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Considerate la vostra semenza:
fatti non foste a viver come bruti
ma per seguir virtute e canoscenza

[Call to mind from whence ye sprang:
Ye were not form'd to live the life of brutes,
But virtue to pursue and knowledge high.']

D. Alighieri, Divine Comedy,
Canto XXVI, vv. 118-120
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Abstract

Amyloid fibrils are proteinaceous extracellular deposits whose bioaccumulation is related
tosever al neurodegenerative pathol ogi es
of such constructs are a fibrillar morphology, enhanced green birefringence along fibers
axis when stained with Congo Red and a characteristic cross-b pattern when analysed
by X-ray diffraction. Owing to the complex structure of proteins naturally self-assembling
into amyloid fibrils, production on a large scale suffers from inherentdrawbacks such as
the necessity of having an environment suitable to work with biological tissues and
difficulties in scaling-up. In the last years, however, amyloidogenic peptides have
emerged as minimalistic models that retain all the fibrillogenic behaviour and features
displayed by full-length proteins, with the advantage of a simpler and more tuneable
chemical structure. Amongthe possible peptide mutations leveraged to regulate their self-
assembly, halogenation of aromatic residues has been demonstrated to be a simple yet
powerful single point modification to affect intermolecular interactions, enhancing self-
assembly and promoting the emergence of new functionalities.

In the first part of this thesis, we investigated the impact of iodination on the aliphatic
residue of a tailor-made pentapeptide, D-AlIG(l,)-NKF, derived from the amyloidogenic
sequence DFNKF. By designing and synthesizing the custom bis-iodinated aliphatic
amino acid AllG(l,), we demonstrated the ability of iodine atoms to promote inter- and
intramolecular interactions that favoured its crystallization. After introducing such amino
acid in a tailored pentapeptide, we observed an enhanced fibril-forming proclivity of the
obtained sequence with respect to its hydrogenated counterpart, which was used as a
control. lodine introduction improved crystallogenic ability of the molecule, assisting
crystalline packing that allowed structural characterization in the solid state with atomic
precision. Further, this study demonstrated that iodine-mediated interactions drove the
packing in the crystal and the fibrillar state, stabilizing the same polymorph in both
conditions and, thus, allowing to infer morphological and structural features of fibrils from

crystal structure description. In addition to modulating the supramolecular behaviour of




D-AllIG(l,)-NKF, iodination also endowed the peptide with the ability to reduce gold ions,

an additional functionality absent when iodine atoms are lacking.

The possibility to easily let new functions emerge, coupled with their remarkable
properties, e.g. mechanical strength, biocompatibility and tuneability, has recently
attracted great attention to the use of amyloidogenic peptides for new-generation
materials. Thus, we investigated the use of halogenated amyloidogenic peptides to
endow hybrid systems with unprecedent properties. In this direction, we adopted a well-
known iodinated fibrillogenic peptide, namely DF(I)NKF, to design hybrid gold-peptide
templates to drive the out-of-equilibrium self-assembly of branched nanostructures with
a precisely defined 3D morphology. When the peptide was incubated with gold salts, it
formed spherical supraparticles with a peptide core decorated with gold nanoparticles
over its surface. Exploiting a seed-mediated growth in presence of such template, a
surfactantand a reducing agent, gold nanopatrticles served as seeds for self-assembling
a porous nanoshells over the templates. Obtained nanoshells are characterized by
peculiar optical and morphological features, which change over time due to
thermodynamicinstability of the outer porous layer. In fact, nanoshellsare only kinetically
stabilized for a few days, meaning that over time, the system reverts to its original state.
By controlling surfactant content, it is possible to tune nanoshells lifetime. The
programmable spatiotemporal control of optical and morphological featuresachieved was
proved to depend on peptide presence, which allowed to achieve transientstructures with
unprecedent morphological precision.

Lastly, we combined amyloidogenic peptide with nanocellulose, one of the most popular
and promising materials of the 215t century owing to its biodegradability, mechanical
properties and morphology. In most of its applications, however, nanocellulose is
chemically functionalized to improve dispersibility, handling and stability, making
unfunctionalized nanocellulose less utilised. Starting from the lack of composite systems
involving the addition of naturally amyloidogenic sequences to unfunctionalized fibrillar
nanocellulose (CNF) matrices, we investigated the effect of small halogenated
pentapeptidesderived from the DFNKF sequence on unfunctionalized CNF suspensions,
in both the wet and dry states. We verified that when peptide solutions are added to CNF

suspensions under suitable conditions in micromolar amount, their rheological properties




were significantly improved. The combination of the intrinsic fibrillogenic behaviour with
the presence of ionizable residues mediated stronger fiber-fiber and fiber-peptide
interactions, strengthening the gel network. Despite not being relevant for rheological
purposes, iodination wasemployed as a labellingtool to easily locate peptides distribution
in the composite matrix. Further processing of composite hydrogels allowed to harness
differentproperties accordingto the final state andthe processing pathway of the system.
When hydrogels were wet-spun into macrofibers, peptide mainly behaved as an ionic
solute substantially altering morphology and mechanical properties of macrofibers.
Whereas, when hydrogels were used to produce

the ruling factor for their wettability.
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Introduction




Amyloid fibrils

1.1 Amyloid fibrils

Amyloid fibrils represent one of the most diffused self-associating nanoscale structures
in nature.! The official definition by the International Society of Amyloidosis in 2012
descri bes ana psotaiyn that isdlepasited a8 insoluble fibrils, mainly in the
extracellular spaces of organs and tissues as a result of a sequence of changes in protein
foldingthatr esul t s i n a condition known as amyl oi c
occurs in tissue deposits as rigid, non-branching fibrils approximately 10 nm in diameter.
The fibrils bind the dye Congo red and exhibit green birefringence when viewed by
polarization microscopy. When isolated and analysed by X-ray diffraction, the fibrils
exhibit a characteristic cross beta diffraction patternd2. Over the course of the years,
amyloid deposits have been observed in several neurodegenerative pathologies,
including Al zhei meros di sease, type |11%4di abet
The increasingly growing social and economic incidence of amyloid-related diseases is
the main reasons behind the growing interest in amyloids. In 2005, the worldwide
economic burden of Al zhei merds di sease was e
dollars with nearly 27 million people affected, which are expected to quadruple by 2050.56
Beside their pathological relevance, outstanding mechanical properties and recently
established biocompatibility renders amyloid fibrils object of high interest for, i.e.,

development of new generation nanomaterials and tissue engineering.’®

1.1.1 History and general features

The term amyloid1 derived from the Latin amylum, the word for starch 7 was first used
in 1854 by German scientist Rudolph Virchow. When analysing a corpora amylacea in
brain tissue, he erroneously concluded that the substance he was examining
corresponded to starch.1%1! Few years later, Friedreich and Kekule demonstrated the
absence of carbohydrates and the apparent presence of proteins in an amyloid mass,
paving the way to the identification of amyloid as a protein class with specific biophysical
properties.11 Recognition of amyloid fibers significantly advanced at the beginning of the
20" century owing to increased accessibility of microscopy and histopathological dyes

such as Congo Red (CR, Figure 1.1A) and thioflavin.1! Pioneering work of Divry and
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Florkin demonstrated that CR staining of amyloid deposits accentuated their inherent
birefringence along their principal axis (Figure 1.1B).12 Thus, congophilia with green-gold
birefringence was adopted as the first criterion to identify amyloids. Recentdevelopments
on the binding mode of CR to amyloids described with atomic precision suggest that
oriented confinement of CR molecules in channels created upon amyloid structuring may
be a key factor (Figure 1.1C).1314 Despite the lack of this knowledge at the time,
evidences on birefringence enhancementled to the suggestion thatamyloids possessed

an ordered structure.

A NH,
0O
CQ N \\S//—O_Na"

Figure 1.17 A) Congo Red molecular structure; B) Congo Red-stained salivary gland sections under polarised light,
C) representation of the binding mode between CR and the HET-s prion amyloid protein.!415

The hypothesis was later on confirmed by Cohen and Calkins, who reported the
microstructural features of amyloids from differenttissues for the first time, highlighting a
fibrillar structure common to all the observed amyloids independently of their diverse
origin.18Fibers were relatively linearand unbranched, with high aspectratio owingto their
micrometric length and nanometric width.1718 Early discordant reports®21 on fibers
diameters were rationalized by high-resolution observations of protofibrils with a 25-35 A
diameter, longitudinally bundled together in a mature fibril whose size depends on the
number of subunits constituting it.1” Despite internal arrangement depending on the

specific proteins and experimental conditions, helical and screw symmetry were often
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observed.! The ordered structure implied by symmetrical features suggested the
presence of a well-defined diffraction pattern. Studies on different ex-vivo and synthetic
amyloid fibrils revealed a common X-r ay di f fracti on pbg whighisn tern
nowadays routinely associated with amyloid fibrils, characterized by a strong meridional
reflection at 4.7 A and a weaker equatorial reflection at 9.8 A (Figure 1.2A).22'25 The
former is associated with the spacing between polypeptide b-strands stacking along the
fiber axis, whereas the latter is correlated to the inter-sheet spacing between a pair of b-
sheets facing each other orthogonally to the fibril axis (Figure 1.2B).%% It was onlyrecently
that Nelson et al., investigating the crystal structure of Saccharomyces cerevisae Sup35
protein with atomic precision, identifi ed fAwet o and Adryo interf ace

by steric fit of opposing side chains. This interdigitated motif was later rationalized as
Asteri ¢ zippero.

A

A B

10-11A

Meridional

4.7A

Equatorial

Y

Figure 1.2 i A) Typical X-ray diffraction pattern of amyloid fibers, representative of their cross-4 structure; B)
representation of an amyloid fibril with facing b-sheets formed by stacking 6-strands; C) steric zipper of Sup35 from
Saccharomyces cerevisiae, highlighting dry and wet interfaces.*%2
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Figure 1.3 Timeline displaying key milestones in amyloid fibrils discovery. Ab ,  a mly ;1,nebi -chicroglobulin; cryo-

EM, cryo-electron microscopy; cryo-ET, cryo-electron tomography; EM, electron microscopy; micro-ED, micro-electron
diffraction; polyA, poly-alanine; polyQ, poly-glutamine; ssNMR, solid-state NMR spectroscopy.®

By the end of the 60s, all the core structural features unambiguously characterizing

amyloid fibrils were started to be grasped. Biochemical identity, on the other hand, was
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still uncertain and only qualitatively reported based on clinical symptoms.1! The first step
in understanding the biochemical heterogeneity of amyloids was obtained by Bendittand
Glenner, who identified specific proteins assembling into the amyloid state. In the span of
few years, they associated immunoglobulin light chains accumulation with primary
amyloidosis332 and identified amyloid A in fibrils isolated from patients affected by
secondary amyloidosis.33 The following finding revealed that transthyretin was associated
with familial amyloid poly-neuropathy,3*3> paving the way for further biochemical
investigation, based on amino acid sequence analysis, and identification of more than
fifty disease-related soluble proteins.*!! In this setting, in vitro assembly of fibrils started
to be adopted as an alternative and more accessible way to characterize amyloids. By
proteolytic digestion of immunoglobulin light chains, fibrillar assemblies identical to the
ones found in vivo were obtained, displaying the characteristic fibrillar morphology, green
birefringence and X-ray diffraction pattern.3%' 38 Shortly after this finding, fibers assembled
in vitro started to be commonly adopted as substituents for their counterpart extracted ex
vivo. An easier access to amyloidogenic sequences together with advances in the
development of always more accurate analytical techniques opened up a new
investigative era on amyloids and their related diseases, quickly leading to the
identification of their structural features with atomic precision (Figure 1.3).39% 42

Structuralinsights on disease-related proteins andtheir fibrillar assemblies, supported by
atomic force microscopy (AFM), transmission electron microscopy (TEM) and cryo-
transmission electron microscopy (cryoTEM), provided further macromolecular details
showing that individual protofibrils constituting mature fibers could bundle up in several
ways according to the conditions under which they are grown.4346 Although the core
structure is often the same i cross-b with opposing b-sheets running parallel along the
fiber axis 1, a degree of structural polymorphismis observed.4” On a mesoscopic scale,
this means that b-strands could stack with different orientations, b-sheet numbers and
offsets could vary between protofibrils, and mature fibers could be constituted by a
differing number of distinct subunits bundling together. For instance, insulin molecules
self-assemble in amyloid fibrils with two to six protofibrils (Figure 1.4),18 and even a larger

morphological diversity is accessible to amyloid-b assemblies grown under the same

experimental conditions.*4° Gathering structural insights with atomic precision is
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fundamental to fully elucidate amyloids behaviour and their connection with amyloid-
related disease. Therefore, the use of advanced techniques such as solid-state nuclear
magnetic resonance (SSNMR), cryoEM, AFM and X-ray diffraction on both single crystals
and powders has become imperative.50-51

Figure 1.47 A)Reprojected images ofinsulinfibers helical repeats obtained from cryoEM; B) 3D surface representation
of the four fiber structures reported in A.18

1.1.2 Amyloidogenic peptides: short amyloid models

Amyloid fibrils are insoluble aggregates generated by the assembly of soluble proteins
upon misfolding or denaturation.> The use of synthetic fibrils as reliable models for
amyloids formation in vivo accelerated and eased the research in this field, as it helped
overcoming the complexity of working with biological tissues.%2 Early findings highlighted
that the amyloid state could be achieved by an extreme diversity of proteins whose native
structures range from natively unfolded polypeptides, through molecules with extensive
a-helical motifs, to proteins with almost exclusively b-sheet structures.>*> Molecular
events regulating early stages of such conformational transition will be discussed in
Section 1.1.3, however, several studies have highlighted the crucial role of polypeptide
chains in governing proteins aggregation.52:5456 Despite the whole polypeptide being

included in amyloid fibrils, specific amino acid stretches are more prone to modulate
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aggregation than others (Figure 1.5). Comparably to enzymes where onlyfew amino acid
residues define the active site but many others are required to support correct structure
folding, specific amino acids sequences are more prone to aggregation than other
domains and drive the folding of large proteins into insoluble amyloid fibrils.>7:58
/
o
M Ry

Calcitonin Insulin

Cystatin C

Prolactin Apolipoprotein A Transthyretin

Figure 1.57 Structures of proteins involved in amyloid-related diseases. Colours representaggregation propensity of
each region, with blue regions not being prone to aggregation and red regions being the most predisposed.>®

Shortaggregation-prone domainsare also responsible for molecularrecognition and self-
assembly, meaningthatthey enclose all the structural information needed to mediate the
fibrillation process.®%Indeed, synthetic peptides constituted by few amino acids belonging
to such domains are able to assemble similarly to the full polypeptide in which they are
identified, and grow into amyloid-like fibrils.6962 Short amino acid sequences retaining
core amyloidogenic behaviour of the full polypeptide sequence from which they are
extracted are defined as amyloidogenic peptides (AP), and represent excellent minimal
models to study amyloid fibrils formation.®° The idea that a small protein region could

dictate its overall behaviour started to be accepted when the human islet amyloid
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polypeptide (hIAPP) and the rat sequence (rlAPP) were reported to have completely
opposite behaviour. The two sequences only vary for six amino acids, five of which are
in the region between residues 20 and 29. However, hlIAPP forms amyloids whereas
rlAPP does not.%3 This finding first allowed to identify the NFGAIL (Asn-Phe-Gly-Ala-lle-
Leu) sequence as the core amyloidogenic sequence of hIAPP.61 Ever since then, several
assemblies as short as pentapeptides were shown to form typical amyloid assemblies in
vitro that have biophysical, structural and cytotoxic properties similar to those of fibrils
formed by the full length polypeptide.60.62.6465The minimum motif able to assemble into
amyloid-like entities was found to be di-phenylalanines.®® The recurrent presence of
aromatic amino acids like phenylalanine (F, Phe), tyrosine (Y, Tyr) and tryptophan (W,
Trp) in AP, coupled with the general scarcity of the same amino acids in proteins,
suggests that aromatic interactions hold a relevant role in amyloid assemblies.67:68
Nowadays, the identification of novel AP is assisted by development of computational
tools able to simulate and predict proteins structural changes.%7° In silico models aimed
at addressing whether a protein can form amyloids are based either on a statistical
approach or a physical approach. Statistical methods make use of databases of
experimental data on previously reported amyloid and not-amyloid proteins, performing
predictions based on amino acids composition and recognizing regularities on their
sequences.’! 73 Physical approaches, instead, are designed considering the folding
possibilities of tested sequences in accordance with structural constraints.”476

Despite being relatively simple models for amyloid fibrils, the natural fibril-forming
tendency and the relatively ease of production and functionalization via solid phase
peptide synthesis (SPPS) render AP ideal candidates for developing amyloid-based
engineered nanomaterials.8 For this reason, a full understanding on how such domains

assemble into amyloid fibrils and the related mechanism are of utmost importance.

