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If you wish to make an apple pie from scratch,
you must first invent the universe.

­ Carl Sagan
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Populärvetenskaplig Sammanfattning

Molekyler i lösning kan spontant gå samman och bilda välordnade strukturer utan
extern påverkan. I naturen är detta ett välanvänt koncept för tillverkning av olika ma­
terial och strukturer. Många bra exempel på sådana material återfinns i den mänsk­
liga kroppen, exempelvis de membran som omsluter alla våra celler eller vårt DNA
som sitter i en dubbel helixstrukturer. Självaggregering förekommer även inom vis­
sa sjukdomsförlopp, till exempel Alzheimers och Parkinsons, där proteiner i hjärnan
självaggregerar till långa fiberlika strukturer som helt saknar funktion och leder till
celldöd.

Drivkraften bakom den spontana processen självaggregering är att minimera syste­
mets fria energi. Fri energi är ett koncept inom termodynamiken och kan beskrivas
som ett mått på hur gärna ett system genomgår förändring. Ju högre energi ett system
har desto mer sannolikt är det att genomgå förändring. Därför har ett termodyna­
miskt stabilt system låg fri energi. I självaggregering av hydrofoba (feta) molekyler
minimeras den fria energin i första hand genom den så kallade hydrofoba effekten.
Vissa molekyler är amfifila (d.v.s både hydrofoba och hydrofila). De kan aggregera så
att de hydrofoba delarna göms bakom de hydrofila. Förutom den hydrofoba effek­
ten finns många fler interaktioner som är delaktiga i processen, exempelvis joniska
interaktioner och vätebindningar. Den slutgiltiga strukturen av de självaggregerande
molekylerna bestäms genom en dragkamp mellan dessa interaktioner.

Ett protein

En grupp molekyler som visar ett mångfacetterat
självaggregeringsbeteende är proteiner. Dessa är
livsviktiga i den mänskliga kroppen eftersom de
utför biokemiska processer, utgör stora delar av
cellernas transportsystem och också ger strukturellt
stöd så att cellerna inte kollapsar. Proteiner är upp­
byggda olika byggstenar (aminosyror) och kan lik­
nas vid ett pärlhalsband, där de olika aminosyrorna
har specifika egenskaper. Totalt finns det 20 styc­

ken olika aminosyror som används som byggstenar till proteiner och dessa kan vara
hydrofoba eller hydrofila, laddade eller oladdade och stora eller små. Exakt hur pro­
teiner självaggregerar beror inte bara på vilka aminosyror proteinet är uppbyggt av,
utan även i vilken ordning de sitter.

Att studera hela proteiner kan vara klurigt då de ofta består av flera hundra aminosyror.
Istället kan man välja ut en liten del av proteinet och endast analysera den. En sådan
kortare kedja av aminosyror brukar kallas en peptid. I den här avhandlingen har vi
studerat självaggregeringen i vatten och andra lösningsmedel för modellpeptiderna
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AnK. Peptiderna består av n stycken av den hydrofoba aminosyran alanin (A) och en
lysin (K) som kan vara antingen laddad eller oladdad. Det har tidigare visats att de
kortare A6K­peptiderna bildar ihåliga tuber genom självaggregering. De längre A8K
och A10K bilder istället fibrer.

Genom att utnyttja röntgenspridning och elektronmikroskopi har vi kunnat belysa
nya detaljer av de självaggregerade strukturerna från AnK­peptiderna. Vi har exempel­
vis sett att peptiderna är ordnade på samma sätt oavsett struktur, och att de aggrege­
rade fibrerna är snurrade som ett utsträckt snurrat band. Utifrån dessa fynd har vi
kunnat bygga en enkel termodynamisk modell som beskriver de olika bidragen till
strukturernas fria energi. Med hjälp av modellen har vi sedan kvalitativt lyckats för­
klara grundläggande frågor som varför fibrerna är just fibrer, samt varför de kortare
peptiderna föredrar att ordnas i tuber istället för i fibrer.

En tub och en fiber av AnK.

I en annan studie har vi under­
sökt de gelliknande materialen som
bildas när man överstiger en viss
mängd AnK­fibrer. När långa mo­
lekylära fibrer blandas i vatten kan
dessa nämligen trassla ihop sig vil­
ket i sin tur kan leda till att lösning­
en blir trögflytande eller ibland bil­
dar geler. Geler som bildats från fib­
rer i lösning brukar kallas hydroge­
ler eftersom innehållet av fibrer i förhållande till mängden vatten är försvinnande liten,
ibland mindre än 1 : 100. Med hjälp av reologi har vi kunnat se att gelernas styvhet
visar ett synnerligen starkt beroende på mängden peptid som använts, betydligt star­
kare än andra hydrogeler från självaggregerande peptider. Anledningen är att fibrerna
i sig är styva, vilket är en effekt av den täta peptidpackningen.

Sammanfattningsvis kan man säga att AnK­peptiderna har visat sig vara ett intressant
självaggregerande modellsystem. Peptidernas enkla uppbyggnad har gjort det möjligt
att kunna koppla specifika resultat med systemets specifika egenskaper. Förhoppnings­
vis kan våra slutsatser vara till nytta för de som studerar mer komplexa system och att
de på sikt ska kunna ge en utökad grundläggande förståelse för biologiska processer
och inom materialvetenskapen.
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0 Prologue

The aim of this thesis has been to characterize the physiochemical properties of a
self­assembling model peptide system, the AnK peptides. These peptides form either
tubular or ribbon­like β­sheet aggregates in aqueous solution. Increased fundamental
understanding of peptide self­assembly can facilitate the research to find novel bioma­
terials, to develop new medical treatments using peptide therapeutics and to increase
the knowledge of biological phenomena such as amyloidosis, present in diseases such
as Alzheimer’s, Parkinsons and diabetes type II.

The five most important results and observations are:

• A simple thermodynamic model explains the observed tube to ribbon
transition with increasing the peptide length.

• We have detected very slow kinetics of both assembly and dissolution
of peptide aggregates, and propose that this a general property of
β­sheet systems.

• Fibrillar peptide aggregates from the A8K and A10K systems can be
classified as stiff, sticky and repulsive rods.

