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II. Abstract

II. Abstract
The thermodynamic and kinetic stability of colloidal systems is governed by the
intermolecular forces acting between two interacting particles. These interactions
determine the time scale and the mechanism of the aggregation process, as well as the
morphology of the produced aggregates. In this work, we investigate the role of
intermolecular interactions in the self-assembly of peptides and proteins, which currently
represents a challenging problem underlying a large number of systems of both
fundamental and practical importance in biology and biotechnology.
In particular, we study the role of electrostatic interactions in the aggregation
mechanism of human insulin and a model amphiphilic peptide (RADA 16-I) at different
self-assembly levels by changing the buffer composition in terms of pH value, ionic
strength and co-solute composition. The complex aggregation behavior has been
characterized by applying a variety of experimental biophysical techniques coupled with
modelling activities based on concepts developed in the frame of colloid science, such as
Smoluchowski kinetic approach (Population Balance Equations), DLVO theory and
fractal gel model. We found that electrostatic interactions play a major role in the selfassembly of monomeric proteins and peptides into amyloid fibrils, in the end-to-end
fibril-fibril aggregation into longer filaments as well as in the sol-gel transition of fibril
dispersions. However, specific ion effects are also observed to affect dramatically
aggregation kinetics and mechanisms.
In the last part of this thesis we discuss the effect of shear stress on protein
stability. An elongational flow and simple shear were used to study the self-assembly of
proteins differing in the average hydrodynamic size as well as in the properties of protein
surface. We show that the properties of protein surface (i.e., the increase of the attractive
hydrophobic interactions) rather than its size, together with the stretching properties of
the elongational flow, are responsible for the shear-induced protein aggregation.

II

III. Zusammenfassung

III. Zusammenfassung
Die thermodynamische und kinetische Stabilität von kolloidalen Systemen wird
durch intermolekulare Wechselwirkungen zwischen zwei aufeinander einwirkende
Partikeln massgeblich geregelt. Diese Wechselwirkungen bestimmen den Zeitrahmen und
den Mechanismus des Aggregationsprozesses, ebenso die Morphologie dabei enstehender
Aggregate.

In

dieser

Doktorarbeit

wird

der

Einfluss

der

intermolekularen

Wechselwirkungen bei der Selbstorganisation von Peptiden und Proteinen untersucht.
Diese herausfordernde Problemstellung fundamentaler als auch praktischer Bedeutung
findet sich in den verschiedensten Systemen innerhalb der Biologie und Biotechnologie
von Proteinen wieder.
Insbesondere werden die elektrostatischen Wechselwirkungen innerhalb des
Aggregationsmechanismus von Humaninsulin und eines Modellpeptides (RADA 16-I)
betrachtet. Dabei werden verschiedene Stufen der Selbstorganisation untersucht, welche
durch unterschiedliche Pufferzusammensetzungen bezüglich des pH-Wertes, der
Ionenstärke und der Zusammensetzung der gelösten Stoffe beeinflusst werden. Das
komplexe

Aggregationsverhalten

wurde

durch

verschiedene

biophysikalische

experimentelle Techniken und mathematische Modelle, die auf Konzepten aus der
Kolloidwissenschaft

basieren,

charakterisiert.

Insbesondere

wurden

die

Koagulationstheorie von Smoluchowski (Populationsbilanzgleichungen), DLVO-Theorie
und Fraktal-Gel Theorie angewandt. Es wurde herausgefunden, dass die elektrostatische
Wechselwirkungen eine bedeutende Rolle bei der Selbstorganisation von monomeren
Proteinen und Peptiden zu amyloiden Fibrillen, Ende-zu-Ende Fibrille-Fibrille
Aggregation zu längeren Filamenten sowie während des Sol-Gel Überganges von
Fibrillen-Dispersionen, spielen. Gleichwohl wurden auch Ionen-spezifische Effekte
beobachtet, welche die Kinetik und den Mechanismus der Aggregation beeinflussen.
Im letzten Teil dieser Arbeit wird der Effekt von Scherkräften auf die
Proteinstabilität untersucht. Im spezifischen wurde Dehnströmung und einfacher
Scherung verwendet, um die Assemblierungsprozesse von Proteinen mit verschiedenen
hydrodynamischen Grössen und Oberflächen zu studieren. Es konnte gezeigt werden,
dass vielmehr die Eigenschaften der Proteinoberfläche (d.h.: die Zunahme von
anziehenden hydrophoben Wechselwirkungen) gekoppelt mit der Dehnströmung für die
Aggregation von Proteinen verantwortlich sind, als die Proteingrösse selbst.
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1. Introduction

Chapter 1
Introduction
1.1. Protein aggregation
The aggregation of proteins and peptides underlies a broad range of problems in
medicine [1], in the pharmaceutical [2, 3] and food [4] industry as well as in biomaterials
science [5]. The self-assembly process relies on the spontaneous incorporation of single
building blocks into highly organized structures [6-8] and involves many intra- and
intermolecular interactions such as hydrogen bonding, electrostatic forces, van der Waals
and hydrophobic interactions [9, 10]. Proteins can form a broad range of several
structures differing in size and architecture such as fibrils, amorphous aggregates,
nanotubes or spherulities [11, 12].
Regular fibrillar structures formed by a large variety of peptides and proteins,
known as amyloid fibrils, are associated to several neurodegenarative diseases such as
Alzheimer’s, Huntington’s or Parkinson’s disease [1, 13]. These fibrils are characterized
by a high amount of the cross-β structures [1, 14-16] and, remarkably, share similar
morphology regardless of the primary sequence of the protein, suggesting that the
amyloid state can represent an alternative general folding modality of proteins [11, 13, 17,
18]. The amyloid fibril is thus a generic self-assembly state accessible to a wide range of
proteins and peptides under suitable conditions, and the primary sequence determines the
propensity to aggregate and governs the fibril stability under given conditions [19]. In
addition, most of the protein systems share analogies also in terms of self-assembly
mechanism, namely a nucleated-polymerization aggregation, which consists of a series of
several microscopic processes: primary and secondary nucleation, elongation and lateral
aggregation [20-23]. After nuclei are formed in solution, a fast elongation phase takes
place until all of the available monomer units are consumed, thus resulting in the
formation of fibrils [21, 23]. Recently, it is emerging that the presence of the fibrils
catalyzes the formation of additional secondary nuclei via a positive feedback mechanism
that dramatically increases the kinetics of the reaction [24]. Lateral aggregation due to the
fibril-fibril interactions leads to the formation of higher organized species such as long
and branched fibril clusters or plaques [21, 23]. The deposits of such fibrillar aggregates
were found in several organs as for instance brain, heart, kidney or liver inducing their
1
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damage and dysfunction [13, 25]. However, recent studies suggest that the oligomers
rather than the mature fibrils represent the most toxic species [16, 26].
The peculiar mechanical properties of amyloid fibrils aroused scientific interest
towards their application in designing novel biocompatible materials applied in many
areas such as medicine, biology, biotechnology or nanotechnology [8, 15, 27]. In last
years, short synthetic oligopeptides constituting of 8-16 amino acid residues, which are
inspired by proteins naturally occurring in nature or de novo designed, started to be
considered as precursors for such materials due to their ability to self-assemble in a
controlled way in aqueous solutions [8, 27, 28]. “Amphiphilic” or “ionic-complementary
peptides” belong to the family of these precursors, and are characterized by the
simultaneous presence of charged and hydrophobic residues placed on the opposite sides
of the chain [6, 8, 27]. In this case, the aggregation reaction occurs via both hydrophobic
and electrostatic interactions resulting in the formation of β-sheet structures [6]. It was
found that depending on the environmental conditions (e.g., pH, temperature, buffer
composition) or the intrinsic properties of the peptides (e.g., amino acid sequence), they
can adopt a rich variety of final structures including fibril networks [27], hydrogels
characterized by extremely high water content (i.e., 99.5-99.9%) [29] or membranes [30].
All of these features resulted in their practical application in for instance 3D cell cultures
[31-33], tissue repair and tissue engineering [30, 34, 35], cosmetic industry [36], drug
release and drug delivery [37-39], biological surface engineering [40, 41], separation
matrices [30] or membrane protein stabilization [8, 32]. However, despite the broad
application of these peptides, the detailed knowledge about their aggregation mechanism
is still unclear.
Additionally, the formation of amorphous aggregates is a tough nut to crack in
particular in pharmaceutical industry. The production of therapeutic proteins involves
several steps, where the protein is exposed to various stress conditions, such as high
temperature, acidic pH, high salt concentration, presence of hydrophobic surfaces or shear
force, which may possibly cause the protein instability [42]. The presence of such
aggregates may lead to the decrease in drug efficiency, immune-response or even be
lethal to the patient [43, 44]. Recently, the effect of shear flow gained a great scientific
attention because of its presence in both intravascular body fluids and during the
industrial production and formulation of protein-based drugs.
Despite many studies on protein stability are available in the literature, the
detailed knowledge about the mechanism underlying their aggregation remains still
2
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unclear. Its understanding is of interest not only in medicine in the context of developing
suitable medical treatment against diseases associated with protein aggregation, but also
in material and pharmaceutical sciences in particular during industrial production and
storage of protein-based materials, as well as in quality of final product.
There are several physico-chemical factors known to induce protein aggregation,
which are divided in two main groups. The first group is represented by intrinsic
parameters such as protein amino acid sequence [45, 46]. It was found that as small
change as single amino acid mutation can result in dramatic change in protein stability
[47]. The second group consists of environmental parameters as for instance buffer
composition (i.e., type and concentration of co-solutes [48, 49]), pH [2], temperature [50]
as well as presence of shear flow [51, 52] and different types of surfaces [53]. Because of
the significant impact of the protein aggregation in a broad range of fields as described in
previous paragraphs, the understanding of the effect of the environmental stresses is
particularly interesting. However, despite the fact that the impact of some of these factors
is identified and widely studied, the detailed analysis remains for long phenomenological.
Recently, mechanistic studies addressing the fundamental physical chemistry underlying
the aggregation reaction are emerging as powerful tools in increasing our understanding
of these aspects [54-57]. For instance, several concepts adopted from polymer [58-60]
and colloid science [61] can serve as a valuable tool to describe the protein aggregation
mechanism.
In this work, we investigate the role of intermolecular interactions on the
aggregation kinetic of proteins and peptides (i.e., on the reaction rate constants) by
applying concepts of colloid science to identify the fundamental physical forces
governing the stability behavior of protein solutions. Colloidal particles are defined as
small particles homogenously dispersed in a medium with the size ranging from 1 nm to
10 microns [62]. The colloidal stability is strictly related to intermolecular interactions
between two molecules determining the energy barrier preventing their collision and
aggregation [63, 64]. Because of their size and the good solubility in aqueous solution,
proteins are often considered as lyophilic colloids [65]. However, as described previously,
proteins are observed to aggregate in aqueous solutions under a broad range of conditions.
The understanding of the aggregation mechanism of proteins is more challenging with
respect to the typical colloidal particles due to simultaneous presence of the hydrophobic
and hydrophilic patches as well as non-homogenous charge distribution [54]. The
colloidal stability of protein solutions can be controlled by the environmental conditions
3
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such as choosing the buffer pH far away from protein pI leading to the high surface
charge causing the increase of repulsive forces and therefore inhibiting the aggregation
process. In contrast, the addition of electrolytes (e.g., salts) results in the screening of the
surface charges, hence in the decrease of the repulsive electrostatic barrier, thus
enhancing the aggregation.
In addition to the colloidal stability, the conformational stability plays an
important role in the protein aggregation behavior. The conformational stability is
described by the ensemble of secondary and tertiary structures of a protein under given
environmental conditions, which are dependent on the balance between intramolecular
protein interactions and protein-solvent interactions [63, 64]. Namely, it is related to the
energy barrier needed for a given protein to change its native structure (i.e., to unfold)
[63, 64]. It is widely reported that the self-assembly process of proteins is often triggered
by a change of the native secondary structure (i.e., protein conformation) under
destabilizing conditions [11-13]. Such a destabilization of the protein native structure is
observed when the solution pH is lowered [66], when the temperature is increased above
the critical denaturation value [66] or when denaturants (e.g., guanidinium hydrochloride
or urea) are added to the solution [67]. This change in secondary structure is often
accompanied by exposure of hydrophobic patches that promote attractive hydrophobic
intermolecular forces between two aggregating molecules.
When the protein aggregation behavior is considered, both colloidal and
conformational stability have to be accounted simultaneously, since these two factors are
strictly dependent on each other and often cannot be decoupled [2, 63, 64]. For instance,
the attempt to increase colloidal stability can lead to decrease in conformational stability,
thus potentially resulting in the occurrence of aggregation process. An example can be
found in the aforementioned increase in the colloidal stability by lowering the solution pH
far away from the protein pI (i.e., increase in the repulsive electrostatic interactions),
which may result in the decrease in the conformational stability (i.e., protein unfolding)
and enhancement of aggregation. Nevertheless, despite all of the limitations and
approximations, several key concepts widely used in colloidal science such as
Smoluchowski kinetic approach (Population Balance Equations), DLVO theory and
fractal gel model can be successfully applied to describe the self-assembly behavior of
protein solutions as shown in the next chapters of this thesis.
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1.2. Outline of the work
In this thesis, the role of intermolecular forces on the kinetics and mechanism of
self-assembly of proteins and peptides is investigated by studying their aggregation
behavior under a broad range of environmental conditions in terms of buffer composition
(i.e., type and concentration of co-solutes), pH, temperature and the presence of shear
flow. The first part of the work (i.e., Chapters 2-5) is related to the aggregation of
amyloidogenic proteins and peptides. In particular, we study the impact of the
electrostatic forces on the aggregation mechanism of human insulin and of the model
amphiphilic peptide RADA 16-I at different self-assembly levels. In the last part of this
thesis (Chapter 6), we show the effect of the shear flow on the stability of proteins
differing in the average hydrodynamic size and properties of protein surface.
The aggregation process is characterized by several experimental techniques such
as light scattering, size exclusion chromatography, atomic force microscopy, electron
microscopy, fluorescence and absorbance assays, circular dichroism, fourier transform
infrared spectroscopy, diffusion wave spectroscopy and rheology. The experimental
results are rationalized by using key concepts widely used in colloid science, such as
Smoluchowski kinetic approach (Population Balance Equations), DLVO theory and
fractal gel model.
In Chapter 2, we show the aggregation of human insulin at acidic pH. We apply a
combination of experimental characterization to elucidate the mechanism and the kinetics
of the aggregation process as a function of ion composition, which is a common strategy
to investigate the role of electrostatics in the self-assembly process. Moreover, we study
the effect of temperature and ionic strength on the aggregation. In particular, we focus on
the sulfate anion, which is known for its peculiar effect on protein stability as well as its
presence in several biologically relevant components.
In Chapters 3-5 we describe the aggregation behavior of a model amphiphilic
peptide, representative of a larger family of ionic-complementary peptides. Here, we
study intermolecular interactions and aggregation mechanism at different self-assembly
levels: starting from the monomeric state to hydrogel formation at macro-scale through
the nanofibrils at the nano- and microscales.
When monomeric peptide is considered, we investigate the role of electrostatic
interactions in its self-assembly into fibrillar structures by combination of experimental
characterization and metadynamics simulations as shown in Chapter 3. First, we
5
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determine the relationship between peptide morphology as a function of global net charge
of the peptide. Then, we quantify the contribution of electrostatics to the self-assembly
process in the context of equilibrium constant determined at different net charges. Finally,
we evaluate the effect of the increase of ionic strength as well as addition of charged
denaturant (guanidinium hydrochloride) on monomer aggregation propensity.
In addition, we study the role of electrostatic interactions in the fibril-fibril
aggregation process (Chapter 4). We investigate the aggregation stability of the fibrillar
dispersions as a function of buffer composition in terms of salt concentration, anion and
cation type, as well as the presence of organic solvent. The energy barrier represented by
Fuchs stability ratio is obtained from Smoluchowski kinetic approach (Population
Balance Equations) and compared with the theoretical value calculated from DLVO
theory.
In Chapter 5, we focus on the electrostatics in sol-gel transition of the fibrillar
dispersions. First, we show the mechanism of the gel formation. Then, we study the phase
transition as a function of the fibril concentration and ionic strength. Finally, we describe
the gelation behavior and the heterogeneous gel structure in the frame of the fractal gel
theory.
Finally, in Chapter 6 we show the effect of shear flow on protein structure and
stability. We investigate the impact of flow type and shear rate on proteins of various
sizes and surface properties (i.e., altered by thermal denaturation) to determine the
intermolecular forces governing the shear-induced protein aggregation.
The most important results obtained in this work together with outlook are
presented in the last part of this thesis, Chapter 7.
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Chapter 2
Sulfate anion delays the self-assembly of human insulin
by modifying the aggregation pathway1
2.1. Introduction
In the last decades, the interest in understanding the molecular mechanisms
responsible for protein self-assembling has increased significantly due to the large
number of implications in life sciences and technology. Examples range from the aberrant
aggregation of peptides and proteins involved in several neurodegenerative diseases [1],
to the stability of protein solutions in food and pharmaceutical industry [2-4] as well as
the engineering of mechanically and chemically stable biomaterials [5].
A large number of aggregation pathways and aggregate structures has been
observed depending on the specific protein and the environmental conditions under
consideration: many proteins under suitable conditions are able to self-assemble into
regular fibrillar structures known as amyloids [47, 68-71], while in other systems proteins
aggregate into amorphous precipitates [54, 72, 73]. In addition, different aggregation
pathways may occur simultaneously, thereby leading to a heterogeneous composition of
the final products.
One of the most relevant external factors affecting protein aggregation pathways
and aggregate morphologies is the buffer composition. Ions and other cosolutes, such as
sugars, polyols and amino acids, mediate protein intra- and intermolecular interactions via
a combination of several effects such as charge screening, ion binding, preferential
exclusion and dipole interactions, therefore affecting the protein secondary and
quaternary structure [65, 74-78] as well as the individual microscopic events underlying
the aggregation process [79]. Peculiar effects such as ion specificity and re-stabilization
behavior at large salt concentrations have been observed in the aggregation of many
different proteins, ranging from short peptides to globular multi-domain proteins [80-84].
In the amyloid field, specific ion effects have been observed for instance in the
1

The part of the material presented in this chapter has been published as: M. Owczarz, P. Arosio, Sulfate
Anion Delays the Self-Assembly of Human Insulin by Modifying the Aggregation Pathway, Biophysical
Journal, 107 (2014) 197-207
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aggregation of the Aβ peptide [85], α-synuclein [86], islet amyloid polypeptide (IAPP)
[87], prion protein [88], and HypF-N [89]. The propensity of the different ions to induce
protein aggregation is commonly related to either the electroselectivity or the Hofmeister
series, a ranking which has been observed in a broad range of phenomena in physics and
chemistry [90]. However, the exact order of the effectiveness of different ions in
promoting aggregation is strongly dependent on the pH value, the salt concentration and
the specific protein under consideration.
In this chapter the attention is concentrated on the effect of sulfate anion on the
fibrillization process of human insulin under acidic conditions. Sulfate is a kosmotropic
anion which stabilizes protein structure and reduces protein solubility in solution [88]. In
the form of ammonium salt, sulfate is one of the most common anions used for inducing
salting out of proteins in crystallography and purification processes [48, 91]. While the
effect on the precipitation of native proteins is well characterized, the effect of sulfate on
non-native protein aggregation behavior is more complex. On one hand, the salting-out
property promotes aggregation due to the decrease of the total amount of exposed surface
which accompanies the formation of the aggregates; on the other hand, the kosmotropic
nature of the anion stabilizes the protein structure under non-native conditions, therefore
reducing the formation of non-native aggregation-prone structures. In addition, the
divalency of the anion confers peculiar properties in terms of charge screening, anion
binding, and salt bridge formation. The overimposition of the different electrostatic
effects can either promote [25, 92, 93] or inhibit [94] the protein aggregation propensity.
In the case of an IgG2 monoclonal antibody a maximum of the aggregation propensity as
a function of sulfate concentration has been recently reported [81].
The delicate balance between the different sulfate properties modulates not only the
protein aggregation propensity, but also the morphology of the final aggregates. When
monovalent anions are replaced by sulfate, either longer fibrils or, on the contrary,
amorphous aggregates and shorter fibrils are observed [79, 93, 95]. Sulfate can also
promote fibril lateral aggregation and increase fibril stability [93]. The different effect
depends strongly on the anion concentration and the protein primary sequence. For
instance, sulfate has been found to promote the fibril formation of the EAK16-II peptide
[96], and to disrupt the regular fibrillar structure of the EMK16-II peptide [97].
The understanding of the complex effect of sulfate anion on protein aggregation
may represent a first step towards the fundamental rationalization of the even more
complex interactions between proteins and sulfonated biomacromolecules, such as
8
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glycosaminoglycans

(GAGs).

These

physiologically

relevant

components

are

polyelectrolyte macromolecules which are involved in the in vivo aggregation propensity
of several amyloidogenic proteins [98-103].
In this chapter, the effect of sulfate on the aggregation behavior of human insulin,
a hormone produced in pancreatic β cells and responsible for the metabolism of glucose
[22], is analyzed. Insulin is one of the therapeutic proteins with the largest production
volume due to the use as regulator of the level of sugar in the blood of people affected by
diabetes [22]. Insulin is well known to form amyloid fibrils characterized by large β-sheet
content under destabilizing conditions such as low pH and high temperature [22, 95, 104106]. Several biophysical studies investigated the molecular pathway underlying the fibril
formation process using monovalent anions, typically chloride [70, 79, 107-111]. When
chloride is replaced by sulfate, destabilizing and stabilizing effects have been reported at
low and high ionic strength, respectively [21], and a shortening of the fibril length has
been observed [95].
In this chapter, the question, whether the changes in the kinetics and in the aggregate
morphology observed when chloride is replaced by sulfate are connected to a change in
the aggregation mechanism, is investigated. In particular, the aggregation of insulin in the
presence of sodium sulfate under conditions where formation of amyloid fibrils is
commonly observed, i.e., 25 mM HCl at pH 1.6 and 60 °C under quiescent conditions
[112] is characterized in detail. At this pH value positive charges are largely dominating
on the protein surface, and therefore the specific effect of monovalent cations can be
considered negligible with respect to the anion effect. Indeed, the negligible effect of
monovalent cations at low pH has been observed previously with other proteins [81, 89].
In addition, Hofmeister effects are normally dominated by anions with respect to cations.
The study is performed in parallel with the investigation of the aggregation
behavior in the presence of sodium chloride, in order to allow the comparison with the
well-known behavior reported in the literature [21, 70, 113-116].
The aggregation kinetics and the aggregate morphology are investigated using a
combination of Thioflavin T fluorescence, dynamic light scattering, size exclusion
chromatography, Fourier transform infrared spectroscopy and transmission electron
microscopy. The results show that at concentrations larger than 5 mM sulfate ions induce
an alternative aggregation pathway with respect to chloride ions. This alternative process
involves an initial precipitation of amorphous aggregates, which during time undergo
structural rearrangements into β-sheet structures which exhibit features of amyloid fibrils.
9
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The study shown in this chapter represents a relevant example where amorphous
intermediates on-pathway to β-sheet rich structures could be isolated and characterized.

