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Abstract

Aggregation of proteins is involved in many disorders. Besides amyloid fibrils, which mostly
form in the brain, other kind of protein aggregates can lead, for example, to clots in the blood
or floaters in the vitreous of the eye. This review is not only limited to amyloid diseases but
aims at giving the reader a general overview on how nanomaterials can be employed to avoid
and destroy protein aggregates of different nature. Thanks to their recognized versatility,
nanomaterials may offer attractive features against harmful protein aggregates. In addition to
their known ability to interact with proteins, we also aim at providing a state-of-the-art on how
stimuli-responsive nanomaterials can be employed to destroy aggregates. Despite promising
and conceptually interesting strategies on how nanomaterials can lead to the destruction of
protein aggregates and the prevention of their formation, it appears clearly that many efforts
still remain, however, to demonstrate in vivo feasibility and safety to pave the way for clinically

relevant therapies.
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1 Introduction

Proteins are of crucial importance for the functioning of cells and organisms. They play a
fundamental role in physiological processes and have a structural function in tissues. In some
situations, the accumulation of misfolded proteins leads to insoluble and highly stable toxic
aggregates, called amyloid fibrils. Currently 36 human amyloid proteins are known [1]. The
aggregation of such amyloidogenic peptides is involved in many neurodegenerative disorders
such as Parkinson (a-synuclein aggregates), Alzheimer (B-amyloid plaques), Huntington
(polyglutamine aggregates) and Creutzfeldt-Jacob (amyloid deposits of the prion protein (PrP)).
Aggregation of amyloidogenic peptides can also be found in type-II diabetes and cataracts [2—
5]. Besides amyloidogenic peptides, also other types of proteins can form aggregates according
to various processes and induce different pathologies. For instance, the formation of thrombi,
by a dysregulation of the hemostasis, also involves protein aggregation via polymerization of
fibrin, thereby forming a network with aggregated platelets and coagulation factors [6].
Accumulation of proteins can also lead to more benign diseases. As an example, upon aging so
named ‘floaters’ may occur in the vitreous due to the formation of collagen aggregates that cast
shadows on the retina lowering visual acuity and contrast sensitivity [7]. Albeit not entirely
constituted of proteins, kidney stones also involve proteins forming amalgams with organic or
inorganic compounds [8]. All these types of aggregates might have a detrimental effect on
human health and wellbeing. While extensive research is currently being carried out to get a
better understanding of the pathophysiology of these diseases, many efforts still remain to be
made to bring new therapeutic strategies. In addition to pharmacology and biology, the field of
materials and, more particularly, nanomaterials may provide new avenues and original

therapeutic approaches.



During the last decades, nano-sized materials have been extensively studied by the drug
delivery community and pharmaceutical companies to improve the administration of drugs and
biologics (especially for cancer therapy); examples include the commercialization of Doxil©
(liposomal doxorubicin HCI) and Ambisome®© (liposomal Amphotericin B) in the 90s and,
more recently, Onpattro® (lipid nanoparticles carrying siRNA). Also for clinical diagnosis
nano-sized materials are attractive, as for instance superparamagnetic iron oxide nanoparticles
which are used as contrast agents for magnetic resonance imaging (MRI), in particular for
cancer [9]. The combination of diagnosis and drug delivery has led to the emergence of a new

field called ‘theranostics’ where nano-sized materials play a central role as well [10].

Extensive efforts in chemistry and physics have led to better understanding of the physico-
chemical properties of nano-sized materials which might further open the field for new
biomedical applications. Due to their large surface and versatile properties (size, shape,
surface), nano-sized materials may be very well suited as well for optimal recognition and
interaction with peptide/protein aggregates. Polymeric, lipid-based or inorganic nanoparticles
could be surface-functionalized with different ligands (antibodies, aptamers, small
molecules...), which might improve their interaction with specific amino-acid sequences, thus
inhibiting aggregation. This review will not focus on the pharmacological treatment of diseases
related to protein aggregates, but aims to shed light on the reported potential of ‘drug free’
nanomaterials in the management of protein aggregates through three strategic approaches,

namely (i) preventing aggregate formation, (ii) clearing and (iii) destroying aggregates.

2 Preventing the formation of peptide and protein aggregates with nanomaterials

A main mechanism for protein aggregation, often described as “fibrillation’, is the conversion
of soluble monomers into large insoluble linear aggregates (also called amyloids). The
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accumulation of such structures induces a loss of the protein function and high toxicity by
disturbing intracellular transport, cellular functions and associated pathways. The formation of
protein fibrils is a time-dependent process characterized by a sigmoidal curve consisting of a
lag phase, an elongation phase and a final plateau regime [11]. As Figure 1A shows, the lag
phase can be considered as a necessary ‘waiting phase’ or ‘activation time’ to activate nuclei
and during which aggregation is not yet detectable. During this lag phase native protein
monomers unfold. During the elongation phase monomers form oligomers that are elongating
into beta-strand-stacked structures like protofibrils and/or fibrils until an equilibrium is reached
(final plateau regime). It has been shown in vitro that the fibril formation occurs when the
amount of monomers exceeds a ‘critical aggregation concentration’ following a mechanism
very similar to the self-assembly of surfactants [12]. Many well-established methods can be
employed to assess the fibrillation process. Several dyes like Thioflavin T (TfT) are commonly
used because of their specific binding to cross-B-sheets structures resulting in enhanced
fluorescence [13]. Other complementary techniques to study fibrillation are transmission
electronic microscopy (TEM) imaging [14], atomic force microscopy (AFM) [15], circular

dichroism spectroscopy (CD) [16] and X-ray diffraction [17].