• The protonation state of peptides may not necessarily be the same in
aggregates as for monomers in solution.

• Even in solvents where the hydrophic effect is weaker, AnK forms
self­assembled structures due to an enhancement of hydrogen bond
formation.

1





1 Introduction
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Self­assembly is the process when many small molecules or particles of the same
kind spontaneously aggregate and form larger ordered structures.¹,² It is a common
bottom­up procedure for the construction of various structures in nature. Examples
include incredible materials such as spider silk,³ cell membranes⁴ and DNA double
helices.⁵ Self­assembly is also involved in the progress of several severe diseases such
as Alzheimer’s and Parkinson’s, where proteins self­assemble into long fibrillar aggreg­
ates that lack function and eventually leads to cell death.⁶ The motivation of studying
self­assembling systems, is to get a better understanding of relevant biological phe­
nomena.

In this work we have focused on the self­assembly of peptides. This group of self­
assembling molecules is particularly interesting not only for the understanding of
the mechanisms behind certain biological processes, but also for the potential use in
materials science. Self­assembling structures, that are made of biological molecules,
are promising and already used for example in various tissue regeneration applica­
tions.⁷ Another important field of interest is that of peptide therapeutics. Due to
the sometimes therapeutic effect of peptides, they are of interest to develop for fu­
ture therapeutic needs.⁸ For success in that area fundamental knowledge of peptide
self­assembly is crucial.

1.1 Amino acids, peptides, proteins

Proteins are one of the most abundant macromolecules in the human body, and life
without them would simply not be possible.⁹,¹⁰ They provide structural integrity to
the cells, they can form channels to transport cargo across various membranes, and
they can control and accelerate chemical processes. Although proteins have this wide
variety of tasks, they are all constructed in the same way, as a linear chain of the same
building blocks: amino acids. It is the properties of these building blocks and in
what sequence they occur that governs the function, size and other properties of the
protein. Whereas long chains of amino acids (> 50 amino acid residues) are called
proteins, shorter chains (< 50 residues) are referred to as peptides.

There are 20 different amino acids found in proteins that are directly coded from
DNA. In the center of the amino acids is a carbon atom, the Cα. Connected to the
Cα is an amine group (­NH2), a carboxylic acid group (­COOH), a single proton (­
H) and a side group R, Fig. 1.1. Every amino acid has a different side group which also
governs the general properties of the amino acid. Typical properties that are of interest
are if the amino acids are hydrophobic or hydrophilic and if they carry a charge or not.
The amino acids of interest for the work presented in this thesis and their properties
are presented in Table 1.1. The most simple side group, a single proton, is found in
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glycine (G), the only non­chiral amino acid.

H2N Cα

R

H

C

O

OH

Figure 1.1 An amino Acid

The amino acids are further linked to each other by the creation of a peptide bond
through a condensation reaction between the carboxylic acid of one amino acid with
the amino group of another. In this way the peptide chain continues to extend to its
final length. The final amino acid chain will have two ends. On one side, an amino
group, called the N­terminus, and on the other, a carboxylic acid, referred to as the
C­terminus. The chain of alternating peptide bonds and carbons is often referred to
as the peptide backbone, in contrast to the side groups, denoted R in Fig. 1.1. The
repeat distance between peptide bonds in the chain is 3.6 Å.

Table 1.1 One letter codes and main side group property of the amino acids mentioned or
worked with in this thesis.

One letter code Amino acid name Side group property

G Glycine

Hydrophobic

A Alanine
F Phenylalanine
V Valine
L Leucine
P Proline

K Lysine ChargedE Glutamic acid

S Serine Polar, uncharged

1.2 Peptide self­assembly and thermodynamics

Due to the large possible variation in properties of amino acids, peptides are almost
always amphiphilic,¹¹ i.e. containing both hydrophilic and hydrophobic components.
They may therefore spontaneously self­assemble into ordered structures. The driving
force behind this assembly is the hydrophobic effect.⁴

Although the main driving force for the self­assembly is the hydrophobic effect, many
other long­ and short­range forces are typically involved in the process, such as elec­

5



trostatic interactions, hydrogen bonding, π−π stacking and many more.¹²,¹³ Owing
to the high presence of carbonyl and secondary amines in the peptide backbones,
hydrogen bonding plays a specifically large role in the specific packing of peptides.
Through these backbone hydrogen bonds, peptides can form high level of ordering,
not possible for ordinary surfactants.

These higher order structures are referred to as secondary structural motifs. In the
α­helical structure, the peptide sequence follows a helical path and forms a hydrogen
bond with itself every 3.6 amino acid. If instead the peptide strand binds to a second
peptide strand and a third and so on, where the hydrogen bonds run perpendicular
to the strands, this is called a β­sheet. β­sheets can either be parallel, where all the
peptide strands have the C­ and the N­termini pointing in the same direction. If the
direction instead is alternating, the structure is called anti­parallel. An α­helix and an
anti­parallel β­sheet are shown schematically in Fig. 1.2

Figure 1.2 A schematic representation of an α-helix (left) and an anti-parallel β-sheet (right).
Solid lines and arrows indicate the direction of the peptide backbone. Dashed lines indicate
hydrogen bonds. The blue sphere indicates the presence of a hydrophilic amino acid, whereas
the red ribbon indicates a stretch of multiple hydrophobic amino acids in a row.

One of the main goals when designing self­assembled materials is to control the mech­
anism and if possible predict the self­assembled structure. This is a challenge both
for experimentalists and theoreticians due to the high level of complexity of peptide
sequences: large amino acid sequence variability and a potpourri of intermolecular
interactions in the assembled aggregates.¹⁴ A common approach is to study simple
peptide model systems from which the fundamental principles can easily be deduced.