2.2. Materials and methods
2.2.1. Materials and aggregation conditions
Human insulin was kindly donated by NovoNordisk (Bagsvaerd, Denmark).
Insulin solutions in the concentration range 0.5-5 g/L (86-860 μM) were freshly prepared
prior to each experiment by dissolving insulin powder in 25 mM HCl solution (Fluka
Chemika, Buchs, Switzerland) at pH 1.6 with 100 mM sodium chloride (VWR
International BVBA, Leuven, Belgium) or 100 mM sodium sulfate (Merck kGaA,
Darmstadt, Germany). In order to remove potential seeds, prior to the aggregation studies
the solutions were filtered by Low Protein Binding Hydrophilic LCR, Millex®-LG
syringe filters with 200 nm cut-off membrane (Merck Millipore, Merck KGaA,
Darmstadt, Germany). The protein concentration after filtration was measured by UV
absorbance at 280 nm. Aggregation was induced by incubating the protein solutions in the
temperature range from 57 to 63 oC.
It is known that insulin fibrillation process can be affected by the presence of
surfaces, in particular by hydrophobic surfaces [23, 117]. In order to probe for the
presence of possible artifacts induced by this effect, the aggregation of insulin solutions
incubated in cuvettes or tubes made of different materials (glass, polystyrene,
polypropylene and polymetylmetacrylate) was monitored using different solution
volumes. No significant difference was observed under the different conditions,
indicating that, at least under the investigated conditions, both the material of the
container and the total sample volume do not affect the conclusions of this work.
2.2.2. ThT fluorescence assay
Thioflavin T (ThT) (Sigma-Aldrich GmbH, Steinheim, Germany) fluorescence
was measured in 96-well plate (96 Isoplate, Perkin Elmer, Waltham, MA, USA) using an
EnSpire 2300 Multilabel Reader fluorometer (Perkin Elmer, Waltham, MA, USA). 10 μM
ThT was added to 3-fold diluted samples taken at different time points and emission
fluorescence values were measured at 485 nm after excitation at 450 nm.

10

2. Sulfate anion delays the self-assembly of human insulin
by modifying the aggregation pathway

On-line kinetic experiments were performed by incubating the protein solution in
the presence of 10 μM ThT and monitoring the fluorescence signal during aggregation.
No significant difference was observed between the off-line and the on-line kinetics (data
reported in Figure A.1 in Appendix A).
2.2.3. Dynamic light scattering (DLS)
Dynamic light scattering measurements were performed on-line using a Zetasizer
Nano (Malvern, Worcestershire, United Kingdom), operating in the backscattering mode
at a fixed angle of 173° with a laser beam with wavelength of 633 nm.
2.2.4. Size exclusion chromatography (SEC) coupled with multi-angle static light
scattering (MALS)
Size exclusion chromatography (SEC) analysis was performed with a Superdex
Peptide 10/300 GL, 10 mm300 mm size-exclusion column (GE Healthcare, Uppsala,
Sweden) assembled on a Agilent 1100 series HPLC unit (Santa Clara, CA, USA). Each
sample was eluted for 70 min at a constant flow rate of 0.4 mL/min using as mobile phase
10 mM HCl solution at pH 2.0. The pH of the mobile phase was slightly higher than the
pH of the analyzed samples (pH = 1.6) to avoid damage of the equipment. UV absorbance
was detected at 280 nm. To evaluate the amount of residual soluble insulin during the
aggregation process, protein samples were centrifuged for 15 min at 10’000 rpm in order
to precipitate the aggregates, and 40 μl aliquots of the supernatant were injected into the
column after filtration by Low Protein Binding Hydrophilic LCR, Millex®-LG syringe
filters with 200 nm cut-off membrane (Merck Millipore, Merck KGaA, Darmstadt,
Germany).
Multi-angle static light scattering (MALS) of fractionated samples eluting from the SEC
column was measured on-line by a Wyatt light scattering detector (Wyatt, Dernbach,
Germany) with laser beam with wavelength of 658 nm and scattering angles from 14° to
163°.
2.2.5. Fourier transform infrared spectroscopy (FTIR)
Hydrated thin film attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) measurements were performed on a Nicolet Nexus 870 FTIR
ESP instrument equipped with a ATR Nicolet Omni-Sampler device (Nicolet, Madison,
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WI, USA). Aliquots of 10 µL were spotted on the crystal surface and dried under nitrogen
flux. The spectra were collected in the wavenumber range from 1700 to 1600 cm-1 at 1
cm-1 resolution and smoothed using the Savitsky-Golay function after buffer and
atmospheric subtraction.
2.2.6. Transmission electron microscopy (TEM)
The TEM pictures were taken using a FEI Morgagni 268 microscope. 5 μL of 75fold diluted samples were spotted on a carbon support films - 300 mesh Cu grids
(Quantifoil, Jena, Germany) for 30 seconds, washed with distilled water and negative
stained with a 2 % uranyl acetate solution.

2.3. Results
2.3.1. Aggregation kinetics
Before inducing aggregation by incubating the protein samples at high
temperature, the initial quaternary structure of insulin was analyzed under the investigated
conditions by size exclusion chromatography (SEC) coupled with multi-angle static light
scattering (MALS) measurements. A single peak corresponding to a species with a
molecular weight of 5800±100 Da was observed in the SEC chromatograms (data
reported in Figure A.2 in Appendix A). This value is in excellent agreement with the
molecular weight of insulin monomer (5808 Da), thereby indicating that under the
investigated conditions insulin is initially present as monomer.
The formation of the aggregates was monitored by ThT fluorescence assay and by
dynamic light scattering (DLS), while the monomer conversion was measured by size
exclusion chromatography (SEC). The time evolution of the SEC chromatograms is
reported in Figure A.3 in Appendix A.
The ThT fluorescence values and the monomer conversion during the aggregation
kinetics of a 5 g/L (860 µM) insulin solution with 100 mM NaCl or Na2SO4 are shown in
Figure 2.1a and 2.1b, respectively. ThT fluorescence assay is a common technique
applied to monitor the formation of amyloid fibrils [118] which relies on the increase of
the fluorescence yield of the dye upon binding to β-sheet structures.
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In the presence of sodium chloride the time evolution of the ThT signal shown in
Figure 2.1a exhibits the sigmoidal profile commonly observed during the in vitro
aggregation of several amyloidogenic proteins: a lag-phase is followed by rapid growth
until a plateau corresponding to monomer depletion is reached [21]. The amount of
soluble monomer as a function of time decreases according to a specular sigmoidal
profile, being negligible during the lag-phase and decreasing rapidly during fibril growth
until complete conversion is reached. This result indicates that essentially all the
converted monomers are present in the form of fibrils characterized by β-sheet structures
which are able to bind ThT.
In analogy with the behavior in the presence of sodium chloride, also in the
presence of sodium sulfate the time evolution of the ThT fluorescence follows a
sigmoidal profile, as shown in Figure 2.1b. However, in contrast with the situation with
sodium chloride, after 6 h incubation about 20% of monomer conversion is observed
despite the ThT fluorescence signal is still in the background noise level (Figure 2.1b). In
addition, the increase of ThT fluorescence during time in the presence of sodium sulfate
is slower than in the presence of sodium chloride. The results suggest that sulfate induces
a first aggregation step leading to non-ThT binding aggregates which depletes about 20%
of the monomer. This aggregation step is then followed by the formation of aggregates
with amyloid-like content (refer also to Figure A.4 shown in Appendix A).
To confirm the initial aggregation step in the presence of sulfate, the aggregation
kinetics were followed by dynamic light scattering (DLS) (Figure 2.1c). The ThT assay is
unable to detect the formation of aggregates lacking β-sheet structures. In contrast, light
scattering techniques are sensitive to the formation of aggregates independently of the
morphology. The results reported in Figure 2.1c show that in the presence of NaCl the
DLS signal increases after about 5 hours, in correspondence with the increase of ThT
fluorescence (Figure 2.1a), indicating that all the aggregates formed in the presence of
sodium chloride contain amyloid structures. Conversely, in the presence of sulfate the
DLS signal increases already after 1 hour of incubation, indicating the formation of
aggregates in the micron size range and confirming the monomer conversion measured by
SEC. The formation of these aggregates is not accompanied by an increase of the ThT
signal, which increases only after around 11 hours of incubation. This result confirms that
in the case of sulfate the formation of ThT-binding aggregates is preceded by the
appearance of aggregates which are not able to bind ThT.
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The effect of temperature on the aggregation kinetics in the presence of both salts
has been analyzed in the temperature range 57-63 oC. This small range of temperatures
has been selected in order to analyze the aggregation kinetics without changing the
aggregation mechanism or the aggregate morphology, which are strongly affected by the
initial temperature value. The fibril formation measured by ThT assay and the time
evolution of the monomer conversion at different temperatures are shown in Figure 2.2.
In the investigated temperature range in the presence of chloride the kinetics are only
slightly affected by the initial temperature value and, as expected, they increase as
temperature increases (Figure 2.2a and 2.2c). In contrast, in the presence of sulfate the
initial temperature value has significant impact on the aggregation kinetics: a difference
of 3 degrees induces a difference in the lag-phase of several hours (Figure 2.2b and 2.2d).
The monomer depletion corresponding to the initial aggregation step is independent of the
temperature and equal to about 18-20%.
These observations indicate that in the presence of sulfate two different
aggregation processes occur: i) an initial aggregation step which consumes about 18-20%
of the initial monomer and leads to the formation of amorphous aggregates, and ii) a
second aggregation phase which forms ThT-binding structures. This second aggregation
process leading to amyloid-like structure is strongly affected by temperature, and is
therefore characterized by larger activation energy with respect to the fibrillation process
in the presence of sodium chloride.
To support the hypothesis of the formation of two populations of aggregates
characterized by different structures, in addition to ThT binding assay, which provides
indirect information about the β-sheet content of the aggregates, the aggregate
morphology at different times was investigated by Fourier transform infrared
spectroscopy (FTIR) and transmission electron microscopy (TEM).
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2.3.2. Aggregate morphology
The FTIR spectra of samples taken at different time points during the aggregation
reaction are shown in Figure 2.3a and 2.3b. In the presence of both chloride and sulfate at
time 0 the FTIR spectrum exhibits a peak with maximum intensity at the wavenumber
1656 cm-1, characteristic of the α-helix content of the protein. In the presence of chloride
after 6 h of incubation the position of the peak shifts towards 1632 cm-1, corresponding to
the rich amount of intermolecular β-sheet structures of amyloid fibrils. This observation is
consistent with the formation of fibrils monitored by ThT fluorescence (Figure 2.1a) and
the almost complete monomer conversion measured by SEC at 6 h incubation (Figure
2.1a). Further analysis by TEM imaging confirms the presence of amyloid fibrils as
unique final product (Figure 2.3c).
In the presence of sulfate, the FTIR spectrum of the sample collected after 12
hours of incubation is similar to the spectrum of the initial monomeric solution (Figure
2.3b). The absence of β-sheet structures is in agreement with the corresponding low ThT
fluorescence value (Figure 2.1b). Considering that after 12 h of incubation about 25% of
initial monomers is already converted into aggregates (Figure 2.1b), the FTIR analysis
supports the hypothesis that the sulfate anion induces an initial precipitation of
amorphous aggregates characterized by a secondary structure content which is similar to
the initial monomeric insulin. The FTIR spectrum corresponding to 74% conversion
shows a larger amount of β-sheet structures (Figure 2.3b), in agreement with the increase
of ThT fluorescence (Figure 2.1b), confirming that the initial precipitation of amorphous
aggregates is followed by the formation of amyloid-like structures. However, in the
presence of sulfate, the samples corresponding to high conversion values retain a large
amount of α-helix content together with intermolecular β-sheet structures, suggesting a
different morphology of the final aggregates with respect to the fibrils produced in the
presence of sodium chloride. The polymorphism of the aggregates obtained in the
presence of sulfate is confirmed by the TEM pictures of samples taken after 30 h of
incubation (Figure 2.3d and 2.3e): the images show the presence of both fibrils and
amorphous aggregates. Moreover, the fibrils obtained in the presence of sulfate anion are
shorter and more branched than the fibrils produced in the presence of chloride anion
(Figure 2.3c and 2.3d).
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of monomer conversion is reported. The data corresponding to the different temperature
values overlap on a single curve. This result indicates that, that despite the aggregation
kinetics differ significantly at different temperatures (Figure 2.2b and 2.2d), the
aggregation mechanism is unaffected: at low conversion values insulin forms amorphous
aggregates with α-helix content and a maximum peak in the FTIR spectrum in the range
from 1650 to1656 cm-1. At conversion values larger than 50% these aggregates evolve to
β-sheet structures characterized by a maximum peak in the FTIR spectrum at about 1633
cm-1. The FTIR results are in excellent agreement with the ThT measurements, as shown
in Figure 2.3g: the increase of ThT fluorescence with increasing conversion occurs
simultaneously to the shift of the maximum peak in the FTIR spectra from 1655 to 1633
cm-1.
To investigate further the structure transition, the amorphous aggregates produced
after 18% of monomer conversion (sample I in Figure 2.4a) were isolated by
centrifugation and both the precipitated aggregates and the supernatant were analyzed.
The supernatant contains monomeric proteins that after few minutes re-form the
amorphous aggregates at the same amount of 18-20%, indicating that these aggregates are
in equilibrium with the monomers. TEM images of the isolated aggregates (Figure 2.4a)
confirm the amorphous morphology of the aggregates detected by ThT and FTIR
analysis.
The stability of these amorphous aggregates was investigated in the absence of
monomers by incubating the isolated aggregates at 60 oC in the presence of 10 µM ThT.
Notably, the ThT fluorescence increases during incubation time, as shown in Figure 2.4b,
indicating structure re-arrangements which lead to the formation of β-sheet structures able
to bind ThT. It is interesting to note that the final ThT value is comparable but slightly
smaller than the ThT fluorescence value corresponding to a sample with the same amount
of mature amyloid fibrils produced under the same conditions but with 100 mM NaCl
instead of sulfate (star symbol in Figure 2.4b). The structure rearrangement of the
amorphous aggregates is confirmed by FTIR analysis, which shows the presence of βsheet structures after incubation at 60 oC (insets in Figure 2.4a-b). In addition, the
reactivity of the aggregates before and after incubation was tested by performing seeded
kinetic experiments (Figure 2.4c). The amorphous aggregates have essentially no effect
on the aggregation kinetics with respect to unseeded conditions, while the ordered
aggregates obtained after the structure re-arrangements accelerate significantly the fibril
formation.
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Figure 2.4.
2 Structu
ure re-arran
ngements off the aggregaates formed
d in the pressence of sullfate.
a) Time evolution of
o monomer conversion of
o a 5 g/L (8860 µM) inssulin solution
n in 25 mM HCl
o
with 1000 mM Na2SO4 at 60 C. The insets show a TEM image an
nd the FTIR spectrum of the
amorphoous aggregattes isolated bby centrifugaation from thee sample corrresponding to
t 18% monoomer
conversiion (sample I). b) Time evolution off the ThT fluuorescence of
o the amorpphous aggreggates
collectedd from sampple I in a); thee insets show
w a TEM pictture and the FTIR spectruum of the sam
mple
at the ennd of the inccubation (sam
mple II). Thhe star symbool representss the ThT fluuorescence value
v
correspoonding to a sample
s
with the same am
mount of maature amyloiid fibrils prooduced undeer the
same coonditions butt with 100 mM
m NaCl insstead of sulffate. c) Aggrregation kineetics of solutions
ple I),
which were
w seeded with
w 1% amoorphous aggrregates isolatted during th
he early stagees (■) (samp
and 1%
% ordered ag
ggregates orriginating from the struucture reorgaanization off the amorpphous
aggregattes during inncubation at 60 oC in thee absence off monomer (▲)
(
(samplee II). Blue ciircles
nt. Aggregatiion conditionns are the sam
me as in (a).
(●) repreesent the conntrol unseedeed experimen
20

2. Sulfate anion delays the self-assembly of human insulin
by modifying the aggregation pathway

The results of the robust analysis obtained with the different applied techniques
(ThT binding, SEC, DLS, FTIR, TEM and seeded kinetic experiments) suggest that in the
presence of sulfate the amorphous aggregates formed during the early stages convert
during time into amyloid-like structures. This structure change is likely driven by the
minimization of the system free energy and could occur either internally or via
continuous release and re-incorporation of the monomers from and into the aggregates.
SEC measurements of samples taken during the incubation of the isolated aggregates at
high temperature show no monomer in the system (data not shown). However, rapid
exchange of monomers which is out of the detection limit of the SEC analysis cannot be
excluded.
2.3.3. Effect of sulfate and insulin concentration
To investigate further the effect of sulfate on the insulin aggregation pathway, the
analysis described in the previous sections was performed at different protein and sulfate
concentrations. In Figure 2.5 the aggregation kinetics followed by ThT assay and SEC
measurements at 60 oC is presented. The analysis was started by considering solutions at
100 mM Na2SO4 and varying the insulin concentration from 0.5 to 5 g/L (86-860 μM)
(Figure 2.5a-b). As expected, the aggregation rate increases with increasing protein
concentration. At concentration lower than 1 g/L (172 µM) the ThT signal after 30 h
incubation is still in the background noise level, indicating the absence of significant
amount of fibrils. The corresponding SEC measurements indicate that after 12 h
incubation about 18-20% of the monomer is consumed, and no further aggregation occurs
during the incubation time. The relative amount of monomer converted into the
amorphous aggregates during the initial step is independent of the initial protein
concentration and therefore the formation of these aggregates due to a solubility effect
can be excluded.
After analyzing the effect of insulin concentration, the aggregation kinetics were
recorded at the reference insulin concentration of 5 g/L (860 µM) changing the sulfate
concentration from 2.5 to 100 mM (Figure 2.5c-d). The corresponding values of the lagphase and of the half-time measured by means of ThT fluorescence assay are reported in
Table 2.1.
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SO
O42- Conc.
[mM]

lag time
[h]

t50
[h]

100
50
5
2.5

7.2
5.8
4.3
4.2

12.0
10.6
6.0
5.0

Table 2.1. Lag-phasses and half-ttimes (t50) off the aggregaation of a 5 g/L
g (860 µM) insulin soluution
in 25 mM
M HCl at pH
H 1.6 and 60 oC at differeent sodium suulfate concenntrations as measured
m
by ThT
fluorescence assays.

Figure 2.5. Effect of protein and
a
Na2SO4 concentrattion on insu
ulin aggrega
ation in 25 mM
HCl at pH 1.6 and
d 60 oC. Tim
me evolution of ThT fluoorescence (a,c) and monnomer converrsion
(b,d) forr: (a-b) 0.5 g/L (86 µM
M) (), 1 g/L
L (172 µM) (◄), 3 g/L
L (516.6 µM) () and 5 g/L
(860 µM
M) (●) insulin solutions with
w 100 mM
M Na2SO4; (cc-d) 5 g/L (8660 µM) insullin solutions with
(
2.5 mM (■), 5 mM (),
50 mM () or 100 mM (●) Na2SO4.
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The rate of the aggregation process decreases with increasing the sulfate
concentration. At 2.5 mM sodium sulfate, no precipitation of amorphous aggregates is
observed, and the time evolution of monomer conversion and ThT signal is similar to the
one observed in the presence of chloride (Figure 2.5c-d and Figure 2.1a). The increase of
the sulfate concentration from 2.5 to 5 mM inhibits slightly the aggregation kinetics,
while at sulfate concentrations of 50 and 100 mM the comparison between ThT and SEC
data indicates clearly the formation of amorphous aggregates in the early stages. In this
high sulfate concentration regime, the overall aggregation rate decreases significantly
with increasing the sulfate concentration. Based on this analysis, the concentration of 5
mM sulfate, which, at the working insulin concentration of 860 μM, corresponds to a
sulfate/insulin molar ratio equal to 6, can be considered as an approximate threshold
concentration above which the alternative aggregation pathway overimposes the
nucleation fibrillation pathway. The alternative nucleation pathway dominates at larger
sulfate concentrations, and explains the decrease of the overall aggregation rate with
increasing sulfate concentration.

2.4. Discussion
In the physiological range of salt concentrations typically considered in protein
aggregation studies (0-150 mM), the increase in the concentration of monovalent salts
induces commonly an increase of the aggregation rate, as verified in our system by
kinetic experiments in the presence of sodium chloride (Figure A.5 in Appendix A). By
contrast, it is found that the increase in sulfate concentration has an inhibitory effect on
insulin aggregation kinetics at low pH. The results described in the previous sections of
this chapter show that this effect is associated to a change in the insulin aggregation
pathway with increasing the sulfate concentration.
At low sulfate concentrations (0-5 mM) insulin aggregation follows a nucleation
polymerization mechanism which forms amyloid fibrils. This mechanism has been widely
described in the literature in the presence of monovalent anions [21-23, 107, 108, 111113, 115-117, 119] (Pathway 1 in Figure 2.6).
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Figure 2.6.
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ThT signal is comparable for the two anions (Figure 2.1a-b), the TEM pictures show
different macroscopic structures of the final aggregates: in particular, in the case of
chloride anion only fibrils are detected (Figure 2.3c), while in the presence of sulfate
anion both fibrillar and amorphous aggregates are observed (Figure 2.3d and 2.3e). These
results are consistent with the FTIR analysis of the final aggregates, which shows a
mixture of α-helix and β-sheet structures in the case of sulfate and reveals the presence of
β-sheet structures in the case of chloride (Figure 2.3).
The alternative aggregation mechanism in the presence of sulfate which has been
characterized in detail in this kinetic study is in agreement with previous findings
reported in the literature which show a different morphology of insulin aggregates
obtained in the presence of sulfate [21, 95, 120].
The microscopic mechanism responsible for the formation of the amorphous
aggregates is likely due to a combination of the peculiar binding and salting-out
properties of the sulfate anion. Sulfate anion has a large propensity to bind to insulin
molecules [95] and to induce salt bridges [97, 121]. It has been recently demonstrated
that, even at low salt concentrations (few-10 mM), ion-binding and additional ion-specific
effects, on top of the Debye-Hückel charge screening effect, modify protein electrostatic
interactions and aggregation kinetics [79]. It is expected that at larger salt concentrations
(10-100 mM) the ion binding, together with the salting-out effect, can affect even more
significantly both the protein structure and the intermolecular interactions.
According to circular dichroism analysis, the presence of sulfate does not modify
either the initial protein structure or the thermal stability with respect to sodium chloride
(Figure A.6 in Appendix A), although small changes not detectable by circular dichroism
cannot be excluded.
The reduction of insulin net charge upon binding, together with the increase of
hydrophobic interactions due to preferential exclusion, increases the net attractive
intermolecular interactions between insulin molecules, thus promoting aggregation, and
in particular the nucleation of aggregates characterized by native-like content. These
aggregates are likely formed too rapidly to reach the most stable configuration. The
kinetically trapped species reorganize during time into more thermodynamically favored
β-sheet structures, which are able to bind ThT dyes and recruit additional monomers.
The system described in this chapter shows how the kinetic and the
thermodynamic features of the protein aggregation process are highly sensitive to the
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environmental parameters, which affect the intra- and intermolecular interactions driving
the microscopic aggregation events and the overall reaction mechanism.
These aspects are relevant for instance in the biotechnology context for the
development of strategies to improve the formulation of protein-based drugs. Saltinduced aggregation of proteins in aqueous solutions is a major problem which often
limits the production and the storage of therapeutic proteins. The results shown in this
work, although obtained under strong denaturing conditions, may suggest some caution in
the use of sulfate and sulfonated compounds in the processing and formulation of insulin,
since these compounds can rapidly trigger the formation of amorphous precipitates which
cannot be detected by ThT fluorescence assay and can convert slowly into ordered
aggregates with seeding properties.
In the context of protein aggregation involved in human diseases, it remains
challenging to understand at a fundamental level the interactions between proteins and all
the possible cellular components. On a long term, the results obtained on the effect of
sulfate on in vitro protein aggregation may represent a first step towards the
understanding of the complex in vivo interactions between proteins and sulfonated
macromolecules such as GAGs.

