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1. SUMMARY

This work is about nanomodulation in amyloid protein aggregation, which is associated with
various neurodegenerative diseases, such as Alzheimer’s disease. Although the exact cause why
these pathologies occur is still unknown, in the latest years, nanomaterials have been studied and
it was concluded that they might target protein aggregation and accumulation effectively.

Following the amyloid protein and conformational diseases relationship, this work explains a
new approach to fight neurodegenerative pathologies. In order to do so, it is divided in three
sections. First of all, there is a review of what is nanomedicine, its development and its current
state of knowledge. Then the characteristics and properties of nanomaterials are exposed, as well
as their possible interactions with proteins since they present a promising potential. At last,
amyloid protein folding and its interactions are studied in more detail.

Once these sections are reviewed, it is discussed the main question of this work, which is

whether amyloid aggregation can be modulated or not through synthetic chaperones based on
nanoparticles.

Keywords: nanomedicine, nanotechnology, nanoparticle, protein, amyloid, interaction
neurodegenerative disease, conformational, Alzheimer, nanomodulation, chaperone



Martinez Pérez, Gloria




Nanomedicine to fight amyloid aggregation in neurodegenerative diseases 5

2. RESUMEN

Este trabajo esta centrado en la nanomodulacion de la agregacion de la proteina amiloide, la
cual esta relacionada con varias enfermedades neurodegenerativas, como la enfermedad de
Alzheimer. A pesar de desconocer el mecanismo exacto por el que se dan, en los ultimos afios
se ha comprobado que los nanomateriales pueden ser efectivos contra la agregacion proteica y
su acumulacion.

Debido a la relacién entre la proteina amiloide y las enfermedades conformacionales, este
trabajo expone un nuevo enfoque en la lucha contra las enfermedades neurodegenerativas. Para
ello, se ha llevado a cabo una revisién empezando por explicar qué es la nanomedicina, en qué
consiste y su estado actual. Ademas, se exponen las caracteristicas y propiedades de las
nanoparticulas, asi como también los distintitos aspectos a tener en cuenta para su uso y las
diferentes interacciones que pueden darse con las proteinas. De esta manera, se muestra el gran
potencial que abre este campo en el tratamiento y la diagnosis de las enfermedad
conformacionales. Por Ultimo, se estudia en mayor profundidad el plegamiento de la proteina
amiloide y sus interacciones.

Una vez revisada toda la informacion, se discute la cuestion principal de este trabajo, que
trata sobre la posibilidad de modular la agregacion amiloide a través de la sintesis de chaperonas
artificiales basadas en nanoparticulas.

Palabras clave: nanomedicina, nanotecnologia, nanoparticula, proteina, amiloide, interaccion,
enfermedad neurodegenerativa, conformacional, Alzheimer, nanomodulacién, chaperona
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3. INTRODUCTION & OBJECTIVES

In the last decades, medicine has developed in an incredible way thanks to research that has
widened our knowledge and technological progress. This has improved our health and lifestyle.
Nevertheless, there are still some unanswered questions remaining. One of the most common
diseases which has a huge impact on worldwide population is Alzheimer’s disease. Even though
it affects many people, currently there is no cure for it. This is a first sign to realise how hard it is
to treat this pathology. This work explains one of the latest developments in medicine, which
consist in nanoparticles and how can this establish a new reality for medicine, the impact of
Alzheimer’s disease on population and presents a possible new approach for its treatment.

This work reviews the amyloid cascade hypothesis of Alzheimer’s disease as well as some of
the possible strategies to its treatment based on nanoparticles. Thus, following that information,
it will be analysed and discussed several topics:

- General concept of nanomedicine and nanotechnology, the advantages as well as the
inconveniences that they present.

- Relationship between amyloid aggregation and neurodegenerative diseases, taking the
main focus on Alzheimer’s disease.

- Nano-modulation in amyloid aggregation. Explaining how proteins and nanoparticles
interact and a study of chaperones.

Once all the data is gathered, it will be possible to answer the real question of this work, which
is if nanoparticles are an acceptable method to fight Alzheimer’s disease by modulating amyloid
protein aggregation.
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4. NANOMATERIALS FOR THERAPEUTIC
APPLICATIONS

4.1. NANOTECHNOLOGY AND NANOMEDICINE

Nanotechnology refers to the control of matter below 100 nanometres. Nanotechnology first
appeared in 1959, in a lecture given by the American physicist Doctor Richard Feynman. He
explained how in the future it would be possible to control matter, in a molecular or atomic size,
in order to create structures.

In 1977, it was invented an atomic layer deposition which allowed for depositing a layer with
a thickness equal to a single atom. In the beginning of the 1980s, the scanning tunnelling
microscope was invented. Both instruments are still in use; however, when Doctor Drexler, an
American engineer, published his book “Engines of creation: the coming era of nanotechnology”
the vision of materials and instrumentation changed. [1] Nanotechnology can be classified in
nanomaterials and nanomachines. It is important to highlight that neither of them excludes the
other, in fact in most cases they are related since a lot of nanomaterials are used in
nanomachines.

There are several definitions to describe what a nanomaterial is. [2] [3] Nevertheless, the two
most common definitions are:

- Material having one or more external dimensions in the nanoscale or which is
nanostructured.
- Materials in the size range of 1-100 nanometres.

There is another definition adopted by the European Commission that considers the material’s
surface area to 60 m2/cm3. [4] [3] This lack of agreement in the scientific community can be
problematic since it can be a handicap in its regulation. But limiting it to just a definition might
imply failing to consider important aspects. However, although this may not be a consensus,
nanomaterials are not something new. Some of them have already been discovered, such as
fullerenes or carbon nanotubes. Moreover, there are six well-known methods to produce
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nanomaterials: chemical vapour deposition, ball mining, plasma arcing, sol gel, electrodeposition
and natural nanoparticles. [5]

Nanoparticles are one of the main elements in this study. They are considered as a
subcategory of nanomaterial, being a more specific material within nanoscale. Nanoparticles
present various factors that have to be taken into account when it comes to their synthesis. Some
of them are geometry, size and surface. (Fig.1) It will be explained later on, how its characteristics
play a crucial role on their future applications and properties.

The discovery of nanotechnology and its implications led to a large new number of
possibilities, technologically speaking. For example, it is present in batteries, sensors, magnets,
etcetera. It was seen that combined with other scientific fields, such as biology, it could be
revolutionary. This was the origin of nanomedicine.

Beginning of nanomedicine

The first appearance of the term nanomedicine was in the late 1990s. It was defined as the
medical application of nanotechnology according to the knowledge of the body. The whole
nanomedicine field is still incredibly new and innovative, there is still much to research and
understand, although there are some applications in the market for burns or cancer treatments.

Anyway, the real goal to be achieved with nanomedicine consists in the research of diagnosis
and possible treatments for different diseases. The great milestone is to arrive to a personalized
and tailored treatment to everyone. This would be one giant leap for medicine.

4.2. COMPARISON BETWEEN NANOMATERIALS AND TRADITIONAL (MOLECULAR) DRUGS

The combination of nanomaterials in the human body is still a field that requires a lot of
research due to its newness. It is highly important to know how they would react and how to
control them. Because of that, design and engineering are such a relevant issue in its
development. Compared to traditional drugs, nanomedicine is much more complex due to the
difficulty of manipulating nano scale materials.

Nanomaterials present some characteristics that function well in external applications to the
body. However, these properties are unspecific once they interact with organic molecules. Thus,
if these nanomaterials want to be introduced into a biological system, there are several factors
that must be considered such as surface, porosity, and shape among many others, because even
a little change in these factors can completely modify its properties. (Fig.1)
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As far as these materials are concerned, nanoparticles are the ones which seem more
promising for medical applications. Nanoparticles (NPs) are normally constituted by three
distinguished parts. Its compartments are: the core where drugs can be inserted; the shell, which
can have different drugs form the ones in the core, and finally the surface. (Fig.2) Since
nanoparticles can transport drugs, they are useful in a therapeutic manner. For this reason, and
also because our health and safety are at stake, they must be assessed thoroughly.
Unfortunately, there is still no standardized characterization for nanoparticles. [6]

Q\a&éss
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sGeometry *Micelles (amphiphilic blomaterials) sAntibodies and fragments
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Figure 1. Nanoparticle's properties and structure
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Figure 2. Representation of the different parts of a nanoparticle
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There are several institutions in charge of the approval of these products, like the Food and
Drug Administration (FDA) or the European Medicines Agency (EMA).

Disadvantages

1) Synthesis and characterization. Nanomedicine is based in complexes each one of which
has a specific function. [7] Therefore, it requires sophisticated instruments and tests to evaluate,
quantify and characterize the interactions between components. Besides, they must present
physicochemical and pharma kinetics parameters extremely stable, accurate and precise to be
suitable for biological behaviour. Due to the vast range of properties, to characterize these
products becomes a problem. However, a polydispersity parameter can be used, which is really
important, since the slightest change from one NP to another can imply different properties. [7]
The polydispersity parameter is applied to detect heterogeneity of particles to know if there would
be changes in secondary properties such as compatibility, drug date delivery or toxicity. Hence,
reproducibility is a huge issue and it is extremely difficult to achieve, since human factor makes it
impossible to have uniformity in the synthesis between batches. [8]

2) Biological barriers. Those substances with a major size are inserted through intravenous
administration but normally, small ones are delivered orally. When it comes to the design of
nanoparticles, it has to be considered that human body presents mechanisms to protect us from
external agents that may be noxious for us. One of our most important developments is the blood
brain barrier (BBB) that impedes treatment of central nervous system diseases. This is because
it restricts the transport of 99% of large or hydrophilic molecules.

3) Regulation challenges. The pre-clinical to clinical stage that all these materials must pass
is extremely rigorous. For every new component that may appear in the material, there must be
arationale behind it. [9] Besides, it must be proved that any element that constitutes the material
has a specific function. Moreover, in order to be clinical approved, these NPs cannot be inferior
in any matter to what it already exists. This means that multifunctionality might not be the best
idea since their control can be difficult to assess. [9] These regulations apart from being time
consuming are expensive too, but the most noticeable issue is that guidelines for regulatory
bodies are quite poor.

4) Manufacturing. In large-scale manufacturing, controlling stability and physicochemical

properties is challenging. Regular pharmaceutic industry does not have experience with these
products. This implies a limitation to the manufacturing and scaling-up of nanomedicine.
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Reproducibility is crucial to ensure nanomaterials are accurate for their use, which is why
understanding its behaviour helps to know how to approach their preparation. There are two types
of approach to prepare NPs: [7]

- Top-down: manufacture nano structure from larger ones.
- Bottom-up: mix or arrange small components to achieve a functional assembler.

Automatization of the process should be the next step in the fabrication chain. This could
solve both production problems between batches and the heterogeneity between NPs.
Nevertheless, this requires huge investment from industries, and generally this only happens
when they know it would be profitable for them. Therefore, there will still be some years of waiting.

