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The pictorial graphical table of content represents the primary histopathology behind Alzheimer disease (AD)
like 1) amyloidogenesis, 2) tau hyperphosphorylation and other pathological factors. On the other hand, it also
demonstrates various nanotechnological approaches that can deliver the drug into the brain across blood-brain-
barrier (BBB). Also, it shows various drug transport pathways across BBB for different types of anti-Alzheimer
drugs.



Abstract

Introduction: Brain is supposed to be the most complicated part of the body which is very far from the reach
of drug moieties. The drug entry in to the brain region depends upon various factors, and among those, the
blood-brain-barrier remains the most prominent one. This barrier restricts the entry of almost all the drug and
most of the essential biological components like proteins, peptides, etc. and hinders treatment of the CNS
disorders. Alzheimer Disease (AD) is one such brain disorder, more specifically a neurodegenerative disorder
which primarily affects the older adults.

Areas covered: From solubility enhancement to targeted delivery, the nanoparticulate system became the
answer for almost all the criticality related to drug delivery. Hence, nanoparticulate drug carrier system has
been widely utilizing to remove the hurdles of brain drug delivery. Keeping this in mind, we have underlined
the proficiencies of the nanocarrier systems which claim to improve the drug efficacy for the treatment of the
AD.

Expert opinion: The nanotechnological approaches are highly exploited by the researchers to enhance the drug
permeation across the BBB to improve its bioavailability and efficacy by protecting the drug from peripheral
degradation. However, still in this area of drug targeting provides vast scope for discoveries towards the
enhancement of drug efficacy through surface modifications, site specification, reduced toxicity of the
nanocarrier system and so on.

Keywords: Alzheimer, nanotechnology, BBB, lactoferrin, SLN, NLC.



Article Highlights:

e The summarised pathological factors of Alzheimer’s disease.

e The article highlights the available treatments of the AD and future possibilities for effective treatment.
e Nanotechnological approach adapted towards the treatment of AD and its advancements.

e The review summarizes the research done in last ten years in the field of Alzheimer treatment.

e A comparative analysis of the work and future possibilities.



1. Introduction

Cognitive memory loss, behavioral impairment, disturb routine activity like bathing, eating, drinking, general
communication, thinking and mental illness recognize Alzheimer, a progressive neurodegenerative ailment[1,
2, 3, 4] the most common cause of dementia in older adults.[5, 6, 7]. As statistics showed around 47 million
people worldwide, living with dementia among which nearly about 36 million have Alzheimer [8] which is
supposed to increase by 131 million till 2050[9]. Till date, no proper cure or preventive measures are available
which can eliminate AD' from roots [2, 10]. In general, the AD has two types of treatments; one is symptomatic
while another is the targeting approach [11, 12]. Symptomatic treatment is currently utilized to improve the
memory and cognition by acting on the cholinergic system. Presently, FDA” has approved rivastigmine,
galantamine, donepezil (ChEIs®) [13] and memantine (NMDA" antagonist) [14] responsible for symptomatic
action to treat the AD. All these drugs are available in the market as oral preparations except rivastigmine,
whose transdermal patch is available. Currently, the available therapies are not enough to act on the
physiological causes of AD and such treatments are now under investigations [15].

1.1 AD pathophysiology

The AD is a multifactorial process, and as such, no specific cause for its occurrence is accepted by the scientific
fraternity worldwide. [16]. Although, various most accepted theories which explain the basic etiology of AD
are discussed below

(a) Amyloid cascade hypothesis: Amyloid cascade hypothesis is related to'the formation of amyloid  plaque
and its harmful effect. Generally, a transmembrane glycoprotein, known as APP’ is express over the surface
of brain cells/neurons. The proteolysis of this surface APP is regulated by a, B, and y secretase enzymes.
During the cleavage of APP, some small amyloid B protein fragments are formed which consist of three
main components a) A monomer, b) AP oligomer and c) AP fibrils [17]. Various studies evident that the
prior one i.e. the soluble Af monomer and oligomers are predominantly responsible for neuronal
degeneration instead of the insoluble fibrils [18]. Typically, in the healthy brain, such AP fragments get
dissolved and cleared from the brain. However, in AD brain the clearance of this AP protein gets hindered,
resulting in the formation of B amyloid plaque or aggregate (fig. 1(a)). This amyloid plaque is neurotoxic
and neurodegenerative in nature that produces abnormalities in memory, cognition and behavioural
activities which lead to AD condition. There are some drug molecules which selectively reduces the
amyloid plaque formation like tarenflurbil [19], semagacestat (y-secretase inhibitor) [20], solenezumab [21]
and aducanumab (anti-Ap antibody) [22] etc.. Moreover, pioglitazone and rosiglitazone (common anti-
diabetic drugs) are selective PPAR-y® agonist which reduces the insulin resistance and also act on AD
related inflammatory response, thereby it lower down the amyloid plaque formation, hence, found effective
in AD therapy (fails clinical trial phase III on AD patients) [24, 25].

(b) Cholinergic hypothesis: This 18 the most commonly accepted and earliest hypothesis to describe AD
etiology. According to.this hypothesis, the AD represents abnormalities in cholinergic neurons which not
only results in a reduced concentration of ACh in the brain but also reduces choline uptake which causes
memory and behavioural deficit in the patient. Further, to improve the cholinergic responses, many ChEIs
like galantamine, rivastigmine, donepezil are preferred and approved by FDA for the treatment of AD [26].

(c) Tau hypothesis: In general, the basic structure of a neuron is made up of microtubules. However, these
microtubules are sequentially assembled and stabilized with the help of a particular protein known as Tau
protein or' MAP’ (MAP1A, MAPI1B, and MAP2). The degree of phosphorylation regulates the regular
biological activity of tau. In AD patients, the hyperphosphorylation of these tau proteins disturbs the
microtubule assemblies which lead to the formation of neurofibrillary tangles (dead neuron) and cause
dementia. It has been reported that nicotinamide, lithium, and valproate are the drugs which can reduce this
hyperphosphorylation and maintain the neuronal health [27, 28] (fig. 1(b)).

(d) Excitotoxicity hypothesis: The Ca” and Na' channel at the synapse is regulated by NMDA receptor, which
is responsible for maintaining the synaptic plasticity and memory function. Some biomolecules like glycine
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and glutamate bind to the NMDA receptor and initiate the Ca™", Na' influx thereof. Hyperexcitability of this
NMDA receptor leads to caspase-mediated neuronal cell death due to Ca™" overloading at the nerve cells. In
this situation, glutamatergic drugs like memantine, an FDA approved non-competitive NMDA antagonist,
prescribed for symptomatic treatment of AD [14].

(e) Mitochondrial cascade hypothesis: Some evidence showed that abnormal mitochondrial energy production
might also contribute to AD etiology. Such mitochondrial dysfunctioning can be a result of a genetic
mutation which may cause apoptosis, memory deficit, and neurodegeneration. Latrepirdine is a drug that is
used to target such mitochondrial abnormalities [29].

Figure 1: Major pathophysiology of Alzheimer disease (a) Amyloidogenesis and (b) Tau
hyperphosphorylation.

Apart from these foremost assumptions, the inflammatory mediators, free radicles or reactive oxygen species,
nitric oxide, genetic and environmental factors also subsidize with the AD etiology [16, 26] (fig. 2).

1.2 The blood brain barrier

The AD early diagnosis and successful treatment are severely hinder owing to the existence of the BBB® [30].
The BBB is an essential protective layer around the brain which protects the brain from the harmful stimuli,
pathogens, toxins or any other delirious substances. The BBB consists of endothelial cells, basement
membrane, pericytes and astrocytes which in combination with perivascular-elements such as the basal lamina,
capillaries neurons, and microglia forms a functional or neurovascularunit. This helps to regulate the exchange
of essential nutrients and oxygen to the brain [31]. Particular tight junctions between brain epithelial cells
restrict the exchange of substances (large molecules as well as several ions) between brain and blood by
physical means. In addition to this, some metabolic barriers (enzymes) also exist on the BBB [32, 33]. The
primary function of the BBB is to protect the brain by keeping it isolated from harmful toxins potentially
present in the bloodstream and to maintain the brain homeostasis. Hence, it restricts the entry of almost all the
substance from the periphery into the brain. Though, there are some special provisions for the entry of the
essential nutrients, such as amino acid, , and hexoses; proteins, peptides, ions, etc. to assist the normal brain
functioning. The transport mechanism or the passage to.cross the BBB involves receptor-mediated transcytosis,
endocytosis, carrier-mediated transport, adsorption transcytosis, passive diffusion, transcellular lipidic pathway
and paracellular aqueous transport [34, 35]. However, in case of drug molecules, only highly lipophilic drugs
which are small enough (<500 Da) can cross the BBB [36, 37]. It has been indeed estimating that more than
99.9 % of macromolecules and more than 98% of small molecules cannot penetrate the BBB [38]. Although
novel drug molecules for the treatment of AD are under investigation, most of them cannot transform into drug
products due to the lack of suitable strategies for transport across the BBB. Many review articles are available
for more information about the/mechanisms of BBB translocation of molecules [39, 40].

1.3 Nanotechnological Approaches

Ideally, the approaches adopted to facilitate the permeation of AD-therapeutics across the BBB should: (i) be
easily controlled; (ii) selectively transport drugs across the BBB following systemic administration; (iii) be
fully biodegradable and non-toxic; (iv) not damage the barrier; (v) transport adequate drug amount to achieve
therapeutic_levels; and (vi) be able to target specific areas of the brain. Among the different suggested
approaches to-date, nano

particles offer the best prospects for drug delivery to the brain with improved therapeutic efficacy [41, 42, 43].

Figure 2: Figure showing responsible pathophysiological mechanisms of Alzheimer disease and explored
nanoparticulate approaches for the treatment of AD.

Nanotechnology is a science of the study of the ultra-small particulate system which behaves as an individual
unit with respect to their properties. These are basically polymeric (natural or synthetic) or lipidic particles
(mostly biodegradable in nature) with the size range between 1-100 nm. Nanoparticulate drug delivery
represents a very attractive and flexible novel carrier system which targets the drug substances to the particular
site of action by protecting its integrity [44, 45, 46]. Nowadays nanotechnology gains very much popularity in
diagnostic and therapeutic means [47]. It is most often use as a carrier system to deliver the drug to critical sites
(like the brain, tumor cells, etc.) of the body for site-specific delivery of the drug. At the same time, it also
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improves the drug solubility, absorption and cellular permeation (owing to its small size) so improves the
bioavailability of the drug. Along with this nanoparticle offers various other advantages over conventional drug
delivery system like protects the drug from enzymatic degradation and harsh GI environment, improves the
stability of the drug in the systemic circulation results in prolong half-life, controls, prolongs and sustained the
drug release, and decreases the side effects of the drug. Moreover, it is biodegradable and biocompatible in
nature, and so it is supposed that its metabolic products can be easily eliminated from the body [48, 49, 50, 51].
Most of the anti-AD drugs are poorly water-soluble, or membrane impermeable, or exhibit extensive first-pass
effect which leads to poor brain delivery. Additionally, the existence of BBB is the major hurdle to treat the
CNS disorders hence the researchers focused on nanotechnology based drug delivery system to facilitate the
AD therapy. Bases on the composition and method of preparation there are different types of nanoparticles with
varying nature like polymeric nanoparticle, nanogels, liposomes, nanoemulsion, nanosuspension, SLN, NLC
etc. which are sometimes surface-modified with a ligand to enhance the target specificity [52, 53, 54] (fig. 2).