2.5. Conclusions
In this study the effect of sulfate anion on the kinetics and the mechanism of
insulin aggregation at low pH was investigated. It is found that the increase of sulfate
concentration inhibits insulin aggregation kinetics.
This effect is associated to a change in the aggregation mechanism with increasing
sulfate concentration. At low sulfate concentrations (0-5 mM) insulin monomers form
amyloid fibrils following the nucleated-polymerization mechanism commonly observed
with monovalent anions.
At sulfate concentrations larger than 5 mM, an alternative aggregation mechanism
is observed: initially, 18-20% of monomers are converted into reversible aggregates
which retain large amount of native α-helix structure. During time, according to FTIR,
ThT binding and seeded kinetic assays, these intermediate amorphous aggregates undergo
reorganization into β-sheet structures which are able to bind to the ThT dye and seed
fibril formation. TEM analysis shows that the final aggregates consist of a mixture of

26

2. Sulfate anion delays the self-assembly of human insulin
by modifying the aggregation pathway

amorphous and fibrillar aggregates, and differ from the regular amyloid fibrils obtained in
the presence of chloride.
The system described in this chapter represents a case where amorphous
aggregates on-pathway to the formation of structures with amyloid-like content could be
detected and characterized.
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Chapter 3
Contribution of electrostatics in the fibril stability of a model
ionic-complementary peptide2
3.1. Introduction
The self-assembly of peptides and proteins into regular fibrillar structures known
as amyloid fibrils is involved in a large variety of research fields ranging from biological
to material sciences. For instance, amyloid fibrils are increasingly recognized to be
involved in the onset and the progression of several neurodegenerative diseases such as
Alzheimer’s, Parkinson’s and Huntington's disease [1, 13]. Not only dysfunctional but
also functional amyloids are observed in nature. An intriguing example is the storage of
certain peptides, for instance hormones, as amyloid fibrils, which release the active
monomeric form of the peptides in a controlled dissociation process [122]. This naturally
occurring form of storing active biomolecules guarantees high mechanical and chemical
stability, as well as the ability to release the active component in a controlled way, and
may inspire formulations of long-acting drugs [123].
In the context of biotechnology, several small peptides have been rationally
developed to spontaneously self-assemble in aqueous solutions into higher ordered
structures depending on the environmental conditions [27, 32, 124-127]. One particular
class of these functional materials is the family of ionic-complementary peptides, which
exhibit hydrophobic residues on one side of the structure and charged amino acids on the
other side [6, 27]. The controlled aggregation into chemically and mechanically resistant
structures makes these peptides ideal building-blocks for the formation of biocompatible
materials, which found applications in 3D cell cultures [128], tissue regeneration and
engineering [34] as well as in drug release [38] and drug delivery [37, 39].
Both the kinetic and the thermodynamic stability of the fibrillar structures are
regulated by a series of intermolecular forces, which can be tuned by modifying several
operating parameters.
2

The part of the material presented in this chapter has been accepted for publication in Biomacromolecules
as: M. Owczarz, T. Casalini, A. C. Motta, M. Morbidelli, P. Arosio, Contribution of electrostatics in the
fibril stability of a model ionic-complementary peptide

29

3. Contribution of electrostatic in the fibril stability
of a model ionic-complementary peptide

Amyloid fibrils are characterized by a high content of cross-β sheet structure
organized into thin, long and unbranched fibrils [14, 15]. The network of hydrogen bonds
in the peptide backbone plays a crucial role in stabilizing the amyloid structure [19].
Indeed, under suitable conditions a large number of peptides and proteins are able to form
amyloid fibrils that share similar structure independently of the protein primary sequence
[13, 129]. In addition to hydrogen bonding [19], several other intermolecular forces
contribute to the fibril formation and stability, including aromatic [130, 131] and
electrostatic interactions. Steric zippers formed by facing side chains of pair β-sheets
[132] and curvature energies related to the twisting of the fibrils play also an important
role, in particular in multi-stranded filaments [69, 133-135].
With this complex scenario, understanding the role of electrostatics in the selfassembly of peptides and proteins is a difficult task. This challenge arises largely from the
heterogeneous distribution of charges on the protein surface, which involves the
simultaneous presence of both positive and negative charges that are highly dependent on
the environmental pH and buffer composition [65, 79, 97, 136-141]. Despite this
heterogeneous distribution of charges on the protein surface, the global surface net charge
has been recognized to be a crucial physicochemical parameter that determines the
general aggregation behavior [9]. For instance, close to the isoelectric point (pI),
corresponding to zero net charge, peptides and proteins tend to precipitate into amorphous
aggregates, whereas higher net charges promote the formation of fibrillar structures [4,
142].
In this study, we provide a more quantitative framework of this qualitative
behavior by evaluating the contribution of electrostatics in the free energy of fibril
formation, considering the well-known amphiphilic peptide RADARADARADARADA
(RADA 16-I) as a model system. We apply size exclusion chromatography, circular
dichroism and electron microscopy to characterize the aggregate structure and quantify
the monomer content at different pH values. In order to get insights into the structural
conformation of the monomeric peptide at different pH values we complement the
experimental characterization with metadynamics simulations, which have been proved to
provide an efficient sampling of protein structures [143, 144], even in the presence of
denaturant [145, 146]. We show that the global peptide net charge is a key property that
correlates well with fibril stability, although the peptide conformation and the surface
charge distribution also contribute to the self-assembly propensity.
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3.2. Materials and methods
3.2.1. Material and sample preparation
RADA 16-I peptide (Ac-R-A-D-A-R-A-D-A-R-A-D-A-R-A-D-A-CONH2 with
MW 1712.8 Da and purity ~80% as assessed by mass spectrometry analysis as shown in
Figure B.1 in Appendix B) was provided by Lonza Ltd (Visp, Switzerland) as lyophilized
powder in the form of trifluoroacetic salt. The material was used without further
purification. Before each experiment a stock solution of the peptide at a concentration of
5 g/L was freshly prepared by dissolving the peptide powder in 10 mM HCl at pH 2.0 as
described elsewhere [56]. Briefly, the suitable amount of buffer was added to the
weighted peptide powder and the solution was gently stirred at room temperature for 10
minutes for homogenization. The formation of fibrils was observed immediately after
solubilization of the powder. Samples for analysis were prepared either by diluting 10fold the stock solution in suitable buffers, or by dialyzing the stock solution against
suitable buffers using the Dispo-Biodialyzer kit with 1 kDA molecular weight cut-off
membrane (Sigma-Aldrich GmbH, Steinheim, Germany). Analysis of selected samples
showed no significant difference between solutions prepared according to the two
different applied protocols (data not shown). In order to guarantee proper buffering, the
following solutions were used: 10 mM acetate buffer at pH from 3.0 to 5.0, 10 mM
phosphate buffer at pH 6.0 and 7.0 and 10 mM TRIS-HCl at pH 8.5. The final pH value
of the samples was checked by pH-Fix 0-14 color-fixed indicator sticks (Machery-Nagel
GmbH & Co. KG, Düren, Germany).
3.2.2. Circular dichroism (CD)
Circular dichroism measurements were performed with a Jasco-815 CD
spectrophotometer (Jasco, Easton, MD, USA). CD spectra were recorded in the far-UV
region from 190 to 260 nm at 25 oC. A quartz cuvette with 0.1 cm path length was used.
Spectra obtained after buffer subtraction were corrected and smoothed using the SavitskyGolay function. Freshly prepared samples of RADA 16-I at 5 g/L in 10 mM HCl at pH
2.0 were diluted in 10 mM HCl (pH 2.0), 10 mM acetate buffer (pH 4.5), 10 mM
phosphate buffer (both pH 6.0 and 7.0) and 10 mM TRIS-HCl buffer (pH 8.5) in order to
obtain a peptide final concentration of 0.5 g/L. The pH value after sample dilution was
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checked by pH-Fix 0-14 color-fixed indicator sticks (Machery-Nagel GmbH & Co. KG,
Düren, Germany).
3.2.3. Transmission electron microscopy (TEM)
Peptide samples were imaged using a FEI Morgagni 268 microscope. Peptide
solutions were diluted to a final concentration of about 0.05 g/L, and loaded on a carbon
grid (Quantifoil, Jena, Germany). Samples at pH 2.0 and 4.5 were stained with a 2%
uranyl acetate solution, whereas samples at pH ranging from 6.0 to 8.5 were stained with
a 2% phosphotungstic acid solution (pH 6.5).
3.2.4. Size exclusion chromatography (SEC)
Size exclusion chromatography analysis was performed using a Superdex Peptide
10/300 GL, 10 mm300 mm size-exclusion column (GE Healthcare, Uppsala, Sweden)
mounted on a Agilent 1100 series HPLC unit (Santa Clara, CA, USA) consisting of an
isocratic pump with degasser, an autosampler, a column oven, and a DAD detector. Each
sample was eluted for 70 min at a constant flow rate of 0.4 mL/min using a buffer at
suitable pH as mobile phase. The UV absorbance peaks were detected at 217 nm.
3.2.5. Computational methods
3.2.5.1. Guanidinium atomic charges
The guanidinium structure was optimized in vacuo by means of density functional
theory (DFT) calculations at B3LYP/6-31G(d,p) level of theory [147-149]. The obtained
geometry was further optimized in implicit water and modeled through the integral
equation formalism polarizable continuum model (IEFPCM) [150] at 300 K, at the same
level of theory.
Atomic charges were fitted by means of RESP formalism [151, 152], starting from
the electrostatic potentials computed through DFT calculations at B3LYP/6-311+G(d,p)
[153] level of theory in implicit water. Charge fitting was performed in two steps. First,
atomic charges were determined assigning an overall charge equal to +1. In a second step,
charge equivalence for chemically equivalent atoms was imposed. In particular, all
hydrogen and nitrogen atoms have the same partial atomic charge because of resonance
structures. Computations were performed by means of Gaussian 09 software [154].
32

3. Contribution of electrostatic in the fibril stability
of a model ionic-complementary peptide

3.2.5.2. Simulations protocol
Metadynamics simulations were performed following the approach proposed by
Deighan et al. [155], who combined metadynamics and parallel tempering (PTMetaD) in
the well-tempered ensemble (PTMetaD-WTE) in order to improve simulation efficiency.
Metadynamics simulations allow to recover the free energy of a system by keeping track
and discouraging the sampling of the conformations already visited during the
simulations as a function of few conformational parameters (collective variables) [156,
157]. All simulations were carried out using GROMACS 5.0.2 [158] patched with
PLUMED 2.1.0 plugin [159].
Linear RADA 16-I peptide structures were built using tleap module as
implemented in AmberTools package [160]. Protonation states at pH 2.0 and pH 4.5 were
determined according to PropKa calculations [161]. At pH 2.0, all arginine and aspartic
acid side chains are protonated, thus leading to an overall net charge equal to +4; at pH
4.5, all arginine side chains are protonated, and three single aspartic acid moieties are
dissociated, and the net charge is equal to +1. According to PropKa calculations, in the
protein primary structure all aspartic acid residues exhibit the same pKa value. Although
it can be expected that in the protein arrangement a dynamic exchange of proton among
carboxyl groups takes place, a reliable constant pH method (needed to properly account
for this dynamic equilibrium) is challenging to implement in GROMACS. Therefore, in
the present simulations at pH 4.5, the protonation has been arbitrarily assigned to the first
aspartic acid moiety in peptide sequence. Simulations were performed adopting ff14SB
force field [162] for RADA 16-I peptide and General Amber Force Field (GAFF) [163]
for guanidinium.
Each peptide was solvated using 5500 TIP3P water molecules [164] for
simulations in water environment, or 7000 TIP3P water molecules and 80 guanidinium
molecules

when

0.6

M

guanidinium

hydrochloride

solution

was

simulated.

Electroneutrality was assured by adding Cl- ions, whose parameters (optimized for TIP3P
water model) has been taken from Joung and Cheatham [165]. Starting system for
PTMetaD-WTE simulations was obtained using the following protocol.
First, energy minimization was performed by means of conjugate gradient method
in order to remove bad solvent/solvent and solvent/solute contacts. Temperature was
raised from 0 to 300 K through 200 ps in NVT ensemble, applying a weak harmonic
restraint on solute molecules in order to avoid wild fluctuation. The system was finally
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equilibrated with 1 ns simulation in NPT ensemble at 300 K and 1 atm. Velocity rescale
algorithm [166] and Parrinello-Rahman barostat [167] were employed to maintain the
system at the desired values of temperature and pressure, respectively. Electrostatic longrange interaction were treated through the Particle Mesh Ewald (PME) method [168]
using a cut-off value equal to 12 Å; the same cut-off was used for Lennard – Jones
interactions. Neighbor list was updated every 5 fs, and all covalent bonds involving
hydrogen were restrained by means of LINCS algorithm [169].
PTMetaD-WTE simulations were carried out using 12 replicas whose temperature
ranges from 300 to 631 K. Before starting metadynamics simulations, a 1 ns molecular
dynamics simulation was performed for each replica. In this way, every system could
equilibrate according to its temperature and adjacent replicas exhibit different initial
peptide structures.
PTMetaD-WTE simulations were then performed using a two steps protocol [155]. First,
a 5 ns PTMetaD simulation [144] was carried out biasing only potential energy, chosen as
collective variable; Gaussians were deposited every 0.5 ps, adopting an height value equal
to 0.28 kcal mol-1, a width value equal to 500 kcal mol-1 and a bias factor equal to 24. In a
second step, the radius of gyration related to α-carbon atoms in the protein backbone (Rg)
and the intrachain hydrogen bonds (Hb) were chosen as collective variables (since they
proved to be suitable for sampling protein secondary structures [143, 144, 146]) and
biased according to well-tempered metadynamics algorithm [157]. No more Gaussians
were added in order to bias potential energy; the cumulative bias was used as a static
additional bias potential. Focusing on the radius of gyration and the intrachain hydrogen
bonds, Gaussians were added every 1 ps, adopting a height value equal to 0.28 kcal mol-1,
width values equal to 0.01 and 0.1 for Rg and Hb, respectively, and a bias factor equal to
8. Velocity rescale algorithm [166] was used in order to maintain the systems at the
desired temperature values. Long – range interactions were treated as described above.
A simulation time equal to 250 ns was used for each replica, thus leading to a total
simulation time of 3 μs for each system. Exchanges attempts between replicas were
performed every 0.4 ps by means of the PTMetaD algorithm as implemented in
GROMACS 5.0.2 patched with PLUMED 2.1.0 plugin. Convergence was verified by
evaluating the folding free energy as a function of simulated time; details are reported in
Figure B.2 in Appendix B.
Solvent Accessible Surface Area (SASA) has been calculated through g_sas utility
as implemented in GROMACS package.
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Electrostatic potentials have been computed through Adaptive Poisson Boltzmann
Solver (APBS) [170]. Electrostatic potential is expressed in kBTe1 units, where kB is the
Boltzmann constant, T is the absolute temperature and e is the electron charge.

3.3. Results and discussion
3.3.1. pH effect on the RADA 16-I secondary structure and morphology
We start our analysis by investigating the effect of pH on the secondary structure
of the peptide to compare our results with the broad range of data on amphiphilic peptides
reported in several works in literature [9, 27, 171, 172]. The effect of the environmental
pH on the peptide secondary structure was determined by circular dichroism analysis
(Figure 3.1a). At pH 2.0, the minimum at 195 nm in the CD spectrum clearly indicates the
presence of a large amount of random coil structures, which can be attributed to the
monomeric peptide, whereas the shoulder visible at the wavelength of about 215 nm
corresponds to the β-sheet structures of the fibrils. At pH 4.5, we observe mainly β-sheet
structures, representative of a large amount of fibrils. An increase of the pH of the
solution to neutral conditions (pH 6.0, 7.0 and 8.5) leads to the loss of β-sheet structures.
Moreover, formation of amorphous precipitates in the micron size range was detected by
macroscopic observations.
In parallel with CD analysis, we investigated the morphology of the RADA 16-I
peptide by transmission electron microscopy. We observed the presence of long, thin and
rather rigid fibrils at pH 2.0 and 4.5 (Figure 3.1b-c), and a mixture of fibrils and
amorphous precipitates at higher pH values (Figure 3.1d-f). Our results are in excellent
agreement with the findings reported for RADA 16-I by Ye et al. and Zhang et al. [171,
172].
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monomer is observed, the high amount of uncompensated charge induces repulsive
interactions between monomer molecules, thus disfavoring the aggregation process and
destabilizing the fibrils. The decrease in the net charge by increasing the pH value results
in the increase of the fibril fraction in the solution, whereas close to the isoelectric point,
which is equal to about 7.2 [171], the absence of stabilizing electrostatic interactions
induces the precipitation of amorphous aggregates in the micron size range (Figure 3.2a).
Actually, precipitates are already formed at pH 5.0 (star symbol in Fig. 3.2a). Although
the net charge is not equal to zero, it is anyway not sufficient for stabilization. The
maximum pH, at which the precipitation was not observed and the maximum aggregation
propensity of monomers into fibrils occurred, is equal to 4.5 corresponding to a net
charge equal to +0.75. This result is in excellent agreement with the value of ±1 reported
by López de la Paz et al. [174] as well as Aggeli et al. [9] as the optimum net charge for
amyloid fibril formation, indicating the possible presence of a certain level of universality
in the aggregation behavior of peptides.
The effect of the surface net charge on the aggregation propensity of the peptide
was further rationalized by performing metadynamics simulations of the structures of the
monomeric peptides in solution. In particular, the monomer structure was calculated at
two selected reference pH values, namely pH 2.0 and 4.5, at which, respectively, the
minimum and the maximum of the monomer aggregation extent into fibrils were
observed (Figure 3.2b-g). The number of intrapeptide hydrogen bonds and the radius of
gyration of α-carbon atoms in the peptide backbone were used as collective coordinates to
determine the minimum free energy surface under the considered conditions. In
particular, in Figure 3.2b and c it is seen that such minimum occurs at a radius of gyration
of about 0.56 nm at pH 2.0 and at about 0.66 nm at pH 4.5.
According to simulations, the global minimum of the free energy surface at pH 4.5
(which implies a low net charge value) corresponds to β-hairpin-like structures of the
monomer (Figure 3.2d). Both positive and negative charges are exposed on monomer
surface, thus promoting an electrostatic-driven aggregation between peptides (Figure
3.2f). More ordered β-hairpin structures as well as unordered open structures can be
found in the neighbor regions of the minimum (ΔF ≤ 4 kJ/mol).
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At pH 2.0, the global minimum of the free energy surface corresponds to compact
random coil structures of the monomeric peptide, whose mean radius of gyration is equal
to 0.56 nm. More open random coil structures, corresponding to a radius of gyration up to
0.67 nm are contained in the neighborhood of the minimum (ΔF ≤ kJ/mol). In all sampled
structures, the positively charged arginine side chains are located on the peptide surface
and are fully exposed towards the water environment (Figure 3.2e), in order to minimize
the favorable interactions between water molecules and the charged moieties. The
resulting average surface potential is thus highly positive (blue-colored areas in Figure
3.2g), confirming the presence of a repulsive electrostatic barrier between two interacting
monomers, which hinders the formation of fibrils.
The structures obtained by metadynamics simulations (Figure 3.2d-f) are in good
agreement with both the secondary structure content measured by CD spectroscopy
(Figure 3.1a) and the experimental observation of the aggregation behavior. Indeed,
the β-sheet-like structure at pH 4.5 along with the low net charge is likely to promote
fibril formation. By contrast, at pH 2.0 the aggregation is hindered by both electrostatic
repulsion and the random coil geometry of the monomeric units.
After quantifying the monomer amount as a function of the pH value, we verified
the presence of equilibrium between monomers and fibrils by measuring the dependence
of the amount of free monomer as a function of the total peptide concentration. The fibril
formation can be described as a linear polymerization process consisting of a series of
reversible additions of monomers (M) to fibrils with length n-1 (Fn-1) to generate fibrils
with length n (Fn) [175]:
Fn 1  M  Fn .

(3.1)

The equilibrium constant, Keq, of this reversible association reaction of monomers to the
fibrils ends can be defined as:

K eq 

 Fn 
 Fn1    M 

(3.2)

where [Fn], [Fn-1], [M] are the concentrations of fibrils with length n, fibrils with length
n-1 and monomer, respectively. The model shown here is not accounting for the short
fibrils (i.e., small n), but the approximation is valid for the long fibrils present in our
system.
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As described elsewhere [175], the total peptide concentration (Ctot) is equal to:




n 1

n 1

Ctot   n   Fn    n  K eqn 1   M  
n

M 
2
1  Keq   M 

(3.3)

which can be derived based on the series for (1-x)-2.
The equilibrium constant can be therefore defined as [175]:

K eq 

1

M 

1

 M   Ctot

.