Advantages

1) Easy elimination. As nanomaterials in medicine are thought to treat diseases, an important
characteristic they should present is biodegradability and biocompatibility. Besides, due to their
small size, they do not present any problem to be eliminated following natural processes such as
through kidneys via urine. [10]

2) Drug delivery. It consists in the transport and delivery of drugs using a NP as a vehicle.
This leads to the possibility of targeting specific locations in an active or passive way. The
difference between these two strategies is that in the former a vector is added in order to direct
the particle to the wished tissue. (Fig.3) Hence, it produces less side effects in the patient,
whereas in the latter it depends on the circulation time. [11] This transport includes some critical
steps to consider since it has to be stable enough during the route, then stick to the tissue and
finally penetrate it. Anyway, recently smart particles that can go from stealthy to sticky have been
designed. They use polymers such as polyethylene glycol (PEG) or zwitterionic ones. [6]

3) Precision in diagnosis and treatment. Having a good understanding in biomarkers in every
disease state improves therapy. Thus, using NPs in order to detect and label noxious cells is
essential for good diagnosis. This contributes to a better treatment that can be carried out in an
early stage. Besides, NPs can be used in imaging as contrast, like in magnetic resonance, and
this approach can enhance the detection sensitivity in imaging. [12] [6]

4) Targeting and selectivity. A controlled release can be beneficious to decrease the impact

of toxicity and improve the selectivity of drugs. There are various methods to achieve this, for
instance through pH-sensitive groups or by temperature, as well as magnetic fields. [6]
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Figure 3. A) Passive targeting where NPs are introduced by diffusion via a leaky vascularization.

B) Active targeting where NPs bind to specific cells using vectors

5) Innovation and improvement. Despite the fact that research has been mainly focused on
drug delivery and cancer tumour, nanomaterials can be used in an extensive number of scenarios
such as improving synthesis of drugs, enhancing drug solubility or monitoring devices. It can be
used for organ implants too. [12]

All in all, nanomaterials present drawbacks as well as advantages. They should be
contemplated to see if it weighs more in the benefits side. In that case, it should be taken
advantage of nanomaterials when treating medical problems.

4.3. CURRENT SITUATION OF NANOMEDICINE

The study of nanomedicine has significantly increased according to the difference in the
amount of publications between 1980s and 2004. [13] It has been enhanced in more than one
hundred articles per year, with United States being the leader in patenting while Europe holds the
first place in research. The most researched field was drug delivery with 59% of papers about it.

In a more recent study, it was observed that most part of research is still focused on the same
topic, being the most of it addressed specifically to applications for cancer treatment, having
almost two-thirds parts of the investigation, although it is reasonable considering that it is the
worldwide main cause of death. [12]



Nanomedicine to fight amyloid aggregation in neurodegenerative diseases 15

The number of nanoparticles that have been developed should be highlighted. In this field,
two kinds can be differentiated: hard or soft nanoparticles. Hard nanoparticles are those formed
by iron oxide, silver, gold or ceramic. [12] On the contrary, soft NPs include liposomal, micelles,
dendrimers or emulsions. Obviously, these materials have been showed as biologically
compatible, the difference between using one material or another being the prevalence in the
human body. Their size also plays a role in their prevalence in the human body, for example
liposomes smaller than 70 nm stay less time than those who are 200 nm. [10] Generally, NPs are
accumulated in liver and spleen.

As far as administration is concerned, there is special focus on emulsions and liposomes and
heavy interest in intravenous administration. [12] There are other studied methods such as
intracellular, subcutaneous or oral administration. Nevertheless, travelling mechanism and
targeting are very sophisticated. There are two ways to approach this issue, one is through an
active targeting which consist in biodistribution to a tissue without mattering its size. The other is
passive targeting that depends on the geometry and size of the NPs. [12]

The main targeting mechanism is functionalizing nanoparticles in order to go unnoticed until
they reach their goal, so that tricks the human body. This can be done by using ligands that
receptors of the interested matrix would associate, coating NPs with sugars or any other
substances that may be of interest to the tissue or cells that we want to attack. This mechanism
using receptors is a clear example of active targeting which is currently used in some tumour
treatments.

Nowadays, targeting is quite a successful field. Some smart NPs have been designed which
can switch from a stealthy to sticky nature, just like some viruses do. [6] It has been able to mimic
this mechanism using polymers with strong antifouling properties, the most common example of
this being pegylated NPs. They are based on polyethylene glycol, a hydrophilic polymer that is
added on the NPs surface in order to suppress protein adsorption due to steric hindering. [8] This
polymer is biocompatible and functions as a barrier to the components present in the blood,
creating a water barrier to avoid aggregations. Pegylated NPs present a high circulation time
which boosts systemic delivery, but this behaviour can be affected by molecular weight or surface
density. [14] These particles can be functionalized and enhance accumulation in tumour cells by
a passive targeting.
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The greatest progress in targeted antitumor therapy was thanks to the enhanced permeability
and retention (EPR) effect that was first discovered in 1986 by Hiroshi Maeda, a Japanese
chemist and pharmacologist. The study concluded that solid tumours present some blood vessels
with defective structures producing an extensive amount of vascular permeability factors. This
permeability allows for the tumour growing since nutrients, oxygen and other molecules reach it.
[15] (Fig.4) Thus, EPR effect depends on the particles’ molecular weight since larger molecules
remain longer in circulation and big molecules have a selective accumulation in tumour tissues
rather than in normal ones. Pegylated liposomes take advantage of this and are used for drug
delivery. [16] In some studies, it was concluded that glucose in carbon nanotubes present a low
cytotoxicity in vitro and in vivo and fructose has a high affinity and selectivity for breast cancer
cells and healthy ones. [17] [18]

Leaky Tumour Nanoparticles entering

vasculature in tumours passively by EPR

tumours effect
Normal vasculature.
Continuous
endothelial cell
junctions

Nanoparticles
retained in tumour

Figure 4. Schematic representation of the enhanced permeability and retention effect in solid tumours

Moreover, there are some other applications for NPs in the imaging field which are very
practical in diagnosis. The most common material in imaging are quantum dots which are stable
under light irradiation and presents long fluorescence time. [19] [6] Using luminescent particles
allows for having more contrast. Magnetite or iron oxide NPs can be used as contrast agent in
magnetic resonance since they change spin — spin relaxation time and are already accepted by
the FDA. Gold nanoparticles are useful for contrast in X-Ray imaging and have been
demonstrated to be capable to treat tumour under laser excitation. [6] [12] This could be a
promising clinical use in the future in case of their approval. Moreover, a new NP has been
recently designed to detect copper in the human body, which is a crucial pathogenic in Parkinson
disease. [19]
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All in all, there are still some existent problems with the lack of a clear definition and
classification for nanomedicine products through FDA, nanomaterials synthesis is a complex
process and manufacturing is expensive. However, it cannot be denied that there is a remarkable
potential in this field and that for such a short time, important developments and applications
which are only a scratch in the surface have already been achieved. Nanomedicine is a really
futuristic and promising approach that is worth exploring further.

5. NANO-APPROACHES TO FIGHT
ALZHEIMER'’S DISEASE

5.1. NEURODEGENERATIVE DISEASES AND ALZHEIMER'’S DISEASE

Medicine has greatly evolved through the years overcoming serious handicaps along the way.
However, nowadays there are still some question marks involving really common diseases such
as neurodegenerative ones. Neurodegenerative disease is a general term which englobes
different afflictions mainly related to the central nervous system (CNS). They produce a
progressive degradation of neurons or even their death, provoking several problems in our body
such as cognitive loss or, in the worst-case scenario, dementia. There is a wide range of these
diseases such as Alzheimer’s disease (AD), Huntington disease or amyotrophic lateral sclerosis
and unfortunately there is not a cure for them yet.

Apart from being classified as neurodegenerative diseases they can also be englobed as a
conformational. These are characterized for being non-infectious, caused by an alteration in a
protein most of the times due to a mutation. This can derive to form protein aggregations or
destabilization in their native structure. The most common conformational disease is Alzheimer
followed by Parkinson. Other examples are type Il diabetes or Creutzfeldt-Jacob disease.

Alzheimer’s disease was first studied in the 1900s by Alois Alzheimer, a German psychiatrist
and neurologist. It is one of the most common pathologies around the world, affecting thousands
of people. According to the World Alzheimer’s report, in 2018 there were 50 million people affected
by it and it is expected to increase to 82 million by 2030. There is the estimated rate that every
three seconds a person is diagnosed with the disease. [20] This disease presents problems with



18 Martinez Pérez, Gloria

language, disorientation and mood swings as some of its symptoms. It is considered by the World
Health Organization a public health priority due to the vast number of people suffering it. [21]

AD attacks progressively different zones of the brain. Firstly, it affects the frontal and temporal
lobes, in concrete, atrophying hippocampus causing problems with language and memory,
making it very difficult to remember some things or learning new ones. [22] [23] The hippocampus
is located in the brain’s temporal lobule, it is quite small and presents an elongated form. (Fig.5)
Afterwards, it damages cortex surface which can evolve to the loss of emotional control, and lastly
it affects the brainstem, which is in charge of automatic functions such as respiration or cardiac
rhythm.

There are environmental and genetic factors involved in the appearance of AD. lts origin can
be from familial or sporadic causes, and it has been seen that the prevalence due to familial
causes is around 4-8% [24]. AD is an age-dependant disease, being twice more common in
women than in men, contrary to what happens with Parkinson. [25] According to some studies
the prevalence of AD in people above 60 years old is higher in the Middle East and Africa whereas
Europe presents the lowest rate. This could be related to different lifestyles. [26] AD normally
appears in people around 65 years old although sometimes it can come in the late 40s or early
50s, which is an early on set that only happens between 1-5% of the times. [27] According to
some epidemiologic studies, AD derives in dementia in approximately only 1% of the cases
between 60-65 years old. However, this rate increases exponentially with age. Moreover, there
are other risk factors linked to dementia. For instance, obesity or smoking as well as vascular
diseases. [28] [27]

Normal
brain

Cerebral cortex

Hippocampus

Figure 5. Representation of the structural changes in Alzheimer diseased brain

The impact of AD in the economy is huge. Just in the United States, it was estimated to cost
US $ 818 billion in 2015. The cost of a patient is divided in two sections: formal services which
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are in exchange of money, and informal ones, which are normally given from family or friends.
[21] This disease not only affect the patient himself, but it also has a strong implication for his
relatives in a financial, emotional and psychological manner.

Parkinson disease is the second most prevalent neurodegenerative and conformational
disease, affecting around one percent of the population in 2014. This affliction is related to an
amyloid protein, a-synuclein, which associates with others forming what are called Lewis bodies,
contributing to the appearance and development of it.

