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Abstract

With an aging population that continues to enlarge in recent years, the need for the development of
therapeutic approaches for treatment of Neurodegenerative disorders (ND) has increased. ND,
which are characterized by the progressive loss of structure or function of neurons, often associate
with neuronal death. In spite of screening numerous drugs, currently there is no specific treatment
that can cure these diseases or slow down their progression. Alzheimer’s disease (AD),
Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), frontotemporal dementia,
Huntington’s disease, and prion disease belong to ND which affect enormous numbers of people
globally. There are some main possible reasons for failure in the treatment of neurodegenerative
diseases such as limitations introduced by the blood-brain barrier (BBB), the Blood-Cerebrospinal
Fluid Barrier (BCFB) and P-glycoproteins. Current advances in nanotechnology present
opportunities to overcome mentioned limitations by using nanotechnology and designing
nanomaterial improving delivering active drug candidates. Some of the basic and developing
strategies to overcome drug delivery impediments are the local delivery of drugs, receptor-
mediated transcytosis, physicochemical disruption of BBB, cell-penetrating peptides and magnetic
disruption. Recently, the application of nanoparticles has been developed to improve the efficiency
of drug delivery. Nanoengineered particles as nanodrugs possess the capacity to cross the BBB and
also show decreased invasiveness. Example include inorganic, magnetic, polymeric and carbonic
nanoparticles that have been developed to improve drug delivery efficiency. Despite numerous
papers published in this filed, there are some unsolved issues that need to be addressed for
successfully treatment of neurodegenerative diseases. These are discussed herein.

Graphical Abstract

The recent advances in application of nanotechnology including inorganic,polymeric,magnetic and
carbon nanomaterials in drug delivery for treatment of neurodegenerative diseases
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Introduction

In recent years, the increase in the proportion of the ageing population worldwide has
escalated the incidence of Neurodegenerative disorders (ND) 1 ND, characterized by the
progressive loss of structure or function of neurons, is often associated with neuronal death
and morbidity. In spite of many studies and some progress, successful early diagnosis and
treatment strategies of these diseases are still limited. Furthermore, the majority of current
available treatments are symptomatic and unable to reform the quality of life and delay or
ameliorate damage. Based on the global statistics, stroke is considered as the third main
cause of death 2 and the second most common disease after Alzheimer’s in the United
States, which leads to dramatic damage and finally the death of the brain cells 3. The risk of
being affected by a neurodegenerative disease correlates dramatically with advancing age.
Most research predicts the that a large section of the population will be affected by
neurodegenerative diseases in the coming decades, which drives the need to investigate their
basic causes and develop new approaches for their prevention, early detection and treatment
4-6_ Nevertheless, the mechanism by which neurodegenerative diseases originate and
progress is still an unsolved question, and we still lack clinical therapeutics for their
treatment - 8. The leading obstacles for this remain insufficient targeting of the brain. This is
due mainly to the presence of the Blood—Brain Barrier (BBB), the Blood-Cerebrospinal
Fluid Barrier (BCFB) and P-glycoproteins which work as defense systems and prevents the
penetration of the majority of drugs and medicines, causing peripheral (side) effects °.
Moreover, the diagnostic markers used are not specific and work only on probable or
possible diagnosis 10-13. In recent years, nanomaterials as nanomedicines have played an
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indispensable role in diagnosis and treatment of numerous neurological disorders globally.
The application of nanomaterials at commercial and industrial scales has remarkably
increased. Furthermore, they have been broadly used in disease diagnostics, therapeutic
medicines and medical approaches 14 15, Administration of nanotechnology in drug delivery
systems has improved the bioavailability and kinetic profile of drugs and medicines in
biological systems.

Thus, nanomedicine is an emerging field where engineered nanomaterials (NMs) are utilized
for the clinical objectives in multiple diseases including neurological disorders. They are
considered as one of the most promising and multifunctional drug delivery systems into
unreachable areas like the brain, being able to provide protection to therapeutic compounds
while efficiently delivering them into the damaged regions 1% 16, Advances in
nanotechnology has provided impactful developments in novel technological inventions in
the form of nanoparticles (NPs), nanotubes, nanomedicines, nanocarriers, microparticles
(MPs), and polymeric NMs, which aid in management of neurodegenerative diseases and
accurately deliver drugs to specific molecular targets and sites of action 1°. The continuous
release capability of nano-drug delivery systems improves the controlled and safe release of
loaded drugs, thereby minimizing the dosage-regimen 7. What renders engineered NMs
attractive, mainly in the biomedical field, is their versatility. In particular, their physical
properties can be exploited for diagnosis or therapy and also for tissue engineering and
regeneration. In addition, chemical functionalization may confer them targeting specificity °.
In spite of the numerous published research and established findings, currently the reliable
treatments available for neurodegenerative diseases remain limited and more investigation is
needed to elucidate the mechanisms involved in neurological disorders 18- 19, However, the
worldwide growth of aging population implies an urgent need to accelerate the diagnostic
and therapeutic approaches for treatment of neurodegenerative disease. Based on these facts,
this review we will have an overview on neurodegenerative diseases and the current
obstacles and available strategies to overcome these impediments. We will also discuss about
the current status of nanomaterials and their application in drug delivery system of
neurological disorders.

Neurodegenerative Diseases

Neurodegenerative diseases occur when nerve cells in the brain lose their functionality
and/or undergo untimely death 9 20: 21 Neurodegenerative diseases such as Alzheimer’s,
Huntington’s and Parkinson’s diseases have been considered to be multifactorial diseases
which are affected by different factors contributing to their progression. Their complexity, as
well as their rapid progress, has prompted researchers to design multitarget-directed ligands
to address the complementary pathways involved in these diseases 22. Genetics can be
considered as a key factor in the pathogenesis of neurodegenerative diseases. Moreover,
accumulation of amyloid fibrils, chronic inflammation, oxidative stress, cellular senescence
and genome instability, proteostasis dysregulation and excessive metal (Cu, Zn, Pb, Fe)
accumulation in the human brain and defects in mitochondrial function seem to play a
crucial role in the pathophysiology of neurodegenerative diseases and the resulting neuronal
damage (Figure 1) 2223, Although there are pharmaceutical cares associated with
neurodegenerative diseases which can lessen their substantial side-effects, currently there is
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no specific treatment that can cure the disease or slow down its progression 12 16. 24 Herein,
the most common symptoms and characteristics of these diseases will be discussed.

2.1. Alzheimer’s Disease

Alzheimer’s disease is associated with prominent cognitive deficits 1 22, The intracellular
hyperphosphorylated neurofibrillary tangles and amyloid plaques (extracellular deposits of
amyloid-beta (AB) peptide) in the brain play important roles in the early-onset of AD
(Figure 2) 15, Numerous evidences also suggested that the activation of the glutamatergic
system plays a critical role in AD pathology 1 26: 27, The symptoms will start with limited
forgetfulness and trouble in memory imprinting, which leads to short-term memory loss and
finally to long-term memory problems 10:12. 28 Eventually, the plaques and tangles spread
all over the brain area and the patient becomes definitely dependent on others 6. Current
treatments in AD patients require the long-term administration of high doses of antibodies
against A which can pass through the BBB and remove Ap plaques from the brain.
Considering that only up to 0.1% of anti-Ap antibodies administered peripherally can reach
the brain, large portion of antibodies remain in the bloodstream which is the basic problem
in AD treatment 22, Overall, the treatment process of AD is very complex and needs further
efforts and more specific research 30: 31,