In this review article, we have mentioned the most recent research strategies applied in the field of nanocarrier
design which is brought into line for the treatment of AD by crossing the BBB only. Accordingly, we have
structured our review paper into two broad categories which involve firstly, the polymeric nanocarrier and
secondly, the lipidic nanocarrier system. In the polymeric nanoparticle design strategies, the importance of the
polymer used was discussed in the former section, helping the drug molecule to cross the BBB. The later
section highlights the lipid-based nanocarrier systems, helping the drug molecule to cross the BBB for the
improvement of its therapeutic efficacy. Therefore, we hope that this review article will be helpful for the
researchers and clinicians to understand the proficiencies of the nanocarrier system which are under
investigation for the treatment of AD. Moreover, the comprehensive presentation of the recent research will
stimulate the idea of implementing these strategies in a more fruitful way forthe exploitation of the untouched
drug entities available for the treatment of AD. These strategies will help the emerging researchers to open a
gateway for the discovery of a new era in the field of nanotechnology towards the brain research.

2. Biomedical Application

As discussed in the previous sections, most of the drug molecules for the treatment of AD possess limitations to
access brain region because of the BBB. To overcome this limitation, scientists have redefined the use of
nanotechnological approaches to make the drug available in the brain region to improve its efficiency. Some of
the attempts/strategies made in this direction to increase the bioavailability of the drug in the brain region are
compiled in table 1.

2.1 Polymer-based nanocarrier system

2.1.1 Polymeric Nanoparticles

Nanoparticle offers a most versatile and fortunate drug carrier system that can successfully deliver the active
drug substance to a critical region of the body like brain [44, 55]. These are microscopic polymeric colloidal
particles of a size below 1000 nm. Nanoparticles may be a reservoir or matrix type of carrier systems.
Purporting to be made up of biodegradable and biocompatible natural or synthetic polymers[56]. These matrix
systems can entrap/or encapsulate the active molecule to protect the drug from the harsh, unfavourable
toxicological concern of nanoparticulate system is related to the polymers and other ingredients used in its
preparation..Hence; the selection of biodegradable and biocompatible polymers is to be made by the FDA
guideline to assure safety and efficacy. [66]. In this context, various attempts made using nanoparticles, for
successful delivery of drug to the brain for the treatment of AD are discussed below.

As the cholinergic dysfunctioning is the most common and major attribute of AD [67]. The drug molecule with
an ability to improve the cholinergic function of the brain can be a potential candidate for the treatment of AD.
One such drug is tacrine, a reversible cholinesterase inhibitor that can inhibit both the AChE’ as well as
BuChE'". Also, it also acts as a potassium channel blocker which, in combination improves the cholinergic
neuronal function [68]. It is the first licensed FDA approved AChE inhibitor to be used for the treatment of AD
[69]. The primary disadvantage of tacrine is its poor bioavailability, extensively high first-pass metabolism,
rapid clearance and high GI'' side effects like other ChEIs. To overcome such limitations and to provide an
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efficient drug carrier system for efficient delivery of tacrine, Wilson et al. (2010) have prepared a tacrine
loaded chitosan nanoparticle coated with polysorbate 80 and studied its effect on biodistribution of drug
molecule [70, 71]. Chitosan is a mucoadhesive, cationic natural polysaccharide, commonly used in various
novel drug carrier system to enhance the efficacy and potency of the bioactive [72]. Along with this, it is
biodegradable, biocompatible and less toxic in nature that releases the entrapped drug through enzymatic
degradation in the body[73]. Interestingly, the resulting by-products are non-toxic, non-immunogenic and
readily absorbable in the human body. Chitosan can enhance the drug dissolution rate in the biological fluid,
can control the rate of release of the carrier system, and can also prolong/ sustained the drug release to improve
bioavailability without any harmful effect[61]. Due to these properties of chitosan, there is a high demand of
chitosan in various pharmaceutical and biomedical fields like ophthalmology [74], artificial membrane [75],
dressing material for wound healing and drug delivery [76]. Also, the rate controlling phenomenon of chitosan
has been widely utilized by researchers to improve the solubility, bioavailability, and efficacy of various drug
molecules by incorporating them in a suitable nanoparticulate system [77, 78, 79]. In this context, Wilson et al.
(2010) have selected the natural emulsification method for the preparation of nanoparticle using chitosan as a
polymeric phase with a suitable crosslinker [80]. After that, the drug was loaded to the prepared nanoparticle
and finally, the nanoparticles coated with polysorbate 80 to alter the distribution of the drug in the body.
Coating with polysorbate 80 is a prevalent strategy that enhances the brain uptake of nano drug carrier. At the
same time, it increases the drug retention time, improves biodistribution and. so enhances drug efficacy.
Although, it affects the physicochemical properties of the final formulation, increasing the particle size,
reducing the drug loading ability, lowering the drug release, etc. The nanoparticulate system releases around
89% of the drug with an initial burst release followed by sustained release for 12h. The drug release pattern
follows Fickanian behavior and obeys Higuchi and Korsmeyer-Peppas. kinetic model. The in vivo study
confirms that the polysorbate 80 coated chitosan nanoparticles increase the half-life, drug retention time and
improves the biodistribution and drug concentration in all the vital ergans. At the same time, it also reduces
renal clearance of the drug from the body. Thus, the polysorbate 80 coated chitosan nanoparticles offer a
promising carrier to enhance the bioavailability of tacrine to enhance the cholinergic response for providing a
symptomatic treatment of AD by improving the memory and cognitive functions [81].

Likewise, rivastigmine is also recommend for the treatment of AD. Rivastigmine is a USFDA'? approved,
reversible cholinesterase inhibitor having the ability to inhibit both AChE and BuChE [82]. In various clinical
studies, rivastigmine was found useful for the treatment of AD, and it has claimed to improve the behavioral
and cognitive functioning of the patient by enhancing the cholinergic responses in the brain [83]. The only
problem associated which limits its clinical application is its low brain availability because of its inability to
cross the BBB. Exploiting the above-discussed strategy to coat poly(n-butyl cyanoacrylate) nanoparticle by
polysorbate 80, Wilson et al. (2008) had developed rivastigmine loaded nanoparticle injectable for IV'
administration [84]. In their work, they had improved the drug efficacy and concentration by using Polysorbate-
80 coated poly(n-butyl cyanoacrylate) nanoparticle for the successful delivery of rivastigmine into the brain.
This nanoparticulate system delivers the drug moieties to the brain which cannot cross the BBB in its native
form and therefore it _has been chosen to encapsulate them within Polysorbate 80 coated poly(n-butyl
cyanoacrylate) nanoparticles. According to earlier reports, hexapeptide dalargin was the first drug to be
successfully delivered into the brain in a time-dependent manner using the same approach [85]. Apart from this,
various another drug like dipeptide kyotorphin [86], tubocurarine [87], doxorubicin [88], loperamide [89]and an
NMDA receptor antagonist MRZ 2/576 [90] have also been delivered into the brain by the application of
Polysorbate-80 coated poly(n-butyl cyanoacrylate) nanoparticle. Wilson ef al. (2008) had selected an emulsion
polymerization technique as a method of choice for the preparation of rivastigmine loaded poly(n-butyl
cyanoacrylate) NP'* followed by coating with 1% polysorbate 80. Also, dextran is also added to impart stearic
stability in the formulation, while glucose as cryoprotectant[91]. Moreover, the drug release from the
nanoparticles depends on the drug-polymer ratio used in the formulation. The polysorbate 80 coating on
nanoparticle surface slightly reduces the drug release rate following a biphasic release pattern. At the initial
stage, due to burst effect, a hike in the release of drug occurs which sustained gradually up to 24 h with an
overall release up to 86% [78, 92]. In vivo study confirms the presence of the drug in the brain region as
compared to other peripheral organs like liver, lungs, spleen, kidney, etc. Interestingly, the polysorbate 80
coated NPs shows 3.82 folds higher concentration in the brain as compared to the free drug solution. This
increase in bioavailability relates to the theory that coating of polysorbate 80 on NPs enhances the targeting
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ability [85, 93] to a specific apolipoprotein B and E to facilitate the transfer of drug across the BBB via
receptor-mediated endocytosis [94]. Hence, polysorbate 80 coating on poly (n-butyl cyanoacrylate) NP
represents an efficient drug delivery system to target the drug in the brain that was unable to cross the BBB in
its native form.

In general, various metal ions like copper, zinc, iron, etc. are considered as the most critical element for smooth
conduction of metabolic processes in the body, responsible for signal transmission from the brain and
regulating enzymatic activity. However, the higher concentration of these metal ions could lead to producing
toxic effects. Their excessive accumulation in body interferes with the brain function and can increase the risk
of various CNS' disorders like Alzheimer’s disease, Wilson’s disease and Parkinson’s disease [95, 96]. In case
of an AD, these metal ions get interacted with the AB'® plaque and thereby enhance the severity of the disease
[97]. However, various metal ion chelators like quercetin, trientine, D-penicillamine, bathocuproine
(hydrophilic) [98] and clioquinol (hydrophobic) were proved as potential agents to dissolve the metal-Af3
plaque, therefore deployed for the treatment of Alzheimer's disease [99]. By using this phenomenon of metal
ion chelation, a newer approach has been developed by Sun and co-workers (2016) to prevent the metal-peptide
interaction through the metal ion chelation [100]. They have prepared a PLGA'” functionalized quercetin loaded
nanoparticles for effective treatment of Alzheimer’s disease. Interestingly, quercetin is. a natural flavonoid
[101]. Quercetin can reduce the neurotoxicity produced by B amyloid peptide [102] as well as it also acts as a
chelating agent for metal cations [103]. The limitation associated with quercetin/is its poor solubility, extensive
first pass metabolism. Hence, it exhibits low oral bioavailability [104]. Therefore, to overcome these
limitations, the quercetin is encapsulated into a PLGA nanoparticle that supposed to enhance its therapeutic
efficacy [62, 105] by enhanced brain permeation and so the bioavailability [106]. The produced nanoparticles
are the result of a double emulsion solvent evaporation method (fig. 3)using PVA'® as an emulsifier to increase
the stability of the formulation. The quercetin loaded nanoparticle effectively dissociates the amyloid § plaque
when tested on amyloid B aggregates (in vitro). The quercetin was released from the carrier system initially in
bulk by burst effect for 2 h followed by a sustained release for 48 h. At the same time, it also improves the cell
viability and does not produce any cytotoxicity in the in vitro cell model. Also, it protects the neuronal cells
from the toxic effect of metal-peptide complex and also reduces the aggregate formation. Various behavioral
studies (like Morris Water Maze and novel object recognition test) on animal models give the assurance that the
quercetin loaded PLGA nanoparticle significantly improves the memory and behavioral abnormalities. At the
same time, in vivo study assures that it reduces the neurodegeneration by inhibiting metal-peptide
complexation. Thus, the author claims that PLGA nanoparticle offers a potential carrier system for the delivery
of quercetin into the brain for treatment of Alzheimer’s disease [107]. The author mentioned. no evidence to
show how the PLGA nanoparticle crosses the BBB. However, the surface modification of nanoparticle with
any target-specific ligand could offer.a more prominent carrier system to deliver the drug across the BBB.
Figure 3: Diagrammatic representation of the double emulsion method for encapsulating quercetin in
PLGA NPs. [Adopted with permission from Sun et al., 2016.]