(3.4)

Replacing monomer concentration with monomer fraction, xM=[M]/Ctot, where Ctot is the
total peptide concentration, the equilibrium constant is equal to:

Keq 

1 1  xM

.
Ctot
xM

(3.5)

From equation (3.5), which can be re-written as:

K eq 

1 1  xM

,
Ctot
xM

(3.6)

it can be seen that the monomer fraction is directly related to the total peptide
concentration via the equilibrium constant. In Figure 3.3a we plot the monomer content as
a function of the total peptide concentration for various pH values as measured by means
of size exclusion chromatography according to equation (3.6). The observed linear
relationship confirms the presence of the equilibrium between monomer and fibrils. The
evaluated equilibrium constants are, respectively, 247.4 M-1, 628.4 M-1, 1575.7 M-1 and
9639.4 M-1 at pH 2, 2.5, 3.0 and 4.0. As shown in Figure 3.3b, the equilibrium constant
increases together with the increase of the environmental pH and the decrease of the
peptide net charge. These results indicate that the equilibrium is shifted towards fibrils at
lower net charges, whereas the monomeric form is energetically favorable at higher net
charges.
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Figu
ure 3.3. Mon
nomer-fibriil equilibrium
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T inset
is thhe zoom-in of the resullts at pH 2.0
0 and pH 22.5. b) pH and
a net charrge, zp, effecct on the
monnomer-fibril equilibrium constant of RADA
R
16-I peptide. If error
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ms are show
wn in Figuree B.4 in
Apppendix B.
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wheere R is the gas constannt and T the temperaturre.
Thee electrostattic contributtion of the Gibbs free energy betw
ween two charged
c
objects can
be aapproximateed as [79, 1776]:
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where zp is the net charge of the peptide, e is the elementary charge, ε0 is the vacuum
permittivity, εr is the relative dielectric permittivity, r is the distance between the ions and
κ is the inverse Debye length.
According to equation (3.8), if the electrostatic contribution dominates in the Gibbs free
energy, a linear relationship between the free energy and the square of the peptide net
charge is expected. Indeed, we observed a linear correlation between these two values
(R-squared value equal to 0.985) as seen in the Figure 3.4a, suggesting that electrostatics
plays an important role in the peptide self-assembly process.
In order to further investigate this effect, we measured the monomer content
at both pH 2.0 and pH 4.5 as a function of the salt concentration. In the presence
of electrostatic interactions, the addition of salt at a concentration of 10-50 mM screens
the repulsion forces, thus promoting aggregation. Indeed, as shown in Figure 3.4b, an
initial increase of the salt concentration induces a decrease of the monomer content and
a corresponding increase of the equilibrium constant (Figure 3.4c). Above 50 mM, where
the screening effect is saturated, the monomer amount is independent of the salt
concentration. The charge screening effect is confirmed by the calculation of the change
in the Debye length as a function of salt concentration (inset in Figure 3.4b), which shows
a decrease in the Debye length with increasing salt concentration. This decrease in the
Debye length is significant in particular at low ionic strengths, while the dependence
starts to flatten out at salt concentrations larger than 50 mM, suggesting that the most of
the charges on the peptide surface are screened above this salt concentration.
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Figu
ure 3.4. Elecctrostatics in
n RADA 16--I self-assem
mbly. a) Gibb
bs free energgy as a function of the
net ccharge, zp, of RADA 16--I peptide. b-c) Effect off salt on (b) the
t monomeer fraction annd (c) the
equiilibrium consstant calculaated from equuation (3.5) for RADA 16-I
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●, left y-axis) and in 10 mM
HCll at pH 2.0 (●
m acetate buffer
b
at pH 4.5 (, rightt y-axis). Thee inset in
(b) shows
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ppendix B.
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3.3.3. Perturbation of the monomer-fibril equilibrium by chemical denaturation

We further investigated the thermodynamic stability of the fibrils upon chemical
denaturation at the two reference pH values of 2.0 and 4.5, where, respectively, the
smallest and the largest amount of fibrils were observed. We monitored the monomer
content in 10 mM HCl (pH 2.0) and 10 mM acetate buffer (pH 4.5) with guanidinium
hydrochloride (Gnd-HCl) at concentrations ranging from 0 M to 6 M. The pH value was
measured after the addition of the peptide and of Gnd-HCl.
As shown in Figure 3.5a, at both pH values we observe a non-monotonic behavior
of the monomer amount as a function of the Gnd-HCl concentration: the monomer
percentage initially decreases as small amounts of Gnd-HCl are added into the system,
while a further increase in the concentration of Gnd-HCl destabilizes the fibrils and
promotes the dissociation of monomers into the solution. Interestingly, at Gnd-HCl
concentration of 6 M, the monomer content is similar at both pH 2.0 and 4.5 (41.9±2.3%)
(Figure 3.5a), despite the stability of the fibrils in the absence of Gnd-HCl is different at
the two pH values. Analysis by TEM imaging confirms that aggregates with fibrillary
morphology are produced at all concentrations of denaturant (Figure B.7a-d in Appendix
B). Moreover, the disruption of β-sheet structures at 6 M Gnd-HCl is confirmed by CD
analysis (Figure B.7e in Appendix B).
In addition to a charge screening effect due to the ionic nature of Gnd-HCl, the
initial decrease of the monomer content observed after the addition of a low amount of
Gnd-HCl (0.3-1 M) can be correlated to a variation in the peptide conformation. To
confirm this hypothesis, we performed metadynamics simulations of the structure of
monomeric peptides at a reference concentration of denaturant equal to 0.6 M at both pH
values under consideration.
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Figu
ure 3.5. Cheemical stabiility of RAD
DA 16-I fibrrils. a) Amoount of monomer in RA
ADA 16-I
soluutions at 0.5 g/L in 10 mM HCl att pH 2.0 (♦
♦) and 10 mM
m acetate buffer
b
at pH
H 4.5 ()
as a function of Gnd-HCl cooncentration in the rangee 0-6 M. If error bars aree not visible, they are
smaaller than thee symbol. b-c)
b
Free eneergy landscaape as a funnction of thhe radius of gyration
at (bb) pH 2.0 annd (c) pH 4.5. d) Simulaation illustraating the form
mation of a Gnd-HCl saalt bridge
betw
ween two intteracting moonomers in 0.6
0 M Gnd-H
HCl solutionn at pH 4.5. Representattive SEC
chroomatograms are shown inn Figure B.6 in Appendixx B.
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At pH 2.0, we observed and increase in the radius of gyration of the structure with
the minimum energy from about 0.56 to 0.62 nm, as seen in Figure 3.5b (the detailed free
energy surface is shown in Figure B.8 in Appendix B). The global minimum of the free
energy surface is still represented by random coil structures, which now exhibit a more
open configuration due to the denaturing effect of guanidinium. The region of the free
energy surface around the minimum (ΔF ≤ 2 kJ/mol) includes structures characterized by
a wide span of Rg values (0.58 – 0.78 nm). This result highlights that, although some
compact structures are still present, guanidinium shifts the equilibrium towards unfolded
configurations of the monomer, which can enhance the propensity of the peptide towards
aggregation, as observed by Zhang et al. [172]. Regions of the free energy surface which
are more distant from the minimum (ΔF ≤ 4 kJ/mol) contain a substantial presence of
unfolded structures (Figure B.8 in Appendix B).
At pH 4.5, the addition of 0.6 M denaturant induces a change in the radius of
gyration from 0.66 nm to 0.62 nm as shown in Figure 3.5c. This change corresponds to
the disruption of the β-hairpin-like geometry into disordered and partially unfolded
structures in the regions of the energy diagram close to the minimum (ΔF ≤ 6kJ/mol). The
partially unfolded conformation corresponding to the global minimum in the free energy
surface in the presence of guanidinium exposes a larger surface area to the solvent
(1718 Å2) with respect to the β-hairpin-like arrangement of the corresponding structure in
pure water (1574 Å2). This change is likely to be driven by the exposure of dissociated
aspartic acid residues, which can easily bind guanidinium ions through hydrogen bonds.
The interactions between aspartic acid residues and positively charged guanidinium ions
are indeed more favorable at pH 4.5 than at pH 2.0, due to the unprotonated state of
carboxyl groups.
In order to further investigate the role of guanidinium hydrochloride on the
aggregation propensity at pH 4.5, we performed a 60 ns molecular dynamics simulation at
300 K and 1 atm by placing two partially unfolded monomers in a 0.6 M denaturant
solution: the molecular trajectories showed that the guanidinium ions bind to the
dissociated aspartic acid side chains, thereby acting as salt bridge between peptides
(Figure 3.5d) and promoting aggregation. Although this simulation cannot clearly provide
a comprehensive picture of the overall mechanism of the formation of fibrils, this result
highlights a possible role of the guanidinium hydrochloride in the first stages of the selfassembly process.
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The additional increase in the denaturant content from about 1 M to 6 M causes
further denaturation of the peptide, which leads to the dissociation of the monomer from
the fibrils into the solution. Overall, these results indicate that, in addition to electrostatic
effects, the monomer conformation and the charge distribution plays a significant role in
the fibril formation, and that extended conformations favor the self-assembly process of
the RADA 16-I peptide.

3.4. Conclusions
We investigated the role of electrostatic interactions in the self-assembly of the
model amphiphilic peptide RADA 16-I by using a combination of experimental
characterization and molecular dynamic simulations.
It is found that the optimal net charge to promote the formation of regular amyloid
fibrils corresponds to a value of +0.75, a result which is in agreement with previous
findings reported in the literature [9, 174], indicating the possible presence of a certain
level of universality in the aggregation behavior of peptides. Larger net charges,
corresponding to low pH values, destabilize the fibrillar aggregates and promote the
release of monomers that are in equilibrium with the fibrils, while lower net charge
induces the formation of amorphous precipitates. The quantification of the fibrilmonomer equilibrium constant as a function of pH and peptide net charge shows that
electrostatic interactions contribute largely to the dependence of the free energy of fibril
formation on the pH value.
The addition of both salt and a charged destabilizer (guanidinium hydrochloride)
at moderate concentration (0.3-1 M) at both pH values shifts the monomer-fibril
equilibrium towards the fibrillar aggregates. The effect of salt can be easily explained by
the screening of electrostatic repulsion only. By contrast, the promotion of fibril
formation in the presence of guanidinium hydrochloride is attributed to modifications of
the peptide conformation in addition to charge screening effects.
The experimental and modeling results of this work indicate that intermolecular
electrostatic interactions play a key role in the complex combination of the several
intermolecular forces that contribute to fibril formation and stability. These additional
interactions include largely hydrogen bonding [19] as well as “steric zippers” effects
[132] and bending energies related to the twisting of the fibrils [69, 133-135]. Despite the
complexity of this behavior, which is reflected by the role of the peptide conformation
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and the surface charge distribution on the aggregation stability, the peptide net charge
appears to be a good indicator of the propensity of peptides towards aggregation.
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Chapter 4
A colloidal description of intermolecular interactions driving
fibril-fibril aggregation of a model amphiphilic peptide3
4.1. Introduction
The colloidal stability and the self-assembly mechanisms of polymer and
biopolymer nanofibrils have relevant implications in a wide range of recent technological
applications including tissue engineering, sensors, textile industry and reinforcement in
composite materials [177-180]. In particular, protein amyloid fibrils represent an
attractive class of substrates in the context of nanotechnology and functional biomaterials
because of their remarkable mechanical properties coupled with biocompatibility and
degradability [181-186]. For instance, fibrillar hydrogels obtained from synthetic peptides
have found many applications in fields ranging from 3D cell cultures [128] to drug
release [38] and delivery [37, 39], as well as tissue engineering and tissue repair [34]. For
the optimization of the conditions during manufacturing and the effective application of
these materials, it is crucial to achieve a rational control of the stability of the fibril
dispersions.
In addition to applications in material sciences, amyloid fibrils are widely
investigated in the biomedical context because of their association with the onset and the
progress of several neurodegenerative disorders such as Alzheimer’s, Parkinson’s and
Hungtington disease [1, 13]. Increasing evidence indicates that fibrillar aggregates play a
key active role in reactions leading to the formation of toxic species [24]. Therefore, it is
of great interest to correlate the changes in the size and structure of the fibrils with the
changes in their reactivity.
The self-assembly process of peptides and proteins into regular filamentous
structures involves several microscopic steps, including nucleation and aggregate growth
by either monomer addition or fibril-fibril aggregation. Several biophysical studies have
recently shed light into the fundamental physics underlying the nucleation and the fibril
elongation events [19, 71, 187]. However, the molecular mechanisms underlying the
3
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fibril-fibril aggregation into larger structures remain largely unknown, although this
process is observed in many systems [188].
Despite the phase behavior of rod-like colloids has been widely investigated in the
literature [189-192], the study of the stability of protein fibril dispersions is challenging,
largely because of the inhomogeneous surface chemistry of proteins, which exhibit
anisotropic distribution of charges as well as presence of both hydrophobic and
hydrophilic patches [54]. As a consequence, intramolecular forces may be confined to
specific regions of the surface [65, 137, 140]. However, in some systems, protein-protein
interactions have been successfully described by coarse-grained interaction potentials
[193-195]. The stability of colloidal systems is often rationalized in the frame of the
Derjaguin-Landau-Verwey-Overbeck (DLVO) theory, which describes the aggregating
units as homogeneously charged objects interacting via repulsive electrostatic interactions
and attractive Van der Waals forces [196]. It is of interest to explore whether this
simplified treatment can describe the more complex behavior of protein fibril dispersions,
where additional orientation factors can affect the total interaction potential, because of
the reduced number of patches available for the aggregation process [191].
To address this question, here we develop a kinetic study to quantify the
intermolecular interactions underlying the colloidal stability of fibrils composed of the
model amphiphilic peptide RADA 16-I at pH 2.0. The investigation of the peptide
stability under these conditions is of great interest in the context of biotechnology, since
acidic conditions represent operative parameters that are typically encountered in the
industrial manufacturing of this class of peptides. Moreover, despite the results discussed
in this work do not apply directly to aggregation occurring in biology, the general
colloidal framework presented here could be of relevance for future studies addressing the
stability of amyloid fibrils in living systems.
It has been previously shown that charged fibrils composed of this peptide
aggregate during time into longer filaments with constant diameter via an irreversible
end-to-end fibril-fibril aggregation mechanism [56]. This system represents therefore a
rare example where the fibril-fibril aggregation is the only elementary process governing
the self-assembly, while other reactions involving monomers are negligible. This feature
opens the attractive possibility to investigate specifically the interactions underlying
fibril-fibril aggregation reaction without the need of de-convoluting the global
aggregation profiles into different elementary steps.
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Kinetic analysis is emerging as a powerful tool to investigate aggregation
mechanisms and intermolecular interactions in protein based systems [70, 71, 197, 198],
in analogy with more established chemical systems. Here, we monitor the aggregation
kinetics under a broad range of buffer compositions by light scattering technique, and we
rationalize the experimental data based on Smoluchowski population balance equations.
This analysis allows estimating the intermolecular potential in terms of Fuchs stability
ratio (W).
When normalized on an appropriate dimensionless time weighted on the Fuchs
stability ratio, the aggregation profiles under a broad range of conditions collapse on a
single master-curve, indicating that the solvent composition modifies the aggregation
kinetics without affecting the aggregation mechanism. A similar behavior was observed
for water dispersions of polymer nanoparticles [199-202].
It is found that the dependence of the stability ratio on the ionic strength can be
described quantitatively in terms of charge screening effects in the frame of the DLVO
theory, indicating that electrostatic interactions play a key role in the stability of the
system. However, specific anion and cation effects are also observed. While the anion
effect is mainly related to the ion binding to the fibril surface and the consequent
modification of the surface charge, the cation effect is more complex and involves
additional contributions from solvation forces.

4.2. Materials and methods
4.2.1. Material and sample preparation

The RADA 16-I peptide (Ac-R-A-D-A-R-A-D-A-R-A-D-A-R-A-D-A-CONH2)
was provided by Lonza Ltd (Visp, Switzerland) as lyophilized powder in the form of
trifluoroacetic salt. The material was used as received without further purification. Before
each experiment, the peptide was freshly dissolved in 10 mM HCl (Sigma-Aldrich
GmbH, Steinheim, Germany) solution at pH 2.0 following a protocol described
previously [56]. For the experiments in the presence of organic solvent, the peptide was
re-dissolved in 10 mM HCl solution at pH 2.0 with different concentrations of ethanol
(Scharlab S.L., Sentmenat, Spain) or isopropanol (Scharlab S.L., Sentmenat, Spain).
Suitable amount of sodium chloride (Merck KGaA, Darmstadt, Germany), sodium nitrate
(Sigma-Aldrich GmbH, Steinheim, Germany), sodium phosphate (Fluka Analytical,
Sigma-Aldrich GmbH, Steinheim, Germany) and calcium chloride (Sigma-Aldrich
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GmbH, Steinheim, Germany) were added after peptide re-dispersion. The pH value of the
final solutions was checked by pH-Fix 0-14 color-fixed indicator sticks (Machery-Nagel
GmbH & Co. KG, Düren, Germany).
4.2.2. Atomic force microscopy (AFM)

Samples at the peptide concentration of 1 g/L were diluted 200- and 300-fold in
the case of fresh and aggregated samples, respectively, and spotted on a freshly cleaved
mica surface for 30 seconds before washing with Milli-Q deionized water to remove
unattached materials and gently dried under nitrogen flux. Samples were imaged at room
temperature by an Asylum Cypher Scanning Probe Microscope (Asylum Research, an
Oxford Instruments Company, Santa Barbara, CA, USA) operating in tapping mode. A
scan rate of 4 Hz was applied, using High Resonance Frequency Silicon Cantilever with
resonance frequency of 1600 kHz and tip radius of 7 nm (Olympus, Japan).
4.2.3. Dynamic light scattering (DLS)

Dynamic light scattering (DLS) measurements were performed at a fixed angle of
θ = 173° using a Zetasizer Nano (Malvern, Worcestershire, United Kingdom) with laser
beam of wavelength λ0 = 633 nm. Micro UV-Cuvettes with dimension 12.512.545 mm
(70 L) and light path 1 cm (Brand GmbH, Wertheim, Germany) were used.
4.2.4. Smoluchowski kinetic approach and DLVO-interaction potential

We described the experimental results in the frame of a Smoluchowski kinetic
approach (Population Balance Equations - PBE). In the presence of the end-to-end fibrilfibril aggregation mechanism, the time evolution of the number concentration of fibrils
containing i monomeric units, Ni, can be expressed as:

dNi 1 i 1
   k j ,i  j  N j  Ni  j  Ni   kij N j
dt 2 j 1
j 1

(4.1)

where kij is the rate constant of the aggregation reaction between fibrils containing i and j
monomeric units, respectively. The first term on the right side of equation (4.1) describes
the formation of fibrils by aggregation of shorter filaments, while the second term
represents the disappearance of fibrils which aggregate with other filaments to form
longer units. The aggregation rate constant is equal to:
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kij 

kijDiff

(4.2)

W

where kijDiff is the rate constant in the diffusion-limited conditions, i.e., aggregation is
dominated by Brownian diffusion motion, since each collision leads to an aggregation
event, and W is the Fuchs stability ratio, which describes the energetic barrier between
two interacting fibrils.
The rate constant for diffusion-limited aggregation for two rigid cylindrical rods of length
Li and Lj can be expressed as follows [203, 204]:
kijDiff 

k B  T (   ) 2

3  Li  L j

 ln  L i / b    i ln  L j / b    j



Li
Lj


 i  0.312  0.565   Li / b   0.1   Li / b 
1






(4.3)

2

where kB is the Boltzmann constant, T is the temperature, η is the solvent viscosity, Li is
the length of fibril containing i monomer units (equal to Li  iLm , where Lm the length of
the single monomer unit), b is the fibril diameter, δ and ω are geometrical parameters
which represent, respectively, the minimum allowed distance and angle between two
colliding fibrils in order to have an aggregation event. The factor δ.ω was set equal to
1.0x10-9 cm.rad, which is the value reported for β-amyloid peptide filaments [204], and
was assumed to be independent of solvent, salt type and salt concentration.
The Fuchs stability ratio, W, describes in a coarse-grained manner the sum of the
intermolecular forces between two aggregating units, according to the relationship [205]:


W  2b 

 Vtot
B T

 exp  k

2 b

 dr
 2
 r

(4.4)

where Vtot is the total interaction potential between two interacting fibrils and r is the
distance between their centers.
Equations (4.2) to (4.4) represent the key to correlate the measured aggregation
rate under a large variety of conditions to the interaction energy driving the colloidal
stability of the fibril dispersion. In colloidal science, the interaction potential (Vtot) is
commonly evaluated in the context of the Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory, which accounts for the presence of a repulsive electrostatic potential (VR) and
attractive van der Waals forces (VA) [202]:

Vtot  VR  VA
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Considering the nanofibrils as interacting crossed cylinders, the repulsive potential can be
expressed as [191]:

VR  128    I salt  N A  kB  T   2 

b

2

 exp    H 0 

(4.6)

where Isalt is the solution ionic strength, Ho is the distance between the surfaces of the
interacting fibrils, κ is the inverse Debye length and γ is equal to:
 e0 

 4  kB T 

  tanh 

(4.7)

with e the elementary charge and Ψo the surface potential. The inverse Debye length is
given by:
  8    I salt  N A  Q

(4.8)

where Q is the Bjerrum length (equal to 0.7 nm in aqueous solution at room temperature
[206]), defined as:

Q

e2
4     0   r  kB  T

(4.9)

where ε0 is the vacuum dielectric permeability and εr is the permittivity of the solvent.
The attractive van der Waals interactions can be expressed as [207, 208]:
VA  

AH  b 2
6  H0

(4.10)

where AH is the Hamaker constant.
We note that the calculation of the electrostatic contribution in the DLVO interaction
potential assumes that the RADA 16-I fibrils interact with each other as crossed cylinders
of infinite length. This approximation eliminates the dependence of the potential on the
fibril length. This interaction is likely to represent the rate-limiting step of the series of
events involved in the end-to-end fibril-fibril aggregation process. Indeed, after the fibrils
have approached each other through this interaction, the balance between the electrostatic
repulsion and the attraction arising from the hydrophobic patches would lead to the
geometric alignment of the fibrils. This local rotational diffusion promotes the end-to-end
self-assembly, since two free ends of fibrils of the non-homogenous length could now
aggregate via the sliding diffusion mechanism proposed previously for the RADA 16-I
system [28].
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4.3. Results and discussion
4.3.1. Aggregation mechanism and role of the electrolyte concentration

We start our analysis by investigating the aggregation kinetics of RADA 16-I
peptide at 1 g/L in the presence of sodium chloride at concentrations ranging from 25 to
175 mM at pH 2.0. In Figure 4.1a we show a representative AFM picture of freshly
prepared peptide solution containing 25 mM salt. We identified the presence of short,
rigid nanofibrils with average length of 100 nm. The stability of the fibril dispersion was
monitored at 25 oC in a non-invasive manner by dynamic light scattering. As shown in
Figure 4.1b, the increase of the average hydrodynamic radius observed within the first
few hours of incubation indicates the presence of aggregation leading to the formation of
larger structures. The aggregation rate is accelerated by increasing the salt concentration
because of the screening of the positive net charges on the surface resulting in the
decrease of the repulsive electrostatic barrier. Interestingly, after the fast initial increase
of the average size, the hydrodynamic radius reaches a plateau value of about 75 nm,
which is rather independent of the salt concentration (Figure 4.1c).
In parallel with DLS, the self-assembly was followed by atomic force microscopy.
In the AFM pictures of samples incubated for 3 weeks in the presence of different
concentrations of NaCl, we observed the presence of longer fibrils (Figure 4.1d), which
elongate without changing their diameter (this result is supported by TEM analysis, the
representative TEM pictures are shown in Figure C.1 in Appendix C). The length
distributions of the aggregated samples are independent of the salt concentration (Figure
4.1e). Similarly to the situation observed in the absence of salt [56], size exclusion
chromatography analysis (Figure C.2 in Appendix C) and dilution experiments (data not
shown) confirm that the monomeric peptide does not participate into the aggregation
process and that the fibril self-assembly is irreversible.
Overall, these results indicate that the salt concentration modifies the aggregation
kinetics without affecting the aggregation behavior observed in the absence of salt [56].
Namely, the fibrils follow an irreversible end-to-end fibril-fibril aggregation mechanism,
which generates longer fibrils with constant diameter according likely to the sliding
diffusion mechanism [28]. This mechanism has been observed also at physiological
conditions [8], and has been attributed to the presence of unpaired hydrophobic patches at
the ends of the fibrils, which are highly reactive in aqueous environments [8].
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Figure 44.1. The NaC
Cl effect on stability off RADA 16-II peptide at 1 g/L in 10 mM HCl at pH
2.0. a) A representattive AFM piicture of a freshly
fr
prepaared sample at
a 1 g/L in 10
1 mM HCl with
25 mM NaCl at pH 2.0; b-c) Thhe time evoluution of the average hyd
drodynamic radius
r
duringg (b)
the first hours and (c) 3 weeks of
o incubationn in the presence of 25 mM
m (♦), 50 mM
m (), 75 mM
(▲), 90 mM (), 1000 mM (), 1110mM (), 125 mM ()), 150 mM (►) and 175 mM (x) NaC
Cl; d)
AFM piicture of the peptide incuubated for 3 weeks in 100 mM HCl solution withh 25 mM NaC
Cl at
pH 2.0; e) fibril lenngth distributtion obtainedd from AFM
M pictures at time 0 (lighht blue bars)) and
after 3 w
weeks of incu
ubation in thhe presence of
o 25 mM (dark blue barss), 50 mM (rred bars), 75 mM
(green bbars) and 100
0 mM (violeet bars) NaC
Cl; f) The plaateau value of
o the averag
ge hydrodynnamic
radius att long incubaation time dooes not increease upon addition of a frreshly preparred populatioon of
short reaactive fibrils (same condiitions as in (aa) but with 100 mM NaC
Cl).
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Since the number of reactive patches is limited, the aggregation process arrests
once the unpaired hydrophobic sites have all reacted, thereby explaining the plateau in the
average size observed after several hours of incubation (Figure 4.1c). To prove this
hypothesis, we added a sample of freshly prepared short reactive fibrils to an equal
amount of longer fibrils that have already aggregated and reached the plateau value in the
average radius, and we monitored their stability by DLS (Figure 4.1f). After an initial
decrease in the size due to the addition of the short fibrils, the average hydrodynamic
radius of the mixture increases during time, indicating that the added short fibrils
aggregate into longer fibrils. After few hours, the average radius reaches the same plateau
value of the original aggregated sample, suggesting that the aggregation occurs only
among the freshly added fibrils and the aggregated ones remain inert. This result proves
that the aggregation process is limited to a certain extent, which is likely fixed by the
initial number of reactive unpaired patches.
To provide a quantitative picture of the aggregation behavior described in the
previous paragraphs, we model the experimental data by using Smoluchowski population
balance equations (see Material and Methods, equations (4.1)-(4.3)). In this kinetic model
approach, we simulate the time evolution of the complete fibril length distribution
obtained from AFM analysis and we compare the calculated values of the average
hydrodynamic radius with the experimental results obtained by DLS. For polydispersed
systems, the average hydrodynamic radius can be evaluated by using the Stokes-Einstein
equation:

Rh 
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Z

kB  T
6     D

(4.11)

q
Z

 q  is the z-averaged coefficient calculated from the length distribution of

the single fibril [209]:
N

D

Z

q 

 N  D  P q L
i

i 1

i

2
i

i

N

 N  P q  L
i 1

i

i

(4.12)

2
i

with Di being the translational diffusion coefficient for the rigid rods calculated
accordingly to Doi-Edwards relationship [210]:
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and Pi(q) being the form factor of a rigid rod with length Li at the scattering vector q
( q  4 n / 0 sin( / 2) , with n the refractive index of the solvent, λ0 the wavelength of the
laser beam and  the scattering angle) expressed as [211]:
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For each single aggregation condition, the only fitting parameter considered in the model
simulations is the Fuchs stability ratio (W), which contains information on the
intermolecular interaction potential as described by equation (4.4). In Figure 4.2a it can
be seen that the simulated curves are in good agreement with the experimental data
measured in the presence of different concentrations of salt, in particular when the fibril
length is relatively short. However, for longer fibril lengths, the simulations deviate from
the experimental data, most likely because of the formation of fibril clusters and the
increase in fibril flexibility, bending and curvature. These effects are not included in the
expressions used in the kinetic model (equation (4.3)), which apply only for a rigid
cylindrical shape.
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It is convenient to normalize the absolute aggregation time (t) measured under
different conditions in terms of a characteristic aggregation time, tc, weighted on the
Fuchs stability ratio as follows:

1   N1,0

8 W
tc

(4.15)

where N1,0 is the initial number concentration of peptide nanofibrils and β is the
Smoluchowski rate constant for diffusion limited aggregation defined as:
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By introducing the so defined dimensionless time,   t / tc , the PBE shown in equation
(4.1) reduces to:

dX i 1 i 1
   B j ,i  j  X j  X i  j   Bij  X j  X i
d 2 j 1
j 1

(4.17)

where Xi is the dimensionless particle number concentration equal to X i  N i / N1,0 and Bij
is the dimensionless aggregation kernel defined as:
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where α is the ratio of the monomer length to the fibril diameter equal to   Lm / b .
It is seen that since the parameters α and (δ.ω/b) appearing in equation (4.18) are
geometric parameters that are intrinsic of the fibril structure and independent of external
factors, the solution of equations (4.17) and (4.18) leads to a master curve that is the same
for all buffer compositions.
In addition, we can express the average aggregate size in the dimensionless form as a
function of Xi by dividing the measured average hydrodynamic radius, <Rh>, by a
reference value. We selected this reference value, defined in following as Rh0, as the
radius <Rh> measured at time zero at the lowest salt concentration.
As shown in Figure 4.2b, we see that the curves at different ionic strengths collapse on a
single master curve, indicating that the salt concentration modulates the aggregation
kinetics without affecting the aggregation mechanism.
The dependence of the Fuchs stability ratio values estimated from the fittings of
the experimental data in Figure 4.2a on the ionic strength (Figure 4.2c) contains crucial
information about the intermolecular interactions involved in the fibril-fibril association
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process. It is seen that the W values decrease with increasing the ionic strength,
approaching the value of 1 at the largest salt concentrations, indicating that at this point
no energy barrier is present and aggregation occurs under diffusion-limited conditions.
We attempt to model this behavior in the frame of the DLVO theory (equations (4.4) to
(4.10)), which describes the colloidal stability of the system in terms of a van der Waals
attractive potential and an electrostatic repulsive potential (see Material and Methods).
The Hamaker constant, AH, which for proteins is considered as poorly dependent on the
amino acid sequence [212], has been set equal to 10.5kBT, a value reported for actin
fibrils [213]. The only remaining unknown parameter, the surface potential, Ψ0, has been
estimated by comparison with experimental W value at the reference ionic strength of 50
mM. It is worth noting that, while keeping fixed this parameter, we can describe well the
dependence of the W value on the salt concentration in the entire investigated range of
ionic strength values, as shown in Figure 4.2c. Therefore, the dependence of the
aggregation rate on the ionic strength predicted by the DLVO theory in the context of
charge screening effects (equations (4.5)-(4.10)) is able to describe quantitatively the
observed dependence of the aggregation kinetics on the salt concentration, indicating that
electrostatic interactions play a key role in the aggregation of the RADA 16-I fibrils.
It should be mentioned that the application of DLVO theory to monomeric protein
systems has been only partially successful and has been limited to small globular proteins
[214, 215], since local intermolecular interactions related to the heterogeneous surface
and the presence of specific aggregation-prone spots cannot be described in the frame of
this coarse-grained approach. In contrast, the results of this work may indicate that for
protein aggregates, where specific effects are averaged and the surface is more
homogeneous, the DLVO theory can describe the stability behavior in a satisfactory
manner.
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4.3.2. Effect of the anion type

To investigate more in detail the role of electrostatic interactions on the stability of
RADA 16-I fibril dispersions at low pH, we repeated the kinetic analysis discussed in the
previous section in the presence of different types of anions and cations. First of all, we
compare the time evolution of the average radius of fibril dispersions in the presence of
sodium chloride, sodium nitrate and sodium phosphate at four different concentrations as
shown in Figure 4.3a-d. For all anions, the aggregation rate increases with salt
concentration (see Figure C.3 in Appendix C). In the ionic strength range 25-75 mM the
kinetics depends on the type of anion according to the series: Cl- (less reactive) < H2PO4< NO3- (more reactive), whereas the difference between the different ions flattens at the
concentration of 100 mM.
Following the same procedure described above, we apply the population balance
equation platform to extrapolate the dependence of the Fuchs stability values on the salt
concentration for the different considered anions. As shown in Figure 4.3a-d, the
simulated curves reproduce the experimental data reasonably well. Moreover, also in the
presence of different anions, when the absolute times are normalized with respect to the
dimensionless time τ, the aggregation curves collapse on a single master curve shown in
Figure 4.3e, indicating that the type of anion influences the aggregation kinetic without
affecting the self-assembly mechanism.
However, the dependence of the aggregation kinetics on the type of anion
indicates that the charge screening is not the only electrostatic effect responsible for the
fibril stability. Indeed, in the frame of the DLVO theory, the only key physicochemical
parameter related to the presence of the salt is the total ionic strength (equations (4.5)(4.10)), which is independent of the type of monovalent anion. However, an additional
electrostatic effect that is expected at low pH values is the specific anion binding to the
positively charged groups exposed on the surface of the fibrils. We described this effect
by modifying the surface potential, Ψo, for the different anions in the simulations of the W
values as a function of the salt concentration (see Table 4.1). In Figure 4.3f it can be seen
that the modification of the surface potential for the different anions is able to account
alone for the dependence of the aggregation rate on the ionic strength for the different
types of anion. From the estimated values of the surface potentials, the overall propensity
of anions to bind to the RADA 16-I fibrils follows the series: Cl- > H2PO4- > NO3-. We
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note that this series is in disagreement with both electro-selectivity series [91, 216], which
ranks the propensity of different anions to bind to the surface charge groups:
H2PO- < Cl-< NO3- < ClO4-< SO42-,
and the ranking of anions to bind to polar and apolar groups as well as to the peptide
bonds, which follows the order:
HSO-= SO42-< HPO 2-< Cl-< NO3- < ClO4-.
These results indicate that, once the modification of the surface chemistry of the
fibrils related to the specific anion binding is taken into account by changing the surface
potential, the coarse-grained approach of the DLVO theory allows to describe
quantitatively well the screening effect of electrostatic repulsions induced by the increase
of salt concentration.

Salt

Ψo [mV]

NaCl
NaNO3
NaH2PO4

54
48
51

Table 4.1. Values of the surface potential, Ψo, used in the model calculations of the repulsive
interaction potential in the presence of different salts according to equations (4.6) and (4.7).
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4.3.3. Effect of the cation type

The net charge of the peptide at pH 2.0 is equal to +4.4, and, therefore, positive
charges dominate on the fibril surface. However, negative charges are present in the
amount of -0.56 per monomeric unit of peptide and therefore effects of cations cannot be
excluded. We investigated the cation effect on the aggregation propensity by comparing
aggregation reactions monitored in the presence of calcium chloride with the results
shown previously in the context of Figure 4.3a-d for sodium chloride. The comparison
has been performed keeping constant either the ionic strength (concentrations of CaCl2
equal to 8.3, 16.6, 25 or 33.3 mM) or the number of chloride anions (concentrations of
CaCl2 equal to 12.5, 25, 37.5 and 50 mM) (Figure 4.4a-d). In analogy with the sodium
chloride salt, increasing the concentration of the calcium salt enhances the aggregation
rate (see Figure C.4 in Appendix C). When compared at constant ionic strength, the
aggregation rates in the presence of sodium and calcium chloride are similar at 25 and 50
mM salt, while at larger salt concentrations (75 and 100 mM) the kinetics are faster in the
presence of sodium chloride with respect to calcium chloride. When compared at a fixed
number of chloride anions, the aggregation rate is faster for calcium chloride with respect
to sodium chloride at the lowest considered concentration (25 mM), and slower in the
concentration range from 50 to100 mM.
In analogy with the previous situations, we evaluated the Fuchs stability ratio as a
function of the ionic strength from the population balance equation model analysis
(equations (4.1)-(4.3)). The PBE simulations describe the experimental data reasonably
well (Figure 4.4a-d). Also in this case, regardless of the cation type and concentration, all
of the aggregation curves follow a master curve when normalized in terms of the
characteristic aggregation time (Figure 4.4e), suggesting that the salt modulates the
kinetics, but not the mechanism of the self-assembly.
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Overall, the results indicate that calcium ions have a stabilizing effect with respect
to sodium ions. However, the rationalization of the dependence of the W values as a
function of the ionic strength is more challenging with respect to the situations described
in the previous paragraphs. In fact, a non-monotonic dependence of the W values as a
function of the salt concentration is observed, which cannot be clearly explained in the
frame of DLVO theory only. As shown in Figure 4.4f, at high ionic strength an increase
in the aggregation stability is observed with increasing the salt concentration. This
complex behavior can result from the combination of a series of microscopic effects
including anion and cation binding, which are more pronounced at larger salt
concentrations. While anion binding decreases the surface potential and promotes
aggregation, cation binding stabilizes the fibrils not only by increasing the net charge but
also by promoting stabilizing solvation forces [82].
4.3.4. Effect of the solvent composition

Finally, we modulated the intermolecular interactions driving the colloidal
stability of the fibril dispersion by changing the solvent composition. In particular, we
monitored the aggregation kinetics of 1 g/L RADA 16-I peptide in 10 mM HCl at pH 2.0
with 25, 50, 75 or 100 mM sodium chloride in the presence of 10% isopropanol or 10 and
20% ethanol (see also Figure C.5 in Appendix C). While the addition of organic solvent
enhances the aggregation kinetics in a concentration dependent manner, a negligible
difference is detected between ethanol and isopropanol at the same concentration (Figure
4.5a-d). The experimental data can be well described in the frame of the Smoluchowski
kinetic approach indicating that self-assembly occurs via the same mechanism discussed
above also in the presence of organic solvents (Figure 4.5a-b and Figure 4.5e).
The introduction of organic solvents characterized by lower dielectric constant
affects the electrostatic repulsion forces. In particular, the decrease in the dielectric
constant results in the increase of the Debye length (equation (4.8) and (4.9)), which in
turn decreases the repulsive electrostatic interactions (equation (4.6)). This effect explains
the acceleration in the aggregation kinetics observed experimentally with increasing the
concentration of organic solvent (Figure 4.5a-d). In Figure 4.5f we show the dependence
of the W values as a function of the ionic strength, evaluated according to the same
procedure described in the previous paragraphs. In Table 4.2 we summarize the values of
the dielectric constants and the surface potentials used in the model simulations for
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different solvents. The experimental results are in a good agreement with the theoretical
calculations, indicating that the change in the dielectric properties of the solvent can
explain reasonably well the observed decrease in the repulsive barrier and the resulting
acceleration of the aggregation kinetics with increasing the concentration of organic
solvent. This result confirms that electrostatic repulsions play a key role in the colloidal
stability of the nanofibril dispersions.

Solvent

εr

Ψo [mV]

10mM HCl
10mM HCl + 10% isopropanol
10mM HCl + 10% ethanol
10mM HCl + 20% ethanol

78.56
72.73 [217]
73.95 [218]
69.05 [218]

54
50
51
51

Table 4.2. Values of dielectric constant, εr, and surface potential, Ψo, used in the model
calculations of the repulsive interaction potential in the presence of different salts according to
equations (4.6)-(4.9).
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4.4. Conclusions
We applied a kinetic approach to investigate the intermolecular interactions
driving the self-assembly of charged fibrils composed of the model amphiphilic peptide
RADA 16-I. We modulated the intermolecular forces by changing the solvent
composition in terms of salt concentration, salt type and concentration of organic solvent.
The experimental data were rationalized by a Smoluchowski kinetic model based on
population balance equations, which allows to express the intermolecular interactions in a
mean-field approach in terms of the Fuchs stability ratio (W). It is remarkable that all of
the aggregation profiles normalized with respect to a characteristic aggregation time
weighted on the Fuchs stability ratio collapse on a single curve. That is all data
corresponding to different buffer compositions, when considering a suitable
dimensionless time fall on the same curve, which is therefore referred to as the master
curve since it reflects the behavior of this particular peptide in many different conditions.
This observation suggests that the buffer composition affects the aggregation kinetics
without modifying the self-assembly mechanism.
In conclusion, we have seen that the aggregation is not controlled purely by
diffusion, but it is rather an activated process characterized by an activation energy barrier
that is largely dominated by electrostatic interactions. Increasing the ionic strength or the
concentration of organic solvent characterized by lower dielectric constants decreases the
aggregation energy barrier because of the screening of the charges present on the peptide
surface. Remarkably, both effects can be quantitatively described in the frame of DLVO
theory. However, specific ion effects are also observed. Whereas the specific effect of the
anion type can be explained mainly by the different binding affinity to the positively
charged peptide surface, the cation effects are more complex and likely related to
additional solvation forces.
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Chapter 5
Sol-gel transition of charged fibrils composed of a model
amphiphilic peptide4
5.1. Introduction
The phase diagram of fibrils composed of peptides and proteins is involved in a
large variety of problems in biology, biophysics and biochemistry: examples include the
behavior of actin filaments, which are key components of the cytoskeleton [219-222], and
of whey protein aggregates in the food industry [4, 223-226]. Despite the phase behavior
of rod-like colloids has been widely investigated in the literature [189-192], the study of
the phase diagram of protein solutions is often complicated by the presence of irreversible
aggregation and metastable phases [4]. As a consequence, a rich and dynamic phase
behavior is often observed, with formation of liquid-crystalline phase, gels and phase
separation [65, 131, 227-229].
One example of the importance of controlling the stability of protein aggregates is
found in the biotechnology context, where protein-based drugs and functional materials
are increasingly developed [27, 230-232]. For instance, thanks to several advantages such
as biocompatibility and degradability, hydrogels obtained from synthetic peptides have
received large attention in fields ranging from 3D cell cultures [128] to drug release [38]
and delivery [37, 39], as well as tissue engineering and tissue repair [34]. During the
industrial processing of the material, protein solutions are exposed to several stresses,
such as shear forces and incubation at low pH, which can potentially induce the
degradation of the product. Obviously, the control of the aggregation state of peptides and
proteins during their manufacturing is a prerequisite for the successful application of the
material [55, 64].
The stability of protein fibril dispersions is involved also in biological systems, for
instance in the aggregation of amyloidogenic peptides and proteins involved in several
neurodegenerative disorders [1]. Amyloid fibrils associate in large bundles and plaques,
4
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which are eventually observed in the tissues of the patients. Lateral association of
protofilaments in multistranded fibrils and laminate structures has also been observed
with both globular proteins [188] and synthetic peptides [233]. However, the
understanding of the interactions between fibrils and of the phase diagram of amyloid
fibril dispersions is still limited.
In this chapter, we investigate the stability behavior of positively charged fibrils
composed of the RADARADARADARADA (RADA 16-I) peptide [8] as a model.
RADA 16-I is a well-known example of the family of self-complementary peptides which
have been designed to self-assemble in a controlled way into fibrils and higher ordered
structures depending on the pH value [28, 171, 172]. Ionic-complementary peptides are
typically 8-16 amino acid long with structures displaying hydrophobic residues on one
side of the polypeptide chain and hydrophilic residues on the other side [6, 27, 234, 235].
The self-assembly process is driven both by the hydrophobic double sheet formation
inside the fibril and the electrostatic interactions between charged residues on the
hydrophilic side [6]. The inter- and intramolecular forces determining the secondary
structure and the aggregate state of the peptides can be finely tuned by a series of intrinsic
properties (e.g., amino acid periodicity and charge distribution) and environmental
conditions, such as pH, salt and ionic strength [9, 27, 236].
Here a combination of microscopy, light scattering and rheology techniques is
applied to characterize the gelation process of RADA 16-I fibril dispersions and the
morphology of the resulting hydrogel at low pH. The fibril dispersions formed by RADA
16-I in water solutions at low peptide concentration under acidic conditions has been
described elsewhere [56]. In this work, it is found that the fibrils aggregate irreversibly
into longer fibrils and fibrillar aggregates which at sufficiently large volume fractions
form a reversible gel network which can be destroyed upon dilution. The phase transition
occurs directly from the isotropic liquid to the gel phase without the formation of a
nematic phase at a critical peptide concentration which decreases with increasing the salt
concentration. In this chapter it is also presented that the dependence of the critical
percolation concentration on the ionic strength can be well rationalized in the frame of the
fractal gel theory.
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5.2. Materials and methods
5.2.1. Material and sample preparation

The RADA 16-I (Ac-R-A-D-A-R-A-D-A-R-A-D-A-R-A-D-A-CONH2) peptide
was provided by Lonza Ltd (Visp, Switzerland) as lyophilized powder in the form of
trifluoroacetic or chloride salt. The material was used as received without further
purification. Before each experiment the peptide was freshly dissolved in a suitable
amount of solution. The concentration was checked by UV absorbance after mild stirring
for 10 minutes for homogenization, and the pH value of the final solution was measured
by a SevenEasy pH meter (Mettler Toledo). The results shown in this work refer to the
peptide in the trifluoroacetic salt form. It is worth noting that very similar results have
been obtained with peptides originating from three different production batches and with
the peptide in the form of chloride salt [56].
5.2.2. Atomic force microscopy (AFM)

10 µL of RADA 16-I samples diluted 200-fold were deposited on a freshly
cleaved mica surface for 30 seconds before washing with Milli-Q deionized water to
remove unattached materials and gently drying under nitrogen flux. Samples were imaged
at room temperature by an Asylum Cypher Scanning Probe Microscope (Asylum
Research, Santa Barbara, CA, USA) operating in tapping mode. Scan rate of 1 Hz and
antimony doped silicon cantilevers with resonance frequency in the range 300-360 kHz
and tip radius of 8 nm (Veeco, Plainview, NY, USA) were used.
5.2.3. Dynamic light scattering (DLS)

Dynamic light scattering (DLS) measurements at a fixed angle ranging from 20o
to 90o were performed in situ using a goniometer BI-200SM (Brookhaven Instruments,
Holtsville, NY, USA) equipped with a solid-state laser, Ventus LP532 (Laser Quantum,
Manchester, UK) with a wavelength λ0 = 532 nm as the light source. The average
hydrodynamic radius of the sample was calculated from the measured diffusion
coefficient based on the Stokes-Einstein equation.
DLS was also measured at a fixed angle of θ = 173° using a Zetasizer Nano (Malvern,
Worcestershire, UK) with laser beam of wavelength λ0 = 633 nm.
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5.2.4. Diffusing wave spectroscopy (DWS)

Diffusing wave spectroscopy measurements were done using a LS Instrument
(Fribourg, Switzerland). Standard reference polystyrene particles with nominal
hydrodynamic radius of 190 nm were mixed with the peptide solution at particles
concentration of 2 g/L. Glass cuvettes with 0.2 cm light path were used (Hellma,
Müllheim, Germany).
5.2.5. Rheology

Rheology experiments were performed using an ARES Rheometer (Rheometric
Scientific, Piscataway, NY, USA) working under oscillatory, strain-controlled mode
equipped with 25 mm cone-plane geometry. The gel was gently introduced between the
cone and the plate and 10 minutes of re-equilibration were allowed before starting the
measurements. Before measuring the frequency-dependent loss and storage modulus, the
strain-dependent moduli were measured in a strain amplitude range from 0.1 to 200% at
constant frequency of 200 rad/s in order to determine the linear viscoelastic region.
Frequency-dependent measurements were performed at constant strain amplitude values
ranging from 30 to 40% and within a frequency range of 0.05-500 rad/s. All
measurements were performed at 25 oC at five different RADA 16-I concentrations
(4.5, 5, 7, 9 and 10 g/L) dissolved in 10 mM HCl with 50 mM NaCl at pH 2.0.
5.2.6. Phase diagram

The phase diagram of RADA 16-I fibril dispersions at 25 oC was investigated as a
function of the fibril concentration in the range 0.4-6.5 g/L and as a function of NaCl
concentration in the range 0-200 mM. The possible presence of nematic phase was
checked by observation under cross-polarized light using an optical microscope Zeiss
Axioskop 2 (Carl Zeiss Jena GmbH, Jena, Germany) as described in Jung et al. [206].
The concentration of the RADA 16-I fibrils in the dispersion has been evaluated by
subtracting from the total weighted peptide concentration the soluble monomer fraction,
which has been quantified by size exclusion chromatography as described elsewhere [56].
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5.3. Results and discu
ussion
5.3.1. Kinetics and mechaanism of gell formation
n
Before starting thhe stabilityy studies, the aggreggate state of the pepptide at
concentration of 10 g/L in 10 mM HCl soluttions at pH
H 2.0 was analyzed.
a
A
After
ren is observved. Atomiic force
disppersion of the peptidee powder, a transpareent solution
miccroscopy picctures of saamples takenn few minuutes after re-dispersion show the ppresence
of a rather hom
mogeneous populationn of fibrils with
w an aveerage lengthh of about 100 nm
(Figgure 5.1a). In
I a recent work,
w
Arosiio et al. havve shown thhat these fibbrils containn β-sheet
struuctures by FTIR
F
and CD
C assays [5
56], and thaat AFM im
mages are coonsistent wiith TEM
picttures [56].