2.2. Parkinson’s Disease

Parkinson’s disease currently ranks second after Alzheimer’s disease with more than 6.3
million people suffering from this chronic disease worldwide 32 33, It is characterized by
progressive deterioration of motor functions due to loss of dopamine-releasing neurons in
the substantia nigra of the brain, though the existence of nonmotor symptoms
correspondingly supports the neuronal loss in nondopaminergic areas (Figure 3) 3% 35, As
the serious motor impairments are the core causes of this disease the diagnosis of this
disease is largely delayed, resulting in more difficulty in its management. Among the
available treatment approaches used for Parkinson’s disease, use of protein like human glial
cell line-derived neurotrophic factor (hnGDNF) was found to be promising. A quick and
simple method has been demonstrated to produce a high amount of purified hGDNF using a
mammalian cell derived system 6: 36,

2.3. Huntington’s Disease

Huntington’s disease (HD) is a genetic neurodegenerative disorder caused by the abnormal
repetition of CAG nucleotides in the Huntingtin (HTT) gene. The expanded CAG repeat of
HTT gene results in the pathological expansion of polyglutamine (polyQ) and aggregation of
the mutated HTT protein in the brain, more specifically in the striatum 38, Similar to other
neurodegenerative disease, HD is also associated with protein aggregations including mutant
HTT, polyQ-expanded ataxins and a.-synuclein in the brain cells 39: 40,

Despite the differences in amino acid sequences, amyloid proteins share common structural
features allowing conformation-dependent, oligomer-specific antibodies to recognize diverse
amyloid deposits. An amyloid oligomer-specific scFv antibody (W20) conjugated to
PEGylated superparamagnetic iron oxide nanoparticles crossed the BBB and specifically
bound to the oligomer area. It shows the potential of early-stage diagnostic of HD and a
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promising strategy for crossing the BBB 41. However, Currently, there is no proven medical
therapy to alleviate the onset or progression of HD 641,42,

2.4. Amyotrophic Lateral Sclerosis (ALS)

Motor neuron disease, interchangeably known as amyotrophic lateral sclerosis (ALS), is a
neurodegenerative disorder characterized by a progressive muscular paralysis reflecting
degeneration of motor neurons in the primary motor cortex, brain stem, and spinal cord. The
phenotypic expression of ALS is highly heterogeneous and determined by four factors: (1)
body region of onset, (2) relative mix of upper motor neuron (UMN) and lower motor
neuron (LMN) involvement, (3) rate of progression, and (4) cognitive impairment. The
initial hallmarks of ALS may appear so mild that they are usually disregarded: like muscle
twitching, cramping, stiffness, weakness, involuntary jerking movements, tremors, inability
to control the bowels or the bladder, or inability to move or open the eyes completely. Up to
now the diagnosis of ALS is still a clinical one and electromyography (EMG) is the most
important technical test to support the diagnosis. Laboratory tests and imaging, including
MRI, do not yield diagnostically positive results, but are necessary to exclude other
potentially better treatable diseases 43.

2.5. Prion Disease

Prion disease, also known as transmissible spongiform encephalopathies (TSESs), have been
observed in both humans and animals. Prion diseases are a group of rapidly progressive
disorders characterized by a defined spectrum of clinical abnormalities. Recently, the
number of human and animal diseases recognized as TSEs showed an increasing trend. They
all share similar symptoms such as the spongiform degeneration of the brain and variable
amyloid plaque formation (PrPSc). In fact, PrPSc is the disease-associated isoform of the
endogenously expressed prion protein (PrPC), which may be present as amyloid deposits 44.

3. Obstacles of Drug Delivery to Brain Targeting

Despite screening numerous drug candidates, only limited candidates, such as galantamine
(AChE inhibitors), donepezil, galantamine, tacrine, Curcumin, rivastigmine, and memantine
(NMDA inhibitor) 4° are currently utilized in the aid of clinical therapy of neurodegenerative
disorders 1. The central nervous system (CNS) is the most complicated and sensitive system
in the human body. It is tightly sealed by the BBB and the BCFB 2146 A key component of
the system for regulating the CNS internal milieu is the presence of several transporter
systems, which are located at the BBB and are able to transport substances across the BBB.
One of the most important transporters at the BBB is the multidrug resistance protein P-
glycoprotein (Pgp), belonging to the family of ATP-binding cassette transporters 47 (Figure
4).

Due to the complex nature of the CNS, there are several limitations in targeted drug delivery
from the blood brain to the CNS. These include a lack of information about the drug’s
function, pharmacokinetics (half-life) or their bioavailability for the brain cells, their side-
effect and the unpredictable interaction of off-targets-drugs with unspecific receptors and
enzymes. This is due to the complex pharmacology of various drugs, the long latency period
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of neurodegenerative disorders and inefficiency of drugs after progression of diseases,
inaccurate dosage of drugs, genotype of patient population and different response to drugs,
and the volatility (oxidation, hydrolysis) index of evaluated drugs. Furthermore, with regards
to the brain, the problems will become even more complicated 10: 11. 13 Here, the three
major barriers preventing drug delivery into the brain will be discussed.

Blood Brain Barrier

Neuropharmaceutics is the largest potential growth sector of the pharmaceutical industry.
However, this growth is blocked by the need to circumvent the BBB. Up to now successful
therapeutic strategies have been failed to achieve due to the complexity of CNS and an
inhospitable environment in and around the lesion site for cell transplantation. The next
limitation is the low diffusion of drugs/biologics across the BBB which further restricts the
application of well-known delivery methods, such as oral and intravenous “8. The tight
junctions in the BBB prevent significant passive transfer of small hydrophilic molecules
from the blood to the brain but several transport systems (influx systems), able to trigger the
BBB mediate the entry of essential substances with high or low molecular weights,
hydrophilic and lipophilic, such as glucose, amino acids, purine bases and nucleosides,
choline, monocarboxylic acids, amines, thyroid hormones . The influx systems could also
trigger the passage of macromolecules by exploiting endocytosis or transcytosis mediated by
specific receptor interactions. Along with these influx systems, at the BBB level, efflux
systems are present, protecting the brain from damaging agents and xenobiotic exposure,
thus defending the brain from toxic insults (Figure 5).

The BBB is primarily composed of brain endothelial cells which are lined with micro-
vessels and capillaries in the brain and are knitted very tightly with junctions leaving no gaps
between the cells and possess few fenestrae and few endocytic vesicles as compared to
capillaries of other organs 21 49, Brain capillary endothelial cells are surrounded by
extracellular matrix, astrocytes, pericytes and microglial cells. The brain base endothelial
cells are enclosed by basal lamina, which consist of fibronectin, type IV collagen, laminin,
and heparin sulfate 0. Unfortunately, it is estimated that approximately 98% of drugs active
against brain pathologies do not cross the BBB., which is insufficient for the treatment of
these highly complex disorders 51 52,

Blood-Cerebrospinal Fluid Barrier

The Blood-Cerebrospinal Fluid Barrier (BCFB) is the second barrier (after BBB) that a
systemically administered drug molecule encounters before entering the brain 4. This is
built by the epithelial cells of the choroid plexus (CP). The choroid plexus epithelium (CPE)
is a secretory epithelium, par excellence, with unique cellular transport mechanisms (Figure
6). The cells of the CPE are among the most efficient tissues in terms of secretory rate %°.
Similar to the BBB, this epithelial barrier system separates the blood from the CSF and is
also sealed by tight junctions between adjacent cells which are located at the CSF-facing
surface. The barrier-forming cells that separate the blood from the CNS are joined by a
continuous belt of tight junction proteins that seal the paracellular cleft. It constitutes a
machinery based on multi-specific efflux transport proteins and detoxifying enzymes that
collectively prevent the entry of potentially toxic compounds into the CNS 6. Various drug
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delivery strategies have been developed to improve drug penetration into the brain. Most
strategies target the microvascular endothelium forming the BBB proper. Targeting the
BCFB formed by the epithelium of the choroid plexuses in addition to the BBB may offer
added value for the treatment of CNS diseases 6.