Similarly, Cui and co-workers (2005) have also done an impressive piece of work; they have prepared D-
penicillamine loaded NPs with an objective to treat AD by metal ion chelation therapy [108]. An engineered NP
prepared by using MPB-PE'?, PDP-PE® and warm microemulsion precursor, a mixture of surfactant (like
tween 20,.Brij 78) and emulsifying wax. The drug D-penicillamine was conjugated with the prepared
nanoparticle through a disulphide or thioether bond, as shown in to clear the concept of conjugation method.
The concentration of D-penicillamine in the prepared NP depends upon the amount of MPB or PDP, which
increases by increasing amount of MPB or PDP. Also, the higher concentration of MPB or PDP increases the
particle size, and it was a known fact that the particle with size less than 100 nm is suitable to cross BBB. At
the same time, the thioether or disulphide linkage makes the formulation more stable [109]. The NPs releases
the drug by interaction with glutathione (natural reducing agent) expressed over cells of the brain region under
a normal physiologic condition which can be enhanced by the addition of a reducing agent DTT*' [110]. D-
penicillamine conjugated NP efficiently crosses the BBB by interrupting its function and integrity and
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successfully delivers the metal chelator in the brain under a reducing environment. At the same time, D-
penicillamine is capable of resolubilizing the copper- AP aggregates in the brain and helps to reduce the
severity of the AD-like condition or other CNS disorders [108].

Table 1: Investigated drug-loaded nanoparticles for the treatment of AD

2.1.2 Target specific nanoparticle

To enhance the drug targeting ability, to improve the drug efficacy, and to reduce the undesired side effect of
the therapy some targeted specific moieties known as ligands, incorporated on to the surface of nanoparticles.
These ligands have an affinity towards specific receptors which are present at the BBB like glucose transporter
(GLUT 1), NMDA receptor, transferrin receptor, etc. Such targeting ligands interact with their particular
receptors and open a channel for drug transport in the brain. At the same time, some molecules also have an
affinity towards site-specific peptides like AP peptides which upon interaction exerts their activity to the
specific site without any side effect.

In the context of the above strategy, Hu and coauthors (2009) have attempted the development of the brain
targeted nanoparticles by preparing noninvasive receptor-mediated drug carrier system [113]. They have
prepared an Lf* conjugated PEG*-PLA% nanoparticle (Lf-mNP?) to explore the brain targeting ability of Lf
as a specific binding vector. Lactoferrin is a cationic iron binding, a mammalian glycoprotein which belongs to
transferrin family. It is composed of a single chain polypeptide of 690 AA*® having two lobes containing iron
binding site [114, 115]. Various studies showed that lactoferrin possesses-anti-inflammatory, anticancer,
antibacterial, antiviral and antifungal activities. At the same time, it is‘also responsible for the bone growth,
wound healing and immunomodulation activity. The BCECs®’ and respiratory epithelial cells are abundant in
lactoferrin receptors [116], and therefore, Lf offers a very potential brain targeting ligand because of its high
binding affinity towards the Lf receptors of BCECs [116, 117]. Also, the negative charge on the basement
membrane of brain facilitates the interaction with positively charged Lf molecule [118]. Hence, for many CNS
disorders, lactoferrin can be utilized as a very potent surface-active ligand to deliver the drug into the brain. In
this respect, PEG-PLA NPs offers various advantages (like more excellent physical stability, prolong drug
release, ease of preparation, less number of excipients needed for preparation thus low cost of preparation) over
the other polymeric nanoparticles. Hence, it is selected for conjugation with Lf to successfully delivers any drug
molecule into the brain [119]. The Lf-NP'prepared” with MPEG**-PLA and maleimide-PEG-PLA block
copolymer using double emulsion solvent evaporation method [120]. Coumarin-6 was loaded as a model drug
and as a nanoparticle probe too. The prepared NPs were further surface modified by conjugation with thiolated
Lf [121]. The PEG-PLA-Lf-NPs enhanced the cellular uptake through a model bEnd.3* cells up to 1.45 as
compared to NP. The Lf modified NP improved the cellular uptake in a temperature dependent manner and was
found higher at body temperature 37°C as compared to low temperature (4°C). However, at average body
temperature, the cell uptake was concentration and time-dependent indicating an active transport of NP across
the BBB [116, 117]. It also“extensively improves brain distribution of drug as compared to non-modified NP.
Additionally, the PEG-PLA-Lf-NP: significantly increases the drug concentration and AUC’. Further, the
cytotoxicity study ensures that the Lf-NP did not possess any toxicity in the body and considered to be safe for
the treatment of AD. As per the author, the Lf-NP offers a promising, noninvasive and novel approach for the
drug targeting into the brain.

Moving one-steprahead, the drug targeting into the brain involves an innovative approach to formulating a
bifunctional or multifunctional NP. This phenomenon describes the decorating the surface of the
nanoparticulate system with more than one target active ligand. It facilitates the drug targeting either by
triggering multiple receptors of the BBB, resolving the problem of receptor saturation or by reacting with
receptors presents at different sites in the brain. Briefly, it firstly opens a passage in the BBB by interacting
with the receptor present in BCECs and after that binds to the specific site of action in the brain like B amyloid
plaque and the other portion of the brain remains unaffected [122]. By this way, dual functional nanoparticle
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enhances the drug targeting ability of nanoparticle. Using this strategy, Zhang et al. (2014) have prepared a
cascade targeting drug delivery system made up of PEG-PLA nanoparticle to encapsulate H102. It is surface
modified with two different targeting moieties, i.e., TGN>' and QSH*. The first one is responsible for brain
targeting and offers 3.6 times greater targeting ability than the non-modified NP, while the later one is
responsible for binding with the AB4, molecules [123]. The H102 is a newer class of oligopeptide or B sheet
breaker [124] which became very popular nowadays, because of its unique ability to prevent the formation of
senile plaque and to reduce neurotoxicity by interrupting the formation of the B sheet and thus, the causes
aggregation [125]. The investigator prefers an emulsion solvent evaporation method for preparation of PEG-
PLA NP. The drug loaded into the carrier system at the time of preparation of NP, and after that, the drug-
loaded carrier was surface modified with TGN and QSH for active targeting. The surface modification with
targeting peptides increases the size of the nanoparticle. The in vivo study proves that the dual-targeted PEG-
PLA-NP or TQNP* enhances the AUC and drug uptake in the brain region. Thus, the overall drug
concentration in the brain is approximately 1.8 times as compared to H102/NP. The behavioral study on animal
model confirms the neuroprotective ability of TQNP. Therefore, the drug carrier system can be considered as a
potential approach to treat AD as it helps in regaining the neuronal dysfunctioning by reducing the plaque
formation and restoring the cholinergic functioning [126].

2.1.3 Nano gel

Nano gels can be considered as chemically or physically crosslinked hydrophilic network of specially designed
polymers that can get swell by absorbing a significant amount of water or solvent [127]. In other words,
nanogel is also referred as hydrogel nanoparticle, composed of a highly hydrated three-dimensional network of
either synthetic or natural polymers [128]. The main feature of nanogel is its'stimuli-responsive nature, i.e.
ability to change own properties in response to any external stimuli (like pH, temperature, light, ionic
concentration) [129]. It is a smart nanocarrier system that offers various advantages over the traditional
nanoparticles like higher drug loading capacity, higher tissue penetration power, higher elasticity and increased
stability due to cross-linked network [130].

The study shows that apart from the aggregation of AP peptidethe AD etiology also involves the gathering of
soluble protein which reduces the clearance of Af peptide from the brain [132]. theSuch misfolding of the
amyloid peptide can be, therefore, handled by endogenous chaperones molecules [133]. One such useful
molecule is CHP** that can protect the neuronal cell from toxicity and damage because of its unique protein
folding and refolding activity [134]. In this coneern, a cationic hydrogel NP of CHP [135], referred as CHP
nano gels prepared by Boridy ef al. (2009). The hypothesis was carried out with an objective to investigate the
ability of CHP to reduce the neurotoxicity produced by AP plaques. Moreover, the CHP shows the ability to
form a monodispersed colloidal nano gels just after self-assembling through hydrophobic interaction; as shown
in (fig. 4) [134]. Thus, the CHP-nano gels preferentially bind to small soluble amyloid B protein in the brain to
form an AB-CHP complex which reduces the plaque formation thereof. The CHP, therefore, utilizes the
immunological attributes of ' microglial cells and astrocytes of the brain [136] to facilitate the clearance of AP
monomers, oligomers and fibrils as well as to maintain the homeostasis in the brain. Thus, a microglial cell
behaves as the macrophages-of the brain and efficiently removes the AB-CHP complex without producing any
cytotoxic effect. However, the cationic CHP-nano gel is more cytotoxicity as compared to neutral CHP.
Recently, various clinical trials have already been performed to assure the feasibility of CHP nano gel system
for treatment of various brain disorders. Here, the in vivo study demonstrates that the CHP nano gel offers a
promising approach for the delivery of various potent bioactive to reduce the AP toxicity towards the AD
treatment [137].

Figure 4: Self-association of the polymeric nanoparticle, CHP into nano gels by hydrophobic interaction.
[Adopted and modified with permission from Boridy e al., 2009]

2.2 Lipid-based nanocarrier system

The lipidic nanoparticles have gained more attention among various types of nano-carriers in the recent years,
due to its less or no toxicity, biodegradability, and ability to successfully deliver biomolecules, DNA, RNA,
genes, antibodies, etc. The nanoparticulate system in which the polymers are replaced by the lipidic material to
provide the necessary assembly for drug loading and ligand binding in case of targeted nanoparticles [138].
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Based on the types of lipids, their physical state, composition and formulation strategy different types of lipid
nano-carriers are available like liposome, SLN, NLC, etc. The applications of such lipidic nano-carriers are
discussed below.

2.2.1 Liposome

Among all the different lipid carrier system, liposome remains the most popular one. Structurally, it is a small
vesicular system made up of a phospholipid bilayer with an aqueous core. This structure contributes to the
amphiphilic nature of liposome, i.e. ability to carry both the lipophilic (intercalated with the phospholipid
bilayer) and hydrophilic (encapsulated with the aqueous core) moieties. Moreover, it is composed of natural or
semisynthetic phospholipid molecule which makes it biocompatible, less toxic and suitable for the delivery of
biomolecules [122]. Applications of the liposome as a drug carrier for treatment of AD are compiled in table 2
and are discussed below.