5.2. ETIOLOGY OF ALZHEIMER’S DISEASE

There are some unknown aspects of Alzheimer’s disease that are still under study. The one
that will be discussed is the cause by which is originated. There are several hypotheses about it
although one of them is more accepted than the others and it is thought as the most probable and
accurate one. This will be the one explained in depth. [29]

Tau protein hypothesis

Tau protein is a soluble cytoplasmatic protein that binds to tubulin when it polymerizes in
microtubules in neurons, therefore it is related to axonal transport. [30] This theory consists in the
association with one another following paired helical fragments producing neurofibrillary tangles.
The production of these tangles can be enhanced due to mutations in the mitochondrial DNA
replication and insufficient ATP production. This protein is quite related to Alzheimer’s disease
since it also appears in a considerable amount in those people affected.

Mitochondrial cascade hypothesis

Mitochondrial dysfunction is caused by stress or proteasome dysfunction which leads to a low
production of ATP due to mutations. This helps neuronal degeneration or synapsis abnormalities.
Nevertheless, it has been observed that mitochondria play an important role in clearing
aggregated proteins from itself. Therefore, it has a disposal trash function. Unfortunately, Ap
protein attached in synaptic mitochondria damages synapses. [31] This is due to a fragmentation
and therefore, a change in structure in mitochondria.

Amyloid cascade hypothesis

This theory explains how it is due to a mutation in a gene, mostly the amyloid precursor protein
(APP), although it can happen to presenilin-1 or presenilin-2 gene. There is an increase in the
production of the AB42 peptide which presents an amyloidogenic nature. [23] [30] This means
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that it has a tendency to form oligomers which would cause serious damages in synapsis
processes. In addition, there is an imbalance between A production and clearance. Firstly, it
generates benign deposits to be then transformed into fibrils plaques. This provokes a neurotic
dystrophy that widespread leading to cell death and dementia.

There is also another issue, worth to mention, which is oxidative stress. The central nervous
system presents a high energy consumption rate, and this leads to free radicals such as reactive
oxidative species or reactive nitrogen species which have been demonstrated to play an important
role in AD. [32] [33] The CNS homeostasis includes oxidative stress regulation which is in charge
of astrocytes. Oxidative stress occurs when there is a decompensation between production of
free radicals and antioxidant processes in CNS.

All'in all, the impact of these theories separately was promising when they were discovered,
nevertheless neither of them explains completely why and how AD is caused. It is thought to be
a combination of all of them, since there is evidence of how each one might be related to AD. For
instance, it has been showed how in AD brains there are A fibrils as well as tau proteins in a
quite high proportion. [19] [34] Amyloid cascade hypothesis is the one that will be explored in this
work since it is considered the most relevant one.

Nonetheless, the fact that there is one theory more popular than the others, does not suggest
that the others should be ignored. Actually, this indicates that there are several factors implied in
this pathology but focusing only on one issue and understanding it is more likely to end up in
success rather than taking all of them at the same time.

5.3. HYPOTHESIS OF THE AMYLOID CASCADE

Around 1982 the term prion was first coined by Stanley Prusiner, an American neurologist,
who defined it as a transmissible agent of spongiform encephalopathy with unconventional
properties the mainly component of which is a protein. In the latest years, the term prion-like has
appeared to define a misfolded protein with a diseasing mechanism. [34] Prions present various
common properties, although they may be different substances since they can exist in a soluble
conformation or in an aggregate form. They present a globular domain, a part of which has an
unstructured sequence and asparagine and glutamine residues in a high rate. [35]

The amyloid cascade hypothesis emerged in 1984 from an isolation of a N-terminal amino
acid sequencing a 43 amino acid peptide with a single carboxyl terminal threonine residue. [36]
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There are more than 200 atomic structures of amyloid proteins or peptides in a fibrillar or
crystalline conformation. However, all of them present a common f - structure. [37] At the
beginning, it was difficult to determine their structure but thanks to solid state NMR and
cryoelectronic microscopy techniques it was possible to know it in an atomic resolution. [38]

Alzheimer’s disease B — protein, referred to as AP, accumulates in spherical microscopic
deposits known as senile plaques, forming an aggregate. [30] These oligomers, which are
macromolecule complexes with non-covalent bonding, might be one of the causes of AD, since
they interrupt synaptic integrity. In the 1980s, a biochemist was able to isolate AR proteins from a
post-mortem diseased brain and a high concentration of these assemblies was observed.
However, it has also been proved that people without any symptom present cortical deposits of
AB, but they are overall diffuse forms of amyloid plaques. [23] [30] (Fig.6) Furthermore, there is
the inexplicable and disturbing fact of the lack of correlation between the amount of amyloid
deposits and the advancement degree of the disease.

A correct folding allows for proteins being biologically stable; nevertheless, amyloid
aggregation has been showed to present an important resistance to denaturalization. The
conditions of temperature, pH or hydrostatic pressure that must be applied to achieve so are much
rougher that the ones needed to denaturalize a globular protein. [38] In spite of this, Li et al.
demonstrated how a sample in presence of a denaturant agent of amyloid fibril became sensitive
to it and when it was removed the sample was degraded. Besides, in another sample, an amyloid
seed with a denatured protein lead to a reassembly of amyloid fibrils reverting the degradation
effect. [38]

Even though amyloid fibrils are toxic to neuronal cells, it is still not conclusive that they are
the cause of pathogenesis since it is possible that their precursor such as protofibrils or low
molecular weight oligomers is the responsible species. [35] Surrounding AR aggregates there are
smaller diffusible assemblies that cannot be discarded as source of neuronal dysfunction. Some
investigations agree that oligomers present a higher toxicity than protofibrils as well as Ap
peptides rather than mature fibrils. [39] Furthermore, according to a study, dimers and trimers of
soluble Ap oligomers disrupt learning behaviour in rats and might be responsible for pathogenesis
in Alzheimer’s disease. [40] [41]
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Thus, itis yet to be proven that amyloid fibrils are the only cause of AD, since there are various
unsolved aspects and unanswered key questions about oligomer toxicity and propagation.
Anyway, there seems to be an important link between these two facts hypothesizing a crucial role
for AB aggregation.
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Figure 6. Sequence of pathogenic events according to amyloid cascade hypothesis

5.4. AMYLOID AGGREGATION

Proteins present a coded sequence of amino acids that allow them to fold in the correct
position in order to be well conformed, have a long-term stability and fulfil their biological functions.
As it was said before, there are some cases where this does not happen, and proteins can present
a misfolding structure, which is what happens with amyloid fibrils.
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The following process which is considered is a nucleation dependent mechanism where
amyloid precursor protein (APP) cleavage is performed by a sequence of various secretase
enzymes. APP is quite extensive, with some parts being located intercellularly whereas others
are intracellularly, and they are cleaved in different subunits, such as AB40 or AB42. (Fig.7) There
is a tendency in the aggregate formation in which the peptide goes from a a-helix structure to -
sheet, hence losing its native structure. [42] The resultant amyloid fibril assembly outcomes in a
heterogenous-ordered sheet structure, in B-plaques, and presents a remarkable insolubility. [37]
[30] [29] Its conformation and stability are due to a linkage of non-covalent bonds, concretely
hydrogen bonds, that provides thermostability and kinetic stability. (Fig.8)

There are several factors such as ionic strength or temperature that affect the fibrillation
process.[43] Other factors are net charge due to the fact that it may hinder self-association and
the hydrophobicity of the side chain. It has been proven that protein sequences have evolved to
avoid forming cluster of hydrophobic residues since the amino acid substitutions play a crucial
role in the aggregation. According to Chiti et al. a decreasing in positive net charge of a protein
provokes an acceleration in [B-sheet formation. [35] Besides an enhanced hydrophobicity
membrane can increase AB binding, and depending on the interaction that takes place, a fibril
polymorphism can happen, overall in vivo since there are several cell membranes and
macromolecules which can prompt it. [44]
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Figure 7. Cleavage of APP transmembrane protein by secretase enzymes to obtain AB peptide
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Figure 8. Process of amyloid aggregation. A) Native peptide a-helix chain B) Intermediate partially
misfolded. Conversion of a-helical structure to B-sheets C) Final misfolded peptide D) Soluble protein
oligomerization E) B-structure aggregate (protofibrils) F) Amyloid fibrils

5.5. NANOMEDICINE TO ADDRESS ALZHEIMER’S DISEASE TREATMENT

Nowadays, there are some drugs tested and approved by the FDA in the market in order to
treat AD. None of them are curative though, but they alleviate symptoms. These medicaments
are basically in charge of controlling the motor regulation to combat cognitive loss. [29]

Amyloid cascade hypothesis considers oligomers as the most toxic species hence their
inhibition is of greatimportance. [22] [30] Alzheimer’s patients revealed neuronal loss and cerebral
atrophy due to the presence of extracellular plaques and intracellular neurofibrillary tangles,
therefore tau protein is involved as well. In fact, AB42 and tau protein are the two most abundant
peptide species related to AD. [22]

Furthermore, considering that accumulation of amyloid plaques is not directly the reason of
dementia but of neuritic dystrophy and synaptic loss, it is crucial to reduce this formation through
a drug than would be able to reduce neuroinflammation, disaggregate amyloid plaque and repair
dystrophy [45]. Thanks to the developments in the nanomedicine field and considering the
advancements that can take place, academics have been investigating several approaches to
treat the issues mentioned before.

This path consists in the application of nanoparticles as a possible therapeutic approach but
in order to do so it is important to understand one of the principal properties and interactions NPs
might suffer, such as protein corona or blood brain barrier. These considerations are needed in
order to have the best possible result.
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Protein corona

Protein corona is an ensemble of biomolecules condensed on the nanomaterial’s surface.
[46] Proteins are active surfaces which present some affinity to adhere to other surfaces. In fact,
those substances more similar between each other will displace those who has lower affinity. In
addition, this adsorption can affect protein stability. Note that the soft and flexible particles interact
stronger with proteins because of the possibility to establish several non-covalent interactions due
to their secondary structure changes, whereas, hard particles, depends on either electrostatic or
hydrophobic forces. [43]

Bearing this in mind and considering that NPs are currently one of the most important
approaches to attack amyloid fibrils aggregations, there have been many different strategies and
designs of them, but only some will be exposed below.

Nanoparticles, a possible therapeutic approach

Nanoparticles are the order of the day when it comes to nanomedicine and therapeutic
purpose since diagnosis requires really complex pharm kinetic properties. There are various kinds
of NPs and some are more promising than others. [22]

- NPs to detect AD. There are two nanoparticles to be highlighted. The first one is a dye
thioflavin-T NP based on fluorescent emission in order to detect amyloid fibrils. The other
one is a protein-based NP coated with a specific antibody and sialic acid to detect early
stages of AD through magnetic resonance imaging. [22] This one was used in mice
brains.