3.3. Multidrug Resistance Proteins

Until recently, it was believed that the BBB acts as a static lipid membrane barrier. Physical
features of the cerebral endothelial cells including tight junctions, deficiency of vesicles or
caveolae, and high electrical resistance were considered as the primary factors which
provide the membrane selectivity of the BBB to a wide range of circulating compounds from
the periphery (Figure 7). However, findings from molecular biology, immunocytochemistry,
biochemistry, and transport studies illustrated that the cerebral endothelial cells possess a
variety of metabolic enzymes (i.e., alkaline phosphatase, glutathione transferases,
cytochrome P450 enzymes) and energy-dependent efflux transport proteins (i.e., P-
Glycoprotein (P-gp) and multidrug-resistance proteins) that have been arranged
asymmetrically and serve in a barrier capacity 4’. P-gp, a 170-180 kDa plasma membrane-
associated protein, a product of the multidrug resistance protein (MDR1) gene , is one of the
most important ATP-dependent efflux transporters at the BBB 7. It restricts a variety of
drugs from reaching their specific therapeutic targets. In contrast, when the expression and
the activity of the P-gp are prevented, the amount of drugs entering the CNS is increased. Xu
et al. supposed that P-gp may prevent brucine across the BBB and consequently, its entry
into the CNS. As such, P-gp inhibitors and inducers may have the potential to affect the
pharmacokinetics and so the pharmacodynamics of brucine 7.

Thus, currently one of the major challenges of pharmaceutical research is to discover
devices enabling an effective and efficacious delivery of drugs into the CNS 43,

4. Application of Nanotechnology Tools for Neurodegenerative Disease

Therapy

Nanoparticles are materials containing at least one dimension less than 100 nm. Based on
their structure, they can be classified into zero dimensional, which includes nanoparticles
and quantum dots; one dimensional, which involves nanofibers, nanotubes, and nanowires;
and two dimensional, consisting of graphene © 51,

In recent years, nanomaterials include nanotubes, nanofibers, quantum dots, and
nanoparticles have broad applications in several biomedical fields such as drug delivery,
biosensors, bioimaging, etc. & 58-60. Neuronanomedicine refers to the engineered
nanomaterials designed as drugs for neurodegenerative disorders 1. Nanotechnology
designs engineered nanomaterials to produce nanoscale devices which can interact with
biological systems at a molecular level 2. These nanotechnological devices can trigger,
respond, and interact with target cells and tissues to bring about the preferred physiological
response while lowering harmful side effects & 63, Some of nanoparticles are designed to
enhance the penetration of BBB and to target specific domains within cells. Their efforts
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focus on localization of intracellular or to reach extracellular molecules, such as amyloid
beta plaques in Alzheimer’s disease (Fig 8).

Surface modification of NPs to make highly positive particles would enable them to cross
BBB through adsorptive and receptor/transporter-mediated transcytosis. Recognition of
apolipoprotein E (Apo E) by specific receptors located on BBB facilitates transportation of
lipoproteins (LPs) to the brain. Functionalization of NPs with LPs, like conjugation of Apo
E to albumin-NPs or liposomes would enable them to be recognized and transferred by
specific receptors on BBB %4,

Most importantly, nanotechnology represents mechanisms to adjust complex biological
systems with higher selectivity and specificity. In fact, achieving nanocarriers that are able to
remain stable in the bloodstream, protect the drug from metabolism, and promote the long-
lasting release of the drug is still a pivotal prerequisite for nanomedicine, but it is now
deemed insufficient. Active targeting of specific pathological cells is now the challenge for
pharmaceutical nanotechnologists, who are faced with difficulties in colloidal chemistry and
most of all in the characterization of the engineered nanocarriers from a technological and
physiological point of view 43. Nanoengineered particles as nanodrugs possess the ability to
cross the BBB and also show decreased invasiveness 6°. Liposomes, polymeric NPs, and
solid-lipid NPs (SLN) are the most studied NPs in terms of noninvasive brain drug-delivery
materials with specific characteristics like biocompatibility, stability, low antigenicity, and
high biodegradability. They have emerged as one the most effective smart platforms for
controlled discharge of their cargo in target sites. Therefore, the most important application
of nanoparticles in the biomedical field can be for drug delivery systems (Figure 9). Herein,
we will discuss some applications of these mentioned nanomaterials for drug delivery
system in treatment of neurodegenerative diseases (Table 1):

4.1. Inorganic Nanoparticles

4.1.1. Gold nanoparticles—Gold nanoparticles (AuNPs) have been extensively used as
nanomaterials for theranostic applications due to their multifunctional characteristics in
therapeutics, imaging, and surface modification 6. It has been proven that exosome-derived
membranes in combination with synthetic AUNPs have unique functionalities for targeted
delivery to brain. Also, the bioluminescence imaging revealed that after intravenous
injection, targeted-exosome coated AuNPs could accumulate in the mouse brain. The surface
modification of synthetic AUNPs with the brain-targeted exosome can be a highly novel and
effective strategy to provide efficient brain targeting (Figure 10) 67,

In amyloidosis disorders, which are associated with misfolding of hormally soluble,
functional peptides and proteins and causing amyloid fibrils, generation of toxic
intermediates in the process of self-assembly cause amyloid diseases such as Alzheimer,
Parkinson, etc. Therefore, a considerable number of therapies for Alzheimer’s disease rely
on inhibition/delay/ dissociation of Ap oligomers and fibrils. In this case, nanoparticles
demonstrated substantial effects on the A fibrillation process; however, their effects on
progressive cognitive decline and memory have been poorly investigated in vivo. In an effort
to evaluate the effect of AUNPs on the amyloid formation, a-lactalbumin protein was used as
a good sample for study the amyloid formation due to the formation of molten globule state.
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They found that AuNPs inhibit formation of amyloid fibrils in reduced a-lactalbumin. This
protective effect can be due to increase protein adsorption to the surface of the nanoparticles
and therefore prevents their structural changes. Nanoparticle by binding to the monomer
prevented them from joining together and elongating the core of amyloid fibrils. It can thus
be used as effective therapeutic agent for prevention of formation amyloid and treatment of
amyloid disease ©°.

Designing multifunctional AP inhibitor using AuNPs such as AUNPs@POMD-pep (POMD:
polyoxometalate with Wells—Dawson structure, pep: peptide) can improve synergistic effects
in inhibiting AP aggregation, dissociating A fibrils, decreasing AB-mediated peroxidase
activity and AB-induced cytotoxicity ’%. Some other studies also reported that using AuNPs
conjugated to the specific peptides can be an effective way to destroy the toxic aggregates of
AB. AuNPs conjugated to the specific modified p-sheet breaker peptide called CLPFFD
have the ability of destroy the toxic aggregates of Ap. To modify the capacity of drug
delivery of this compound, the peptide sequence of THRPPMWSPVWP is introduced into
the gold nanoparticle CLPFFD conjugate. Interaction of this peptide sequence with the
transferrin receptor present in the microvascular endothelial cells of the BBB caused an
increase in permeability of the conjugate in brain 2. AUNPs also have inhibitory effect on
the fibrillogenesis process of insulin fibrils. Co-incubation of AuNPs with insulin lead to a
one-week delay in the structural transformation of insulin fibrils into amyloid-like fibrils.
Furthermore, the formed fibrils revealed altered structure, shape and dynamics which further
reduced the growth rate of fibril, as well as the stability of available amyloid-like fibrils with
cross-P structure for aggregation. The AuNPs have the capacity to disrupt insulin amyloid
fibrillation and further prevent fibril types that are shorter and more compact. Therefore, this
property of AuUNPs may serve as a useful solution in solving diagnostic strategies problems
for amyloid-related disorders 2. AuNPs can improve the acquisition and retention of spatial
learning and memory in A treated rats. Also the use of AUNPs improved the neural survival
by increasing the expression of brain-derived neurotrophic factor, BDNF, cCAMP response
element binding protein, CREB, and stromal interaction molecules, e.g., STIM1 and STIM2
67 Electromagnetized gold nanoparticles in the presence of specific Electromagnetic fields
(EMF) conditions facilitate an efficient direct lineage reprogramming to induced dopamine
neurons. The dopaminergic neuron reprogramming by EMF stimulation of AuNPs
efficiently and non-invasively can alleviate of symptoms in Parkinson’s disease models /3.
According to these recent findings, it can be concluded that AuNPs can be highly relevant
for the therapeutic applications for molecular surgery in the treatment of ND.