Clearly, nucleation and fibril formation are largely dependent on pH, temperature and
electrostatic interactions. The large surface to volume ratio of nanomaterials is an attractive
feature which facilitates their binding to monomers and/or fibrils and prevents further assembly
[15]. Nanomaterials can either prevent the association of monomers and/or disturb fibrils or
plaques via hydrophobic interactions (Figure 1B). Moreover, they can also induce
conformational changes of monomers thereby preventing the aggregation/fibrillation processes
[19]. Below we discuss nanomaterials which have been reported to inhibit the formation of

several kinds of protein aggregates.
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Figure 1. (A) Different phases of the formation of amyloid fibrils. This mechanism of fibril
formation is found in most neurodegenerative diseases (adapted from [18]). (B) Interaction of
nanoparticles with monomers and (mature) fibrils. The interaction with monomers may lead to
a depletion of monomers in the bulk and retard the lag phase (dotted line in panel A). Through
hydrophobic interactions, some nanomaterials can directly interact with mature fibrils (i.e. B

sheets) and disassemble them.

2.1 AP peptides in Alzheimer disease

Alzheimer’s disease (AD) is the major cause of dementia in elderly persons with poor
therapeutic possibilities and bad prognosis. The main pathological hallmark is the extracellular
deposition of plaques in the brain which primarily consist of amyloid beta (AB) peptide. This
peptide (consisting of 42 amino acids with a molecular weight around 4.5 kDa) can self-
assemble into filamentous B-sheet aggregates (amyloid aggregates) in solution [20]. This has

made in vitro investigations possible to assess the effect of nanomaterials on the fibrillation

process [21].



Various types of nanomaterials have been studied to inhibit AB peptide aggregation in AD,
based on their capacity to bind monomers and oligomers either with specific ligands or via
hydrophobic interactions (Figure 2). Following the idea of capturing AP peptides, Cabaleiro-
Lago et al. described co-polymeric nanoparticles composed of N-isopropylacrylamide
(NIPAM) and N-tert-butylacrylamide (BAM) [22]. A clear lengthening of the lag time and ti
(half-time for fibrillation) was observed with ‘pure’ NIPAM nanoparticles while the presence
of BAM in the copolymer required a higher concentration of nanoparticles to be efficient
against the fibrillation process. The same team studied the effect of amino modified polystyrene
nanoparticles on the AP fibrillation [23]. The authors revealed that this kind of particles either
inhibited or accelerated the fibrillation, depending on the concentration of the nanoparticles in
solution. They especially stressed the impact of the surface area of nanoparticles on the
fibrillation process. For instance, when the concentration of particles is high, the amount of
peptides remaining in the bulk lowers, which slows down the fibrillation rate (Figure 2A).
However, when the concentration of particles is low, fibrillation can still occur and even be
promoted at the surface of the nanoparticles which acts as a catalyzer. Such in vitro observations
are of importance as they show that for AD treatment, a strong control over the concentration
of nanoparticles in the brain would be required. In this regard, understanding the
pharmacokinetics and controlling the bio-distribution of injected nanomaterials would be
highly challenging and of high importance. Moreover, there is no evidence for specificity
towards A peptides and these nanomaterials may interact with other biological targets in vivo,

further compromising their efficacy.

Mahmoudi et al. further explored the effect of nanoparticles on fibrillation in a more complex
medium. They observed that various types of nanoparticles (silica nanoparticles, COOH-
terminated polystyrene nanoparticles and multi-walled carbon nanotubes) accelerate the rate of

AB fibril formation [24]. The authors tried to functionalize the nanoparticles by incubating them



with plasma proteins. They subsequently washed the nanoparticles to remove the loosely bound
proteins, keeping the ‘hard corona’ i.e. the strongly bound proteins. Indeed it is now well known
that after systemic administration, bare nanoparticles abundantly interact with blood proteins
and get covered by a protein corona whose nature and composition varies according to the
surface properties of the nanoparticles [25,26]. Interestingly, the authors showed that the
presence of a protein corona on their nanoparticles could inhibit the fibrillation process, while
bare (i.e. uncoated nanoparticles) accelerated surface-mediated fibrillation (Figure 2B). They
explained that the protein corona creates a shell around the nanoparticles which reduces the
access of AP peptides to the particles thus slowing down the formation of fibrils, unlike naked
nanoparticles on which the AP peptides can attach and initiate fibrillation. However, in the
conclusion of this study the authors remained careful regarding the benefits of this observation
in vivo since it is known that AP oligomers are more toxic than mature A fibrils and considered

as being involved in the pathogenesis of Alzheimer disease [27].

The example above shows that the surface of nanomaterials plays a crucial role in the inhibition
of the fibrillation of ApB peptides. As surface properties of nanomaterials can be tuned, this
might allow to control the aggregation kinetics. Though, also the mobility of AB peptides on
the material surface itself can affect the fibrillation process (Figure 2C). When the diffusion of
AP peptides on the surface is high, they can concentrate which initiates fibrillation. This is
especially the case on smooth surfaces. Tuning the surface roughness might thus allow to
control, to a certain extent, the fibrillation process. This was illustrated by Shezad et al. who
showed for various polymer coatings and microparticles (using single molecule tracking,
atomic force microscopy and TfT fluorescence) that rough surfaces present obstacles which
retard the two-dimensional diffusion of AP peptides and slows down surface-mediated

fibrillation [28].



In addition to polymeric nanoparticles, the potential of other types of nanomaterials to inhibit
AP peptide fibrillation has been studied as well. Cadmium telluride quantum dots (CdTe QDs)
functionalized with N-acetyl-L-cysteine were shown to be effective in inhibiting amyloid
fibrillation at very low concentration (1-10 nM) and at any stage (monomers, oligomers and
fibrils) [29]. In later reports also graphene QDs [30] and graphene oxides (GO) [31,32] were
shown to inhibit A peptide fibrillation. Nevertheless, these experiments were only performed

in vitro.