- Curcumin loaded NPs. Curcumin is an anti-amyloid protein even in micromolecular
concentration. Nevertheless, it has poor stability due to its easy hydrolyzation. Thus, a
derivative was developed and showed that in its planar structure presents a high affinity
with AB42 fibrils. [47] Besides, curcumin encapsulated in a polymer NPs is capable of
destroying AB aggregates without any observable toxicity.

- NPs-mediated chelation. It is reported that amyloid plaques present a higher
concentration of Cuz* and Zn?* than in a healthy brain. [23] The presence of metals
provokes a dysregulation in brain tissue due to oxidative stress. Therefore, toxic hydroxyl
radical is released. This metal ion free radical formation makes chelation an attractive
approach, although with limitations since there is no elimination metal chelator process.
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- Metallic NPs. They can be from selenium, cerium or gold. The last ones, under in vitro
conditions have the ability to couple with A fibrils and can dissolve plaques if they are
incubated for a week under a microwave irradiation. Moreover, research using zebrafish
larvae coupled with a kind of casein did not show any harmful effects. [48] On the other
hand, AuNPs can reduce aggregation in insulin fibrils, which for the type Il diabetes
mellitus, another neuropathology related to B-sheets, opens the possibility to consider it
as an in vivo inhibitor. [49]

All these nanoparticles open a huge range of possibilities and looks like treatment is not in a
so-distant future. In addition, there is another promising application for NPs that mimics molecular
chaperones. These molecules can be found inside cells, for instance in endoplasmic reticulum,
aiding proteins to fold correctly. They protect prone regions from aggregation and some of them
are capable of solubilising some aggregates. [50] This strategy would be exposed later.

Nevertheless, getting to use NPs for drug administration in vivo is really complicate to
accomplish due to the blood brain barrier (BBB). This issue is probably one of the most important
ones since it has caused so much trouble.

Blood brain barrier

This barrier is a semipermeable border constituted by three microvasculature elements which
are endothelial cells, astrocyte end-feet and pericytes. [51] (Fig.9) It accomplishes the function
of not letting solutes from blood trespass the extracellular fluid of the central nervous system. This
system is highly selective. Some crucial molecules necessary to neural function are allowed to
pass such as amino acids, glucose or nutrients following a selective transport whereas other
substances go by passive diffusion.

To overcome this obstacle nanomedicine is a key strategy. The problem to be faced though
is that 98% of small molecules do not cross BBB and either almost the totality of large ones. [45]
Considering the BBB handicap for drug delivery, it has been tried to avoid it by using other
strategies. However, none of them are efficient enough to what was expected. For instance, nasal
delivery must overcome nasal barriers like liposoluble small molecules transported via diffusion
and water-soluble ones do not cross unless there is an injury in the membrane.



Nanomedicine to fight amyloid aggregation in neurodegenerative diseases 27

Tight junction

Astrocyte \

Endothelial cells

Pericyte

Receptor

Figure 9. Schematic representation of the blood brain barrier

Stem cells could be a good path to therapy since they are derived from nervous system and
they renew themselves. In spite of this, it is still not very clear if they are capable of crossing the
BBB, because although it is quite cited, several experiments suggest that this takes place by a
minimal transport. In addition, drug injection through cerebral spinal fluid (CSF), which bathes the
brain’s surface, is different from the brain itself. The former presents a choroid plexus barrier
which is leakier than BBB. In the beginning, it was thought to be a proper strategy since it was
believed that nutrients passed from blood to CSF and afterwards to the brain. Unfortunately, it
was discovered that this was false, since drugs enter brain directly from blood. This opened a
new perspective, administrating drugs to the cerebral spinal fluid and expecting it to arrive to the
brain. It was concluded though, that through CSF a natural transport implies a very slow diffusion
and a decline in drug concentration while a bulk flow presents a more uniform distribution that
only arrives to the surface. [45]

In the end, there is a wide range of different strategies to avoid BBB, but neither is truly
successful. Besides, apart from the BBB problem, there is also the problem of insertion, since
there are technological limitations as well as ethical issues. [20] The wished solution is to find a
suitable method to deliver drugs straightforward to the brain through blood brain barrier.

There are some NPs which have showed to cross BBB. There is a highly biocompatible

polymer NP with silicon quantum dots or magnetic NPs that under an electromagnetic field
crosses BBB or polymer NP with chitosan to protect hydrophobic drugs. It can be coated with
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apolipoprotein, a transport molecule that can leave the brain by efflux pump, facilitates uptake
and can act as drug delivery. [52]

Moreover, it was showed that a crocetin and cyclodextrin complex attacked AB aggregates
and was able to pass the blood brain barrier. [53] Crocetin is a natural active substance that can
cross BBB, yet it is insoluble in water. Cyclodextrins are oligosaccharides that can trap or
encapsulate lipophilic molecules in order to protect water soluble complex. [54] From the different
types of cyclodextrin, the y-cyclodextrin has the lowest toxicity and a large cavity to encapsulate
crocetin. In conclusion, this complex was proved to be capable of inhibiting AB fibrils and promote
their degradation without being toxic to neuronal cells or AD cells.

In a nutshell, BBB and protein corona are important obstacles to consider in order to find an
effective treatment, but these issues are currently being under study with successful results. Thus,
it is just a matter of time before we can perfect nanoparticles and control their behaviour.

6. NANOMODULATION OF AMYLOID
AGGREGATION

6.1. PROTEIN — NANOPARTICLE INTERACTION AND PROTEIN CORONA

Nanoparticles seem like a great opportunity to fight conformational diseases. Nevertheless,
designing correctly these particles is crucial. As NPs are commonly administrated to the organism
through bloodstream, a key point to consider is their interaction with proteins and the factors that
may influence their behaviour. These considerations are explained below.

First of all, NPs present a high surface area to volume ratio, which when they are found in
biological fluids it is more likely to provoke an interaction between serum proteins and other
particles which can alter them. [55] There can happen two processes, which are in competition,
a protein — protein interaction or a protein — NP one. [56] (Fig.10) As in the biological fluids are
loads of proteins, which can adhere to NP surface and form protein corona, it is important to know
the effects it might produce. This formation depends on factors such as exposure time,
concentration and surface since kinetics and affinity are key factors to the binding. [57] The
binding that takes place between protein and NPs can form two differentiate parts called the hard
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corona or soft corona. The former happens when the attachment of proteins is irreversible
whereas the latter is a quick and reversible process with weak bonds. [50] [57]

It has been showed that sometimes proteins can suffer conformational changes in secondary
and tertiary structure when they interact with one another. [58] [59] Sometimes proteins go
through the loss of part of their a - helical structure, although they maintain most of their native
conformation. [60] This can make them unstable and more susceptible to denaturant agents,
which would be a problem for the accomplishment of their biological function. [50]
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Figure 10. Schematic representation of nanoparticle - corona system.
Peptide - peptide and peptide - NP interaction competition.

Another aspect to consider is surface curvature. The smaller a particle is, the higher its
curvature. Note that high surface curvature can favour native protein structure. Following the
importance of surface properties, it is noteworthy that when there is an elevated protein surface
density, meaning that NP surface presents a significant amount of proteins attached, there is a
higher tendency for a protein — protein interaction and this can protect proteins from unfolding.
[60][61] In addition, some other factors that can influence adsorption are pH, temperature, surface
hydrophobicity and peptide/nanoparticle concentration ratio.

First of all, pH can affect adsorption if its value is far from the peptide isoelectric point, since
that would derive in charged zones. Furthermore, high temperature is the main cause of
denaturalization, whereas hydrophobic surface functionalization decreases the energy barrier
needed to displace surface water in order to let protein pass. [61] Moreover, concentration ratio
is another factor because it would affect peptide local concentration. This implies that if there are
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too many NPs and the same amount of peptide, the local peptide concentration would be low,
and it is more bound to interact at high concentration levels than in low ones.

In conclusion, interactions between proteins and nanoparticles are of huge importance to
understand protein corona and how NPs can change or how to design them for a useful biological
application. According to this and following the goal of this work, the interaction and the effect
than can take place between amyloid proteins and NPs are the next point to consider.

6.2. EFFECTS OF NANOPARTICLES ON AMYLOID AGGREGATION

As it has been exposed, NPs interact with proteins, and under specific conditions their
behaviour might change. This can be applied to amyloid proteins, which is something to consider
in order to treat Alzheimer or other conformational diseases.

The NP - protein system can lead to acceleration, inhibition or have no effect at all in the
amyloid peptide aggregation. [62] Related to protein corona, it has been reported that it creates
a shell that protects NP surface, which reduces access to AB fibrils. However this does not prevent
that another oligomerization process or AR nucleation could take place, depending on the affinity
between protein corona and AB monomers. [46] Therefore, following the amyloid cascade
hypothesis, it is a vital step to fight AD by studying the circumstances which can lead to the
different outcomes in amyloid fibrillation using NPs.

First of all, it should be noted that polypeptides chains present a tendency to form ordered
structures, although the more stable a protein is, a slower fibril formation will have. Nonetheless,
NPs surface acts, in a way, as a catalyst for peptide aggregation following a mechanism of two
steps. Firstly an association process occurs onto NPs surface, leading to an increase in local
peptide concentration and oligomerization, and afterwards there is a reordering into -sheets
structures by hydrogen bonds. [63]

The amyloid binding to NPs depends on how strong the interaction might be. A strong
attraction leads to formation of unstable fibrils that influences negatively the peptide structural
rearrangement for the conformation of B-sheets. This means that there is inhibition of the
necessary conformational changes for the amyloid aggregation to happen. [56] If, instead, the
interaction between peptide - surface is weak, the NP presence hardly influences fibrillation
process, since peptide - peptide attraction dominates. [64] This can also happen when speaking
of electrostatic attraction. [65] Amyloid beta peptide presents negative and positive residues that
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can be bound through local electrostatic attraction to the surface. If they are tightly bound to the
surface, then the fibril growth is inhibited. (Fig.11)

Following the interactions matter, peptides can bind through hydrogen bonds which are a key
factor in inhibiting fibrillation, since if there is a low capability to bonding, there is decrease in
adsorbing proteins. Moreover, it results in a tight binding, therefore an incapability for monomer
or early aggregates to grow. [66] In addition, hydrophobic interactions are also important, due to
the fact that amyloidogenic peptides usually contain large amounts of hydrophobic residues and
they present high affinity to hydrophobic surfaces. [67] [62]
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Figure 11. Representation of A) negative NP inhibiting amyloid fibrillation.
B) Positive charged NP not affecting fibrillation
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On the other hand, nucleation process of fibrillation is highly dependent on peptide
concentration. However, sometimes a high local peptide concentration does not always implies
an acceleration of fibril growth as it might be thought. [56] This can be due to the presence of an
interface. [68] [69] Note that adsorption of proteins only happens if the protein - surface interaction
is favourable.