4.1.2. Silver Nanoparticles—Silver nanoparticles (SNPs) translocate to the brain
through the blood stream after they are implanted /7 vivo. Distribution of SNPs crossing
through the BBB in an /n vitro model of rat brain micro-vessel vascular endothelial cells
(BMVECS) revealed that in a medium containing 100 wg/mL of either SNPs or silver
microparticles (SMPs), after 4 hours of culture, SNPs can cross the BBB and accumulate
inside BMVECSs, while the SMPs cannot. Passing the SNPs through the BBB could be
mainly by transcytosis of capillary endothelial cells 7. Similar results about the ability of
SNPs to pass across the BBB revealed that after subcutaneously injection of SNPs and SMPs
(62.8 mg/kg) into brain of the rats, only SNPs can traverse the BBB and move into the brain
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in form of the particle. SNPs injected into the brain can enter into neurons, accumulate in the
brain and induce toxicity effects, resulting in the loss of neuron function. Decomposition of
neural cell membranes can lead to the release of SNPs, affect other adjacent neurons and
eventually, induce neural cell apoptosis and pathological transformations. The possible
mechanisms of entry of SNPs into the brain through disruption of BBB are specifically
vascular endothelial cell transcytosis and BBB disruption by weakening of the tight
junctions or by dissolving the membrane of the endothelial cells. They can induce further
neuronal degeneration and necrosis by accumulating in the brain over a long period of time.
The risk of long-term retention of some nanomaterials in the brain can be of great concern,
particularly for solid core NPs that would not degrade 7. Newly engineered nanoplatforms
are designed as impactful delivery devices with unique nano-properties for the manipulation
of cell metabolism and cell-cell interaction. However, the oxidative modification of these
novel materials by the immune system may lead to unexpected reactions and adverse effects
on cell functions. Although effective timely degradation of these drug carriers is an essential
factor in their design, it needs to be optimized based on nano-carrier vs drug-payload
degradation /8. It is important to consider the side-effects of some of these nanoparticles;
i.e., the cause of their possible unknown negative effects on metabolic pathways. It has been
reported that after AgNPs treatment of neural cells, the gene expression of amyloid
precursor protein (APP) was induced. Also, two main factors in suppression of Alzheimer’s
disease progression, neprilysin, a major Ap-degrading enzyme in brain, and low-density
lipoprotein receptor, which is responsible for enhancing Ap uptake and degradation in the
brain, were both reduced in neural cells as well as their protein level. Thus, it is necessary to
take notice of AgNPs distribution in the environment 77,

Magnetic Nanomaterials

One of the great of interest fields for researchers are magnetic nanoparticles from a wide
range of disciplines, including magnetic fluids, catalysis, biotechnology/ biomedicine,
magnetic resonance imaging, data storage, and environmental remediation. The use of
magnetic nanoparticles (MNPs) has become an area of increasing interest in biomedicine.
MNPs have unique features, such as their reaction to a magnetic force, that can be utilized in
drug targeting and cell sorting. The interaction of iron oxide nanoparticles (IONPs) with
astrocytes has been extensively investigated 78,

The concept of magnetic targeting is to inject magnetic nanoparticles to which drug
molecules are attached, to guide these particles to a chosen site under the localized magnetic
field gradients, hold them there until the therapy is complete, and then to remove them. The
magnetic drug carriers have the potential to carry a large dose of drug to achieve high local
concentration, and avoid toxicity and other adverse side effects arising from high drug doses
in other parts of the organism.

However, optimizing the size of these NPs is a critical factor in their design and
development for biomaterial-based therapies. Until recently, most studies have been focused
on a relatively small size range of IONPs. The novel micro/nanomotor technologies using
methods based on thin-film deposition, glancing angle deposition, direct laser writing,
membrane template-assisted electrodeposition, and spiral water-conduction have been
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developed for fabrication of magnetic micro/nanomotors. Drugs loaded on these micro/
nanomotors increase targeting efficiency, control particles direction and also improve drug
concentration at the target location. Furthermore, increasing the nanoparticle diameter and
magnetic field strength (MFS) will improve the magnetophoretic force and the particle
capture efficiency. Investigation on IONPs diameters distributed over a much wider size
range (more than 300 nm) compared to the regular range of NPs (lower than 100 nm)
showed greater retention and accumulation in tumors than did small nanoparticles. The
possible explanation for remaining of larger NPs in tumors is that smaller particles can move
faster in the blood vessels, compare to the larger ones and thus there is greater possibility to
exit the tumor 7°. Clinical trials in human patients affected with prostate and brain tumors
are conducted using local magnetic hyperthermia in combination with radiotherapy.
Superparamagnetic particles exposed to an alternating magnetic field can be used for heat
induction. The BBB activity can be reduced for 60 min when temperatures reach 42.5-43
°C, promising an improvement in combined chemotherapies of brain tumors.
Superparamagnetic nanoparticles based on a core consisting of iron oxides (SPION) that can
be targeted through external magnets are very promising nanoparticles. SPION can be
coated with biocompatible materials and to be functionalized with drugs, proteins or
plasmids. Using an external magnetic field, SPION functionalized with reversibly bound
drugs could be delivered to specific locations and localized in place 8°.

Polymeric Nanomaterials

Polymeric nanoparticles refer to particles formed by polymers with a size of 1-1000 nm
generally 8L, In particular degradable nanoparticles have become the main type of
neurodegenerative drug carriers, due to their low toxicity, adjustable degradation rates and
high drug loading capacity and their ability to pass through BBB and target CNS 82,

The therapeutic benefits of various water-soluble/insoluble drugs and bioactive agents, such
as solubility, bioavailability, and retention time, are promoted by the frequent use of
biodegradable polymer-based NPs 17. For the successful application of these polymeric
systems in medicine and pharmaceuticals, the most important properties to consider are the
biodegradability, biocompatibility, nontoxic, nonimmunogenic, and noncarcinogenic
characteristics of these materials 8. Polylactic acid (PLA), polyglycolic acid (PGA), and
poly lactic-glycolic acid (PLGA) have been widely used in medicine and pharmaceuticals 84.