1.3 Self­assembling peptide systems

Nature is full of peptides or proteins that self­assemble into hierarchical macromolec­
ular structures.¹⁵ In the early 1990’s, Shuguang Zhang decided to have a closer look
at a peptide containing a sequence found in regular bakers yeast. He had previously
simulated this peptide’s interactions and expected it to aggregate into an α­helical
structure. Instead he found, that the peptide formed β­sheets and further assembled
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into fiber­like structures.¹⁶ The sequence AEAEAKAKAEAEAKA, later referred to
as EAK16, showed an interesting structure where one side of the chain consisted of
alternating charged peptides and the opposite side was hydrophobic.¹⁷

Other studied peptide sequences were found in the human body. As part of the trans­
membrane IsK protein, a 24 residue sequence was found to assemble into fibers.¹⁸,¹⁹
The peptide sequence, denoted K24, formed β­sheets that would further laminate.
Similar structures of laminated β­sheets had been found in amyloid plaques of pa­
tients suffering from diseases such as Alzheimer’s, Parkinson’s and diabetes type II.²⁰
Later, a specific seven residue sequence (KLVFFAE) in the Aβ protein, involved in
the fibril formation in Alzheimer’s disease, was found to form amyloid fibrils on its
own.²¹,²²

A great deal of work has gone into the formulation of guidelines for the design of
self­assembling model peptide sequences.²³,²⁴ A similar pattern as that in EAK16 was
used for the fibril forming RADA16 sequence and its variants.²⁵ The DN1 peptide,¹⁸
and the MAX1 peptide and its derivatives are further examples of designed peptide
sequences.²⁶,²⁷ In the MAX peptide series a central tetrapeptide, ­VPPT­, is included
to induce a β­turn structure, leading to a hairpin structure of the final protein, that
further forms β­sheet fibers.²⁶ Due to the specific sequence, this turn is pH sensitive
and the hairpin structure and the following assembly can be switched on and off.
Further derivatives such as the MAX3 has been made thermoresponsive.²⁷

Other design principles include the use ofα­helical structures for the controlled form­
ation of highly ordered structures²⁸­³⁰ and π−π stacking.³¹,³² For a general overview
of the topic you are directed to some of the following reviews.¹⁵,³³­³⁶

1.3.1 The AnK model peptide family

In the work presented in this thesis we have studied the self­assembly behavior of
the AnK peptide family. The peptide consists of n alanine (A) residues from the n­
terminus and a single lysine (L) amino acid at the c­terminal end. The sequence
was introduced in the early 21st century by Zhang and coworkers within the idea of
amphiphilic peptides, that are similar to surfactants.³⁷,³⁸

A schematic of the AnK peptide is shown in Fig. 1.3. When uncapped, the peptide has
a total of three ionizable groups: both termini as well as the side group of the lysine.
At neutral pH or below the peptide will carry a net positive charge, illustrated by the
blue color. Due to the hydrophobicity of alanine, most of the peptide is hydrophobic,
illustrated by the red color. The peptides are water soluble with a solubility, cs, that
decreases roughly an order of magnitude per added n.³⁹
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Figure 1.3 A schematic of an AnK peptide where the main part of the peptide body is colored
red due to the hydrophobic properties of the alanine amino acids. The larger blue sphere rep-
resents the C-terminus. The ends are colored blue due to the hydrophilic properties.

The self­assembly behavior of the AnK peptides has to some extent already been elu­
cidated.³⁹­⁴¹ Whereas the shorter A6K peptides self­assemble into hollow tubes, the
longer A8K and A10K instead assemble into ribbon structures. We want to stress
that we in this work mainly use the term ribbon to describe the fiber­like aggregates
formed from the A8K and the A10K peptides due to the rectangular cross­section.
Elsewhere in literature, the same entity is usually referred to as a fibril or a fiber and a
ribbon is often defined as a β­sheet pair, e.g. in the theoretical work by Nyrkova and
coworkers.⁴²,⁴³

1.3.2 This thesis

The aim of this thesis is to expand the understanding of peptide self­assembly. This
is achieved by systematic studies of the peptide model system AnK, which was just
introduced. The main focus lies on the ribbon forming A8K and A10K, but to tie our
results together with previous work we also show the results form comparative studies
with the shorter A6K peptide. For a holistic view of the system, the experimental work
includes studies both on many different length scales and on different time scales.
Wherever possible, the experimental work is further compared to existing theoretical
work within the field. The results have been divided into three parts, presented in
Chapters 3­5.

In the first of these chapters, we revisit the self­assembly structures of AnK peptide
aggregates in aqueous solutions. We conduct a thermodynamic analysis to explain
the effect of peptide length on the self­assembled structures from the AnK sequence.
Why do the shorter peptides assemble into tubes whereas the longer prefer a ribbon
structure? What are the fundamental energy contributions that contribute to the finite
width of the self­assembled ribbons from the A8K and A10K peptides? We also take
a short excursion into the assembly of the A8K and A10K peptides in non­aqueous
solvents. What are the effects on the aggregated structures when the process takes
place in a less hydrophilic environment?

In Chapter 4 we turn to the assembly mechanism of the peptide ribbons formed from
the A8K and A10K peptides. We touch upon the question: Are the formed aggreg­
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ates equilibrium structures or rather the precipitation of a solid phase? We further
characterize the kinetics of the self­assembly and the reverse, aggregate dissolution.

Finally, in Chapter 5, we consider the colloidal aspects of the A8K and A10K ribbons.
Geometrically anisotropic particles can undergo a glass transition at rather low con­
centrations due to the high excluded volume of elongated objects. This is associated
with a dynamic arrest of rotational degrees of freedom. By the addition of salt the
predominant interactions of the system changes from repulsive to attractive resulting
in a stronger but heterogeneous network rather described as an attractive gel.⁴⁴
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2 Methods
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In this chapter I will present a brief general overview of the techniques used in the
work behind this thesis. The idea is to give a general introduction to each technique
and to introduce the terminology and important notations. I will, at varying level,
also introduce ways of analyzing data without by any means recreating a textbook. The
varying level of explanations for the different techniques is to some extent a reflection
of the respective importance of those techniques during the thesis work.