1.1.3 Self-assembly: noncovalent interactions at work

Proteins folding is the natural process through which polypeptide structures reach the
required conformation in their native state to carry out their designated function. Under

several conditions, proteins can misfold and expose molecularregionswhich are normally
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buriedin the core of the folded structure. Misfolded proteins can, then, self-assemble into
insoluble and fibrillar aggregates identified as amyloids.>®’/ The wide variety of
established amyloidogenic sequences proves that the amyloid state is not exclusive to
pathogenic proteins but can be considered a generic feature potentially accessible to all
proteins and polypeptides, given its high thermodynamic stability. 882 As proteins in their
native conformation are metastable states, they can spontaneously evolve into amyloid
fibrils. The stability of the native state, essential to its functioning, is ensured by high

energetic barriers.3

1.1.3.1 Amyloids fibrillation and main driving forces

Fibrillation is a complex multi-stage process encompassing several intermediate species
that drive the interconversion of proteins from their native state to the amyloid state.
Before growth of amyloid fibrils can start, largely folded proteins need to undergo major
conformational changes to trigger preliminary events that render proteins prone to
aggregation.? Destabilization by denaturants, pH, temperature, truncations or mutation
promotes misfolding, a conformational conversion into partially or fully unfolded states
that can start to aggregate and self-assemble on a biochemicallyreasonable timescale.®
Unfolding exposes aggregation-prone residues i mainly hydrophobic ones, stabilizing
proteinsdéd structure thr ou whchar® osoalywhbaiiee imt i nt e
restricted regions of the native state.®® Clusters of aromatic and aliphatic residues
promote non-native short-range and long-range interactions that favour self-assembly
towards ensembles with diffused b-sheet structure.87'8 This reorganization is the
precursor of amyloid fibrils formation.

Detailed description of the evolution from amyloidogenic monomers to amyloids is not
available, yet, due to the complexity and variety of the events involved during fibrillation.
Nevertheless, over time different approaches have been devised to represent diverse
aspects of the aggregation mechanism.%%°1 The most popular and established model to
describe amyloid formation is the nucleation model, which finds its inspiration in

nucleation and growth models developed for describing crystallization.%*

10
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Figure 1.6 T Scheme of amyloid formation according to the nucleation model. The blue line represents the typical
fluorescence signal observed in a Thioflavin T staining, with an initial lag phase where no fluorescence is observed, a
subsequentexponential phase where the population offibers starts to increase and a final stationary phase where the

fluorescence does not increase anymore. Cartoons underneath represent the most frequent aggregates form and
process occurring in each phase.®

The temporal evolution of total fibril content can be visualized by staining with a
fluorescent dye like Thioflavin T (ThT), whose florescence signal is enhanced when
bound to amyloids.?? In a typical amyloid staining with ThT the display of a sigmoidal
profile allows to identify the main steps of aggregation mechanism (Figure 1.6),
distinguishedin three core phases.””9394 The firstis called lag phase or nucleation phase,
where small oligomers are formed from assembly of partially and fully unfolded proteins
and, more rarely, from proteins in their native state.®> Oligomeric species can furthery
assemble to form fibrils nuclei,smallbead-l i ke structures often
aggregateso atingd unstakle rsgesies.n Thus, their formation is
thermodynamically unfavourable.®® As a consequence, the onset of the lag phase
requires a concentration of the amyloidogenic specieshigherthan a critical concentration
(Cc).2%°97 When the actual concentration is below Cc, no nucleation can occur. When this
threshold is exceeded, slow nucleation takes place. The unfavourable energetic profile
renders the lag phase the rate determining step of the whole fibrillation process.% In

parallel with traditional seeded growth, the energetic barrier for nucleation can bereduced

11
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by addition of preformed seeds to a solution of amyloidogenic species. Therefore, the
presence of preformed aggregates can favour the formation of novel aggregates as in an
autocatalytic reaction. This phenomenon can relatively frequently lead to complete
disappearance of the nucleation phase, thus dramatically speeding the formation of
amyloid fibrils.% Nuclei generated upon aggregation of oligomers represent starting
points of fibrillar assemblies, phenomenon which occurs during the exponential growth or
elongation phase. At a certain point during the self-assembly, each precursor recruits
monomers and undergoes a conformational transformation into b-sheet-rich protofibrils.
Fibrils formed can, then, fragment producing new fibrils ends that can act as recruiting
sites for other monomers, exponentially increasing fibrillation speed.1% At this stage,
other processes like secondary nucleation (Figure 1.7), i.e. the catalysed growth of

oligomers on the surface of pre-existing fibers, increase the rate of fibrils formation.101.102

primary nucleation secondary nucleation
, O '\6
(%) P— .\—CO ~
—S | %
e & = G —

Figure 1.7 1 Cartoon representing the difference between primary nucleation (left), occurring only on the ends of
fragmented fibrils and oligomers, and secondary nucleation (right), occurring on the lateral surfaces of fibrils. 1

Finally, after that most of the monomers are interconverted to cross-b-structured
aggregates, the system reaches equilibrium conditions with amyloid fibrils content
remaining constantover time. Atthis point, fibers have reached their critical length. This
behaviour constitutes the stationary phase or plateau, substantially decreeing the
conclusion of the fibrillation process.

Conversely to what was originally thought, mature fibrils do not represent the toxic
species of amyloid deposits.103104 Recent findings demonstrated that the severity of
Al zhei mer 6s di sease do e sounhobdplaguedfouncih afeceed wi
tissues,19 suggesting that pre-amyloid aggregates are the cytotoxic species.1061108
Importantly, not all oligomers are toxic. Determining their structure-function relationship
is, however, quite difficult because of their instability and reactivity. Despite the
uncertainty about the necessary conditionsto render a toxic oligomer such, it is known

that exposed hydrophobic residues are not found in innocuous oligomers.10?
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Hydrophobiceffectis known to have a profoundimpacton proteins self-assembly in water
and, together with hydrogen bonding (HB), is the most critical force driving the self-
assembly. However, details on the precise processes at work during amyloids
aggregation, as well as the role of water, are still under debate.?®2 Owing to the
experimental difficultyin isolating transientoligomers, valuable insights on the matter can
be obtained from molecular dynamics (MD) simulations. When the fibrillogenic

heptapeptide Ab;g.» (Ac-KLVFFAE-NH,) was simulated with MD,19 self-assembly was

observed to direct purely hydrophobic residues (L, F, A) in the core of the formed
protofilamentand hydrophilic residues (K, E) towards the solvent. In the process, the two
driving phenomena were identified as a water-mediated assembly and a secondary
process driven by an energetically favourable configuration of hydrophobic residues. The
role of water was hypothesized to be that of
assembly, butfacilitatesthe packing of hydrophobic surfaceswhen they closely approach
each other.110 When two strongly hydrophobic surfaces gatherin close proximity below a
critical distance (< 1 nm), a local water expulsion occurs in the neighbourhood of
hydrophobicsurfaces.!*:112Thisnanoscale dewetting, ordrying, provides a strong driving
force for hydrophobic domains to tightly p
c ol | d'pMNaeodcale drying and subsequentcollapse are weakly affected by protein -
water electrostatic interactions.!® Conversely, Van der Waals (VdW) interactions
between proteins and solvent have a deep impact on assembly dynamics (Figure 1.8).
Despite being individually weak, attractive VdW forces between solvent and solute are
able to compensate the loss of HB caused by confinement of water molecules in

hydrophobic patches.114
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Figure 1.8 Snapshotof simulated water molecules dispositioninsidethe gap between two hydrophobic domains (top)
and corresponding water density in the gap (bottom), in the cases of A) all interactions considered; B) electrostatic
protein-water interactions disabled; C) Van der Waals protein-water interactions disabled.*

Among the classes of hydrophobic residues, aromatic ones hold a prominent role in
driving self-assembly of AP into amyloid fibrils.}*> Indeed, they can be found in
established amyloidogenic sequences with remarkable frequency, considering their
relative scarcity in proteins.®8 The impact of aromatic amino acids (i.e. phenylalanine,
tyrosine and tryptophane for natural amino acids) on amyloid fibrils formations mainly
stems from an energetic contribution owing to the stacking of aromatic residues and the
directionality given by the stacking itself.6” The latter is particularly important, as amyloid
fibrilsare characterized by a well-defined supramolecular structure with an ordered cross-
b-structure. Stacking of aromatic moieties, also known as p-stacking, can lead to the
formation of high-order clusters of different kinds (Figure 1.9): sandwich (or face-to-face),
parallel displaced, T-shaped (or edge-to-face), parallel staggered and Y-shaped (or

herringbone), with parallel displaced disposition being the most encountered.16

S N F

Sandwich Parallel Parallel T-shaped Y-shaped
displaced staggered

Figure 1.97 Principal stacking modes of aromatic clusters.t’

Aromatic contribution to amyloid formation is considered to mainly affect the recruitment

of additional monomers to pre-existing growing sites. In fact, addition of monomers to
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elements that contain aromatic residues is restricted by the geometry allowed by p-
stacking. The stacking interactions, therefore, define a specific molecular recognition
behaviour restricting the admissible structural organizations of additional building

blocks.%”

1.1.3.2 Halogen bond: an established paradigm

Previous sections highlighted that hydrophobic and aromatic interactions are two of the
most impactful contributions to amyloids self-assembly. Yet, other noncovalent
interactions can dramatically alter the amyloidogenic behaviour of polypeptides, often
amplifying it.118 This is the case of halogen bond (XB), a halogen-promoted noncovalent
i nteraction. Accor di n gA halogen bornel occusRvAeE8 theteid
evidence of a net attractive interaction between an electrophilic region associated with a
halogen atom in a molecular entity and a nucleophilic region in another, or the same,
molecularentityd!1® In otherterms, a XB occurs when a halogen atom (X in Figure 1.10A)
behavesas a Lewis acid alongthe extension of the covalentbond with another molecular

moiety (R), and interacts with a Lewis base (Y).

A o B
2

R = C, N, Halogen, etc X=Cl,Br, LN, Y=N,O,S, Se, Cl,Br, 1,
5 (Surface potential) LBLC.E,
S CF;5

Figure 1.107 A) Halogen bond scheme. X is the electrophilic halogen atom, R is the covalently bonded moietyand Y

is the nucleophilic site engagingwith the halogen in a XB; B) molecular electrostatic potential at the isodensity surface
with 0.001 au for CF,, showing the anisotropic distribution of electron density.120.12!

Halogens can, thus, behave as electrophilic species because of the anisotropic
distribution of the electron density around their nuclei (Figure 1.10B).122 Electron-poor
regi ons of t &ceostdti@potengataned@enerallly originated as consequence
of covalent bonds, along their extensions. Conversely, the region perpendicularto them
displays an enhanced electron density.1?2 The positive region along the R-X bond is

generallyidentifiedas s-hol eo, as i1t describes a | oc

fashion to s-bonds.'?! Such electrostatic configuration allows to justify the main XB
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features, i.e. directionality, strength tuneability and hydrophobicity. Directionality stems
from the localization of s-hole on the elongation of the covalent bonds involving the
halogen atom, giving rise to linear R-X-Y interactions (160° - 180°). XB strength can
vary from few kJ/mol to more than 100 kJ/mol according to the size and magnitude of the
s-hole.'?* It follows that the XB donor ability changesin the order | > Br > Cl > F due to
the increased polarizability and lower electronegativity of the stronger donors (Figure
1.11).123

888 OB

Figure 1.117 Computed electrostatic potentials on 0.001 au molecular surfaces of halogenated benzene derivatives.
Left. from left to right, chlorobenzene, bromobenzene and iodobenzene. Right: from left to right,
pentafluorochlorobenzene, pentafluorobromobenzene and pentafluoroiodobenzene.'®

Owing to its features, XB has rapidly become an established tool for supramolecular
chemists, finding its application in numerous fields.1?> Recent reports highlighted
halogenation as a tool to tailor specific functions of biological systems.126 In a handful of
cases, monohalogenation was enough to prompt dramatic changes to the functionalized
system, suggesting that halogens can be a minimal, yet relevant, local modification to a
molecular structure.1?27.128 | gcal modifications, on the other hand, can be impactful on the
fibrillogenic behaviour of amyloidogenic polypeptides too. Alanine scan, forinstance, is a
technique which consist in systematically replacing one amino acid of a predefined
sequence atthe time to determine the contribution of the substituted amino acid on fibrils
self-assembly.1?? By means of this approach, Gazit et al. demonstrated the pivotal role of
Phe on the amyloidogenic behaviour of the NFAGAIL sequence.®® Hydrophobic
interactions can be disrupted by single pointmutations as well, alteringthe conformational
evolution of proteins during their unfolding.88 With XB being hydrophobic and potentially
appliable to aromatic residues, halogenation of amyloidogenic polypeptide constitutes a
power tool to engineer their self-assembly.’30 As it will be explored more in detail in
Chapter 2, halogenation as a single-point mutation of AP has allowed to shed more light

on the driving forces behind amyloid fibrils formation.
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1.2 Amyloids as building blocks for

nanomaterials and biohybrids

Before discussing recent uses and findings of amyloids in materials science and
nanotechnology, it is necessary to briefly outline a framework for understanding the
reason behind their popularity as building blocks. Observation of nature rendered evident
that amyloid-based constructs do not exclusively associate with disease states, but also
play vital roles in physiological processes.®* Following this rekindled interest, amyloid
fibrils and their assemblies can also be approached as nanoscale building blocks for
nanomaterials and (bio)hybrids. Early findings from Reches et al.?¢ demonstrated the
potential of small fibrillogenic sequences as organic templates for obtaining metallic
nanotubes. Owing to their strength, biocompatibility and ease of functionalization, this
seminalwork paved the way for the developmentof diverse amyloid-based materials and
architectures.'31132 Starting from their use as templates, amyloid have rapidly been
adopted as common building blocks for hybrid systems, in combination with other

functional components.132.133
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Figure 1.12 7 Schematic image of various general examples of hybrid materials. On the left, a more general range of
applications is reported. On the right, microscopic images of selected hybrid systems.13*