PLGA NPs can be designed with various formulation protocols, e.g. bottom-up and top-
down techniques. Although representing a significant potential to carry drugs for CNS
therapies, unmodified PLGA NPs have some downsides such as negative charge,
hydrophobic structure, and non-targeting of the BBB. Recently, some of these drawbacks
have been resolved by engineering techniques. These include polymersome creation, core-
shell type hybridization, cell-PLGA hybridization, surface derivatization, receptor-specific
ligand-PLGA conjugation. Surface modification of PLGA NPs improved their ability to
cross the BBB, tissue targeting for encapsulated nucleic acids (siRNA) and some specific
drugs. This strategy also facilitates the slowly controlled release of drugs in their target sites
85, Surface-coated PLGA-NPs with polysorbate 80 and poloaxmer 188 had shown an
improved CNS penetration 6. (531) Poly (lactide-co-glycolide) (PLGA), a biodegradable
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polymer, can be decomposed into lactic and glycolic acids and converted further into carbon
dioxide through the tricarboxylic acid cycle 87. PLGA could form uniform nanoparticles
(NPs) in microemulsion. A study on delivering pharmaceuticals against human
immunodeficiency virus residing in the brain showed that antiretroviral nevirapine-entrapped
PLGA NPs could permeate human brain-microvascular endothelial cells (HBMECS), the key
cellular component of the BBB. Also, polyacrylamide (PAAM) is a synthetic cationic
biopolymer with good biocompatibility 88. Kou and Tsai developed polyacrylamide
(PAAM)-cardiolipin (CL)-poly(lactide-co-glycolide) (PLGA) NPs grafted with surface 83—
14 monoclonal antibody (MADb) to carry rosmarinic acid and curcumin. This drug delivery
system was used to cross BBB and enhance the viability of SK-N-MC cells (from human
neuroblastoma) insulted with p-amyloid (AB) deposits. Experimental evidence revealed that
an increase in the concentration of 83-14 MAb enhanced the permeability coefficient of
rosmarinic acid and curcumin using the nanocarriers 8. In order to offer controlled release
of paclitaxel, an optimal paclitaxel microemulsion prepared by self-micro-emulsifying drug
delivery system (SMEDDS) was developed which included a mixture of paclitaxel,
tetraglycol, Cremophor ELP, and Labrafil 1944 and a paclitaxel microemulsion containing
poly (d,I-lactide-co-glycolide) (PLGA). The release behavior of paclitaxel from
microemulsion containing PLGA having various molecular weights (8K, 33K, and 90K)
exhibited a biphasic pattern characterized by a fast initial release during the first 48 h,
followed by a slower and continuous release for 144 h, in contrast that the release of
paclitaxel from microemulsion without PLGA was finished during 24 h . Solanum
tuberosum lectin (STL) conjugated poly (DL-lactic-co- glycolic acid) (PLGA) nanoparticle
(STL-NP) was constructed as a novel biodegradable nose-to-brain drug delivery system.
STL-NP demonstrated 1.89-2.45 times higher brain targeting efficiency in different brain
tissues than unmodified NP %0, There is evidence that siRNA-chitosan nanoparticles are able
to efficiently silence the P-glycoprotein (P-gp) gene in a BBB model. The knockdown
resulted in a considerable reduction in P-gp substrate efflux and improved delivery and
efficacy of doxorubicin, which can be used as a model drug.

PLA-NPs pre-loaded with a flavonoid breviscapine were able to penetrate the BBB in a size-
dependent manner, with larger particles (~300 nm) delivering more drug concentrations to
the brain than smaller ones (~200 nm). In another case, trans-activating transcriptor (TAT)
peptide, associated with the surface of PLA-NPs, promoted an increase in transport of the
same NPs through the BBB via the bypass of efflux transporters. These findings suggest that
a nanoparticle mediated delivery of anti-P-gp siRNA could be a promising approach to
improve the treatment of various diseases in the CNS where drug delivery is currently
limited by the BBB 1.

4.4. Carbon Nanomaterials

Of all the types of nanomaterials, carbon-based nanomaterials with hydrophobic surfaces,
including zero-dimensional fullerene (C60), one-dimensional carbon nanotubes (CNTs) and
two-dimensional graphene have aroused considerable interest in nanomedicine due to their
unique combinations of chemical and physical properties (i.e., thermal and electrical
conductivity, high mechanical strength, and optical properties) 92. Here some application of
these nanomaterials will be discussed.
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4.4.1. Graphene—Graphene and graphene oxide (GO), with their advantageous
properties, have recently emerged as new and competitive drug delivery systems with the
potential to be applied in systemic, targeted, and local drug delivery systems 93, Graphene-
based materials generally aggregate in aqueous medium containing salts, proteins, or other
ions, and require chemical modification or functionalization to have the desired properties.
Such functionalization enables researchers to change the basic electrical and optical
properties of graphene. These modifications also allow conjugation of contrast agents,
antibodies, peptides, ligands, drugs, and genes to the surface of graphene nanoparticle %4,

Graphene-heparin/poly-L-lysine polyelectrolytes were assembled via layer-by-layer (LbL)
deposition onto 2D surfaces and 3D electrospun nanofibers. Cell culture experiments
showed that both 2D and 3D graphene—PEMs supported neuron cell adhesion and neurite
outgrowth, with no appreciable cell death. This electroactive scaffold modification may
therefore assist in neuronal regeneration, for creating functional and biocompatible polymer
scaffolds for electrical entrainment or biosensing applications 9.

Electroactive materials have been investigated as next-generation neuronal tissue
engineering scaffolds to enhance neuronal regeneration and functional recovery after brain
injury. Graphene, an emerging neuronal scaffold material with charge transfer properties, has
shown promising results for neuronal cell survival and differentiation in vitro 9.

4.4.2. Fullerenes—The protective function of fullerenes is via two main ways: radical
sponge and hydrophobic surface. The special structure of fullerene is exemplified by a
“radical sponge,” with capability to entrap several radicals in a single molecule sphere that
culminates in an effective antioxidant activity against cytotoxicity induced by intracellular
oxidative stress 97. The protective effects of the polyhydroxylated fullerene derivative
C60(0OH)24 have been examined in a 1-methyl-4-phenylpyridinium (MPP1)- induced acute
cellular Parkinson’s disease model in human neuroblastoma cells. Results suggested that
Polyhydroxylated Fullerene Derivative C60(OH)24 is an effective antioxidant with powerful
mitochondrial protective antioxidant with direct radical scavenging activity and indirect
antioxidant inducing activity and is a potential agent for preventing mitochondrial
dysfunction and oxidative damage in an MPP1-cells.

In another study, water-soluble C60 fullerene derivatives with different types of linkages
between the fullerene cage and the solubilizing addend were synthesized (compounds 1-3:
C-C bonds, compounds 4-5: C-S bonds, compound 6: C—P bonds, and compounds 7-9: C
—=N bonds). Fullerene derivatives 1-6 were observed to induce neural stem cell (NSC)
proliferation /n vitro and rescue the function of injured CNS in zebrafish. Fullerene
derivatives 7-9 were found to inhibit glioblastoma cell proliferation in vitro and reduce
glioblastoma formation in zebrafish. These effects were correlated with the cell metabolic
changes. Particularly, compound 3 bearing residues of phenylbutyric acids significantly
promoted NSC proliferation and neural repair without causing tumor growth. Meanwhile,
compound 7 with phenylalanine appendages significantly inhibited glioblastoma growth
without retarding neural repair. It can be concluded that the surface functional group
determines the properties as well as the interactions of C60 with NSCs and glioma cells,
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producing either a neuroprotective or antitumor effect for possible treatment of CNS-related
diseases, induced cellular model of Parkinson’s disease 9.

4.4.3. Carbon Nano Tubes—Carbon nano tubes are allotropes of carbon with a
cylindrical nanostructure. Nanotubes are part of the fullerene family, members of which have
a long hollow structure made of sheets one atom thick. They include one or several layers of
carbon categorized as single-wall and multiwall CNTs 99100 These carbon-based NPs are
valuable in medicine 101, The CNTs have special chemical, mechanical, and electrical
properties 3% 192 The pure and modified (by a variety of polymers) forms of CNTs have
been evaluated. The formation of nanotube-neural hybrid networks can promote the
neuronal activity, network communication, and synaptic formation 3. In the future, CNT-
based technologies are likely to be particularly useful for promoting functional recovery of
neurons after brain damage due to the outstanding physical properties of these nanomaterials
together with their recently documented ability to interface with neuronal circuits, synapses,
and membranes.