2.1 Static scattering

Scattering techniques are widely used to characterize soft matter systems.⁴⁵­⁴⁷ The
scattering experiments rely on the physical principle of scattering, where the trajectory
of an incoming source of radiation is deflected due to the interaction with the atomic
components of a sample in its path. If the scattering is elastic, which means that no
energy exchange takes place, and the deflected beam is detected before it can undergo
a second scattering event, the scattered intensity can be used to gather information
about the object that scattered, for example the internal and external structure, dy­
namics as well as its collective behavior. The radiation either consists of photons such
as X­rays or is based on neutron particles. The difference between the types lies in the
specific interactions between the radiation and the sample, which can give different
experimental benefits. In this work we mainly consider scattering by the means of
X­rays, but the underlying theory is the same regardless of the radiation type.

ki

ks,i

θ

i

j

ks,j

Figure 2.1 An incoming beam described by the wave vector k̄i is scattered at two point scat-
terers denoted i and j. The scattering points emit circular waves described by a wave vector ¯ks,i/j.
The amplitude of the resulting varies as a function of the angle with respect to the incoming
radiation, θ, due to constructive and destructive interference of the scattered waves.

In Figure 2.1 we consider the scattering of two point scatterers denoted i and j. An
incoming electromagnetic wave described by the wave vector k̄i, with the magnitude
|k̄i| = 2π/λ, will be scattered in each of the scattering elements. The result is a spher­
ical wave with the wave vector magnitude |k̄s|. As long as the scattering is elastic,
which we assume throughout the text, we have |k̄i| = |k̄s|. However, their spatial off­
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set, r̄, gives rise to a phase difference. This difference will give rise to constructive and
destructive interference of the waves and therefore the wave amplitudes will depend
on the scattering angle θ. To determine this phase separation the scattering vector
q̄ is defined as q̄ ≡ k̄i − k̄s. Since the scattering event is assumed to be elastic, the
magnitude of the scattering vector |q̄|, often written as simply q, is determined by

q = 4π
λ0

sin(θ/2) (2.1)

where λ0 is the wavelength of the incoming radiation. Due to the elastic nature of
the scattering event, the scattering vector is the momentum transfer of the event.

The scattering amplitude for the two scattering points is determined by

AS(q) = bibje−iqr̄ij (2.2)

where r̄ij corresponds to the spatial vector from scattering point i to j and bi and bj are
their respective scattering lengths. The scattering length b is essentially a measure of
how strong an object scatters. For X­rays, the scattering length depends on the elec­
tron density of the specific atom. Unfortunately, the amplitude of an electromagnetic
wave is not an accessible parameter from experiments. Instead, the scattering intens­
ity is the product of the amplitude and its complex conjugate, I(q) = AA∗ = |A|2.
Due to the inability to measure the amplitudes of electromagnetic waves, important
information is systematically lost, a caveat of any scattering or diffraction technique
referred to as the phase problem. As a result, it is essentially impossible to unambigu­
ously determine the structure or the scatterers without a priori knowledge.

In a real X­ray scattering experiment atoms are the scatterers and we need to consider
many more than two of them. Furthermore, these scatterers will be grouped together
to form molecules or particles. For simplicity the particles are assumed to have a
homogeneous scattering length density (SLD), ρ, over the whole volumeV of each of
the scattering objects in the particle, ρ = b/V. The function describing the intensity
arising from all the scattering point distances within these particles is called the form
factor,P(q). Usually a sample also contains a large amount of particles. If interactions
occur between the particles, the scattering intensity could also be affected by this. The
term describing these interactions is called the structure factor, S(q). We end up with
a general version of the scattering equation.

I(q) = ϕp∆ρ2⟨Vp⟩⟨P(q)⟩S(q) (2.3)

where ϕp is the particle volume fraction, Vp is the volume of the particle and ⟨P(q)⟩
is the orientational average of the form factor. At low enough concentrations, or un­
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der conditions where interactions are vanishingly weak, S(q) → 1, meaning that the
inter­particle contributions to the scattering can be neglected. ∆ρ, which is the SLD
difference between the particle and the solvent, is often referred to as the contrast
in scattering. To distinguish the particles from their background, which for biolo­
gical particles often is water, a large enough difference in SLD is needed between the
particles and the background. As the scattering length scales with the electron density,
the higher the atomic number the higher the scattering. In the case of light scattering
(LS) the interaction also takes place between the incoming radiation and electrons.
In this case the electric field, Ē(t), induces fluctuating dipoles in the polarizable mo­
lecules.

One of the main concepts of scattering is the notion of reciprocality or inverse space.
Due to the definition of the scattering vector q as the difference between the incoming
and the scattered wave vectors, Eq. 2.1, q will have similar properties as a wave vector,
q = 2π/d, where d is a real space distance. This inverse relationship between q and
real space is not only useful to determine what length scale a feature in the scatter­
ing curve corresponds to, but it is also conceptually crucial for scattering as a whole.
By measuring samples at small values of q, corresponding to small angles, larger fea­
tures of the sample are observed, whereas at larger q­values, corresponding to larger
angles, smaller features are revealed. This is also reflected on a practical level as X­ray
scattering measurements are divided into small and wide angle scattering, SAXS and
WAXS. Reaching certain angle regimes is achieved by changing the distance between
the detector and the sample.

2.1.1 Data analysis

Analyzing scattering data can be done in many different ways. Generally, a distinction
is made between model independent or model dependent approaches. The model
independent methods are calculations based on scattering theory and the calculations
do not rely on any a­priori assumptions or input parameters. Accessible values are for
example the radius of gyration, molecular weight or a general size estimate of a certain
feature. In the model dependent approach different theoretical models are tested
against the experimentally obtained scattering data. This can deepen the knowledge
of the system by giving information on the size and shape of the particles, if they are
monodisperse and if they interact with one another in a specific way.

First of all we come back to the notion of reciprocality. We saw that we can relate
a certain q­value to a real space distance d. As we know from theory, the intensity
at a certain q­value depends on the occurrence of that distance in the sample. If that
occurrence is high it will give rise to a peak in the scattering pattern. The q­value of the
peak can be related to an inter­particle distance as in an ordered colloidal crystal, or
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the spacing between layers in a lamellar stack, or it can be related to an intraparticle
distance, e.g. crystal planes in a particle. To estimate that distance one simply uses
d = 2π/q.

At low enough q­values, approximately qRG < 1, details of the particle form factor
will no longer affect the scattering signal. Instead the signal can be approximated to
only depend on the zero angle scattering, I0, and the radius of gyration of the particle,
RG. This is referred to as the Guinier approximation and the scattered intensity, I(q),
is given by

I(q) = I0e
−(qRG)2

3 (2.4)

By plotting ln(I(q) as a function of q2 it is possible to extract RG from a scatter­
ing experiment. We can also extract molecular weight information from I(0), in
dilute solutions where S(q) ≈ 1, and thus Eq. 2.3 can be rewritten as I(q → 0) =
cMw∆ρ2/NAρ

2, where c is the aggregate concentration, Mw is the weight averaged
aggregate molecular weight and ρ is the peptide density.