Molecular chaperones (like heat shock proteins, apoE, clusterin) play a critical role in cell
homeostasis, repairing and maintaining the functional conformation of proteins [33]. They were
also described as having a protective role against neurodegenerative diseases [34,35]. Through
their ability to bind exposed hydrophobic regions of denatured or unfolded proteins, chaperones
can detoxify cells from toxic aggregates and promote a return to a normal protein homeostasis
via proteasomal degradation. Taking inspiration from this, Huang et al. fabricated ‘artificial
chaperones’ consisting of biocompatible, long circulating mixed shell polymeric micelles
(MSPMs) with tunable surfaces (Figure 2D) [36]. These MSPMs were obtained by the self-
assembly of two amphipathic diblock copolymers, namely poly(e-caprolactone)-block-
poly(ethylene-oxide) (PCL-b-PEG) and poly(e-caprolactone)-block-poly(N-
isopropylacrylamide) (PCL-b-PNIPAM). At physiological temperature, PNIPAM chains
collapse to form hydrophobic patches on the PCL core which facilitates the binding of Ap
hydrophobic monomers and oligomers (Figure 2D). Interestingly, the authors reported that
MSPMs can both inhibit Ap fibrillation and facilitate the degradation of MSPM-AP complexes
by proteases. Also, curcumin (CUR, which has affinity for amyloid structures) has shown
promising results in vitro and in an Alzheimer mouse model to target and prevent A fibrillation
[37]. Following these observations, gold nanoparticles functionalized with CUR were prepared.

Since CUR is not water-soluble in its free form, authors decided to functionalize gold



nanoparticles with it. CUR-gold nanoparticles were able to both retard fibrillation and dissolve
amyloid aggregates in vitro, as observed by TEM imaging and TFT fluorescence measurements
(Figure 2E) [38]. Another example of artificial chaperones are nanogels (around 30 nm in size)
composed of the polysaccharide pullulan and cholesterol, which have been shown to bind
exposed hydrophobic regions of denatured proteins in vitro [39]; such nanogels were also able

to incorporate and change the conformation of Af peptides [40].

Other interesting features of nanoparticles that can be exploited to prevent protein aggregation
are their chiral properties. Enantiomeric nanoparticles, can be for instance used for
enantioselective crystallization of racemic mixtures [41] — which is of high interest in the
pharmaceutical field. In the context of amyloid formation, it has been demonstrated recently
that a-helical intermediates are strongly involved in the fibrillation process and sensitive to
chiral environments [42]. Therefore, chiral supramolecular complexes were investigated to
inhibit AP aggregation [43]. It has been shown, for instance, that chiral penicillamine-modified
selenium nanoparticles (Pen@Se NPs) could affect intracellular fibrillation of AP peptides
(inside PC-12 cells) depending on their chiral properties [44]. D- Pen@Se NPs were shown to
be effective to inhibit aggregation whereas L- Pen@Se NPs were not efficient. Interestingly,
authors of this study reported notable ameliorations of mice cognition and memory
impairments. Malishev et al. also applied this principle to Alzheimer’s disease using
enantiomeric carbon dots (Cdots) either synthesized from L-lysine or D-lysine as carbon
sources [45]. They showed that L-lys-Cdots had better interaction with monomers and pre-

fibrillar structures compared to D-lys-Cdots thereby affecting fibrillation and cytotoxicity.

In the attractive studies discussed above, most of the experiments were only carried out in vitro.
Mostly, no or rather poor data were provided on the capacity of such nanomaterials to cross the

blood-brain-barrier (BBB), being very crucial to score the therapeutic potential. Liposomes,



being lipid-based nano-vesicles heavily used for drug delivery purposes, carrying CUR and
functionalized with anti-transferrin antibodies as BBB targeting agents, were shown to prevent
AP aggregation in vitro while they could label amyloid deposits in post-mortem brain tissues
[46]. However, so far, these results have not been confirmed in vivo. In another report [47],
liposomes functionalized with phosphatidic acid (PA) and a modified ApoE-derived peptide (a
BBB targeting ligand) were shown to cross the BBB in an in-vitro BBB model. In vitro such
liposomes also prevented AB peptide aggregation and disassembled preformed fibrils. Authors
noticed a synergic effect between PA and ApoE since ‘mono-functionalized’ liposomes (i.e.
PA-liposomes or ApoE-liposomes) did not show any effect. This is likely due to a preferential
interaction of PA with cationic residues on the Ap peptide and, conversely, an interaction of
ApoE with anionic residues. In mice, biodistribution studies revealed higher radioactivity in the
brain for radiolabeled mApoE-PA-liposomes compared to PA-liposomes suggesting a better
crossing of the BBB. Though no information on memory recovery (an indication for treatment

efficacy) has been provided.
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Figure 2. Aggregation of AP peptides can be influenced by different manners using
nanoparticles. (A) The concentration of nanoparticles can impact Ap peptide aggregation in
different ways. At a low nanoparticle concentration, the density of monomers at the surface of
nanoparticles increases, which catalyzes the fibrillation. In addition, the monomers remaining
in the bulk also initiate the fibrillation (green curve). Overall this leads to an acceleration of the
fibrillation compared to free monomers (without nanoparticles) in solution (black curve). At
high nanoparticle concentration, less monomers remain in the solution which inhibits the

fibrillation (red curve). (B) Schematic representation of the impact of a protein corona on the
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fibrillation of AP peptides (adapted from [23]). (C) Impact of the surface properties of materials
on the fibrillation process (adapted from [28]). (D) Polymeric micelles as artificial thermo-
responsive chaperones able to bind AR monomers and oligomers (adapted from [36]). (E) TfT
fluorescence measurements reflecting the impact of CUR-functionalized gold nanoparticles on

(i) fibrillation and (ii) dissolution of A fibrils (with permission from [38]).