Zhang et al. have demonstrated the electrical conductive capacity and strong mechanical
properties of CNTSs, and shown the morphological characteristics of CNTs to be similar to
those of neurons 19. Using single-cell electrophysiology techniques, electron microscopy
analysis and theoretical modelling, Cellote et al. revealed that nanotubes improve the
responsiveness of neurons by forming tight contacts with the cell membranes that might
favor electrical shortcuts between the proximal and distal compartments of the neuron 103,
Multiwalled carbon nanotubes (CNTSs) coated with neurotrophin were used to regulate the
differentiation and survival of neurons. By enzyme-linked immunosorbent assay (ELISA), it
has been demonstrated that neurotrophin-coated CNTSs carry neurotrophin. These findings
suggest that neurotrophin-coated CNTSs have biological activity and stimulate the neurite
outgrowths of neurons 104, Maintenance of the interaction between CNTSs and stem cells
introduces a new vision for the application of these carbon-based NPs in the design and
fabrication of nervous tissue by cellular simulation 3 105 (Figure 11).

5. Strategies to Overcome Drug Delivery Impediments

Numerous clinical data suggested that Alzheimer’s Disease patients exhibit severe
impairment of cholinergic—neurotransmitter systems, possibly due to the suppression of
acetylcholine (responsible for neural synapse) by Acetylcholinesterase (AChE) activity
1113 subsequently, accumulating evidence also suggested that the activation of the
glutamatergic system plays a significant role in Alzheimer’s Disease pathology 26: 27, Based
on these two scientific leads, researchers have developed few approved drug candidates for
treatment of neurodegenerative diseases, such as tacrine, donepezil, rivastigmine,
galantamine (AChE inhibitors), and memantine (NMDA inhibitor) 1. 45 114,

However, as implied in the previous section, there are some major barriers for delivering
these drugs to target brain cells. Current advances in nanotechnology present opportunities
to overcome mentioned limitations by using nanomedicines and designing nanomaterials
improving delivering active drug candidates. Modification of properties associated with
surface modulation has resulted in NPs as excellent candidates to cross the blood brain
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barrier (BBB) and improve drug delivery to the brainl. Teleanu et al. recently discussed an
emerging role for neuronanomedicine as a new field that constitutes a link between
neurological science and nanotechnology 11°. It is a promising field for the diagnosis and
treatment of CNS disorders 6. The first reported drug delivery using nanoparticles to
transport across the BBB was dalargin, a hexapeptide, which was transported into the brain
using poly (butylcyanoacrylate) nanoparticles coated with polysorbate 80 43,

Recently, noninvasive techniques based on colloidal carriers could represent a huge
potential, since nanocarriers can protect drugs (or gene material) and deliver them across the
BBB to target specific populations of brain cells 13. Some of these approaches will be
discussed here.

Local Delivery

Numerous studies have been focused on the local delivery system of drugs into the CNS and
many therapeutic strategies have been developed to improve local delivery of various
nanodrugs into their target which mainly is located in CNS 116, Applying polymer pellets
can deliver extremely high doses of drug to brain for a sustained period and its efficiency
depends on the local rates of transportation and elimination of drug from the brain tissues.
Although an enhanced dose of drug could be delivered to the tumor resection, the limited
penetration of the drug released from the implants over the tumor margin greatly limited the
therapeutic efficacy 116. So, neurologists searched for various chemotherapy agents which
because of their physical properties can penetrate further into the brain cells and tissues near
the polymer carrier. Nanoparticles such as liposomal ones have recently attracted the
attention of researchers as good candidates for local delivery of drug into CNS
117,118[139,140]. Previously, the main problem in the local delivery system was the
application of huge microparticles such as polymer microspheres of poly (lactic-co-glycolic
acid) PLGA, poly (methylidene malonate) (PMM), poly (epsilon-caprolactone), and
chitosan 119, These polymers have great potential for treating many brain diseases, but their
transport is impeded by their size and surface properties. Recently, the intracranial infusion
or convection enhanced delivery (CED) approach has been overcome and by using this
system, proteins and several kinds of particles, including liposomes and polymeric
nanoparticles less than 100 nm in size can be used for drug delivery instead of larger
microparticles. Design of microfluidic probes can increase the effective pore size of the
brain extracellular matrix (ECM). To enhance the transport of the infused nanoparticles, two
methods were used; the dilation of ECM and enzymatic digestion of specific constituents of
ECM. The findings demonstrated that using this probe potentially enhance nanoparticle
transport through the brain parenchyma. Their findings revealed that both enzymatic
treatment and dilation of the extracellular space significantly enhance the transport of
polymeric nanoparticles 120, The CED can be an effective approach in gene therapy
applications and delivering large molecules and particles to the CNS or transduced large
areas of cortex by infusing the bioorganism in different parts of the brain 121.122. The CED
has been shown more advantages compared to conventional diffusion-based injections to
deliver more homogeneous vector densities across the expressing regions 121123 Thijs
approach provides relatively large volumes of drugs which are infused into the parenchyma
of target tissue, to create pressure that drives bulk fluid flow (convection). The much faster
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delivery rate in conventional techniques enables infusion of large volumes of vector (up to
200 ul for thalamic delivery) via a single infusion site over 45 min. The small number of
injections and faster infusion rates make it practical to plan and infuse the viral vector under
the guidance of MRI, which enables precise targeting and real time monitoring 123,

Receptor-Mediated Transcytosis

Delivery of many endogenous macromolecules into the brain depends on the receptor-
mediated transcytosis pathway. The receptor mediated transcytosis mechanism is based on
the reciprocal action of nanoparticles surface ligand and a specific receptor in the BBB 53,
relying on the presence of receptors that are highly expressed by BBB cells, to selectively
drive functionalized nanomaterial across the BBB endothelium 9. Most nanoparticles cannot
freely pass through the BBB and need receptor-mediated transcytosis 6 9 124 |f these
nanocarriers are not engineered on their surface in order to take advantage of BBB transport
mechanisms, they are unable to satisfactorily target and reach the brain only to a poor extent
(up to 0.1-1% of the injected dose). The ligand-based approach, one of the different
approaches included in NP engineering, became an interesting choice in order to achieve a
more specific and selective drug delivery to the CNS 43, In this method, nanoparticles are
functionalized with different types of ligands, such as insulin, transferring, lactoferrin, or
surfactants like polysorbate 80 16:51. 124 The interaction between nanoparticles bounded
with ligands and the brain endothelial cells leads to plasma membrane retraction followed
promote the formation of corpuscles via endocytosis pathway. Next, the formed corpuscles
release nanoparticles from ligands and enter the brain parenchyma in CNS and cross the
BBB via exocytosis to exercise their function, without damaging the BBB ©: 61,125, 126
Therefore, receptor-mediated BBB-crossing and improving the knowledge about the
upregulation of different receptors can be considered as a promising technological tool for
delivery of therapeutic agents into the CNS. There are several receptor-ligand approaches of
which the most common examples are insulin receptors, transferrin receptors, interleukin 13
receptors, lipoprotein receptors, lactoferrin receptors 127,

5.3. Physicochemical Disruption of BBB

Nanotechnology has beneficial applications for the manipulation and disruption of tight
junctions of BBB with existing strategies such as Magnetic resonance imaging-ultrasound
technique, cell penetrating peptides and magnetic disruption which can facilitate the entry of
drugs into the brain116. 128,

5.3.1. Magnetic Resonance Imaging-Ultrasound—Magnetic Resonance Imaging
(MRI) is one of the basic clinical imaging modalities used in diagnosis of brain diseases,
with the ability of providing high spatial and temporal resolution.

