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2. Resumen y Abstract

En los ultimos 20 afios un nuevo tipo de materiales, |os nanomateriales, han aparecido
en la vida cotidiana y han atraido amplia atencion debido a sus propiedades
peculiares. Los nanomateriales, obtenidos a partir del desarrollo de la nanociencia,
tienen propiedades particulares procedentes de sus dimensiones nanométricas. Ellos
representan un nuevo paso en la ingenieria de los procesos de reduccion del tamafio
de los productos y traen nuevas capacidades y conocimiento a materiales de uso
cotidiano.

Las inusuales propiedades opticas, mecanicas y magnéticas de los nanomateriaes
permiten su uso potencial para la optimizacion de dispositivos biomédicos.
Nanomateriales como los grafenos podrian ser utilizados en la deteccion microbianay
dispositivos de diagnéstico. Después de haber cambiado quimicamente la superficie
del grafeno uno puede utilizarlo para desarrollar nuevas tecnologias, por gemplo
biomédicas. Ademas, se sabe que las hojas de 6xido de grafeno son altamente toxicas
para las bacterias y se podrian utilizar dentro de superficies bactericidas para
productos de higiene y envases de aimentos.

Del mismo modo se ha demostrado que otro nanomaterial, las nanoparticulas de
semiconductor, [lamadas puntos cuénticos (quantum dots, QD), absorben laluz UV y
emiten luz fluorescente con una longitud de onda media dependiente de sus tamarios.
El acoplamiento de las propiedades dpticas atipicas de QD y de la posibilidad de
unirlas covalentemente con moléculas de seguimiento especifico en su superficie las
pueden hacer utilizables como marcadores para seguir una sola molécula adentro de
unacéulain vivo o ex vivo.

QD son més brillantes y més estables que las sondas fluorescentes convencionales,
por lo tanto, han demostrado una amplia aplicabilidad a la imagineria medica como
colorantes fluorescentes especificos. Ademés, acoplados a una molécula diana,
pueden ser utilizados paralograr iméagenes de células con alta sensibilidad. Su tamafio
extremadamente pequefio permite la adquisicion de muchas imagenes de planos
focales y la reconstruccion de imagenes en 3D que representan la distribucion de las
moléculas de interés dentro de las células in vivo 0 ex vivo. Gracias a la dta
resolucion y la capacidad de seguimiento en tiempo real de la fluorescencia de los
QD, & movimiento de una molécula de interés puede ser seguido durante largos

periodos de tiempo. También esto sera posible gracias a la capacidad de unir



anticuerpos, estreptavidina, péptidos, aptameros, o ligandos de pequefio tamarfio en la
superficie QD de una manera altamente controlada.

Debido a su pequefio tamafio, su alta capacidad de dispersion, y la ausencia de drengje
linf&ico en los tumores, los QD pueden usarse para suministrar moléculas de
silenciacion de genes en células cancerosas.

Sin embargo, estudios recientes han demostrado que los nanomateriales presentan
posibles riesgos para la salud humana. Estos riesgos para la salud son,
fundamentalmente, dependientes de los materiaes utilizados en su preparacion, pero
también e tamafio extremadamente pequefio de los nanomateriales y sus grandes
superficies resultan en una alta capacidad para ser inhalados, ingeridos, o de
absorberse atreves de la piel. Los nanomateriales incorporados en materiales
compuestos en dispositivos biomédicos implantados directamente podrian ser
liberados en € tgjido vivo y su ata penetracion y distribucion en los organi smos vivos
generan otro peligro potencial. Por g emplo, se ha demostrado que las nanoparticulas
son capaces de trasdladarse lgjos de su lugar de entrada a través de la sangre y de
depositarse en sitios distantes como €l rifidn, que parece ser incapaz de eliminarlos.

Se ha demostrado recientemente que al gunos nanomateriales inducian toxicidad en las
célulasin vitro. Esta toxicidad parece originarse de la gran superficie en relacion con
el volumen de las nanoparticulas, eso hace que las nanoparticulas pueden ser muy
reactivas, y en algunas situaciones cataliticas. En € interior de los medios acuosos,
algunos QD han demostrado que pueden liberar iones de metales pesados que son
toxicos por fotdlisis o hidrdlisis cuando su revestimiento de polimero esta dafiado o
imperfecto. Por gemplo, algunos estudios han demostrado que las nanoparticulas de
CdSe no son estables en medios bioldgicos. Estas nanoparticulas liberan iones toxicos
de cadmio en €l medio circundante debido a su fotdlisis o hidrélisis. La presencia de
una bagja cantidad de iones cadmio puede ser atamente toxica para las células en
cultivo.

También, debido a la ata reactividad de la superficie de los nanomateriales, estos
pueden catalizar la formacién de especies reactivas de oxigeno (ROS) a partir de las
moléculas ambientes. La presencia de ROS puede conducir a la muerte de las células
por necrosis através de la ruptura de la membrana celular debido a la peroxidacion de
los lipidos que la constituyen. También la presencia de ROS puede conducir a la
muerte de las células por apoptosis, a través de los dafios generados por ROS sobre
las proteinas, lipidos, y e ADN delas células.



La generacion de iones toxicos y de radicales libres téxicos en la superficie del
nanomaterial crea dos toxicidades celulares. una directa y otra indirecta. Los
mecanismos de toxicidad conectados con estas dos toxicidades han sido ampliamente
estudiados y son bien conocidos actual mente.

Recientemente, otro nivel de toxicidad fue descubierto; este nivel puede ser calificado
de toxicidad molecular de los nanomateriales. Se demostré que diversos
nanomateriales, como las nanoparticulas de Oxido de hierro, las nanoparticulas de
oOxido de zinc, las nanoparticulas de dioxido de titanio, los nanotubos de carbono, y
las nanoparticulas de éxido de cobre, eran capaces de inducir dafios en e ADN
cuando interacttan fisicamente. El proceso por €l cual el dafio ocurre no esta claro por
el momento, pero podria originarse de la valencia de la superficie de estos
nanomateriales y intervenir a través de un fendmeno de oxidacion de la molécula de
ADN.

Sin embargo, se demostr6 que la presencia de nanomateriales en los fluidos
biolégicos podria crear inestabilidad en la estructura de las biomoléculas. La
capacidad de los nanomateriales de adsorber a biomoléculas sobre su superficie,
debido a su gran area superficial, fue demostrada claramente. Pero un andlisis reciente
de las capas de biomoléculas, recubriendo la superficie de las nanoparticulas de oro,
han mostrado que éstas presentan una estructura tridimensional ligeramente
modificada por comparacion alas biomol écul as dispersas.

Este efecto ha sido cuestionado y aungque algunos estudios han demostrado tales
efectos de los nanomateriales sobre las biomoléculas, otros no han mostrado ningin
efecto de los nanomateriales en las mismas biomoléculas.Un efecto modificador de
los nanomateriales sobre las biomoléculas podria ser muy preocupante para ciertas
proteinas, cuyo replegamiento puede conducir a la aparicién de elementos toxicos en
el organismo.

Estas proteinas son llamadas material amiloide y son péptidos y proteinas que
nativamente o bajo ciertas condiciones pueden someterse a un replegamiento de su
estructura interna que conduce a una mayor tendencia a la agregacion. Esta
agregacion, también llamada fibrilizacion amiloide, presenta un ato grado de
organizacion y genera agregados y fibras micrométricas que son téxicos para las
céulas.

Desgraciadamente, recientes articulos cientificos han demostrado que agunas

nanoparticulas parecen ser capaces de mejorar la fibrilizacion de péptido amiloide
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come el péptido Al (1-42). En cuanto a proteinas estables este efecto no fue todavia
demostrado para todos los tipos de nanoparticulas. Y la razon de esta diferencia de
efecto no es conocida actualmente. Los pequefios agregados solubles de A son
conocidos por ser extremadamente téxicos para las células. Se demostré que eran
capaces de generar ROS en e medio circundante y de oxidar directamente los lipidos
de la membrana celular. Esta oxidacion y la presencia de Oxido reactivo pueden
explicar la muerte de las células: directamente por necrosis a través de una brecha en
la membrana o indirectamente por apoptosis inducida por los oxidantes. Los
materiales amiloide estdn implicados en un gran nimero de enfermedades
degenerativas, también [lamadas proteopatias, para las cuales no hay curas conocidas.
Entre esas proteopatias uno puede encontrar la enfermedad de Alzheimer (AD) o la
enfermedad de Parkinson, dos enfermedades cuya incidencia se prevé que aumentara
drésticamente en las proximas décadas. La posibilidad de que la presencia de
nanomateriales en e medio ambiente juegue un papel en la incidencia de estas
proteopatias tiene que ser investigada. Una de las formas para clarificar esta posible
relacion es andizar € efecto de los nanomateriales sobre péptidos y proteinas
implicados en estas enfermedades in vitro.

En este estudio hemos demostrado que € efecto de los nanomateridles en la
estabilidad de estructura de proteinas se debe a la carga presente en la superficie de
los nanomateriales. En efecto, nuestra hipétesis de trabajo era que la fuerza principal
gue causa € comportamiento pro-amiloidosis fuera la carga presentada en la
superficie de las nanoparticulas. Con € fin de probar esto, hemos desarrollado
nanoparticulas de la misma composicion quimica, forma, estructura superficia, y
tendencia de agregacion, pero con un valor diferente de carga en su superficie. Estas
nanoparticulas fueron incubadas con diferentes biomoléculas. € AB que es un péptido
amiloide fuertemente inestable, la insulina, una proteina que es inestable solo bao
condiciones muy desestabilizadores, y la abumina de suero bovino (BSA), una
proteina grande conocida por su estabilidad bajo condiciones de desestabilizacion. Al
andizar al mismo tiempo la estructura de estas biomoléculas, la distribucién de
tamafio en diferentes mezclas, y la presencia de estructuras intermoleculares
especificas de amiloide, hemos sido capaces de comprender la accion de la carga de

las nanoparticulas sobre la agregacion de los péptidos y proteinas.
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En esta tesis hemos demostrado que diferentes proteinas reaccionan de manera
especifica a la misma carga en la superficie de un nanomaterial definido.
Curiosamente, hemos demostrado que la presencia de cargas positivas en la superficie
de los QD inhibe la formacion de agregados amiloideos de AB y favorece la
formacidn de una capa de péptidos no estructurados en esta superficie. También la
presencia de cargas positivas en la superficie de los QD indujo una agregacion débil
de insulina 0 BSA en esta superficie pero no indujo € replegamiento amiloide de
estas proteinas. Por oposicion, la presencia de carga negativa en la superficie de los
QD parece mejorar lafibrilizacion amiloide de AB y de insulina. También, las cargas
negativas inducen la agregacion de BSA en la superficie de los QD, pero parecen no
tener ningun efecto sobre la estructura interna de BSA. Este efecto de aumento por las
cargas negativas parece ser dependiente de la estabilidad interna de las biomol écul as.
Sorprendentemente, 1os QD que llevan cargas negativas débiles parecen inducir o
mejorar |a agregacion amiloide de proteinas relativamente estables, como lainsuling,
mientras que |los péptidos inestables, como A, parecen estar més influenciados por
las cargas fuertemente negativas.

Al modificar € radio de los QD, demostrabamos que €l efecto de los nanomateriaes
sobre la estructura de la proteina es dependiente no sdlo de la carga presente en su
superficie sino ademas de la distribucién de estas cargas en la superficie. De hecho la
insulina parece agregarse a cualquier QD que lleva cargas negativas débiles pero solo
los QD que tienen un tamafio de nucleo de 3,3 nm parecen ser capaces de inducir €
replegamiento de la proteina y de iniciar la formacion de agregados amiloideos.
Nuestra hipétesis para explicar este efecto es que las proteinas en suspension no
reaccionan frente a una carga especifica presentada en la superficie de los QD sino a
una distribucion especifica de cargatridimensional.

Sobre la base de estos datos, hemos sido capaces de desarrollar un nuevo tipo de
agente terapéutico basado en una distribucion de carga controlada en la superficie de
unos nanomateriales que permiten unainteraccion especifica de esos nanomateriales y
de proteinas especificas sin necesitar € uso de moléculas de reconocimiento.
Anteriormente, se habia demostrado que mediante una seleccion apropiada de los
grupos quimicos en la superficie de los QD se podria crear QD con un efecto de
agregacion no amiloide de péptidos inestables. Por |o tanto, se podria crear QD con la

capacidad de agregar unos péptidos amiloideos toxicos especificos, como A, con €
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fin de reducir su efecto toxico en e organismo mediante sus eliminaciones por €
sistema inmunitario.

Dado que se habia demostrado antes que la presencia de cargas positivas en la
superficie de los QD induce una agregacion no amiloide de Af, hemos desarrollado
un QD estable en medios organicos, capaces de interactuar fuertemente con un A
péptido, y con una capacidad limitada de endocitosis en las c8lulas vivas. En estatesis
hemos demostrado que nuestro producto estaba cumpliendo con estos tres objetivos,
pero que tenia un potencial uso terapéutico limitado debido a su efecto sobre una otra
proteina de prueba, la insulina. Nuestra hipétesis es que estos efectos secundarios se
deben ala presencia de carga negativa débil, en la superficie de los QD, utilizada para
estabilizarlos en tampdn fisiolégico y que ya se demostré que era capaz de inducir el
replegamiento de la insulina amiloide. Sin embargo, este trabgo demuestra la
viabilidad de tal sistemay uno se puede imaginar que un sistema similar, usando otros
grupos quimicos para estabilizar los QD o cambiando e esguema de las cargas
débiles, podria ayudar en la eliminacion de estos péptidos A del organismo por los
macréfagos y/o microglia. Ademas, mediante la sustitucion de los QD por
nanoparticulas superparamagnéticas se podria pensar en eliminar especificamente
estos péptidos de |os organismos vivos.

El descubrimiento del efecto de reparticion de las cargas en la superficie de los
objetos de tamafio nanométrico sobre las biomoléculas circundantes abre €l camino a
una mejor comprension de la toxicidad de los nanomateriales y a desarrollo de
nuevos nanomateriales con una estabilidad in vivo mejorada para aplicaciones
biomédicas (por g emplo, suministro de farmacos, implantes biomeédicos, y agentes de
marcado). El desarrollo de recubrimientos nanoestructurados con tecnologias de
control de la distribucion de cargas podria mejorar € desarrollo de implantes bio-
compatibles, y otros sistemas bidnicos, reduciendo la necesidad de tratamiento con
drogas inmunosupresoras. En efecto, si la superficie de los implantes se recubriera
con una distribucion controlada de cargas a la escala del nandémetro, que
proporcionara propiedades immuno-furtivas y de prevencion de la formacion de
agregados de proteina al contacto entre el implante y la materia organica, aumentaria
la vida Util de tales sistemas y se prevendrian complicaciones para los pacientes,

como laformacién de trombos en la sangre.
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Nanomaterials have attracted widespread attention due to their peculiar properties,
originating from their nanometre-scale dimension. The unusual optical, mechanical,
and magnetic properties of nanomaterials allow their application in the development
of more efficient biomedical devices. However, recent studies have proved that dueto
the materials used in their preparation and to their nanometre-scale dimensions,
nanomaterials present possible risks for human health. Indeed, it was demonstrated
that some nanomaterials could induce cellular toxicity in vitro because of the seeding
of toxic ions and to the generation of toxic free radicals at the nanomaterial surface.
These direct and indirect cellular toxicity mechanisms of nanomaterials have been
thoroughly studied and are currently well-known but another level of toxicity has
been recently discovered, namely the molecular toxicity of nanomaterials. It has been
demonstrated that the presence of nanomaterials in biological fluids could create
instabilities in the structure of biomolecules. Various studies have shown such effects
of nanomaterials on different biomolecules. Within this study we have demonstrated
that the effect of nanomaterials on protein structure stability is due to the charge
present at the surface of nanomaterials. We showed that different proteins will react
differently with the same charge at the surface of nanomaterials. Interestingly, we
demonstrated that the effect of nanomaterials on protein structure was dependent not
only on the charge present at the surface of nanomaterials but more importantly on the
distribution of charge at the surface. On the basis of these data, we were able to
develop a new type of therapeutic agent based on controlled charge distribution at the
surface of nanomaterials allowing specific interaction of nanomaterials and target
protein without the need for coupled recognition molecules. This new agent is able to
specifically interact with pathological proteins and aggregate them in a safe way in
order to ease their removal from living organisms. Furthermore this discovery opens
the way to a better understanding of nanomaterial toxicity and to new nanomaterial
with increased in vivo stability for biomedical applications e.g. drug-delivery,
biomedica implants, and tagging agents.
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5. Introduction:

5.1.Implications of protein and polypeptide structure instability: from
physiological to pathological secondary structures

The discovery of the link between the physiologically important protein structure-
related dysfunctions or proteopathies and such diseases as Alzheimer’s, Parkinson’s
Creutzfeldt-Jakob, or type Il diabetes is one of the major research breakthroughs in
medical research in the last 20 years. These diseases, like Alzheimer’s, which is
supposed to affect up to 1 in 85 people by the year 2050 [1], were described in the
beginning of the 20™ century and were not thought to originate from the same
mechanism [2]. The identification of the genera mechanism of appearance of these
diseases has generated a profound reconsideration of the physiological roles of
protein structure and is currently at the origin of a profound revision of previously
agreed cellular renewal mechanisms|[3].

The first well-characterized proteopathy was Parkinson’s disease, whose symptoms
were first described and identified as originating from a single disease in 1817 by the
apothecary James Parkinson [4]. His analysis was based on the observation of
apparent, progressive and recurrent symptoms in elderly patients. Further in the
course of the 19" century, a more elaborated symptom description was carried out by
several neurologists [5]. Discovery in the 19" century of abnormal protein aggregates
called amyloid and developing in the brain, inside or outside of neuron bodies, opened
a new era in proteopathy research [6]. Characterization, in the first half of the 20"
century, of the anatomic structures affected by the proteopathy was followed by
identification of biochemical changes in brain neurotransmission thus providing the
first insight on the molecular mechanisms of the amyloidosis-related diseases [6].
Fundamental studies in the second half of the 20" century have clearly demonstrated
the important role of protein secondary structure modifications in the mechanism of
amyloidosis development. Then the discovery of the proteinaceous infectious
particles or prions provided a clear proof for the possibility of self-propagating
proteopathies[6].
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Alzheimer's disease Familial amyloidosis (FAF)

Prion diseases Lysozyme amyloidosis

Parkinson's disease Fibrinogen amyloidosis

Tauopathies Dialysis amyloidosis

Inclusion body myopathy
Cataracts
Cardiac atrial amyloidosis

Huntington's disease

Familial British dementia

Familial Danish dementia
CADASIL

Alexander disease

Medullary thyroid carcinoma

Pituitary prolactinoma

Proteopathies

Familial amyloidotic neuropathy l Cutaneous lichen amyloidosis

Seipinopathies

Mallory bodies

Serpinopathies Corneal lactoferrin amyloidosis
AL (light chain) amyloidosis

AH (heavy chain) amyloidosis

Pulmonary alveolar proteinosis

Odontogenic tumor amyloid

AA (secondary) amyloidosis Cystic Fibrosis

Type |l diabetes Seminal vesical amyloid

Aortic medial amyloidosis Sickle cell disease

ApoA amyloidosis Critical iliness myopathy (CIM)

Figure 1. Diseases related to amyloid polymerization of identified proteins or peptides.
Proteopathies are pathologies related to the natural protein refolding and polymerization events

taking place in every human tissue. Some of these diseases can be classified either as genetic

proteopathies, originated from mutations, or as spontaneous proteopathies, caused by

environmental factors.
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5.1.1. The natural instabilities of amyloid peptides

From the first observation of amyloid protein plaques in the brain of Alzheimer’s
patients to the identification of amyloid B-peptide (AB) as the main constituent of
these plaques and then later the characterisation of inter-protein structural interactions
inside the plaques, along way has been walked [6]. Research has arrived to a point in
which it is possible to relate the fundamental knowledge obtained on amyloid -
peptide pathological re-folding to numerous other protein folding diseases thus to link
the mechanism behind the Alzheimer’s disease t0 a large array of diseases [7].
Among these diseases some are impacting on an important part of the population
(Figure 1) but others have limited epidemiologic repercussions. Nevertheless, all of
them can be characterised by the protein or peptide constituting their pathological
aggregates and by the event initiating the transformation from a physiological form of
these molecules to a pathological form [8]. Different types of events that can possibly
initiate the transformation of amyloid peptides or proteins from a physiological form
to a pathological one are summarized in figure 2. In some cases, the protein or
peptide pathological refolding is due to the instability of the protein or peptide under
physiological conditions [9]. These peptides or proteins will partially unfold and
refold into well-characterized B-cross structure, responsible for their aggregating
behaviour and consequently for cellular toxicity [9]. In these cases, the important
point will be to identify the event leading to the appearance of the pathological

peptide or protein in the physiological compartment.
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Figure 2. Different destabilization factors could induce the refolding of amyloidosis-prone
proteins or peptides. Two general categories of destabilization factors were identified: genetic
(left) and environmental (right) factors. Genetic factors include (1) non-physiological release of
amyloid proteins or peptidesin the extracellular media, (2) the effect of pathological chaperones
on amyloid proteins or peptides, (3) nonsense mutations, and (4) missense mutations of amyloid
proteins or peptides. Destabilizing environmental factors include modifications of temperature,

ionic strength, and pH of the microenvironment of amyloid proteinsor peptides.
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5.1.1.1. Non- physiological release of amyloid peptides and pathological chaperons

In the case of the peptide-related amyloid diseases, the appearance of amyloid
peptides is mostly related to the non-physiological release of these peptides. This
non-physiological release can be generated by proteolysis, as in the case of the
Alzheimer’s disease [10]. In this case the amyloid B-peptide constituting amyloid
plagues is liberated in the extracellular medium by the cleaving of a transmembrane
protein, APP for Amyloid Precursor Protein, by an enzyme called j3-secretase [10].
This proteolysis may originate from different mutations of the APP gene reinforcing
interactions of APP protein with p-secretase, but also could emanate from
environment-related events, like an excess of membrane lipid rafts due to a high level
of cholesterol, that can ease the interaction between APP protein and - or y-secretase
[11].