The excessive accumulation of aluminum ion in any region of the brain and abnormal inflammatory reactions
also triggers the neurodegeneration process and significantly reduces the ACh level in the brain (boost up the
neuronal dysfunctioning). In such conditions, some AChE inhibitors found effective to.improve the amount of
ACh in the brain that helps to regain the regular functioning of neurons [143]. By using this approach author
(Ismail et al. 2013) have prepared a nano-based formulation, i.e., the liposome of a novel AChE inhibitor,
rivastigmine [144] for the treatment of AD and tested its effectiveness on AICl; induced rats. Rivastigmine is
considered as a potential AChE inhibitor, offering advantages over other.conventional inhibitors, as it can
irreversibly inhibit AChE as well as BuChE [145]. However, it is useful in scopolamine as well as aluminum-
induced cognitive dysfunctioning [146]. However, the problem associated with-rivastigmine is its shorter half-
life and reduced oral bioavailability due to involvement in extensive first-pass metabolism. Interestingly, the
authors have followed the passive diffusion principle for drug penetration across the BBB owing to the
lipophilic nature of the liposome and have claimed the same for their formulation [32]. Here in this study, the
liposome is prepared by two methods lipid layer hydration and a heating method using egg yolk
phosphocholine, dihexadecyl phosphate, and cholesterol in different molar ratio and further characterized and
evaluated under various parameters to assure the. efficacy of carrier system [147]. We know that the particle
size of the nano-carrier system dramatically affects its _cell permeability and also the brain targeting ability.
Here, the study shows that the method of liposome preparation significantly affects the size of the carrier
system. For this reason, a lipid layer hydration was preferred overheating method to prepare the liposome at the
desired size range. Furthermore, the release study confirms a sustained release of drug over a period of 24h. In
particular, the drug release was in a biphasic fashion, it followed fast release behavior for the first 3h and slow
release for the next 24h. At the same time, it is also important to mention that the drug release follows the zero
order rate kinetics which means that it is'independent of the initial drug concentration. Additionally, the in vivo
study demonstrated a significant improvement in memory of the animal model. Together with this, the
liposomal formulation was found amazingly useful in reduction of the amyloidogenic and neurodegenerative
effect of AICI;. However, the work could be more effective if some surface modification would have been done
for more prominent site-specific targeting to enhance its therapeutic efficacy. As per the findings, of course, the
rivastigmine loaded liposome can serve as a potential candidate for the treatment of AD, but only if the similar
results will be observed in human trials.

Table 2: Investigated drug-loaded liposomes for the treatment of AD.

2.2.2 Target specific liposome

As we have previously discussed, the excessive aggregation of A monomer and oligomer is the main cause of
neurodegeneration. the are,Hence, by shifting the AP equilibrium towards periphery can reduce the Af
population in the brain. This phenomenon, in turn, would lessen the formation of AP plaque and thus reduces
the neurodegeneration [148]. Using such phenomenon/strategy, Mancini et al. (2016) worked on the formation
of a multifunctional lipidic nanoparticulate system (liposome), i.e., mApoE*>-PA**-lip*’ (fig 5) to extract the Af
peptide out of the brain by explicitly binding with it. However, the sphingomyelin and cholesterol (1:1) offer a
suitable lipid phase for the preparation of liposome. The prepared liposome was further surface modified with
PA (AP binding domain) and mApoE derivative (BBB binding domain) [10, 18, 122] while the surface
modifications with targeting ligand increase the size of the liposome as compared to the non-functionalized one.
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The in vitro study on a transwell BBB model demonstrates that mApoE-PA-lip increases the efflux of AP
oligomer from BBB as compared to other formulations. Accordingly, the in vivo study shows a significant
increase in AP level in blood or peripheral compartment as compared to the brain region [149].

Figure 5: Illustration of the bi-functional liposome, surface modified with mApoE and PA

Although only small soluble AP oligomers were able to cross the BBB and not the AP fibrils, still a significant
reduction in AP oligomers in the brain is sufficient to prevent the aggregate formation. However, it accentuates
the realization that a sink effect created by the multi-functionalized nanoparticles have facilitated the removal
of AP peptide from the brain and because of this, it prevents the formation of AP plaque. Hence, it offers an
attractive approach to treat AD [149]. Besides this, ample of works not only focused on the delivery of some
bioactive like curcumin, peptides, monoclonal antibodies, etc. as a therapeutic agent but also been utilized as a
targeting ligand to bind AB [150, 151].

Another strategy in the series of treatment for the AD is the biomedical application of lactoferrin modified nano
lipid carrier system. Precisely, it mimics the LDL*® loaded with drug (like curcumin) for/brain targeting, and
some exemplary examples of this are demonstrated by Meng et al. (2015). The LDL or.low-density lipoprotein
is one of the most important lipoproteins in the body which is composed of phospholipid core, cholesteryl
ester, and ApoB-100*" which remain compatible with both hydrophilic and hydrophobic molecule and also is
nonimmunogenic in nature [152, 153]. The NLC* was prepared in a fashion<to’ mimic the LDL by
electrostatically binding with Lf*' which is furthermore responsible for the brain. targeting of the drug. The
NLC was prepared with phosphatidylcholine, cholesterol, S100-COOH™*, and glycerol trio to be modified with
Lf and further loaded with curcumin by solvent evaporation method thereof.“The Lf added to the formulation
because of its ability to cross the BBB through Lf receptor at endothelial lining. Undoubtedly, S100-COOH was
responsible for increasing electrostatic charges so that more enormous amount of Lf could absorb on the surface
of NLC. On the other hand, ApoB-100 was accountable for stabilizing the formulation. Additionally, curcumin
is a phytoconstituent which is reported to reduce the neurodegeneration by slowing down the AP aggregate
formation in the brain [10]. Interestingly, the particle size of the nanocarrier decreases with increase in the
amount of S100-COOH because of tightening effect of the PEG chain which in turn limits the vesicular size
[154, 155]. At the same time, the concentration of Lf-also affects the particle size. However, the entrapment
efficiency decreases with increasing amount.of SI00-COOH only and not affected by Lf level. Among various
release kinetic models, the Weibull model was found to fit best to describe the release pattern. On the contrary,
the Lf concentration reduces the rate of drug release. Despite this, the NLC and Lf-mNLC formulations provide
a slower release rate of the drug after4 h. At-last, the in vivo study supports the hypothesis that Lf-mNLC
significantly increases the AUC and MRT while reducing the drug clearance from the body. At the same time,
the Lf-mNLC also enables the drug molecules to cross the BBB efficiently. It all boils down to the fact that, the
Lf-mNLC offers a potential carrier system which not only efficiently delivers the drug into the brain without
affecting its integrity but also improves its pharmacokinetic behavior [2].

2.2.3 Nanoemulsion

Nanoemulsion is thermodynamically stable, nano-sized, colloidal droplet system in which two immiscible
liquid phases are mixed.together with the help of suitable emulsifying agent to form a uniform isotropic system
[156]. The droplet size falls in nano range (20 to 200 nm) hence it overcomes the of instability issue of the
conventionalremulsion [156, 157, 158]. At the same time, the smaller droplet size and its larger surface area
facilitate the 'drug absorption which not only to improves the bioavailability of the drug [159]. Along with this,
the use of natural oil in the formulation of nanoemulsion makes it biocompatible and biodegradable in nature
and does not produce any cytotoxic effect [157]. However, the limitation associated is the instability of the
formulation upon storage which may leads to phase separation (especially when highly insoluble oil is used)
and immediate drug release. An ample of studies report about the nanoemulsions to be a suitable carrier system
for delivery of the drug into the brain [160] for the treatment of various CNS disorders like an AD, PD*®,
glioma, tumor, etc.
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As noted earlier, the most unfortunate fact associated with the brain disorders is the neurodegeneration which
causes permanent loss of nerve cells that can’t be retrieved further by any treatment. However, the treatment
just prevents the further progression of the disease and save the subject from a severe fatal condition.
Accordingly, to maintain a healthy society, efforts should be made towards not only finding any compounds or
strategy that can inhibit the manifestation of disease but also be able to slow down the disease progression in its
early diagnostic stage. The treatment should point towards the critical factor that initiates the misfolding for an
abnormal pathogenic response [161, 162]. Surprisingly, most of the CNS disorders like an AD, PD, CJD* and
genetic prion disease share some common pathogenesis including neurodegeneration, inflammatory response,
oxidative impairment, etc. [163]. In fact, lipid oxidation [164] and oxidative stress are the primary attributes of
the brain diseases which stimulate the protein misfolding process leading to neurodegeneration. For this reason,
a potent antioxidant molecule along with neuroprotective activity could be beneficial for the management of the
brain disorders. In this regard, PSO™® is one such compound having a potent anti-oxidant and neuroprotective
ability which can be beneficial for the treatment of CNS disorders. Furthermore, it is a natural antioxidant
consisting of a punicic acid and has conjugated polyunsaturated fatty acid (linoleic acid) [165] and B-sitosterol
in significantly higher concentration than any other plant sources [166]. Indeed, PSO is also referred as a potent
antioxidant to exhibit anti-inflammatory and neuroprotective effect [167]. Howeyer, like other natural
compounds, it faces the problem of poor bioavailability and low brain permeability. To resolve this, Mizrahi et
al. (2014), have attempted to incorporate PSO in a soluble nanoemulsion which supposed to elevate the
bioavailability and can improve the safety and efficacy of the drug in the brain [168]. The soluble NE*
enhances the bioavailability, prolongs the circulation time, improves the drug targeting ability and also assists
to cross the BBB [169]. As a result, the study supports the theory that natural antioxidant delayed the disease
progression. In a nutshell, the Nano-PSO slows down the disease onset«at a low dose at a faster rate.
Additionally, the nanoemulsion improves the brain permeation ability and bioavailability of PSO in the brain.
At the same time, it also reduces the effective dose of the drug and improves the safety of its long-term
administration without producing any harm to human body. Undoubtedly, the nano-PSO serves as a useful
strategy to prevent lipid oxidation, neuronal loss, i.e., neurodegeneration and offers a promising treatment for
an AD with decidedly less adverse effect [170].

Yang et al. (2014) explain the similar piece of work done in the field of the nanoemulsion. They have prepared
an oil body nanoemulsion (ONE'") of an_.anti-Alzheimer drug ginkgolide B (GB). Reportedly, GB* is a
terpenoid, extracted from Ginkgo biloba [171] has proved to have the ability to hinder the AP induced
neurotoxicity in moderate dementia [157, 172, 173]. As discussed above, the problem associated with the
bioactive is its poor aqueous solubility resulting.in low bioavailability, and its shorter half-life tends to limit its
application in the AD. Further, not onlyto resolve such limitations but also to improve the drug efficacy and
stability, the GB was loaded into’ONE.-ONE is an oil based novel nanoemulsion system consisting of two
opposite oil phase (O/W and W/O emulsion) to overcome the incompatibility and phase separation issue. The
formulation GB-ONE contains ed by using soyabean oil, soya lecithin, ethyl lactate as outer phase and ethanol,
1,2-propanediol as an internal phase. Besides that, GB imparts more to the inner phase. The nanoemulsion
makes the formulation more stable in any of the physiological environment. Additionally, the GB loaded ONE
significantly increases the AUC (10 folds) and ti» (7 to 20 folds) as compared to free GB. Moreover, an
increase in biodistribution and tissue binding ability improves the drug targeting ability too. Some notable
examples have undetlined the research outcome of many behavioral studies to support the theory that GB
loaded ONE causes a significant increase in memory and reduced behavioral abnormalities. In addition to this,
the drug also increases the ChAT® activity thereby increasing the ACh concentration in the brain when
administered as GB-ONE. From this point of view, the study confirms that the GB-ONE formulation remains a
promising drug carrier system for the treatment of AD [157].