Often the model­independent analysis can be complemented with models to gain an
even better knowledge of the system of interest. For example the scattering data can
be modeled to the theoretical form factors of well­defined geometries. For simple
geometries it is possible to analytically calculate their P(q) as shown in Eq. 2.3.⁴⁸ The
P(q) for spheres, cylinders and discs are shown in Figure 2.2, and a list of roughly
40 different P(q) can be found in Ref⁴⁸ or in the Sasview software.⁴⁹ At low enough
q­values, all of the shown geometries show a q independent scattering. Furthermore,
we see that the scattering at the high q­limit for the shown geometries shows a q−4 de­
pendence. In between however, there are differences depending on the spacial distri­
bution of mass in the particles. For a cylinder, where the mass is distributed along one
dimension, the scattering at these dimensions should scale as q−1. For a plate, where
the mass is distributed in two dimensions in the intermediate q­regime, I(q) ∝ q−2.

Analytic expressions of S(q) are known only for a few model cases.⁴⁸ These are
generally valid for particles of spherical symmetry and spherical interactions. It is
however possible to experimentally determine an effective S(q).⁵⁰ In the low con­
centration regime, the experimental form factor can be determined as P(q) =
I(q)/ϕ∆ρ2⟨Vp⟩. By normalizing a scattering curve at a higher concentration with
the experimental form factor, it is possible to determine an effective structure factor
Seff(q) = I(q)/P(q). This is often enough to give a quantitative estimate of the in­
teractions present and quantitative information on characteristic length scales in the
sample.
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Figure 2.2 Theoretical scattering form factors for spherical, rod and disc shaped particles. The
characteristic slopes associated with the specific shapes are shown.

2.2 Dynamic scattering

A snapshot of a 2D scattering pattern from a sample undergoing Brownian diffusion
reveals what is referred to as a speckle pattern. Due to the interference of the scattered
waves, the intensity fluctuates in all directions on the detector. Due to the diffusion
of the particles in the sample, the speckles will fluctuate with a certain speed related
to the particle mobility. At high dilution this is given by the Stokes­Einstein relation

D =
kBT

6πηRH
(2.5)

where D is a diffusion coefficient, kB is Boltzmann’s constant, T is the absolute tem­
perature, η is the viscosity of the solvent andRH is the so­called hydrodynamic radius.

In order to determine the diffusion coefficient, an intensity auto­correlation function
is measured. The intensity over a certain time is recorded at very small time intervals,
usually in the nanosecond range. The correlation of the intensities is calculated by
multiplying the intensity at every time point t + t0 with the intensity at the starting
point t0. At early time points, the intensity pattern has not had time to change much
and the intensity will be highly correlated with that at t0. Over time, the correlation
is completely lost. By normalizing the whole signal with the squared average intensity
one acquires the so called normalized intensity auto­correlation function

g(2)(q, τ) = 1+ β
(
g(1)(q, τ)

)2
(2.6)

where β is an instrumental constant and g(1)(q, τ) is the normalized time auto­
correlation function of the electromagnetic field, which is non­measurable quantity.
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Instead g(2)(q, τ) is the measured correlation function of the intensity. Eq. 2.6 is
often referred to as the Siegert relation⁵¹.

In a dilute sample of perfectly monodisperse spherical particles, where particle in­
teractions can be neglected, the decay of the correlation function follows a monoex­
ponential decay, with a decay time τc = 1/q2D. If the particles are polydisperse the
field correlation function consists of a sum of exponentials. One way of extracting the
diffusion coefficient was introduced by Koppel in the early 1970s⁵² and is referred to
as the method of cumulants where the field correlation function is assumed as

g(1)(τ) ≡
∞∫
0

P(Γ)e−ΓτdΓ (2.7)

where P(D) is a weight factor of every exponential with decay rate Γ = −q2D, q is as
always the scattering vector and

∫
P(Γ)dΓ = 1. The exponential is linearalized and

Eq. 2.7 is rewritten to

ln
(
g(1)

)
= −Γ̄ τ+

1
2

(
Γ̄ 2 − Γ̄ 2

Γ̄ 2

)(
Γ̄ τ

)2
+ ... (2.8)

introducing the so called Z­averaged decay rate, Γ̄ . The second term in Eq. 2.8 is used
to determine the distribution of decay rates, which corresponds to the polydispersity
of the spherical particles in solution.⁵³

2.3 Rheology

Rheology is the science of flow and deformation of matter.⁵⁴,⁵⁵ The term is often used
to describe the experimental method of rheometry. In this thesis we are dealing with
the rheology of what is known as soft matter, which is a collective term for materials
with structures on a length scale from 1 nm to 1 μm where thermal fluctuations play
a significant role. They are of special interest since they are viscoelastic, which means
that they show both viscous properties and elastic properties.

The typical rheological measurement involves shear flow and can be visualized by two
plates between which a sample is placed, Figure 2.3. The bottom plate is stationary
and to the top plate a shear force, F, is applied parallel to the stationary plate. The
resulting shear stress, σ is defined as σ = F/A, where A is the area of the plates. The
force results in a deformation, or a strain, γ = ∆x/l to the sample, where ∆x is the
distance the top plate has moved and l the distance between the plates. The stress and

17



the strain of an elastic material are related through the shear modulus G in Hooke’s
law asσ = Gγ. The stress in a liquid follows Newton’s law instead, i.e.σ = ηγ̇, where
η is the viscosity and γ̇ is the shear rate. There are two main measurement types in
rheology. Either the sample is subjected to a continuous shear or the deformation is
varied in an oscillatory fashion, with a certain amplitude and frequency.