A good example of proteins with so-called native instability is a-synuclein. It can
be misfolded by the influence of a mutated protein acting as a kind of chaperone
during its synthesis [12]. The a-synuclein protein is a natively unfolded protein,
which represents 1 % of all protein of the cytosol in neuron cells[13]. It has different
functions in the neurona tissue involving antioxidant and molecular chaperone
activities [14, 15]. After synthesis, the a-synuclein population is composed of three
differently folded forms of the protein in equilibrium: the mainly unfolded form, the
a-helix folded form, and the -sheet folded form [16]. The activity of pathological
chaperones as well as environment modifications can lead to an increase in the -
sheet folded, aggregation-prone, form of a-synuclein resulting in the appearance of
toxic intracellular aggregates [16]. These aggregates are able to polymerize and to

form fibrils constituting the so-called Lewy body characteristic of Parkinson’s disease

[17].
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5.1.1.2. Environment-induced instability of amyloid proteins

The study of amyloid diseases revealed that proteins potentially implicated in the
formation of amyloid-like fibrils do not al present a natively aggregation-prone
behaviour [18]. In some cases such aggregation is induced, on natively functioning
proteins, by an outside event. The main difference between these proteins and the
ones we discussed previously is that this destabilising event occurs after synthesis and
acts more on the thermodynamic surrounding environment than on the primary
structure of proteins[9].

Environmental modifications may create a secondary structure protein
destabilization by modifying the thermodynamic equilibrium inducing the appearance
of different protein variants [19]. Thermodynamic environment modifications can be
induced by different parameters, temperature, ionic strength, and surface tension
being the best documented ones (figure 2). The characterization of the environment
effect on amyloid processes was permitted by the discovery of in vitro amyloid
fibrillisation [20].

Temperature variations are well-known to induce structure modifications, so-
called therma unfolding, proceeding from a total unfolding of the protein due to
changes in hydrogen bonds without peptide bond alteration [21]. This phenomenon
transforms a protein with an organised secondary structure into an unfolded state at
an ambient temperature higher than the so-called melting temperature of this protein.
The protein thermal unfolding results in the loss of its 3D structure, and consequently
the loss of molecular affinities and functions, functions which are issued from the
protein structure. But the temperature can aso induce an amyloidosis in certain
proteins or peptides like insulin. In those cases the increase in temperature generates a
destabilisation of the protein or peptide secondary structure which, without been
strong enough to unfold, will alow its refolding to an amyloidosis-prone
conformation of the protein [22].

Amyloid refolding can aso rise from the ionic tension of the media surrounding
the protein. Indeed, an important modification of the ionic forces creates a
microenvironment in which the protein charges are modified. These modifications
induce a necessity for the protein to refold itself to ensure its stability. One of the
clearer examples of this is the case of amylin (IAPP). IAPP is released at the same
time as insulin by the pancreatic B-cells with aratio of 1 amylin for 100 insulin. Itisa

synergistic partner of insulin in the regulation of plasma glycaemic control. Upon
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overexpression this polypeptide has been shown to be responsible for death of
pancreatic 3-cells. When released by the cell, the pentapeptides FLVHS and NFLVH
that are the core self-recognizing and assembling peptides of the IAPP protein change
their secondary structure and form a -sheet structure, responsible for the amyloid-
related toxicity [23]. This toxicity occurs through the bacterial-like permeabilization
of the lipid bilayer by amyloid aggregates [24]. It has been shown that the
amyloidicity of IAPP is due to the absence of ionic strength near the anionic cell
membrane of pancreatic B-cells [25]. This absence creates an abnormal environment
near the cell membrane that enhances the instability of IAPP peptides and leads to
their refolding in an amyloid form [25]. Refolded peptides are later going to
aggregate and form small soluble aggregates [25]. These aggregates are able to
interact with the pancreatic 3-cell membrane and to cause peroxidation of membrane
lipids [24]. Peroxidation of membrane lipids induces membrane stiffening, leading to
membrane disintegration and cell degeneration [24].

The induction or enhancement of amyloid fibrillisation can also be related to the
repartition of charges at the surface of the membrane and the interphase behaviour of
the membrane surface. Indeed, in some cases the destabilisation of amyloid proteins
is due to the presence in the microenvironment of a hydrophobic surface, of
hydrophobic areas on a polar surface or of any media barriers. The case of insulin is
here reveaing. As a matter of fact it has been shown that insulin amyloid fibers can
be observed at the catheter surface after blood dialysis. This phenomenon originates
from the hydrophobic surface of the catheter. When insulin is put in contact with a
hydrophobic surface it tends, driven by thermodynamic equilibrium, to present its
hydrophobic interior domain to the catheter surface. This first energetic
destabilisation generates enough interna thermodynamic potential to push insulin to
refold toward a p-cross organisation. This new folding of insulin enables its

polymerization in amyloid fibers [26].
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5.1.1.3. Mutation-induced instabilities
Interestingly in some cases environment changes are only one element of the equation
giving rise to the amyloid behaviour. Indeed, in order for a physiologicaly folded
protein to refold in an amyloid-prone form an “inside” protein destabilising event is
needed, most often a mutation of the protein gene. Two different kinds of genetic
mutations can give rise to the amyloid-prone form of a protein: Nonsense mutations
which lead to shorter forms of proteins, and missense mutations which change the
nature of one of the protein amino acid residues.

The nonsense mutation shortening the protein can radically change the
thermodynamic initial folding of the protein. Indeed, in the case of a-synuclein,
shorter mutants and duplicate fragment-genes have been identified and shown to be
more pro-amyloidosis than the original protein [27]. The a-synuclein protein is
known to be a natively unstructured soluble protein with three domains. an
amphipathic N-terminal, a hydrophobic core, and a proline rich C-terminal. Inside the
hydrophobic core, the peptide VGGAVV TGV has been shown to be responsible for
amyloid behaviour and B-stacking of a-synuclein [28]. But when in contact with the
cell membrane a-synuclein adopts an a-helix-rich folding in order to interact with the
lipid part. Nevertheless, this protein can also fold to adopt a [-sheet-rich
conformation, known for its amyloid-prone behaviour and responsible for appearance
of protein plaques inside neurones, aso-called Lewy bodies and characteristic of
Parkinson’s disease [17]. As described above, the actua proportions of these three
forms of the same protein are highly dependent on the protein environment, but the
appearance of truncated forms of a-synuclein can also be induced by the presence of
nonsense mutations at the position 30, 46, or 53, especially in familia forms of
Parkinson’s disease [29]. In this disease [-sheet-rich conformers represent the
majority of o-synuclein proteins and pro-polymerisation behaviour induces different
pathological phenomenainside neurones[12].

Various modifications of amino acid residues lead to so-called missense mutations
that can drastically change the behaviour of proteins giving them a more pro-
amyloidosis primary structure. This type of mutations can also cause the appearance
of interaction domains in non-amyloidogenic proteins and enhance amyloidosis
behaviour in them. For example, numerous mutations in the gene coding for APP

were identified as AP amyloidosis enhancers. Indeed, these mutations increase the
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affinity of the y-protease enzyme for APP thus the quantity of fragment 1-42 amyloid
B-peptide released [30]. Very few peptides of this form, know to be very amyloidosis-
prone, are released physiologically but in the case of certain Alzheimer’s disease
familia predispositions, two missense mutations in positions 595 and 596 have been
shown to be responsible for a 6 to 8-fold increase in the neuronal Ap production [30].
This increase in the AP 1-42 peptide production enhances the rate of the cytotoxic
amyloid aggregate formation by accelerating the reaction of association between A
peptides [30].

The significance of missense and nonsense mutations in the amyloid behaviour
was described by us earlier and has been limited to direct correlations between the
mutation and the protein amyloid behaviour. However any missense and nonsense
mutations can also have an effect on the protein amyloid behaviour through the
regulation of their environment. Indeed, even if not directly linked, a mutation in the
oxidation cleaning cell mechanism will aways induce a modification of the
intracellular environment contributing to the amyloidosis of physiological proteins.
For example it is well known that the nitration of a-synuclein by nitric oxide (NO)

induces folding toward B-sheet-rich conformers [12].

5.1.2. Necessity of protein structure stabilization and internal restructuration of the

secondary structure
After having discussed the general causes of the amyloidosis behaviour of proteins, it
is now time to clarify fundamental common molecular mechanisms explaining the
amyloid protein and peptide highly structured fibrillisation. As we have noted before,
this phenomenon may result from a thermodynamic destabilisation and tend to the
stabilisation of the protein structure through its refolding but we have not refined our
description of the secondary structure refolding and its implications on the protein
behaviour. One common point of all amyloidosis protein behaviour is that the
destabilisation of the protein secondary structure, by an outside or inside event,
induces the necessity for the structure to change in order to satisfy thermodynamic
laws [31]. In order to satisfy the latter, two mechanisms of stabilisation can be stated:
an internal restructuration, through a secondary structure refolding, and the

association with another protein. Figure 3 represents a summary of the different steps
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of refolding and polymerisation occurring to amyloid proteins or peptides after any
previously described destabilization events.
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Figure 3. Amyloid fibrillisation from amyloidosis-prone proteins or peptides refolding to the
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formation of highly organized amyloid fibers. Panel A: Various ways of seed nucleation exist to
explain the appearance of amyloid seed aggregates from amyloidosis-prone proteins or peptides.
On one way, under certain conditions (pH or ionic strength stress, mutations, posttrandational
modifications, etc.) proteinsor peptides lose their native confor mation and unfold. Subsequently,
unfolded proteins or peptides can re-fold consequently to a B-sheet-rich conformer (left branch).
Another possible way is constituted by the formation of B-sheet-rich conformer directly from the
native state without unfolded inter mediates (central branch). Finally, the aggregation of proteins
or peptides can be the initial step, followed after aggregation by the formation of B-structures
within aggregates and leading to further nucleation (right branch). Panel B: The common
pathway of amyloid fiber formation. During the next stage of amyloid polymerization, proteins
or peptides form dimers that further associate to form small soluble aggregates also known as
amyloid seeds. Protofilaments are further formed from these seeds by terminal addition of a
refolded amyloidosis-prone protein or peptide. Then, protofilaments helicoidally associate to
form protofibrils. Protofibrils stick together, thus forming amyloid fibrils that associate with
other proteinsand form amyloid plaques, tangles, or Lewy’s bodies observed in tissues or cells of

patients
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The internal restructuration is immediate and induced by destabilising events and
consists mainly of the protein secondary structure folding or refolding toward a f-
sheet-rich conformation [32]. As the protein folds or refolds itself under the effect of
interna or external factors, the 3D structure of the protein is going to change, driven
by the electrostatic potential of amino acid residues and by the ionic strength force
applied by the surrounding environment [33].

The effect of the protein amino acid residue sequence and charge has been
analysed thoroughly. It has been shown that after destabilisation of the secondary
structure of a-helix-rich proteins the refolding of those will lead to the formation of
more B-sheet-rich conformers without any change of the protein primary structure
[32]. Nevertheless, the rate of the amyloid protein conversion from a native to a
pathological form is dependent on the protein amino acid sequence, thus on the
original intrinsic stability of the protein [33]. Conformational changes from
disordered to B-sheet occur more slowly than the subsequent oligomerization. The
presence of -sheet secondary structure is mandatory for the next events of amyloid
fibrillisation. So one of the main points of this phenomenon is to identify why certain
amino acid sequences can so easily lead to two different secondary structures. To
explain this occurrence the hypothesis was developed that a specific sequence of
amino acid residues existed in the amyloidosis-prone protein [34]. This or these
sequences should be able to form either an a-helix or a B-sheet depending on the
protein microenvironment. A tetrapeptide sequence and a pentapeptide sequence were
identified as containing both aromatic amino acid residues and positively charged
amino acid residues and can be found inside different amyloid proteins or peptides
[35]. Positively charged amino acid residues are known to associate mainly to give
rise to a-helix secondary structure and aromatic amino acid residues are known to
prefer formation of B-sheet secondary structure [36]. Also the presence of these
sequences has been shown to be sufficient to give rise in vitro to p-sheet structures
and to an intermolecular structure, the so-called B-cross, highly characteristic of
amyloid fibrillisation [37]. These sequences were thus considered as the origin of the
B-sheet forming behaviour of amyloid proteins and peptides. But recent studies have
shown that some amyloid proteins can present high amyloidosis tendencies without
the presence of these amino acid sequences and that other proteins presenting these

amino acid sequences do not present an amyloidosis-prone behaviour [38]. The
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current doctrine is that these sequences should not be seen as mandatory to any
amyloid process but more as potential risk factors of proteopathy [38].

Once a-helix-rich amyloid proteins and peptides have unfolded their secondary
structure and some of their amino acid residues have formed B-sheet secondary
structure, amyloid-prone proteins and peptides see their secondary structure evolving
again. Indeed, it has been shown that -sheets, previously formed inside one amyloid
protein or peptide, are going to associate together in an antiparallel way, this
organisation being mandatory for the continuation of the amyloid polymerization
process [39]. This new structure of amyloidosis-prone proteins induces a stabilisation
of in their secondary structure by allowing the association of amino acid aromatic
residues in their B-sheet [40]. The antiparallel association of B-sheet structures is
mainly driven by the need for hydrophobic-cored proteins to satisfy the
thermodynamic equilibrium arising from the polar water surrounding [41]. By
enhancing the stability of B-sheet-rich amyloidosis-prone proteins or peptides this
mechanism decreases the probability of a return to a-helix-rich conformers in case of
disappearance of the environmental destabilising event [42]. It has been shown that
under physiological conditions and for certain proteins there are certain mechanisms
which prevent the B-sheet association by use of obstructer molecules which are able
to interact with B-sheet positively charged residues [43]. These obstructer molecules
are low-molecular weight negatively charged peptides or negatively charged domains
of chaperone molecules and have been shown to be able to suppress the amyloid
behaviour of amyloidosis-prone proteins in vitro [42]. Nevertheless in the absence of
obstructer molecules the amyloidosis-prone proteins and peptides will achieve this -
sheet association and will continue to evolve by interacting with other refolded
proteins or peptides.

The interactions between B-sheet-rich conformers take place amost immediately
after the end of the protein internal refolding and also participate in the stabilisation
of amyloidosis-prone protein or peptide conformers [39]. It has been shown that they
result in the parallel association of B-sheet secondary structure driven by hydrophobic
interactions and lead to a very stable cross- intermolecular structure [42].

The cross-p structure arises between two amyloidosis-prone proteins or peptides
after their refolding and gives rise to very stable dimer molecules. These dimers have

been shown to be soluble and to have a low toxicity under physiological conditions
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for cells in vitro but also emerge as initial seeds for the amyloid polymerization
process which will occur if environment conditions are not stabilised or if the number
of B-sheet-rich conformers in the environment reaches a certain stage [44]. Some
proteins and peptides are natively unstable and in order to regain their stability they
need to homodimerize. Homodimers that arise from this process are highly prone to
auto-association by stacking in protofilaments and therefore can be considered as
seeds of amyloid fibrils [45].

Until this point amyloidosis-prone proteins or peptides that we have described
previously were still lowly toxic and could stay in this form for long periods of time
as in the a-synuclein case in which there is, physiologically, a balance between
different conformers of amyloidosis-prone proteins [12]. But if environment
conditions continue to sustain the generation of B-sheet-rich conformers, the so-called
amyloid aggregates appear inside or outside of originator cells [46]. The first
aggregates to arise from B-sheet-rich conformers are dimers of proteins or peptides.
They appear from the charge repulsion by refolded proteins to form dimersin parallel
[-sheet arrangement with amino acids of adjacent chains in register [47]. Dimers are
stabilized by intermolecular hydrophobic interactions and serve as a platform for the
formation of larger assemblies of B-sheet-rich conformers of amyloidosis-prone
proteins or peptides [48, 49]. Indeed, these dimers play the role of a seed by inducing
the destabilisation of surrounding natively fold proteins [50] through a "dock-and-
lock” mechanism in which the "locking” step is due to sequential conformational
changes, each increasing the affinity of the monomer for the fibril until a condition of

irreversible binding is reached [51].

5.1.3. Direct and indirect toxicities of amyloid soluble aggregates
Amyloidosis-prone protein aggregates, around 100 nm in length, are soluble in
physiologica media but larger amyloid fibers are known to be hydrophobic [52]. For
a long time the dogma was that the cytotoxicity of amyloid aggregates, fibers and
plaques was related to their hydrophobic behaviour and that by solubilising them it
should be possible to limit the progression of associated neurological diseases.
Recently it has been demonstrated that small soluble aggregates of B-sheet-rich
conformers are responsible for amyloidosis toxicity [53]. The modus operandi of this
cytotoxicity has also been described for most of amyloidosis-prone proteins and
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peptides and seems common to al of them [54]. Differences of symptoms observed
between different amyloidosis-related diseases are more related to the place of origin
of B-sheet-rich conformers than to the kind of proteins involved [9]. This amyloid
soluble aggregate cytotoxicity has been linked to two main effects of aggregates: first
the direct toxicity of aggregates through induction of membrane instability and
secondly the indirect toxicity through activation of the cell apoptosis mechanisms.

The direct toxicity of amyloid soluble aggregates is mainly due to their capacity to
interact with the cell membrane where they originated and to induce its peroxidation,
leading to cell membrane disruption and to cell death by necrosis [55]. The cell
membrane peroxidation phenomenon has been elucidated and revolves around
peroxidation of cell membrane lipids [56]. This peroxidation induces saturation of the
hydrophobic part of cell membrane phospholipids thus decreasing the fluidity of the
membrane and increasing the possibility of a cell membrane fracture, which can
cause cell material intercellular leakage or cell necrosis [57]. Contrary to what was
previously believed the contact of amyloid soluble aggregates cannot induce cell
death in a way that could be described as direct and mechanica but through its
capacity to generate hydrogen peroxide, a free radical highly reactive to cel
membrane lipids [58]. This mechanism, which requires a certain amount of amyloid
soluble aggregates, can be slowed down by antioxidant enzymes thus alowing the
time to put in place other mechanisms of amyloid cell death [59]. These mechanisms
have been described as the indirect amyloid toxicity and act mainly on stress-induced
pathways.