Since the literature is often discordantand ambiguous on the matter,3% it is necessary to
precisely define what a composite material is and which are the differences and
similarities with hybrid materials. According to the official IUPAC definition,a composite

r epr es emutisompanenii material comprising multiple, different (non-gaseous)
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Amyloids as building blocks for nanomaterials and biohybrids

phase domains in which at least one type of phase domainis a continuous phase 6136137
It follows that no restrictions are posed on the kind of interaction occurring between the
two components as long as there is at least one continuous phase. Hybrid materials, on
t he ot her Mmatemiad(s) composed @f an intimate mixture of inorganic
components, organic components, or both types of component. The components usually
interpenetrate on s cal es of @#%1% Fhe mhiradifferdncedbetween the two
categories depends on the interactions scale, as hybrid materials require components to
interact at the nanometric/molecular scale. The major ambiguity is generated by systems
where nanometric building blocks compose an intimate mixture of which one component
is also a continuous phase. Such systems can fall in both definitions, thus being rightfully
addressed as both hybrids and composites. Therefore, hybrid materials can also be
considered composites but not vice-versa. To increase the confusion, the literature has
also coined the term nanocomposite, often employed as synonym for hybrid materials
and used to address composite materials where atleast one componenthasasize in the

1-100 nm range.138
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Figure 1.13 7 A) Representation of collagen fibers structural organization in bones. Mineral crystals can be found
between congregated tropocollagen to form mineralized collagen fibers; B) TEM (top) and optical micrograph (bot) of
nacre from water mussel (L. cardium).139140

All the aforementioned systems encompass a basic structural material T generally
referred as filleri incorporated into a secondary substance, the matrix.138 This simple yet
nontrivial organization is ubiquitous in nature, as the resulting material typically displays
enhanced properties.'® Natural composite materials are often composed by an inorganic

part, acting as main structural component and providing mechanical strength, and an
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organic part, typically acting as a linker between the other parts.13 Typical examples are
bone and nacre, in which a hierarchical architecture determines remarkable resistance,
strength and toughness.'3%140 The main interest in hybrid systems stems from the
possibility to couple dissimilar properties of organic and inorganic components in a single
material. Incorporation of specific components (e.g. nanoparticles, clusters,
macromolecules or layered materials) can endow the final material with optical,
electronic, magnetic properties in organic matrices, possibly generating multifunctional
hybrids.141142|n order to pursue a biomimetic approach and make the most out of amyloid
assemblies, it is mandatory to better understand how amyloid are exploited by natural

systems and how their behaviour can be engineered.143.144

1.2.1 Not only pathogenic: functional amyloids

Amyloids remarkable resistance, elasticity and stability under harsh conditions are
routinely harnessed by countless natural organisms.14> Numerous examples of amyloids
with beneficial physiological functions can be found in bacteria, fungi, insects,
invertebrates, plants and humans (Table 1.1).146'151 Amyloid structures involved in a
biological function are typically defined as functional amyloids.

One of the most elegant uses of amyloid-like materials recently discovered in nature are
spider silks. Due to the diverse needs of spiders, silks can take up to seven forms, with
different structures and chemistry.152 The self-assembly of all such proteins is dictated by
a central amyloidogenic domain flanked by non-amyloidogenic sequences. As a result,
silk contains interspersed crystalline b-sheet domains with structurally disordered
regions, whose diffusion is modulated according to the functional need of each silk. 1531
The heterogeneity of silk composition imparts high elasticity and specific strength higher
than Kevlar, that the spider utilizes especially in draglines silk.15415 Amyloid nature of
such fibers can be verified by staining essays with amyloid specific dyes, like ThT.156.157
Conversely, X-ray fibers diffraction experiments reveals a different equatorial signal with
respect to the typical amyloid cross-b-structuring. The discrepancy in diffraction patter
can be attributed to the shear forces applie

spinnerets, which rearrange b-sheets parallelly to the fibril axis.%8

19



secreted in

Amyloids as building blocks for nanomaterials and biohybrids

Table 1.1 Examples of functional amyloids and their corresponding biological functions. %8

Functional Major
Organism amyloid substituent Structure Function
Bacteria
Escherichia coli, Curli CsgA [B-sheet-rich fibrils at the cell surface  Biofilm formation; host cell adhesion
Salmonella spp. (15 kDa) and invasion; inflammatory response
activation
Streptomyces coelicolor Chaplins ChpA B-sheet-rich fibrils at soil-air Development of aerial structures and
(20 kDa) interfaces spores
Methanosaeta thermophila Cell wall MspA B-solenoid with disulfide-linked Encasement of bacterium; protection
(archaea) sheaths (60 kDa) subunits from heat; diffusion of metabolites
Fungi
Most fungi Hydrophobins 5C3 {-barrel monomers form continuous ~ Host adhesion; aerial growth; spore
(12 kDa) B-sheet amyloid at air-water formation
interface
Animals
Spiders Silk MaSpl, [-sheet crystalline regions Shelter, food entrapment, egg protection
MaSp2 surrounded by amorphous matrix
(~3kDa)
Insects and fish Chorions Several Conserved central domain aids Egg protection
[B-sheet assembly
Homo sapiens Pmel-17 Pmel-17 Luminal fragment rapidly forms Polymerization of intermediates in
fibers (100 kDa) cross-B sheet fibrils melanin synthesis
Plants
Hevea brasiliensis Rubber REF High B-sheet content Biosynthesis of natural rubber
elongation (15 kDa) transmembrane structure

factor

extracell

u l

evaporation, simultaneously protecting against chemical and microbial infiltrations.

ar mil i eu

Functional amyloids are often used with structural purposes by other insects and fishes
as well to reinforce egg envelopes and protect embryos. Annual killfishes and silkmoths
utilize amyloid constructs to protect developing larvae from xeric environments.14%.159 For

both organisms, shell membrane reinforcing by chorion amyloids inclusion reduce water

Similarly to complex organisms, bacteria have developed amyloid scaffolds for biofilms
formation. Biofilms are bacterial communities in which bacteria associate with surfaces
andeach other using aself-produced extracellularmatrix mainly composed of proteins.1®
Curli, the extracellular proteinaceous fibers, all share an amyloid structure and hold a
prominentrole in defining biofilms strength, viscoelasticity and resistance to strain.161.162
The main component of curli is CsgA, a 120-residue intrinsically disordered protein
t he

an

Nucleation of CsgA is operated by the minor curlisubunit, CsgB, which anchorcurlifibers
to the bacterial membrane (Figure 1.14A).163 Many bacteria produce amyloid and,
according to the bacterial species, different proteins constitute curli. For instance, CsgA
and CsgB are commonly found in Escherichia coli biofilms, Staphylococcus aureus

biofilms activity is deeply regulated by small peptides called phenol soluble modulins,
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Microcin E492 and TasA have been identified as the curli constituents for Klebsiella
pneumoniae and Bacillus subtilis, respectively.164/166 Beside their structural role in
biofilms, amphipathic bacterial amyloids have been developed as surface active species.
Simple spore-forming filamentous bacteria, like Streptomyces coelicolor, has developed
surface active amyloid structures known as chaplins. Chaplins assume a b-sheet
conformation at the air-water interface to drive the extension of hyphae out of the soil to
let spores be dispersed in the surrounding environment.16” Similarly, many fungi utilize
amphipathic proteins called hydrophobins to favour growth and sporulation (Figure
1.14B).
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Figure 1.147 Representation of examples of functional amyloids in diverse organisms. A) Curli, being used by bacteria

as scaffolds for biofilms; B) hydrophobi ns awaerintedace;@t ed by
rubber elongation factors (REF) promote rubber particles formation in rubber plants; D) Pmel17 amyloid fibers organize

melanin precursors and promote melanogenesis.1%®

Examples of functionalamyloids involvementin biosynthetic processes are more likely to
be foundin complexorganisms like plants or mammals. Members of thisanimal class are
capable of synthesizing melanin, a light absorbing pigment, and store it in small
organelles called melanosomes. Herein, melanin is obtained by polymerization of small
precursors in a process catalysed by one domain of Pmell7 amyloid fibers (Figure
1.14D).168 Precursors are highly reactive and toxic species, thus evolution has rendered

Pmel17 capable of sequestering and minimizing their undesired diffusion.169
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The different physiological duties fulfilled by functional amyloids in lesser and higher
organisms suggestthat the amyloid fold is not always indicative of toxicity and, as such,

it can be a powerful tool to be harnessed in nanotechnological applications.

1.2.2 Nanomaterials design by amyloid fibrils

Many features displayed by amyloidsin nature render them attractive for synthetic biology
and development of new-generation materials. In accordance with positive roles played
by functional amyloids, synthetic amyloids i fibrils artificially grown in vitro form nontoxic
sequences T are now considered common building blocks for advanced functional
materials and nanotechnological applications.1’0 Indeed, they possess a unique
combination of size, chemical composition and tuneability, mechanical robustness and
ease of production that pave the way to their utilization in manifold fields. The core
physical-chemical features that render amyloid fibrils so desirable are:
1. Extreme aspect ratio, owing to a nanometric width and length in the order of
micrometers;t7171
2.Youngds modul us comparabl e to’"ommercially
3. Surface chemistry, given by amino acid functionalities and ease of synthesis and
modification;172173
4. Biocompatibility and stability in a wide range of conditions, including physiological
ones.?
Stemming from the bottom-up self-assembly process from which amyloid fibrils are
obtained, isomorphism i the ability of different polypeptides to form fibrils i and
polymorphism 7 the ability of an individual sequence to associate in aggregates of
differentmorphologiesi needto be taken into consideration as well.17* The latter property
makes clear that small differences in molecular recognition and aggregation are
responsible for the achievement of different nanostructures.1’®
Finally, an important point often overlooked during the identification of potential building
blocks for advanced systems is their processability. Developing nanofabrication
techniques adequate to materials needs requires time and efforts. In this sense, amyloid

fibrils resemble synthetic polymers, and their formation has been linked to crystallization
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and gelation.176'178 These similarities can be harnessed by materials scientists for the
design of functional amyloid structures and materials, easing the complex process of
developing new technological solutions.

Amyloids can assemble into nanoarchitectures with variable characteristic length and
complexity. For this reason, different approaches for their categorization have been
devised. As morphological control of amyloid nanostructures is of paramountimportance
for determining their properties, an established criterion to classify self-assembled
amyloids is their dimensionality. From an atomistic to a mesoscopic scale, amyloid
assemblies can be divided into OD aggregates (nanoparticles, nanospheres, loops,
triangles and other shapes withouta dominantdimensionality but with self-limited size),
1D aggregates (nanaofibrils, nanoribbons and nanotubes), 2D assemblies (sheets, films

and membranes) and 3D scaffolds (Figure 1.15).84
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Figure 1.157 Length scale of various amyloid structures, from monomers to 3D architectures.®

0D objects are of relatively scarce interest in materials science, since they have often
been identified as cytotoxic constructs.1%6.17° When obtained either by amyloid proteins
degradation (top-down approach) or by bottom-up fabrication, 0D nonfibrillar aggregates
can play a critical role in pathogenesis (e.g. annulara-synuclein oligomersinsertingin
cell membranes and creating aberrantion channels).1801183

Monodimensional (1D) aggregates are the most commonly encountered assembly state,

as nanofibrils represent the energetically stable state of a protein.8118 1D amyloid
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structures are generally formed by a variable number of interlaced protofilaments.185 The
multifilamentous morphology of nanoribbons and nanofibrils opens for variations in their
packing, resulting in polymorphism (Figure 1.16).47:186 Despite their relatively simple
geometry, 1D aggregates are nontrivial objects to engineer since they can undergo
morphological transitions from e.g. differentkinds of ribbons or from ribbons to fibers and
nanotubes.'®” Evenifrelationshipsforthe structural design of some of these architectures

have been identified, it is still complex to thoroughly engineer their assembly.186.188

\ 0
\ R

Figure 1.16 T AFM and molecular dynamics reconstruction of multistranded nanoribbons.8

Their dynamic evolution suggests that incubation time can be a critical parameter in
defining their morphology. Forinstance, the hexapeptide ILQINS from hen lysozyme was
reported to evolve from multistranded right-handed ribbons to crystalline aggregates as
enough incubation time was provided.8® Other reports from short AP demonstrated that
nanoribbonsare an intermediate state often evolvingintonanotubesor highercomplexity
structures.*®7.190 |n order to select specific morphologies, molecular design of tailored
sequences is often adopted. Indeed, synthetic polypeptides with extended moieties
containingionizableresiduesrepresenta strategy to obtain the desired architecture under
different protonation conditions. Variations in electrostatic repulsion can, in this case, be
controlled acting on pH and, as a consequence, allow to obtain twisted ribbons, helical
ribbons and nanotubes.’®! Intermolecular interactions may also be altered by metal
coordination employing metal-binding motifs.1®? Despite being less common, using
peptides possessing different configurations or co-assembly of multiple building blocks

allows to effectively tune aggregate morphology as well.1937195
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The mechanical strength of amyloid fibril renders them capable of forming 2D assemblies
by application of post-assembly treatments. Among the different post-assembly
processing, amyloid stacking,1%6 self-assembly at interfaces197:198 and filtration1°0 are the
most utilised. Allthese methods can be successfully employed with both amyloid proteins
and amyloidogenic peptides, fabricating nanosheets,192:200fjms201.202gnd membranes.2%
Conversely to what happens for 1D assemblies, structural integrity of bidimensional
substrates requires tailored assembly conditions to endow them with adequate
mechanical resistance. Thus, noncovalent interactions are often coupled with stronger
electrostatic and ionic interactions. For instance, ionic strength can be exploited to
strengthen ionic interactions between complementary residues (e.g. lysine, K, and
glutamic or aspartic acid, E and D). Utilising this strategy, highly stable amyloid
membranes can be produced.?®® A similar degree of control can be achieved with
KLVFFAK nanosheets,whereionic strength allowsto control their thickness uniformity.?®
In a restricted range of cases, physical stimuli can mediate the assembly of 2D amyloid

films.201

Figure 1.17 7 CryoSEM images of lysozyme microgel particles at different pH.2%*

Amyloid plagueswhich originated the interest on amyloid proteins are the firstdiscovered
form of 3D aggregates. In addition to natural deposits, synthetic 3D amyloid structures
have been developed. They mainly consistof multilayers structures and microgels (Figure
1.17), peculiar morphologies obtained by both highly tailored sequence design and mult-
step processing.294205 Owing to their complexity, such morphologies are often obtained
as final state from an intermediate state with a lower dimensionality. For instance,
lysozyme microgels can be formulated through both oil-in-water and water-in-ail
emulsion, buttheirassembly is subjected to an intermediate step where 1D amyloid fibrils
are formed.
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This quick and not exhaustive overview of amyloid-based assemblies is justone possible
way to classify them. Other approaches reported in the literature, for instance, divide
amyloids according to their application and features, rather than morphology.?8132 In any
case, the multitude of highly specific features displayed by amyloid fibrils render objects

of interest for material scientists.