2.2 a-synuclein in Parkinson disease

In Parkinson and associated-diseases (synucleinopathies), a-synuclein, a 14 kDa protein whose
role is still not elucidated, forms toxic amyloid fibrils in the midbrain in a similar manner as
occurs in Alzheimer’s disease. Various types of dendrimers, being nano-sized branched
polymers with a radially symmetric ‘tree-like” structure (Figure 3Ai), were extensively studied
to prevent the formation of fibrils involved in Parkinson disease. Dendrimers [48] are of high
interest in drug delivery thanks to their versatility and capacity to be conjugated to different
kinds of molecules (biologically active compounds or targeting ligands). In vitro,
polyamidoamine (PAMAM) dendrimers of three different generations (G4, G5 and G6) could
avoid the fibrillation of a-synuclein [49] through the amino groups at their surface which
facilitate their interaction with a-synuclein. Also, these dendrimers showed a capacity to
decompose fibrillary aggregates. Phosphorus [50,51] and carbosilane [52] dendrimers similarly
inhibited o -synuclein aggregation (in buffer solutions). Interestingly, Laumann et al. evaluated
the capacity of polypropylenimine dendrimers, either terminated with urea (PPI-U) or
methylthiourea (PPI-MTU), to disassemble intracellular o-synuclein aggregates [53]. Both
types of dendrimers were able to solubilize aggregates present in human melanoma cells
(Figure 3Aii). PPI-MTU were found to be more efficient, though also more cytotoxic than PPI-

u.
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Curcumin has also a strong binding capacity to a-synuclein in the non-amyloid-p component
region, preventing its aggregation [54]. Taebnia et al. developed amine-functionalized
mesoporous silica nanoparticles (AAS-MSNPs) to encapsulate poorly-soluble drugs like CUR.
The authors showed that a-synuclein can absorb on CUR present at the surface of the silica
nanoparticles thereby inhibiting the fibrillation process [55]. More recently, spectacular results
were obtained with graphene quantum dots (GQDs) able to prevent a-synuclein fibrillation and
disassemble fibrils in vitro (Figure 3Bi and 3Bii). GQDs were shown to cross the BBB in vivo
and bind mature a-synuclein fibrils injected in the hemisphere of mice, thereby disaggregating

them through hydrophobic interactions (Figure 3Biii and 3Biv) [56].
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from [53]). (B) (i) Schematic representation of the impact of GQDs on the fibrillation of a-
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treated or not with GQDs as a function of time (up to 7 days). (iii) Representative
phosphorylated a-synuclein (p- o-syn) immunostaining images in the striatum (STR) and
substantia nigra (SN) of a-synuclein preformed fibrils (PFF) stereotaxically injected in the

hemisphere.
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2.3 Polyglutamine repeats in Huntington disease

Huntington disease is an inherited disease involving the fibrillation of polyglutamine repeats
into toxic intracellular aggregates. It is characterized by psychiatric, motor and cognitive
alterations. Several sugars (maltose, glucose, sucrose, trehalose) can act as chemical chaperones
in cells by stabilizing and restoring the folding of proteins [57] and can therefore be used to
inhibit protein aggregation. For example, free trehalose has been shown to efficiently inhibit
protein aggregation, not only in vitro but also in vivo with very promising results after oral
administration in mice (Huntington disease model) [58]. It is assumed that trehalose can bind
to expanded polyglutamines and stabilize amyloidogenic intermediates, therefore preventing

further aggregation.

It was recently observed that, compared to ‘molecular sugars’, sugar-terminated nanoparticles
are much more effective in inhibiting protein aggregation [59]. Zwitterionic poly(trehalose)
nanoparticles of 20-30 nm with an iron oxide core were prepared and tested in vitro and in vivo
in mice (Huntington disease model). Such nanoparticles were designed to have improved
intracellular uptake and a strong capacity to bind huntingtin by the presence of 20-800 trehalose
molecules on their surface. They were shown to prevent aggregation of huntingtin in cultured
HD150Q cells (Figure 4A), with a thousand times higher efficacy compared to free trehalose
and to cross the BBB and block huntingtin aggregation in the brain of HD mice at micromolar
concentrations (Figure 4B) [60]. In another study, the same authors reported on iron oxide
nanoparticles carrying amino-acid based osmolytes, like glutamine and proline, at their surface.
They observed again that, compared to molecular glutamine and proline, nanoparticles showed

a significantly (1000 to 10 000 times) improved inhibition of the aggregation of the mutant
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huntingtin protein [61]. Note that molecular trehalose has also been shown to reduce the

aggregation of AB peptides [62] and islet amyloid polypeptides (IAPP) [63].
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Figure 4. (A) Zwiterrionic poly(trehalose) nanoparticles were shown to prevent the aggregation
of mutant GFP-tagged Huntingtin (in green) in cells. Nuclei were stained with DAPI (in blue).
(B) Poly(trehalose) nanoparticles in a Huntington disease mouse model: nanoparticles flow
through the blood, cross the blood brain barrier, enter neuronal cells in the brain, bind to
polyglutamine containing mutant huntingtin (m-HTT) and block its aggregation. With

permission from [60].

2.4 Islet amyloid polypeptides and insulin in type 2 diabetes

As described above, amyloid plaques formation is involved in neurodegenerative diseases,
though similar processes have been described in diabetes mellitus, especially in type 2 diabetes.
Mature islet amyloid polypeptide (IAPP; 4 kDa), which contains 37 amino acids, can form

insoluble amyloid fibrils (islet amyloids; B-sheet structures as occur in Alzheimer’s and
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Parkinson disease). These aggregates are believed to be cytotoxic and to be correlated with the
loss of B-cells in the pancreas and failure of islet transplants [64]. Cabaleiro-Lago et al. studied
the effect of NIPAM:BAM nanoparticles on the amyloid formation by IAPP (in vitro). As they
observed previously for AP peptides, ‘pure’ NIPAM nanoparticles showed the strongest
inhibition of IAPP aggregation [65]. Generation 3 hydroxyl-terminated PAMAM dendrimers
(PAMAM-OH) were also found to be effective in reducing the cytotoxicity of IAPP aggregates
in NIT-1 and MING cells and in mouse islets [66]. Moreover, dynamic light scattering and TEM
revealed smaller aggregates while TfT measurements showed that PAMAM-OH dendrimers

were able to stop the aggregation process up to 8 hours.

Repeated administrations of insulin can lead to the formation of subcutaneous amyloid deposits
at the injection site, leading to poor glycemic control and insulin resistance [67,68]. In literature,
the inhibition of insulin fibrillation has been described, in a concentration-dependent manner

with carbon dots [69] and with silicon nanoparticles [70].