As shown in the previous paragraph, once in contact with amyloid soluble
aggregates, cell membrane phospholipids are going to be oxidized and their physico-
chemical properties changed, reducing the cell membrane fluidity thus increasing the
probability of deadly cell membrane fracture. But at the same time peroxidation of
cell membrane phospholipids induces another series of mechanisms leading to cell
death. The toxicity mechanism induced by the peroxidation of phospholipids is
controlled by cell programming, and therefore leads to cell apoptosis [60]. The two
cell death mechanisms have in common that they are both induced by cell membrane
phospholipid peroxidation [61]. The indirect cell death mechanism uses a large
variety of secondary messengers and cell mechanisms to arrive to the same final
result: cell apoptosis [62]. Here we will limit ourselves to detail the best described
and understood of those mechanisms, the reduction system pathway. Upon
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peroxidation of cell membrane phospholipids certain mechanisms are going to be put
in place to ensure the reduction of oxidised phospholipids in order to stabilise the cell
membrane fluidity thus decrease the risk of membrane rupture [59, 63]. Moreover
phospholipid oxidation increases the formation of several reactive unsaturated
aldehydes, all of which are well-recognized neurotoxic agents [61]. Even if the
activation of this mechanism lowers the probability of a direct mechanical cell death
it also induces the indirect cell death. As a matter of fact the activation of the so-
called mitochondria regulation of apoptosis can be eased by the presence of nitric
oxide (NO) in the cytosol, yet this element is known to be at the same time one of the
key-factors of the phospholipid reduction mechanism [12]. NO has also been shown
to react with superoxides leading to the formation of peroxynitrite, a powerful oxidant
and nitrating agent [64]. Peroxynitrite in vivo is known to react with carbon dioxide
resulting in the formation of carbonate radical and nitrogen dioxide, two free radicals
[64]. The free radical effect is considered to be dose-dependent and to induce
different mechanisms of defence depending on the amount of radicals present in the
cytosol [64]. The degree of indirect toxicity due to amyloid soluble aggregates can be
classified in three tiers depending on the level of oxidative stress induced. Different
levels of oxidative stress correspond to different response pathways with the higher
being cytotoxicity. (A) In the first tier of the oxidative stress response, the anti-
oxidant defence is activated and induces the creation of phase Il detoxication
enzymes. (B) If the level of oxidative stress still rises then the inflammatory response
is put in place. (C) Ultimately the oxidative stress level rise can induce the
mitochondrial release of pro-apoptotic molecules responsible for setting in motion the
apoptosis mechanism [59].

In summary, amyloid soluble aggregates are highly toxic both in direct and
indirect ways for their surrounding cells. We identified amyloid-related diseases as
presenting large protein aggregates inside or outside the tissues. These large amyloid
aggregates have been shown to be strongly hydrophobic, antigenic and surprisingly
lowly toxic to surrounding or containing cells [52]. These recent findings support the
hypothesis that this form of amyloid aggregates could be a storage solution put in
place by organisms to dispose of highly toxic soluble amyloid aggregates. The effect
of amyloid aggregates and fibers on cell viability is summarized in figure 4 together
with the action of different factors on the amyloidosis process and the possible
therapeutic target against amyloidosis.
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Figure 4. Dysfunctions of cellular and tissue metabolism that may be caused by amyloid
polymerization. The refolding of amyloidosis-prone proteins and seed formation areirreversble.
Although amyloid seed aggregates are soluble and can be eliminated from tissues, they interfere
with intracellular metabolism, induce different disturbances of the membrane structure, and are
responsible for most of the amyloid toxicity. The polymerization of seedsinto fibersisreversible
under the effect of some molecules generated by cellsin response to the appearance of amyloid
fibers. These large fibers are hydrophobic, cannot be removed from tissues, and disturb cell
functions, although their immunogenicity may permit the immune system to eliminate them,
hence protect tissues.
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5.2.Nanomaterials: Definitions and relevant structures

The identification of proteopathy mechanisms and origins corresponds
chronologically with the development of Nanoscience and the appearance of

nanomaterials.

5.2.1. Nanomaterials

In the latter 20 years a new kind of materials has made its appearance in everyday life,
nanomaterials. Nanomaterials are issued from the development of nanoscience. They
represent a new step in the process of downsizing engineering products. Because their
diameter range is below 100 nm, they bring new and unknown capacities to everyday
materials [65]. Previously, it was accepted that material properties originated from the
chemical nature of materials. Properties of nanomaterials do not only originate from
their chemical nature but also from their size and shape [65]. This new relation
between nature and properties of materials has forced the specialists to rethink the
definition of materials for Nanoscience.

5.2.1.1. Definition
Since the difference in properties between materials and nanomaterials originates
from a scaling effect, nanomaterials have been defined as materials with at least one
of their dimensions inferior to 100 nm [65]. This definition of nanomaterials has been
enlarged to encompass materials containing at least 1% of unbound, aggregated, or
agglomerated submicrometre-sized particles [65]. These particles can be natural,
accidental, or manufactured. Nanomaterids are commonly divided into two
categories: fullerenes and inorganic nanoparticles. Fullerenes are constituted mainly
of a monoatomic layer of carbon atoms, displaying many forms. spherical,
cylindrical, or ribbon-like [65]. Nanoparticles are submicrometre-sized crystals of

metals, semiconductors, or oxides [65].

5.2.1.2. Specificity
As we said before, nanomaterial specificities arise from their size. Indeed due to the

submicrometre size, the ratio between the number of atoms present at their surface
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over the total number of atoms is very high. This over-representation of surface atoms
combined with the relatively low number of atoms present in nanomaterials induces
variation in the properties at the nanoscale [65]. Nanomaterials present chemical,
optical, mechanical, electrical, and thermal characteristics different from the bulk
material that constitutes them. If the mechanisms explaining the properties of
nanomaterials are the same in fullerenes and in nanoparticles, the resulting properties

are different.

For the fullerenes, their mono-atomic organization generates particular mechanical
strength, thermal and electrical properties, different from the ones observed in macro-
scale carbonated structures [66]. For example, cylindrical fullerenes, also called
carbon nanotubes, present a very strong mechanica strength in their longitudinal
direction [67]. The same carbon nanotubes have demonstrated superconductivity with
relatively high transition temperatures in their longitudinal direction [68]. They are
very good thermal insulators in their radial direction but excellent thermal conductors
in their longitudina direction [69, 70]. They also present very good temperature
stability in vacuum [71]. The surface of fullerenes is in theory chemically stable but
addition of active chemical groups to their surface increases largely their reactivity
[72]. On the contrary addition of other atoms inside fullerenes increases their
chemical stability [72]. This theoretical stability of carbon nanotubes explains their
solubility in apolar liquid and insolubility in polar liquid. Other fullerenes, like the
bulky ball, present similar properties with the exception of ribbon-like fullerenes,
also-called graphenes, which have the electrical properties of semi-metal or zero-gap
semiconductors [73]. These atypical properties of fullerenes explain the development

of various methods of use and applications in the recent years.

The other group of nanomaterials, the nanoparticles, present also particular
mechanical, electrical, magnetic, optical, and chemica properties but contrary to
fullerenes the properties of nanoparticles are directly dependent on their size. Indeed,
with the decrease of the number of atoms in nanoparticles one can observe the
appearance of atypical properties [65]. For example, the reduction of the number of
atoms in semiconductor particles induces the appearance of quantum confinement
generating unexpected visua effects [74]. Similarly, in some meta particles, the
decrease in the number of atoms generates the appearance of surface plasmon
resonance phenomena [75]. Size-dependent properties also concern magnetic particles

35



which, below a certain size, can present a superparamagnetic phenomenon [76]. In
terms of mechanical properties, meta particles below 50 nm demonstrate different
malleability and ductility than bulk materials, thus they are considered as super-hard
materias [77]. The temperature stability of nanoparticlesisimproved by their surface
effect, reducing the melting point of nanoparticles as compared to bulk materials [78].
Likewise, thermal magnetization phenomena are increased in ferroelectric materials
below 10 nm in size [76]. The capacity of metal and semiconductor nanoparticles to
be in suspension in different solvents, despite their important density difference, is as
well dependent on particle size and originates from the strong interaction of
nanoparticles with the solvent [79]. In a similar way the very high surface area to
volume ratio of nanoparticles generates an important driving force for the diffusion of
nanoparticles in solvents [79]. Finaly the size of nanoparticles induces a strong
reactivity of their surface, which leads to an important tendency of nanoparticles to
aggregate in solvents [79]. These atypica size-tuneable properties of nanoparticles, as

in the case of fullerenes, have generated multiple applications.

5.2.1.3. Applications

As discussed above, nanomaterias have atypical properties, different from those of
their bulk material, and due to their submicrometre sizes. These properties explain the
manifold applications of nanomaterials in various fields. The difference in properties
between fullerenes and nanoparticles induces a difference in the applications of the
two kinds of nanomaterials. We will now detail some of these applications of
nanomaterials, first briefly of fullerenes and then in more detail of nanoparticles.
Fullerenes, due to their mechanical, eectrical, thermal, and chemical properties have
demonstrated a large applicability in the electronic industry for different components
[80]. For example, graphene could be used in electronic transistors because of its
high carrier mobility and low noise [81]. The use of graphene has aso been predicted
to generate ultracapacitor plaques because of its large surface area to volume ratio
allowing a greater energy storage density [82]. Graphene could also be used to create
transparent electrodes because of its high electrical conductivity, high optical
transparency, mechanical strength, and flexibility [83]. Transparent electrodes could
be used in applications such as touch screens. Also electrodes made of graphene could
be used for DNA sequencing in nanopore-based electronic DNA sequencers [84].
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Similarly graphene electrodes could be used for single molecule gas detection.
Graphene is intrinsically insensitive but by functionalising its surface and by
measuring local changes in electrical resistance one can detect adsorbed molecules.
The sensitivity of graphene originates from its high electrical conductivity and low
noise [85]. Since the optical absorption of graphene can be changed by tuning its
Fermi level, then graphene can be used to create optical modulators [86]. Similarly,
graphene could be use to produce inexpensive, flexible solar cells because of its
capacity to be produced in large surfaces and because of its electric properties [87].
Graphene could also be used in microbia detection and diagnostic devices. By
chemically changing its surface one could develop microbia detectors for medical
diagnostics [88]. Interestingly, sheets of graphene oxide have been shown to be highly
toxic for bacteria. This capacity opens the possibility to use graphene in bactericide

surfaces for hygiene products and food packaging [89].

5.2.2. Nanoparticles
Nanoparticles are nanometre-sized single crystals, which can be found as individual
particles in suspension, in composite materials as nanoclusters or in the solid state as
nanopowders [65]. The first man-made nanoparticles date back from the Middle Age
in the form of a lustre technique using a ceramic glaze containing a dispersion of
silver and copper nanoparticles. The empirical methods of copper and silver
nanoparticle synthesis were developed in the Arabic world to bypass the religious
prohibition on the use of gold in artistic representation [90]. The first rational
description of the process of oxidation and reduction involved in nanoparticle
formation is credited to Michael Faraday [91]. Nanoparticles made of metal or
semiconductor present atypical size-dependent properties different from the properties
of their bulk material.

5.2.2.1. Characteristics
Nanoparticles display properties that are different from both bulk material and atomic
structures. These properties originate from the high proportion of atoms at the surface
of nanoparticles. Their large surface area dominates the contribution from their small

inner core. This characteristic is mainly responsible for the strong diffusion capacity
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of nanoparticles, their high tendency to accumulate, and their capacity to display
surface plasmon resonance [65, 75, 79].

On the contrary, phenomena of superparamagnetism and of quantum confinement,
which are observed in some nanoparticles, are linked to their small number of atoms.
For example, the quantum confinement phenomenon originates from the capacity of
nanoparticles to confine their electrons. This phenomenon results in the high capacity
of semiconductor nanoparticles, called quantum dots, to absorb UV light and their
high photostability [92].

The presence of nanoparticles in bulk material generates composite materials, which
inherit some of the properties of the nanoparticles composing them. This is mainly
used to reinforce plastic polymer matrices or to create smart and functional textiles
[77].

There are different methods to create nanoparticles, among them attrition, pyrolysis,
thermal plasma torches, inert-gas condensation, radiation chemistry, sol-gel
processes, and colloidal chemistry [93]. Here we shall concentrate on the colloidal
chemistry technique. Dissolved metal ions, generated by oxidation of metal salts in
solvent, are used before generating crystals by reduction at high temperature in a
reducing atmosphere. This gives rise to a solid-liquid mixture containing distinct
dispersed solid particles [94]. This technique allows the production of particles of
metal or semiconductor with a typica size range from nanometre to micrometre.
Particle shape depends on the interatomic structure of the particles. Amorphous
particles would usually generate spheres whereas crystal shape depends on their
particular crystal habit and can form spheres, rods, fibers, or cups [95]. Surface
coating of nanoparticles controls their stability, solubility, and, in the case of

nanoparticles used in vivo, their targeting [94].

5.2.2.2. Applications

Nanoparticles have awide range of application due to their atypical properties. One of
the more interesting uses of nanoparticlesisin solar cells where their high capacity to
absorb light and enhanced photostability would be useful in order to increase both
efficiency and durability of solar cells [96]. Janus nanoparticles can aso be used as
solid surfactants and assemble at water/oil interfaces [97]. One of the most interesting

applications of nanoparticlesisin medicine as an in vivo drug delivery system. Indeed
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nanoparticles are small enough so that they can easily penetrate the living tissue.
Inside the living organism, nanoparticles can be targeted to specific sites within the
body and even to specific cell organelles using coupled targeting molecules. The
targeting molecules e.g. monoclonal antibodies, aptamers, streptavidin, or specific
peptides, are covaently bound to the nanoparticles in controlled numbers. Once in
situ nanoparticles can be magnetically or optically stimulated [98].

Another interesting application of nanoparticles is as imaging agents. Indeed some
semiconductor nanoparticles, called quantum dots (QD), are able to absorb UV light
and to emit fluorescent light whose wavelength depends on their size. By coupling
this atypical optical properties of QD to the possibility to covalently bind a specific
tracking molecule to their surface one can use QD as single molecule tracking agents
for in vivo or ex vivo cellular imaging [99].

5.2.3. Quantum Dots
Quantum dots (QD) are crystals of semiconductor, with sizes ranging from 1 to 10
nm, which display atypical optical properties linked to their relatively small number
of atoms. Indeed the low number of atoms in QD gives them the capacity to confine
excitons and consequently to have electronic properties in between the bulk material
and the discrete molecules [100]. In QD these electronic properties are directly
dependent on the size of QD because the smaller the crystal, the larger the difference
in energy between the highest and the lowest energy bands. For QD, this size-
dependent band gap impacts directly on the optical properties of QD. In summary, the
capacity of QD to emit radiation after excitation is directly dependent on the size of
the crystal: the smaller the size, the higher the energy of radiation emission will be.
This alows a direct control of the wavelength emission peak of QD fluorescence
through the control of QD crystal size [92]. The same effect of quantum confinement
in semiconductor nanomaterials can be observed in quantum wires and quantum wells
[74]. The size of QD crystals is controlled during their process of fabrication by
colloidal chemistry. The colloidal synthesis of QD requires precursor compounds
dissolved in solvent, these precursors are reduced metal salts, together with organic
surfactants. When heated in an oxidizing atmosphere, precursors form monomers,
which assemble by nucleation processes to form the nanocrystals. Therefore, by

controlling the quantity of precursors in the medium, the temperature and the duration
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of heating, on can control the size and properties of QD crystals [93]. Other
techniques for QD production were developed like viral assembly, electrochemical
assembly, or bulk manufacturing, but the scalability of the colloidal synthesis made it
the most promising technique for commercial applications [101].

5.2.3.1. Applications
QD applications are numerous and reach a large number of fields but they are all
related to the atypical electronic properties of QD. Indeed QD, due to the quantum
confinement effect, are similar to and could be used as single electron transistors
[102-104].

Moreover QD could be implemented for quantum information processing. QD could
be used in solid-state quantum computing due to the electron flow control that one
could have when stimulated. QD could aso be used to control and measure the
electron spin. By coupling severad QD in an entangled state one can generate a
guantum bit, which can serve as the basis for quantum calculations thus quantum
computers [102].

Another of the most important and controversial applications of QD is in the
production of cheaper and more efficient solar cells. Because of the large bandgap
energy of QD they can generate multiple excitons for each photon received and
therefore increase the maximum theoretical efficiency of a solar cell. Also, through
the same carrier multiplication phenomenon, the presence of QD in solar cells could
limit the heat generated by cells and as a result increase the lifespan of current solar
cells. Moreover the use of QD in solar cells could induce a decrease of solar cell price
because of the scalability of QD manufacturing [105].

The application of QD in light emitting diodes (LED) as alight source originates from
the capacity of QD to generate Gaussian-distributed light from little power and from
the discovery of QD emitting monochromatic light. Indeed, by emitting light in
specific Gaussian distributions, QD proved to be potentially more accurate renders of
colours than current devices. Also QD require little power since they are already
colour-filtered and their small sizes allow resolutions below what is humanly
perceivable. Similarly the bright emission in the visible and near infrared regions of
QD combined with their capacity to emit white light favour QD for the development

of more efficient light sources [106].
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Furthermore in optical applications QD, due to their sharper density of states, could
also be use in diode lasers and amplifiers because of their superior transport and
optical properties [107]. Similarly, due to their brightness and photostability QD have
demonstrated a wide applicability to medical imaging as specific fluorescent dyes.
Indeed QD are brighter and more stable than conventional fluorescent dyes and when
coupled to atargeting molecule, they can be used to achieve highly sensitive cellular
imaging. Their extremely small size allows the acquisition of many focal -plan images
and the reconstruction of 3D images representing the distribution of targeted
molecules and cells in vivo or ex vivo. Using high resolution and real time tracking of
QD fluorescence the movement of a molecule of interest can be followed over
extended periods of time. This is also made possible by the capacity to covalently
bind targeting molecules at the surface of QD in a highly controlled fashion. Amongst
the tracking molecules which have been coupled to QD one can find antibodies,
streptavidin, peptides, aptamers, and small-molecule ligands [108].

Within biomedical applications, QD have also been used to deliver gene-silencing
molecules into cancer cells. Indeed, QD can actively target tumour cells through their
coupling to tracking molecules, or passively target tumour cells by accumulation
inside tumours because of the absence of lymphatic drainage in tumours [109].

QD, like the other nanomaterials, have numerous applications and appear to be
destined to become an important part of the biomedical toolbox. However one

important issue remains, namely the potential toxicity of QD and other nanomaterials.

5.3.Impact of nanomaterials on living beings
Nanomaterials, because of their large surface areato volume ratio, have demonstrated
unique properties as compared to bulk materials. These atypical properties have
attracted attention on potential applications for nanomaterials both in material science
and biomedical applications. For example, the broad excitation profile, narrow
tuneable emission spectra of QD make them a promising tool for optical encoding and
multiplexing biomedical applications. But the same quantum size effects also increase
the reactivity of nanomaterialsin liquid media. For example gold, which is known to
beinert in bulk material, is highly active at nanometre dimensions [110]. This unusual
reactivity of nanomaterials could generate toxic effects and make nanomaterials a

potential threat to the environment and to human beings.
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5.3.1. Impact of nanomaterial-containing macro-objects

5.3.1.1. Stability of the inserted nanomaterials inside macro-objects
Most of the man-made nanomaterials encountered in the environment are
nanocomposites. Nanocomposites are solid combinations of a bulk matrix and
nanomaterials, like carbon nanotube or metal nanoparticles, embedded
homogeneously in the bulk matrix. Due to the large surface of the nanoparticles, the
presence of arelatively low quantity of nanomaterials in nanocomposites brings new
nanoscale-related properties to macroscale composites. These nanocomposites present
improved electrical, thermal, optical, and mechanica properties, which make them
attractive for a large range of industrial applications. By and large, nanocomposites
are more resistant and durable then their bulk counterparts [111]. Nevertheless,
nanocomposites are also sensitive to deterioration over time thus the issue arises of
the release of nanomaterials to the environment.