1.2.3 Functional building blocks for hybrid systems

Amyloid fibrils are mechanically stable, durable in a wide range of temperatures and pH
andresistant to proteases.2% The possibilityto control spacing, periodicity and availability
of binding sites along the surface of amyloid fibrils rendered them an exciting prospect for
designing advanced functional materials. Amyloidogenic peptides (AP) can be suitably
used for such applications, mainly because of their relative ease of production and
customization with respect to full-length proteins.2884 Tailoring peptide sequencesis a
primary tool to engineer their self-assembly. However, whilstamyloid fibrils represent an
ideal substrate for hybrid materials, attention must be taken that other building blocks do

not alter the balance between interactions, driving aggregation in an undesired way.

1.2.3.1 Amyloid-nanoparticles: metallization and inhibition

Nanoparticles (NPs) are one of the most popularpartners for amyloid hybrids. 28207 Owing
to their properties, NPs-decorated amyloid fibrils are used in the design of
nanocomposites for heterogeneous catalysis or possessing antimicrobial activities.208.209
Typically, metal or metal-compound NPs are employed, as amyloid fibrils can provide
regularly spaced metallization sites for NPs to be nucleated in situ (Figure 1.18A).210.211
Supramolecularinteractions between a multitude of amino acids and metal ionslead to
metal-ligan binding, originating strong metal ions adsorption at the surface.??213 This
concepthasbeen explored with a variety of NPs like Fe;0,, Au, Pd, Fe and more,190.209.214
leadingto developmentand commercialization of membranes based on artificial amyloids
capable of capturing metal ions, reducing them to the metallic state and exploiting
adsorbed NPs for heterogeneous flow catalysis.215217 When no specific reducing

residues are introduced in the amyloidogenic sequence, metals can be captured and
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maintainedas ionsto increasetheir bioavailability. For instance, b-lactoglobulin fibrils are

able to bind Fe?" ions over their surface and maintain its oxidations state, which is more

bioavailable than Fe3*.215

If Jg Metal salt
NaBH4

d : Capshlcln Amyloid fibrils
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Figure 1.1871 A) Schematic representation of b-lactoglobulin proteins assemblinginto fibers, to be used as metallization
sites for Au, Ag and Pd NPs; B) schematic representation of capsaicin-coated AgNPs suppressing amyloid formation
from bovine serum albumin.?1.218

Alternatively, NPs have been used as therapeuticagents in amyloid-related diseases due
their ability to detect, inhibitor, in specific cases, revert amyloid aggregation (Figure
1.18B). Amyloid detection can be achieved by exploiting plasmonic properties of tailored
NPs, which arrange themselves according to the fibril morphology and, consequentially,
providing an intense optical response.?!® Often times, interactions between NPs and
amyloidogenic sequences can alter fibrillation kinetics by binding to oligomers and
inhibiting their further growth or by capping specific moieties of the amyloidogenic
polypeptide.220.221 By tuning surface charge of NPs, it is also possible to disrupt preformed
amyloid fibrils, redirecting assembly into intermediates and preventing accumulation of
toxic species.?22 Despite the potentially ground-breakingfinding, two considerations must
be taken into account. First, the integrity of fibrilsformed in vivo is ensured by crosslinking
with biopolymers such as glycosaminoglycans and other proteins, which are not present
amyloids assembled in vitro.222 Secondly, preventing fibrillation may result relatively
simple by employing the right NPs, but such effectis obtained at the expense of creating
potentially toxic oligomers. Thus, beside inhibiting fibrils growth or reverting their

fibrillation, it is always necessary to verify the toxicity of formed amyloids.
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Similar considerations can be made when considering quantum dots as amyloid partners,

as they can also promote, inhibit and trace amyloid aggregation 2241226

1.2.3.2 Biohybrids for biomedical and tissue engineering

Amyloid biohybrids are systems based on engineered morphologies of amyloid
assemblies integrated with a diverse partner to mimic chemical and structural facets of
biology. The use of self-assembled structures from AP in biomedical applications is
encouraged by high loading capacity for drugs, good targetability, biocompatibility, great
biodegradability and by the traditional advantages offered by nanoscale systems. 227228
The wide variety of structures achievable and their conditional degradation under
physiological conditions paved the way for AP as critical components for biomedical
engineering applications.132229 The possibility to tune functions by altering the peptide
sequence allows to design multifunctional assemblies capable of controlled and targeted
delivery of drugs.?3° Indeed, amyloid fibrils can be conjugated to drugs to create long-
acting drug depots able to provide controlled release, preventing rapid drug clearance.
Conjugation of an anticancer drug to nanofibrils and nanotubes assembled from Tau
protein demonstrated the possibility to enhance drug loading and, successively, retain
and release its bioactive form.1’0 Several amyloid architectures, among which nanofibrils,
are able to show increased uptake by specific cell lines. For this reason, nanofibrils can
find applications as potential delivery agents for vaccines and antigens, as recently
reported by the increased uptake efficiency of antigen-loaded nanofibrils by murine cells

with respect to monomeric antigenic peptides.231.232
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Beside the aforementioned advantages, biohybrids based on AP are particulady
appreciated for the possibility to programme their behaviour designing stimuli-
responsiveness. The physiological environmentis an overflowing source of exploitable
stimuli, like temperature, pH, overexpression of specific biomolecules and many more.
By employing tailored peptide sequences, in vivo self-assembly strategies fabricating (or
dismantling, when necessary) supramolecular functional assemblies can be
developed.141.230.233 This strategy is particularly effective to target disease sites locally
overexpressing specific biomolecules, such as tumours.?3*
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Figure 1.20 7 Schematic representation of artificial amyloid-HA bone mimetic hybrid.?®

As briefly hinted in Section 1.2, many biologically relevant materials are constituted by a
combination of building blocks, thus being hybrid materials. Bones are one of the most
important biohybrids in biomedical engineering, and can be defined as an hard tissue
composed of hydroxyapatite (HA) in a collagen scaffold.23¢ Since in vivo bone regrowth
can be promoted by collagen-HA composites, there is a strong desire to be able to mimic
such system.23” Amyloid fibrils and their assemblies have demonstrated to behave as
collagen biomimetics, demonstrating mechanical properties commensurable to collagen
and ability to perform similar biological functions.?3> By tailoring the polypeptide

sequence, it also possible to endow amyloid fibrils and films with biomineralization
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properties, allowing them to provide a structural foundation and adequate surface
functionalization for HA crystals to grow.237239 |n order to behave as proper biomimetic
scaffolds for bone growth, amyloid-HA hybrids should also display sufficient mechanical
stiffness on par with the load-bearing capacity of bones. Such resultcan, however, easily
be achieved by adopting a simple filtration procedure. In this way, the resultantbiomimetic
material can be endowed with Youngds %hodul us
Mechanical properties are of extreme relevance for soft tissues engineering too, in which
materials that can replicate fibrous networks surroundingcells, i.e. the extracellular matrix
(ECM), find many applications as implantable cell scaffolds. Cell adhesion to the ECM is
typically ensured by the presence of integrin recognition motifs, that allows cells to
engage theirintegrins with the ECM.240.241 Amyloid fibrils have recently emerged as ECM
mimic candidates, as they possess similar morphological and mechanical properties to
those proteins that compose the ECM, (fibronectin, collagen and laminin).2422%
Moreover, amyloid fibrilshave shown to possess inherentcell adhesion properties, which
can be furtherly improved by introducing RGD sequences in the AP.2* Thus, the low
production cost of AP and the possibility to functionalize them with peptide sequences
promoting cell adhesion, growth and differentiation are appealing features which

promoted their use as soft tissues mimics.
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AP-based scaffolds are generally used in the form of physical hydrogels, three-
dimensional networks of noncovalently crosslinked polymers that can entrap solvents.
The first attempts at building amyloid-based scaffolds were based on short sequences
derived from proteins from the ECM. For instance, the IKVAV sequence from laminin was
successfully adopted to fabricate fibrillar hydrogels which promoted differentiation of
neural progenitor cells into neurons.?46 Gelation can be affected by external stimuli like
heat, ionic strength, pH, shear forces and ratio between hydrogels components. By
adjusting scaffold mechanical properties by exploiting the aforementioned possibilities, it
is also possible to promote stem cells differentiation both in vitro and in vivo.?4” A
considerable amount of effort has been putin the design and synthesis of amyloidogenic
sequences able to self-assemble and expose cell adhesion motifs. Therefore, an
incredible variety of cell lines, peptide sequences, conditions and results are reported in
the literature.84132.236.248 |n few of those cases, despite good cellularattachment, materials
were foundto display cytotoxicity only after long periods of time.24° Studies like this
underline the necessity of globally understand how chemical, physical and morphological
properties of amyloids assemblies affect cells and their survivability before they can be

applied as biomaterials.
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1.3 Aims and Thesis Outline

Despite amyloids being an object of study for more than one century, identification of
short peptide sequences as fibrillation models for big proteins, their functionalization and
use in hybrid materials still has unexplored aspects which hold tremendous potential. In
this context, the current PhD project was initially focused on uncovering the relationship
between molecular design and self-assembly properties of AP, with a particular interest
in halogenation. Understanding of these fundamental concepts was later used to design
hybrid AP-based materials where the contribution of halogenated sequences could define
new paradigms.

The first part of the thesis (Chapter 2) was devoted to investigating the contribution of
aliphatic residues and their halogenation in AP self-assembly, as they are often
overlooked in favour of aromatic residues. A tailored amyloidogenic pentapeptide and its
halogenated counterparts were designed and synthesized to be tested in terms of
fibrillation propensity and crystallogenic ability. Moreover, halogenation promoted
consistent isolation of the same peptide polymorph in differentstates, thus providing a
minimal yet powerful tool to tailor peptide nanostructure.

After studying how to engineer the self-assembly of a halogenated pentapeptide, the
second part of the thesiswas aimed at devising amyloid-gold hybrids with transientoptical
properties (Chapter 3). Starting from an iodinated peptide-Au template, additional Au
reduction allowed to drive self-assembly of out-of-equilibrium branched gold
nanostructures. Owing to their temporary nature and plasmonic Au properties, easy and
guick control over transientoptical properties was obtained reporting a new paradigm in
the use of AP for amyloid-Au hybrids.

Finally, the fibrillogenic nature of some halogenated sequences was exploited (Chapter
4) to reinforce unfunctionalized cellulose nanofibers (CNF) hydrogels in organic-organic
nanocomposites and obtain multifunctional materials. Despite both unfunctionalized CNF
and AP being popular building blocks for biocompatible systems, their combination has
never been fully exploited before. Thus, in the last part of the thesis, the combination of
such components was explored by testing different production approaches, formulation

and fields of application.
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Chapter 2

Fibril structure demonstrates
the role of iodine labelling on a
pentapeptide self-assembly

This chapter is published as:
fFibril structure demonstrates the role of iodine labelling on a pentapeptide self-assemblyo ,
A. Marchetti, A. Pizzi, G. Bergamaschi, N. Demitri, U. Stollberg, U. Diederichsen, C. Pigliacelli,
P. Metrangolo, ChemEurJ, 2022, 28, e202104089. DOI: 10.1002/chem.202104089
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2.1. Introduction:

Halogenation of amyloidogenic sequences

Amyloid assemblies are a class of nanostructures formed by misfolded proteins or
polypeptides. These self-assembled systems hold a prominent role in a multitude of
physiological functions and in the pathology of neurodegenerative diseases.1? The wide
variety of purposes that amyloid fibrils serve in nature has rendered them appealing
building blocks for nanotechnological applications, especially in the biomedical field.3
Therefore, itis mandatory to develop strategies to achieve an adequate control over their
self-assembly, obtaining well-defined architectures. Among the possible strategies,
halogenation has become an established tool to enhance and tune fibrillation, tailoring
the array of morphologiesthat can be obtained.*° The impact of halogens mostly stems
from their ability to engage in strong halogen bonds (XB) with neighbouring molecules. In
agreement with the polarizability sequence of XB donors, iodination is the most impactful
modification, followed by bromination.®” Due to the importance of hydrophobic and
aromatic interactions in amyloids fibrillation, halogenation has predominantly been
applied to aromatic residues. After seminal studies on short aromatic sequences,
halogenation was successfully extended to amyloidogenic peptides.#8° Recent works
from our group has demonstrated that iodination of para position of phenylalanine (Phe)
residues of amyloidogenic peptides strongly amplifies the fibrillogenic propensity with
respect to the wildtype sequence. By employing this strategy, it was possible to develop
stronger hydrogels or to modulate the morphological development of pentapeptides
assemblies.19"12 Moreover, iodination of peptides and proteins is commonly employed to
facilitate structural studies owing to the anomalous scattering of iodine atoms. 1315 Thus,
introduction of halogen atoms may also promote crystallization.6

Despite the importance of the finding, halogenation of amyloidogenic peptides has
exclusively been applied to aromatic residues, to date. Thus, the possible role of XB
promoted by aliphatic residues and the resulting assembly patterns remained
unexplored.1”18 In this part of the thesis, in order to extend the generality of iodination as

a supramolecular engineering tool, a custom bis-iodinated aliphatic amino acid was
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designed and introduced into a tailor-made peptide derived from the amyloidogenic
sequence DFNKF,1%20 and the ability of the newly obtained peptide to self-assemble into
amyloid fibrilsand form crystalline structures was thoroughly probed. Asiodine atoms are
a reactive moiety capable of reducing specific metal ions to their metallic state, iodination
of our sequence endows it with additional functionalities. lodine impact on self-assembly,
crystallization and reducing properties was assessed adopting the not-iodinated

counterpart as a reference molecule.
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2.2. Materials and methods
2.2.1. Materials

Fmoc-allyl-L-glycine (Fmoc-AllG) was purchased from Fluorochem Inc. (Derbyshire,
United Kingdom), Fmoc-diiodo-allyl-L-glycine and diiodo-allyl-L-glycine were synthesized
according to a previously reported procedure.4 CTC resin and N-U-Fmoc-L-amino acids
used during chain assembly were purchased from Iris Biotech GmbH (Marktredwitz,
Germany). Ethylcyanoglyoxylate-2-oxime (Oxyma) was purchased from Novabiochem
(Darmstadt, Germany), N,N Mjmethylformamide (DMF) and trifluoroacetic acid (TFA)
were from Carlo Erba (Rodano, Italy). All the reagents, unless stated otherwise, were
purchased from Sigma-Aldrich and used withoutany further purification. All solvents for

solid-phase peptide synthesis (SPPS) were used without further purification.