Figu
ure 5.1. Sol--gel transitioon of RADA
A 16-I nanoffibril disperssion at 10 g//L in 10 mM
M HCl at
pH 2.0. a) AF
FM image off a freshly prepared
p
RA
ADA 16-I fib
bril dispersion. A picturre of the
transparent soluttion is show
wn in the inseert. b) Kinettics of gel foormation moonitored by following
f
the ttime evolutioon of the aveerage hydroddynamic radiuus measured
d by dynamicc light scatterring. The
ument. c)
DLS
S signal has been recordded using a Zetasizer
Z
Naano () and a Brookhaveen (□) instru
Dynnamic light scattering
s
coorrelation funnction of thee sample at time 0 (dashhed line) and after 3
dayss (continuous line). d) Piicture of the self-sustaining RADA 16-I fibrillar hydrogel
h
afteer 3 days
of inncubation.
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The kinetic stability of the fibril dispersion was followed in situ by dynamic light
scattering (DLS) with both the Malvern Zetasizer Nano and the Brookhaven instrument
by monitoring the relative changes in the average size with respect to the initial condition.
As it can be seen in Figure 5.1b the results obtained with the two instruments are very
similar. In addition, it was verified that the time evolution of the average <Rh> relative to
the initial value is independent of the scattering angle (Figure D.1 in Appendix D).
As shown in Figure 5.1b, the fibril dispersion is not stable during time. The time
evolution of the average hydrodynamic radius follows two different regimes: initially, the
average size increases almost linearly, indicating fibril growth and aggregation. After
about 2 hours of incubation, the growth of the average size arrests and the average
hydrodynamic radius oscillates during time around the plateau value of 60-80 nm. The
corresponding intensity autocorrelation functions exhibit a shift of the baseline (Figure
5.1c), which is observed when the time average of the light scattering intensity
oscillations differs from the ensemble average, indicating the presence of a non-ergodic
phase. Therefore, the results indicate that after a first aggregation step the fibrillar
aggregates are not able to diffuse freely and occupy all the available volume.
The formation of a gel phase has been confirmed by macroscopic observation (Figure
5.1d).
In parallel with DLS, the kinetics of fibril aggregation and gel formation were
analyzed by diffusing wave spectroscopy, which assesses the rheological properties of the
network by measuring the diffusion of a tracer particle [237-239]. In Figure 5.2a the time
evolution of the correlation functions of the tracer particles is shown. The decay of the
correlation function of samples taken at increasing incubation times moves progressively
towards larger delay times, indicating a decrease of the diffusion coefficient of the tracer
particle due to the hindering of the movement occurring during the fibril aggregation
process. The corresponding mean square displacement (MSD) profiles of the tracer
particles, calculated from the intensity autocorrelation function, change during time
(Figure 5.2b), confirming further the hindrance of the movement of the tracer particles
caused by the formation of the fibrillar network. From the measurements of the mean
square displacement, the storage and loss moduli (G’ and G”, respectively) of the
viscoelastic phase can be calculated over a broad frequency range [237]. In Figure 5.2c
and 5.2d the storage and loss moduli are reported at different frequencies for samples
taken at 0.5 h and 2.5 days, respectively. Initially, the fibril dispersion exhibits a loss
modulus larger than the storage modulus (Figure 5.2c), while after 2.5 days of incubation
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the storage modulus is larger than the loss modulus at high frequencies, indicating a
change of the rheological properties during time. In Figure 5.2e the time evolution of the
two moduli is reported at the reference frequency of 100 rad/s: a cross-over between the
G’ and the G” can be observed at about 20 h of incubation, confirming further the
formation of a gel.
The value of G’ measured at low pH in this work is lower than the values of G’ of
RADA 16-I hydrogels observed at neutral pH [28, 172]. The increase of G’ with the
decrease of the peptide net charge has been observed with other amphiphillic peptides
[235], and can be explained by the decrease of electrostatic repulsion and the increase of
lateral association between fibrils.
It is interesting to note that in the high frequencies regime the scaling of the G”
with the frequency follows the power law G”(ω) = ωα, with exponent α = 0.8±0.1. In this
regime the G” is related to the dynamic fluctuations of the single unconfined filaments,
which are smaller than the characteristic network mesh size [240]. The measured
exponent of 0.8 is close to the value 0.75, which has been observed previously for actin
filaments gel [219, 220], cardiac filaments [210] and amyloid fibrils [224], and has been
predicted by theoretical models based on the bending modes of single wormlike filaments
[240, 241], suggesting that this exponent in the high frequency regime is shared by a large
range of semiflexible biopolymers.
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Figure 5.2. Micro-rrheology an
nalysis of geel formation
n. DWS meaasurements of
o 10 g/L RA
ADA
16-I nannofibril dispeersion at diffeerent incubattion times at pH 2.0: a-b)) Autocorrelaation functioon (a)
and (b) mean squaree displacemeent at time 0 (blue contiinuous line),, 3 h (red daashed line), 10 h
(green ddotted line), 25
2 h (violet dash-dotted line), 3 dayss (black conttinuous line). c-d) The G’
G ()
a a functionn of oscillatin
ng frequencyy at time (c)) 0.5 h and (d)
and G” (□) values as
( 2.5 days. The
black daash-dotted lin
nes represent the fitting of
o the G” inn the power law
l regime at
a high frequuency
values. ee) Time evollution of the G’ () and G”
G (▲) at thee reference frequency
fr
of 100 rad/s.
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5.3.2. Reversibility of the gel

After characterizing the kinetics of gel formation, the reversibility of the gel
during the aggregation process was investigated by diluting 2- and 10- fold samples taken
at different incubation times (1 day, 2 days and 1 week). Macroscopic inspection
indicates that the gel could be broken upon dilution, and, indeed, DLS analysis shows that
the average hydrodynamic radius of the diluted samples is smaller than the value of the
original gel as shown in Figure 5.3a (see also Figure D.2a and D.3a in Appendix D). The
diluted dispersions originating from the gel exhibit comparable average hydrodynamic
radius for the two different dilution extents applied and the different incubation times,
although small differences in the order of few nanometers are observed (Figure D.2a and
D.3a in Appendix D). The radius of the sample diluted after 1 day of incubation, equal to
38.8±5.6 nm (average of the 2- and the 10-fold diluted samples), is twice the average size
measured immediately after re-dispersion of the peptide powder (equal to 22.2±2.9 nm),
but smaller than the approximate critical size of about 60-80 nm corresponding to the
formation of non-ergodic phase (Figure 5.1b). Moreover, all the samples obtained after
the dilution of original gel were stable over one week independently of the dilution time
and extent, as shown in Figure 5.3b (see also Figure D.2b and D.3b in Appendix D). This
observation suggests the presence of irreversible aggregation during the early stages of
incubation, followed by formation of reversible aggregates and gel which can be broken
upon dilution. The reversibility experiment was repeated at selected time points diluting
the gel sample directly in the cuvette (data not shown). The results of this experiment,
which avoids aliquoting of the sample, are very similar to the data obtained with the
previous procedure, confirming that the breakage of the weak gel is induced by the
dilution and not by the aliquoting of the sample.
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Figure 5.3. Reversiibility of the sol-gel tra
ansition upoon dilution. a) Compariison betweenn the
average hydrodynam
mic radius of
o the original gel samplle at 10 g/L
L (blue bars)) and the dilluted
sample ((red bars) att different incubation tim
mes. Dilutionn has been peerformed im
mmediately beefore
the meaasurements; b) The stabbility of thee diluted saamples show
wn in (a) was
w followedd by
monitoriing the tim
me evolution of the aveerage hydrodynamic raddius. Diluted samples were
k (○)
preparedd by taking aliquots
a
of thhe original gel after 0 (), 1 day (□),, 2 days (▲)), and 1 week
of incubbation and thee stability off the diluted samples
s
was measured foor 7 days.

In parallel with DLS, the effect of
o dilution on the fibriil size was investigatedd by
comparring atomic force micrroscopy imaages of fresshly prepareed samples at 10 g/L with
images of 10-foldd diluted geel samples at 10 g/L. In the casse of the frreshly preppared
dispersiion, short fibrils
f
with an averagee length off about 100 nm are ob
bserved (Figure
5.4a), w
while in thee case of thee 10-fold diiluted gel sample the images
i
show
w longer fibrils
with ann average length
l
of about
a
200-3350 nm (Figure 5.4b).. The correesponding fibril
f
length distribution
ns are repoorted in Fig
gure 5.4c. The singlee fibrils elongate witthout
changinng their diaameter. It iss worth meentioning thhat the fibriils of the freshly
fr
preppared
sample are presen
nt as singlee filaments (Figure 5.4a), whereeas in the 10-fold dilluted
sample clusters off fibrils are often observed (Figurre 5.4b). Allthough thiss result mayy be
d
the preparation
n for the A
AFM
partiallyy affected by the dryying of thee sample during
analysiss, this obserrvation connfirms the formation
f
off fibril clussters in the sample at llarge
peptide concentratiions.
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Figu
ure 5.4. Irreeversibility of fibril-fibril aggregattion. a) AFM
M picture off a fresh RA
ADA 16-I
sam
mple at 10 g//L; b) AFM picture of a 10-fold diluuted gel sam
mple incubatted for 48 h at room
tempperature; c) Fibril lengthh distribution
n of the freshhly preparedd (blue bars)) and the diluuted (red
barss) sample corrresponding to
t the AFM pictures
p
show
wn in (a) andd (b), respecttively.
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Taken togeether, the daata from DLS and AF
FM analysiss indicate thhat RADA 16-I
fibril diispersions inncubated att 10 g/L at low
l
pH are unstable, and
a that agggregation occcurs
accordinng to a two-step
t
m
mechanism
wo classes of aggreggates
which poopulates tw
characteerized by diifferent bonnding strenggth, as illustrrated in the scheme in Figure 5.5.

Figure 5.5.
5 Scheme of the two-sstep aggregaation/gelatioon process of
o RADA 16--I fibrils

m
likely via the sam
me end-to-eend elongattion mechannism
Initiallyy, aggregatiion occurs most
observeed at lower volume
v
fracction [56], and
a confirm
med in this study
s
by AF
FM picturess and
SEC meeasurementts of the solluble fractioon (data nott shown). The
T fibril-fibbril aggregaation
involvees strong in
nteractions, possibly hydrophobic
h
c, and the elongated
e
f
fibrils
repreesent
irreverssible aggreg
gates. The fibril
fi
elongaation is accoompanied by the formaation of clusters
of fibrills, which grow
g
until eventually
e
o
occupying
aall the available volum
me generatinng a
non-erggodic phasee. While thhe first elon
ngation stepp is irreverrsible, the cluster andd gel
formation can be reverted
r
upon dilution, indicatingg weak attraactive interaactions betw
ween
the fibrrillar aggreggates. Suchh weak inteeractions arre expected considerinng the largee net
positivee charge (eqqual to +4 per
p monomeeric peptidee) of the fibrril surface at
a pH 2.0 which
w
generates electrostatic repulsioon.
5.3.3. G
Gel structurre and rheollogy
Protein agggregates andd gels contaain unordereed structurees which exhibit often selfsimilariity at sufficciently largge length sccales. Inform
mation on the fractal morphologgy is
contained in the rh
heological behavior
b
of the sample.. The rheolo
ogical propeerties of RA
ADA
16-I gells were meaasured in 100 mM HCl at pH 2.0 in the presennce of 50 mM
m NaCl inn the
peptide concentrattion range 4.5 – 10 g/L.
g
At all the investtigated conccentrations and
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frequencies (ω) the storage modulus (G’) is significantly larger than the loss modulus
(G”): the loss tangent tan δ = G”(ω)/ G’(ω) is always about 0.17, significantly smaller
than the critical value of 1 required to define a gel phase according to the widely used
Winter-Chambon criterion [242, 243]. The loss tangent is constant in the frequency range
from 0.05 to 126 s-1 at peptide concentration 4.5-5 g/L and from 0.05 to 250 s-1 for
peptide concentrations 9-10 g/L. The increase of the frequency interval where the tan δ
value is independent of the frequency corresponds to the increase of the gel stiffness with
increasing peptide concentration [242, 243].
In many systems, the storage modulus extrapolated at 0 frequencies (G’) scales as
a function of protein concentration (C) according to a power law function [244, 245]:

G '  Cn

(5.1)

The exponent n can be connected to the aggregate structure in the context of the
fractal gel theory [4, 223, 244-246]. According to this model, the gel can be envisioned as
a series of connected flocs represented by the fibril aggregates, as illustrated in Figure
5.5. Both the backbone and the aggregates in the gel network are characterized by fractal
dimension Db and Df, respectively. For a heterogeneous fiber network, the fractal
dimension value of the aggregates can vary between 1 and 3 [192]. For protein gels, the
elastic modulus is related to both the entropic elasticity due to the stretching of the
aggregates under stress and the enthalpic contribution due to the bending of the gel
strands. The storage modulus is given by the following expression [4]:
G'  C

3 Db
3 D f

(5.2)

The exponent n measured for the RADA 16-I hydrogels under the investigated
conditions is equal to 2.41 (Figure 5.6). Due to the rod-like nature of the constitutive
strand, the fractal dimension value of the backbone Db can be assumed equal to 1.
According to equation (5.2), the measured exponent of 2.41 corresponds therefore to a
fractal dimension value of the aggregates Df equal to 1.34. This low Df value, related to
the fibrillar nature of the aggregates, indicates a very low packing density of the fibrillar
clusters constituting the heterogeneous gel network [192].
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Figure 55.6. Gel rheology. G’ modulus
m
as a function
f
of RADA
R
16-I fibril concen
ntration at pH
H 2.0
and 50 m
mM NaCl.

5.3.4. P
Phase diagra
am
After charaacterizing thhe kinetics of gel form
mation and the hydroggel morphollogy,
the effeect of two relevant opperative parrameters, i.ee., the pepttide concenntration andd the
ionic sttrength, on the RADA
A 16-I phaase behavioor was anallyzed. We investigatee the
possiblee presence of nematicc phase by birefringennce under polarized
p
ligght, which is a
propertyy of liquid crystallinee phase orig
ginating froom the paraallel alignm
ment of pepptide
fibrils [221]. Thee gel formaation was assessed by
b macrosccopic obserrvation andd by
ments, perfoormed as described
d
in the prevvious
diffusinng wave sppectroscopyy measurem
paragraaphs. Repressentative DWS measurrements at the referencce salt conccentration oof 75
mM aree reported in Appendixx D (Figuree D.4-D.6). In these measurement
m
ts gel formaation
is refleccted by channges in the correlation function annd in the meean square displacemen
d
nt of
the tracer particles during timee.
The resultss are summ
marized in thhe phase diagram show
wn in Figurre 5.7. At ffibril
o
att any of thee salt
concenttrations equual or smalller than 0.4 g/L no gellation was observed
concenttrations testted, while at fibril co
oncentrationns larger thhan 6.5 g/L
L gel formaation
occurs even in thee absence off salt. At inntermediate fibril concentrations gel
g formatioon is
c
conncentration which decreases
d
w
with
increaasing the salt
observeed at a critical
concenttration, as expected by
b consideering the increasing
i
screening of electrosstatic
repulsioon with incrreasing ionic strength.
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Figu
ure 5.7. Phaase diagram
m of RADA
A 16-I nanofibril dispersion as a function off peptide
conccentration and
a NaCl cooncentration
n: isotropic phase (), gel
g phase (■)). Phase behaavior has
beenn experimenttally charactterized by ligght scatterinng, rheology,, cross-polarrized microsccopy and
visuual observatiion. The conntinuous linee represents the phase boundary
b
deescribed by equation
(5.3).

We cann rationalize the obtaiined phase diagram inn the framee of the fraactal gel
f
a heteerogeneous network
theoory. The criitical percolation concentration reequired to form
of fi
fibrillar aggrregates can be written as
a [192]:



 Defff  Rc 
2



D f 3

  1/3 
L p  Vrod


(5.3)

wheere Lp is thhe persistencce length obtained
o
froom AFM im
mages, Rc is
i the charaacteristic
radiius of the fibrillar
f
clussters, Df is the fractal dimension of the agg
gregates, Vrood is the
voluume of the single fibrril, α is thee number of contact between
b
twoo fibrils insside one
aggrregate, whiich has beeen considerred equal tto 1, and Deff is the effective ddiameter
accoounting for the double charge layeer calculatedd using equaation (5.4) [247]:
[

1
Deff  D   1 (lnn A  C  ln 2  )
2

(5.4)

wheere D is thee diameter of
o the fibrilss evaluated from TEM
M images [566], κ-1 is thee Debye
lenggth, C is thhe Euler coonstant equual to 0.5777 and A is representedd by the foollowing
exprression:

A  2    eff2   1  Q  exp(  D)

(5.5)

wheere νeff is th
he linear chaarge densityy equal to the
t ratio bettween the total charge and the
totaal length of the
t monom
mer and Q is the Bjerrum
m length eq
qual to 0.7 nm
n in water at room
tem
mperature. Thhe Debye leength appeaaring in equations (5.4)) and (5.5) is defined ass [247]:
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 1 

 0   r  kB  T

(5.6)

2  N A  e2  I

where ε0 is the vacuum dielectric permeability, εr the permittivity of the solvent, kB the
Boltzmann constant, T the temperature, NA the Avogadro number and I the ionic strength
of solution.
Most of the parameters appearing in equation (5.3) have been evaluated
independently from the experiments described in the previous sections of this chapter.
Due to the aggregation of the fibrils in the early stages of the aggregation process, some
parameters, such as the contour length and the fractal dimension, are dependent on the
incubation time and/or the salt concentration. As a first approximation, we considered the
average values which are summarized in Table 5.1. The simulated phase transition
predicted by the model is compared to the experimental data in Figure 5.7. We note that
the model is able to describe the decrease of the critical gelation concentration with the
increase of the ionic strength, in particular in the low salt concentration regime. However,
at higher salt concentrations, an inconsistency between the model simulation and the
experimental data is observed. From equations (5.3)-(5.6) it can be seen that the decrease
of the critical percolation concentration with the increase of the ionic strength is related to
the decrease in the effective diameter induced by the screening of electrostatic repulsion,
which saturates at the salt concentration of 30 mM, as reflected by the constant value of
the effective diameter above this critical salt concentration. Likely, in the high salt
concentration range, a more detailed model accounting for the change in the fractal
dimension and the characteristic radius of the fibrillar clusters with the salt concentration
is required to describe accurately the gel boundary.

Parameter

Symbol

Value

Source

Fibril effective diameter
Fibril persistence length
Characteristic radius of
fibrillar clusters
Volume of single fibrils

Deff
Lp

10-21 nm
100 nm

Equation (5.4)
AFM images

Rc

188 nm

Fitting parameter

Vrod

1.57.105 nm3

Fractal dimension

Df

1.34

AFM/TEM images
Rheological
measurements

Table 5.1. Values of the parameters in equation (5.3) for the calculation of the critical gelation
concentration
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The presence of nematic phase was not observed under any of the investigated
conditions. The critical concentration required to have isotropic-nematic transition in a
dispersion of charged amyloid fibers has been recently shown to follow the equation
[247]:
cIN  6 

D2
  fibril
Deff  L p

(5.7)

where ρfibril is the density of the fibrils, assumed equal to 1350 g/L. Equation (5.7) has
been proven successful to describe quantitatively the phase transition of β-lactoglobulin
fibers in water under different conditions of pH and ionic strength [247]. In our system,
the critical values of fibril concentrations cIN calculated from equation (5.7) are in the
range 390-810 g/L. These large values, which are due to the short length of the fibrils, are
two orders of magnitude larger than the critical RADA 16-I peptide concentrations (3-6.5
g/L) at which gel phase is observed (Figure 5.7). In addition, the peptide concentration at
which gel formation is observed is much lower than the critical concentration required to
form a homogeneous gel network, Φ=0.7/r, where r is the aspect ratio of the fibrils (equal
to about 5-10) [189]. This observation supports the conclusion that for the system under
consideration excluded volume interactions alone are not able to account for the phase
transition, and that attractive forces between the short fibrils are crucial for the formation
of the heterogeneous gel network.