5.3.1.2. Nanomaterial dispersion

When the nano-reinforcement is homogeneously dispersed in the matrix the quantity
of released nanomaterial should be negligible but the high surface to volume ratio of
nanomaterials increases their dispersion in the environment [112]. Moreover, the
behaviour of nanomaterials is dependent on their size, shape, and surface reactivity
with the environment. Some nanomaterials present a high tendency to aggregate,
when others are perfectly soluble and monodisperse in polar liquids, like water [113].
Nevertheless the extremely small size of nanomaterials and their large surface area
result in their capacity to be easily inhaled, swallowed, and adsorbed on the skin
[114]. Also nanocomposites incorporated in implanted biomedical devices could
directly release nanomaterials directly into living tissue [115]. The capacity of
nanomaterials to disperse in the environment generates another potential hazard of

nanomaterials, their permeation and distribution among living organisms.
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5.3.1.3. Nanomaterial permeation and distribution in living organisms
The very small size of nanomaterials also means that they are more easily absorbed
by living organisms than larger particles. As a matter of fact it has been demonstrated
that nanoparticles can readily penetrate the animal skin [116]. Also nanomaterials can
move easily into the lung tissue after inhalation [117]. Nanoparticles can aso
penetrate the body through the gastrointestinal tract [118, 119]. Once inside the living
organisms, it has been demonstrated that nanoparticles are able to translocate far from
their site of entry through the blood and to deposit in distant sites like the kidney,
liver, bone marrow, and muscles [120]. Nanoparticles have even been identified as
experimentally able to pass the blood-brain barrier of mice [121]. In comparison, very
little is known about the excretion of nanoparticles from the living organism [120].
Since nanomaterials can readily enter the organism and the latter seems unable to
remove them, one should have a look at the impact of the presence of nanomaterials

in living organisms.

5.3.2. Direct impact of nanomaterials
As mentioned above nanomaterials, and more particularly nanoparticles, can readily
penetrate living organisms, have a high capacity to distribute even into secluded
organs, and cannot be excreted. Therefore the issue of the impact of nanoparticlesin
living organisms arises. Recent studies seem to demonstrate the toxicity of
nanoparticles in living organisms. This toxicity appears to originate from the large
surface area to volume ratio of nanoparticles. This makes the nanoparticles very
reactive and in some situations even catalytic [122, 123]. Also some QD have been
shown to release toxic heavy meta ions by photolysis or chemical quenching when
their polymer coating is damaged or imperfect [124]. One of the key aspects of
nanoparticle toxicity is the fact that nanoparticles are able to passively diffuse through
the cell membrane. Because of this nanoparticles present a toxicity that can be
characterised as acting at three levels. at the organ/tissue level, at the cellular level,

and at the molecular level.
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5.3.2.1. At the organ/tissue level
At the tissue level, nanoparticles are toxic because of their surface reactivity. It has
been demonstrated that the presence of breathable nanomaterials, like carbon
nanotubes, in the lung tract can generate mechanical damage to the tissue and chronic
respiratory disease [125]. Once in the lung, the gastrointestinal tract or on the skin,
nanoparticles because of their small size can access the blood stream and then be
transported around the body and taken up by various organs and tissues. Once in these
tissues, nanoparticles will generate a response by the immune system, resulting in
inflammation, immune responses and alergic phenomena [126, 127]. This
inflammation is due to the high reactivity of the nanoparticle surface. The activation
of the immune system deteriorates the tissues in which it takes place because of stress
signals generated by the immune cells. For example, the presence of nanoparticles has
been shown to damage the cardiovascular system of mice [128]. Also it has been
demonstrated that phagocytic cells can recognize and try to eliminate nanoparticles.
However the durability of certain nanomaterials creates the risk of a weakening of the
immune system against other pathogens because of the presence of nanoparticles

monopolizing the immune system [126].

5.3.2.2. At the cellular level
At the cellular level, the presence of nanoparticles has been shown to be toxic. Meta
oxide nanoparticles and semiconductor nanoparticles have been shown to be toxic for
cultured cells. The main mechanisms of nanoparticle toxicity in cells have been
identified as the direct toxicity of nanoparticles and the generation of reactive oxygen
species (ROS) by nanoparticles. Previous studies have shown that CdSe nanoparticles
are not stable in biological media [129]. These nanoparticles are seeding toxic
cadmium ions in the surrounding media due to photolysis or hydrolysis under
physiological conditions (temperature and pH). The presence of a low quantity of
cadmium ions can be highly toxic for cultured cells [130]. A solution to this issue of
nanoparticle stability is to coat them with stable polymer but this only delays
nanoparticle destabilisation and does not improve their excretion from the organism.

Another main mechanism of nanoparticle toxicity is their capacity to generate toxic
ROS in the surrounding media [131]. It has been demonstrated that because of the

high reactivity of the nanomaterial surface, nanomaterials can catalyse the formation
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of ROS from their surrounding molecules [131]. The presence of ROS can lead to cell
death by necrosis through the rupture of the cellular membrane by peroxidation of its
constituting lipids [132]. The presence of ROS can also lead to cell death by apoptosis
because of the damage generated by ROS to proteins, membranes, and DNA [132].
Indeed, ROS can oxidize amino acid residues in proteins leading to protein
conformational changes. Conformational changes in proteins can lead to their
inactivation [133]. It has also been demonstrated that nanoparticles can easily
penetrate the cell nucleus and produce ROS there. ROS can generate DNA damage
leading to the initiation of apoptosis by the TP53 gene [134].

5.3.2.3. At the molecular level
Iron oxide nanoparticles, zinc oxide nanoparticles, titanium dioxide nanoparticles,
carbon nanotubes, and copper oxide nanoparticles have been found to experimentally
induce DNA damage when physically interacting [135]. The process of damaging is
not clear at present but could originate from the valency of nanomaterial surface and
intervene through oxidation of the DNA molecule.
Another aspect of nanomaterial toxicity at the molecular level isrelated to its capacity
to adsorb biomolecules onto the surface. It has been shown that nanoparticles,
because of their large surface area, adsorb biomolecules in dispersion [136]. Previous
studies have demonstrated that the biomolecules, coating the surface of gold
nanoparticles in layers, present a slightly modified 3D structure [137]. This capacity
to aggregate biomolecules at QD surface has been used to create magnetic
nanoparticles that can be used to remove certain pathogenic biomolecules from the
organism. For example, strategies for extraction of amyloid fibers from liquid phase
have been developed using y-Fe,Os magnetic nanoparticles coupled to insulin fibers
to ensure removal of free insulin fibers during dialysis [138]. Also the ability of
nanoparticles to inhibit the fibrillisation of amyloid-prone proteins and to
disaggregate amyloid fibers has aready promoted their use as therapeutic agents
[139]. Amyloid-prone proteins and peptides are biomolecules which natively or
under certain conditions can undergo a internal structure refolding leading to an
enhance aggregation tendency. This aggregation, also called amyloid fibrillisation,
presents a high degree of organisation and generates aggregates and micrometre
scaled fibers which are toxic for the surrounding cells.
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Unfortunately, reports have also shown that some nanoparticles seem to be able to
enhance amyloid fibrillisation of amyloid-prone peptide like amyloid  (1-42) peptide
[140]. The cause of this difference of effect of nanoparticles on amyloid-prone protein

and peptide is not currently known.
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5.4. Aim of the thesis
Within the framework of this thesis we have tried to identify the factor responsible for

the pro-amyloidosis behaviour of certain nanoparticles. These findings could be
applied to the design of nanoparticles for therapeutic use against Alzheimer’s disease
with little secondary effects on other amyloid-prone proteins or peptides.

Our working hypothesis is that the main force causing pro-amyloidosis behaviour is
the charge presented at the surface of nanoparticles. In order to test it, we have
developed nanoparticles of the same chemical composition, shape, surface structure,
and aggregation tendency but presenting a different charge value at their surface.
These nanoparticles were co-incubated with three different biomolecules. amyloid 3,
a strongly amyloid-prone peptide, insulin, a protein that is amyloid-prone only under
very destabilizing conditions, and bovine serum albumin, alarge protein known for its
stability under destabilizing conditions. By analysing at the same time the
biomolecule structure, the distribution of size in different mixtures, and the presence
of amyloid-specific intermolecular structure we have been able to understand the role
of nanoparticle surface charge on the amyloid aggregation of peptides and proteins.
This thesis aims to demonstrate that the presence of positive charges at the surface of
nanoparticles inhibits the formation of amyloid aggregates and favours the
aggregation of unstable peptides in a safe form on the nanoparticle surface. The thesis
also intends to show that the presence of negative charge at the surface of
nanoparticles can enhance amyloid fibrillisation of surrounding biomolecules.
Moreover, this enhancing effect seems to be dependent on the interna stability of
biomolecules. Nanoparticles carrying weak negative charges seem to induce or to
enhance amyloid aggregation of relatively stable proteins while unstable peptides
seem more influenced by nanoparticles carrying strongly negative charges.
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6. Materials and methods

6.1. Materials

6.1.1. Chemical table

Name Purity Supplier
Human insulin, > 27.5 units per mg SigmaAldrich
recombinant expressed in
yeast
Albumin, Bovine Serum 98 % Sigma Aldrich
Amyloid B (1-42) peptide >95% Istituto di Ricerche
Farmacologiche Mario
Negri
Thioflavin T 75 % SigmaAldrich
Congo red >85% SigmaAldrich
D,L-cysteine 98 % SigmaAldrich
hydrochloride hydrate
PEG-OH (HS-C11-EG6- > 95% Prochimia
OH)
PEG-COOH (HS-C11- > 95% Prochimia
EG6-OCH2-COOH)
PEG-NH, (HS-C11- > 95% Prochimia

EG6NH2)
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(CHa),Cd 99.9 % STREM
Elemental Se > 99.99% STREM
Trioctylphosphine Oxide 99% Sigma Aldrich
(TOPO)
Trioctylphosphine (TOP) 99% FLUKA
Hexadecylamine (HAD) 98% FLUKA
Hexamethyldisilthiane > 98 % FLUKA
((tms)29)

Diethylzinc (DEZn) 95 % STREM
NaH,PO, 99 % Sigma Aldrich
NaHPO, > 99.5 % Sigma Aldrich

KCl > 99.5 % Sigma Aldrich

HCI 36.5-38% SigmaAldrich

NaOH 98 % SigmaAldrich

Chloroform 99.8 % SigmaAldrich

Methanol 99.93 % SigmaAldrich
Ultrapure water 18 mQ Millipore
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6.1.2. QD synthesis
The QD synthesis protocol used here was adapted by Artemyev and Sukhanova from
already proven protocols [141, 142]. Briefly, a solution of 80 mg elemental Se, 110 pl
dimethylcadmium, and 1 ml Trioctylphosphine (TOP) was rapidly injected into a
solution of 10 g trioctylphosphine oxide (TOPO) and 5 g hexadecylamine (HDA) that
had been dried, degassed under vacuum at 180°C, purged with argon, and heated to
300°C under argon flow beforehand. After injection CdSe crystal cores are formed
whose average size is 2 nm. Further growth of the CdSe cores to the desired size can
be achieved by refluxing of the mix solution at 280°C. CdSe cores are harvested by
cooling down, using chloroform, to 60°C, precipitation and washing with methanol,
before drying.

The synthesis of the ZnS shell on CdSe cores requires the dispersion of the latter in a
solution of 10 g TOPO and 5 g HAD which had been dried, degassed, purged, and
heated beforehand as described above. After dispersion of the cores, a solution of 210
uL hexamethyldisilthiane ((tms),S) and 130 ul diethylzinc (DEZn) in 2 ml TOP was
added drop-by-drop into the mix at 220°C under argon flow and vigorous stirring.
The resulting dispersion is cooled down, using chloroform, to 60°C and CdSe/ZnS
guantum dots are harvested by precipitation and washing with methanol before
drying.
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6.2. Methods

6.2.1. Analytical techniques and tools

6.2.1.1. CD spectrometry
Circular dichroism (CD) spectrometry is atechnique of biomolecule structure analysis
based on the difference of absorption, by optically active chiral molecules, of
circularly polarized electromagnetic radiations. Optically active chiral molecules
absorb more circularly polarized radiations that are rotating with their same
orientation [143]. Therefore by analysing the amount of left-hand and right-hand
circularly polarised radiations absorbed at each wavelength value, one can generate a
CD spectrum specific of each optically active chira molecule [144]. Therefore, by
comparing the CD spectra of the sample with known CD spectra databases, one can
identify optically active chiral molecules present in a sample [145, 146]. Furthermore,
the CD spectrum can also revea chemical interactions if these interactions impact on
the chirality of molecules. Thus by following the CD spectrum evolution of a chiral
dye dispersion under different conditions, one can estimate the interactions of this
chiral dye with various molecules [147]. More complex molecular systems, e.g.
protein secondary structure conformations (a-helix, B-sheet, B-turn, and random coil),
possess chirality thus present specific CD spectra [148]. Therefore CD spectra also
give information on the structure of proteins present in a sample [149, 150] .
Secondary structure analysis was carried out by measuring CD spectra using a J815
CD spectrometer (Jasco-Spain, Madrid Spain) at 10°C over a wavelength range of
180 to 250 nm. All measurements were carried out in solutions using 1 mm path
length cells (Hellma 110-QS). Using 1 mm path length quartz cuvettes the aliquot
samples were diluted ten times in the corresponding buffer. Each spectrum is an
average of twenty measurements.

Amyloid fiber specific detection was performed by measuring Congo red CD spectra
using the same apparatus at 10°C over a wavelength range of 350 to 600 nm. All
measurements were carried out in solutions using 1 mm path length cells (Hellma
110-QS). Samples were diluted ten times in Congo red solution. Each spectrum is an

average of twenty measurements.

52



Photodetector

Protein dispersion m ( \

1

Different
Polarized light absorbance CD spectra

1]

| _ Y,

Figure 5. Circular dichroism is an analytical technique based on the difference of absorption of
polarised light between orientated structures. In CD spectrometry the protein dispersion is
excited at each wavelength with left-hand or right-hand polarised light. Upon passing through
the quartz cuvette containing the protein dispersion one part of the polarized light is absorbed by
proteins. The non-absorbed polarised light is detected by a photodetector and the resulting
signals are converted into spectra representing the difference of absorption of left-hand and
right-hand polarised light at each wavelength tested. These spectra are characteristic of the

secondary structure organising the proteinsinside the dispersion.
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6.2.1.2. Dynamic Light Scattering

Dynamic light scattering (DLYS) is based on the analysis of laser light scattering when
particles in movement pass in front of the laser line. In DLS, and under certain
conditions, the intensity of scattered light is dependent on the size of particles in
suspension. Particles in suspension undergo Brownian motion and their speed of
motion is dependent on their size, charge, polarity, and viscosity of the media. In
DLS, the anaysis of the speed of changes in the scattered light pattern can be
trandated into the average hydrodynamic radius of the dispersion particles[151, 152].
DLS analysis is very efficient in determining the hydrodynamic radius of
monodisperse populations of particles in dispersion. The CONTIN algorithm is used
to analyse polydisperse populations with DLS [153]. CONTIN anaysis alows a
minimum in size resolution of a factor of five between two different particle
populations and a maximum in intensity difference of afactor of 10° [154, 155].

A periodic analysis of nanoparticle dispersions by DLS alows the study of
nanoparticle stability in a certain buffer. Indeed if nanoparticles are not stable in a
given buffer they will aggregate and therefore generate a new population of particles
with a higher hydrodynamic radius than the initial population of nanoparticles [156].
Another application of DLS is the estimation of the zeta potential of a monodisperse
population of particles in suspension. In order to estimate the zeta potential of a
particle suspension, an electrical field is applied to the dispersion. Within the
influence of this field the particles are put in movement. The direction and intensity of
this movement is dependent on the charge carried at the surface of particles and on the
size of particles therefore is dependent on the zeta potential of particles [157]. The
speed and direction of particle movement under the influence of the electrical field is
determined by analysis of the laser light scattering dynamics. The zeta potential was
caculated from these electrophoretic measurement using the Smoluchowski
approximation [158].

Nanoparticle average diameter was measured by DLS with a Nano ZS Zetasizer
(Malvern, Worcestershire UK) at 25°C. Colloidal stability was evaluated as a function
of timein pH6, pH7, or pH8 sodium phosphate buffers at 25°C.

The electrophoretic determination of zeta potential was performed under moderate
electrolyte concentrations. Zeta-potential measurements of nanoparticle solutions

were carried out at 25°C in 10 mM pH7 sodium phosphate buffers.
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Figure 6. Dynamic light scattering is an optical method to analyse the size distribution of

particles in suspension if their sizes range from 0.3 nm to 3 pm. The dynamic light scattering

technique makes use of a 633 nm pulse laser split into two lines, oneis a reference and the other

is shined through a quartz cuve containing a dispersion. The laser light can be scattered by the

particles in suspension. The intensity of light scattered by the particles is analysed through a

photodetector fixed at an angle of 173° to the laser line. Upon analysis of the rate of change of the

scattered light a correlogram of change of state upon time is generated. The rate of state change

is dependent on the size and charge of the particles. Therefore it is possible to transform the

correlogram into a representation of particle size distribution as a function of the percent total

intensity of scattered light.

55



6.2.1.3. Fluorescence spectroscopy
Fluorescence spectroscopy is used to detect changes in fluorescence intensity and
shifts of emission spectra induced by a modification of the fluorophore environment.
These modifications of fluorescent dye optical properties are due to a change of the
excited state charge distribution of the fluorophore. The excited state charge
distribution is dependent on the interactions of the fluorescent dye with surrounding
molecules, e.g. protein, or solvent. Fluorescence spectroscopy is measured by exciting
the fluorescent dye at a specific wavelength and by measuring the emitted
fluorescence light at different wavelengths. To avoid interference between excitation
and emission light, the emission light is usually detected at 90° to the excitation light.
Fluorescence spectra were obtained using FP6600 spectro-fluorometer (Jasco). Before
each fluorescence measurement, 30 pl aliquots were removed at different time
periods, and diluted in 300 ul ThT solution. The ThT fluorescence was measured at
482 nm with an excitation wavelength of 440 nm in a semi micro quartz cuvette with
al cm optica path length (Hellma 115F-QS). Slit widths at excitation and emission
were set respectively at 5 and 6 nm.
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Figure 7. Spectro-fluorometry is an optical technique allowing the analysis of the light emitted by
a specific molecule or particle upon excitation with a specific excitation wavelength. Here this
technique is coupled to the use of the fluorescent dye thioflavin T (ThT). ThT changes its
maximum of emission upon interacting with the B-cross amyloid-specific intermolecular
structure. This capacity makes ThT a very good tagging agent of the amyloidosis process. ThT in
the presence of B-cross-rich protein aggregates and excited at 452 nm will emit at 488 nm. This
allows the use of ThT to follow the appearance and to quantify the B-cross intermolecular

structurein protein dispersions.
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6.2.2. QD solubilisation
After the synthesis of TOPO-capped hydrophobic QD, a modification to hydrophilic
polyethylene glycol-capped (PEG) QD was carried out. First, chloroform was used to
solubilize TOPO-capped QD. TOPO termination was removed by methanol washing,
and replaced by D,L-cystein. After repeated methanol washing to remove the
remaining TOPO-capped QD, QD dispersion was dried, for 2 minutes, in a
concentrator plus (Eppendorf, Hamburg Germany). Cystein-solubilised QD were
dispersed in ultrapure water, 1 M NaOH was added to improve QD solubilisation, and
the dispersion was sonicated for 5 min using a Ultrasonic Cleaner 2510 sonication
bath (Eppendorf) [159]. In order to minimize contamination by partially TOPO-
capped QD the dispersions were centrifuged and filtered using Ultrafree-MC 0.2 um-
pore microcentrifuge filters (Sigma Aldrich, St. Louis USA).

PEG-OH, PEG-COOH, and/or PEG-NH, were used for surface ligand exchange of
cystein-solubilised QD. An excess of low molecular weight mercapto-PEG was added
to 1 ml cystein-solubilised QD in an akaline dispersion and kept at 4°C overnight
[160]. The excess PEG and D,L-cystein were removed by filtering the dispersion
using Amicon Ultra-15 30 KDa Centrifugal Filter Units (Millipore, Billerica USA)
and G-25 Sephadex columns (GE Healthcare, Little Chalfont UK).
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Figure 8. Solubilisation of QD CdSe/ZnS was carried out in two steps. First the layer of TOPO
covering the QD was removed using methanol and replaced by D,L-cystein. Afterward, the
cystein was exchanged for a low molecular weight polyethylene glycol (PEG) whose terminal
chemical group has been selected. This technique ensures the high stability of CdSe/ZnS QD in

aqueous buffersand the control of chemical groupsdistributed at the QD surface.
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6.2.3. Protein and peptide preparation

6.2.3.1. Insulin solubilisation
Pure insulin dispersions were prepared solubilising 20 mg dehydrated human insulin
in 1 ml 0.01 M HCl solution. The solution was then re-diluted in the appropriate
buffer at 2 mg/ml and then incubated at different temperatures with or without
CdSe/ZnS QD.