Furthermore, NP - protein ratio is another thing to consider. If there is a high concentration of
NP, peptides would bound to its surface. A low amount of peptide monomer will remain in solution
and the elongation process of amyloid aggregation would not happen or if it does, it would be in
a minor proportion. [70]

Another factor to keep in mind is surface roughness, which plays a key role in self-assembly
of AB42 molecules through dynamic diffusion. [71] [56] This means that kinetics is affected since
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a rough surface blocks fibril mobility and they require peptides molecules for diffuse to grow.
Besides, surface charge is also important to inhibit fibrillation owing that amyloid fibrils present
charged residues. [65] It has been showed that negatively charged gold NPs or silica ones are
efficient to do so, although the latter presents quite low cell viability due to its toxicity. This
inhibition is caused by the positive residues of amyloid fibrils that can adsorb onto NPs surface.
As both materials were successful, it was concluded that the inhibition dependent factor is charge
instead of material, at least in NPs of 15 nm. [72]

Nevertheless, the material used to synthetize NPs is crucial, since its toxicity and functionality
are factors to always keep in mind. For example, in the metal sector there are lots of possibilities
although iron and titanium present less toxicity than zinc, whereas gold is a highly biocompatible
material. In fact, it has been reported that large AuNPs accelerate A fibrillation, whereas small
ones can postpone the process in a significant way or even be capable of its inhibition. [73] This
is explained by surface curvature, which can limit spatial arrangements that can be incompatible
with fibrillation dynamics. [74] [63] In addition, when Sen et al. tried to show if from coated AuNPs
with glutamic acid and human serum albumin, there were significant differences between the use
of enantiomeric products for fibrillation. It was concluded that D - glutamic acid was more effective.
Hence, surface chirality may be a property too. [75]

All'in all, proteins and NPs are connected with one another in a way that cannot be ignored.
Achieving proper hydrophobicity and electrostatic interactions are crucial to ensure an accurate
interaction and supress protein aggregation. Hence, studying these interactions will lead to a
better understanding which will be in our favour in order to design new treatments. As NPs
cooperate so much with proteins, maybe instead of trying to inhibit amyloid fibrillation, they can
help to convert these fibrils to their native structure.

6.3. PROTEOSTASIS NETWORK AND NEURODEGENERATIVE DISEASE

Most of proteins, as it is well-known, present a defined three-dimension structure in charge of
their biological function. Nonetheless some do not present a unique conformation and under some
circumstances like stress condition, such as inflammation or heat, they can become susceptible
to form a non - native structure.

Proteins present polar or charged surface and hydrophobic domains hidden in their core, but
these regions become exposed when they unfold. So, in order to assure that these molecules do
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not cause any harm to the organism and everything functions correctly, it exists a mechanism
responsible for taking care of them. It is called protein quality control and it is composed by
chaperones and the ubiquitin proteasome system (UPS). They work in synergy with one another
since those proteins that cannot be refolded are destined to degradation by the UPS or autophagy.
[42] [76] In case of environmental stress conditions, there could be a higher synthesis level of
chaperones and proteases which can favour the removal of aggregates.

Molecular chaperones are defined as an assembly of proteins, present in prokaryotes as well
as eukaryotes cells, which are found overall in the endoplasmic reticulum. [50] They play vital
functions such as helping proteins to fold, by protecting prone regions to aggregate, as well as
helping in assembly proteins or in cellular transport, since they can be used for translocation of
polypeptides across membranes. [77] It is proposed, as a general mechanism, that chaperones
present a two-step process. It consists in the capture of a denatured protein and assisting it to
refold, to then, be released in its corresponding bioactive form. [78] (Fig.12)

Molecular chaperones can be divided in chaperonins, although they are commonly called
chaperones, and nuclear proteins like histones. Most of them are called heat shock proteins,
which there are a wide range of different ones, owing that they are activated by thermal stress.
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Figure 12. General mechanism followed by a chaperone to refold unnatured
proteins in order to prevent aggregation. A misfold protein is bound by the
chaperone through hydrophobic or electrostatic interactions. Once it is refolded, the
protein is released.
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Chaperones can be classified by their size or according to the mechanism they followed in,
three categories: holding, folding or disaggregating. [79] [80] The first action mode consists in
holding the unfolded client protein until it spontaneously folds itself, the folding one is by using
ATP to unfold stable misfolding proteins and convert them to their active species, whereas the
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last one is based on ATP hydrolysis in order to solubilize aggregates to achieve their native
conformation.

One reason for which neurodegenerative disease occurs is the accumulation of protein
aggregates and the imbalance between production and clearance of these assemblies. This
means that ubiquitin protein system activity is reduced and simultaneously, chaperone activity is
not high enough.

As it can be seen, these proteins present a quite interesting nature that can be explored in
order to get a possible medical application. It has already been explained how-thanks to
nanotechnology a huge advancement in medicine has taken place. However, there are still some
handicaps as far as conformational diseases are concerned. Thereby, it could be possible to
combine both nanotechnology and chaperone’s knowledge to develop new approaches to treat
these pathologies.

Overall, nowadays there are only some drugs in the market that slow down their progression
or have palliative effects and 95% of developed drugs for AD treatment end up in failure. [68] For
this reason, being able to study different approaches and points of view is so important. Therefore,
these kinds of molecules responsible for proteostasis open up several opportunities to aim for a
new approach in therapy, especially against conformational diseases.

6.4. HEAT SHOCK PROTEINS

Heat shock proteins (HSP) are a kind of molecular chaperones the function of which is
generally activated by thermal stimulus, although it is not always required. Their main goal is
helping proteins to refold from abnormal structures or denature conformations. (Fig.12) HSP
malfunction or altered expression in the central nervous system has been detected in many
pathological conditions such as epilepsy, trauma or neurodegenerative diseases. [81] Therefore,
targeting HSPs might be a good focus to prevent these afflictions. There are many different heat
shock proteins but only some of them will be exposed below since they are the most important
ones related to conformational diseases.

First of all, HSP60 is a protein localized in mitochondrial matrix although it can also be found
in cytosol, plasma membrane and peripheral blood. It is constituted by two heptameric rings which
present three domains: apical, intermediate and equatorial. HSP60 interacts with ATP and
HSP10, as a cochaperone, and acts as a folding structure. [82] There is some evidence that



Nanomedicine to fight amyloid aggregation in neurodegenerative diseases 35

HSP60 presents an efficient capacity to inhibit AB42 amyloid fibril. Although in theory HPS60 and
AR are not localized in the same place, under pathological conditions, they can colocalize and
interact with each other through hydrogen bounds, according to a computational study. [83]

In addition, another chaperone is HSP70, which is modulated by HSP40 and has a substantial
role in guiding misfolding proteins to UPS. [84] Alzheimer’'s patients presented high levels of
HSP70 accumulated in extracellular senile plaques, but this fact is not totally understood since
HSP70 does not contain a peptide signal for its secretion. [84] One hypothesis explains that it
might be released through extracellular vesicles whereas other hypothesis states that the export
of HSP70 to extracellular media is due to the expression of an enzyme responsible for degrading
AB, called TFG - 1. [85] [81] HSP70 is important because it has been showed to present direct
binding to pathogenic proteins as well as being able to inhibit aggregation of aggregation-prone
proteins such as AB or a-synuclein. [80] [86] It can reduce AR early stages of oligomerization in
Alzheimer’s disease, although it is not effective in dealing with fibrils, at least in in vitro conditions.
[87] This is explained following the Af-oligomerization hypothesis, where there is an initial AR
complex which is the precursor of AB oligomerization, and it is thought that HSP70 may interfere
in that. However, it is not clear the way in which HSP70 does this, if it is through a stabilization of
the complex making it unable to oligomerize or if HSP70 interaction with the initial complex is
reversible. [88]

Moreover, HSP90 is the most abundant chaperone in cells and it is composed by a N-terminal
domain, then a C-terminal and a middle domain which is the domain that functions as a
cochaperone for the binding. [81] HSP90 can be found in cytosol and endothelial reticulum and it
is present in many cellular processes including clearance of tau species, although it facilitates
microtubules association too. [89] [90] This fact might convert HPS90 in an interesting target.
However, since it is involved in so many other processes, not having any side effect would be
really unlikely. [91] This chaperone is usually coupled to inflammation response which is a
hallmark in AD. Besides, HPS90 seems to be more selective for client proteins than other
chaperones, since it recognizes structural elements of a client instead of a particular primary
sequence. [91] HSF-1 can be found in the HSP90 complex protein. It is a factor that under stress
conditions dissociates from the complex, translocates into nucleus and binds to the promote
region of a molecular chaperone gene to induce its expression. [92] Therefore, this factor induces
HSP70 and HSP40 expression as well as the mechanism that cells use for protection under stress
conditions. [90]
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Observing how important HSP are it could be thought to overexpress them for a therapeutic
strategy. There is some evidence that in experiments with mice was effective. [42] Nevertheless,
this overexpression has to be controlled because it can have side effects. Therefore, this method
may not be the best one to prevent aggregation. Thus, a question emerges from this issue which
is if perhaps NPs can solve it. Exploring this possibility is really appealing and that is what will be
explained next.

6.5. NANOPARTICLES ACTING AS CHAPERONES TO PREVENT AMYLOID
AGGREGATION

There has already been demonstrated that some nanoparticles have the ability to inhibit AB
peptide oligomerisation and aggregation, having a promising use. Note that there are already
various well-known anti-amyloidogenic substances identified. For instance, curcumin, sialic acid
or peptides. Unfortunately, only a small fraction of them can be used in NPs in vivo due to poor
chemical stability or low solubility. [93] For this reason, searching for a new approach to avoid
these obstacles and fight conformational diseases is necessary.

As it has been exposed, apart from protein aggregation problems there is also the issue of
denatured proteins. Thus, in the latest years, the idea of fighting Ap peptides before aggregates
form has arisen. This means preventing the aggregation in an earlier stage. It would not be
necessary to inhibit or slow down the formation of amyloid fibrils if exists the possibility to refold
those proteins. Therefore, those proteins which lose their native conformation and cause harmful
damages to the organism would not become such a problem. It would not matter whether Ap
peptides appear or if they are in high concentration, because they could be folded again to a
functional structure. In fact, there are already some methods to refold proteins, although they are
not based on NP, and all of them present low yields, around 15 - 25% of the total protein. [78]
Thus, it was needed to find another approach.