Nanoplatforms have been designed for improving the delivery of contrast agents in this
technique. This biodegradable nanoparticle-based BBB transport system have been
developed to deliver BBB-impermeable molecular imaging probes into brain for targeted
neuroimaging. Coating MRI contrast agents with nanoparticles increased the delivery of the
agent to the brain several hundredfold. Active systems for drug delivery and imaging can
respond to the input of external agents, e.g., targeted ultrasound, magnetic field and pH.
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Recently, a pH-sensitive nanoplatform has been designed as a systemic delivery system for
tumor-targeted dual-mode MRI as well as chemotherapy without any toxic effects 129,

When applied in the presence of circulating microbubbles, focused ultrasound can safely and
transiently open the BBB to facilitate the delivery of immunotherapeutic agents into the
brain parenchyma. Another promising approach for stimulating therapeutic immune
responses in the brain is the deposition of high-density acoustic energy via non-invasive
focused ultrasound (FUS) 130, Typically performed under real-time image guidance using
diagnostic ultrasound or magnetic resonance imaging (MRI), FUS can markedly enhance
therapeutic drug and gene delivery and distribution, as well as potentiate immune responses
in tissues 131 132 The ultrasound based techniques depend on the energy of acoustically
activated microbubbles to provide a transient and reversible permeabilization of vascular

endothelium, promoting transportation of desired molecules into the CNS across the BBB
116, 132

MRI-guided FUS (MRIgFUS) delivery of anti-Ab antibodies rapidly reduces plaque
pathology. Researchers used intravenous injections of MRI and FUS contrast agents, as well
as anti-Ab antibody into brain cells and within minutes, the MRI contrast agent entered the
brain. This method provides the combined advantages of using a low dose of antibody and
rapidly reducing plaque pathology 133. Using another mouse model of Alzheimer’s disease
(B6C3-Tg), Raymond et al. suggested that anti-Ab antibodies given intravenously could
enter FUS-targeted areas of the brain 134, MRIgFUS combined with microbubbles have the
ability of local and noninvasive delivery of neurotrophic factors such as glial cell line-
derived neurotrophic factor (GDNF) into the CNS. Without using this techniques, the
application of GDNF to treat neurodegenerative disease effectively is restricted because of
inhibitory nature of BBB which prevent local delivery of macromolecular therapeutic agents
into the CNS (Figure 12) 135. This approach has been developed to enhance the brain
delivery efficiency of small molecular compounds, large biomolecules, and even
nanoparticles.

5.3.2. Cell Penetrating Peptides—Cell penetrating peptides (CPP), are a class of
diverse short (generally not exceeding 30 residues), water-soluble and partly hydrophobic,
and/or polybasic peptides rich in basic amino acids such as arginine and lysine, widely used
for siRNA, proteins and small molecular drugs delivery. They also have the ability to carry
drugs to penetrate BBB efficiently 136139 They help the conjugated therapeutic agents and
have the capacity to ubiquitously cross biomaterials into the cell membranes 116. 138, 140, 141,
Most common CPPs are positively charged peptides, though the presence of few anionic or
hydrophobic CPPs was also demonstrated.

There are mainly three types of CPPs, peptides derived from proteins, chimeric peptides that
are formed by the fusion of two natural sequences, and synthetic CPPs which are rationally
designed sequences usually based on structure— activity studies 140,

Although the cell membrane transportation mechanism of CPPs is still not clear, the binding
of cationic charges in CPPs to the brain endothelial cell membrane surfaces via electrostatic
interactions is helpful for the transportation of CPPs-modified nanomaterials across the BBB
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116 Based on recent findings, the generally accepted mechanisms to facilitate membrane
permeation of the CPPs include both endocytosis and direct translocation, in contrast to
prior beliefs that only direct translocation was involved 142, However, due to their non-
specific affinity to different cells, CPP-mediated brain delivery systems have high drug
distribution in the whole brain, and this property would lead to unwanted toxicity to normal
brain tissues 138, As a solution for this problem, a brain drug delivery system was designed
for glioma chemotherapy based on transferrin and CCP dual-functioned liposome (Tf/TAT-
lip), and their system efficiency was evaluated with doxorubicin (DOX) as a model drug. In
vitro experiments demonstrated the Tf/TAT co-modified liposomes could deliver drugs
across the BBB effectively. Moreover, the Ex Vivo biodistribution investigation revealed that
the T/TAT-lip could deliver therapeutic agents across the BBB more effectively 138,
Modulation of a second ligand to enhance cell penetration can be another effective strategy
to improve transportation rate of nanoparticles into the brain using a Tf Receptor-mediated
pathway. Using the bi-ligand technique in vivo, the concentration of liposomes reaching the
brain increased, with in vitro experiments confirming the improvement of permeation into
the parenchyma cells 143, Magnetic poly lipid nanoparticles (MPLs), compared to
conjugated MPLs to trans-activating transcriptor (TAT), (TAT-MPLSs) peptide, were designed
to target the brain by magnetic guidance and TAT conjugation. The TAT-MPLs showed very
strong fluorescence in the cytoplasm and cell nucleus, and delivered drugs to brain
parenchyma cells efficiently. Therefore, it can potentially function as an effective drug
delivery system that crosses the BBB (Figure 13) 144,

5.3.3. Magnetic Disruption—Magnetic gradients can improve the transportation rates
of nanoparticle ferrofluids using nanoparticles which can become excited by an alternating
magnetic field and producing heat which is called hyperthermia 116, Inside the brain
microvasculature, such heat may thermally disrupt an intact BBB, thereby creating a
transient entry for the therapeutic compounds to cross into the brain tissue. In fact, it has
long been recognized that hyperthermia, otherwise known as elevation of body temperature,
can lead to severe cellular stress and cause temporal disruption of the BBB 14°. Among
various methods of hyperthermia, whole body , microwave and radiofrequency hyperthermia
145,146 are most frequently used to penetrate the BBB. In these techniques an entire area of
the brain including neurons, astrocytes, vessel wall cells, and other glial cells are usually
heated, which can result in many undesirable severe side effects during hyperthermic
disruption of the BBB. Conversely, the induced hyperthermic disruption of the BBB by
excitation of magnetic nanoparticles (MNPs) inside an alternating magnetic field, heat is
exclusively dissipated to the ambient vessel wall cells by thermal conduction. Therefore,
only the monolayer lining of the vessel walls and the endothelial cells are directly affected
by the thermal stress 146, In addition, combination of magnetic disruption with the focused
ultrasound can improve the BBB transportability of therapeutic magnetic nanoparticles 147.
The effects of magnetic field enhanced convective diffusion (MFECD) were most apparent
with the negatively charged N (trimethoxysilylpropyl) ethylenediaminetriacetate [EDT]- iron
oxide nanoparticles (IONPs; EDT-IONPs). These results were consistent with enhanced bulk
flow permeability of IONPs across transiently disrupted brain micro-vessel endothelial cells.
The MFECD of EDT-IONPs provided higher delivery efficiency compared with either
passive or active targeting of BBB vesicular transport processes. The use of MFECD in

Biomater Sci. Author manuscript; available in PMC 2021 August 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Asil et al. Page 19

combination with methods for transient disruption of BBB permeability represents a
potential method for enhancing drug delivery to the brain 148, However, despite these efforts
and achievements, this technique has yet to develop into a workable clinical application. One
of the reasons is the low payload capacity of existing MNPs 149, because payload (i.e. drugs)
can only be attached on the surface or embedded in the double-layer coating around MNPs.
To address this issue, one of the solutions is to utilize hollow MNPs, in which drugs could be
loaded both inside their hollow core and on the surface 150,