5.4. Conclusions
In this chapter, the sol-gel transition of dispersions of positively charged fibrils
composed of the peptide RADA 16-I and the structure of the fibrillar hydrogels at low pH
are characterized by a combination of light scattering, rheology and microscopy
techniques. The peptide is initially present as a dispersion of short rigid fibrils with
average length of about 100 nm. During incubation the fibrils aggregate irreversibly into
longer fibrils via strong, likely hydrophobic, interactions. These longer fibrils aggregate
further into fibrillar aggregates, which, at peptide concentrations of about 3-6.5 g/L, form
a weak hydrogel which can be broken upon dilution.
The dependence of the critical percolation concentration as a function of the ionic
strength could be well rationalized in the frame of the fractal gel theory considering the
gel as a network of fibrillar clusters characterized by a fractal dimension value of 1.34.
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Chapter 6
The impact of the flow type and shear rate on protein stability
6.1. Introduction
In the recent years, the stability and aggregation mechanism of proteins gained a
large scientific attention because of several implications in medicine [1, 13],
pharmaceutical industry [2, 42, 248, 249], food industry [4] as well as in production of
chemically and mechanically stable biomaterials [5]. Currently several environmental
factors are known to trigger protein aggregation. One of them is shear force, which can
induce protein assembly leading to loss of drug activity and efficiency as well as being
associated with many side effects and toxicity of the medicament [43, 44]. Therefore, the
mechanistic understanding of this complex phenomenon is of great importance because of
the presence of shear in both intravascular body fluids as well as during production and
formulation of protein-based drugs.
In several studies reported in the literature it is shown that shear force may induce
the changes in protein structure as well as in the alignment of protein molecules with
respect to each other resulting in enhancement of protein aggregation [51, 52]. However,
there is a large discrepancy in the reported results. For instance, shear-induced structure
change was observed in case of bovine serum albumin [250], lysozyme [251] as well as
von Willebrand factor [252, 253]. Nevertheless, not only the change in the protein
structure but also the formation of aggregates was observed in case of whey proteins
[254] or bovine insulin [255]. Moreover, the promotion in the formation of amyloid
fibrils was found in case of insulin [256], β-amyloid [257], β-lactoglobulin [258-260], hen
egg white lysozyme [261] as well as apolipoprotein C-II [262]. Additionally, the shearinduced inactivation of several enzymes as α-amylase [263], urease [264] and catalase
[265] was reported in the literature. On the other hand, in some studies no significant
effect of high shear rates in order of >105 s-1 on stability of such proteins as recombinant
human growth hormone and recombinant human deoxyribonuclease [266], IgG1
monoclonal antibody [267] and cytochrome C [268] was observed. It is remarkable that
the shear rate of 107 s-1 is shown as an obligatory threshold that induces unfolding of a
small globular protein [267, 268]. Consequently, despite several studies available in the
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literature the general conclusion on the shear effect on protein stability cannot be drawn
and the significant inconsistency observed among them emphasizes the little
understanding of this complex problem.
In this chapter, we investigate, in the presence of shear, the aggregation of native
proteins of various sizes such as lysozyme, bovine serum albumin, ferritin and
thyroglobulin as well as the pre-aggregates of BSA. The pre-aggregates were produced by
incubating the protein at high temperature resulting in the modification of protein surface.
The reference value of shear rate of 2105 s-1 chosen in this study is an order of
magnitude higher than the value found in industrial applications (2.0104 s-1 [267]) to
ensure the pronounced effect of shear. Moreover, in the case of BSA pre-aggregates the
effect of flow type (i.e., simple shear and elongational flow) and shear rate on their
stability was studied. The simple shear, which relies on the uniform deformation
occurring only parallel to the direction of velocity component [269, 270], was
investigated at the shear rates ranging from 10 s-1 to 2103 s-1. The effect of elongational
flow, in which the deformation is proportional to the changes of the velocity field in
streamwise direction (e.g., due to the presence of contraction) [269], was studied using
shear rates ranging from 200 s-1 to 2105 s-1. We observe that all the native proteins under
investigation are stable in the presence of the shear conditions used. Moreover, whereas
the aggregation occurs in the case of pre-denatured aggregates of BSA in elongational
flow independently on the shear rate applied, the simple shear does not affect their
stability. These results suggest that the shear is incapable of inducing the aggregation of
proteins in their native, functional form, although, the modification of protein surface
accompanied by the exposure of the aggregation-prone patches (i.e., increase in the
attractive hydrophobic interactions) is enough to destabilize protein in elongational flow.

6.2. Materials and methods
6.2.1. Materials and sample preparation

Bovine serum albumin (>98%), type I ferritin from equine spleen and
thyroglobulin from bovine thyroid with molecular mass of around 660 kDa were
purchased from Sigma-Aldrich GmbH (Steinheim, Germany). Lysozyme from chicken
egg white was supplied from Fluka Analytical (Sigma-Aldrich GmbH, Steinheim,
Germany). All proteins were used as received without further purification.
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The protein solutions were prepared by weighting the exact amounts of protein
powder and adding suitable amount of buffer in order to obtain the final concentration of
5 g/L in the case of bovine serum albumin, and lysozyme or 1 g/L for thyroglobulin. The
solutions were left for 10 minutes under gentle stirring for homogenization. The
commercial solution of ferritin at concentration of 53 g/L was diluted in suitable buffer to
obtain the final protein solution of 1 g/L. In order to guarantee proper buffering, 10 mM
phosphate buffer at pH 7.0 and 10 mM HCl at pH 2.0 were used for experiments
performed at physiological and low pH, respectively. Prior to use, all of the protein
solutions were filtered with GHP Acrodisc® 13 mm syringe filters with 0.45 µm GHP
membrane (Pall Life Sciences, Ann Arbor, MI, USA).
6.2.2. Preparation of BSA pre-aggregates

The BSA pre-aggregates were prepared by using the protocol reported elsewhere
[82]. Briefly, the suitable amount of protein was re-dispersed in 10 mM phosphate buffer
at pH 7.0 in order to obtain the final protein concentration of 30 g/L and gently stirred for
10 minutes for homogenization. The solution was then incubated for 1.5 h at 90 °C. After
incubation the solution was cooled down to the room temperature, diluted in 10 mM
phosphate buffer at pH 7.0 to the final concentration of 5 g/L, filtered with GHP
Acrodisc® 13 mm syringe filters with 0.45 µm cut-off GHP membrane (Pall Life
Sciences, Ann Arbor, MI, USA) and stored in refrigerator for the period of time not
longer than 5 days.
6.2.3. Atomic force microscopy (AFM)

Protein solutions of freshly prepared BSA pre-aggregates at the concentration
of 5 g/L were diluted 200-fold and spotted on a freshly cleaved mica surface for 30
seconds before washing with Milli-Q deionized water in order to remove unattached
material and gently dried under nitrogen flux. Asylum Cypher Scanning Probe
Microscope (Asylum Research, an Oxford Instruments Company, Santa Barbara, CA,
USA) operating in tapping mode was used to image the samples. A scan rate of 4 Hz was
applied, using High Resonance Frequency Silicon Cantilever with resonance frequency of
1600 kHz and tip radius of 7 nm (Olympus, Japan).
The morphology of freshly prepared BSA pre-aggregates obtained by using AFM
is shown in Figure 6.1.
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Figure 6.1. Morph
hology of frreshly prepared BSA p
pre-aggregaates. AFM pictures
p
of BSA
pre-aggrregates at 5 g/L
g in 10 mM
M phosphatee buffer at pH
p 7.0 at tim
me 0 showingg their worm
m-like
structuree.
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presence of constant stirring at 650 rpm to ensure the proper mixing of the sample and to
avoid the sedimentation of aggregates.
6.2.7. Zeta potential

Zeta potential measurements were performed using a Zetasizer Nano (Malvern,
Worcestershire, United Kingdom). The electrophoretic mobility (UE) was measured and
related to the zeta potential (ζp) by Henry equation:
UE 

2   0   r   p  f ( ka )

(6.1)

3 

where ε0 is the vacuum permittivity, εr is the solvent relative dielectric permittivity, η is
the solvent viscosity, and f(ka) is the Henry function, which in our case is equal to 1.5
according to Smoluchowski approximation. Disposable capillary cells (Malvern,
Worcestershire, United Kingdom) were used.
The measurements were performed at the protein concentrations of 1 g/L in the
case of ferritin and thyroglobulin and 5 g/L in the case of lysozyme, bovine serum
albumin and BSA pre-aggregates in suitable buffers at 25 °C. Each reported value was
obtained from ten repeated measurements of two independent samples.
The parameters such as molecular weight, average hydrodynamic radius and zeta
potential of each protein under consideration are presented in Table 6.1.

Protein

Lysozyme
BSA
Ferritin
Thyroglobulin
BSA
pre-aggregates

Molecular
weight
[kDa]

Average
hydrodynamic
radius
[nm]
pH 2.0
pH 7.0

Zeta potential
[mV]
pH 2.0

pH 7.0

14.3
66.4
440
660

3.1
5.4
-

3.2
5.1
18.3
15.2

28.5
28.2
-

3.2
-7.3
-13.5
-18.8

-

-

25.6

-

-19.6

Table 6.1. The parameters of proteins under investigation.
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6.2.8. Intrinsic tryptophan fluorescence

Intrinsic tryptophan fluorescence was measured by using an EnSpire 2300
Multilabel Reader Fluorometer (Perkin Elmer). 75 µL of the sample was introduced into a
384-well plate (Optiplate 384-F, Perkin Elmer, Waltham, MA) and excited at wavelength
of 295 nm with emission signal recorded at 350 nm.
6.2.9. Shear experiments

In order to examine the effect of elongational flow on protein stability a
contracting nozzle was placed between two 10 mL Omnifix Luer-Lock syringes (B.
Braun Melsungen AG, Melsungen, Germany) and mounted into Lambda Vit-Fit
programmable syringe pump (LAMBDA Instruments GmbH, Brno, Czech Republic).
The effect of the shear rate was studied by using the nozzles with the length of 300 µm
and diameter of 150, 300, 600 and 1200 µm corresponding respectively to the shear rates
of 2.0105, 2.0104, 2.0103 and 2.0102 s-1. The constant flow rate of 5 mL/min was
applied to maintain the suitable shear rate. The absence of turbulent flow in all cases
under consideration was confirmed by the calculation of Reynolds number equal to 707
for the highest shear rate used. The values of shear rate and Reynolds number for the
contracting nozzle used in this work were calculated accordingly to the calibration
reported elsewhere [271, 272].
The effect of simple shear was investigated in the Couette flow at the shear rates
ranging from 10 s-1 to 2000 s-1 by using ARES rheometer (Rheometric Scientific,
Piscataway, NY, USA) equipped with the basket with diameter of 34 mm and the bob
with diameter of 33.3 mm.
In order to ensure the reproducibility, at least two experiments for two
independent samples were performed.

6.3. Results and discussion
6.3.1. The effect of the protein initial size on the aggregation behavior in the shear flow

We start our analysis by investigating the stability of four different proteins of
various average sizes (as listed in Table 6.1.) in the presence of the shear rate of 2105 s-1
by using the contracting nozzle with the diameter of 150 µm and length of 300 µm placed
between two syringes as described in materials and methods section. At first, we focus on
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the stability off proteins att physiologiical pH (i.e., in 10 mM
M phosphatee buffer pH
H 7.0) by
studdying the tim
me evolutioon of averagge hydrodynnamic radiuss measured by DLS. As
A shown
in F
Figure 6.2a,, no substanntial aggreggation was detected
d
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ver a time of
o 7 h of inccubation
undder shear in case of alll protein unnder consideeration. In order to eluucidate if thhe shear
flow
w is inducin
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mpare the folding
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statte of the
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eviddence of thee change inn the protein
n structure was
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in Figuure 6.2b.

Figu
ure 6.2. Sheear effect on
n the stabiliity of proteeins differing in the moolecular weiight and
averrage hydrod
dynamic rad
dius. Time evolution off the averagee hydrodynaamic radius of 5 g/L
lysoozyme (), 5 g/L bovine serum album
min (), 1 g//L ferritin (
) and 1 g/L
L thyroglobuulin () in
(a) 110 mM phospphate buffer at pH 7.0 annd (c) 10 mM
M HCl at pH 2.0 subjecteed to the sheaar rate of
2.0105 s-1. Thee conformattional stabiliity given byy intrinsic trryptophan fluuorescence of
o 5 g/L
lysoozyme, 5 g/L
L bovine seruum albumin and
a 1 g/L thyyroglobulin in
i (b) 10 mM
M phosphate buffer at
pH 7.0 and (d) 10 mM HC
Cl at pH 2.00 before (bluue bar) and after (red baar) incubatioon in the
pressence of sheaar rate of 2.0105 s-1.
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In addition to physiological pH, we study the stability of proteins at acidic pH to
elucidate the effect of denaturation on the aggregation behavior under shear. In order to
do so, we perform the experiments at shear rate equal to 2105 s-1 for two reference
proteins, lysozyme and BSA, dissolved in 10 mM HCl at pH 2.0. As shown in Figure
6.2c, also in this case no significant change in the average hydrodynamic radius was
observed for the time period of 7 h. Moreover, the results obtained from intrinsic
tryptophan fluorescence indicate that there was no structural change after both proteins
were subjected to shear (Figure 6.2d).
Considering proteins as biocolloids, we can represent their aggregation behavior
with respect to Péclet number, Pe, defined as [273]:

Pe 

3       b 3
kB  T

(6.2)

where  is the shear rate, b is the protein radius, kB is the Boltzmann constant and T is the
temperature.
The Péclet number represents the ratio of the shearing energy acting on a particle to the
thermal energy. The low value of Pe corresponds to the regime, where the aggregation
behavior is driven by the thermal energy, in which the energy barrier between two
interacting molecules controls the aggregation rate [274]. On the other hand, the increase
in the Pe number above the critical threshold induces the change of the aggregation
regime into the shear-dominated one [274]. According to our previous studies, for the
values of Pe < 1 the aggregation is controlled by the energy barrier in two-body
interactions, whereas for Pe > 10 the system enters into the shear-dominated regime
[273]. The regime in between those two values is so called transition regime, where the
competition among the contribution of thermal and shearing energy arises.
The calculated values of the Péclet numbers for all proteins under consideration are
presented in Table 6.2.
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Protein

Lysozyme
BSA
Ferritin
Thyroglobulin

Péclet number
[-]
pH 2.0
pH 7.0

0.013
0.065
-

0.013
0.055
2.53
1.45

Table 6.2. The value of Péclet number calculated for all proteins under consideration
corresponding to the shear rate of 2105 s-1.

It is clearly seen that, while the values of Pe for BSA and lysozyme at both acidic and
physiological pH are significantly smaller than 1, the values calculated for ferritin and
thyroglobulin exceed the value of 1 indicating that the impact of shear becomes
significant. However, the absence of the aggregation observed (Figure 6.2a and c)
indicates that the energy barrier between two interacting protein molecules is higher than
the energy arising from shearing, suggesting the presence of stabilizing forces.
The stability of the two aforementioned proteins in the shear flow can be explained by the
properties of protein surface. Considering the surface charge given by zeta potential
(Table 6.1), it is clearly seen that the high measured values correspond to the increase in
the repulsive electrostatic interactions preventing two molecules from aggregation. This
result implies that the electrostatic forces dominate the aggregation stability of native
proteins in the shear flow, meaning that the shear force alone is not capable of inducing
the assembly of proteins in their native, functional form.
6.3.2. The effect of the protein surface modification on protein aggregation behavior in
the shear flow

In an effort to determine the effect of protein surface on protein stability in the
shear flow, the pre-aggregates of BSA were prepared by thermal denaturation. As shown
in Table 6.1, the final size and zeta potential of produced pre-aggregates were comparable
to the properties of the two largest proteins (i.e., ferritin and thyroglobulin), which enable
the direct comparison of their aggregation behavior under shear.
First of all, we investigated the stability of the produced pre-aggregates at 5 g/L in
the presence of elongational flow at the shear rate of 2105 s-1 in 10 mM phosphate buffer
at pH 7.0 by using the contracting nozzle as described previously. The aggregation
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kinetics of BSA pre-aggregates are followed by SLS and SALS, because of the size of
formed aggregates exceeds the range suitable for DLS measurements. As shown in Figure
6.3a and b, the time evolution of the scattered intensity profiles as a function of scattering
vector, q ([ q  (4 n / 0 )sin( / 2) ], with n being the refractive index of the solvent, λ0
the wavelength of the laser and  the scattering angle), clearly suggests the formation of
large aggregates generated in the elongational flow, as indicated by the increase of I(q) at
small q values.
The size of formed aggregates in terms of radius of gyration, <Rg>, was calculated from
the Guinier region [275] of the normalized intensity curve, measured by SLS or SALS,
plotted as a function of the scattering vector q:

 I (q) 
q2
ln 
    Rg
3
 I (0) 

2

(6.3)

where I(0) is the intensity at the zero angle.
As shown in Figure 6.3c, we observe that the shear flow does not affect the
stability of native proteins as indicated by no significant change in the average
hydrodynamic radius, <Rh>, obtained from DLS over the considered time period.
However, the BSA pre-aggregates subjected to shear undergo assembly into the
precipitates with size in the range of tens of microns as indicated by the values of radius
of gyration, <Rg> as well as by macroscopic observations. Interestingly, the size of the
formed aggregates is independent of the shearing time. It suggests that there are two
aggregation events, i.e., aggregation and breakage of formed aggregates, taking place at
the same. The balance between those two events results in the formation of species with
the constant size over the time range under consideration – a behavior often observed in
the case of colloidal particles [276-279].
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Figu
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In order to
o confirm thhe destabiliizing effectt of the sheear flow onn the BSA preaggregaates, we performed thee experimeents in stagnnant condittions. Nameely, the prootein
solutionn was incubbated in thee glass vial and in the set-up usedd during exxperiments (i.e.,
two syrringes connnected with the nozzle with the diiameter of 150 µm). We
W observe that
the pre--aggregates in both caases are stabble over thee time perio
od of 2 h being
b
two tiimes
longer than
t
in casee of shearingg experimennt, indicatinng that the presence
p
off shear is inddeed
requiredd to induce the aggregaation (Figurre 6.4).

Figure 6.4. Stability of BSA pre-aggregates at staggnant condiitions. The intensity prrofile
as a funcction of scatttering vectorr, q, of BSA pre-aggregattes at 5 g/L in
i 10 mM phhosphate bufffer at
pH 7.0 iin the absencce of shear fllow incubateed in (a) glasss vial or (b) two syringees connected with
the nozzzle with diam
meter of 150 µm. The meeasurements were done by
b using SLS at time 0 (blue
(
line) annd after 0.5 h (red line)), 1h (green line), 1.5 h (violet line) and 2 h (orange linee) of
incubation.

L
Let us now
w focus on thhe Péclet nuumber being equal to, respectivelyy, 6.9, 2.53 and
1.45 forr BSA pre-aaggregates, ferritin andd thyroglobuulin, suggessting similarr behavior of
o all
three prroteins in thhe shear floow. Also siince the comparable value
v
of zetta potential was
measureed for all off three proteins (Table 6.1), the prresence of similar
s
elecctrostatic baarrier
is expected. Howeever, considdering the surface
s
prooperties in case
c
of pre-aggregatess not
a
butt also the am
mount of hy
ydrophobic patches onn the
only thee surface chharge was altered,
protein surface is increased due
d to the denaturation induced by
b high tem
mperature. This
i
in attractive interactions overcominng the energ
gy barrier given
g
may ressult in the increase
by the hhigh value of surface electrostatic
e
c potential. In order to determine if the assem
mbly
of pre-aaggregates is
i driven byy the size or rather by thhe propertiees of surfacee we investiigate
the effeect of the fllow type annd the sheaar rate as deescribed in the next paaragraph off this
chapter.
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6.3.3. The effect of the flow type and the shear rate on the stability of BSA preaggregates

To investigate more in detail the aggregation behavior of BSA pre-aggregates we
study the effect of flow type on their stability by performing the experiments in the
elongational flow (i.e., in the nozzle) using shear rates ranging from 200 s-1 to 2105 s-1
and simple shear (i.e., in the Couette flow) in the presence of shear rates ranging from 10
s-1 to 2103 s-1. The impact of the elongational flow was studied keeping constant either
the total experiment time equal to 25 minutes or the total residence time, which protein
solution spend in the nozzle throughout the whole experiment, with respect to the
experiment performed at the highest shear rate (i.e., the nozzle with the smallest
diameter). The study on the simple shear was conducted for the constant total experiment
time equal to 25 minutes.
As shown in Figure 6.5a and b, the simple shear does not affect the protein
stability in the whole range of shear rates under consideration. However, in the presence
of the elongational flow the aggregation, accompanied by the formation of species in size
range of tens of microns, is observed already at the shear rate of 200 s-1 in case of both
sets of experiments, i.e., at equal total experiment time and total residence time, as can be
seen in Figure 6.5.
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Figure 6.5. The efffect of flow type and shear
s
rate on
o the stabiility of BSA
A pre-aggreggates
at 5 g/L
L in 10 mM
M phosphatee buffer at pH
p 7.0. a) Time
T
evoluttion of the average
a
radiuus of
gyrationn in the preseence of simpple shear in Couette
C
flow
w incubated for
f 25 minutes () as weell as
elongational flow innduced by thhe contracting nozzle forr the same tootal experimeent time ()) and
the samee total resideence time (
). b) The in
ntensity proffiles as a funnction of scaattering vectoor, q,
measureed by SLS at time 0 (bluee line) and affter 25 min of
o incubation
n in the Coueette flow at shear
s
rate of 10 s-1 (red lin
ne), 30 s-1 (grreen line), 1000 s-1 (violet line), 300 s-1 (orange line), 1000 s-1 (grey
(
-1
line) andd 2000 s (pink
(
line). c-f)
c The inteensity profilles as a funcction of scatttering vectoor, q,
measureed by (c and e) SLS and ((d and f) SA
ALS at time 0 (blue line) and after thee incubation at (c
and d) thhe same totaal experimennt time and (ee and f) the same total reesidence tim
me at shear raate of
-1
-1
-1
-1
200 s (orange line),, 2000 s (viiolet line), 20
0000 s (greeen line) and 200000 s (rred line).
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It is worth mentioning that in case of the shear rate of 2102 s-1 the pre-aggregates
solution at constant residence time was subjected to the shear for the total time of 24 s
corresponding to two passes through the nozzle at constant flow rate of 5 mL/min. These
results indicate that the destabilization of the protein occurs immediately after entering
the channel, meaning after being exposed to the elongational shear.
Let us now interpret the results with respect to Péclet number. The calculated
values of Pe for different experimental conditions are summarized in Table 6.3.

Protein

Shear rate
[s-1]

Péclet
number
[-]

BSA
pre-aggregates

10
2102
2103
2104
2105

3.4510-4
6.9010-3
6.9010-2
6.9010-1
6.90

Table 6.3. The summary of corresponding Péclet numbers with the respect to shear rates used in
the shearing experiments.