6.2.3.2. BSA solubilisation
Pure BSA dispersions were prepared solubilising 10 mg dehydrated BSA in 1 ml 10
mM sodium phosphate pH7 buffer. The solution was then re-diluted in 10 mM
sodium phosphate pH7 buffer at 1 mg/ml and incubated at 37°C with or without
CdSe/ZnS QD.

6.2.3.3. AB solubilisation

Pure AR dispersions were prepared by solubilising of 1 mg dehydrated human A (1-
42) peptide in 1 ml pure HFIP. The dispersion of Ap in HFIP was stirred at room
temperature until total solubilisation of the AP peptide powder (transparent dispersion
without visible aggregates). HFIP was then evaporated under gentle nitrogen flux
until only a yellow-coloured film was visible. 100 pul 10 mM sodium phosphate pH7
buffer were added. The solution was then re-diluted in 10 mM sodium phosphate pH7
buffer at 0.43 mg/ml and incubated at 37°C either with or without CdSe/ZnS QD.

6.2.3.4. Buffer preparation

10 mM sodium phosphate pH6 buffer was prepared by mixing 0.44 ml 0.1 M sodium
phosphate dibasic, 4.56 ml 0.1 M sodium phosphate monobasic, and 45 ml Millipore
ultrapure water. The buffer was then mixed thoroughly, filtered using Millex-LG 0.22
um pore-size filter (Millipore), and degassed for 5 min using a Ultrasonic Cleaner
2510 sonication bath (Eppendorf).

10 mM sodium phosphate pH7 buffer was prepared by mixing 2.59 ml 0.1 M sodium
phosphate dibasic, 2.41 ml 0.1 M sodium phosphate monobasic, and 45 ml Millipore
ultrapure water. The buffer was then mixed thoroughly, filtered using a 0.22 um filter
(Millipore), and degassed for 5 min using a sonication bath (Eppendorf).
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10 mM sodium phosphate pH8 buffer was prepared by mixing 4.6 ml 0.1 M sodium
phosphate dibasic, 0.4 ml 0.1 M sodium phosphate monobasic, and 45 ml Millipore
ultrapure water. The buffer was then mixed thoroughly, filtered using a 0.22 um filter
(Millipore), and degassed for 5 min using a sonication bath (Eppendorf).

Congo red dispersion was prepared and filtrated daily through a 0.22 um filter
(Millipore); it contains 0.1 g/l Congo red in 10 mM sodium phosphate pH7 buffer.

10 uM thioflavin T (ThT) working dispersion was prepared and filtered daily through
a0.22 um filter (Millipore); it contains 16 pl 1 g/l ThT mother dispersion in 4.985 ml
10 mM sodium phosphate pH7 buffer. 1 g/l ThT mother dispersion was prepared
every week by dissolving 1 mg of ThT powder in 1 ml 10 mM sodium phosphate pH7
buffer.

61



7. Results

7.1.PEGylated CdSe/ZnS quantum dots induced human insulin amyloid

fibrillisation under physiological conditions

7.1.1. Interactions of PEGylated QD with human insulin in vitro

The incubation of different PEGylated QD with human insulin leads to an association
between insulin and nanoparticles. Figure 9 represents the DLS analysis of different
dispersions, and demonstrates that PEGylated QD are stable over a period of time of
more than one week (Figure 9a). In the same way a dispersion of insulin alone shows
no sign of aggregation over one week incubation in pH 7 buffer at 37°C (Figure 9b).
On the contrary analysis of a mixture of PEGylated QD with insulin shows a time-
dependent evolution of size distribution in the dispersion and an experimental average
size higher than the theoretical one and the one of PEGylated QD aone (Figure 9c).
Analysis of PEGylated QD absorbance and fluorescence spectra confirms the stability
of QD when mixed with insulin for longer than one week in physiological media
Interaction of insulin and PEGylated QD shows size-stable aggregates with most PEG
but incubation with PEG-OH shows an aggregation process with aggregates of
millimetre size after 24 h.
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Figure 9. Size distribution of PEG-OH-coated CdSe/ZnS QD alone, insulin alone, and insulin in
the presence of QD.

(A) Insulin was incubated at 2 mg/ml. (B) PEG-OH-coated CdSe/ZnS QD was incubated at 3.44 M.
The different dispersions were incubated in a 10 mM sodium phosphate pH 7 buffer at 37°C over 7
days. DLS frequency curves were recorded after O (blue), 1 (red), 2 (green), 3 (violet), 4 (cyan), 5
(orange), 6 (grey), and 7 days (pink). (C) Insulin (2 mg/ml) was incubated in the presence of PEG-OH-
coated CdSe/ZnS QD (3.44 uM), for 30 min. Frequency curves were recorded after O (blue), 5 (red), 10
(green), 20 (violet), and 30 min (cyan). (r.nm): hydrodynamic radius (in nm).
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7.1.2. PEGylated QD induced Insulin aggregation

The process of aggregation, observed when insulin and PEG-OH QD were incubated
in pH 7 buffer at 37°C, was demonstrated using dynamic size analysis (Figure 10).
Through analysis of aggregate size evolution, one can observe that the size
distribution of aggregates evolved rapidly after incubation (Figure 10a). Size
distribution evolves continuously for 24 h with appearance of intermediate size
aggregates of 0.05, 0.2, and 1 um of diameter (Figure 10b). Insulin is known to form
structurally defined fibers, amyloid fibers, but environmental conditions needed to
induce this fibrillisation (at pH 2 and 60°C) are different from the ones observed in
this study. Amyloid fiber specific parameters were analysed in order to characterize

aggregates observed when insulin is incubated with PEGylated QD.
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Figure 10. Insulin size distribution in the presence of PEG-OH-coated CdSe/ZnS QD, PEG-
COOH-coated CdSe/ZnS QD, and PEG-NH -coated CdSe/ZnS QD, monitored over 24 h.

Insulin (2 mg/ml) was incubated in the presence of 3.44 uM PEG-OH-coated CdSe/ZnS QD (A), PEG-
COOH-coated CdSe/ZznS QD (B), and PEG-NH»-coated CdSe/ZnS QD (C) in a 10 mM sodium
phosphate pH 7 buffer at 37°C. All dispersions were incubated for 24 h. (A) Dynamic light scattering
frequency curves were recorded after O (blue), 12 (red), and 24 h (green). (B) Frequency curves
represent insulin alone (blue), PEG-COOH-coated CdSe/ZnS QD alone (red) and mix of insulin and
QD after 0 (green), 12 (violet), and 24 h (cyan). (C) Frequency curves represent insulin aone (blue),
PEG-NH,-coated CdSe/ZnS QD alone (red) and mix of insulin and QD after O (green), 12 (violet), and
24 h (cyan). (r.nm): hydrodynamic radius (in nm).
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7.1.3. QD-induced insulin aggregation displays similarities with amyloid fibrillisation
phenomena

Analysis of aggregates generated when insulin is incubated with PEGylated QD
shows that insulin aggregation, induced by PEG-OH QD at pH 7 and 37°C, generates
fibers presenting amyloid structural features. Indeed, by analysing the secondary
structure of insulin one can see that the addition of PEGylated QD, with PEG-OH,
induces a change in the far UV circular dichroism spectra of the dispersion, which can
be interpreted as an insulin secondary structure change from a native form, rich in o.-
helix to aform rich in 3-sheet (Figure 11a). The dispersion of PEGylated QD does not
present any circular dichroism activity in the far UV and dispersions of insulin alone
present stable circular dichroism spectra corresponding to the native a-helix form of
insulin (Figure 11b) over the same period of incubation a pH 7 buffer and 37°C,
which confirms that the aggregation process of insulin induced by PEGylated QD
coated with PEG-OH is linked to a secondary structure change similar to the one
occurring during amyloid fibrillisation. Insulin aggregation induced by PEGylated
QD was investigated using amyloid specific dyes: Congo red or thioflavin T, in order

to further demonstrate its relation with amyloid phenomena.
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Figure 11. Changein insulin secondary structurein the presence of QD.

Far UV circular dichroism spectra of insulin (2 g/l) in the presence of 3.44 uM PEG-OH-coated
CdSe/ZnS QD (A). Far UV circular dichroism spectra of pure insulin (2 g/l) and pure PEG-OH-coated
CdSe/ZnS QD (3.44 uM) (B). Spectra of insulin in the presence of PEG-OH-coated CdSe/ZnS QD
were recorded after O (blue), 12 (red), and 24 h (green). Spectra of pure insulin were recorded after O
(blue), 12 (red), and 24 h (green), and spectra of pure PEG-OH-coated CdSe/ZnS QD were recorded
after O (violet), 12 (cyan), and 24 h (orange). All experiments were performed in 10 mM sodium
phosphate buffer pH 7 at 37°C.
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Congo red had been used for a long time as a tagging agent of amyloid cerebral
deposits for the diagnostic of Alzheimer’s disease [147]. It is known to interact with
the cross-p structure of amyloid fibers and this interaction induces the appearance of a
circular dichroism activity by the so-called extrinsic Cotton effect [161]. Congo red
CD spectrometry confirms that insulin aggregation can be related to a secondary
structure change but does not demonstrate its amyloid nature (Figure 12). Indeed a
dispersion of QD alone presents no Congo red CD spectrainduction over 36 hin pH 7
buffer at 37°C (Figure 12b). Figure 12b, representing the evolution of Congo red CD
Spectra of a dispersion of pure insulin, shows that the spectra do not change over
incubation for 36 h in pH 7 buffer at 37°C and stay similar to the spectra of
monomeric insulin as described in the literature. On the contrary, insulin incubated
with PEGylated QD, coated with PEG-OH, shows a decrease in Congo red circular
dichroism spectra specific of monomeric insulin but without the appearance of an
insulin amyloid fiber specific spectrum (Figure 12a). This result demonstrates the
change of secondary structure already observed during analysis of insulin secondary
structure by far UV CD spectrometry but is not sufficient to demonstrate the
appearance of amyloid fibers of insulin in the dispersion. In order to clarify the nature
of the protein structure change observed in these dispersions an amyloid specific

fluorescent dye has to be used.
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Figure 12. Insulin fibrillisation kinetics at 37°C monitored by Congo red CD.

Insulin (2 g/l) was incubated in the presence of 3.44 uM PEG-OH-coated CdSe/ZnS QD (A). Spectra
were recorded after 0 (blue), 12 (red), 24 (green), and 36 h (violet). 3.44 uM PEG-OH-coated
CdSe/ZznS QD or 2 g/l insulin were incubated alone (B). For pure insulin, spectra were recorded after O
(blue), 12 (red), 24 (green), and 36 h (violet). For pure QD, spectra were recorded after 0 (cyan), 12
(orange), 24 (grey), and 36 h (pink). All experiments were performed in 10 mM sodium phosphate pH
7 buffer at 37°C.
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Thioflavin T and derived dyes are currently used as specific tagging agents for
amyloid fibers in vitro [162]. Thioflavin T, a fluorescent dye, has excitation and
emission spectra which change when it interacts with a cross-B structure: its
absorption maximum shifts from 350 nm to 438 nm and its emission maximum shifts
from 450 to 482 nm [162]. Here ThT fluorescence assay confirms results obtained
with Congo red: insulin aggregation, induced by PEGylated QD coated with PEG-
OH, exhibits amyloid fibrillisation characteristics. Analysis of Figure 13 shows that
when insulin isincubated in pH 7 buffer and 37°C there is no fluorescence at 482 nm,
thus insulin does not form amyloid fibers over 30 h incubation. But if mixed with
PEGylated QD then an increase in fluorescence is observed at 482 nm starting after 6
h and continuing over about 30 h. If the observed phenomenon of insulin amyloid
fibrillisation is induced by PEG-coated QD then an increase in QD concentration

should induce an accelerated amyloid fibrillisation and vice versa.
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Figure 13. Insulin fibrillisation kinetics at 37°C monitored by ThT fluor escence.

Human recombinant insulin (2mg/ml) was incubated in the absence (red) or in the presence (blue) of

3.44 uM PEG-OH-coated CdSe/ZnS QD in 10 mM sodium phosphate pH 7 buffer at 37°C over 30 h.
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7.1.4. Effect of QD concentration on QD-related insulin fibrillisation

In order to demonstrate the direct inducing effect of QD on insulin fibrillisation the
effect of QD concentration in the dispersion has been studied. Analysis of different
QD/insulin molar ratiosin pH 7 buffer at 37°C shows that the phenomenon of insulin
aggregation in the presence of PEG-OH-coated QD (QD-OH) is directly dependent on
the QD/insulin molar ratio. Indeed, as shown in Figure 14 a higher QD/insulin ratio
induces a faster protein refolding, which can be connected to insulin aggregation, and
a lower ratio induces a slower insulin refolding. Again a dispersion of pure insulin
shows no sign of protein refolding over 24 h at 37°C (Figure 14a). The role of QD-
OH on insulin aggregation is thus demonstrated but the underlying mechanism has
not been unraveled so far. The link between temperature and pH variations and the

aggregation phenomenon has been investigated in order to elucidate its mechanism.
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Figure 14. Change in insulin secondary structure in the presence of different concentration of

QD.

Far UV circular dichroism spectra of insulin (2 mg/ml) in the absence (A) or the presence of different
concentrations of PEG-OH-coated CdSe/znS QD: 13.76 uM (B), 3.44 uM (C), 0.86 uM (D).
Dispersions were incubated for 24 h in a 10 mM sodium phosphate pH 7 buffer at 37°C. For each
condition, spectra were recorded after O (blue), 12 (red), and 24 h (green).
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7.1.5. Effect of temperature on QD-related insulin fibrillisation

The effect of temperature on the previously observed phenomenon was investigated.
It has aready been shown that native insulin can form amyloid fibrils under certain in
vitro incubation conditions: 60°C and pH 2 buffer [163]. It is known that in the case
of the already described in vitro insulin fibrillisation, the effect of both temperature
and pH are complementary to induce the secondary structure destabilisation needed to
induce amyloid fibrillisation. An increase in incubation temperature or a decrease in
pH has been shown to accelerate the process of insulin fibrillisation [163].

QD-OH and insulin were incubated in pH 7 buffer at 25, 37, or 50°C. Insulin
fibrillisation was investigated using ThT fluorescence assay. Figure 15 shows that,
when incubated at 25°C the dispersion shows no increase in the ThT specific
fluorescence over 6 h incubation, incubation at 37°C causes a constant increase in the
ThT specific fluorescence, and incubation at 50°C accel erates the rate of the specific
fluorescence increase

Temperature-dependence supports the hypothesis that the role of QD-OH in the

induction of insulin fibrillisation is linked to the destabilisation of insulin structure.
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Figure 15. Insulin fibrillisation kinetics monitored through ThT fluorescence intensity.

Human recombinant insulin (2mg/ml) was incubated in the presence of 3.44 uM PEG-OH-coated
CdSe/ZnS QD in a 10 mM sodium phosphate pH 7 buffer. The resulting dispersions were incubated at
different temperatures for 6 h: 50°C (green), 37°C (red), or 25°C (blue).
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7.1.6. Effect of pH on QD-related insulin fibrillisation
Low pH was described to destabilize insulin without inducing a change in the
secondary structure [163]. This effect is known to accelerate the in vitro insulin
thermo-fibrillisation and to accelerate the agueous solubilisation of solid insulin
[163]. Here the impact of pH variations is investigated with the same aim: to identify
the mechanism of insulin fibrillisation induction by QD-OH. Indeed, we postul ate the
hypothesis that if the presence of QD is acting as a destabilization agent then a
decrease in pH of the mixture of QD and insulin should generate a faster insulin
fibrillisation.
Three mixtures of QD-OH and insulin were incubated at 37°C in three different
buffers of pH 6, 7, or 8. The effect of pH on insulin fibrillisation was investigated
using ThT fluorescence assay. Figure 16 shows that the change in ThT fluorescenceis
faster at the higher pH.
These findings alow us to propose that QD-OH induced insulin fibrillisation is
related to electrical charges present at the QD surface. Indeed, pH variations could
induce charge changes at the surface of QD. Thus the link between QD surface charge

variations and the QD-induced insulin amyloid fibrillisation has been studied.
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Figure 16. Insulin fibrillisation kinetics monitored through ThT fluorescence intensity.

Human recombinant insulin (2mg/ml) was incubated in the presence of 3.44 uM PEG-OH-coated
CdSe/znS QD at 37°C. Insulin and QD were incubated for 12 h in 10 mM sodium phosphate buffers
with different pH: 8 (green), 7 (red), or 6 (blue).
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7.1.7. The effect of QD surface charges on QD-related insulin fibrillisation

By analysing the effect on soluble native insulin of PEGylated CdSe/ZnS QD
presenting different chemical functions, and so different charges at their surface, we
demonstrate below that only QD with a weak negative charge are able to induce
insulin aggregation. Indeed, figure 17 indicates that in the presence of PEG-COOH-
coated QD (QD-COOH) (Figure 17B) or PEG-NH,-coated QD (QD-NHy) (Figure
17C) the insulin secondary structure remains unchanged for 24 h at pH 7. Meanwhile,
Figure 17A shows that QD-OH, as previously described, induce a change in the
secondary structure of insulin dispersion.

The zeta potential of PEGylated CdSe/ZnS QD dispersions in pH 7 buffer at 37°C
shows that QD-OH present an average charge of -5.2 mV, QD-COOH present an
average charge of -53.6 mV, and QD-NH; present an average charge of +18.4 mV
(table 1).

Type of QD Hydrodynamic radius (nm) | Zeta potential (mV)
QD-COOH 64+19 -53.6+54
QD-OH 58+18 -52+6.6

QD-NH> 64+29 +184+8.2

Table 1 Hydrodynamic radius and zeta potential of CdSe/ZnS QD coated with different PEG.

3.44 uM of CdSe/ZnS QD coated with PEG-COOH, PEG-OH, or PEG-NH, were incubated in 10 mM
sodium phosphate pH 7 buffer at 37°C and analysed after 10 min incubation. Hydrodynamic radius was
calculated from the intensity-based particle size distribution, using the Rayleigh’s approximation, to
reflect the number-based particle size distribution. Zeta potential was calculated using the Huckel’s

approximation.

Thus low negative charges at the surface of nanoparticles are responsible for inducing
the effect of PEGylated QD on insulin fibrillisation. These findings correlate with
previous studies that show that gold nanoparticles with negative charges at their
surface induce insulin fibrillisation. In this study negative charges are proposed to be
the fibrillisation-inducing element of nanoparticles [164]. In order to explain our
results, and in particular the requirement of a low negative charge, we formulate the
hypothesis that the inducing effect of PEGylated QD could be related, not to the value
of negative charges at the surface of QD but to the distribution pattern of charges.
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Figure 17. Changein insulin secondary structurein the presence of differently coated QD.

Far UV circular dichroism spectra of insulin (2 mg/ml) in the presence of 3.44 uM of differently coated
CdSe/zZnS QD: with PEG-OH (A), with PEG-COOH (B), or with PEG-NH, (C). Dispersions were
incubated for 24 h in a 10 mM sodium phosphate pH 7 buffer at 37°C. For each condition spectra were
recorded after O (blue), 12 (red), and 24 h (green).
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7.1.8. The effect of surface charge distribution on the QD-related insulin fibrillisation

To analyse the effect of charge distribution at the surface of QD-OH we used QD of
different size coated with the same amount of PEG-OH in order to generate a
variation of the spacing between charges at the QD surface. Three different QD-OH
were created using CdSe/ZnS core/shell QD with a respective core diameter of 2.5,
3.3, and 4.8 nm, and are named using their fluorescence emission maximum:
respectively QD 530, QD 570, and QD 610. The newly created QD-OH
hydrodynamic radius and zeta potential have been analysed by dynamic light
scattering in order to ensure the purity of the QD dispersion and the value of the

individual surface charge (Table 2).