Hence, an alternative strategy appeared consisting in creating synthetic chaperones in order
to mimic the natural ones since some are known for their ability to refold denatured proteins. To
do so, the best option is synthetizing something with similar properties and size. That is the reason
why nanoparticles come into play. Proteins present dimensions of around ten nanometres and
nanoparticles go from 1-100 nm. In addition, the surface of NPs can be modulated to different
composition and characteristics to control their interactions. Some examples are showed below.
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First of all, when a nanoparticle-based synthetic chaperone (so-called nanochaperone) is
going to be designed is crucial to have in mind some features, such as surface hydrophobicity
and charge, since as mentioned previously, these factors are quite important to avoid unwished
interactions and to obtain better results. However, the protein - NP interaction can be manipulated
and exploited through polymer NPs with high selectivity. [94] [95] Nanochaperones mainly have
been inspired taking HSP70 as a role model since it is responsible of refolding denatured proteins.
The general mechanism of refolding consists in binding the chaperone to hydrophobic residues
of non-native proteins, sequestering them and preventing aggregation from forming a stable
complex. [96] Afterwards, chaperones release the client substrate once it is correctly refolded.

For instance, there is a case that tested if high charged NPs could serve as refolding agents,
as well as preventing aggregation, by interacting with charged residues on denatured proteins.
[97] Rotello et al. demonstrated it by using functionalized gold core NPs with 2-(10-
mercaptodecyl) malonic acid to assess the refolding protein. Those proteins used in the
experiment where a-chymotrypsin, papain and lysozyme, which present positive residues
whereas the functionalize AuNP is highly anionic. [98] Proteins then can be released from the
electrostatic interaction increasing their ionic strength by increasing salt concentration. [99] This
follows a catch-and-release mechanism.

Furthermore, Ma et al. conducted a research where they successfully synthetized a
nanochaperone with charged and hydrophobic domains, formed by PEG chains to stabilize it in
the aqueous media. They were mixed shell polymeric micelles (MSPMs) and it was shown that
hydrophobic regions were essential to the refolding of denatured proteins, owing that without their
presence the capture was ineffective. They concluded that electrical repulsion weakens binding
affinity which is beneficious since this gives the protein flexibility to refold. Afterwards, it can be
detached from the nanochaperone through this same exact electrostatic repulsion once the
protein achieves its native structure. [78] In the case that the interaction is too strong the refolding
would be blocked and if it is too weak there would not be any binding, so it is crucial to have a
proper interaction. [100]

In addition, Huang et al. studied how charge affected the chaperone activity of MSPMs to
refold lysozyme. These mixed shell micelles were synthetized with a hydrophobic core and block
copolymers segments with thermal responsive. This means that at high temperature is
hydrophobic, but in cold ones it changes to hydrophilic. Neutral MSPMs were the most efficient in
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the refolding rate, because of the positive and negative presented excessive electrostatic
interactions. [101] Moreover, there are some polymers which can transform spontaneously its
hydrophobic nature, and combined with PEG in the mixed shell, this MSPM is able to block
aggregation by trapping A oligomers and monomers forming a MSPM-AB complex, which is
highly susceptible to be degraded. [96] Furthermore, these nanochaperones can be reused, since
they can go up to several heat and cold cycles. [94]

The promising properties of MSPMs were demonstrated as well by Yang et al. using
polycaprolactone core and a mixed shell of two biocompatible and biodegradable polymers. This
nanochaperone was effective in in vivo experiments with mice alleviating and decreasing amyloid
deposition owing that they are able to mitigate cell membrane adhesion, thus protecting neurons
from AR toxicity. [102] Furthermore, it was showed that they presented certain selectivity for AR
peptide instead of other proteins such as ubiquitin or bovine serum albumin.

In addition, these nanochaperones can also be used to prevent aggregation according to Qu
et al. that created MSPMs with modified KLVFF peptide, which is a hydrophobic pentapeptide
region of AB, onto the end of PEG chains. It was concluded that KLVFF onto its surface interacts
with AB fibrils disassembling them. Additionally, hydrophobic regions of the nanochaperone could
capture AB fragments reducing neurotoxicity. [97] [103] Moreover, Zhao et al. demonstrated as
well that if KLVFF was added to a nanocomposite’s surface, it allowed for eliminating toxic AR
oligomers and protected hippocampal neurons against apoptosis. [104] Furthermore, another
study concluded that a-casein presents a chaperon-like activity against AB(1-40) aggregation,
and Javed et al. demonstrated how B-casein coated AuNPs with chaperone activity, similar to
HSP due to its ability to bind with partially folded proteins, inhibited A42 fibrillation with no harmful
effects. [48] [105]

Alternatively, in the last years nanogels have attracted quite interest because of their drug
delivery properties and their application in medical fields. Moreover, in aqueous media they act
as soft nanoparticles. [106] Due to this, they have studied their chaperon-like activity. Several
studies revealed that amphiphilic nanogels such as cholesteryl group bearing pullulan (CHP)
nanogel act as artificial chaperones. [107][108] [109] It was compared to the GroEL, a chaperone
belonging to HSP60 family, behaviour and efficacy. [110] This nanogel had a strong bound to the
denatured protein and could prevent its aggregation folding it again in a similar time that GroEl.
Besides, this nanogel had cyclodextrin as a modulator, to control its binding ability as well as the
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rate release of the protein, therefore the mechanism followed is similar to the catch and release
present in some molecular chaperones. [100] Fei et al. showed how CHP nanogel with B-
cyclodextrin, could refold carbonic anhydrase B under heating conditions. [60]

There is another kind of substances that can act as chaperones called chemical chaperones.
They are mainly osmolytes, which are low molecular compounds such as amino acids or organic
solutes that accumulate inside the cell to counter cellular stresses and provide protection against
cell shrinkage or swelling. Osmolytes are called chaperones owing their ability to stabilize in vitro
native or native-like proteins. [84] Pradhan et al. concluded that glutamine and proline
nanoparticles presented chemical chaperone activity, since they were effective in inhibiting
protein aggregation. [93] Moreover, there are as well some other ways to target misfolding
proteins such as pharmaceutical chaperones. [111] These kind of molecules are more specific in
targeting and require lower concentrations than osmolytes for being effective in assisting refolding
or stabilizing non-native structures. [112] They can be combined with chemical chaperones in
order to upregulate chaperone synthesis.

In conclusion, although hydrophobicity and charge are properties to keep in mind when
nanochaperones are being designed, other properties cannot be forgotten such as surface,
biodegradability, biocompatibility, and being able to cross BBB. Therefore, it is not a simple task
to achieve. However, results show that nanochaperones present a hopeful future and being able
to refold amyloid proteins not only would be significant to Alzheimer’s disease but also to many
other pathologies with the same problem. It seems like we are following the right pathway,
although it is difficult to pinpoint when this will happen.
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7. CONCLUDING REMARKS

Throughout this work, different aspects of nanotechnology have been exposed, with a special
focus on their therapeutic application in neurodegenerative diseases. As these pathologies affect
so many people around the world and do not have cure yet, to fight them is a vital issue.
Nanoparticles have an open new range of possibilities from diagnosis to some treatments. In fact,
there are some treatments based on nanoparticles which are currently in use, although
unfortunately none of them is being used for neurodegenerative pathologies.

However, NPs have been studied in depth and they can be manipulated to interact less with
serum proteins or to adapt their electrostatic interactions, hydrophobic domains, adding peptides
and even cross blood brain barrier. All of this is with the purpose of using NPs to eliminate toxic
AR peptides, slow down the fibrillation process or even try to inhibit it. Thus, there are several
ways to tackle amyloid protein aggregation. Nevertheless, not only is already really difficult to
prevent it, but it also has to be considered that Alzheimer's disease presents various factors
involved in its pathology such as oxidative stress, tau aggregation, etcetera. Hence, it is a
multifactorial disease. So, instead of focusing on just only a pathway, it is recommendable to
consider a multitargeting treatment, for instance, cocktails with diverse mixed drugs to interact
with aggregates which present several attacking mechanisms.

Therefore, with so many aspects to consider, the real question is whether it is possible to
reach an effective treatment for conformational diseases. As far as this question is concerned,
nanochaperones look like a promising solution owing to the fact that there are already some
advancements with their design and creation with good results. Thus, the most crucial part is if
these particles are suitable to be used in vivo following the corresponding regulations of toxicity,
biocompatibility, functionality and many more, from agencies like FDA or the European
Commission.

Furthermore, time is something to consider since the earliest a treatment comes, the better,
but passing the preclinical and clinical stages until its approval are long processes. Overall, that
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there are still some unknown aspects since nanochaperones are still a quite recent approach in
nanomedicine. Therefore, a sensible assumption to this issue is that there is still a long way to
go.

Nevertheless, nanochaperones present a promising future specifically the mixed shell
polymer micelles (MSPMs). They are synthetized with hydrophobic core and block copolymers
onto the surface which have demonstrated their effectivity. In addition, gold nanoparticles present
right qualities to be used in vivo, they have been useful for therapy and they can be coated with
polymers. Hopefully, MSPMs as well as AuNPs could be studied more in depth to adapt and
design them to accomplish perfectly with a chaperone function. They could even be combined to
attack amyloid aggregates from different approaches. After all, there is no reason to think
otherwise.

It has been suggested that nanochaperones are the answer to all the problems, that perhaps,
once and for all, a cure to conformational diseases would be achieved. All in all, putting so much
effort to be successful in this method must be useful for something. Nevertheless, it is a huge
statement to affirm so. It is true that if they can refold proteins, specifically AB peptides, there
would be no possibility to form aggregates, but one cannot forget that this just follows amyloid
cascade hypothesis and there are still other factors that influence these diseases. Thus, maybe
it is really the solution for these pathologies, or perhaps it just a huge step in the right direction
and a very efficient way to treat the main reason for which this affliction appears. Only when it will
become a reality, we will be able to affirm so.



42

Martinez Pérez, Gloria




Nanomedicine to fight amyloid aggregation in neurodegenerative diseases 43

8. REFERENCES

1.

2.

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

Burgess, R., Understanding nanomedicine: and introductory textbook. 2012, Singapore: Pan Stanford.
492.

Boholm, M. and R. Arvidsson, A Definition Framework for the Terms Nanomaterial and Nanoparticle.
Nanoethics, 2016. 10(1): p. 25-40.

Bleeker, E.A.J., et al., Considerations on the EU definition of a nanomaterial: Science to support policy
making. Regulatory Toxicology and Pharmacology, 2013. 65(1): p. 119-125.

Rauscher, H., K. Rasmussen, and B. Sokull-Kluttgen, Regulatory Aspects of Nanomaterials in the EU.
Chemie Ingenieur Technik, 2017. 89(3): p. 224-231.

Wilson, M., Nanotechnology, basic science and emerging technologies. 2002, Boca Raton: Chapman
& Hall CRC. 271.

Pelaz, B., et al., Diverse Applications of Nanomedicine. Acs Nano, 2017. 11(3): p. 2313-2381.

Wu, L.P., D.Y. Wang, and Z.B. Li, Grand challenges in nanomedicine. Materials Science & Engineering
C-Materials for Biological Applications, 2020. 106: p. 7.