6. Conclusion and Prospective

The critical role of BBB in maintaining the normal physiological function of CNS is
definitely confirmed by numerous researches. However, there are also evidences that the
BBB hinders the bioavailability of drugs, which is the most basic and critical issue in the
treatment of neurodegenerative diseases. So, the design of brain-targeted drug carriers is
particularly important. The rapid developments in nanotechnology, introduced many novel
promising engineered nanoparticles and nanomaterials, represents the capability to
overcome the barriers in the pathway of delivering drugs into targeting brain cells. Despite
many studies focused on the application of nanoparticle on drug delivery systems, as a novel
field, there are still many gaps and unsolved issues regarding to application of nanomaterials
for biomedical purposes that remain to be discovered. Some of factors that need to be further
considered include: 1) The side-effect of various nanoparticles on targeting cells, as well as
on the other organs. Almost all the reported studies clearly demonstrate the potential for
several nanomaterials to reach the CNS and induce toxic effects. One possible solution can
be the coating of NPs with suitable biodegradable polymeric shells which are capable of
improve the therapeutic efficacy of delivery systems, while reducing their undesired toxic
effects. 2) Optimizing the amount of drug loaded on these particles by improving the
structural design and maximizing their functionality. Currently, developed high-drug loading
nanomedicines have a substantial problem concerning their degradation and excipient-
excretion rates. As a solution, some types of carrier-free nanomedicines with no excipients
have been developed. However, most current high drug-loading nanomedicine studies have
focused on design and fabrication and lacked in vivo or clinical experiments. Therefore,
much time and high costs are needed to improve these nanomedicines to get FDA approval.
3) Interaction of off-target drugs with non-specific receptors; in particular for receptor-
mediated transcytosis methods. It has been proven that many nanomaterials may interfere
with biological pathways such as oxidative stress, apoptosis and inflammation, which are
common to most of the neurodegenerative disorders. 4) Research on novel nanoparticles
which have not been investigated yet and addressing the uncovered gaps in drug delivery
system for targeting the brain. Combination of nanotechnology with other advanced high-
tech approaches such as designing implantable devices/ nanochips or multi reservoir drug
delivery-chips can improve the efficiency of drug delivery by NPs. Development of
engineered theranostic NPs with combined therapeutic and diagnostic applications can be
also another practical technique to meet the challenges related to drug delivery systems.

Therefore, following up the recent updates in this promising filed can provide systematic
knowledge to design future projects and to optimize the application of nanoparticles for
treatment of neurodegenerative diseases.
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Figurel.

The multifactorial and complex nature of neurodegenerative diseases. Adapted with
permission from Daniele et al. 23. with minor corrections. Copyright 2018 ELSEVIER.
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Figure 2.
Pathological alterations to the BBB in aging, AD and PD, relative to the BBB in the young

adult, including a thickened basement membrane, tight junctions breakdown, and modified
expression and/or function of P-glycoprotein (P-gp) and breast cancer resistance protein
(BCRP). Smaller shorter arrows underneath each transporter represents reduced function,
whereas the arrow pointing up or down indicates upregulation and downregulation,
respectively. Given the conflicting studies or lack of data, the status of the paracellular route
in AD and the expression/function of BCRP have been depicted with a “?” Adapted with
permission from Pan et al.31. Copyright 2018 ELSEVIER.

Biomater Sci. Author manuscript; available in PMC 2021 August 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Asil et al.

o e®
Normal P Cg ¢
neuron ¢ 66t
G‘ 5
®e
¢¢ o
Dopamine Receptors
Parkinsan-
disease—
affected
neuron
¢ g

Figure 3.

Dopamine levels in a normal and Parkinson disease-affected neuron. Adapted with

permission from Tiwari et al. 37. Copyright 2017 AICH.
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Figureb5.
Different modes of transport across the blood-brain barrier (BBB). Adapted with permission

from Teleanu el al. °3. Copyright 2019 MDPI AG.
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The schematic representation of Blood-Cerebrospinal Fluid Barrier
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Figure7.
The schematic representation of P-glycoprotein structure of cerebral endothelial cells
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Figure8.
Nanoparticles with targeting ability used for the brain diseases. Nanoparticles circulating in

a blood stream (a) need to cross the BBB (b), and then localize to target cells (e.g. neurons,
astrocytes, oligodendrocytes, microglia, tumor cells) (c), and sometimes target cellular
organelles (e.g. mitochondria, synaptic cleft) (d) or extracellular molecules (e.g. amyloid
beta plaques in Alzheimer’s disease) (e). Adapted with permission from Jin et al.54
Copyright © 2020 by SAGE Publications Ltd
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Figure.
Graphical overview of the process toward nanomaterial-mediated treatment of neurological

diseases. Adapted with permission from Furtado et al. 21. Copyright 2018 John Wiley &
Sons.
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Figure 10.
The brain-targeting property of AuNPs after fabrication with neuron-targeted exosome. (&)

Schematic diagram showing the arrangement of the flow chamber perfusion system. The
instrument required brain cells cultured on a tissue culture plate. A flow chamber was then
assembled over the cultured cells and targeted exosome-coated AuNPs were flowed over the
cultured cells. (b) Adhesion of nanoparticles to brain cells under flow conditions. Brain cells
were exposed to targeted exosome-coated AUNPSs or control AuNPs under flow condition.
Hela cells were used as negative controls. As nanoparticles had been fluorescently labelled,
the binding of nanoparticles to cells was visualized and analyzed using fluorescence
microscopy. (c) An /n vitro blood-brain barrier (BBB) model being composed of co-culture
with endothelial (bEnd.3) and astrocyte-like (ALT) cells was established to evaluate the
transcytosis of AUNPs coated with neuron-specific rabies viral glycoprotein (RVG)- or
unmodified exosomes. The expression of tight junction protein claudin-5 and ZO-1 in BBB
model. Green: claudin-5 proteins; Blue: cell nucleus. (d) The percentage of exosome-coating
AUNPs transported across the BBB over 20 hr. targeted exosome-coated AuNPs or control
AUNPs were added to the apical chamber and incubated at 37 °C up to 24 hr. Signals of
fluorescently labelled nanoparticles in the basal chamber were measured in 0.5 ml aliquots
at different time points. Adapted with permission from Khongkow et al. 8. Copyright 2019
Springer Nature Limited.
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Figure 11.
Schematic representation of a) Gold Nanoparticles, b) Silver Nanoparticles, ¢) Magnetic

Nanomaterials, d) Polymeric Nanomaterials, €) Fullerene, f) Graphene g) Carbon Nanotube
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Figure 12.
MRI monitoring of BBB disruption and photographs of harvested brain showing BBB

disruption induced by focused ultrasound. (A) BBB opening was monitored by leakage of

the magnetic resonance (MR) contrast agent into the brain parenchyma on axial (AX) and

coronal (COR) MR images (arrows). (B) The location of the BBB opening was confirmed

by Evans Blue staining of the affected area. Adapted with permission from Wang et al. 135,
Copyright 2012 PLOS.

Biomater Sci. Author manuscript; available in PMC 2021 August 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Asil et al.

@  Magnetic nanoparticles %
®
Reverse-phase evaporation method N

= PLGA MPL

WO~ ppeprG
Reaction 1 j\/\s/ \O
0 i it H
\} \t@ Sulfo-LC-SPDP
0
oo J\/\ SN Q
= =y
Y\/\/\ s \Ej 5 N/OH ‘
= Z e Sulfo-NHS
Na'O _ﬁ 5

o0

HS—CGRKKRRQRRRK

S. N
.
@

Pyridine-2-thione

Reaction 2

(absorbs at 343 nm)

s. KRRQRRRK
&SGR

e Nj\/\
n\(\/\ﬂu

TAT-MPL

Figure 13.

Page 38

Schematic of the preparation of stealth MPLs and the conjugation of TAT peptide to MPLs.

Adapted with permission from Wen et al. 144, Copyright 2014 PLOS.
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