Using FesO4 magnetic nanoparticles coated with dextrans, Siposova et al. studied the influence
of dextran chain length on insulin fibrillation and destruction of fibrils. While destruction of
insulin fibrils was observed with larger dextrans (70 kDa ), particles coated with smaller
dextrans (15-20 kDa) showed higher inhibition against amyloid fibrillation (Figure 5A). The
authors explained that the efficacy in inhibiting the fibrillation process by the smaller
nanoparticles is likely due to their higher surface/volume ratio which favors the binding of
monomers and thus lowers the concentration of free insulin in the bulk [71]. With larger
particles, authors explain that many side-chain interactions with B-sheets structures highly

contribute to their destruction

While a common strategy is to prevent the fibrillation and/or destroy existing aggregates,

changing the morphology of fibrils with the aim to reduce their toxicity is another original
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approach. Using poly(2-hydroxyethyl acrylate) (PHEA) star polymers, Pilkington et al.
succeeded in forming aggregates with a new morphology that they named “stelliform amyloids”
as studied by atomistic molecular simulations (Figure 5B). The authors revealed an interesting
correlation between PHEA stars mediated aggregation and a reduction of 1APP-mediated

toxicity in pancreatic cells and islets [72].
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Figure 5. (A) Schematic representation of dextran coated nanoparticles either inhibiting insulin
amyloid aggregation or destroying the aggregates (adapted from [71]). (B) Star polymers can
induce the formation of islet amyloid polypeptide (IAPP) aggregates with a new morphology

which are less toxic for pancreatic cells and islets (with permission from [72]).
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2.5 Collagen fibrillation

Type | collagen is the most abundant protein in connective tissues. Self-assembly of collagen
molecules into triple helixes is a crucial biological phenomenon to ensure the cohesion and
maintenance of tissues and organs. On the other hand, collagen fibrillation is also involved in
several disorders such as for example heart diseases, thrombosis and restenosis. Impacting
collagen fibril formation is of high interest to reduce fibrosis. In fact, several attempts to block
type | collagen self-assembly using monoclonal antibodies have been reported in the context of
fibrosis inhibition [73,74] but only few examples involving nanomaterials are described. Based
on the structure and constitutive amino acid sequence of collagen, Anand et al. designed AuNPs
functionalized with hydroxyproline that are able to specifically recognize a sequence in the
structure of type | collagen (in vitro), leading to binding and suppression of collagen fibril
formation which might pave the way for reducing tissue fibrosis [75]. Wilson et al. showed that
different effects could be observed on collagen fibrillation in vitro as a function of the charge
of nanoparticles coated with polyelectrolytes. While negatively charged gold nanorods

accelerated the fibrillation, positively charged particles could delay it [76].

2.6 Reflection on the surface characteristics for efficient inhibition of protein aggregation

From all the examples described in the previous sections, we have listed several types of surface
that have shown an effect on protein aggregation (Table 1). Though this list is not exhaustive,
we can conclude that nanoparticles with a rough and hydrophobic surface showed promising
results. It appears that non-functionalized nanoparticles have interesting characteristics
although they can be opsonized after intravenous injection. The functionalization of
nanoparticles have also shown promising results via specific targeting of aggregates but does
not seem to be indispensable. It is also worth noting that there are no or few examples of

pegylated nanoparticles — highly likely because the steric hindrance does not allow an optimal
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interaction with the aggregates — and also because the formation of a protein corona can
facilitate the inhibition [24]. It seems, that each type of material can have a different effect
depending on the nature of the aggregates. This is also highlighted in the case of chiral particles
for which one enantiomer is more active than the other [44,45]. Similarly, some particles can
slow down the aggregation of one type of aggregate whereas it accelerates it in other situations
[77]. Also, it appears that there is no clear establishment of the role of the surface charge since

both positively and negatively charged particles can have an effect.
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Table 1. Summary of the different types of surface of nanomaterials commonly used to

prevent protein aggregation.

Surface features

Type of materials

Target proteins

References

Chiral

Carbon dots
Penicillamine-
modified selenium

AP peptides

[44,45]

Rough

Polystyrene
nanoparticles

AP peptides

(28]

Zwitterionic

Trehalose
nanoparticles

Polyglutamine

[60]

Functionalized (e.g:
ligands, amino-acids)

Dextran-coated
IONPs

Curcumin-
functionalized silica
NPs

Tyrosine and
tryptophan
funtionalized AuNPs

IAPP

[55,71,78]

Hydroxyproline-
coated AuNPs

Collagen

[75]

Glutamate and
proline
functionalized
IONPs

Polyglutamine

[61]

3 Clearing peptide monomers and removing protein aggregates with nanomaterials

As discussed above, several studies report on various types of nanomaterials to inhibit plaque

formation. It is highly important to keep in mind that most of these experiments were performed
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in vitro. While the outcome of all this work is substantial and attractive, it remains (very) early
stage. Indeed, most of the time, information on (i) the capacity for such nanomaterials to
efficiently cross the BBB and (ii) their safety in vivo is not provided. Moreover, it is not
completely sure that these nanomaterials will show similar effects if they are not acting in a
‘pure system’ containing only one aggregating peptide or protein. This is why other strategies

are explored to remove or disturb equilibria between peptides and aggregates.

3.1 Disturbing the equilibrium between fibrils and monomers

In the case of Alzheimer’s disease, another strategy has emerged to prevent plaque formation
and lies on the reduction of deposits in the brain by the clearance of circulating plasmatic AB
monomers through a peripheral sink (Figure 6A) [79]. This approach thus focuses on the
equilibrium between AP peptides in plasma and brain [80,81]: clearing peripheral AP
monomers (i.e. by liver degradation) will disturb the equilibrium and lower the amount of A
monomers in the brain without the need for nanoparticles to cross the BBB, which is a very

strong advantage of this approach.

