the tendency of employing them in AD-related
studies are minimal. Therefore, C-dots might be a promising candidate
for understanding AD pathogenesis and providing better therapeutics.
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