As can be seen in equation (6.2) the only variable parameter now is the shear rate.
It means that decreasing the shear rate by three orders of magnitude the corresponding
Péclet number is also smaller by three orders of magnitude. The value of Pe is thus equal
to 6.910-3 for the lowest shear rate considered in experiments in the elongational flow
being much lower than the critical value of 1 found for colloidal dispersions. However,
the aggregation was observed in all of the cases under investigation independently on the
shear rate applied, hence independently on the Péclet number. These results suggest that
indeed, the shear-driven aggregation of proteins is not governed by their initial size, but
rather the surface modification due to thermal denaturation together with the presence of
an elongational flow causing the stretching of the protein chain may likely result in the
unfolding of pre-aggregates and increase in the attractive hydrophobic interactions.
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6.4. Conclusions and outlook
6.4.1. Conclusions

In this work, we apply the systematic study of shear-induced aggregation of
proteins differing in the molecular weight and average hydrodynamic radius such as
lysozyme, bovine serum albumin, ferritin and thyroglobulin as well as BSA preaggregates prepared by incubation at high temperature. In particular, we focus on the
effect of the flow type and the shear rate on their aggregation behavior.
We observe that all of the native proteins are stable under shear flow regardless
their size. The shear rate of 2.0105 s-1, applied in this study, is substantially higher than
the values commonly met in the pharmaceutical industry [2.0104 s-1 [267]] and
intravascular blood system [102-104 s-1 [256, 259]]. This suggests that the shear flow itself
is incapable of inducing changes in the structure and leading to aggregation of proteins in
their native form observed in the nature under typical industrial operation conditions.
However, the surface modification due to thermal denaturation, resulting in the
exposure of hydrophobic patches, is enough to destabilize the pre-aggregates in the
elongational flow independently of the shear rate applied. This observation is consistent
with the aggregation behavior of colloid particles, suggesting the hydrophobicity of the
particle surface as the determining factor in shear-induced aggregation. Moreover, no
substantial aggregation was observed in the presence of simple shear (i.e., Couette flow)
under all conditions tested indicating the strong effect of elongational flow on protein
chain. This effect can be explained by the stretching properties of elongational flow,
which may result in the unfolding of pre-aggregates further increasing attractive
hydrophobic interactions, thus enhancing the assembly process.
6.4.2. Outlook

The detailed aggregation mechanism of BSA pre-aggregates in the elongational
flow is planned to be investigated by in situ measurements using small angle X-ray
scattering. This technique allows following the changes of the protein structure while
flowing through the microchannel and thus elucidating the forces underlying the
assembly.
Finally, we will study the aggregation behavior of the pre-aggregates formed out
of other model protein (i.e., lysozyme) in the simple shear and elongational flow at
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different shear rates. This work will allow us proving if the shear-driven aggregation of
proteins is indeed not related to their size, but rather to the changes in their surface
properties.
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Chapter 7
Concluding remarks
In this thesis, we investigate the role of intermolecular interactions in the
aggregation kinetics and mechanism of proteins and peptides. The aggregation behavior is
studied under a broad range of environmental conditions in terms of buffer composition,
pH, temperature and the presence of shear forces. The experimental results obtained by
several techniques are rationalized by key concepts widely used in colloid science to
determine the fundamental physical forces governing the stability of protein solutions.
First of all, we show the aggregation mechanism of human insulin in the presence
of different anions (Chapter 2). In particular, we focus on the effect of the sulfate anion,
which is present in several biological relevant components and has been reported to
exhibit a peculiar effect on protein stability, which is yet poorly understood. It is found
that the increase of sulfate concentration modifies the aggregation pathway and inhibits
the incorporation of insulin molecules into aggregates. At low sulfate concentrations the
self-assembly follows the nucleation polymerization mechanism typically observed for
monovalent anions. However, above the threshold concentration of 5 mM, sulfate induces
salting-out of around 18-20% of insulin into amorphous aggregates, which during time
undergo the structure rearrangement into β-sheets. This aggregation scheme represents a
case where amorphous aggregates on pathway to amyloid-like structure can be detected
and characterized. These results indicate that in protein systems specific ion effects in
addition to charge screening dramatically affect the aggregation rate, the aggregation
mechanism and the morphology of the formed aggregates.
In Chapters 3-5 we analyze the role of the electrostatic interactions in the
aggregation of the amphiphilic peptide RADA 16-I at different self-assembly levels. We
start in Chapter 3 from the analysis of the self-assembly of monomers into fibrils by both
experimental characterization and metadynamics simulations. It is found that the
morphology of the peptide is strictly related to its global net charge. Namely, higher net
charges are causing the destabilization of fibrillar structures and release of monomer
molecules which are in equilibrium with remaining fibrils, while at lower net charges the
precipitation of amorphous aggregates occurs. The optimal net charge for fibril formation
is found to be equal to +0.75, what is in perfect agreement with the results reported in
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literature. The quantitative analysis of the equilibrium constant as a function of peptide
net charge indicates that the electrostatic interactions contribute substantially to the free
energy of fibril formation. The increase in ionic strength favors the formation of fibrils, a
fact that is explained by the decrease of electrostatic repulsive barrier resulting from the
charge screening. Moreover, the fibrillation process is also promoted by the addition of
charged denaturant (guanidinium hydrochloride) at moderate concentrations (0.3-1 M),
suggesting that also the peptide structure affects the self-assembly behavior. Overall, the
combination of the results obtained by experimental observations and metadynamics
simulations indicate that the global peptide net charge is a key property that correlates
well with the fibril stability, although the peptide conformation and the surface charge
distribution also contribute to the aggregation propensity.
In Chapter 4 we investigate the intermolecular forces underlying the end-to-end
fibril-fibril aggregation of RADA 16-I into longer filaments. The aggregation kinetics are
studied as a function of buffer composition including type and concentration of anion and
cation as well as presence of organic solvent. It is found that both the increase of ionic
strength and concentration of organic phase is enhancing aggregation rate due to the
decrease in the repulsive barrier. The experimental results are rationalized with the
Smoluchowski kinetic approach (Population Balance Equation), which is able to describe
the aggregation process reasonably well. Moreover, by normalizing the aggregation
kinetics with respect to characteristic aggregation time, the aggregation curves under
broad range of conditions collapse on a single master curve. This result indicates that the
buffer composition affects the aggregation rate, however, the self-assembly mechanism
remains unchanged. Furthermore, it is found that the aggregation is not a diffusionlimited, but rather an activated process. The energy barrier represented in terms of Fuchs
stability ratio is calculated accordingly to both PBE model and DLVO theory. We show
that the experimental and simulated results are in reasonably good agreement suggesting
that the aggregation process is dominated by repulsive electrostatic interactions, which
can be reduced by increasing either the concentration of the salt or organic phase. The
relationship between the energy barrier and ionic strength can be well described by
DLVO theory, however, specific anion and cation effects are also observed. The anion
effect can be explained by the specific binding to the positively charged groups on the
peptide surface, whereas cation effect represents more complex problem and involve
addition of non-electrostatic contributions.
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The gel formation of the positively charged nanofibrils composed of amphiphilic
peptide RADA 16-I at low pH is described in details in Chapter 5. The two-step gelation
process consists of irreversible end-to-end fibril-fibril elongation followed by the
reversible cluster formation, which eventually leads to the formation of a reversible weak
gel. The percolation occurs directly from the isotropic to gel phase without the formation
of nematic phase at critical percolation concentration decreasing with increasing ionic
strength. The gelation behavior can be reasonably well described with the fractal gel
model considering the gel as a collection of fibrillar interconnected aggregates
characterized by self-similar structure with a fractal dimension of 1.34.
In the last chapter, (Chapter 6), we show the effect of shear flow (i.e., the flow
type and the shear rate) on the structure and stability of various proteins that differ in the
average hydrodynamic radius and properties of external protein surface altered by thermal
denaturation. It is found that the shear in elongational flow is not capable of inducing the
aggregation nor the structure changes of native proteins under as high shear rates as
105 s-1. However, in the case of BSA pre-aggregates formed by thermal denaturation, their
assembly into agglomerates in the size range of tens of microns was observed in a wide
range of the shear rate applied in the presence of elongational flow. In contrast, the
experiments performed in the simple shear do not show any significant aggregation. The
mechanism underlying the aggregation of BSA pre-aggregates may be the stretching
properties of elongational flow possibly resulting in the further unfolding, thus in the
increase in the attractive hydrophobic forces. In order to deeper investigate the
mechanism of the assembly of proteins in elongational flow, we will study the changes in
the pre-aggregates structure during shearing online by small angle X-ray scattering.
Finally, the experiments in the presence of different flow types and shear rates will be
conducted for pre-aggregates formed of another model protein (i.e., lysozyme) by its
thermal denaturation to confirm the hypothesis that the shear-induced aggregation of
proteins in the elongational flow is driven not only by the protein size, but also to the
properties of protein surface.
Overall, the results of this thesis offer a colloidal perspective of the intermolecular
interactions driving the self-assembly of peptides and proteins, and provide an
engineering platform to rationalize the complex effect of different intermolecular forces,
such as electrostatic and shear forces, on the kinetics and mechanisms of protein
aggregation, with relevant implications in many practical systems in biology and
biotechnology. The results show the potential of engineering and colloid approaches in
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protein science, and at the same time highlight the complexity of the investigated
systems, which still require further extensive research. For instance, in an attempt to
prove the universality of the results shown in this thesis, similar studies could be
performed on a broader range of model proteins and peptides. An interesting research line
could involve the modification of the amino acid sequence of the model amphiphilic
peptide RADA 16-I in order to investigate the effect of single amino acid mutation on the
intermolecular forces underlying the protein self-assembly. This relatively simple system
can represent a convenient model tool which can be analyzed by both experimental
characterization and modelling activities based on molecular dynamics. The results
obtained on this model system could offer fundamental insights into the physico-chemical
principles driving the aggregation process which could be valid also in more complex and
practical applications, including the aberrant aggregation of peptides and proteins
associated with neurodegenerative diseases as well as the manufacturing of protein-based
drugs and biomaterials.
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8. Appendiix A

Ch
hapter 8
Ap
ppendix A
A.11. Aggreggation kin
netics witth and without
w
ThT
T
dye in the reeacting
mixxture

Figu
ure A.1. Com
mparison of aggregation
a
kinetics perfformed in thee presence (
) and in thee absence
() oof ThT dye performed at
a 5 g/L insu
ulin (860 µM
M) in 25 mM
M HCl at pH 1.6 with 100 mM
Na2S
SO4.

A.22. Insulin quaternaary structture beforre aggregaation

Figu
ure A.2. SEC
C chromatoggrams of insu
ulin solutionss at 5 g/L (860 µM) in 25 mM HCl at
a pH 1.6
o
withh (a) 100 mM
M NaCl and (b) 100 mM
M Na2SO4 beefore incubattion at 60 C.
C Accordingg to static
lightt scattering the
t peak eluuting betweeen 28 and 355 min in the chromatogrram correspoonds to a
speccies with moolecular weigght of 5800±100 Da, welll in agreemeent with the theoretical
t
m
molecular
weigght of monoomeric insulin (5808 Da)). Insulin waas present ass monomer at
a all proteinn and salt
conccentrations in
nvestigated in
i this work (data
(
not shoown).
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A.3. M
Monomer conversioon by SEC
C
During the aggregaation processs the area under
u
the peeak correspoonding to innsulin monoomer
c
am decreasees due to monomer connsumption. We observeed a shift off the
in the chromatogra
positionn of the peaak to longerr elution tim
mes during aggregationn. This shifft was observed
also whhen differen
nt volumes of
o a samplee at constannt concentraation were innjected intoo the
columnn: the peak moves
m
to longer elution
n times wheen lower am
mount of pro
otein is injeected
into thee column. Despite
D
the observed sh
hift, the moolecular weeight of the peak measured
by statiic light scatttering is allways in exxcellent agreement witth the molecular weighht of
monom
meric insulinn.

Figure A
A.3. SEC chhromatogram
ms for insulin
n at 5 g/L (8860 µM) in 25 mM HCl at pH 1.6 with:
w
a) 100 m
mM NaCl, measured
m
beffore incubatiion (black, soolid line) andd after 3 h (rred, dashed lline),
4.5 h (bllack, dash-dootted line) annd 6 h (pink
k, solid line) incubation at
a 60 oC; b) 100
1 mM Na2SO4,
measureed before inccubation (blaack, solid linne) and afterr 6 h (black dashed linee), 10.5 h (grreen,
solid linne), 18.5 h (b
black dash-dootted line), 24
2 h (pink daashed line) and
a 27.5 h (bblack dotted line)
incubation at 60 oC.
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A.44. ThT Fluorescen
F
nce and monomerr converssion in the
t
presence of
chlloride and
d sulfate

Figu
ure A.4. Thee time evoluution of (a) ThT
T Fluorescence and (b
b) monomer conversion of 5 g/L
(8600 µM) insulinn in 25 mM HCl at pH 1.6
1 with 100 mM NaCl (■) and 100 mM
m Na2SO4 at 60 oC
().

n aggreg
gation kin
netic of insulin
i
A.55. Chloride conceentration effect on
(5 gg/L, 25 mM HCl, pH
p 1.6)

Figu
ure A.5. Thee time evoluttion of ThT Fluorescence
F
e of 5 g/L (8
860 µM) insuulin in 25 mM
M HCl at
o
pH 11.6 with 5 mM
m NaCl ()), 50 mM NaaCl () and 1000 mM NaCl (■) at 60 C.
C
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A.6. C
Circular Dichroism
D
m (CD)
CD speectra were collected
c
usiing a Jasco--815 CD sppectrophotom
meter (Jasco, Easton, MD)
M
with a P
PFD-425S Peltier
P
tempperature conntroller. Farr-UV CD sppectra weree recorded from
f
260 to 190 nm ussing a quarttz cuvette with
w 0.1 cm
m path lenggth. Spectraa obtained aafter
buffer subtraction were corrrected for protein conncentration and smooothed usingg the
nction.
Savitskyy-Golay fun

Figure A.6. Insulin
n thermal staability in thee presence of
o 100 mM NaCl and 100
1 mM Naa2SO4
measureed by CD: teemperature dependence
d
o the molarr ellipticity of
of
o 5g/L (8600 µM) in 25 mM
23 nm (■) annd in the pressence
HCl at pH
p 1.6 in thee presence off 100 mM NaaCl at 210 nm
m (●) and 22
of 100 m
mM Na2SO4 at 210 nm (
) and 223 nm
n (▲).
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Ch
hapter 9
Ap
ppendix B
B.11. Mass sp
pectromettry

Figu
ure B.1. Mass spectromeetry analysis of monomeeric RADA 16-I.
1
The mo
onomeric pepptide was
sepaarated by sizze exclusionn chromatogrraphy runninng in 0.1% formic acidd at pH 2.6. For the
detaails of the mass
m
spectrom
metry analyssis please reffer to the Suupplementarry Informatioon to the
articcle by Arosioo et al. [56].

B.22. Metady
ynamics siimulation
ns

Figu
ure B.2. Connvergence off the free eneergy for RAD
DA 16-I at pH
p 2.0 with 0 M Gnd-H
HCl (blue,
conttinoues line), pH 4.5 witth 0 M Gnd-HCl (red, daash-dotted linne), pH 2.0 with
w 0.6 M G
Gnd-HCl
(green, dashed liine) and pH 44.5 with 0.6 M Gnd-HCll (violet, dottted line).
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B.3. Representa
R
ative SEC
C chromattograms

Figure B
B.3. The SE
EC chromatoggrams of RA
ADA 16-I at 0.5 g/L in 10
1 mM HCl at pH 2.0 (bblack
line), 3.2 mM HCl at pH 2.5 (rred line), 100 mM acetatte buffer at pH
p 3.0 (green line), 10 mM
acetate bbuffer at pH 3.5 (violet line), 10 mM
M acetate buff
ffer at pH 4.00 (dark blue line) and 10 mM
acetate bbuffer at pH 4.5 (light bluue line).

Figure B
B.4. The SE
EC chromatoggrams of RA
ADA 16-I at 0.25 g/L (bllack line), 0..5 g/L (dark blue
line), 1 g/L (red linee), 2 g/L (grreen line), 3 g/L (violet line), 3.5 g/L (light bluee line) and 5 g/L
(orange line) in (a) 10
1 mM HCl at pH 2.0, (bb) 3.2 mM HCl
H at pH 2.55, (c) 10 mM
M acetate bufffer at
pH 3.0, and (d) 10 mM
m acetate buffer at pH 4.0.
4
116

9. Appendiix B

Figu
ure B.5. Thee SEC chrom
matograms off RADA 16-II at 1 g/L in (a) 10 mM HCl
H at pH 2.00 and (b)
10 mM
m acetate buffer at pH
H 4.5 contain
ning 0 mM (black
(
line), 25mM (darrk blue line), 50 mM
(redd line), 75 mM
M (green linee) and 100 mM
m (violet linne) NaCl.

Figu
ure B.6. Thee SEC chrom
matograms off RADA 16-II at 1 g/L in (a) 10 mM HCl
H at pH 2.00 and (b)
10 m
mM acetate buffer
b
at pH
H 4.5 contain
ning 0 M (black line), 0.3 M (dark blue
b
line), 0.66 M (red
line)), 1 M (green
n line), 2 M (violet
(
line), 4 M (light blue
b line) andd 6M (orangee line) Gnd-H
HCl.
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Figuree B.4. Thee effect off denaturaant on thee structurre of RAD
DA 16-I

Figure B
B.7. The eff
ffect of Gnd
d-HCl on the secondaryy structure and morph
hology of RA
ADA
16-I pep
ptide. a-d) TEM
T
picturess of RADA 16-I
1 solutionss in 10 mM HCl
H at pH 2.0 with (a) 0.6
0 M
Gnd-HC
Cl and (b) 6 M Gnd-HCll and 10 mM
M acetate bufffer at pH 4.5 containingg (c) 0.6 M GdnG
HCl andd (d) 6 M Gn
nd-HCl; e) CD
C spectra of
o 0.5 g/L peeptide solutioons in 10 mM
M HCl at pH
H 2.0
(blue linnes), 10 mM
M acetate buuffer at pH 4.5 (red linnes) in the presence
p
of 0.6 M Gnd--HCl
(continuuous lines) and
a
6 M Gnd-HCl (dassh-dotted linnes), showinng the disruuption of β-ssheet
structurees with increeasing the conncentration of
o denaturantt.
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B.55. Free energy surfface

Figu
ure B.8. Freee energy surfface from PT
TMetaD-WTE at (a) pH 2.0
2 with 0M Gnd-HCl, (bb) pH 4.5
withh 0M Gnd-H
HCl, (c) pH 2.0
2 with 0.6M
M Gnd-HCl and
a (d) pH 4.5
4 with 0.6M
M Gnd-HCl. Contour
liness are plotted every kBT unit
u (2.5 kJ/m
mol).
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Ch
hapter 10
0
Ap
ppendix C
C.11. Transm
mission Ellectron Microscopy
M
y
Pepptide samples were reecorded by using a FEI
F
Morgag
gni 268 microscope.
m
Peptide
soluutions were diluted to a final conccentration of about 0.055 g/L, loadeed on a carbbon grid
(Quuantifoil, Jenna, Germanny), washed and stainedd with a 2% uranyl acettate solutionn.

Figu
ure C.1. TE
EM pictures of RADA 16-I
1
fibrils at
a 1 g/L in the
t presencee of NaCl in
n 10 mM
HCll at pH 2.0. Representaative TEM pictures
p
of (a)
( freshly prepared
p
soluution of RA
ADA 16-I
pepttide and aggrregated soluttion of RADA
A 16-I peptidde in the preesence of (b) 25 mM NaC
Cl and (c)
100 mM NaCl.
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C.2. Size Exclusion Chroomatograaphy
Size exclusion chromatographhy analysis was perform
med using a Superdex Peptide 10/300
GL, 10 mm300 mm
m size-excclusion coluumn (GE Healthcare, Uppsala,
U
Sw
weden) mouunted
on a Aggilent 11000 series HPL
LC unit (Saanta Clara, CA, USA)) consisting of an isocratic
pump w
with degasseer, an autossampler, a column
c
oveen, and a DAD detectoor. Each sam
mple
was eluuted for 70 min
m at a coonstant flow
w rate of 0.44 mL/min using
u
10mM
M HCl at pH
H 2.0
as mobiile phase. The
T fractionaated samplees were deteected by UV
V absorbancce at 217 nm
m.

Figure C.2.
C The tim
me evolution
n of monom
mer conversiion in the presence
p
of NaCl
N
in 10 mM
HCl at pH 2.0. SE
EC chromatograms at zerro time (bluue, dash-dottted line), aftter 2 weeks (red,
dashed lline) and 4 weeks
w
(green, continuous line) of incuubation in th
he presence of
o (a) 25 mM
M and
(c) 75 m
mM NaCl. Thhe time evollution of the percentage of the residuual monomerr (♦) and pepptide
fragmennts eluting at longer elutioon times () in the presennce of (b) 255 mM and (dd) 75 mM NaaCl.
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C.33. Dynamic Light Scattering
S
g

Figu
ure C.3. The anion effeect on the aggregation
a
of RADA 16-I
1
peptide at 1 g/L in
n 10 mM
HCll at pH 2.0.. The time evolution
e
of hydrodynam
mic radius in
n the presencce of (a) NaN
aNO3 and
(b) N
NaH2PO4 at ionic
i
strengtth equal to 25
5 mM (♦), 500 mM (), 75 mM (▲), 100 mM ()..

Figu
of RADA 16-I
ure C.4. The cation effe
fect on the aggregation
a
1
peptidee at 1 g/L in
n 10 mM
HCll at pH 2.0. The time evvolution of hydrodynami
h
c radius in thhe presence of (a) CaCl2 at equal
ionicc strength annd (b) CaCl2 at equal cooncentration of Cl- ions at
a ionic strenngth equal too 25 mM
(♦), 50 mM (), 75 mM (▲)), 100 mM ().
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Figure C
C.5. The sollvent effect on the aggrregation of RADA
R
16-I peptide at 1 g/L in 10 mM
HCl at pH 2.0. The
T
time evvolution of hydrodynam
mic radius inn the presen
nce of (a) 10%
isopropaanol, (b) 10%
% ethanol annd (c) 20% etthanol in thee presence off 25 mM (♦)), 50 mM (), 75
mM (▲), 100 mM () NaCl.
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Ch
hapter 11
1
Ap
ppendix D
D.11. Dynamic Light Scattering
S
g

Figu
ure D.1. Agggregation prrocess monitored by DL
LS analysis by
b acquiring the time evolution
e
of th
he average <Rh>: (a) absolute
a
valuues of the avverage <Rh> versus timee and (b) noormalized
valuues of the avverage <Rh> with respecct to the plateeau value off <Rh> versuus time. Expperiments
havee been perforrmed at six different
d
scatttering angles: 20o (), 25
2 o (), 30 o (), 45 o (x)), 90 o (*)
o
and 173 ().

D.22. Reversiibility of the
t gelatio
on

Figu
ure D.2. Revversibility off the sol-gel transition upon
u
2-fold dilution:
d
a) Comparisonn between
the average hyddrodynamic rradius of thee original geel sample (bblue bars) annd the 2-foldd diluted
sam
mples (red baars) few minnutes after dilution
d
at diifferent incu
ubation timess. b) Stabilitty of the
2-foold diluted saamples obtaained at diffeerent incubaation times followed
f
by monitoring the time
evollution of the average hyddrodynamic radius: dilutted samples were
w
prepareed by takingg aliquots
▲), after 1 week
w
(), as shown
of thhe original gel
g at time 0 (), after 1 day (), aftter 2 days (▲
s
in
(a).
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Figure D.3. Reverrsibility of the
t
sol-gel transition upon 10-folld dilution:: a) Comparrison
betweenn the averagee hydrodynam
mic radius of
o the originaal gel sample (blue bars)) and the 10-fold
diluted samples
s
(red
d bars) few minutes
m
afterr dilution at different
d
incubation timees. b) Stabiliity of
the 10-ffold diluted samples obttained at diffferent incubbation times followed byy monitoringg the
time evoolution of th
he average hydrodynam
h
mic radius: diluted samplles were preepared by taaking
aliquots of the original gel at tim
me 0 (), affter 1 day (
), after 2 daays (▲), afteer 1 week (), as
shown inn (a).

D.3. D
Diffusing Wave
W
Speectroscopy
y

Figure D
D.4. Microrrheology of RADA 16-II nanofibrills: DWS meeasurements of 1 g/L RA
ADA
16-I nannofibrils sam
mple in 10 mM
M HCl at pH
H 2.0 with 755 mM NaCl at different incubation
i
tiimes:
(a) autoccorrelation function,
f
(b) mean squarre displacem
ment at time 0 (), 10.5 h (□), 25 h (▲),
40.5 h (○
○) . The dataa at different incubation times
t
overlapp and are nott distinguishaable.
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Figu
ure D.5. Miicrorheologyy of RADA 16-I nanofiibrils: DWS
S measuremeents of 3 g/L
L RADA
16-II nanofibrils sample in 100 mM HCl at
a pH 2.0 witth 75 mM NaCl at differrent incubatioon times:
▲).
(a) autocorrelatio
a
on function, (b) mean squ
uare displaceement at time 0 (), 10 h (□), 22 h (▲

Figu
ure D.6. Micro-rheologgy of RADA
A 16-I nanoffibrils: DWS
S measuremeents of 5 g/L
L RADA
16-II nanofibrils sample in 100 mM HCl at
a pH 2.0 witth 75 mM NaCl at differrent incubatioon times:
(a) aautocorrelatiion function,, (b) mean square
s
displaacement at tiime 0 (), 22
2 min. (□), 52 min.
d
().
(▲)), 6 h (○), 3 days
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