2.2.4 Solid lipid nanoparticle
In addition to the previous discussions, a new generation nanoparticles SLN*’, are also gaining much attention
to deliver the drug into the brain region. For the formulation, the polymers are substituted with solid lipid
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content to overcome the limitations of conventional polymeric nanoparticles like safety concerns, non-
biodegradability and use of high cost of biodegradables polymer [174, 175, 176]. In fact, it is a sub-micron size
nano-colloidal drug carrier system, discovered by Muller and co-workers (1993) as an alternative vehicle over
polymeric nanoparticles, nanoemulsions, liposomes, etc. [177, 178]. SLN not only offers various benefits (like
biocompatibility) over the traditional drug carrier system but also improves the drug bioavailability, protects the
drug molecules from first pass effect, GI degradation [179], increases drug loading ability, offers control release
of drug and reduced cytotoxicity thereof. Apart from this, it is suitable for drug targeting on to a particular site.
[180]. At the same time, the stealth nature of SLN increases the retention and circulation time thereby
enhancing the contact time with the BBB and reduces the RES®' uptake [181]. All these inherent qualities and
behavior of SLN make it a prominent drug carrier system to deliver the drug into the brain for treatment of
various CNS disorders. As discussed in the earlier section, quercetin, a secondary plant metabolite which falls
under flavonoids, has recently renowned as a potential neuroprotective agent [182, 183]. Quercetin possesses a
strong anti-oxidant and anti-inflammatory activity, and in this respect, it mitigates the neurodegeneration in
Alzheimer's disease [184, 185]. Typically, the use of quercetin in the treatment of AD is challenging because of
its limited BBB permeability [186]. Thus, in this respect, an attempt has been made by Dhawan et al. (2011) to
enhance the brain delivery and therapeutic efficacy of quercetin towards the treatment. of AD. In this context,
they have prepared a quercetin-loaded SLN for IV administration to improve the drug permeation across the
BBB [187, 188]. The SLN prepared by using compritol 888 (a solid lipid) and tween 80 (a surfactant), in
varying ratios. Also, the compritol and tween 80 helps to improve the drug entrapment efficiency and brain
targeting ability of the SLN. Subsequently, the lipid-surfactant ratio affects the physicochemical behavior of the
formulation. Interestingly, the SLN possesses uniform spherical particles below a 200nm size which makes it
more suitable to cross the BBB. The SLN releases the drug initially by burst effect, followed by prolonged drug
release up to 48 h. Further, to confirm the drug efficacy and neuroprotective effectiveness of the quercetin-
loaded SLN, the study was conducted on aluminum chloride induced neurodegenerative rat model. According
to the observations, as compared to pure quercetin, the SLN loaded quercetin significantly improves the
memory functioning of the animal model. In conclusion, the SLN increases the brain permeability and
antioxidant activity of quercetin and offers an effective drug carrier system to reduce the aluminum induced
neurotoxicity [189]. One more similar approach .is adopted by Yusuf et al. (2013), for the treatment of AD
using another natural anti-oxidant piperine. It is a plant alkaloid which not only reduces the oxidative stress in
the brain but also increases the cholinergic.transmission by inhibiting AChE activity. By all these means, it
reduces the neurodegeneration process and improves the memory. Surprisingly, the PIP> is still not much
explored as an anti-AD drug till now because PIP extensively engaged in first pass metabolism, pH-mediated
metabolism, and photo-isomerization [190]. The SLN overcomes the boundaries of the conventional dosage
forms henceforth, increases the drug efficacy and the brain targeting ability [180]. As an illustration of this,
Yusuf et al. (2013) have prepared PIP loaded SLN with an objective to provide effective treatment at low
doses. The PIP-SLN formulated with GMS™, Epikuron 200 by using emulsion solvent diffusion method and
the prepared SLN finally coated with polysorbate-80. Of course, an additional coating of polysorbate 80
increase the particle size 0f SLN and at the same time reduce the drug entrapment efficiency. Then also, it is
preferred for the formulation which can further increase the brain targeting ability and the bioavailability
thereof. Similarly, GSM also increases the bioavailability by increasing the drug solubility. Furthermore, the in
vivo study reveals that the PS-80-PIP-SLN efficiently crosses BBB through adsorption transcytosis, by
interacting with the LDL receptors of brain endothelial cell [191]. An earlier study demonstrated the efficiency
of PS-80 coated methotrexate NP to improve the bioavailability in the brain. Similarly, the PS-80-PIP-SLN also
demonstrates the same improved drug concentration in the brain [192]. Likewise, it also significantly reduces
the formation of AP plaque and neurofibrillary tangles that lessens the severity of the disease. In short, it is
proved to be effective against AChE and improve the acetylcholine function in the brain. Thus, the piperine
SLN formulation offers a promising drug carrier system for the treatment of Alzheimer disease [193]. In the
same fashion, Sachdeva et al. (2015) have also worked on a natural anti-oxidant, Sesamol to provide efficient
treatment for the AD. Sesamol (5-hydroxy-1,3-benzodioxole or 3,4-methylene-dioxyphenol) is a naturally
originated polyphenolic compound. Nowadays, it receives greater attention for the treatment of various CNS
disorders like AD, because of its ability to reduce oxidative degeneration of neurons [194]. Along with the anti-
oxidant nature [195] sesamol also exert neuroprotective, hepatoprotective, anti-inflammatory [196] and anti-
ageing activity [197]. On the other hand, it also suffers from the common limitation of the natural compounds
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1.e. poor cell permeability and low bioavailability. So as to enhance the drug efficacy and targeting ability, it
should be associated with a suitable carrier system. For this reason, Sachdeva et al. (2015) worked on the
strategy to entrap Sesamol in SLN with a prime objective to explore the drug activity in ICV-STZ>* treated
animal model. The author preferred emulsion solvent diffusion method for the preparation of the S-SLN” by
using Polysorbate-80 and soy lecithin as lipid phase. The in vitro release profile shows that the SLN prolongs
the drug release and the drug was released in diffusion controlled manner. Furthermore, the in vivo study shows
that SLN not only reduces the AChE activity in brain but also inhibit the inflammatory mediators like TNF-a,
thus diminishes the inflammatory responses. So as a matter of fact it clearly improves the memory and
cognitive disorder in the brain. Altogether, the study reveals that the Sesamol loaded in SLN gives far better
neuroprotective action than the native Sesamol and serves as a potential carrier for treatment of AD [177].
Another similar attempt has been made by Misra et al. (2015), they have prepared Galantamine loaded SLN
formulation to overcome the precincts associated with the drug molecule and enhance its efficacy for treatment
of AD. Galantamine hydrobromide is an alkaloidal compound, either synthetically derived or ebtained naturally
from the plants of Amaryllidaceae family. Galantamine is a first line drug of AD which is primarily act as a
reversible and competitive AChE inhibitor [198]. Together with this it also have an ability to specifically binds
with nicotinic receptors hence, it is considered as a potent drug for treatment of AD [199]. On the contrary, the
drug is poorly lipophilic and having low brain permeability which restrict the brain targeting ability and
resulting in poor bioavailability. The cholinergic side effect and frequent dosing, needs a better approach to
overcome the hurdles associated with such a potential anti-Alzheimer drug [174]. Indike manner, Misra et al.
(2015) have prepared different GH**-SLN formulations by microencapsulation-method using biodegradable and
biocompatible components (like Compritol), surfactant and the varying ratio of co-surfactant. In the study it
was observed that, the increasing concentration of co-surfactant decreases the patticle size and drug entrapment
efficiency of the formulation get decreases with increasing concentration of co-surfactant. The in vitro release
study shows initial fast release of the drug followed by a slow and prolonged release from the inner core of the
carrier system [200]. Also the in vivo study depict that the carrier system increases the drug distribution and
tissue binding ability hence the overall bioavailability. A significant improvement in cognitive dysfunctioning
and restoration of memory impairment in rat model was observed after ICV administration of GH-SLN as
compared to native GH. On the whole, the SLN offers a better carrier system to enhance the efficacy and drug
permeability of a potent drug molecule for the treatment of AD [174]. One more interesting work is the
preparation of stealth SLN. Laserra et al..(2015) have prepared LM-SLN’’ by incorporating the Lipoyl-
memantine codrug into stealth SLN, to improve the intestinal drug absorption thus the bioavailability. LA-
MEM?™ is a synthetic antioxidant and NMDA antagonist possesses a potent anti-Alzheimer activity. The LA-
MEM codrug is synthesized by combining memantine with a-lipoic acid (a natural neuroprotective agent)
[201]. The drug is found effective in mild to moderate AD as a symptomatic approach of treatment [26, 202].
Despite the various advantages the drug is'suffering from poor aqueous solubility owing to poor bioavailability
that further affect the drug efficacy. In order to overcome such limitation, the codrug is needed to encapsulate in
a suitable drug carrier system. In the present study, the LM-SLN was prepared by the emulsification-
evaporation-solidifying method at varying ratio of drug and lipid phase [203]. As like other nano-carrier
systems, the stealth SLN also releases the drug by initial burst for an hour followed by 20% release up to 2 and
4h while the 80% of the drug remain entrapped in the carrier system that is supposed to be delivered at the
target site. Additionally, the stealth SLN was found stable at any condition of pH and temperature hence it
protects the drug from GI degradation. At the same time, it is non-toxic to the nerve cells and other body tissues
thus considered safe for treatment of brain disorder. In short, it can be said that the SLN offers effective drug
carrier to improve the drug solubility and absorption and can be further stabilized after in vivo and clinical study
[178].