Δx
F

l

A

Figure 2.3 A schematic image of a rheological experiment. A force F is applied on the top
plate with area A, parallel to the bottom. As a result, the sample of thickness l is displaced by
∆x

In the general example of the rheological measurement in Fig. 2.3, a sample is shown
between two parallel plates. That specific measurement setup is referred to as parallel
plates. In the cone plate geometry the top plate is exchanged with a downward facing
truncated cone. This allows for a constant shear rate, γ̇, throughout the whole sample
volume, which is not the case in the parallel plate geometry. The cone plate geometry
is the one used in the work presented in this thesis.

2.3.1 Continuous shear rheology

Continuous shear rheology is used to characterize the flow properties of the material,
i.e. the stress, σ, or the viscosity, η, as a function of the shear rate, γ̇. This can for
example be a good method to simulate how the material reacts if it is applied using
a syringe. The parameters are, as previously mentioned, related through Newton’s
law. How easily a material flows is determined on a molecular scale. It is a measure
of how easily the molecules in the solution can slip past each other. For large rough
particles that easily get stuck on one another, the viscosity will generally be high. High
viscosities can also be reached at rather low sample concentrations if the particles in
solution are long 1D objects, since these easily entangle and form a transient network.

If the viscosity of a material is independent of γ̇, it is referred to as a Newtonian
material. Water is an example of a Newtonian liquid. Soft matter materials however
are typically non­Newtonian. This shows up as a non­linear behavior in the measured
shear stress or a viscosity, that varies with γ̇. If the viscosity decreases with γ̇, the
material is shear­thinning, and vice versa. Ketchup is a good example of a shear­
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thinning material. As the bottle opening is much smaller, the shear rates are much
higher. The resulting flow of the ketchup is a result of shear­thinning.

Self­assembled peptide hydrogels are typically shear­thinning⁵⁶,⁵⁷. The shear­
thinning mechanisms for this behavior can however vary. In a system of stiff rods, the
shear can induce an alignment of the rods along the flow, which reduces the viscosity.
However, if the rods are very long and have many crossing points, a high shear might
also lead to rupture of the network and of the individual fibers. Usually, it is benefi­
cial to use a complementary measurement technique, such as LS or SAXS/WAXS, to
gain further information. It is also possible to combine rheology with polarized light
microscopy, as the induction of particle alignment will give rise to birefringence.

As the networks in hydrogels are often connected through physical interactions rather
than chemical bonds, the structures are to some extent self­healing. This means that
the hydrogel can recover its strength after a certain amount of time. For many applica­
tions this can be an interesting property. In that case the constant shear measurement
is followed by an oscillatory measurement to track the dynamic behavior as a function
of time after cessation of flow.

2.3.2 Oscillatory shear rheology

In oscillatory rheology the shear stress is applied in an oscillatory sinusoidal fashion.
The applied stress is characterized by an strain amplitude, γ, and an angular frequency,
ω. The resulting stress or strain is measured and can reveal if the probed material is
predominantly viscous or elastic.

If the material is purely viscous, the resulting strain is in phase with the applied stress.
If the material on the other hand is elastic, the resulting strain has been phase shifted
90◦ to the applied stress. The relation between the stress and the strain for oscillatory
measurements is related through the complex or dynamic modulus G∗ = σ/γ. The
complex modulus gives the phase shift of the signal and the response is given in terms
of the storage modulus G ′, containing the elastic component, and the loss modulus
G ′′, containing the viscous component, G∗ = G ′ + iG ′′.

The generalization of Hooke’s law, with G∗, holds for small deformations, where the
viscoelastic response is linear, or in the so called linear viscoelastic regime (LVR). The
border of this regime can be determined through a measurement where the amplitude
of the oscillations are varied and is defined as the regime where G ′ and G ′′ are con­
stant. In the LVR, G∗ and its components are often determined as a function of
the frequency. The oscillatory shear measurements probe if the system has enough
time to recover from the applied stress before an opposing stress is applied. If the
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stress relaxation time, τ, is shorter than the inverse of the applied frequency, ω−1,
the sample behaves as a liquid under these time­scales and G ′ < G ′′. If, on the other
hand, τ > ω−1, which implies that G ′ > G ′′ and the sample predominantly be­
haves as an elastic solid. If the frequency and the relaxation time are inversely equal,
i.e. ω = 1/τ, we have the cross­over point where G ′ = G ′′. Many materials have
several degrees of freedom, each with different τ.

2.4 Nuclear magnetic resonance

Atomic nuclei can posses what is called a nuclear spin, which will give rise to what
is known as a magnetic moment.⁵⁸ This is the case when the sum of protons and
neutrons in the nucleus is odd or if the amount of protons and neutrons are both
odd, for example in ¹H or in ¹³C. In a sample the spins of the atomic nuclei are
randomly oriented, but when subjected to an external magnetic field, B̄0, they will
align either with or against B̄0. These two states (spin up or spin down) have a slightly
different energy, ∆E. The exact value of ∆E depends on the chemical surrounding
of the nucleus. In nuclear magnetic resonance (NMR) spectroscopy this difference
in ∆E can be utilized to differentiate between the same atomic nuclei within a single
molecule.

To detect ∆E in an NMR measurement, a weak oscillating magnetic field with a
frequency, ν, is applied over the sample. The frequency is related to energy through
the relation E = hν, where h is Planck’s constant. If the frequency matches ∆E
we achieve what is referred to as resonance, and the energy will be absorbed. By
detecting the absorbed frequencies, we can track the content of a sample. The integral
of an acquired spectrum is directly proportional to the concentration of that specific
nucleus type. The signal from NMR is therefore quantitative as long as the intensity
can be calibrated⁵⁹.

NMR spectra are generally present on a chemical shift scale, where the frequency is
presented as a frequency shift away from a reference frequency. The unit of the shift is
parts per million. A proton NMR spectrum of an A10K sample is shown in Fig. 2.4.

The linewidth of the NMR spectrum is defined by the rotational dynamics of the
sample constituents. For solid samples the tumbling is slow resulting in a very broad
linewidth. Individual molecules on the other hand tumble around freely and the
resulting linewidth is small. In Fig. 2.4, the observed resonances only occur from
freely dissolved peptide monomers and the signal from the solid aggregates has such
a broad linewidth that it is inseparable from the background.
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Figure 2.4 A proton NMR spectrum of A10K with a total peptide concentration approximately
1 mM. The resonance at roughly 2.9 ppm arises from the protons in one of the -CH2 groups in
the lysine side group.