Type of QD Hydrodynamic radius (nm) Zetapotential (mV)
QD 530 49+ 15 -25+4

QD 570 58+18 -52+6.6

QD 610 72+24 -123+79

Table 2. Hydrodynamic radius and zeta potential of CdSe/ZnS QD with different core-sizes.

3.44 uM of CdSe/ZnS QD coated with PEG-OH and core-sizes of 2.5 (QD 530 nm), 3.3 (QD 570 nm),
or 4.8 nm (QD 610 nm) were incubated in 10 mM sodium phosphate pH 7 buffer at 37°C and analysed
after 10 min incubation. Hydrodynamic radius was calculated from the intensity-based particle size
distribution, using the Rayleigh’s approximation, to reflect the number-based particle size distribution.

Zeta potential was calculated using the Huckel’s approximation.

Analysis of the effect of these three kinds of QD-OH on insulin for 3 days, at pH 7
and 37°C, shows that only QD 570 were able to induce secondary structure change
(Figure 18B). Analysis of a dispersion of insulin and QD 570, by circular dichroism,
demonstrates that the presence of QD 570 induces a change in secondary structure of
insulin. Differences between spectra observed in Figure 18C can be considered as
non-consistent and due to the noise created by the absorption spectrum of QD 610.

We conclude that the induction of insulin fibrillisation observed in this study is not
related to the bulk value of charges at the QD surface but to a specific charge density

at the QD surface thus to a specific presentation pattern of these chargesto insulin.
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Figure 18. CD demonstrates changes in insulin secondary structure in the presence of QD of

different sizes.

Far UV circular dichroism spectra of insulin (2 mg/ml) in the presence of 3.44 uM of PEG-OH-coated
CdSe/znS QD with different core diameters. 2.5 (A), 3.3 (B), and 4.8 nm (C). Dispersions were
incubated for 3 days in a 10 mM sodium phosphate pH 7 buffer at 37°C. For each condition, spectra
were recorded after O (blue), 1 (red), 2 (green), and 3 days (orange).

81



7.2.PEGylated CdSe/ZnS QD modify the kinetics of amyloid 3 (1-42)
peptide fibrillisation and of bovine serum albumin aggregation under
physiological conditions

Following our results on insulin we decided to analyse the effect of QD on an

amyloidosis-prone peptide and, as a control, on a stable protein with the aim to clarify
the role of QD surface charges on the peptide and protein structure previously
identified on insulin.

Amyloid B (1-42) peptide (AB) was chosen as an amyloidosis-prone peptide for its
role in Alzheimer’s disease, its known structural unstability in physiologica buffer,
and its ability to form fully-matured amyloid fibers within a week of incubation at
37°C.

Bovine serum abumin (BSA) was chosen as the stable protein because of its
relatively large size and structure stability, its easy availability, and its known pattern
of aggregation without fibrillisation upon incubation at 37°C.

In order to assess consequences of the interaction of QD with peptides or proteins one
should first clarify the capacity of QD to physically interact with peptides or proteins

previously observed when QD and insulin were mixed together.

7.2.1. QD interact with AB and BSA to form aggregates
Physical interaction of QD with various proteins and peptides was studied using the
dynamic light scattering technique. Results can be found in Figure 19. QD appears to
interact with different proteins and peptides under physiological conditions.
Figure 19A shows that interactions of QD-OH and A generate aggregates (green
curve) larger than pure QD (red curve) and pure AB (blue curve). Similar results have
been obtained using QD-COOH (Figure 19B) and QD-NH, (Figure 19C). These
results demonstrate the capacity of QD coated with different chemica groups to
interact with the ApB.
Figure 19 also shows that QD can also interact with larger proteins like bovine serum
abumin (BSA). Indeed, Figure 19D demonstrates that interactions of QD-OH and
BSA generate aggregates (green curve) larger than pure QD-OH (red curve) and pure
BSA (blue curve). Similarly interactions of QD-NH, or QD-COOH, with BSA also
generate complexes larger than pure BSA or pure QD (Figure 19D and 19E). These
results demonstrate the capacity of QD coated with various chemical groups to
interact with BSA.
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Figure 19. Size distribution of QD, amyloid B (1-42), bovine serum albumin alone, and their
mixtures.

(A) AB (blue), QD-OH (blue), and mix of AB and QD-OH (green).

(B) Ap (blue), QD-COOH (blue), and mix of Ap and QD-COOH (green).

(C) Ap (blue), QD-NH, (blue), and mix of AB and QD-NH, (green).

(D) BSA (blue), QD-OH (blue), and mix of BSA and QD-OH (green).

(E) BSA (blue), QD-COOH (blue), and mix of BSA and QD-COOH (green).

(F) BSA (blue), QD-NH, (blue), and mix of BSA and QD-NH, (green).

The dispersions were incubated in a 10 mM sodium phosphate pH 7 buffer, 37°C, and with 300-rpm
agitation over 1 hour. (r.nm): hydrodynamic radius (in nm).
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Analysis of the capacity of QD to interact with A and BSA confirms the observation
made on insulin and demonstrates interactions between QD and proteins or peptides
under physiological conditions.

Regarding this finding, since QD coated with different chemical groups are
interacting with Ap and BSA then the effect of charges at the surface of QD on
peptides and proteins needs to be elucidated.

In order to investigate this aspect of the interaction of QD and peptides or proteins we
used QD carrying at their surface specific chemical groups that, under physiological
conditions, will give to the QD surface a neutral, negative, or positive charge.

The effect of QD surface charges on peptides or proteins was first investigated, using
these specially designed QD, on the kinetics of the A peptide aggregation through

the analysis of size distribution evolution by DLS.

7.2.2. QD-AB interactions are dependent on QD surface charges
Dynamic light scattering was used to clarify the effect of QD surface charges on the
kinetics of growth of AP aggregates. Changing electrical charges at the QD surface
induces a change in the pattern and rate of A aggregate growth (Figure 20).
OH groups, generating a quasi-neutral charge, at the surface of QD induce a
slowdown of AP aggregate formation compared with a dispersion of pure AB (Figure
20A). QD presenting a negative charge due to COOH groups at their surface have a
similar effect (Figure 20C).
On the contrary, the presence of QD with positively charged NH3" groups at their
surface in the AB dispersion seems to induce an extremely fast appearance of Ap
aggregates, of sizes above the limit of DL S detection (Figure 20D).
As previously shown with insulin the effect of QD on A seems to be dependent on
QD surface charge too. In order to extend our studies we have analysed the effect of
QD on bovine serum abumin (BSA) because BSA is a much larger protein than
insulin and is known to be resilient and sensitive to the presence of nanoparticles
[165].

84



f/
BSA )
16 1 \
124
g
z 81
Control
E 4
1) —
0.1 1 10 100 1000 10000 0.1 1 10 100 1000 10000
Size (r.nm) Size (r.nm) /
16 4 16 1 \
12 4 B 12 A
g, g,
> > 1
E -E | + QD'OH
4 24 |
0 ' . 0 N
0.1 1 10 100 1000 10000 0.1 1 10 100 1000 10000
Size (r.nm) Size (r.nm) _/
16 7 16 \
12 1 C 12 1
= =
j + QD-COOH
EY E 4 ' \\
0 +— i 0 \ y '; .\
0.1 0.1 10 1000
Size (r.nm) Size (r.nm) /
35 7 16 1 \
30 D
25 1 127
820 1 g
| +QD-NH,
5 1 ]
0+ - 0 -
0.1 10 0.1 10 1000
Size (r.nm) Size {r.nm) /

Figure 20. Change in amyloid B (1-42) peptide and bovine serum albumin aggregate size

distribution in the absence or presence of various QD, monitored over time.

AB (0.5 g/l) in the absence (A) or in the presence of 1.11 uM QD-OH (B), 1.11 uM QD-COOH (C), or
1.11 uM QD-NHj; (D). Dynamic light scattering was recorded after O (blue), 2 (red), and 4 days (green)
incubation. All dispersions were incubated in 10 mM sodium phosphate pH 7 buffer, 37°C, and with

300-rpm agitation.

Bovine serum albumin (0.1 g/l) in the absence (E) or in the presence of 150 nM QD-OH (F), 150 nM
QD-COOH (G), or 150 nM QD-NH; (H). Dynamic light scattering was recorded after O (blue), 2 (red),
and 4 days (green) incubation. All dispersions were incubated in 10 mM sodium phosphate pH 7

buffer, 37°C, and with 300-rpm agitation. (r.nm): hydrodynamic radius (in nm).
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7.2.3. QD-BSA interactions are dependent on QD surface charges
We anaysed the effect of QD on the BSA aggregation kinetics under physiological
conditions. Figure 20F shows that the aggregation kinetics of BSA is slower in the
presence of QD-OH than for BSA alone (Figure 20E). Contrary to what was observed
for AP, addition of QD-COOH to a BSA dispersion seems not to induce the
stabilization of a particular population of BSA aggregates but to enhance the rate of
aggregate growth (Figure 20G). Regarding QD-NH,, (Figure 20H), its incorporation in
the BSA dispersion under physiological conditions appears to induce a stronger
interaction with BSA than other QD and to stabilise aggregates over time.

These findings suggest that the effect of QD on the BSA aggregation is clearly
dependent on the QD surface charges, confirming our previous results on human
insulin and amyloid B (1-12) peptides. However these results do not demonstrate any
effect of QD on the specific process of aggregation like amyloid fibrillisation. Indeed,
contrary to AP, which is known to form amyloid fibers while aggregating, BSA
aggregation does not give rise to any fiber-like structures and is not known to present
any modifications of the secondary structure.

In order to clarify if the impact of QD on the aggregate kinetics of A and BSA is
related to an amyloid fibrillisation mechanism, we investigated the effect of QD on

the secondary structure of both biomolecules.

7.2.4. QD induces changes in the kinetics of AB secondary structure modifications

The investigation of the impact of various QD on the secondary structure of Ap was
performed using the circular dichroism technique (CD), the aim been to clarify if
variations of the aggregation process previously observed when QD were present,
originate from an amyloid process or from an aggregation process.

Analysis of various QD impacts on the A secondary structure shows that QD does
not change the pattern of the secondary structure modification present when Ap form
amyloid fibers but it shows that the presence of QD induces modifications in the rate
of the observed changes. These modifications are dependent on charges at the QD
surface.

QD-OH seem to induce a slower A CD signa disappearance when mixed with the
ApB dispersion (Figure 21B) in comparison with pure AB (Figure 21A). Signa

decrease is characteristic of the appearance of larger aggregates in the dispersion.
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Indeed, as aggregate sizes reach 10 % of the wavelength of the incident radiation then
the Mie model of light scattering and in particular the forward scattering effect is
directly dependent on particle size.

QD-COOH in the AB dispersion seems to induce the stabilization of the CD signal
over time (Figure 21C). The stabilized CD signal of AB is characteristic of [3-sheet
secondary structures. B-sheet secondary structures appear in AP after the refolding
from initial a-helix-rich conformers. The -sheet structure and the peptide refolding
are characteristic of an amyloid fibrillisation process. By correlating these findings
with the previous results one can argue that the stabilized population of aggregates
observed during the DL S analysis may be constituted of -sheet-rich AB conformers.
In opposition to what was observed previously, Figure 21D shows that in the presence
of QD-NH, the CD signal of AP disappears extremely fast.

These data support the hypothesis that the rapid appearance of micrometric
aggregates, observed by DLS, is at the origin of the A CD signal reduction observed
here. The secondary structure analysis through CD confirmed that the presence of QD
has an effect on the secondary structure of Ap and this effect is dependent on QD
surface charges.

The B-sheet spectrum observed when A is incubated with QD-NH, could suggest
that its aggregation is due to amyloid fibrillisation, however the disappearance of the
CD signal and the poor signal quality prevent us from claiming that A3 aggregation is
due to amyloid fibrillisation. In order to clarify this point we will use an amyloid-
specific fluorescence dye to confirm the presence or the absence of amyloid fibers

within aggregates of Ap.
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Figure 21. CD demonstrates changesin AP and BSA secondary structurein the presence of QD.

Far UV circular dichroism spectra of AB (0.5 g/l) were recorded in the absence (A) or in the presence
of 1.11 pM QD-OH (B), 1.11 uM QD-COOH (C), or 1.11 pM QD-NH, (D). Spectra were recorded
after O (blue), 2 (red), and 4 days (green). All dispersions were incubated in 10 mM sodium phosphate
pH 7 buffer, 37°C, and with 300-rpm agitation.

Far UV circular dichroism spectra of BSA (0.1 g/l) were recorded in the absence (E) or in the presence
of 150 nM QD-OH (F), 150 nM QD-COOH (G), or 150 nM QD-NH, (H). Spectra were recorded after
0 (blue), 2 (red), and 4 days (green). All dispersions were incubated in a 10 mM sodium phosphate pH
7 buffer, 37°C, and with 300-rpm agitation.
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7.2.5. QD induces no changes in the BSA secondary structure

Asfor AB, the effect of QD on BSA has to be elucidated in order to determine if this
was originated from an amyloid fibrillisation or from a common protein aggregation.
Figure 20E showed that BSA was naturally aggregating under physiological
conditions and that under the influence of QD the aggregation kinetics was modified.
CD spectra as a function of incubation time revealed that there are no changes in the
secondary structure of BSA during its aggregation when incubated without QD
(Figure 21E). The CD spectrum of BSA when incubated with various QD displays no
changes during incubation (Figure 21F, 21G, and 21H). This absence of changes can
be interpreted as an absence of a secondary structure refolding, the protein refolding
being needed in amyloid fibrillisation process to generate highly structured protein
aggregates. This finding leads us to suppose that protein aggregation, observed when
BSA is co-incubated with QD, is not due to an amyloid fibrillisation. Even if CD
results revedled that when incubated with QD, the BSA CD spectrum varies in
intensity, this intensity variation can be explained by the appearance of the same kind
of aggregates observed during DLS analysis, as shown in Figure 20. This assumption
is correlated with similar observed variations of the intensity when BSA is incubated
in the absence of QD (Figure 21E).

The time stability of the a-helix characteristic spectrum observed when QD coated
with different groups are incubated with BSA seems to demonstrate an absence of
amyloid in BSA aggregation, however the absence of BSA aggregates formed via
amyloid fibrillisation cannot be totally ruled out. In order to establish the presence or
absence of these possible aggregates, an amyloid-specific dye was used.

7.2.6. Impact of QD on AB amyloid fibrillisation is charge-dependent
As suggested above the implication of amyloid fibrillisation in the aggregation
process of A3 cannot be completely demonstrated using only the circular dichroism
technique. In order to ensure the presence of amyloid aggregates, we decided to use
an amyloid-specific fluorescent dye, thioflavin T (ThT). ThT recognises a specific
intermolecular structure in AP aggregates. This structure, called the B-cross, is

composed of an assembly of two antiparallel 3-sheet secondary structures. Interaction
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with this structure by ThT changes its fluorescence emission maximum. Thus by
monitoring the intensity of fluorescence at the new maximum wavelength one can
follow the appearance of amyloid aggregates of AB in the absence or presence of
various QD.

Figure 22A demonstrates that when A is incubated in the absence of QD the level of
ThT fluorescence remains high throughout the incubation process, demonstrating that
A aggregation observed during the incubation is due to amyloid fibrillisation.

When AP are incubated in the presence of QD-OH, the intensity of ThT fluorescence
is important but lower than the one of pure AB. The normalised ThT fluorescence of
AB+QD over pure AP, presented in Figure 22B, reveals the tendency of ThT
fluorescence induced by the presence of various QD. Here the normalised data appear
to show that the presence of QD-OH induces a slow down in the amyloid fibrillisation
process of Ap.

In contrast, in the presence of QD-COCH the intensity of ThT fluorescence is higher
than the one displayed by Ap alone. The normalisation shows, in this case, that the
effect of QD-COOH on AP gives rise to an uninterrupted increase in ThT
fluorescence. The effect of QD-COOH on AP amyloid fibrillisation can therefore be
interpreted as an enhancement of aggregates or fibril formation.

The addition of QD-NH, to a A dispersion and the incubation under physiological
conditions generates a very low ThT fluorescence, after normalisation one can see
that ThT fluorescence is decreasing during the incubation. Our interpretation of these
findings is that QD-NH, inhibits amyloid fibrillisation of AB and that large
aggregates, observed in figures 16D and 17D, when QD-NH; are incubated with A
amyloid aggregates are not formed but instead a common protein aggregation occurs.
Indeed, the appearance of amyloid aggregates should induce a fast ThT fluorescence
increase followed by a slow decrease in ThT fluorescence due to the sedimentation of
the aggregates.

The effect of QD on AP aggregation with an amyloid-specific fluorescence dye is
dependent on QD surface charges. For QD with positive surface charges (QD-NH>)
the process of peptide aggregation induced by QD is not amyloid-related.

The same fluorescence dye technique has also been used to clarify the generation of
amyloid aggregates or fibers of BSA when incubated in the absence or presence of

various QD.
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Figure 22. Fibrillisation kinetics of Ap or BSA at 37°C monitored thought changes in ThT
fluorescence intensity.

(A) AB (0.5mg/ml) was incubated in the absence (blue) or the presence of 1.11 uM QD-OH (red), or
1.11 pM QD-COOH (green), or 1.11 uM QD-NH2 (violet) in a 10 mM sodium phosphate pH 7 buffer,
at 37°C, for 5 days with stirring at 300 rpm.

(B) Time course of ThT fluorescence of AB + QD over pure AB: QD-OH (blue), QD-COOH (red), or
QD-NH2 (green). The trend curve for each condition has been calculated using a second order
polynomial. The corresponding R-square are 0.8204 for QD-COOH, 0.59388 for QD-OH, and 0.9938
for QD-NH..

(C) Bovine serum albumin (0.1mg/ml) was incubated in the absence (blue) or the presence of 150 nM
QD-OH (red), or 150 nM QD-COOH (green), or 150 nM QD-NH2 (violet) in a 10 mM sodium
phosphate pH 7 buffer, at 37°C, for 5 days with stirring at 300 rpm.

(D) Time course of ThT fluorescence of BSA + QD over pure BSA: QD-OH (blue), QD-COOCH (red),
or QD-NH2 (green). The trend curve for each condition has been calculated using a second order
polynomial. The corresponding R-square are 0.75689 for QD-COOH, 0.66816 for QD-OH, and
0.64845 for QD-NH,.
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7.2.7. QD does not induce amyloid fibrillisation of BSA
Previous CD analysis of the effect of QD on BSA aggregation seems to show that
aggregation is not related to amyloid fibrillisation but to a common protein
aggregation pathway and that the presence of various QD does not change the
mechanism of BSA aggregation, but only influences the rate of the process.

To ensure the absence of amyloid aggregates or fibers during BSA incubation in the
absence or the presence of different QD we monitored the ThT fluorescence in BSA
dispersions with or without QD. Figure 22C shows an absence of ThT fluorescence
specific of amyloid aggregates when BSA was incubated in the absence of QD.

In the presence of different QD, the ThT fluorescence does not vary aong the
incubation and remains equal to the one of pure BSA (Figure 22C, D).

Thus we conclude that there are no amyloid aggregates of BSA formed during the
incubation under physiological conditions even in the presence of QD. Variations in
the BSA aggregation rate observed in Figure 20, when BSA is mixed with different
QD, is not due to the induction of an amyloid process by QD but to an effect of QD
on the common protein aggregation process.
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7.3.The design of specifically generated PEGylated CdSe/ZnS quantum
dots, invisible to insulin and capable of inhibiting AR amyloid

fibrillisation under physiological conditions
Our previous results have demonstrated the effect of QD on peptides and proteins in

their process to generate amyloid aggregates. Moreover this effect is due to charges at
the QD surface and is specific for peptides or proteins. Our experiment with insulin
has reveaed that the QD effect is dependent on the distribution of charges at the
surface of QD, rather than on total surface charges. Furthermore, we have shown that
with a proper selection of chemical groups at the surface of QD one can create QD
with a non-amyloid aggregation effect on amyloid-prone peptides. Thus, one could
create QD with the capacity to remove amyloid-prone toxic peptide from the
organism by aggregating them on the surface of QD in a non-amyloid way. This

possibility was tested experimentally, as described below.