Hickey, J.W., et al., Control of polymeric nanoparticle size to improve therapeutic delivery. Journal of
Controlled Release, 2015. 219: p. 536-547.

Guidolin, K. and G. Zheng, Nanomedicines Lost in Translation. Acs Nano, 2019. 13(12): p. 13620-
13626.

Albanese, A., P.S. Tang, and W.C.W. Chan, The Effect of Nanoparticle Size, Shape, and Surface
Chemistry on Biological Systems. Annu.Rev.Biomed.Eng, 2012, (14) p. 1-16.

Huynh, N.T., et al., Lipid nanocapsules: A new platform for nanomedicine. International Journal of
Pharmaceutics, 2009. 379(2): p. 201-209.

Etheridge, M.L., et al., The big picture on nanomedicine: the state of investigational and approved
nanomedicine products. Nanomedicine-Nanotechnology Biology and Medicine, 2013. 9(1): p. 1-14.
Wagner, V., et al., The emerging nanomedicine landscape. Nat Biotechnol, 2006. 24(10): p. 1211-7.
Suk, J.S., et al., PEGylation as a strategy for improving nanoparticle-based drug and gene delivery.
Advanced Drug Delivery Reviews, 2016. 99: p. 28-51.

Fang, J., H. Nakamura, and H. Maeda, The EPR effect: Unique features of tumor blood vessels for drug
delivery, factors involved, and limitations and augmentation of the effect. Advanced Drug Delivery
Reviews, 2011. 63(3): p. 136-151.

Kalyane, D., et al., Employment of enhanced permeability and retention effect (EPR): Nanoparticle-
based precision tools for targeting of therapeutic and diagnostic agent in cancer. Materials Science &
Engineering C-Materials for Biological Applications, 2019. 98: p. 1252-1276.

Fahrenholtz, C.D., et al., Targeting breast cancer with sugar-coated carbon nanotubes. Nanomedicine
(Lond), 2015. 10(16): p. 2481-97.

Lu, M., etal., Sugar Concentration and Arrangement on the Surface of Glycopolymer Micelles Affect the
Interaction with Cancer Cells. Biomacromolecules, 2019. 20(1): p. 273-284.

Feng, L.Y., H.P. Wang, and X. Xue, Recent Progress of Nanomedicine in the Treatment of Central
Nervous System Diseases. Advanced Therapeutics, 2020: p. 13.



44

Martinez Pérez, Gloria

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Reddy, A.P., J. Ravichandran, and N. Carkaci-Salli, Neural regeneration therapies for Alzheimer's and
Parkinson's disease-related disorders. Biochimica et Biophysica Acta (BBA) - Molecular Basis of
Disease, 2020. 1866(4): p. 165506.

Xu, J.F. and C.X. Qiu, Worldwide Economic Costs and Societal Burden of Dementia, in Biomarkers for
Preclinical Alzheimer's Disease, R. Perneczky, Editor. 2018, Humana Press Inc: Totowa. p. 3-13.
Gupta, J., et al., Nanoparticle formulations in the diagnosis and therapy of Alzheimer's disease.
International Journal of Biological Macromolecules, 2019. 130: p. 515-526.

Hardy, J. and D.J. Selkoe, Medicine - The amyloid hypothesis of Alzheimer's disease: Progress and
problems on the road to therapeutics. Science, 2002. 297(5580): p. 353-356.

Barage, S.H. and K.D. Sonawane, Amyloid cascade hypothesis: Pathogenesis and therapeutic
strategies in Alzheimer's disease. Neuropeptides, 2015. 52: p. 1-18.

Chene, G,, et al., Gender and incidence of dementia in the Framingham Heart Study from mid-adult life.
Alzheimers & Dementia, 2015. 11(3): p. 310-320.

Drew, L., An age-old story of dementia. Nature, 2018. 559(7715): p. S2-S3.

Reitz, C., C. Brayne, and R. Mayeux, Epidemiology of Alzheimer disease. Nature Reviews Neurology,
2011. 7(3): p. 137-152.

Blennow, K., M.J. de Leon, and H. Zetterberg, Alzheimer's disease. Lancet, 2006. 368(9533): p. 387-
403.

Harilal, S., et al., Advancements in nanotherapeutics for Alzheimer's disease: current perspectives.
Journal of Pharmacy and Pharmacology, 2019. 71(9): p. 1370-1383.

Haass, C. and D.J. Selkoe, Soluble protein oligomers in neurodegeneration: lessons from the
Alzheimer's amyloid beta-peptide. Nature Reviews Molecular Cell Biology, 2007. 8(2): p. 101-112.
Sivanesan, S., et al., Amyloid protein aggregates: new clients for mitochondrial energy production in the
brain? Febs Journal, 2020: p. 10.

Chen, Y X, etal., The role of astrocytes in oxidative stress of central nervous system: A mixed blessing.
Cell Proliferation, 2020: p. 13.

Markesbery, W.R., Oxidative stress hypothesis in Alzheimer's disease. Free Radical Biology and
Medicine, 1997. 23(1): p. 134-147.

Jaunmuktane, Z. and S. Brandner, Invited Review: The role of prion-like mechanisms in
neurodegenerative diseases. Neuropathology and Applied Neurobiology, 2019: p. 24.

Chiti, F. and C.M. Dobson, Protein misfolding, functional amyloid, and human disease. Annual Review
of Biochemistry, 2006. 75: p. 333-366.

Glenner, G.G. and C.W. Wong, Alzheimer's disease: initial report of the purification and characterization
of a novel cerebrovascular amyloid protein. Biochem Biophys Res Commun, 1984. 120(3): p. 885-90.
Li, D. and C. Liu, Structural Diversity of Amyloid Fibrils and Advances in Their Structure Determination.
Biochemistry, 2020. 59(5): p. 639-646.

Sulatsky, M., et al., Denaturant effect on amyloid fibrils: Declasterization, depolymerization,
denaturation and reassembly. International journal of biological macromolecules, 2020. 150: p. 681-694.
Ahmed, M., et al., Structural conversion of neurotoxic amyloid-beta(1-42) oligomers to fibrils. Nat Struct
Mol Biol, 2010. 17(5): p. 561-7.

Cleary, J.P., et al., Natural oligomers of the amyloid-beta protein specifically disrupt cognitive function.
Nat Neurosci, 2005. 8(1): p. 79-84.

Li, Y.L., et al., Development of novel theranostic agents for in vivo amyloid imaging and protective effects
on human neuroblastoma cells. European Journal of Medicinal Chemistry, 2019. 181: p. 9.

Chaudhuri, TK. and S. Paul, Protein-misfolding diseases and chaperone-based therapeutic
approaches. FEBS J, 2006. 273(7): p. 1331-49.

Cabaleiro-Lago, C., O. Szczepankiewicz, and S. Linse, The effect of nanoparticles on amyloid
aggregation depends on the protein stability and intrinsic aggregation rate. Langmuir, 2012. 28(3): p.
1852-7.



Nanomedicine to fight amyloid aggregation in neurodegenerative diseases 45

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Liu, J., M. Tian, and L. Shen, Surface effects on the degree of twist in amyloid fibril structures. Chemical
communications (Cambridge, England), 2020. p.1-4

Pardridge, W.M., Blood-Brain Barrier and Delivery of Protein and Gene Therapeutics to Brain. Frontiers
in Aging Neuroscience, 2020. 11: p. 27.

Mahmoudi, M., et al., The protein corona mediates the impact of nanomaterials and slows amyloid beta
fibrillation. Chembiochem, 2013. 14(5): p. 568-72.

Mathew, A., et al., Curcumin loaded-PLGA nanoparticles conjugated with Tet-1 peptide for potential use
in Alzheimer's disease. PLoS One, 2012. 7(3): p. €32616.

Javed, |., et al., Inhibition of amyloid beta toxicity in zebrafish with a chaperone-gold nanoparticle dual
strategy. Nature Communications, 2019. 10: p. 14.

Hsieh, S., C.W. Chang, and H.H. Chou, Gold nanoparticles as amyloid-like fibrillogenesis inhibitors.
Colloids Surf B Biointerfaces, 2013. 112: p. 525-9.

Parveen, R., T.N. Shamsi, and S. Fatima, Nanoparticles-protein interaction: Role in protein aggregation
and clinical implications. International Journal of Biological Macromolecules, 2017. 94: p. 386-395.
Busquets, M.A., R. Sabate, and J. Estelrich, Potential applications of magnetic particles to detect and
treat Alzheimer's disease. Nanoscale Res Lett, 2014. 9(1): p. 538.

Brambilla, D., et al., PEGylated nanoparticles bind to and alter amyloid-beta peptide conformation:
toward engineering of functional nanomedicines for Alzheimer's disease. ACS Nano, 2012. 6(7): p.
5897-908.

Wong, K.H., et al., Delivering Crocetin across the Blood-Brain Barrier by Using gamma-Cyclodextrin to
Treat Alzheimer's Disease. Scientific reports, 2020. 10(1): p. 3654.

Crini, G., Review: a history of cyclodextrins. Chem Rev, 2014. 114(21): p. 10940-75.

Shadmani, P., et al., Protein corona impact on nanoparticle-cell interactions: toward an energy-based
model of endocytosis. Journal of Physics-Condensed Matter, 2020. 32(11): p. 12.

John, T, et al., Impact of nanoparticles on amyloid peptide and protein aggregation: a review with a
focus on gold nanoparticles. Nanoscale, 2018. 10(45): p. 20894-20913.

Lee, H., Effects of Nanoparticle Electrostatics and Protein-Protein Interactions on Corona Formation:
Conformation and Hydrodynamics. Small, 2020: p. 1-10.

Wu, X. and G. Narsimhan, Effect of surface concentration on secondary and tertiary conformational
changes of lysozyme adsorbed on silica nanoparticles. Biochim Biophys Acta, 2008. 1784(11): p. 1694-
701.

Vertegel, A.A., RW. Siegel, and J.S. Dordick, Silica nanoparticle size influences the structure and
enzymatic activity of adsorbed lysozyme. Langmuir, 2004. 20(16): p. 6800-7.

Fei, L. and S. Perrett, Effect of nanoparticles on protein folding and fibrillogenesis. Int J Mol Sci, 2009.
10(2): p. 646-55.

Meder, F., et al., Controlling protein-particle adsorption by surface tailoring colloidal alumina particles
with sulfonate groups. Acta Biomaterialia, 2013. 9(3): p. 5780-5787.

Cabaleiro-Lago, C., et al., Inhibition of amyloid beta protein fibrillation by polymeric nanoparticles. J Am
Chem Soc, 2008. 130(46): p. 15437-43.

Auer, S., A. Trovato, and M. Vendruscolo, A condensation-ordering mechanism in nanoparticle-
catalyzed peptide aggregation. PLoS Comput Biol, 2009. 5(8): p. e1000458.