2.5 Isothermal titration calorimetry

Calorimetry is a technique used to determine the change in heat that takes place
during a specific chemical or physical process.⁶⁰ From this heat the enthalpy of the
specific change can be determined. A specific calorimeter sub­type is the isothermal
titration calorimeter (ITC). In ITC one gradually titrates one solution into another.
In our case, we have studied the process of dilution titrating a highly concentrated
solution into a lower concentration or pure solvent. This is specifically interesting for
studying the phase transitions in self­assembling systems.⁶¹,⁶²

A typical ITC consists of a reference cell and a sample cell that are kept at the same
temperature. A needle is connected to the sample cell into which another liquid can
be injected. In our experiments, we considered the process of peptide aggregate dis­
solution. A highly concentrated solution of peptides is therefore titrated step­wise
into the pure solvent. If the resulting sample cell concentration is below the pep­
tide solubility, cs, the aggregates will dissolve, resulting in a change in temperature of
the system. The temperature change is matched in the reference cell, and the power
needed to do so, ∆P, is monitored. If the process in the sample cell leads to a tem­
perature increase, the transition is called exothermic. If the sample cell temperature
instead decreases due to the process, it is referred to as endothermic.

The signal from an ITC measurement can consist of simultaneously occurring pro­
cesses. For example when a highly concentrated sample of self­assembled molecules
is injected into pure solvent, we will need to consider both dilution and dissolution of
the aggregates⁶¹. Once all contributions are correctly separated, they can be further
analyzed. The main goal of an ITC measurement is typically to determine thermody­
namic parameters such as the change in enthalpy, ∆H.
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2.6 Transmission electron microscopy

In regular optical microscopy the resolution limit is determined by the wavelength
of the visible light and the dimensions of the aperture, generally known as the Abbe
limit. Visible light has wavelengths in the range of hundreds of nanometers and is
therefore not capable of visualizing objects on the nanometer scale. With the intro­
duction of the particle­wave duality of the electron came the idea of using electrons
for imaging.⁶³ The electron has a wavelength on the order of sub­nanometers, which
makes the imaging of nanometer sized structures possible. Since then electron micro­
scopy has undergone significant improvements and nowadays electron microscopes
have the ability to resolve sub­atomic structures.⁶⁴

In the typical transmission electron microscope (TEM) an electron beam is generated
and accelerated towards the sample. Unlike in optical microscopy, it is not possible to
use regular glass optics to focus the light. Instead the beam is focused using magnetic
lenses. As the beam hits the sample, some electrons are scattered or diffracted, whereas
some pass straight through. Further lenses are used to recreate and enlarge a 2D image
of the sample.⁶⁵

As with any imaging technique, contrast is an important concept. Since biological
materials seldom are crystalline, the contrast of the sample in TEM is defined by
the ability to scatter electrons, i.e. material contrast scales with atomic number. This
makes the analysis of biological material difficult as these are high in chemical com­
pounds with a rather low atomic number, such as carbon, hydrogen, oxygen and
nitrogen. The contrast is further diminished as the sample is usually placed on a grid
coated with a carbon film. To resolve this issue of low contrast, it is possible to stain
the samples by introducing a high molecular weight salt such as phosphotungstic acid
or uranyl actetate⁶⁶. The increased amount of high atomic number components will
give rise to an increased electron scattering and therefore also contrast. In bright field
TEM this type of staining is referred to as negative, as it inverts the intensities and
the samples appears bright on a dark background. Unfortunately, the introduction of
further components to the system can strongly alter the sample in a non­predictable
way.⁶⁷

A second issue arises in the study of biological samples during a standard TEM meas­
urement. Small biological specimen are often present in solution, where they diffuse
freely. To image such particles, they need to be fixated, which can be achieved by
either substituting the water for a suitable resin or by drying. In either case the solu­
tion conditions: ionic strength, pH, hydrogen bonding propensity etc. is difficult or
impossible to keep constant. This can not only lead to collapsed supramolecular struc­
tures, but also to concentration induced phenomena such as assembly/disassembly of
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equilibrium structures or aggregation.

The issue of sample fixation was solved by the introduction of cryogenic TEM (cryo­
TEM)⁶⁸. It has been considered a major breakthrough in the characterization of
biological samples. In this technique, a liquid sample is placed on a sample grid
with small holes where the solution is suspended. The grid is vitrified, i.e. frozen
without the introduction of ice crystals, by cryogenic freezing. This step is necessary,
since the diffraction from ice crystals will cover the weak signal from the sample. The
measurement then takes place on the sample in the frozen state. Images taken using
cryo­TEM are considered to better represent the sample in the solution state, and due
to an incredible development in the field of electron optics the last decades, cryo­TEM
can now even be used for crystal structure determination of for example proteins.

In Fig. 2.5 a schematic comparison is made between the introduced sample prepar­
ation techniques. The illustration highlights the main benefits and drawbacks of the
various sample preparation techniques. Both negative staining and cryo­TEM have
major benefits over the regular sample preparation technique of drying. However,
while the stained sample has a lot higher contrast due to the high molecular weight
salt, the solution structure might still not be retained, and possibly even altered. In
cryo­TEM, on the other hand, the solution structure of the sample is believed to be
retained to a large extent and although the contrast is not as good as when using stain­
ing the main drawback of the technique is the difficulty of sample preparation. Not
only does the preparation of cryo­TEM samples require extra instrumentation but
also highly skilled and patient technicians.

a b c

BA C
Figure 2.5 A schematic of three different sample conditions in TEM with their respective res-
ulting 2D image. (A) Biological samples give poor contrast in regular dry TEM samples, where the
sample has been fixated on a carbon film. Furthermore, one cannot be sure that the sample in-
tegrity is maintained, e.g. otherwise spherical vesicles might collapse and aggregate. (B) Through
a negative stain the contrast issue can be resolved. However, the sample integrity can still be a
problem. Furthermore, the introduction of a high molecular weight salt can also introduce other
artifacts. (C) In cryo-TEM the contrast is usually lower as compared to using a negative stain.
on the other hand this sample preparation method is best in retaining the actual conditions of a
sample in solution.
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2.7 Circular dichroism

Circular dichroism (CD) is a non­destructive spectroscopic technique which can de­
tect chiral species in solution.⁶⁹,⁷⁰ One of the most common uses of the technique is
to determine the secondary structure of proteins. Secondary structural motifs such as
α­helices orβ­sheets will, due to their specific chiral structures, give rise to fingerprint
spectra. The main features of these spectra are found in the UV regime.