7.3.1. The generation of electrically-neutral QD, containing specific surface charges.
Previously displayed results have shown that the presence of specific charges at the
QD surface can induce a non-amyloid aggregation of AB, a peptide whose amyloid
aggregates are known to be directly responsible for some of symptoms of the
Alzheimer’s disease (AD). Thus it would be possible to alow the disposa of those
peptides from the organism by macrophages and/or microglia
Indeed, our analysis of the impact of QD on AP amyloid fibrillisation has shown that
QD presenting at their surface positively charged NH3" groups induce the non-
amyloid aggregation of AP when incubated under physiological conditions (Figure
18C). Furthermore, QD-NH, have aso shown that they do not induce either amyloid
fibrillisation of potentially amyloid proteins like insulin (Figure 17). These QD do not
induce either the non-amyloid aggregation of potentially amyloid proteins like insulin
(Figure 9) and they seem to have a limited impact on strongly aggregating proteins
like BSA (Figure 19H).

These data explain the need for positively-charged NH, groups at the surface of
therapeutic QD (T-QD). Unfortunately QD-NH> have been shown in a previous study
[130] to be relatively unstable in biological media at pH 7. In order to increase the
lifespan of T-QD in extracellular fluids chemical groups must be added to its surface
to increase the stability in liquid mediaat pH 7. Within this framework, we decided to

93



use the chemical group OH as a stabilizer for T-QD. The choice of hydroxyl groups
originates from different data.

First, OH groups are known to increase the QD lifespan in biological media and to
bring little or no charges at the QD surface and second, we have shown that OH
groups at the QD surface reduces the rate of AP amyloid fibrillisation (Figure 18).
However our previous results have also shown that the presence of OH groups at the
QD surface could induce amyloid fibrillisation of insulin but we presume that the
presence of NH, groups will be sufficient to avoid the amyloid-generating effect of
OH groups on insulin.

Also important, while designing our T-QD, is the global charge of the particles.
Previous studies have shown that QD carrying a global positive charge are easily
incorporated inside cells and actively transported to the cell nucleus because of their
global positive charge whereas neutral QD are hardly incorporated into cells[166]. To
be optimally efficient our T-QD need to stay in the extracellular fluid where toxic
amyloid AP aggregates are generated, thus we decided to add COOH, to neutralize
positive charges from NH.

Four different ratios of NH,, OH, and COOH groups were tested to generate
individual T-QD that will be stable when incubated for one week in pH 7 buffer at
37°C and have a nearly-neutral global charge (table 3). Only one combination of
chemical groups reaches the targeted characteristics, this combination contains 30%
NH, groups, 60% OH groups and 10% COOH groups. They present a larger
proportion of OH groups than of NH, groups. Therefore, their efficiency as AP
amyloid fibrillisation inhibitors, under physiological conditions, has to be
investigated.
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T-QD PEG-NH2 PEG-OH PEG- Hydrodynamic Zetar
contents contents COOH radius (nm) Potential
contents
(mV)
1 71.25% 5% 23.75% 09+0.1 13.8+54
2 63.8 % 15% 21.2% 41.6+18.1 129+4.1
3 525 % 30% 17.5% 265155 9.1+41
4 30 % 60 % 10% 6.4+ 16 -15+31

Table 3. Hydrodynamic radius and zeta potential of CdSe/ZnS QD coated with various ratios of

different PEG.

344 uM of CdSe/znS QD coated with various ratios of PEG-NH,/PEG-OH/PEG-COOH were
incubated in 10 mM sodium phosphate pH 7 buffer at 37°C and analysed after 10 min incubation.

Hydrodynamic radius was calculated from the intensity-based particle size distribution, using the

Rayleigh’s approximation, to reflect the number-based particle size distribution. Zeta potential was

calculated using the Huckel’s approximation. Data are average values + S.D. (n=15)
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7.3.2. The interaction of electrically-neutral QD with AB reduces amyloid fibrillisation
In order to measure the efficiency of our T-QD as AP amyloid inhibitors we decided
to study their effect on AP under physiological conditions. One interesting pattern we
were looking at was the capacity for T-QD to interact physically with Ap and to form
aggregates larger than pure A.

7.3.2.1. Formation of AB/T-QD aggregates.

The effect of T-QD on AP aggregate formation Size analysed by DLS shows that,
contrary to what was expected, the effect of T-QD seems to be to slow down the
amyloid aggregation of Af.

Figure 23 shows that even if under both conditions (with or without T-QD) aggregates
are formed with aradius of 100 nm at the initiation step, the presence of T-QD seems
to inhibit the presence of larger aggregates at this stage. Also while AP aggregates
are rapidly growing to micrometric size when AP is incubated alone (Figure 23A),
when T-QD are present aggregates of Ap seem to be growing in size more slowly
(Figure 23B). The effect of T-QD on A aggregate size seems to be similar to the one
observed when QD-OH are present (Figure 18B).

T-QD effect on AP aggregation shows that the aggregation rate is even slower than in
the absence of QD. This does not support the possible therapeutic use of T-QD to
generate AP aggregates large enough to be recognized and recycled by macrophages
in vivo. Nevertheless, more information on the amyloid structure of aggregates is
needed to define the potentiality of T-QD as a therapeutic agent. Indeed, if the
observed aggregates have a non-amyloidal structure then T-QD could be considered
as a stabilization agent for the pre-refolding form of AP, helping to decrease the toxic

charge of Alzheimer’s patients.
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Figure 23. Changesin the AB size distribution frequency curve in the absence or the presence of

QD, monitored for 6 days.

Size distribution of particles determined by DLS for AB (0.5 g/l) in the absence (A) or in the presence
of 1.11 uM potentially therapeutic CdSe/ZnS QD (T-QD) (B). Measurements were performed after O
(blue), 2 (red), 4 (green), and 6 days (violet) incubation. All dispersions were incubated in 10 mM
sodium phosphate pH 7 buffer, 37°C, and with 300-rpm agitation. (r.nm): hydrodynamic radius (in

nm).
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7.3.2.2. Af secondary structure changes due to T-QD.
The efficiency of T-QD as therapeutic agents depends as well on their capacity to
[imit the AP refolding from an a-helix-rich form to a -sheet-rich form, a mandatory
step for the generation of toxic amyloid aggregates of AP in vivo. In order to estimate
the capacity of T-QD to limit AP refolding, we followed the effect of T-QD on the AP
secondary structure through CD spectrometry and compared with the evolution of the
AP secondary structure change observed when A were incubated in the absence of
QD.
CD anaysis reveals that the presence of T-QD does not modify the sense of the Ap
CD spectrum evolution but seems to affect the rate of this evolution. Figure 24A
shows that the pure AB CD spectrum signal disappears over 4 days incubation under
physiologica conditions. In the presence of T-QD, the A CD signal also disappears
over 4 days incubation under the same conditions (Figure 24B). However one can see
that at the start of incubation (blue curve) the CD spectrum of AP in the presence of
T-QD is more stable than in its absence. Furthermore, the CD spectrum of AP in the
presence of T-QD corresponds more clearly to a 3-sheet signal than the one of pure
AB.
The disappearance of the CD signal can be correlated with the appearance of large
aggregates and the Mie scattering previously explained, and the better definition of
the Ap CD signal in the presence of T-QD can be related to the stabilization of
smaller aggregate populations observed in Figure 23B, these aggregates causing a
limited light scattering, contrary to larger aggregates. The better definition would
originate from the slower aggregation rate in the presence of T-QD.
In summary, results presented in Figure 24B do not allow us to clarify the amyloid
nature of AP aggregates generated in the presence of T-QD. In order to enlighten this
point we have used the amyloid-specific fluorescent dye, Thioflavin T.
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Figure 24. CD demonstrates changesin AP secondary structurein the presence of QD.

Far UV circular dichroism spectra of human amyloid 8 (0.5 g/l) were recorded in the absence (A) or in
the presence of 1.11 uM of T-QD (B). Spectra were recorded after O (blue), 2 (red), 4 (green), and 6
days (violet) incubation. All dispersions were incubated in 10 mM sodium phosphate pH 7 buffer,
37°C, and with 300-rpm agitation.
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7.3.2.3.In the presence of T-QD, an amyloid-specific structure of A is identified
The efficiency of T-QD as a therapeutic agent is dependent on its capacity to inhibit
or to limit the formation of toxic amyloid aggregates of AP from its native non-toxic
form. We have shown previously that the T-QD in incubation media limits the
growing of AP aggregates, but we could not conclude whether aggregates formed in
the presence of T-QD by AP were amyloid aggregates. In order to clarify this point
we used the fluorescent dye ThT whose maximum emission is dependent on the
presence of an amyloid B-cross structure.
Results of this experiment show that the presence of T-QD does not inhibit the
formation of A amyloid aggregates but slows down the rate of aggregate formation
and growth. Figure 25A shows that the ThT amyloid-specific fluorescence is less
intense in the presence of T-QD (red curve) than in its absence (blue curve) and
decreases faster with pure AP. This effect is clearly visible when the ThT
fluorescence of AP with T-QD is normalized with respect to AP alone (Figure 25B),
then one can see that the effect of T-QD limits the amyloid-specific fluorescence of
ThT.
Two explanations can be given for this phenomenon. One is that the strong decrease
in ThT fluorescence observed with pure AP is due to the Mie scattering of the
fluorescent light occurring when AP aggregates reach a certain size (Figure 25A). T-
QD limits the growth of AP aggregates (Figure 25B). So it could aso limit the Mie
scattering and therefore explain the slower decrease observed in this case. The second
explanation is that the presence of T-QD particles may slow down the process of
amyloid fibrillisation of AP by “capturing” a certain quantity of A molecules on
their surface thus decreasing the effective concentration of A in the dispersion and
decreasing the rate of amyloid aggregate formation and growth. It is unfortunately not
possible for us to conclude on which of these two explanationsis valid here or, if both
arevalid, what isthe impact of each one on the global effect.
After analysing the effect of T-QD on AP aggregation it appears clearly that these
particles are able to slow down amyloid fibrillisation. T-QD revealed themselves as
less efficient than QD-NH, but could still have a therapeutic interest to slow down the
development of Alzheimer’s disease by limiting the generation of toxic amyloid
aggregates. Unfortunately the behaviour of T-QD seemsto be really similar to the one
observed with QD-OH (Figure 17). The issue is that these same QD have been shown
to generate amyloid aggregates of human insulin under physiological conditions. In
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order to demonstrate a potential therapeutic use of T-QD we would need to elucidate

if T-QD generate amyloid aggregates under physiological conditions.
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Figure 25. Fibrillisation kinetics of AB at 37°C, monitored by ThT.

(A) AB (0.5 mg/ml) was incubated in the absence (blue) or the presence of 1.11 uM of T- QD (red) ina
10 mM sodium phosphate pH 7 buffer, 37°C, with a 300-rpm agitation.

(B) Time course of ThT fluorescence of A + T-QD over pure AB. The trend curve (blue) has been

calculated using a second order polynomial. The corresponding R-square is 0.91071.
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7.3.3. Interactions of electrically-neutral QD with insulin give rise to amyloid fibrillisation
Analysis of T-QD on AP amyloid fibrillisation has stressed the importance of the OH
groups at the surface of T-QD. Our previous results have aso shown that QD-OH are
able to induce the aggregation of physiologically not amyloid-prone proteins, like
insulin. In order to estimate the efficiency of T-QD as a therapeutic agent one needs
to ensure that the latter do not induce the same amyloid process in insulin. We started
by clarifying the capacity of T-QD to physically interact with insulin.

7.3.3.1. Identification of insulin/T-QD aggregates

To eucidate the capacity of T-QD to bind insulin we decided to use the DLS
technique. Results appear to demonstrate that the presence of T-QD induces insulin
aggregation. Figure 26A shows that during incubation under physiological conditions,
pure insulin aggregates only slightly. The main population of molecules consists of
monomers during the first 24 h and then become insulin hexamers. Over the
incubation time one can see the appearance of sub micrometric-sized aggregates but
the main population of particles remains below 10 nm.

On the contrary in the presence of T-QD one can see in Figure 26B that even at the
start of incubation there are aggregates of T-QD and insulin. Aggregates grow during
incubation until reaching the upper limit of detection of our tool after 3 days
incubation under physiological conditions.

We propose that T-QD induces or largely accelerates the process of insulin
aggregation.
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Figure 26. Insulin size distribution in the absence or the presence of T-QD, monitored over 3

days.

DL S distributions of particles as a function of size were recorded for insulin (2 g/l) in the absence (A)
or the presence of 3.44 uM T-QD (B). Measurements were performed after 0 (blue), 0.5 (red), 1
(green), 2 (violet), and 3 days (cyan) incubation. Dispersions were incubated in 10 mM sodium

phosphate pH 7 buffer at 37°C. (r.nm): hydrodynamic radius (in nm).
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7.3.3.2. Slower secondary structure change of insulin in the presence of T-QD

Results displayed in figures 27A and 27B show that T-QD induces a change in insulin
secondary structure. Figure 27A shows little variation in the insulin CD spectrum
during incubation of pure insulin under physiological conditions. However, Figure
27B demonstrates important variations of the insulin CD spectrum when insulin are
incubated with T-QD. The intensity of CD spectra seems to diminish over time of
incubation. Nevertheless, even if the intensity of insulin CD spectra seems to decrease
during incubation with T-QD, the CD spectrum shape does not vary, indicating that a

transition from a-helix to f-sheet is not taking place.
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Figure 27. CD analysis demonstrates changes in the insulin secondary structure in the presence
of QD.

Far UV circular dichroism spectra of insulin (2 g/l) were recorded in the absence (A) or in the presence
of 3.44 uM of T-QD (B). Far UV circular dichroism spectra of insulin in the absence or in the presence
of T-QD were recorded after O (blue), 0.5 (red), 1 (green), 2 (violet), and 3 days (cyan). All dispersions
were incubated in 10 mM sodium phosphate pH 7 buffer at 37°C.
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7.3.3.3. Slower appearance of an amyloid-specific structure in the presence of T-QD
Figure 28A shows that pure insulin (blue curve) shows very little ThT emission over
the time of incubation under physiological conditions. However, the presence of T-
QD induces arapid increase in the ThT amyloid specific fluorescence intensity.
By normalizing results one can observe, in Figure 28B, that the presence of T-QD
generates amyloid fibrillisation of insulin. This amyloid fibrillisation seems to reach
saturation after 2 days incubation.
The presence of T-QD clearly induces amyloid insulin aggregates under physiological
conditions and this would be against their therapeutical use. The influence of OH
groups present at the surface of T-QD appears higher than the one of NH, groups but
surprisingly by comparing this result with the one obtained when insulin was
incubated with QD-OH one can observe that the rate of amyloid formation induced by
T-QD islower than the one induced by QD-OH.
In order to develop an efficient Alzheimer’s drug based on QD, new techniques of
QD solubilisation based on other chemical groups or combinations of chemical

groups at the surface of QD will be required.
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Figure 28. Fibrillisation kinetics of human insulin at 37°C monitored by means of ThT

fluorescence intensity.

(A) Insulin (2mg/ml) was incubated in the absence (blue) or the presence of 3.44 uM of T-QD (red) in
10 mM sodium phosphate a pH 7 buffer at 37°C.

(B) Time course of ThT fluorescence of insulin + T-QD over pure insulin. The trend curve (blue) has

been calculated using a second order polynomial. The corresponding R-square is 0.94599.
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8. General Discussion

8.1.Surface charge distribution effect on biomaterials is dependent of
and specific for the studied biomaterial and incubation conditions

The effect of nanomaterials on living organisms has been previously demonstrated as
depending of their nature, shape, and size. Indeed some nanomaterials are directly
toxic to cells due to their composition. Certain nanomaterials can generate damage in
living tissues because of their shape. Some of them present a size-related reactivity,
which generates toxic species in the biologica media. Recently nanomaterials have
also been suspected to induce molecular toxicity because of their capacity to disrupt
the structure of certain biomolecules. Indeed some nanoparticles have been identified
as able to interact with various biomolecules, particularly proteins, in vitro and in
vivo. Two kinds of effects have been identified while investigating these phenomena,
depending on the type of biomolecules present in the media with the nanomaterials,

namely stable or amyloid-prone proteins.

8.1.1. NPs effect on stable proteins
The effect of nanoparticles on the internal stability of biomolecules has been
investigated and is currently referred to as molecular toxicity of nanomaterials [167].
Indeed the study of the nanomaterials impact on biomaterials under physiological
conditions has revealed that nanomaterials can change the structure of natively stable
proteins. Within this thesis we presented the effect of two of the most used

nanomaterials in bioscience: gold nanoparticles and carbon nanotubes.

8.1.1.1. Aggregation effect
As described by Klein and Lick, proteins in suspension under physiological
conditions have a tendency to aggregate at the surface of nanoparticles [168, 169].
The resulting layer of protein at the surface of nanoparticles is called protein corona
and can be amonolayer or amultilayer [170].
This aggregation could be the result of electrostatic forces, hydrophobic interactions,
or Van der Waals forces [171]. The main hypothesis is that this phenomenon is due

mainly to electrostatic interactions because the high global charge of nanomaterias
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makes them extremely attractive for the charges carried by protein amino acid
residues[124, 172].

The discovery of possible interaction of streptavidin protein with carbon nanotubes
and of the aggregation of proteins at the surface of non-charged graphene sheets [173,
174] had weakened this hypothesis. Both phenomena of aggregation suppose the
intervention of hydrophobic interactions between nanomaterials and proteins because
pure carbon based nanostructures are hydrophobic and do not present any charge at
their surfaces [175]. Also it appears that the kinetics of interaction analysed by Roth
shows that the rate of aggregation is not correlated to electrostatic forces but to Van
der Waalsforces[176].

These observations do not support that aggregation phenomena are only limited to the
electrostatic attraction between charge at the surface of nanomaterials and protein
charges. Moreover during this thesis we have demonstrated that protein and peptides
were interacting with QD covered with various chemical groups regardless of the
electrostatic values displayed by these ones.

Our own understanding of this phenomenon is that protein aggregation at the surface
of nanoparticles can be divided into two categories: one in which the proteins form a
monolayer at the surface of nanoparticles, the other in which proteins form multiple
layer at the nanoparticle surface.

In the first case the interaction between protein and nanoparticles can be related to
Van der Waals attractions between surfaces. This interaction induces only one protein
layer in nanoparticle protein corona because Van der Waals forces are not strong
enough to induce structural changes of the proteins involved.

In the second one the interaction between nanoparticles and proteins is related to
specific electrostatic or hydrophobic attraction. This type of interaction generates
multiple layers of protein in the corona because they are strong enough to induce
structural changes in the proteins involved.

Indeed as we will see in the next paragraph the impact of nanoparticles on proteins
has been demonstrated to be destabilising for the internal structure of proteins under

physiologica conditions.
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8.1.1.2. Structure destabilization

Structure destabilization has been observed in some case when nanomaterials are
incubated with protein dispersions under physiological conditions [177]. Indeed CD
spectrometry measurements performed by Scott Brewer have shown that the
secondary structure of BSA can be influenced by the presence of gold nanoparticles.
Interestingly this effect seems to be dependent on the charge present at the surface of
gold nanoparticles [178, 179]. Also recent study by Gebauer et al present new
possible way to assess the affinity of various protein for nanoparticles and the
structural changes induces by this interaction [137]. In theory, only the layer of
protein closest to the nanomaterial should be influenced by this denaturing
phenomenon but then how to understand the existence of multilayer protein corona.
Interestingly, so far no interna structure destabilisation was ever demonstrated for
monolayer protein corona.

Our own results demonstrate that structural changes induced by nanomaterials are
limited to multilayer protein coronas. In the case of insulin, only OH-covered QD
were inducing secondary structure changes. Also size distribution anaysis
demonstrated that in this case, the mix of QD and insulin was generating multilayer
aggregates. On the contrary, when mixed with NHy-coated, or COOH-coated QD
insulin proteins formed only a monolayer corona at the surface of QD and no
secondary structure changes were recorded.