2.2.2. Methods

Peptides synthesis and fibrillation: Peptides employed in the study were synthesized
according to classical SPPS, and their integrity was verified via reverse phase high-
pressure liquid chromatography (HPLC) and mass spectroscopy. Detailed synthetic
procedures are reported in Appendix| HPLC grade acetonitri

water (MilliQ) were used for the preparation of buffer solutions for liquid chromatography.
The chromatographic columnswere from Phenomenex (Torrance CA, U.S.A.). Fibrillation
tests were performed by dissolving the peptides as bulk powders in MilliQ water to obtain
solutions at specific concentration. Complete dissolution was obtained sonicating for 10
s and gently warming up to 90 °C for D-AlIG(I,)-NKF, whereas for D-AlIG-NKF mixing by
vortex for 30 s was required. DLS analyses were performed to confirm the absence of
undissolved aggregates that may affect self-assembly. Solutions incubated at room
temperature were placed in a water bath at 20 °C up to 72 h, whereas solutionsincubated
at highertemperature were heated in a water bath at 60 °C for 1 h, then at 20 °C up to
72 h.

Congo Red (CR) staining: Peptide solutions used for staining experiments were placed

on a glass microscope, allowed to airdry and then stained with a Congo Red solution. An
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80% ethanol solution saturated with NaCl and Congo Red was freshly prepared before
each measurement. Samples were analysed using polarised light and monitored for
green birefringence using an Olympus BX50 polarising microscope with a SensiCam

PCO camera, which was used to display and enhance images.

Attenuated total reflectance-Fourier transformed infrared spectroscopy (ATR-
FTIR): ATR-FTIR spectra of dried peptides water solutionswere analysed afterincubation
by using a Nicolet iS50 FTIR spectrometer equipped with an ATR device. For each
sample, droplets were dried directly over the ATR crystal to form a film. Spectra were
collected in the medium IR region (64 scans, 40001 400 cm'?). All the spectra were

measured with a resolution of + 1 cm'! and corrected for the air background.

Scanning Electron Microscopy (SEM): SEM analysis was performed using a
Cambridge Stereoscan 360 operatingat 20 kV. Peptide solutionswere incubated in water
solutionsfor 72 h, lyophilized, placed on steel stubs and then sputter-coated with gold

before analysis.

Transmission Electron Microscopy (TEM): Low resolution TEMimages were acquired
by using a DeLong America LVEMS5, equipped with a field emission gun and operating at
5 kV. 15 €L of each s anmeshearbardfimecoated geicaaditheo n a
exceeding solvent was removed with filter paper after 1 minute to prevent aggregation

effects promoted by drying. The procedure was repeated twice for each grid.

Powder X-ray diffraction (PXRD): Powder X-ray diffraction data were collected at room
temperature (r.t) on Bruker AXS D8 powder diffractometer with Cu-K U r ad &t i on
1.5418 A), scanninginterval3-4 0 A at 2d, step size 0.015A, e

Peptide-mediated gold reduction:1 mM pept i de s éfreshlyprapdarddeanhs wer
time by dissolving peptide powders in MilliQ water. Complete dissolution was obtained
sonicating for 10 s and gently warming up to 90 °C for D-AlIG(l,)-NKF, whereas for D-
AllIG-NKF shaking for 30 s was required. The obtained peptide solution was diluted using
1 mM HAuCI4 solutions to achieve a final concentration of 0.5 mM for both reagents.

Peptide/HAuUCl4 solutions were then incubated at 60 °C under magnetic stirring for 1 h.
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UV spectroscopy: UVi vi s spectra of Auesip BipiQ wateceweseu per st
acquired at room temperature on a Jasco V-630 spectrophotometer equipped with a

halogen lamp and a deuterium lamp.

Circular dichroism (CD): All the CD experiments were carried outin MilliQ water in a
0.1 cm quartz cuvette, using a JASCO J-815 CD spectrometer. Acquisitions were
performed in the ranges 1901300 nm using 0.5
nm/min scanning speed, and 1 s response time. All the spectra are an average of 10
scans and were corrected from a reference solution, comprising MilliQ water alone. Raw
data (d, in millidegree) were subsequently ¢

deg-cm2-dmol™?) for the sake of comparison, in accordance with the following formula:
- Téwl BERD—
pTIa W

where d is the observed ellipticity in millidegrees, dis the concentration of the sample in

mol-L'1, and ais the path length of the cuvette in cm.

Single crystal X-ray diffraction: Data collections for D-AlIG(l,)-NKF were performed at

the X-ray diffraction beamline (XRD2) of the Elettra Synchrotron, Trieste (ltaly). Crystals
were dipped in NHV oil and mounted on the goniometer head with kapton loops.
Complete datasets were collected at 100 K (nitrogen stream supplied through an Oxford
Cryostream 700) through the rotating crystal method. Data were acquired using a
monochromatic wavelength of 0.62 A, on a Pilatus 6M hybrid-pixel area detector. The
diffraction data were indexed andintegrated using XDS. Two different datasets, collected
from different crystals randomly oriented, have been merged to obtain a complete set of
data. Semi-empirical absorption corrections and scaling were performed on datasets,
exploiting multiple measures of symmetry-related reflections, using SADABS program.
Crystals of diiodo-allylgycine (AllG(l,)) were measured using Mo-KUradiation on a Bruker
KAPPAAPEX Il diffractometer. Crystal structure was solved by direct method andrefined
against F2 using SHELXL97. Packing diagrams were generated using Mercury. CCDC
2088436 and 2086345 contain the supplementary crystallographic data for the structures.

48



Chapter 2

X-ray diffraction analysis: Data collections for the diiodo-allylglycine were performed
using Mo-Ka radiation (I = 0.71073 A) on a Bruker KAPPA APEX Il diffractometer. Data
collection was performed at room temperature (298 K) to avoid undesired phase
transitions on the unique crystal obtained. The diffraction data were indexed, integrated
and scaled using SAINT.2! Absorption correction, based on multiscan procedure, was
achieved by using the program SADABS.22 The crystal structure was solved by direct
method using SHELXS?2 and refined against F? using SHELXL.?* All non-hydrogen
atoms, except the solventones, were refined anisotropically. Due to data quality, thermal
motion parameters restraints (ISOR) have been applied on most of the atoms. Packing
diagrams were generated using CCDC Mercury.?® Data collections for D-AlIG(l,)-NKF
were performed at the X-ray diffraction beamline (XRD2) of the Elettra Synchrotron,
Trieste (Italy).?6 The crystals were dipped in NHV oil (Jena Bioscience, Jena, Germany)
and mounted on the goniometer head with kapton loops (MiTeGen, Ithaca, USA).
Complete datasets were collected at 100 K (nitrogen stream supplied through an Oxford
Cryostream 700 - Oxford Cryosystems Ltd., Oxford, United Kingdom)through the rotating
crystal method. Data were acquired using a monochromatic wavelength of 0.62 A for D-
AllG(l,)-NKF, on a Pilatus 6M hybrid-pixel area detector (DECTRIS Ltd). The diffraction

data were indexed and integrated using XDS.2” Two different datasets, collected from
differentcrystals randomly oriented, have been merged to obtain a complete set of data.

Semi-empirical absorption corrections and scaling were performed on datasets, exploiting

multiple measures of symmetry-related reflections, using SADABS program.?1:22

Nuclear magnetic resonance (NMR): NMR spectra were acquired on a Bruker AC (400
MHz) spectrometer using deuterated dimethyl sulphoxide (DMSO-ds) as solvent
Chemical shifts are reported as U valwues in
internal standard. D-AllG(l,)-NKF@Au samples were freeze dried right after synthesis

and directly redissolved in DMSO-ds.

49



2.3. Results and discussion

In order to assess the impact on the fibrillogenic propensity of pentapeptides, a
preliminarily exploration on the effect of iodination on simpler systems was performed.
Allylglycine (AlIG) and its iodinated counterpart, diiodo-allylglycine (AlIG(1,)),* were
employed to study the impact of halogenation on amino acids self-assembly (Figure 2.1).
lodinewas the halogen of choice, as itallows to mediate stronger XB with respectto other
halogens. Due to the importance of noncovalent interactions in the packing of small

molecular weight molecules such as amino acids,? it was anticipated that self-assembly
of AllG(l,) could be altered by iodination on the aliphatic residue.

X X
X | Compound
H AllG
0
N I AlIG(l,)
OH

Figure 2.17 Chemical structure of allylglycine (AllG) and diiodo-allylglycine (AlIG(I2)).

2.3.1. Crystal structures of allylglycines

Figure 2.27 Asymmetric unit (ASU) of A) diiodo-allylglycine and B) allylglycine.?® Colour code: C, grey; H: white; O:
red; N: blue; and I: purple.
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AllG(l,) and AlIG respectively crystallize in monoclinic and orthorhombic unitcells, with

two moleculesin theasymmetric unit(ASU, Figure 2.2). Crystal packing of both structures
show hydrogen bonds (HB) between charged termini consistently contributing to the

stacking of their structural units. In the case of AllG(l,), important contribution from iodine

atoms promotes intra- andintermolecularcontacts enhancingits overall structural rigidity.

2.3.1.1. Diiodo-allylglycine

A

Figure 2.3 1 Single crystal X-ray structure of AllG(l2) highlighting A) iodine-mediated intermolecular XBs and HBs, B)
intramolecular HBs and C) contact between an iodine atom of AllG(l2) and an oxygen atom from an isopropanol
molecule. Colour code: C, grey; H: white; O: red; N: blue; I: purple; XB: sky-blue dashed lines; HB: black dashed lines.

The iodinated amino acid was crystallized from a water/isopropanol mixture in a P21
space group with a monoclinic unit cell. The ASU (Figure 2.2A) is composed of two
AllG(l,) entities solvated by an isopropanol molecule. The lack of protecting groups on
both termini allows strong and reciprocal HBs between their charged moieties, leading to
the formation of closely packed dimers. Key interactions favouring dimers stabilization

are mediated by iodine atoms. Their amphoteric behaviour can clearly be recognized in
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the 12-13 contact (Figure 2.3A), where a type Il XB occurs.2® The electron-poor region of
12, present alongthe extension of the C1-I12 bond, interacts with the electron-rich belt of
I3, belonging to a different AlIG(l,) unit. The high directionality of the contact (C1-I12---13
angle = 167.7(8)A) conf ihalend2, whereastheorhodovaktyme nt o
of the C6-13---12 angle (87(1)°) testifies the anisotropic electron density distribution of
iodine atoms, thus justifying their amphoteric behaviour.

The structural rigidity of AllG(l,) molecules is further ensured by intramolecular HBs
involving methylene side chain and the electron -rich beltof iodine (Figure 2.3B). Overall,
both interactions involving iodine can help crystallization by fixing amino acid
conformation. Interestingly, one iodine atom per each ASU can engage in a short contact
with the oxygen of a solvent molecule (Figure 2.3C). Exposed iodine atoms, thus, can
promote XB with neighbouring oxygen atoms, which are often foundto be important in

stabilization of supramolecular constructs between peptide side chains.12:31

Table 2.1 7 Crystallographic data for and refinement details for AllG(l2) amino acid.

AlIG(l 2)-C3HsO
[2(CsH71oNO») - CsHeO]

CCDC Number 2088436
Chemical Formula Ci13H2214N20s
Formula weigh{g/mol) 793.92
Temperature (K) 296(2)
Wavelength (A) 0.71073
Crystal system Monoclinic
Space Group P2

Unit cell dimensions a=5.3692(4)A

b= 14.8219(12A
c=13.8994(12/A

a=90°
b=95.789(4)
g=90°
Volume (&%) 1100.50(15)
z 2
Density (calculated)g-cri®) 2.396
Absorptioncoefficient (mmt) 5.686
F(000) 732
Crystal siz§mn) 0.08 x 0.03 x 0.02
Crystal habit Pale orange thin needles
Theta range for data collection 3.24°t0 17.11°
Resolution (A) 0.72
Index ranges 7 O h O 7
20 O k O 20
19 O 1 O 19
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Reflections collected 64349

Independent reflections

(data with 1>2(1)) 6234 6231)

Data multiplicity (max resltn) 9.81 (4.83)

I/s(l) (max resltn) 11.03 (1.30)

Rmerge (Max resltn) 0.1242 (0.6793)

Data completeness 99.2% (98%)

(max resltn)

Refinement method Full-matrix leastsquares on¥
Goodnesf-fit on F2 1.086

Final R indices [I>2(1)]? R1=0.0882wRz = 0.2483

aRy, = SlIFolilFcl/ s |F0|, WR: = {S[W(FO? i Fc?)?] / S[w(Fo? )2]}*

2.3.1.2. Allylglycine

Crystal structure of AllG was previously reported in the literature (Refcode: XADTUR 29),
but a few considerations are reported hereafter for the sake of comparison. AlIG
crystallizes in the Pca21 space group with two enantiomers in the ASU. Differently from

AllG(l,), the unitcellis orthorhombic. The absence of iodine atoms renders HB between

charged termini non-reciprocal, leading to absence of tightly bound dimers.

Figure 2.47 Single crystal X-ray structure of racemic allylglycine. Colour code: C, grey; H: white; O: red; N: blue; HB:
black dashed lines.

2.3.2. Peptidesdafibrillation propensity
Owing to the superior crystallization ability displayed by AlIG(l,) with respect to AllG, its

insertion in short peptide sequences could promote intermolecularinteractions between

peptides strands, favouring self-assembly. Therefore, the naturally amyloidogenic
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sequence DFNKF, derived from the human calcitonin hormone (hCTis-19)1%20 was
considered. Halogenation of Phe residues in para position amplifies its fibrillogenic
behaviour, with iodination leading to the best performing gelator.1® Counteractively,
halogenation of Phe in fifth position does not have much influence on its fibril forming

propensity. Therefore, AllG(l,) was substituted in position 2 and the impact of its insertion

was assessed by studying the fibrillogenic and crystallogenic behaviour of the
corresponding pentapeptide D-AllG(l,)-NKF (Figure 2.5). As a control molecule, the not-

iodinated counterpart D-AlIG-NKF was adopted. Importantly, both peptides carried free

(R
R X Peptide
o o ( H allylgy  D-AIG-NKF
\)L \)k @® | allylgly(l,) D-AIG(l,)-NKF
o 0 H,N-Asp-X-Asn-Lys-Phe-COOH

Figure 2.57 Molecular structure of D-AIIG(X)-NKF.

termini.

HzN,, .
ey,

Iz

Both peptides were synthesized following SPPS strategy and their self-assembly was
characterized upon dissolution in MilliQ water. Preliminary assessment of the assembly
kinetics was obtained employing classical staining procedures. Observation of dried D-
AlIG(I,)-NKF after staining with a Congo Red (CR) solution (Figure 2.6) evidences a
remarkable diffusion of long and interlacing fibrillar constructs. When analysed under
polarised light, intense green-gold birefringence typical of cross-b structures is detected.3?
Conversely, the lack of iodine atoms on D-AlIIG-NKF renders it unable to assemble into
aggregates with a defined shape. Upon drying, D-AlIG-NKF sample comprises
unstructured deposits at the outer boundaries of dried droplets displaying limited
green/blue birefringence due to dried-induced aggregation into locally oriented
structure.32 Attempts at recording fibrillation kinetics using Thioflavin T with fluorescence
was unsuccessful for both peptides, as DFNKF sequence and its analogues are unable

to bind this dye even under established fibrillation conditions.3*
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Figure 2.6 1 Congo Red staining images acquired with optical microscope. Images report D-AllG(I2)-NKF under A)
normal and B) polarised light, D-AlIG-NKF under C) normal and D) polarised light.