2.2.5 Nano lipid carrier

The NLC is modified or hybridized form of SLN [204], made up of the combination of solid lipid (fatty
substance) and liquid lipid (oils) at normal room temperature [205]. The NLC is firstly developed by Muller et
al. in the 1990s to overcome the limitations of SLN and other lipid-based nanocarriers. It contains partially
crystallized lipid droplet or oil incorporated into the amorphous solid lipid core. The drug is encapsulated
previously in the oily core [206, 207]. Notably, the NLC offers various advantages over other lipidic drug
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careers like; firstly, it improves the drug stability by protecting the bioactives from the harsh external
environment. Secondly, it increases the bioavailability of the active drug substances. Thirdly, enhances the
encapsulation efficiency and finally increases the drug loading efficiency [208]. The controlled release behavior
of NLC is an attribute of its ability to hold the solid particulate state by controlling the liquid content of the
formulations [24, 205]. Hence, it is considered as a second generation SLN or smarter nano lipid carrier system
[205]. Some natural phytoconstituents can improve the a-secretase activity in the brain. The a-secretase cause’s
cleavage of APP in a manner that does not produce B amyloid peptide fragment thereby prevents the
amyloidogenesis. Thus, it inhibits the formation of AP plaque and prevents neurodegeneration thereof. Utilizing
this hypothesis, Smith ez al. (2010), have prepared a nano lipidic carrier of EGCG’. It is a phytochemical that
boosts the activity of a-secretase in the brain thus, stimulates the non-amyloidogenic pathway of APP cleavage
[209, 210, 211]. Some preclinical and clinical studies have been conducted previously to ensure the potency
and efficacy of EGCG in the treatment of AD. However, the drug is not found suitable for clinical practices
because of its poor bioavailability. For this reason, the nanocarrier system is used to enhance the oral
bioavailability of EGCG. The author has prepared the NLC by complexation of drug (green tea derived EGCG)
with a suitable lipid by using the co-solubilization method. For instance, the drug-carrier system is found
suitable to cross the BBB as an attribute to its smaller size [212]. The earlier studies have reported the need of
other co-drug to enhance the bioavailability of EGCG by inhibiting the glucuronidation [213]. However, such
additions tend to increase the cost and complexity of the research. Instead, the lower particle size like NLC
overcomes this problem and avoids the expensive strategy of the co-drug formation.resulting in an improved
pharmacokinetic profile. This study proves the NLC as a better and potential.candidate than liposome due to its
ability to efficiently cross the BBB. In essence, the EGCG loaded NLC offers promising approaches to treating
Alzheimer’s disease [214]. Some enzyme, coenzyme, vitamins and other.bioactive possess an excellent
antioxidant and anti-inflammatory activity. For this reason, such bioactive sometimes found very useful in the
treatment of various neurodegenerative disorders like amnesia, AD, etc. as a supplemental therapy [215]. One
of such compound is ubiquinone (coenzyme Q10), the first lipid soluble 1,4-benzoquinone derivative acting as
strongest anti-oxidant in the body [216]. To enhance the potency and pharmacokinetic properties of ubiquinone,
Nanjwade et al. (2013) have prepared a newer NLC system by mixing the solid lipid with the incompatible
liquid lipid [24, 205, 217]. Ubiquinone was used as a model drug to reduce the oxidative stress in various
neurodegenerative disorders. The drug-loaded NLC was prepared with glyceryl stearate and glyceryl behenate
(Precirol ATO 5 and Compritol 888 ATO) as solid lipid and glyceryl triacetate (Captex 500) as liquid lipid by
using solvent diffusion method [218]. The in vitro drug release study demonstrated that the drug was released
from the NLC by initial bursting followed by a prelonged release up to 24 h, which releases almost 91% of the
drug. The drug was released from the-NLC by diffusion control mechanism which is aligned with Higuchi
release kinetic equation. Further, the NLC preparation found to increases the anti-oxidant potency of the drug as
compared to the drug solution. Moreover, the in vivo study shows a significant improvement in the
pharmacokinetic behavior of the drug when loaded into the NLC. It also improves the overall bioavailability
and drug potency. On balance, the study ensures Co Q10-NLC as a promising antioxidant for the treatment of
AD with improved bioavailability [215]

3. Toxicological challenges

Till now we have discussed about the application and advantages of nanotechnology in brain drug delivery. In
last two decades, an increase application of the nanocarrier system or nanotechnology in the health sector
fascinates the new researchers. Although, there is always a darker side and so it is important to estimate the
toxicological and safety profile of the nano carrier system. Indeed, it is unjustified to draw a common statement
for the safety profile of the nanoparticles because of its diverse nature. The toxicity or safety issues in the
nanoparticles originates due to the preparation methods and components (polymers, solvents, etc.) used for the
preparation of nanoparticles. So, to evaluate the safety profile of nano carriers there are various methods (in
vitro or in vivo) available like ELISA for cellular inflammatory response, LDH® to test cell membrane
integrity, cytotoxicity assessment in different cell line (SK-N-MC, BCECs cell line for brain drug delivery)
according to the research area etc. [219]. The major flaw is, there is no universal method available for toxicity
evaluation which makes it very difficult to judge the safety profile of any nanoparticle. The safety assessment is
purely based on the type of research area. Nevertheless, a proper in vitro and in vivo investigation of toxicity
profile and surface modification or selective targeting assures the safety of nano carriers to a greater extent [47].
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4. Conclusion

Treatment of CNS disorders remains a challenge for the researchers because of the BBB. A numerous research
and strategies on novel approaches have already explored, and some of them are under investigation. These
investigations aligned with the development of a suitable drug delivery system that not only assures the brain
targeting but also improves the effectiveness of drug delivery system to treat CNS disorders. Here, in this
article, we concern about a significant neurodegenerative disorder AD. Nanoparticulate drug carrier system
offers most possible strategy with a variety of different forms and can easily modify to facilitate the drug
targeting to eliminate various boundaries associated with it. The most common polymeric nanoparticle may be
a good choice, but sometimes the polymers are toxic due to its non-degradability and non-compatibility. In
addition to this, some surface modification has also been done with specific targeting ligands on the surface of
nanoparticles to improve the brain targeting ability. To remove the toxicological effect sometimes, the polymers
replace with lipidic material offers excellent biocompatibility and biodegradability. Such nano drug delivery
systems are an advanced form of the drug carriers and are known as SLN and NLCs. Among the various forms
of nanocarriers like polymeric nanoparticle, nanoemulsion, nano gel, SLN, NLC. and surface
modified/targeted/lactoferrin mediated nanoparticles; the last two are the most advanced carrier systems that
offer a potential targeted drug carrier system. At the same time, some smart nanocarriers such as a magnetic
nanoparticle, stimuli-responsive nanoparticle, biosensors, etc. are under investigation which would assure
effective treatment of AD. Instead of all these findings, insufficient clinical practices are available to date, and
most of the attempts have not even under clinical investigation. So to provide a potential treatment for the
Alzheimer, first of all, the researchers need to move one step ahead and let their innovation to cross the clinical
phase successfully. So that it can be available for real practice and become beneficial for the society and not
only remains just as a database for the future scientific work.

5. Expert opinion

Various bioactive like proteins, peptides, antibodies, nucleic acid, growth factors, and plant metabolites
including some of the active drug compounds of synthetic origins have proven to have potent anti-Alzheimer
activity. After so much scientific claims, no proper treatment of such epidemic disorder is available till now.
The reason behind such failure is the inaccessibility of brain, physiological instability of drug, poor drug
penetration through BBB, low bioavailability, poor drug targeting and last but essential, the high cost of
production and limited research conductions. Various nanotechnological approaches have been utilized
nowadays to overcome the hurdles mentioned above, but still, some prospects left behind. Therefore, there is a
need for attention to preparing a promising drug delivery system. First of all, most of the works that claim to
treat AD have only passed the in vivoranimal studies and not the human clinical trials. So, it fails to get
recognition and finally remains at;the laboratory only (not approved for market). At the same time, the study of
toxicological profiles of the polymer or other materials and drug used to prepare the novel drug carrier should
consider its fundamental aspects towards the development of drug delivery system related to the brain disorder.
Similarly, the cost of the prepared formulation is equally significant to maintain its economic range. In case of
the novel drug delivery system, the high cost of the formulation is frequently an observed issue, and this makes
it more difficult for any low-income person to bear the cost of the treatment. The cost is mostly affected by the
polymers or other materials used in the formulation along with novel targeted strategies. Hence, it is imperative
for one to consider this economic factor during the development of nanocarrier systems by the implication of
novel strategies, so that it can be made cost-effective and available to everyone. In a nutshell, there is a massive
scope in'the-development of a nanocarrier system for the neurological disorders to make it available for clinical
application and also to give relief to the sufferers.
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Figure legends

Figure 1: Major pathophysiology of Alzheimer disease (a) Amyloidogenesis and (b) Tau
hyperphosphorylation.

Figure 2: Figure showing responsible pathophysiological mechanisms of Alzheimer disease and explored
nanoparticulate approaches for the treatment of AD.

Figure 3: Diagrammatic representation of the double emulsion method for encapsulating quercetin in PLGA
NPs. [Reprinted with permission from [107]]

Figure 4: Self-association of the polymeric nanoparticle, CHP into nano gels by.hydrophobic interaction.
[Reprinted and modified with permission from [137]]

Figure 5: Illustration of the bi-functional liposome, surface modified with mApoE and PA.
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Table 1: Investigated drug-loaded nanoparticles for the treatment of AD.

Nanocarrie Drug Polymer Transport Method Animal model Improvement Refe
r mechanism In vitro In Vivo (Pharmacokinetics) reenc
Nanoparticl | Rivastig | Poly(n- Receptor- Emulsion Male Wistar  |e Particle size around 40.5nm e 3.82 folds improvement in [84]
e mine butylcyano- | mediated polymerization | rat e Zeta potential -35.2mV bioavailability
(AChE | acrylate), endocytosis e Drug releases initially by bursting for 30 |® Very potential for AD
and polysorbate min followed by sustained release for 24 treatment
BuChE | 80 h, releases overall about 86.40% of drug
inhibitor e Drug release follow Fickanian behavior
) of release
e Kinetics of drug release best fits to
Higuchi and-Korsmeyer-Peppas model
Nanoparticl | Tacrine | Chitosan Adsorption Spontaneous Wistar Rat e Particle size around 41 nm e Improves drug conc. In brain, [81]
e (AChE mediated emulsification e Zeta'potential: 34.7 mV e Enhancing targeting efficiency
and transcytosis ¢ [ oading efficiency: 10.86% ¢ Enhance the drug retention
BuChE e Releases 89.31% of drug, initially by time,
inhibitor burst release for 30 min followed by e Increases half-life
) slow release for 12 h, e Sustained the release of drug
e diffusion controlled release of drug ¢ enhance the overall
follow Fickanian movement bioavailability
e Release kinetic: Higuchi and Korsmeyer-
Peppas
Nanoparticl | Thioflav | Butyl- - Emulsion C57B6 mice |- e (3 sheet breaker [111
e inT cyanoacryl polymerization e Reduces AP accumulation ]
(Fluores | ate, e Reduces neurotoxicity
cent polystyrene
molecule | core
/ model
drug)
Nanoparticl | Querceti | PLGA Metal ion Emulsion AD mouse e Particle size near about 150 nm e Reduce metal ion accumulation | [107
e n chelation solvent model e Initial burst release followed by in brain ]
(antioxid evaporation sustained for 48 h e Decreases neurotoxicity
ant, e Improves cell viability
metal e Reduces aggregate formation
lon e Memory improvement
chelator)
Nanoparticl | D- MPB-PE or | Endocytosis/tr | Covalent AD mouse e Particle size around 105nm e Reduces metal ion [108
e penicilla | PDP-PE anscytosis or conjugation model accumulation in brain ]
mine passive via disulphide e Decreases AP accumulation
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(metal diffusion or thioether and neurotoxicity
ion bond
chelator)
Nanosphere | Dexibup | PEG- Passive Solvent APPswe/PS1d |e Size around 166 nm, e Non-toxic to the neurons and [220
rofen PLGA diffusion diffusion E9 e PDI 0.074, other body tissues, ]
g\l SAID method e Surface charge -9.9 e Improves cell viability
) ¢ Entrapment efficiency 99.99%. e Enhance brain permeability
e Drug released from the Nanosphere e Enhance retention time
initially by bursting followed by ¢ Improve memory impairment,
prolonged release for 6h e Reduces AP accumulation
e The drug release follows first order e Restore cognitive responses
release kinetics!
Multifunctio | Gene or | NHS-PEG- | Receptor- - BCEC:s, e Particle size range-from 97-110nm e Reduces amyloid deposit in [221
nal peptide | MAL®, mediated C57BL/6J e PDI less than 0.3 brain ]
nanoparticle | (RGV29 DGLs® transcytosis mice e Surface charge near about 6.11 — e Improves cell viability
& D‘ 7.72mV e Disrupt the tau fibril formation
amino e Improves memory and
amd. behavioral responses
peptide e Improved brain targeting
sequence ability
)
Multifunctio | iAPs PEG- Receptor - PBCECs* e Average particle size was found 160nm |e Improves brain uptake of drug | [222
nal peptide | PLGA, mediated e PDI found less than 0.1 e Cellular uptake decreases with | ]
nanoparticle | (anti- pluronic transcytosis e Zeta potential: -10mV increasing conc. of
transferri | 127, e Around 50% of drug releases initially by | nanoparticle
n surfage ‘ burst effect for 5h, followed by followed |e Increases peptide conc. in brain
antibody | functionaliz by slow release for 6 days
) ed with
anti-
transferrin
receptor
antibody
(0X26) &
anti-AB
(DE2B4)
Dual- H102 PEG-PLA | Receptor- Emulsification | ICR mice e Particle size around 120nm e Increases AUC 1.33-1.49 times | [126