Following this concept, Carradori et al. designed biodegradable PEGylated nanoparticles
composed of poly[hexadecyl cyanoacrylate-co-methoxypoly(ethylene glycol) cyanoacrylate],
being well studied for drug delivery purposes [82], functionalized with anti AP peptide
monoclonal antibodies. In the blood of mice, such nanoparticles were able to bind circulating
AP peptides which were subsequently cleared from the circulation through common elimination
pathways, reducing AP peptide aggregation in the brain. Spectacularly, this led to a significant
memory recovery in mice without the need to reach the central nervous system [83]. In another
report, liposomes functionalized with a modified human ApoE-derived peptide and
phosphatidic acid were shown to be able to clear AB peptides in an in vitro BBB transwell

model consisting of an apical (blood) and basolateral (brain) compartment separated by a
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monolayer of brain microvascular endothelial cells. Such liposomes could also increase the

concentration of A monomers in plasma after injection in mice [84].

Knowing that apolipoprotein E3-reconstituted high density lipoprotein (ApoE3-rHDL) exhibits
high affinity for AR monomers and oligomers, Song et al. proposed to accelerate their clearance
using biomimetic ApoE3-rHDL nanoparticles prepared by self-assembly between DMPC
vesicles and lipid-free Apo3 protein. The authors showed that such particles could facilitate
liver and glial degradation of bound monomers. In vivo, intravenously-injected ApoE3-rHDL
nanoparticles were shown to cross the BBB and to reduce amyloid deposition via AP

degradation in the glial cells and rescue memory in mice [85].

Recently, a ‘self-destructive nanosweeper’, consisting of a chitosan core functionalized with
two peptides (KLVFF able to bind Ap peptides and Beclinl able to induce autophagy) has been
reported. As illustrated in Figure 6B, such particles carrying the Ap monomers can be
internalized in cells and trigger autophagy for their own destruction and clearance, thus
allowing depletion of the AB monomers [86]. This autophagy-mediated destruction of
nanosweepers was shown to lower the amount of AB peptides in the brain. As a result, memory
could be rescued in mice which was attributed to less amyloid deposits in the brain.
Nevertheless, the authors explain they needed to use cyclosporine (a BBB permeability
enhancer) to study the effect of the intravenously injected nanosweepers in the brain. Only 2%
of the total injected dose of nanosweepers was found in the brain of mice after sacrifice. This
again underlines the difficulty of reaching the brain after systemic injection, a clear limitation

for the treatment of neurodegenerative diseases with nanoparticles.
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Figure 6. (A) Clearance of circulating plasmatic AP monomers using functionalized
nanoparticles (NPs). Thanks to the elimination of the nanoparticles carrying A monomers, a
’sink” effect is induced that displaces the equilibrium and contributes to the destruction of
amyloid deposits in the brain. (B) Schematic representation of the concept of ‘nanosweepers’.

This type of nanoparticle can recognize and bind AB monomers and trigger autophagy of
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hyppocampal neurons after being internalized by cells. This creates a local depletion of AB

monomers which eventually alters amyloid plaques in the brain (adapted from [86]).

3.2 Magnetic removal of fibrils

Early diagnosis of neurodegenerative diseases is the key for efficient prevention of lethal
complications. Visualizing plaques with imaging agents (like gadolinium), to determine their
location, could give precious information for early diagnosis [87] . Also, the detection of low

concentrations of A peptides in plasma is of high interest [88].

For the purpose of fluorescence and magnetic imaging of AB40 fibrils, Skaat et al. designed
fluorescent maghemite nanoparticles (y-Fe2Os NPs). Although such nanoparticles did not have
any effect on the fibrillation kinetics, they allowed fluorescence staining of fibrils in vitro and
easy removal from the aqueous phase with a simple magnet [89]. Though these results were
original, magnetic removal of plaques from the brain remains of course highly questionable
since no information is given regarding the (i) capacity of y-Fe2O3 NPs to cross the BBB and

(i) the capacity of magnets to move plaques in the brain.

4 Destroying peptide and protein aggregates with stimuli-responsive nanomaterials

4.1 Electromagnetic irradiation and magnetic heating

If the use of microwaves in combination with gold nanoparticles has been intensively explored
for cancer hyperthermia and to improve the effect of chemotherapeutics [90], it can also be
harnessed to destroy protein aggregates. Bastus et al. proposed to apply this strategy to
Alzheimer’s disease to locally destroy A deposits using gold nanoparticles functionalized with
a targeting peptide (AuNP-cys-PEP). When exposed to a weak microwave field, AuNPs could

heat up and destroy the aggregates. Upon 8 hours of irradiation with a weak microwave field,
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ApB deposits were dissolved in vitro without any bulk heating (Figure 7A) [91]. However, such

a long exposure time cannot be envisaged for in vivo applications.

The same strategy was employed by the same group on prefibrillar intermediate amyloidogenic
aggregates (PIAA) which are known to assemble and form fibrils [92]. After incubating PIAA
with AuNP-CLPFFD and irradiation with weak microwaves, no fibril formation could be
observed, whereas without irradiation (i.e only with AuNP-CLPFFD), fibril formation

occurred.

Besides microwaves, also alternating magnetic fields combined with inorganic nanoparticles
(like iron oxide particles) have been widely studied (and clinically used [93]) in cancer therapy
(hyperthermia) [94]. In the context of protein aggregation, a few studies have explored this
strategy using magnetic particles to destroy blood clots. Indeed, fast destruction of blood clots
is a major challenge in medicine to achieve reperfusion of affected tissues after acute stroke.
Tissue plasminogen activator (tPA) is one of the most used medication for the treatment of
acute ischemic stroke. However, tPA treatment is often associated with intracranial hemorrhage
[95]. To reduce undesired effects, nanoconstructs were prepared by immobilizing tPA on 20
nm iron oxide nanocubes surrounded by albumin (Figure 7Bi). The mixture of tPA and albumin
strongly stabilizes the nanoconstructs and prevents leakage of tPA, thus limiting unwanted side
effects. By direct contact with the fibrin network, an improved dissolution of blood clots in
vitro could be observed (100-fold faster dissolution as compared with free tPA) which authors
attributed to a specific interaction between albumin and the fibrin network (Figure 7Bii). When
exposed to an alternating magnetic field, such iron oxide based nanoconstructs could further

enhance clot dissolution rates via thermal lysis (10-fold) [96].
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Figure 7. (A) Left: electron microscopy image of gold nanoparticles (functionalized with
targeting ligands) bound to AB1-42 aggregates. Right: electron microscopy image after
irradiating the aggregates for 8 hours with a weak microwave magnetic field. Bars are 500 nm.
With permission from [91]. (B) (i) tPA nanoconstructs (tPA-NCs) were shown to improve
dissolution rate of blood clots (ii) which could be further improved when an alternate magnetic

field was applied (adapted from [96]).