Fibrillation of amyloidogenic sequences is an aggregation process which typically occurs
in solution, leading to a well-defined b-sheet structure.3® Therefore, the conformational

evolution of both D-AIIG(l,)-NKF and D-AlIIG-NKF was assessed via circular dichroism

(Figure 2.7). The two peptides share a similar trend, with the iodinated molecule showing
an additional modest peak around 238 cm. The pattern observed in both cases cannot
be unambiguously ascribed to any renowned secondary structure,3® and no significant
shifts are observed over time for any of the tested condition. The impossibility to observe
secondary structuring may be caused by the perturbation of the far-UV reason induced
by aromatic residues, which often renders evaluation of secondary structure of small

molecules nontrivial .3’
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Figure 2.7 7 CD spectra of D-AlIG(I2)-NKF and D-AlIG-NKF under different concentrations and temperatures.
Elucidation of secondary structures was obtained by ATR-FTIR spectroscopy.
Conformational changes were probed by comparing spectra acquired from bulk powders
and from solid films obtained by the direct evaporation of peptides solutionsoverthe ATR
crystal (Figure 2.8). The amide | region (1600-1700 cml) is particularly sensitive to
secondary structuring of peptide molecules, with the appearance of peaks around 1635

cm® being indicative of an occurred transition to b-sheets.?® In the case of D-AIG(l,)-

NKF, a consistent redshift of the main amide | peak was observed when comparing
spectra obtained from the bulk peptide and fibrillated solutions. Upon secondary
structuring, carbonyl oxygens involved in peptide bonds can act as Lewis bases towards
electropositive sites like XB and HB donors, leading to an intermolecular vibrational
coupling. The neat effectis an electron depletion fromthe carbonyl, whose signal slightly
redshifts.3240 The consistency of the observed transition indicates that D-AIIG(l,)-NKF
can systematically self-assemble intro b-sheet structured fibers under all the tested

conditions. Conversely, the same behaviour is scarcely observed with D-AllIG-NKF, thus

56



Chapter 2

confirming the lower fibrillogenic propensity hypothesized on the basis of CR
experiments. Additionally, Gaussian fitting of amide | regions (Figure 2.9 and Table 2.2)
corroborates the attribution of b-sheetsstru ct ur es, di stingui shi

turns and bound trifluoroacetate counterions, as indicated by the peak at around 1660

cmtand 1673 cm?, respectively.*!
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Figure 2.81 ATR-FTIR full spectra (left) spectra and amide | region (right) of D-AlIG(I2)-NKF (filled) and D-AlIG-NKF
(dashed). Dashed grey lines are reported at 1630 and 1660 cm! for the sake of comparison.
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Figure 2.91 Gaussian fitting of 0.75 mM peptides solution incubated 1 h at 60 °C and aged for 24 h.
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Table 2.2'7 Fitting parameters for curves reported in Figure 2.9.

D-AlIG(I,)-NKF D-AIIG-NKF
Fitting ABSmax ) v ABSmax ) v
curve
1 0.057 1638.08 10.22 0.0025 1893.93 501
2 0.026 1672.90 5.12 0.0203 1646.62 9.09
3 0.032 1663.57 6.56 0.0218 1663.65 8.46
4 0.036 1680.70 8.71 0.0635 1677.96 11.67
1" 31" 3] R@D !
! [ X

Transmission electron microscopy (TEM) allowed morphological investigation of fibers
constituting supramolecular assemblies. Despite differing for just two atoms, D-AlIG(l,)-
NKF and D-AlIIG-NKF showed very different behaviours, with deeply entangled fibrillar
networks developed exclusively by the iodinated peptide. The assembly kinetics is deeply
influenced by concentration, temperature and incubation time. As expected, a minimum
concentration threshold (0.75 mM) is required to let D-AIIG(I,)-NKF develop structured
aggregates. As the minimum concentration is exceeded, peptide assembly unfolds
across three core stages (Figure 2.10A). When dissolved, individual peptide molecules
self-organize into small oligomers that further recruit additional monomers, leading to
transient spiky aggregates which actas nucleation centers for undeveloped protofibrils to
branch out. As enough incubation time is provided, densely intertwined networks of
mature fibrils are obtained (Figure 2.10B). Moreover, the extent of fibrils growth is
enhancedwhen incubation occurs athigher temperatures even fora shorttime (60 °C for
1h).

Lacking iodine atoms, D-AllIG-NKF is unable to assemble into organized supramolecular
assemblies due to the absence of iodine-mediated XB and HB. Concentration,
temperature and incubation time had little-to-none effect in promoting its fibrillation,
supporting the evidence of iodinated aliphatic residue being a pivotal facilitator of self-

assembly.
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Figure 2.10 i A) Cartoon representing the three main stages of the D-AllG(I2)-NKF self-assembly process. First,
individual peptide molecules (left) combine eachotherin solution forming spiky intermediate aggregates (center), which
then act as nucleation centres for protofibrils to branch out and develop into amyloid fibrils (rig ht); B) Low resolution
TEM images of D-AlIG(I2)-NKF (left) and D-AlIG-NKF (right) samples under the conditions reported. Images on top
(lightblue frame) were obtained incubating peptides atr.t.,, whereas images atbottom (red frame) where obtained from
peptides incubated at high temperature in accordance with the methodology reported in the Methods section. Scale
bars are reported below each image.

Elucidation of specific role of iodine atoms in promoting fibrils formation can receive a

substantial contribution from X-ray diffraction analysis of crystals. Despite controversies

aboutthe coincidence between peptide packing in crystals and amyloid fibers, 4243 single

crystal X-ray structures can help identifying the main interactions being responsible for

supramolecular assembly. In view of these findings, D-AlIG(I,)-NKF was crystallized from
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water solutions overthe course of six months by slow evaporation. Despite grown crystals
being weakly diffracting and small, accurate structure solution was obtained using
synchrotron radiation. D-AllG(l,)-NKF crystallized in the P21 space group with a

monoclinic unit cell, as AllG(l,), with two peptide unitsin the ASU solvated by water

molecules (Figure 2.11).

Figure 2.117 Ellipsoids representation of ASU contents (50% probability) for D-AllG(I2)-NKF. Colour code: C, grey; H:
white; O: red; N: blue; I: purple.

The crystal structure shows peptide elongated strands stacking along the fibers axis and
constituting a pair of facing b-sheets aligned perpendicularly to the spine axis (Figure
2.12). Overall, a typical cross-b-structure can be identified, with the main fibril axis
coinciding with the crystallographic a axis. Each strand is composed by D-AIlIG(l,)-NKF

monomers in theirfully extended conformation,each engagingin N-H---OHB with strands
from the same b-sheet.

Strand-strand -

distance /z

4.77 A

Figure 2127 Lat er al v i e wsheetfdevpl@ingalohgehk crystallographic a axis. Colour code: C, grey; H:
white; O: red; N: blue; I: purple.
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The dry interface between the two b-sheets (Figure 2.13A) is stabilized by the
interdigitation of complementary amino?3acid
The motif defined by the z-ofgrle up-uipsd achoarfa cgtuerr:
where strands belonging to the same b-sheet are disposed in a parallel fashion with a C-

to-C symmetry and face-to-back pairing among sheets forming the zipper. Strands

stacking along the spine axis originates a strand-strand distance of 4.77(1) A and an
intersheet distance of 12.44(5) A, coherently with previous reports on amyloid fibrils.%

Lateral strands packing (Figure 2.13B) is determined by salt bridges involving charged

termini, with the C-terminusinteractingwith the positively charged lysine residue and with

the N-terminus engaging in a -COO--:NH 3" interaction with an aspartate side chain

(average distance of approximately 3 A).

fony *%ﬁ»%

Figure 2.13 71 Crystal packing views of D-AlIG(I2)-NKF along crystallographic (A) a, (B) b axes. Hydrogen atoms are
omitted for clarity. Colour code: C, grey; H: white; O: red; N: blue; I: purple.

Among the dense network of noncovalent interactions, iodine atoms behave as
amphoteric species contributing to the stabilization of the steric zipper engaging in both
XB and HB intra- and intermolecularly (Figure 2.14). As it was for AllG(l,), the two iodine
atoms show different interactions patterns. One iodine atom (I1) stabilizes the spine
structure by engaging in a strong intermolecular XB with the amide oxygen (OD1) of an

asparagine of a facing strand. The other iodine atom belonging to the same residue (12)
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provides structural rigidity to the sheet and favours self-recognition during fibril growth

owing to its involvementin a HB with the sp? moiety of an underneath strand.

Figure 2.141 Single crystal X-ray structure of D-AllG(l2)-NKF highlighting the steric zipper. In the zoomed frame, the
intermolecular XB between one iodine atom (I11) of AllG(l2) residue and the carbonyl group of an asparagine residue
bel ongi ng t o-sheet(ORLJishallighted. HEbetween the otheriodineatom (12) and a hydrogen belonging
to a different sheet@Bl)isredortettboe Cokaroode:® grey; H: white; O: red; N: blue; I: purple.

The high directionality and the length of the I1--OD1 contact below the sum of the Van
der Waals radii, i.e. 3.5 A, certifies the contact as a XB (C-I1--OD1 angle = 166(1)°,
I1--OD1 length =3.18(3) A). Conversely, the 12:--HB1 occurs through negative potental

around the equatorial region of 12, giving rise to an interaction orthogonal to the strand
plane (CD-HB1--:12 =70(1)°). In both instances,iodine -mediated interactions consolidate
the network of noncovalentinteractions generated by other amino acids, thus favouring
the stabilization of the cross-b motif.

Interestingly, the normalized contact (Nc) of the I11---OD1 synthon isequal to 0.91. Such

valueis remarkably low if compared with other halogenated analogues of DFNKF or other
pentapeptides with significant contributions from aromatic residues, like KLVFF.1145 For
instance, inthe KLVF(I)F(I) sequence, the I---O contact has a Nc of 0.96. 1! This evidence
remarks the pivotal role of the iodinated aliphatic residue in driving the assembly of

amyloid fibrils and promoting the crystallogenic behaviour of the sequence.
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Such a pronounced involvement of iodine atoms in the stabilization of b-sheets is quite
rare even among peptide sequences sharing the same length and conformation. Crystal
structures superimposition (Figure 2.15) of D-AlIG(I,)-NKF with di-halogenated analogues
DF(CI)NKF(CI)and DF(I)NKF(I)* shows that the three peptides share similar structural
and geometrical features. The root mean square deviation between overlapped amino
acids is as |little as 1.31 j and all peptide:
the similarities, the role played by halogen atoms in D-AlIG(l,)-NKF is fundamentally
different than in DF(CI)NKF(CI) and DF()NKF(I). In the latter cases, Cl and | atoms
exclusively engage with solvent molecules, thus indirectly contributing to structure
stabilization by altering peptide-solvent interactions. Conversely, D-AlIG(l,)-NKF is the
only reported case among DFNKF analogues where XB occurs between two strands,

thus directly stabilizing b-sheets packing.

Figure 2.157 Crystal structure superimposition of two independent D-AllG(I2)-NKF molecules (lightgrey and dark grey
sticks respectively) with DF(CI)NKF(CI) (gold sticks) and DF(I)NKF(l) (pale yellow sticks)3sl. Hydrogen atoms have
been omitted for clarity. Colour code: C, grey, gold, pale yellow; O: red; N: blue; I: purple, Cl: green.
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Table 2.3 7 Crystallographic data and refinement details for D-AlIG(l2)-NKF

D-AIIG(I 2)-NKF -4.5H,0

[C28H34l2N709:4.5H,0]

CCDC Number 2086345

Chemical Formula CagH47.42N7013.25

Formula weigh{g/mol) 948.03

Temperature (K) 100(2)

Wavelength (A) 0.620

Crystal system Monoclinic

Space Group P2

Unit cell dimensions a=4.774(DA
b=12.439(2A
c=63.816(134
a=90°
b=90.66(3)
g=90°

Volume (&%) 3789.4(13)

VA 4

Density (calculated)g-cri®) 1.662

Absorption coefficient (mrm) 1.185

F(000) 1906

Crystal sizgmn) 0.08 x 0.02 x 0.02

Crystal habit

Theta range for data collection
Resolution (A)

Index ranges

Reflections collected
Independent reflections

(data with 1>Z(1))

Data multiplicity (max resltn)
I/s(l) (max resltn)

Rmerge (Max resltn)

Data completeness

(max resltn)

Refinement method

Data / restraints / parameters
Goodnesf-fit on F2

D/S max

Final R indices [I>2(1)]?

R indices (all dat&)

Flack x parameter

Largest diff. peak and holg-A ")
R.M.S. deviation from meate-A )

Colorless thin needles
0.84° to 21.66°

0.84

5 O h O 5
14 O k O 14
70 O 1 O 75
28433

11789 6525)

4.03 (2.46)
6.48 (1.47)
0.1329 (0.5007)

96.1% (91.9%)

Full-matrix leastsquares on¥
11789 / 442 P34

1.025

0.003

R1=0.1118wR2 = 0.2362
R1=0.1950WR2 = 0.2836
-0.04(5)

1.905 and1.538

0.207

aR, = slIFolilFcl/ s IFol, wre = {S[W(F*T Fc2)? I S[w(Fo?)?}*
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2.3.3. lodination drives polymorph stabilization

Due to the different orientation and geometrical features of amyloid fibrils and crystals,
extrapolation of conclusions obtained from the single crystal X-ray structure to the fibrillar
state is sometimes misleading due to stabilization of different peptide polymorphs.®
Introduction of strong interactions through chemical modifications, such as iodination,
can, however, provide a strong driving force to consistently stabilize a structure with the
same crystal packing in both crystals and amyloid fibers.

Therefore, fibrillation impact on crystallinity was first explored by observing that short
incubation of D-AIIG(l,)-NKF followed by lyophilization of obtained fibrils emphasized
radical morphological changes in peptide assemblies (Figure 2.16). Scanning electron
microscopy (SEM) reveals that the pristine peptide aggregates in jagged and irregular
structures, suggesting the absence of long-range ordering. Successive fibrillation, then,

favours stabilization of crystalline and regularly packed structures.

Figure 2.16 i SEM images of D-AlIG(l2)-NKF A) before and B) after fibrillation and lyophilization.

The amorphous character of the jagged structures formed by the pristine peptide are
confirmed by powder X-ray diffraction (PXRD, Figure 2.17). The transition towards a
higher crystallinity is reflected by the appearance of sharp and well-defined peaks in the
diffractogram of the fibrillated and lyophilized peptide. The same behaviour is not
encountered when D-AIIG(l,)-NKF is subjected to the same conditions, suggesting once
more that iodine-mediate interactions play a fundamental role in driving the solid-state

packing.
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D-AlIG(l,)-NKF D-AlIG-NKF

——Experimental —60°C

—Simulated —rt

—Bulk

—

Intensity [A.U.]
Intensity [A.U.]