*! Non-steroidal anti inflammatory drugs

6 a-Malemidyl-w-N-hydroxysuccinimidylpolyethyleneglycol
% Dendrigraft poly-L-lysines
* Porcine brain capillary endothelial cells
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functional peptide mediated / solvent e Surface charge found -28 mV, assures e Increases Drug conc. 1.8 times | ]
nanoparticle | (B sheet transcytosis evaporation stability e Enhances half-life 1.57h
breaker) e Entrapment efficiency: 57.68-65.54% e 1.86-2.62 times greater brain
e [oading efficiency: 0.54% uptake
e In vitro release:65% in plasma ¢ Reduces plaque formation
e Restoring cholinergic function
¢ Improved neuroprotective
effect
Nanoemulsi | Ginkgoli | Soybean - Emulsion Sprague- e Size ranging from 80-100nm e 10 folds increase drug AUC [157
on de B oil, method Dawley rat e Prolongs the releaseof drug e 7-20 folds increase in t;), ]
(oil body (Terpeno | soybean e Higher distribution in brain
nanoemulsio | id, lecithin tissue
n) reduces e Increases tissue binding
AP confirms brain targeting
toxicity)
Nanogel Pullulan | Cholesteryl | - Self- transgenic AD |- e Reduce the AP toxicity [137
(reduce assembling animal model e Enhance cell viability ]
AP through
toxicity hydrophobic
by interaction
protein
refolding
)
SLN Querceti | Compritol | Metal chelator | Microemusific [‘Male Wistar  |e Surface charge around -25mV e Improves brain permeation and | [189
n & tween 80 ation rat e Entrapment efficiency: 92.65% therapeutic efficacy ]
(antioxid technique e 90.14 % of drug releases initially by e Potent anti-oxidant
ant, burst effect followed by sustained release |® Reduces neurotoxicity,
metal for 48 h e Neuroprotective effect,
on e Release kinetic: Fickanian, non- e Improves learning ability and
chelator) Fickanian or zero order release memory
SLN Piperine | Polysorbate | Absorption Emulsification | Albino Wistar |e Having particle size around 312.0 nm e Increases pharmacokinetic [193
(antioxid | -80 transcytosis -Solvent rat e PDI: 0.16 properties of drug (AUC: ]
ant) Diffusion e Surface charge (-51.3 mV) assure 46485 ng.min/g, Cpa: 121
technique stability of formulation ng/g, and Trax: 60 min)
e Entrapment efficiency: 68.2% * Improves bioavailability
e Sustained release for long period * Reduces oxidative stress and
cholinergic degradation
SLN Ferulic | Compritol | Absorption Microemusion e Size ranging from 90-140nm, ¢ Nontoxic to human [223
acid 888 ATO transcytosis technique e Lower PDI range from 0.174 — 0.312 neuroblastoma cells ]
(Antioxi
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dant)

e High surface charge (-36.40mV) assures
the stability (+49.11mV in case of
cationic drug)

¢ Drug loading efficiency found 20%

e Initially, the drug was released by
bursting followed by slow release of
100% drug within 10h

e Protects neurons against
oxidative stress

e Reduce neurotoxicity

e Improves cell viability

e Excellent carriers for drug
targeting to brain

SLN Sesamol | Polysorbate Microemusifi- | male Wistar  |e Particle size ranging from 40-70nm ¢ Better neuroprotective effect [177
(Antioxi | -80, soy cation rat e Entrapment efficiency: 75.9% e Improves memory and learning | ]
dant) lecithin technique e Diffusion-controlled-prolonged release ability in animal model

SLN Galanta | Pluronic F- Microemusifi- | AD Wistar rat |e Particle size ranging from 88-221nm e Two folds increase in AUC, [174
mine 127, Tween cation e Entrapment effi: 77.29-90.17% e Improves Vy, ]
hydrobro | 80 technique e Drug releasés up t0°99.83%, Initially fast |e Increases bioavailability,
mide release followed by slow prolong release |e Improves cognitive
(AChE for 24'h dysfunction,
inhibitor e Memory restoration

SLN Lipoyl- | Stearic Emulsification | AD mouse e Particle size at a suitable range around e Releases free codrug, [178
memanti | acid —evaporation— | model 169.90 nm e Improves drug absorption ]
ne solidifying e PDI: 0.072 hence bioavailability,
codrug method e Surface charge: -33.80 mV e Increases drug stability,

(antioxid e Entrapment effi: 88% e Reduces neurotoxicity and
ant and e Loading effi: 12.5% oxidative stress

NMDA ) e Initial burst release followed by 20%

antagoni release up to 2 & h that facilitate 80%

st) release to target site

NLC Epigallo | - Co- Male Sprague- |e Particle size at a suitable range near e Improves pharmacokinetic [214

1:8 ratios catechin- solubilization » | Dawley rat about 100nm behavior of drug (AUC: 36524, | ]
3-gallate method Chax: 704.67 pg/ml),

(a- e 2.5 folds greater
secretase bioavailability,
booster) e Enhance a secretase production

NLC Huperzi | Capmul®, Microemulsion | Scopolamine- |e Particle size around 137.1 nm e Increases the ACh level in [224
ne A glyceryl template induced e PDI: 0.422 brain, ]
(improve | monosteara technique dementia mice |e Surface charge: -17.5 mV e Behavioural and memory
S te model e In vitro release: sustained and improvement
neuronal controlled release of drug
function)

NLC Ubiquin | Precirol Solvent Wistar albino  |e Particle size ranging from 65-80 nm e Improves drug [215
one ATO 5 and diffusion rat e PDI: 0.291-0.391 pharmacokinetics (AUC: ]




(Coenzy | Compritol Method e Surface charge: -32.4 to -37.1 mV 63.48, Cpax: 1.34 m.mol/l, Ty
me Q10) | 888 ATO e Entrapment effi: 74.99% 8.10 h)
(antioxid e Loading effi: 63.57% e Improves bioavailability
ant) e Releases around 91% of drug, initially by
burst followed by prolonged release up
to24h
¢ Diffusion-controlled release, best fitted
to Higuchi release kinetic equation
Lactoferrin | Curcumi | Phosphatid | Receptor- Solvent SD rats and e Particle size range from 70-170nm e 2.5 folds increase in AUC so [2]
modified n ylcholine, mediated evaporation ICR mice e Sustained drug release follow Ficks’ law overall bioavailability
NLC (reduce | cholesterol, | transcytosis method of diffusion e Improves drug permeability
AB S100- e Increases targeting efficacy of
plaque COOH drug
formatio
n)
Lactoferrin | Coumari | PEG-PLA | Receptor- Emulsion KM mice e Particle size near about 131 nm ¢ 2.98 folds increase in AUC [114
nanoparticle | n6 mediated solvent e Loading effi: 0.084% e Improves drug conc. in the ]
(Model transcytosis evaporation e In vitro release: 8% drug release till 1h brain (62.28 ng/ml)
drug) method followed by 20% for 24h e Reduce cytotoxicity on bEnd3
cell line
e Improve brain uptake of the
drug 1.45 times in a
temperature dependent manner
Magnetic Fluoresc | - Electro- - WT - e Increase in brain uptake and [225
nanocontain | ent magnetic drug C57BL/6N permeation ]
er carboxyl targeting mice model e Improves biodistribution and
magnetic drug targeting
particles e An effective tool for AD
diagnosis and treatment.
Smart 1gG4.1 chitosan Transcytosis ionic gelation | AD mice e Sustain the drug release for 18 h e Increases brain uptake, [226
Nano- (anti Ap | polymeric method model e Increases AUC, ]
vehicle(iv) antibody | core e Enhances volume of
) distribution,

e Increases conc. of drug carrier
in various region of the brain,

e Reduces drug clearance,

e The improved target of
cerebral amyloid deposit.
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Table 2: Investigated drug-loaded liposomes for the treatment of AD.