Gladytz, A., B. Abel, and H.J. Risselada, Gold-Induced Fibril Growth: The Mechanism of Surface-
Facilitated Amyloid Aggregation. Angew Chem Int Ed Engl, 2016. 55(37): p. 11242-6.

Ban, T., et al., Real-time and single fibril observation of the formation of amyloid beta spherulitic
structures. J Biol Chem, 2006. 281(44): p. 33677-83.

Cabaleiro-Lago, C., et al., Inhibition of IAPP and IAPP(20-29) fibrillation by polymeric nanoparticles.
Langmuir, 2010. 26(5): p. 3453-61.

John, T., et al., Adsorption of Amyloidogenic Peptides to Functionalized Surfaces Is Biased by Charge
and Hydrophilicity. Langmuir, 2019. 35(45): p. 14522-14531.



46

Martinez Pérez, Gloria

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Campioni, S., et al., The presence of an air-water interface affects formation and elongation of alpha-
Synuclein fibrils. J Am Chem Soc, 2014. 136(7): p. 2866-75.

Rocha, S., et al., Adsorption of amyloid beta-peptide at polymer surfaces: a neutron reflectivity study.
Chemphyschem, 2005. 6(12): p. 2527-34.

Cabaleiro-Lago, C., et al., Dual effect of amino modified polystyrene nanoparticles on amyloid beta
protein fibrillation. ACS Chem Neurosci, 2010. 1(4): p. 279-87.

Shezad, K., et al., Surface Roughness Modulates Diffusion and Fibrillation of Amyloid-beta Peptide.
Langmuir, 2016. 32(32): p. 8238-44.

Sudhakar, S., et al., Role of Surface Charge of Inhibitors on Amyloid Beta Fibrillation. Journal of Physical
Chemistry C, 2017. 121(11): p. 6339-6348.

Zaman, M., et al., Nanoparticles in relation to peptide and protein aggregation. Int J Nanomedicine,
2014. 9: p. 899-912.

Gao, G, et al., The size-effect of gold nanoparticles and nanoclusters in the inhibition of amyloid-beta
fibrillation. Nanoscale, 2017. 9(12): p. 4107-4113.

Sen, S., S. Dasgupta, and S. DasGupta, Does Surface Chirality of Gold Nanoparticles Affect Fibrillation
of HSA? The Journal of Physical Chemistry C, 2017. 121(34): p. 18935-18946.

Elmatboly, A.M., et al., The impact of proteostasis dysfunction secondary to environmental and genetic
causes on neurodegenerative diseases progression and potential therapeutic intervention.
Environmental Science and Pollution Research, 2020: p. 23.

Martin, J. and F. Ulrich Hartl, Chaperone-assisted protein folding. Current Opinion in Structural Biology,
1997. 7(1): p. 41-52.

Ma, F.H., etal., Synthetic Nanochaperones Facilitate Refolding of Denatured Proteins. ACS Nano, 2017.
11(10): p. 10549-10557.

Mangione, M.R., et al., Hsp60, amateur chaperone in amyloid-beta fibrillogenesis. Biochim Biophys
Acta, 2016. 1860(11 Pt A): p. 2474-2483.

Ciechanover, A. and Y.T. Kwon, Protein Quality Control by Molecular Chaperones in
Neurodegeneration. Front Neurosci, 2017. 11: p. 185.

Alexander, A.A., Heat shock protein based therapies, ed. A.A. Alexander. Switzerland: Springer
International Publishing. 2015, (9): p.53-57

Cappello, F., et al., Hsp60 chaperonopathies and chaperonotherapy: targets and agents. Expert Opin
Ther Targets, 2014. 18(2): p. 185-208.

Vilasi, S., et al., Inhibition of Abeta1-42 Fibrillation by Chaperonins: Human Hsp60 Is a Stronger Inhibitor
than Its Bacterial Homologue GroEL. ACS Chem Neurosci, 2019. 10(8): p. 3565-3574.

Muchowski, P.J. and J.L. Wacker, Modulation of neurodegeneration by molecular chaperones. Nature
Reviews Neuroscience, 2005. 6(1): p. 11-22.

De Maio, A. and D. Vazquez, Extracellular heat shock proteins: a new location, a new function. Shock,
2013. 40(4): p. 239-46.

Dedmon, M.M., et al., Heat shock protein 70 inhibits alpha-synuclein fibril formation via preferential
binding to prefibrillar species. Journal of Biological Chemistry, 2005. 280(15): p. 14733-14740.

Evans, C.G., S. Wisen, and J.E. Gestwicki, Heat shock proteins 70 and 90 inhibit early stages of amyloid
beta-(1-42) aggregation in vitro. J Biol Chem, 2006. 281(44): p. 33182-91.

Rivera, 1., et al., Modulation of Alzheimer's amyloid beta peptide oligomerization and toxicity by
extracellular Hsp70. Cell Stress & Chaperones, 2018. 23(2): p. 269-279.

Karagdz, G.E., et al., Hsp90-Tau Complex Reveals Molecular Basis for Specificity in Chaperone Action.
Cell, 2014. 156(5): p. 963-974.

Chaari, A., Molecular chaperones biochemistry and role in neurodegenerative diseases. International
Journal of Biological Macromolecules, 2019. 131: p. 396-411.

Blair, L.J., J.J. Sabbagh, and C.A. Dickey, Targeting Hsp90 and its co-chaperones to treat Alzheimer's
disease. Expert Opinion on Therapeutic Targets, 2014. 18(10): p. 1219-1232.



Nanomedicine to fight amyloid aggregation in neurodegenerative diseases 47

92. Fujikake, N., et al., Heat shock transcription factor 1-activating compounds suppress polyglutamine-
induced neurodegeneration through induction of multiple molecular chaperones. J Biol Chem, 2008.
283(38): p. 26188-97.

93. Pradhan, N., N.R. Jana, and N.R. Jana, Inhibition of Protein Aggregation by Iron Oxide Nanoparticles
Conjugated with Glutamine- and Proline-Based Osmolytes. Acs Applied Nano Materials, 2018. 1(3): p.
1094-1103.

94. Wang, J., et al.,, Artificial chaperones based on mixed shell polymeric micelles: insight into the
mechanism of the interaction of the chaperone with substrate proteins using Forster resonance energy
transfer. ACS Appl Mater Interfaces, 2015. 7(19): p. 10238-49.

95. Beierle, J.M., etal., Polymer nanoparticle hydrogels with autonomous affinity switching for the protection
of proteins from thermal stress. Angew Chem Int Ed Engl, 2014. 53(35): p. 9275-9.

96. Huang, F., et al., Maintenance of amyloid beta peptide homeostasis by artificial chaperones based on
mixed-shell polymeric micelles. Angew Chem Int Ed Engl, 2014. 53(34): p. 8985-90.

97. Ma, F.H,, et al., Mimicking Molecular Chaperones to Regulate Protein Folding. Advanced Materials,
2020. 32(3): p. 14.

98. De, M. and V.M. Rotello, Synthetic "chaperones": nanoparticle-mediated refolding of thermally
denatured proteins. Chemical Communications, 2008(30): p. 3504-3506.

99. Verma, A., J.M. Simard, and V.M. Rotello, Effect of ionic strength on the binding of alpha-chymotrypsin
to nanoparticle receptors. Langmuir, 2004. 20(10): p. 4178-81.

100. Nomura, Y., et al., Protein refolding assisted by self-assembled nanogels as novel artificial molecular
chaperone. Febs Letters, 2003. 553(3): p. 271-276.

101. Huang, F., et al., Effect of the Surface Charge of Artificial Chaperones on the Refolding of Thermally
Denatured Lysozymes. ACS Appl Mater Interfaces, 2016. 8(6): p. 3669-78.

102. Yang, H., et al., Heat Shock Protein Inspired Nanochaperones Restore Amyloid-beta Homeostasis for
Preventative Therapy of Alzheimer's Disease. Adv Sci (Weinh), 2019. 6(22): p. 1901844.

103. Qu, AT, et al.,, The synergistic effect between KLVFF and self-assembly chaperones on both
disaggregation of beta-amyloid fibrils and reducing consequent toxicity. Chemical Communications,
2017.53(7): p. 1289-1292.

104. Zhao, Y., et al., Nanocomposites Inhibit the Formation, Mitigate the Neurotoxicity, and Facilitate the
Removal of beta-Amyloid Aggregates in Alzheimer's Disease Mice. Nano Lett, 2019. 19(2): p. 674-683.

105. Librizzi, F., et al., alpha-Casein Inhibits Insulin Amyloid Formation by Preventing the Onset of
Secondary Nucleation Processes. Journal of Physical Chemistry Letters, 2014. 5(17): p. 3043-3048.

106. Chang, T.M.S., Selected topics in nanomedicine. Regenererative medicine, artificial cells and
nanomedicine, Singapore: World Scientific Publishing, 2014 (3): p.466-469

107. Sasaki, Y. and K. Akiyoshi, Nanogel engineering for new nanobiomaterials: from chaperoning
engineering to biomedical applications. Chem Rec, 2010. 10(6): p. 366-76.

108. Ozawa, Y., et al., Self-Assembled Nanogel of Hydrophobized Dendritic Dextrin for Protein Delivery.
Macromolecular Bioscience, 2009. 9(7): p. 694-701.

109. Sawada, S., et al., Heat shock protein-like activity of a nanogel artificial chaperone for citrate synthase.
Journal of Bioactive and Compatible Polymers, 2006. 21(6): p. 487-501.

110. Asayama, W., et al., Comparison of refolding activities between nanogel artificial chaperone and GroEL
systems. International Journal of Biological Macromolecules, 2008. 42(3): p. 241-246.

111. Li, J.G., et al., A pharmacological chaperone improves memory by reducing Abeta and tau
neuropathology in a mouse model with plaques and tangles. Mol Neurodegener, 2020. 15(1): p. 1.
112. Arakawa, T., et al., Small molecule pharmacological chaperones: From thermodynamic stabilization to

pharmaceutical drugs. Biochim Biophys Acta, 2006. 1764(11): p. 1677-87.



48

Martinez Pérez, Gloria




Nanomedicine to fight amyloid aggregation in neurodegenerative diseases

9. ACRONYMS

FDA: Food and Drug Administration
EMA: European Medicines Agency
NPs: nanoparticles

AuNP: gold nanoparticle

BBB: blood brain barrier

PEG: polyethylene glycol

EPR effect; enhanced permeability and retention effect
AD: Alzheimer’s disease

APP: amyloid precursor protein

CNS: central nervous system

NMR: nuclear magnetic resonance
CSF: cerebral spinal fluid

CRT: crocetin

CD: cyclodextrin

UPS: ubiquitin proteasome system
HSP: heat shock protein

MSPMs: mixed shell polymeric micelles

CHP: cholesteryl group bearing pullulan