5 10 15 20 25 30 35 5 10 15

20 25 30 35
2Theta [°] 2Theta [°]

Figure 2.17 7 PXRD of D-AllG(I2)-NKF and of D-AlIIG-NKF. Black lines refer to pristine peptide conditions, green lines

to fibrillated and lyophilized peptides, blue line to incubated, fibrillated and lyophilized peptides, whereas the red line is i
referred to data simulated from the single crystal X-ray structure. Highlightedareaat2 d = aml2dA = 5. 5A
correspond to the (1,0,1) and (0,0,4) Miller planes, respectively.

Superimposition between diffractograms from fibrillated D-AllG(I,)-NKF (Figure 2.17) and
simulated from the single crystal X-ray structurehigh | i ghts stri ki ng si mi/l
Such phenomenon indicates that in both states, i.e. crystal and fiber, the core structural
features are preserved. Rel evant exampl es are
the (1,0,1) Miller plane and representative of the HB-based peptide stacking, and the
peak at 2d = 5.5A related to the (0,0,4) Mil
between two flanked peptide units growing along c¢ axis. In this context, such finding
justifies the extrapolation of considerations made on the single crystal X-ray structure to

the fibrillar assembly.

2.3.4. Additional functionality: Au reduction

Beyond their supramolecular features, iodinated compounds also show unigue reactivity
and are able to reduce gold salts to their metallic state.® lodination of aromatic residues

can endow or improve established Au-reducing capabilities of peptide sequences by

favouring activation of the -C-lI bond.*”48 However, currently available literature has

reported this possibility exclusively for aromatic side chains.
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In this context, the generality of such reactivity was extended by mediating gold reduction
using D-AlIG(l,)-NKF. By exploiting a simple one-pot procedure (detailed description can

be foundin Section 2.2), various gold nanostructures were obtained, mostly embedded

Figure 2.181 TEM images of D-AlIG(I2)-NKF@Au samples.

Despite the lack of specific supramolecular organization between freshly reduced Au
structures and the peptide, D-AIIG(l,)-NKF@Au samples are optically active (Figure
2.19A) in the visible spectrum owingto plasmonic properties of Au structures.* The ability
of the iodinated moiety to act as mediators for Au salts reduction was confirmed by
adopting the non-iodinated molecules as a control. Incubating D-AlIG-NKF under the
same conditions, no appreciable colour change, microstructure or spectroscopic activity
is observed (Figure 2.19B). This preliminary finding allows to consider iodination of

aliphatic residues as an additional tool to obtain tailored peptide-based hybrid

—— D-AIIG-NKF@Au
—— D-AlIG(l,-NKF@Au

| D-AIG-NKF@Au ||D-AIIE(I2)-N;F@AU|

nanostructures.

A 1,2 1

0,9 4

0,6 4

) -¥

0

Absorbance

300 400 500 600 700 800
Wavelength [nm]

Figure 2.19 7 A) UV spectra of D-AlIG(I2)-NKF@Au and of D-AlIG-NKF@Au samples; B) pictures of D-AlIG(I2)-
NKF@Au and of D-AlIG-NKF@Au
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2.4. Conclusions

lodination is a power tool in supramolecular chemistry for driving self-assembly of small
molecules. Owing to its ability to mediate XB and HB, in recentyears it has been adopted
as a reliable strategy for tuning fibrillogenic behaviour of amyloidogenic peptides,
especially when applied to aromatic residues. The effect of iodination on aliphatic
residues, thou, has never been explored, to date. In this context, the ability of an aliphatic
bis-iodinated moiety to drive self-assembly of amino acids and pentapeptides was
probed. lodination resulted in a minimal, yet extremely impactful, modification amplifying
the fibrillogenic behaviour of the custom pentapeptide D-AlIG(l,)-NKF and promoting its

crystalline packing. Crystallographic studies on both AllG(l,) and D-AllG(l,)-NKF

confirmedthe crucial role of iodine atoms in mediating XB and HB that stabilize the cross-
b-structure, favouring consistent stabilization of a specific polymorph in both crystal and
fibrillar states. This remarkable finding justifies the extrapolation of results obtained from
crystals to describe packing in the fibrillar state. Additionally, iodination endowed the
peptide with Au-reducing properties that were exploited, through a one-pot procedure, for
the formation of optically active Au nanostructures.

Overall, this study extends the generality of halogenation as a paradigm for tailored
design and engineering of self-assembled nanostructures based on amyloidogenic
peptides, highlighting the possibility to consider aliphatic residues as a fertile platform for

impactful single-point mutations.
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Chapter 3

Out-of-equilibrium self-
assembly of peptide-templated
hybrid nanostructures

This chapter is published as:

fremplated Out-of-Equilibrium Self-Assembly of Branched Au Nanoshellso ,

A. Marchetti, A. Gori, A.M. Ferretti, D. Arenas Esteban, S. Bals, C. Pigliacelli, P. Metrangolo,
Small, 2023, 2206712. DOI: 10.1002/smll.202206712
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3.1. Introduction:

Principles of out-of-equilibrium self-assembly

Self-assemblyis the spontaneous andreversible organization of discrete constituentsinto
ordered structures by noncovalentforces.! Early iterations of synthetic self-assembly in
laboratory processes only contemplated the achievementof equilibriumconfigurations,in
what is today defined as static self-assembly.? The driving force behind the process
consists in a free energy reduction to reach an absolute minimum in the energetic
landscape (Figure 3.1A). However, most of natural and biological processes rely on non-
equilibrium states which dissipate energy to be reached.® In these cases, the process is
described as dynamic self-assembly, and typically leads to a population of transienthigh-

energy states (Figure 3.1B).
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Figure 3.1 1 Free energylandscapes for different supramolecular self-assembly pathways. A) Equilibrium system; B)
out-of-equilibriumselffassembl y, in this case assisted By an energy input

Such adynamicmode is the hallmark of biological systems. A prime example from nature
is given by the dynamic assembly of microtubules, polymers obtained by the self-
assembly of alpha-beta tubulin dimers through noncovalent interactions.® Despite
microtubules polymerization being thermodynamically favoured, individual dimers
continuously interchange between different configurations due to binding of guanosine
triphosphate and its hydrolysation to guanosine diphosphate. The alternation between
non-equilibrium configurations affectsthe assembly and disassembly dynamics with other

microtubule filaments.>¢ Inspired by nature, chemists and material scientists are
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increasingly focusing on the design and development of out-of-equilibrium systems, to
harness interconversion among multiple structures and configuration to possibly let new
functions emerge.” Indeed, when sustained by a continuous supply of energy, self-
assembled systems operating outside of equilibrium can promote the emergence of
transient properties, unrivalled by their static counterparts.

Despite their popularity as building blocks for the development of static self-assembled
nanostructures,®® the use of metal nanoparticles (NPs) to devise out-of-equilibrium
systems is still in its early stages.1%11 A key strategy in constructing dynamic systems is
based on the control of temporal and autonomous changes between particlesinteractions
through specific stimuli.1213 The array of established and accessible signals harnessed
by supramolecular chemists to introduce a dynamic behaviourin NPs-based systems
encompass pH, light, chemical reaction cycles and solvophobic effects.414 A typical
transient assembly is triggered by the application of an external force causing the

assembly, followed by an autonomous disassembly step (Figure 3.2).

DUUD Assembly
OQ g
/n/u/]
Dissipative UUU
assembly

.0
O O Disassembly
i 000

Figure 3.2 7 Schematic representation of dissipative self-assembly, where building blocks (blue) assemble upon
activation mediate by a stimulus/fuel, leading to a metastable state residing in an out-of-equilibrium configuration. Once
fuel is depleted, spontaneous disassembly reverts the systems back to its original state, eventually producing side-
products/waste according to the provided stimulus.

Light was the first stimulus employed to drive dynamic self-assembly of AuNPs, by
endowing them with light-sensitive moieties.!> Typical approaches are the use of
photoisomerizable azobenzene or spyropyrans.16'18 Manipulation of surface charges by
pH variation is another popular strategy to enable reversible assembly of functionalized

NPs. Routinely, NPs present a positive or negative surface charge due to adsorption of

73



Introduction: Principles of out-of-equilibrium self-assembly

molecular entities bearing free ionizable termini (e.g., carboxylate moieties) that function
as aggregation inducers or capping agents. Over time, systemic pH changes can alter
the protonation state of the ionizable linker inducing a variation in the aggregation
state.1%20 Clustering of NPs could also be regulated by the use of chemical reaction
cycles, where a chemical moiety gets promoted to an activated state through a first
reaction followed by a spontaneous deactivation process.?%22 An alternative route to drive
out-of-equilibrium AuNPs self-assembly was recently reported, where NPs growth
induced highlocal surfactants concentration which, by means of solvophobicinteractions,
mediated NPs clustering and insurgence of temporary optical properties.??

Despite the variety of strategies developed to drive metal NPs assemblies away from
equilibrium states, the achievement of transient assemblies with finite and tuned
morphology is still highly challenging. Obtaining such a degree of control would be
extremely beneficial for expanding the practical relevance of transient NPs-based
assemblies in the design of optoelectronic nanodevices, sensors and switchable
catalysts.?* To tackle this challenge, a peptide-templated strategy to control the out-of-
equilibrium self-assembly of AuNPs into well-defined branched gold nanoshells was
devised. Owing to the combination of an iodinated peptide, AUNPs and a surfactant,
nanoshells exhibit temporary tuneable optical properties favoured by interparticle

plasmonic coupling.
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3.2. Materials and methods

3.2.1. Materials
HAuUCI,-3 H20 (> 99.9%), sodium dodecyl sulphate (> 98.5%), ascorbic acid (99%),
DMSO-ds (O 99.9 atom % D), AgNOs ( O 9 @and9tjsodium citrate dihydrate

(CeHsNa3O7:2H20, > 99%)werepur chased from Sigmai Al dri ch

DF()NKF was synthesized through classic solid phase peptide synthesis (SPPS).

3.2.2. Methods

Peptide synthesis: Peptides employed in the study were synthesized according to
classical SPPS, and their integrity was verified via reverse phase HPLC and mass
spectroscopy. Detailed synthetic procedures are reported in Appendix I. HPLC grade
acetonitrile and ultrapure 18.2 q water
solutions for liquid chromatography. The chromatographic columns were from

Phenomenex (Torrance CA, U.S.A)).

Peptide-Au superstructures assembly (PAuSSs): Peptide-Au superstructures
synthetic procedure has been slightly modified from a previously developed protocol.? 1
mM pepti des Grefashlypriepamdcesach time by dissolving peptide powders
in MilliQ water. Complete dissolution was obtained by sonicating for 30 s and gently
warming up to 90 °C. The obtained peptide solution was diluted using 1 mM HAuClI,

solutions to achieve a final concentration of 0.5 mM for both reagents. The
peptide/HAuCl, solutions were subsequently incubated at 60 °C under magnetic stirring

at 800 rpm for 1 h.

Branched Au-nanoshells assembly (BAuNSs): 500 nL. of PAuSSs suspension were

mixed with 250 ni. of a 40 or 80 mM SDS solution and 250 ni. of a 2 mM HAuCl, solution,

then stirred at 400 rpm for 6 hoursin a water bath kept at a constanttemperature of 25

°C. Then, 5 nL of a freshly prepared ascorbic acid 0.1 M solution in MilliQ water were

added to the reaction and stirring was maintained overnight.

75

( Mi |



Materials and methods

Growth with AuNPs as seeds: AuNPs have been synthesized using a modified
Turkevich method.2® First, a 50 mL flask was cleaned with freshly prepared aqua regia
(mixture of concentrated HCI:HNO3 in 4:1 volumetric ratio). Then, 50 mL of a 0.5 mM

HAuCl, in MilliQ water were added to the flask and the solution was heated under stirring

(> 600 rpm) with an oil bath until boiling. Separately, a 34 mM trisodium citrate dihydrate
(NaCt) in MilliQ water was prepared under constant and vigorous stirring. When boiling
was reached, 2.35 mL of NaCt solution were quickly added to the HAuCl, solution such
that the HAuCl,;:NaCtmolarratio was equal to 3:2. The reaction was leftto proceed for 2
minutes, then the solution was left to cool at ambient conditions. Obtained AuNPs were
purified from excessive NaCt by centrifuging thrice at 3000 rpm for 3 hours.26

For theiruse as seeds, 500 nL. of AuNPs suspension were mixed with 250 ni. of a 40 mM

SDS solution and 250 i of a 2 mM HAuCl, solution, then stirred at 400 rpm for 6 hours

in a water bath kept at a constanttemperature of 25 °C. Then, 5 niL of a freshly prepared

ascorbic acid solution in MilliQ water were added to the reaction and stirring was

maintained overnight.

Consecutive BAuUNSs growths: First, BAUNSs were synthesized according to the
procedure reported above and aged for 5 days to ensure complete disassembly. Then,
500 ni of disassembled BAuUNSs suspension were mixed with 250 nL of a 40 mM SDS
solution and 250 niL of a 2 mM HAuClI, solution, then stirred at 400 rpm for 6 hoursin a
water bath kept at a constant temperature of 25 °C. Finally,5 niL of a freshly prepared

ascorbic acid solution in MilliQ water were added to the reaction and stirring was

maintained overnight.

Ultraviolet Spectroscopy (UV): UV-Visspectra of samples in MilliQ water were acquired
at room temperature on a V-630 double beam Jasco spectrophotometer, equipped with

a halogen lamp and a deuterium lamp.

Transmission Electron Microscopy (TEM): Transmission electron microscopy (TEM)
images were collected usinga Philips CM200 FEG TEM operated at 200 kV in brightfield

mode with Omega-type Zero-loss energy filter.
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Scanning Transmission Electron Microscopy (STEM) for Energy dispersive X-Ray
spectroscopy (EDX): Scanning transmission electron microscopy (STEM) images were
collected by means a ZEISS LIBRA FE200-HR TEM, operating at 200 kV and equipped
with a second generation in-column W filter and HAADF detector. Elemental Energy
dispersive X-ray (EDX) were recorded by EDX, OXFORD X-Stream 2 and INCA software.

High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy
(HAADF-STEM) and Electron tomography (ET): HAADF-STEM images and tilt series
have been acquired using an aberration-corrected cubed Thermo Fisher Scientific Titan
microscope operating at 300 kV. In order to reduce the exposure dose to prevent
shrinkage, fast HAADF electron tomography tilt series were acquired using a Fischione
2020 tomography holder between -70° and 70° tilt angles using an incremental fast
acquisition scheme described elsewhere.? The projection images were acquired using
1.5¢es dwell time, while the image resolution was set to 1024x1024 pixels. The obtained
series were aligned using cross-correlation and 3D reconstructions were obtained using

the Expectation Maximization (EM) algorithm, as implemented in Astra Toolbox.3#

Dynamic Light Scattering (DLS): Multiangle-DLS measurementswere performed on an
ALV/CGS-3 Platform-based Goniometer System equipped with an ALV-7004 correlator
and an ALV/CGS-3 goniometer. The signal was detected by an ALV-Static and Dynamic
Enhancer detection unit. The light source was the second harmonic of a diode-pumped
Coherent Innova Nd: YAG | aser (& = 633 n
Measurements were performed at 25 °C. Approximately 1 mL of sample solution was
transferred into the cylindrical Hellma scattering cell. The dynamic information on
assemblies was derived from the normalized autocorrelation function g,( q, U)

scattered intensity, which is measured according to:

o pp OB 1O
d SO O

where 1j is the scattering vector, T is the relaxation time and “Os the scattered intensity.