Our understanding of this phenomenon is that proteins under physiological conditions
are pushed towards the surface of nanomaterials by Van der Waals forces and form a
monolayer protein corona. In some conditions charge repartition at the surface of the
nanomaterials induces a stronger interaction between nanomaterials and proteins
causing a secondary structure refolding of the protein in contact with the
nanomaterial. The presence of the refolded protein layer a the surface of
nanomaterials will induce the aggregation of another layer of protein generating the
multilayer protein corona observed in some cases.

This hypothesis can explain the results obtained previously on the interaction of
proteins with charged nanoparticles and nanomaterials but some results obtained
recently on the interaction of protein and other charged biomolecules with non-
charged nanomaterias like carbon nanotubes are more difficult to understand (see
below).
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8.1.2. Nanoparticle effect on amyloid-prone peptide and protein
The other effect of nanomaterials observed in previous studies and investigated in this
thesis is the impact of nanomaterials on amyloid-prone peptides and proteins. The
identification by Engel and Y ou of the molecular impact of nanomaterials on protein
stability has raised the question of a possible impact of nanomaterials on structurally
unstable amyloid-prone peptides and proteins [178, 180]. The implications of a
destabilization of these peptides and proteins in vivo could be worrisome because of
the role played by amyloid-prone peptides and proteins in various long-termed
diseases like Alzheimer’s. It is known that the unstable nature of amyloid-prone
peptides and proteins facilitates their refolding upon changes in their environment,
leading to the appearance of toxic protein aggregates. As described above, the effect
of nanomaterials on BSA enhancing its aggregation has been suggested to induce the
transition of amyloid-prone peptides and proteins from their physiological forms.
Various amyloid-prone peptides and proteins have been studied. In this thesis we have
presented the studies on the effect of nanomaterials on a natively unstable peptide, the
AB, and on a natively stable amyloid-prone protein, insulin, using the inherently

stable BSA as acontrol.

8.1.2.1. Effect of nanoparticles on Af
Amyloid B (1-42) fragment peptide (AB), because of its implication in Alzheimer’s
disease is certainly one of the most studied amyloid-prone peptides. The identification
of the effect of nanomaterials on this peptide is fundamental because of potential
breakthroughs in therapeutics against Alzheimer’s disease. Studies on the presence of
nanomaterials in biological media have demonstrated two possible effects depending
on the nanomaterials tested, either a decreased or an enhanced rate of amyloid

conversion of Ap.

8.1.2.1.1. The presence of nanoparticles enhances the amyloid conversion of AB
The presence of nanomaterials on A peptides has been initially shown as enhancing
amyloid fibrillisation. Fu et al. have shown that the impact of carbon nanotubes on
AB peptides was to enhance the kinetics of amyloid fiber formation under
physiologica conditions [181]. Similarly Wu et al. have shown that the presence of
titanium dioxide nanoparticles induces an acceleration of fiber appearance under
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physiologica conditions [182]. Saraiva et al. have shown that nanoparticles
presenting hydrogenated chemical groups at their surface induce faster kinetics of A
amyloid aggregate appearance [183].

The explanation initially developed to explain this enhancer effect was that the
concentration of AB peptides at the surface was creating a recruitment effect on the
peptide in solution [184]. It was previously demonstrated that an increase in A
concentration induces an increase in amyloid fiber formation [185]. This would be
because the limiting element in amyloid fiber kinetics is the refolding of AB from a-
helix to B-sheet conformations [186]. By concentrating the Ap peptide at the surface
of nanomaterials one can explain that the rate of refolding will be increased because
of the capacity of p-sheet conformer to induce o to B transitions in the o-helix
conformer [187].

Another explanation for the amyloid enhancing effect of nanomaterials on A3 can be
a destabilisation effect of nanomaterials on AB structure. We saw above that
nanomaterials destabilise protein structure because of attraction of the amino acid
residues by the nanomaterial surface. One can imagine that the effect of nanomaterials
on AP could be similar.

Our own results show that the effect of differently coated QD on A is dependent on
the QD surface charge. QD coated with COOH, thus presenting negative charges at
the surface, show the ability to induce faster amyloid fiber formation in A, compared
to a pure AB dispersion. This suggests that positively-charged amino acid residues of
AP are attracted by the negatively-charged surface of QD.

8.1.2.1.2. Nanoparticles inhibit amyloid conversion of AB
The effect of nanomaterials on AP is not limited to a destabilisation. Indeed it had
been demonstrated by Li and Kim that in the presence of respectively carbon
nanotubes and fullerene, AP amyloid fiber formation was slow as compared to pure
AP dispersion [188, 189]. Similarly Liao and Skaat have both shown that the presence
of gold nanoparticles, or Fe;O3 nanoparticles inhibit Ap amyloid fiber formation[190,
191]. This effect has been since demonstrated for a large number of nanomaterials
and various explanatory hypotheses have been developed [192]. Interestingly Saraiva
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et al. show that the presence of fluorinated chemica groups at the nanomaterial
surface limit the amyloid fibrillisation of Ap [183].

One of these hypotheses was centred on the protein corona formed by Ap around
nanomaterials. The idea was that this corona resulted from Van der Waals forces
pushing AB peptides and nanomaterials together. Then the A amino acids could
interact with the nanomaterial surface depending on their specific affinities. If the
connection between AB and nanoparticle surface was strong enough the secondary
structure of AP aggregates at the nanomateria surface could be stabilised in an a-
helix form. By aggregating a certain quantity of Ap and maintaining the a-helix form,
the nanoparticles decrease the AB concentration in the media thus decreasing their
probability of refolding. Therefore, nanomaterials would limit the rate of amyloid
fiber formation by limiting the amount of their 3-sheet forms.

Our own results obtained mixing OH-coated QD and AP peptides (Figure 20) show
that the kinetics of amyloid fiber formation (Figure 22) and secondary structure
refolding (Figure 21) are slowed down by the presence of this nanomaterial. Size
distribution analysis (Figure 19&20) also demonstrated that the A peptides were
aggregating at the surface of OH-coated QD. Both elements support the hypothesis of
a stabilisation effect of certain nanoparticles on A unstable amyloid peptides.

In some cases the interaction between nanomaterial surfaces and A amino acid
residues is so strong that the nanomateria can induce unfolding. Han and Skaat have
shown that in the presence of respectively gold and Fe,O; nanoparticles Ap were
aggregating at the surface and that peptides forming the first layer of the protein
corona were partially or totally denatured [193, 194]. Aggregation of denatured
peptides generates large multilayer protein coronas because of the recruitment of new
AB peptide by the denatured peptide layer. The newly aggregated peptides are then
denatured because of a cascade refolding effect.

This can be clearly seen in the results obtained when mixing NH,-coated QD with A
under physiological conditions. Analysis of the secondary structure changes (Figure
21D) and of the particle charge distribution (Figure 20D) shows that these positively-
charged QD induce AB denaturation and formation of micrometric aggregates of QD
and denatured AB. Fluorescence (Figure 22) also demonstrates that these QD/AB
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aggregates do not contain any amyloid structure, in agreement with the unfolded A
theory previously explained.

The effect of nanomaterials on Ap seems to be dependent on surface charge thus
explaining variations in results obtained by different groups. The unstable nature and
short size of the AP peptide explain the strong impact of nanomaterials on its stability

and its capacity to generate amyloid fibers.

8.1.2.2. Effect nanoparticles on insulin

Unstable peptides, such as AP are important because of their role in amyloidosis but
other more stable protein can aso undergo an amyloid fibrillisation process. These
proteins are involved in cellular mechanisms under physiological conditions but can
generate amyloid aggregates under pathological conditions. In some cases these
aggregates are part of known amyloidosis mechanisms. In order to assess this
possibility the effect of various nanoparticles has been investigated on insulin.
Because of its implication in nutrient cellular uptake, DNA replication, protein
synthesis, and enzyme regulation insulin synthesis and release processes are carefully
regulated. Insulin concentration in the bloodstream is highly controlled and formation
of amyloid fibers could generate metabolic changes like hyperglycaemia. Insulin is
known to be a very stable protein under physiological conditions but under
destabilisation conditions it can refold and form amyloid fibers. The presence of
certain nanomaterials was demonstrated to be able to induce this amyloid refolding
under physiological conditions. Skaat et al. demonstrate that the presence of FesOs
nanoparticles induces formation of long insulin fibers [194]. These fibers were
characterised as amyloid but the role of iron nanoparticles in their formation could not
be demonstrated. Similarly nanoparticles coated with hydrophobic molecules have
been shown to enhance the amyloid refolding of insulin under amyloid-prone
conditions [195]. On the contrary nanoparticles presenting heptafluorobutyl acrylate
chemical group at their surface have been shown to inhibit the amyloid refolding of
insulin and limit the formation of amyloid fibers under amyloid-prone conditions
[196]. These results seem to demonstrate that the presence of hydrophobic chemical
groups at the surface of nanomaterials could induce amyloid fibrillisation of insulin
and that the presence of hydrophilic chemical groups could inhibit the same

mechanism.
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Interestingly our own results have shown that the ability of nanomaterials to induce
amyloid fibrillisation of insulin is not related to the type of chemical group present at
the surface of nanoparticles but to the distribution of chemical groups on the
nanoparticle surface.

Our data on the capacity of OH-coated QD to induce insulin amyloid fiber formation
show that only certain distributions of OH are efficient (Figure 18). Higher or lower
distributions of OH show no capacity to induce the formation of insulin amyloid
fibers under physiological conditions.

Unfortunately in this thesis we could not demonstrate whether the inhibition effect of
nanomaterials observed by other authors was aso due to specific charge distributions
because of a QD stability issue under amyloid-prone conditions. We could only
demonstrate the inhibition effect of QD coated with either COOH or NH, under
physiological conditions (Figure 17), perhaps more stable nanomaterials could be

used to clarify this capacity under amyloid-prone conditions.

8.2.The use of nanomaterials as therapeutic agents against amyloidosis-

related diseases
As we have demonstrated in this thesis (section 7.1 and 7.2), the effect of

nanomaterials on protein structure depends on the charge distribution at the surface of
the nanomaterials and on the type of protein tested. Some nanomaterial surfaces have
revealed themselves as molecularly toxic for normally stable proteins under
physiological conditions. Other nanomaterial surfaces have been demonstrated to
slow down pathological peptide refolding, and therefore could be used to develop new
therapeutic tools against pathologica mechanisms previously considered as
irreversible. Previously nanomaterials had raised hopes in the biomedical sciences.
Sphere- and rode-shaped particles, of size below 20 nm, have demonstrated unique
capacities to penetrate and distribute inside a living organism. These capacities
coupled to their atypical optical and/or magnetic properties make them uniquely
suited as imaging elements, drug delivery systems, SSRNA carrier systems, or direct

therapeutic agents.
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8.2.1. Controlling nanomaterial surface to modulate effect on amyloid protein and peptide
Nanomaterials could be used as therapeutic agents, taking advantage of their high
penetrance and distribution capacity, by making them target-specific. In order to make
nanomaterials recognize a specific target either their surface must be coated with
specific recognition molecules or nanomaterial surface charge distribution must be
modified.

8.2.1.1. Nanoparticles coupled to recognition molecules
One of the possible ways to ensure that nanomaterials will encounter the targeted
biomolecules in vitro or in vivo is to cover them with molecules that can specificaly
interact with the targeted biomolecules. Some of the most used recognition systemsin
bioscience are based on immune system antigen recognition mechanisms. Various
systems have been developed based on the complement system or the MHC but here
we will limit ourselves to systems based on the wildly used antibody recognition and

on the newly devel oped nanobody recognition systems.

8.2.1.1.1. Antibodies
The first nanomaterial-based tagging agent, developed by Weissleder et al. using iron
oxide superparamagnetic nanoparticles coupled to 1gG antibodies, was shown as able
to diffuse in vivo through the blood and to concentrate in liver, spleen, and bone
marrow [197], demonstrating its capacity to pass physiological barriers. The
recognition capacity was subsequently confirmed by other results showing a high
tracking fidelity of nanoparticle/antibody hybrids [198], nanoparticle/antibody
hybrids can efficiently mark and differentiate tagged-proteins inside a single cell and
even inside the cell nucleus [199, 200]. Both the properties of nanoparticles and
antibodies are not affected by the formation of the hybrid material. Antibodies that
can target specific amyloid-prone forms of AP peptides were developed in order to
target, bind and remove amyloid-prone A from the human organisms using the
magnetic properties of coupled nanoparticles [201]. The results obtained by Cimini et
al. show that cerium oxide nanoparticles coupled to antibody against Ap are able to
specifically bind and remove B-sheet-rich A from living organisms using magnet-
coupled dialysis system [202]. Hybrids of nanomaterials and antibodies have proven
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their efficiency but the large size of antibodies compared to nanomaterials limits the

efficiency of such systems.

8.2.1.1.2. Nanobodies
In order to create efficient hybrid systems based on the coupling of nanoparticles with
recognition molecules the latter must be of a size smaller than that of nanoparticles.
Multiple recognition molecules can be attached to single nanoparticles, thus
increasing the efficiency of such a system. Antibodies of mass 150-160 kDa present a
size similar to that of most nanoparticle carriers. Their size limits the number of
antibodies that can be efficiently coupled to the nanoparticle surface to 2 or 3 [203].
Therefore to enhance the binding power of nanoparticle/antibody hybrids smaller
recognition molecules have been developed to replace antibodies [204]. One example
of such attempts is the so-called nanobodies. Nanobodies, also called sdAb for single
domain antibodies, are fragments of antibodies corresponding to a stable single
monomeric antibody variable domain [205]. Nanobodies are directly expressed by
dromedaries, camels, [lamas, alpacas, or sharks or can be made from common murine
or human 1gG. Nanobodies have a size ranging around 12-15 kDa, one order of
magnitude smaller than most carrier nanoparticles [206]. Recently Sukhanova et al.
have been able to covalently bind nanobodies against carcinoembryonic antigen to the
surface of CdSe/ZnS quantum dots with aratio of 4 to 1 [207]. Therapeutics based on
nanoparticle/nanobody hybrids are now been tested but the issue of the

immunogenicity of such hybrids remains to be evaluated.

8.2.2. Modifying charge at the nanoparticle surface
As we have shown in this thesis (section 7.3) it is possible to induce the
destabilization of biomaterials under physiologica conditions by adding
nanomaterials with a specific charge distribution at their surface. The outcome of this
destabilization is dependent on the internal stability of the biomolecules and on
charge distribution. By controlling the surface charge distribution one can engineer
nanomaterials with the capacity to target specific biomaterials without having to

couple them to recognition molecules, for example antibodies.
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8.2.2.1. The effect of carboxylic groups at the nanoparticle surface on Af3
Different studies have previously tried to develop nanoparticles targeted against
peptides considered as pathological in order to enhance their removal from patient
blood. One of the first examples of nano-therapeutics developed by Skaat et al. in
2009 was based on AB short amyloid aggregates covalently bound onto magnetic
nanoparticle surfaces [208]. The idea was that A3 amyloid aggregates present in the
patient blood would aggregate at the surface of this hybrid material and that the latter
could be later removed from the patient blood by a system of diaysis coupled with
magnets.
One of the first drawbacks that were identified with this approach was that the
chemical group used to couple the nanoparticles to the amyloid aggregates was
COOH. Other research teams have identified that A tend to have a higher affinity for
COOH groups than for NH,, CH3, or OH groups. The aggregation of A on COOH
group could induce the amyloid transition of AB from the physiological to the
pathological form [209].
Even if the capacity of the hybrid materials to aggregate Ap on their surface was
demonstrated in vitro it was never clear if this same hybrid would be able to impact
the concentration of toxic aggregates in vivo. Indeed, its addition to the blood stream
could induce the transition to their pathological forms of other amyloid-prone blood
proteins (like insulin) in contact with the Ap amyloid aggregates forming at the
hybrid surface.
The main difference between the previous studies and the work developed in this
thesis is that most research groups consider nanoparticles as a single homogeneous
entity with properties similar to organic tagging agents of the same size. In thisthesis
(section 7.1) we have demonstrated that if the nature and structure of nanoparticle
core is important to define nanoparticle optical and/or magnetic properties, the nature
and structure of nanoparticle surface is determinant to understand the surface

properties of nanoparticles and their impact on surrounding materials.
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8.2.2.2. Development of anti-Alzheimer therapeutic nanoparticles based on our results
on surface charge selection

Results obtained in this thesis (section 7.3) on the possible use of therapeutic QD (T-
QD) to specifically aggregate the AP peptide in a non-pathological way have been
partially successful. Results of size distribution analysis (Figure 23) have
demonstrated that T-QD were able to slow down the amyloid fibrillisation of
AP peptide but unable to stop fiber formation. Moreover the structural analysis of
AP peptide distribution (Figure 24) in the presence of T-QD demonstrated their
inability to inhibit the amyloid conversion of AB. Analysis of AB amyloid fiber
formation in the presence of T-QD by the ThT fluorescence assay (Figure 25) has
demonstrated a slowdown of the kinetics of fiber formation. Summarising these
elements we are proposing that these data can be explained on the basis of
AP aggregation at the T-QD surface. The absence of structural change and the lower
size of QD-peptide aggregates make us assume that the interaction of T-QD and
AP peptide is strong enough to capture part of the A peptide population on the QD
surface, effectively diminishing AP concentration in the medium and therefore
sowing down fiber formation, but not effective enough to induce a cascade
denaturation and aggregation of AP as observed for NHy-coated QD. The results
obtained with T-QD suggest a complex behaviour of QD surface due to the presence
of three different types of chemical groups. We can make the assumption that the
results obtained with T-QD are due to the joint influence of all chemica groups
present at the surface of QD on protein structure stability.

Nevertheless, this thesis demonstrates clearly the possibility to develop nanoscale
therapeutic agents against amyloidosis through the localised induction of toxic
amyloid aggregates in order to facilitate their removal from the human body. Contrary
to previously developed nanoparticles against A amyloidosis our approach based on
controlling nanoparticle surface to ensure non-amyloid aggregation of amyloid-prone
peptide has the advantage of limiting the generation of secondary seeds, which could
be the case in systems with A linked to the nanoparticle surface [208]. Unfortunately
our system presents drawbacks which seem to be connected to the presence of OH
groups at the surface of QD. The presence of OH in the coating seems to predominate
over that of NH,. In order to improve the T-QD, reducing the proportion of OH
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groups at the surface or replacing them with another solubilisation-prone neutral
chemical group will be required.

Another limitation of nano-therapeutics identified in this thesis is due to the possible
cross-inductions of amyloid aggregation of lowly amyloid-prone proteins (Section
7.3.3) or to the possible destabilisation of non-amyloid proteins by nanoparticles
targeted against unstable peptides. Indeed, anti-amyloid nano-agents must avoid
aggregating other protein and/or biomolecules to be considered as efficient in vivo.

In this thesis we have identified the role of charge distribution on the molecular
toxicity of nanomaterials. Moreover we have demonstrated that a defined distribution
of charges at the nanomateria surface can induce different effects on different
biomolecules. Therefore, any new nano-therapeutic agent should be tested against an
extensive range of biomolecules found in human fluids even if its constituent atoms

are classically considered as not toxic.
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9. Perspective

Nanomaterial properties make them excellent drug delivery systems because of their
capacity to penetrate and distribute in every living organism and cellular
compartment. Coupling these passive properties of nanomaterials with their capacity
to specifically interact with pathogenic proteins could make them very interesting
tagging agents. Furthermore, by using superparamagnetic nanoparticles targeted
against pathological proteins one could envisage to specificaly remove these proteins
from living organismes.

Using controlled charge distribution technologies specific nanoscale coating could be
developed for implant, and other bionic systems. Indeed, the surface of implants could
be treated to have a nanoscale-controlled charge distribution in order to enhance their
immunostealth properties and to prevent formation of protein aggregates at their
surface. This would improve the lifespan of bionic systems and prevent the formation
of thrombus in patient blood.

10. Conclusions

1. The impact on protein structure of charge distribution at the nanomaterial
surface demonstrates the capacity of proteins to interact in a specific manner
with chemical groups at the nanomaterial surface. This phenomenon can be
explained by electrostatic attraction between opposite charges.

2. Because of the high complexity and variety of proteins the effect of a given
nanomaterial will change drastically from one protein to another.

3. Understanding the effect of nanoparticle charge distribution on proteins
involved in the pathological mechanism of certain diseases could help design

novel therapeutics, based on nanomaterials.
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