4.2 Ultrasound and microbubbles

Also ultrasound (US) energy and microbubbles (MBs; typically composed of a lipid or
polymeric shell and a gaseous core) are attractive to destroy blood clots. Bursting such MBs

upon applying ultrasound might provide sufficient mechanical energy to release encapsulated
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drugs and break nearby blood clots. The combined use of MBs, ultrasound and tPA has indeed
been studied in vitro and in vivo (rabbits) in a stroke model [97]. The authors showed that tPA
doses can be reduced (up to 5-fold) to achieve significant clot loss in the presence of MB and
ultrasounds. In vivo, the combination of MBs and tPA showed a significant decrease in infarct
volume compared to controls. As far as we know, the use of microbubbles and ultrasound to

break pathological protein aggregates (other than blood clots) has not been explored.

43 Light

Carbon-based nanomaterials are known to absorb near infrared light making them good
candidates for photothermal therapies and destruction of protein aggregates. Yang and
coworkers reported that graphene oxide nanosheets modified with thioflavine S (a dye that
specifically binds to AB fibrils), upon exposure to near infrared (NIR) light, could dissociate
fibrils in buffer and ex vivo in cerebrospinal fluid collected from mice through hyperthermic

effects [98].

An interesting feature of metallic nanoparticles -especially noble metals- is their plasmonic
properties and their capacity to absorb light at different wavelengths as a function of their size
and shape. For instance, (negatively charged) 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) coated gold nanorods were shown to easily bind to the cationic amyloid sequence of
AP peptides. On the one hand, such particles could inhibit amyloid fibrillation when added
during the early stage of fibrillation. On the other hand, when these particles were added to
mature fibrils and NIR laser light was applied for some minutes, a thermal dissociation of the
fibrils could be achieved [99]. In another work, Triulzi et al. showed that a targeted
photothermal ablation of amyloid plaques was possible using a preferential interaction between
amyloid deposits and AuNPs functionalized with truncated Ap peptides. Exposing amyloid

aggregates in vitro with continuous laser light resulted in their photothermal ablation whereas
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non functionalized particles did not bind the aggregates and therefore could not ablate them
after light exposure [100]. Interestingly, the ablation of plaques could only be observed at the

site of irradiation with minimal thermal effects in surrounding areas.

It is known that AuNPs quickly heat up upon pulsed-laser light exposure, being attractive for
photothermal therapies [101]. Also, under appropriate conditions, irradiating AuNPs with
pulsed-laser light results in the formation of vapor nanobubbles (VNBs) due to the evaporation
of water which surrounds the gold nanoparticles. The burst of such VNBs provides mechanical
energy which is sufficient to, for example, transfect cells with different cargos by transient pore
formation in the plasma membrane [102]. Though they did not mention the formation of VNBs,
Lin et al. showed that femtosecond pulsed laser illumination of AuNPs allows to destroy
amyloid plaques in vitro. Thanks to their plasmon properties, the illumination of gold nanorods
(800 nm) with a femtosecond laser can induce their fragmentation (named explosion by the
authors) which provides sufficient mechanical force to fragment AP fibrils as observed by

atomic force microscopy [103] (Figure 8A).

The very local increase in temperature may be also of interest to control the structure and
folding/unfolding of proteins; indeed, Kang et al. reported that in the immediate adjacent
environment of AuNPs illuminated with a pulsed-laser, proteins can be denatured [104]. This
interesting feature could find applications to treat diseases involving protein unfolding and
aggregation. Though such strategies may be promising, one must keep in mind that (i)
surrounding tissues may be heated as well, leading to unwanted effects and (ii) the

fragmentation of fibrils may generate toxic fragments.

All previous examples concern in vitro research and are difficult to evaluate in clinical
experiments, especially due to the limited penetration of light in the body. As the eye is easily

accessible to both light and advanced materials, our group has an interest in photothermal
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treatment of ophthalmological diseases. Recently we explored to which extent VNB may be
suitable to destroy vitreous opacities (also named ‘floaters’) [105] (Figure 8B). Eye floaters
are protein aggregates mostly composed of a mixture of different types of collagen that are
present in the vitreous [106,107]. We synthesized hyaluronic acid-coated AuNPs which
exhibited high mobility in vitreous and bound collagen fibers to selectively generate VNBs on
eye floaters and were able to ‘photo-ablate’ them allowing a preservation of the surrounding

vitreous. However, in vivo toxicity studies still need to be performed.

femtosecond laser
femtosecond laser only

[lumination with +gold nanrods
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Figure 8. (A) After illumination with a femtosecond laser amyloid fibrils can be broken thanks

to the explosion of gold nanorods. Atomic force microscopy (AFM) observations showed fibrils
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were destroyed (adapted from [103]). (B) Top: principle of photo-ablation of vitreous opacities.
After intravitreal injection, gold nanoparticles can diffuse and bind floaters. Pulsed-laser
illumination of the vitreous opacities induced the generation of vapor nanobubbles which will
burst and destroy the opacities. Bottom: dark field microscopy image of a floater obtained after
vitrectomy of a patient treated with 10 nm HA-AuNPs respectively before and after illumination

with a nanosecond laser (3 pulses of 800 pJ (adapted from[105]).