Nanocarri o Targeting Transport Animal Improvement Observed Refe
er / Route Drug Lipid ligand mech. Method (;I; ﬁc:ielllle In vitro (Dosage form) In Vivo (Pharmacokinetics) Zenc
Transferrin | a- DSPE, PEG- | Transferrin | Receptor- Thin SD rats, | e Particle size around 196.3 |e Improves cellular uptake in time- | [227
modified Mangostin | 2000 (covalent mediated film bEND3 nm dependent manner ]
liposome (prevent binding) endocytosis hydratio | cell line | ¢ PDI: 0.211 e Improves the pharmacokinetic behaviour
amyloidoge n e Surface charge: - (AUC: 2.8 pg/g.h, Chac 50 pg/ml, T
nesis) 22.23mV 0.77 h, ti: 0.82 h) hence increases the
¢ Entrapment efficiency: bioavailability.
>88% e Reduces cardiac toxicity
¢ Coupling efficiency:
54.85%
® 98% of the drug was
released up to 36 hin a
sustained manner
Stealth Rhodamine | DPPC, Methoxy- Perivascular Extrusio | APP/PS. | e Size ranging from 150- e Effectively binds to the AP plaque | [228
liposome B cholesterol, | XO4 transfer or n EN1 170 nm throughout the brain ]
(iv) (dye/metal | PEG-3400 receptor- transgen
ion mediated ic mice,
detector, transcytosis Syntheti
used as cAp
model fibrils
drug)
Transferrin | NGF PC, DPPC, Cereport Receptor Solvent | HBME | e Size range from 152.3- e Increased Transferrin and RMP7 conc. | [229
modified (neuronal cholesterol, (RMP 7) & | mediated evaporat | Cs 189.1 nm Increases the cellular uptake ]
liposome growth DSPE-PEG- | transferrin | transcytosis ion e PDI: 0.13-0.19 e Reduces cytotoxicity produced by SK-
factor) 2000 (Bsbradykinin | method e Surface charge range N-MC cells
& transferrin from -4.5 to -8.5 mV ¢ Reduces neurotoxicity due to SK-N-MC
receptor) e Entrapment efficiency: cell
31.2%
Lactoferrin | NGF Cholesterol, | Lactoferrin | Receptor- Solvent | HBME | e Size ranging 100 — 150 e Improves the cell permeability [230
modified (neuronal DPPC, PEG- mediated evaporat | Cs, HAs nm e Increases HBMECS viability after 48 | ]
liposome growth 2000, DPSE- transcytosis ion & SK- | e Surface charge: -3 to -11 treatment with LF/NGF liposome and
factor) PEG-2000 method | N-MC mV reduces the viability of SK-N-MC cell
cell

¢ Entrapment efficiency:
28%

e Increased lactoferrin
concentration reduces the

e Improves cell viability, enhance drug
permeability, protect neurons
degenerative effect of plaque

from
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loading efficiency

e Initial burst release
followed by sustained and
controlled release up to
90% for 48 h

Dual NGF Soyabean ApoE, Carrier- Solvent | Mice e Size: 129.7 nm e Reduces rapid elimination, improve half- | [231
targeting (neuronal phosphatidyl | APMP mediated evaporat | model, e Surface charge: -4.1 to - life ]
liposome growth choline, PA, transcytosis or | ion HBME 9.8 mV e Enhance NGF permeability
factor) cardiolipin, receptor- method | Cs, HAs | o Entrapment efficiency:.  |e Nontoxic to neuronal cells
PEG Mediated & SK- 35% e Reduces toxic effect of amyloid plaque,
transcytosis N-MC enhance cell viability
(1dlr & glut 1 cell
receptor)
Lactoferrin | Caumarin 6 | CHETA Bovine Receptor and | Thin Kunmin | e Size below 130nm e Significantly improves AUC | [232
modified (fluorescent Lactoferrin | absorption film g mice e PDI: 0.175 (1041.7pg/L-h),drug concentration | ]
procationic | probe/dye, mediated solvent | and new | e:Surface charge: -32.3 to - (160.8 pg/L), half-life (20.6 h) and T«
liposome model transcytosis evaporat | born 43 mV (0.5 h).
drug) (Conc. And ion Spraguie | e Entrapment efficiency: e Improve cell uptake
time method | — 77% ¢ Reduced cytotoxicity
dependent) Dawley e Improves brain targeting  ability,
1ats, significantly delivers drug to brain
BCECS
and AC
culture
Lactoferrin | S14G- PEG-PLGA | Lactoferrin | Receptor= Self- Kunmin | e Particle size ranging from | Improves drug concentration and AUC | [233
modified Humanin mediated assembl | g mice, 90 -120 nm in brain and so increases the | ]
polymeros | (neuroprote transcytosis y BALB/c | e Surface charge: -4 mV bioavailability
ome ctive agent) method | mice, e Entrapment efficiency: e Improves the tissue uptake of drug (3.32
Sprague 21.78 % folds improvement), enhance membrane
-Dawley | o [oading efficiency: permeability
rats 0.77% o Shows neuroprotective behavior,
e In vitro release: 70% improves the function of cholinergic
neurons
Glucose Coumarin 6 | Soyabean Glucose Carrier- Thin- Mice e Size range from 80 to 105 |e Promotes drug transport through BBB in | [234
modified (fluorescent | phospholipid mediated film model nm time-dependent manner ]
liposome | probe/dye, |, cholesterol transcytosis dispersi e PDI: 0.15 to 0.30 e Enhance brain distribution, improved
model (2:1) (lipid (through on e Surface charge: -20 to -30 | brain targeting ability
drug) phase) & glucose ultrasou mV
PEG with transporter) nd
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varying method
chain length
(Linker)
G- Amyloid B | DMPC, Glutathione | Carrier- Post APP/PS | e Size: 108 nm e Increases AUC, drug retention time and | [235
Technolog | antibody EYPC mediated insertion | 1 e PDI: 0.061 reduces clearance ]
y: (VHH) (lipid), transcytosis method | transgen | e Entrapment efficiency: e Significantly increases drug
(Glutathion PEG(Linker) ic mice 40.8% bioavailability in brain, promising carrier
e model & for drug delivery to brain
conjugated WT
PEGylated littermat
liposome) es
G- DAMGO Cholesterol, | Glutathione | Receptor- - - e Size: 127 nm e Improves drug conc. (120000 ng/ml) in | [236
Technolog | (opioid EYPC, mediated e PDI: 0.024 the brain, half-life (6.9 h), drug retention | ]
y: peptide) mPEG-DSPE transport time, reduces clearance, increases brain
(Glutathion distribution two times
e e Significantly improves brain delivery of
conjugated opioid peptide by two folds, prolongs the
PEGylated drug delivery to brain
liposome)
G- Carboxyflu | HSPC, Glutathione | Carrier- Ethanol | Male e Size: 105 to 108 nm e Improves brain  distribution, drug | [237
Technolog | orescein DSPE- mediated injection | Wistar e PDI: 0.049 to 0.065 concentration (5 folds), reduces drug | ]
y: (fluorescent | mPEG-2000, transcytosis method . | rat clearance
(Glutathion | dye, model | cholesterol, e 1.8 folds improvement
S drug) 5(6)- ¢ Enhance brain drug delivery
conjugated carboxyfures
PEGylated cein
liposome)
(Intraperito
neal
injection)
mApoE- Rhodamine | Cholesterol, | mApoE, Receptor Extrusio | BALB/c | e Size: 110 to 120 nm e Enhance drug concentration in all vital | [238
PA B Bovine brain | PA mediated n mice, e PDI: 0.15 organs ]
bifunctiona | (dye/metal | sphingomyeli transcytosis APP- e Surface charge: -25 to -15 |® Reduction in amyloid B plaque by
1 liposome | ion n PS1 mV generating  sink  effect, ~memory
detector, transgen improvement
used as ic mice
model
drug)
DPS- Curcumin | DPS, DPS, Receptor- Thin Post- e Size: 116 to 159 nm e Reduction in amyloid f plaque [239
PEG2000- | (reduce AP | cholesterol, curcumin, mediated film mortem | e PDI: 0.195-0.206 ]




curcumin plaque PEG-2000 Anti- transcytosis hydratio | human e Surface charge: -7.43 to -
bifunctiona | formation) transferrin n brain, 2.01
1 monoclonal hCMEC
nanoliposo antibody /D3
me human
brain
endothel
ial cells
PA-peptide | - Sphingomyel | PA & Endocytosis - BALB/c | e Size: 123 nm e Increases BBB permeability up to 5 | [18]
bifunctiona in, mApoE (receptor mice, e PDI: <0.1 folds
lized cholesterol mediated) hCMEC | ¢ Surface charge: -15.2 mV | Inhibit amyloid plaque formation, and
liposome /D3 cause disaggregation of already formed
cells aggregates in a dose-dependent manner
Multifuncti | -- sphingomyeli | mApoE, Receptor Extrusio | Transge |e Particle size around ¢ Enhances the efflux of AP oligomer [149
onal n, cholesterol | PA mediated n nic 140nm from brain using transwell cellular ]
nanoparticl transcytosis APP/PS ‘e PDI: 0.143 model
e/ 1 mice” |e Surface charge (- e Reduces brain AP level
Liposome model 18.32mV) assures the ¢ Enhances brain permeation
stability of the formulation
Liposome | Calcein Sphingomyel | PA, - Repeate |'APP/PS | e Size: 105 nm e Improves BBB permeability [240
(Fluorescen | in, cardiolipin, d 1 e PDI: 0.01 e Reduces amyloid concentration in brain | |
t dye) cholesterol extrusio .| transgen | e Surface charge: -25.06 thus reduces the severity of AD
n ic mice, mV
method | hCMEC
/D3 and
human
neuro-
blastom
a SH-
SY5Y
cells
Liposome | Rivastigmi | Egg yolk- - Receptor- Lipid Male e Particle size range from e Increases half-life [147
ne Phosphotidyl mediated hydratio | albino 67.5-186.3 nm e Decreases the toxicity ]
(AChE and -choline, transport n and rats e PDI: 0.612 -0.755 ° Improves memory and neurological
BuChE Dihexadecyl heating e Surface charge: -24.6 to - deficits
inhibitor) phosphate, 6.6 mV
Cholesterol

e Entrapment efficiency:
75.8-97.4 %

o fast release in the first 3h
followed by slow release
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for next 24h up to 89 %

e Release kinetic: zero order

kinetic, Higuchi diffusion
model

Liposome | H102 Cholesterol, | - - Thin Male e Size: 112 nm e 2.7 fold improves the AUC, increased | [241
peptide (B | EPC, film SD rats, | e PDI: 0.185 drug conc. ]
sheet DMPC-PEG- hydratio | Calu-3 e Surface charge: -2.96 e Increases overall bioavailability
breaker) 2000 n cell line | o Entrapment efficiency: e Significantly increases cellular uptake

71.35% e Reduces toxicity
e Initial burst release e Improves  cholinergic  functioning,
followed by Sustained memory improvement
release for 12 h up to
97%
e Follow first order release
kinetic

Flexible Galantamin | PEG - - Thin SDrat, |/e Size:'112 nm e Improves all pharmacokinetic | [242

liposome e film PC-2 e Surface charge: -49.2 parameters (AUC: 55.4 pg-h/ml Cpay | ]
hydrobromi homoge | cell line mV 13.98 pg/ml, Tux: 0.75 h) hence
de (AChE nization e Entrapment efficiency: bioavailability
inhibitor) 83.6% e Improves cell permeability

o Less toxicity
e Improved drug efficacy
CPP- Rivastigmi | DSPE, EPC, | CPP Endocytosis & | Ammon | Male e Size: 178.9 nm e Significantly improves cell permeability | [243
modified ne cholesterol & transcytosis ium SDrat, | e PDI: 0.333 e Less cytotoxic effect ]
liposome (AChE and | PEG sulphate | BMVE | o Surface charge: -8.5 e Improves brain drug delivery, enhance
BuChE gradient | Cs e Entrapment efficiency: pharmacokinetics, reduces hepatic first-
inhibitor) the - 30.5 % pass metabolism and GI side effects
loading e Prolong drug release for
method

6-7 h up to 85% drug
released
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