Autocorrelation functions have been analysed through Laplace inversion (CONTIN
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algorithm). For each sample, at least three measurements were performed at four

different angles (70°, 90°, 110°, 130°), corresponding to four different scattering vectors:
n ot & DEHC

where ¢ is the refractive index of the medium, —is the scattering angle and _ is the laser

wavelength.

cpotentpod:lZetta (6) potenti al measurements wer
Zetasizer Nano ZS. Average potential at the slipping plane was obtained using the
Smoluchowski correlation. The temperature was kept at 25 °C and the sample was left
equilibrating 60 second before each measurement. Each sample was analysed three

times and the results were averaged.
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3.3. Results and discussion

The use of templates in self-assembly is an established procedure to guide the spatial
arrangement of chosen components into a desired geometry. As plasmonic properties
and optical activity of AuNPs are strongly dependent on their spatial disposition,
templated assembly using scaffolds such as DNA, polymers, inorganic compounds or
molecular entities has widely been explored with great success.?’'30 In this context,
peptides hold a prominent role as excellent platforms for the development of hybrid
peptide-inorganic NPs system.3! Theirinherent molecular recognition and self-assembly
capabilities, coupled with the possibility to easily tailor their structure to encode self-
assembling or functional motifs, has rendered them candidates of choice for applications
in diverse fields.32 34

Thus, a peptide-Au template was adapted from literature to facilitate the development of
a transient self-assembled NP-based nanostructure endowed with tuneable optical
activity. It was expected that the combined action of the template and of a mild capping
agent would guide the growth of additional Au nanopatrticles into a well-defined 3D
architecture.

3.3.1. Seeded growth of Au nanoshells

3.3.1.1. Peptide-Au superstructures

. . -
oH o NH, O = |

Ao I Ao A DF(I)NKF

2 i " H,N-Asp-Phe(l)-Asn-Lys-Phe-COOH

NH;
Figure 3.37 Chemical structure of DF(I)NKF.
The first step of this project was the identification of a suitable template upon which to
grow the structure of interest. Among peptide sequences available to constructfunctonal

templates, amyloidogenic peptides are a prime choice. Since iodine atoms are able to
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promote Au reduction to its metallic state and phenylalanine (Phe) residues show great
Au binding capabilities,®36 the amyloidogenic pentapeptide DF(I)NKF (Figure 3.3) was
adopted to design the template. When dissolved in solution, such peptide self-assembles
into amyloid fibrils leading to the formation of strong gels even at remarkably low

concentrations.3” When incubated in presence of gold salts (HAuCl,) according to the

procedure reported in Section 3.2.2, the fibrillation process competes with the redox
activity leading to the formation of spherical peptide-Au superstructures (PAuUSSS),
previously reported in literature by this group.38 Such structures 1 briefly characterized
hereafterforthe sake of clarity i are constituted by a peptide core decorated on its surface

with a monolayer of 5 nm-sized AUNPs (Figure 3.4).

I AuNPs@AUSSs]| PAuS§s A
—— Gaussian Fiting Hydrodynamic radius

RH (nm) —70°

-t
PDI —130°
| r o J T —
6 8 10 12 14 16 18 1 10 100 1000 10000
Size (nm) Radius (nm)

Figure 3.471 A) TEM image of individual PAUSS; B) size distribution of AuNPs decorating PAuSSs surfaces. Size is
intended as diameter of AuNPs, acquired from HR-TEM images of PAuSSs furtherly processed with ImageJ software;
C) PAuSSs hydrodynamic radius (RH) profiles at different angles obtained by DLS. RH and polydispersity index were
calculated as the average of the obtained measurements.

As templated synthesis required a pre-existing nanofabricate able to modulate assembly
and spatial arrangement of self-assembling units, PAuSSs can be considered great
candidates for templated growth of an additional gold nanolayer. Their quality as

templating scaffolds stems from their high monodispersity, robustness and stability for

more than one year in MilliQ water. Moreover, PAuSSs could attract AuCl4 ions from
solution owingto the positively charged surface imparted by the peptide core and favour
their reduction tothe metallic state thanksto pre-existing AuNPs overtheirsurfacesacting
as seeds (Figure 3.5). The accessibility of both peptide and Au seeds was verified via
energy dispersion X-ray (EDX) spectroscopy, which revealed a homogenous iodine
distribution throughout the whole superstructure and a strong localization of Au signal on

the edges of the observed assembly.
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Figure 3.5 1 A) zpotential of PAuSSs, showing the positive surface charge; B) energy dispersion X-ray (EDX)
elemental maps of PAuSSs for Au, | and both overlayed.

3.3.1.2. Branched Au nanoshells: assembly conditions optimization

First, a one-pot synthesis allowed to obtain a PAuSSs suspension.3® The evolution of
PAuSSs by developmentof an additional Au layer was achieved by adopting a common
seeded growth protocol for agueous solutions.*% Beside PAuSSs, necessary reagents
were HAuCl, as a source of Au ions, ascorbic acid (AA), acting as a mild reducing agent
able to consistently reduce Au salts only in proximity of pre-existing seeds and to cap
small Au nuclei,and sodiumdodecyl sulphate (SDS), a surfactantwith the role to stabilize
the newly formed nanolayer. Templated growth procedure (see Section 3.2 for details)
was designed by performing carefully timed additions of HAuCl,and SDS to a PAuSSs

growth solution, followed by incubation under mild stirring to equilibrate the system and
final AAinclusion. Sensitivity of the systems with respect to its composition was assessed
by exploring differentreagentsratios and theirimpact on the final architecture (Table 3.1).

Table 3.17 Conditions employed to verify SDS and template impact.

Entry Seed [SDS], mM | [HAuCl4], mM | [Ascorbic acid], mM Product
1 PAuUSSs 10 / 0.5 PAuUSSs
2 PAuUSSs 5 / 0.5 PAuUSSs
3 PAuUSSs 0 / 0.5 Precipitated PAUSSs
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/ 10 0.5 0.5 Au aggregates
5 / 5 0.5 0.5 Au aggregates
6 / 0 05 05 Precipitated Au
aggregates
Branched aggregates +
7 PAuUSSs 5 0.5 0.5 PAUSSS
8 PAuUSSs 0 0.5 0.5 Precipitated PAUSSs
PAuUSSs 10 0.5 0.5 BAUNSs
10 PAuUSSs 20 0.5 0.5 BAUNSs
11 AUNPs 10 0.5 0.5 PAUSSs + Au
aggregates

The influence of both template and surfactant was investigated by systematically
removing one reagent at the time and changing the amount of the others (Table 3.1,
entries 1-8). Moreover, the influence of the SDS assembly state in solution was probed
by assessingthe response of the system when the surfactantconcentration was above
its critical micellar concentration (CMC, i.e., 8.1 mM at 25 °C) or below. Preliminary
screening revealed that absence of HAuCl, addition to the system hinders the possibility
of a further development of the original template (Figure 3.6), independently of the
surfactantconcentration adopted. The addition of both SDS and AA in absence of HAuCl,
(entries 1 and 2) seems to induce a detrimental effectto PAuSSs, as their hydrodynamic
radii profiles become irregular, and the overall quality of data obtained via dynamic light
scattering (DLS) decreases. The lack of SDS addition in a condition of HAuCl, deficiency
(entry 3) induces precipitation and, likely, disruption of normally stable PAuSSs. This
event is accompanied by the disappearance of optical features and an overall loss of
colloidal stability, with PAuSSs rapidly precipitating and settling. Template relevance is
made evident when observing the outcome of the reaction performed in absence of
PAuUSSs (Figure 3.7 and Table 3.1, entries 4-6). Despite the mildness of AA, its
combination with SDS allows to reduce gold salts to AuUNPswhich,dueto the lack of a
directingtemplate, aggregate introrandomly assembled aggregates. The nanometric size
of individual AuNPs imparts the typical red colour and localized surface plasmon
resonance (LSPR) around 530 nm. LSPR did not shift over time as no morphological
evolution of the observed structures occurred over the course of the considered

timeframe. SDS assembly state has apparently minimal effect on the final outcome
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(entries 4 and 5), however, its presence is fundamental to avoid quick precipitation and

loss of optical features (entry 6).
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Figure 3.6 7 Characterization of control experiments for conditions 1, 2 and 3 from Table 3.1. For each entry, sample
aspect, UV spectra, hydrodynamic radii profiles and corresponding data obtained via DLS are reported from leftto right.

The presence of PAuSSsin a growth solution devoid of SDS is not able to change the
outcome, meaningthatin absence of a surfactant precipitation remains the predominant
phenomenon and loss of optical featuresis unavoidable (Figure 3.8 and Table 3.1, entry
8). Over time, suitable conditionsthat could favour additional AUNPs reduction are not
met, letting the systems remains optically unactive. On the other hand, when SDS is
added in a limited amount, i.e., below its CMC, to a growth solution of PAuSSs and
HAuClI, (entry 7), small branched aggregates constituted by self-assembled AuUNPs are

stabilizedin favourof PAuSSs. Over time, such objects 1 solelycomposed of AuNPS and
SDSi changetheiroptical response (& spgr from 580 nmto 550 nm) suggestingapossible

evolution into different structures, as different spacing of AuNPs deeply affects their

plasmonic coupling.4!
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Figure 3.7 1 Characterization of control experiments for conditions 4, 5 and 6 from Table 3.1. For each entry, sample
aspect, UV spectra, hydrodynamic radii profiles, corresponding data obtained via DLS and TEM images are reported

from left to right.
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Figure 3.87 Characterization of control experiments for conditions 7, 8 from Table 3.1. For each entry, sample aspect,
UV spectra, hydrodynamic radii profiles, corresponding data obtained viaDLS and TEM images are reported from left

to right.

Only when SDS is added in a concentration above its CMC to a growth solution of

PAuSSs and HAuCl,, the formation of AuNPs and their templated self-assembly into an
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interconnected network over the PAuSSs template was observed, leading to the

formation of branched Au nanoshells (Figure 3.9 and Table 3.1, entry 9).

200 nm 400 nm
+@,+0Q,+/ >CMC

Figure 3.9 Schematic representation of a branched Au nanoshell (BAuNS) formation.

3.3.1.3. Branched Au nanoshells: morphology and characterization

The peculiar aspect of branched Au nanoshells (BAuUNSs) was observed via TEM,
revealing an intricate and regular shell of clustered AuNPs (Figure 3.10A). Morphology of
Au nanostructuresis often a key parameter that determines catalytic activity or surface
enhanced Raman scattering (SERS) properties. Especially, branched and nanoporous
solutions can provide high surface to volume ratio to increase reactants/analytes loading

per unit weight or enhance activity towards both Au-mediated catalysis and SERS.4%'44

Figure 3.107 TEM images of BAUNSs on A) the whole structure and B) on the edges.

Thus, edges of BAUNSs were inspected to observe the quasi-hierarchical organization of

individual nanopatrticles to form branches (Figure 3.10B). In the outer region, a dense
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| ayer of branched nanoparticles was observed,
the branches. The rather homogeneous size of AuNPs coupledwith tightgaps in between
and relatively sharp features at the end of the branches may favour the adsorption of
analytes, possibly rendering BAuNSs objects of interest for SERS or photothermal
therapy.3%45 As the density of the objects rendered difficult its detailed inspection, fast
electron tomography (ET), coupled with low dose imaging to avoid shrinkage, was
employed to verify the 3D morphology of BAuNSs (Figure 3.11). According to their
position on the TEM grid, two differentarchitectures were detected. When BAuNSs were
located on the edge of a hole of the carbon film, they retained their spherical shape
previously hinted at with TEM images. On flat surfaces, conversely, hemispherical
BAUNSs were observed. Independently form their position on grids, BAUNSs showed a
peptide core surrounded by the characteristic branched Au nanoshell, both being soft
enough in order to permit a shape rearrangement according to their position and stiff
enough in order to avoid collapse during the drying process required to prepare the

samples.

A Spherical BAuNSs

B | Hemispherical BAUNSs

Figure 3.117 HAADF-STEM and ET of A) spherical BAUNSs and B) hemispherical BAUNSs; C) HAADF-STEM image
highlighting hemispherical (green arrow) and spherical BAUNS (red arrow).

Orthoslices obtained during the 3D reconstruction and high-angle annular dark-field

scanning transmission electron microscopy (HAADF-STEM) projection images (Figure

3.12) evidencedaring demarkingthe interface between the peptide core andthe external
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layer, confirming PAuSSs as the preferential assembly site of 40-50 nm thick AuNPs

layers.

Figure 3.127 A) Orthoslicesthrough the 3D reconstruction obtained by electron tomography; B) HAADF-STEM image
of a BAuNS with different magnifications, highlighting the interface between the inner core and the outer shell.

The presence of an iodinated residue in the peptide core allowed for an additional
verification of seeded growth occurring over pre-existing templates. Owing to its
inherently high electron density, iodine can actas an easily traceable probe for DF(I)NKF
location to unambiguously determine the constituents of BAUNSSs cores. By employing
EDX (Figure 3.13), rather homogeneous iodine distributionwas recorded over the entirety
of both PAuSSs and BAuNSs surfaces, whereas Au signal resulted more concentrated
onthe edges of PAuSSs. Confirmation of PAuSSs as assembly sites for the external shell
was inferred by the good overlay between EDX elemental maps of Au and | in both
structures, with Au/l ratio increasing when moving from PAuSSs to BAUNSsSs.

The exclusivity of PAuSSs as templates facilitating the growth of the characteristic
branchedshellwas furtherly assessed by a control experimentadopting AUNPs as seeds
(Figure 3.14 and Table 3.1, entry 11) instead of PAuSSs. The amorphous and random
morphology of the observed structures obtainedin the latter case confirmed the essential

role of the chosen template in modulating the peculiar BAUNSs morphology.
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Figure 3.131 A) EDX intensity profiles and B) additional details of PAUSSs and BAuNSs; C) EDX maps of a BAUNS,
with separated Au and | maps.

Figure 3.14 1 Characterization of AUNPs and control experiment for condition 11 from Table 3.1. For each entry,
sample aspect, UV spectra, hydrodynamic radii profiles, corresponding data obtained via DLS and TEM images are
reported from left to right.

Adopting optimized conditionsforthe seeded growth, evolution of BAuNSsformation was
accompanied by solution colour changes which were used to track Au(lll) reduction and
AuNPsself-assembly. Starting from a dark blue PAuSSs (Figure 3.15A), addition of SDS,
HAuCl,andincubation induced amild decolouration toa persistentlightblue. AA addition
and subsequent BAuUNSs formation turned the solution colour to red. Corresponding
changes of spectroscopical properties (Figure 3.15B) accompanying the transition from
PAuUSSsto incubation determined an importantblueshift of the LSPR, which turned from
an original & spr = 598 nmto & gpg = 586 nm. Accordingly, appearance of a strong signal
close to the UV region (& spr = 305 nm) allowed to track unreacted HAuCl, presence in

solution.
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