5 Toxicity and biodistribution of nanomaterials

In this part, we will discuss and reflect on toxicity concerns and distribution of nanomaterials
used to avoid or destroy protein aggregates. Since the toxicity of materials is not the scope of
this review, we will restrict this part to materials that showed the most relevant results in the

context of protein aggregation.

We have shown that several types of nanomaterials could efficiently contribute to avoid or
destroy protein aggregates alone or in combination with stimuli. Important, however, is to stress
on the toxicity and safety profile of such materials considering that biocompatibility and
biodegradability are two major requirements for further clinical use. Whereas some examples
highlighted in this review refer to liposomes — for which safety profile and toxicity have been
already shown for many years — the safe use of inorganic nanoparticles is still not clearly
established [108]. This is especially the case with gold nanoparticles whose toxicity and
biodistribution differ according to their size, shape and surface charges. For example, smaller
gold nanoparticles (< 5 nm) have been reported to be toxic binding to DNA strands [109]. This
is of major importance, especially with the use of pulsed lasers as we have previously discussed
for the treatment of vitreous opacities or amyloid plaques (see section 4.3). It is indeed known
that after such laser irradiations, gold nanoparticles can fragment [110] and therefore have

reduced size which can be harmful — a strong control and further investigations on this process
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are therefore required before any clinical use. [Quantum and carbon dots also appeared to be
attractive, especially as we have seen that they could avoid the formation of a-synuclein
aggregates in the brain and show nice results in mice [56]. Compared to IONPs, that are already
approved for clinical use [111], no clear toxicity profile was established with graphene quantum
dots or carbon dots. Extensive efforts therefore remain for a better understanding of the
biodistribution and the toxicity of such materials which can be modulated according to their

surface properties (cite).

Various polymers have shown interesting results. One of the first work reporting on the use of
polymer nanoparticles and protein aggregation from Cabaleiro-Lago et al. [22], was with
NIPAM nanoparticles. This type of polymer nanoparticles was then studied several times in
different context of protein aggregation and for drug delivery purposes. This polymer has been
shown to be safe in vitro in several cell lines [112] and showed relative toxicity in others
depending on the preparation methods [113]. In rabbits, its use as an ocular bioadhesive did not
show toxicity [114]. However, it appears that some studies on biodegradation and
biodistribution are still lacking and that other polymers have supplanted this one for drug
delivery applications. Therefore, studying the anti-aggregation properties of polymers with

known toxicity or approved for human use will be convenient.

It is now well-established in the drug delivery community and beyond that PEGylated
nanoparticles allow a prolongation of residence in the bloodstream through decreased
interactions with blood proteins. Important, however, would be to find a balance between blood
circulation time (which will increase the likelihood of the particles to bind the aggregates) and
the interaction of such nanomaterials with aggregates after intravenous injections. Indeed, one
can assume that PEGylated particles — due to steric hindrance — have none or poor interaction

with amyloids. This also explains why there are no or poor examples of pegylated nanoparticles
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that have been studied for the inhibition of fibrillation. Other strategies that allow a prolongation
of time in the blood stream without affecting binding to protein aggregates are therefore needed.
For instance, studying different shapes of nanoparticles in terms of inhibition of aggregation
could be interesting — knowing that different shapes have also been reported to increase the

circulation time in blood [115].

Conclusions

We reviewed the main nanotechnology based concepts and materials under investigation to
prevent and fight the aggregation of proteins in a pathological context. If other strategies
involving compounds of different nature have shown promising results against protein
aggregation (e.g.: polyphenols [116], tetracyclines [117] or specific antibodies [118]),
nanomaterials are still intriguing especially through their capacity to adsorb proteins on their
surface to allow a control on their aggregation. Besides, their surface can be tuned specifically
for this purpose, which is a clear advantage over bulk materials. However, it appears clearly
that there is an important lack of animal studies as, indeed, most concepts are so far only
investigated in vitro or ex vivo. To further explore nanomaterial-based approaches to prevent
protein aggregation and/or destroy aggregates in the context of neurodegenerative diseases,
designing nanomaterials able to access the central nervous system still remains a huge
challenge. The use of external stimuli to interfere with protein aggregation/aggregates, like light
or ultrasound, also raises the challenge of reaching the aggregates in the human body with those
stimuli, which especially in the case of light poses problems due to limited tissue penetration
(with the exception of aggregates in the eye). There is a strong necessity to be able to image
and detect protein aggregates in the body; those expectations could be met, for example, by

innovative (nano)theranostic approaches. Important to note as well is that in several studies it
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appeared that amyloid intermediates are even more toxic than mature fibrils or plaques
[119,120]. One could thus assume that maintaining a high amount of monomers and/or
oligomers (either by blocking the fibrillation or disassembling aggregates) could induce high
toxicity as well. This phenomenon must be taken into consideration, especially in the case of
Alzheimer’s disease. Also, further studies are needed to get better insights in the fate of protein
aggregate fragments which arise after the application of stimuli (light, heat, ultrasound).
Especially to know is whether such fragments may form fibrils/aggregates again i.e. whether
the destruction is reversible or not. Moreover, there is a clear lack of information regarding the
nature of the fragments — as there is no indications on whether there are in the molecular state
or consist in smaller aggregates. There is a clear need for further studies to clarify this point
which for the moment remains a major issue. Clearly, the reviewed literature demonstrates that
there is still a long way to go to provide promising nanotechnology based strategies to prevent
in vivo protein aggregation or destroy protein aggregates. A better understanding of both the
pathogenesis as well as the biophysical behavior of nanomaterials in complex biological
environments remains highly needed to make next steps towards efficient and original
therapies. Indeed, most of the nanoparticles reported to inhibit protein aggregation are studied
in buffers which often occults important physiological aspects such as stability in biofluids (e.g.
blood), biocompatibility and pharmacokinetics. It is clear that the problems inherent in the
control of protein aggregation are finally close to those of the field of drug delivery - and more

generally to the one of nanomedicine - with a strong need to adapt materials to human

physiology.
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