In CD the sample is illuminated by circularly polarized light which contains both left
and right circularly polarized components of the same magnitude. If the sample only
contains non­chiral molecules in solution, the magnitude of the two components will
still be equal after passing through the sample. A sample containing chiral molecules
on the other hand, will show a preferential absorption of one of these components,
giving rise to a a magnitude difference of the two components at the detector. The dif­
ference in the polarization is measured and presented as a function of the wavelength
of the incoming light. Approximations of typical fingerprint spectra from the most
common secondary structural motifs are shown in Fig. 2.6.
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Figure 2.6 Approximations of the fingerprint CD spectra from secondary structure units of
proteins.

The analysis of CD data can be difficult as the measured signal is a linear combina­
tion of the spectra arising from all the different entities in the sample. For unknown
protein systems, the acquired spectrum can be compared to various databases con­
taining CD spectra of proteins where the full protein structure has been verified by
other techniques. This has shown to be rather useful for full length protein systems,
however, when it comes to the analysis of short model peptide systems, the results can
be misleading as to what structures are actually present.⁷¹
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In this work, CD has mainly been used as a proof of β­sheet formation, and therefor
as a detector for peptide aggregation. When peptides are dissolved in solution as
free peptide monomers, their CD signal will mostly resemble that of a random coil.
If instead aggregation occurs and the formed aggregate shows some other secondary
structural unit, the signal would instead show a specific secondary structure signal.
The technique is therefore useful in order to probe the aggregation as a function of
concentration, time, pH or temperature.
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3 Structure & Thermodynamics

27



The starting point of understanding the basics of peptide self­assembly is to acquire
a detailed perception of what the self­assembled structures look like. Due to the
fact that most self­assembled structures from peptides have geometries on the nano­
meter length scales, ordinary optical microscopy is not applicable. Instead, scattering
techniques are often used. The self­assembled structures of the AnK peptides, where
n = 6, 8, 10, have previously been investigated using both scattering techniques and
electron microscopy,³⁹­⁴¹,⁷²,⁷³ showing that the shorter A6K peptides form hollow
nanotubes and A8K and A10K peptides form ribbons.

In this chapter we have revisited this structural characterization. From high qual­
ity data we have been able to lay down the last pieces of the puzzle concerning the
structural characterization of AnK aggregates. From this we have devised a simple
thermodynamic model which aims to explain some of the main questions regarding
the structures: why the A8K and A10K ribbons seem to have a constant width, and
why the shorter A6K peptides prefer to assemble into tubular structures rather than
ribbons. Furthermore, we have studied the self­assembly of the longer AnK peptides
in non­aqueous solvent. The results presented in this chapter are based on Papers I­Iv.

3.1 Aqueous self­assembly

To highlight the strikingly different self­assembly behavior of the shorter and the
longer AnK peptides, SAXS and WAXS patterns of AnK (n = 6, 8, 10) are shown
in Fig. 3.1. In Fig. 3.1A, the higher concentration of A6K shows a scattering intensity
consisting of well­resolved features in both the high and the low q regime in contrast
to the lower concentration. These features indicate the presence of self­assembled
structures. For the A8K and the A10K peptides we also observed a scattering intensity
that is varying with q, and again the observed features in both the high and the low q
regime tells us that self­assembly has occurred.

For a better idea of the assembled structures, the scattering curves are compared to
the theoretical scattering curves of various shapes and geometries. The lower A6K
concentration, ϕ = 0.07, shows a scattering pattern consistent with that of a random
coil with RG = 5.5 Å.⁴⁸ This is in line with what has been estimated previously.⁷²

Based on previous work on the A6K system we know that the peptides self­assemble
into tubular structures.⁴⁰,⁴¹,⁷² From Fig 3.1A it becomes clear, that the sample con­
tains a large fraction of freely dissolved peptide monomers. The scattering pattern of
the higher concentration is therefore compared to a linear combination of the Gaus­
sian coil model and a hollow tube model.⁴⁸ The model reveals parameters such as
the tube wall thickness, 3.3 nm, previously not accessible in scattering experiments,
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Figure 3.1 SAXS and WAXS curves of AnK (n = 6, 8, 10) together with theoretical models
describing themacromolecular structure. (A) The scattering curve of A6K shows the characteristic
scattering pattern of a hollow tube with the core radius 27.5 nm, the tube wall thickness 3.3 nm
and a 4 % polydispersity. As the peptide solubility, ϕsol, is high, the model compared to the
experimental data of A6K, ϕ = 0.12 contains a non-interacting contribution from a dispersion
of monomeric Gaussian polymer coils with RG = 5.5 Å, successfully describing the solubilized
peptide volume fraction. (B) The scattering curves of A8K and A10K. Both these peptides self-
assemble into 1D objects and the scattering patterns are compared to the theoretical scattering
of an elliptical cylinder with semiaxes a = 1.9 nm and b = 3.8 nm, and an average length of
⟨LA8K⟩ ≈ 180 nm and ⟨LA10K⟩ ≈ 100 nm. A polydispersity of 15 % is included in the model for
A8K and 20 % for A10K. Scaling factors have been applied for data in both panels to enhance
visibility.

although suggested based on solid state NMR measurements.⁷⁴ The polydispersity is
low, 4 %. An explanation for this strikingly low polydispersity is presented later in
this chapter. Finally we note a discrepancy between the data and the model in the low
q regime, most likely due to a structure factor contribution.

The self­assembled structures of the A8K and A10K are best modeled as elliptical cyl­
inders.³⁹,⁷⁵ In Fig. 3.1B we observe the Guinier regime for both peptide systems
from which we can estimate the average aggregate length, ⟨L⟩A8K ≈ 180 nm and
⟨L⟩A10K ≈ 100 nm. For A8K we observe a small discrepancy between the model and
the data at q ≈ 0.2 Å−1, which we ascribe to a small contribution from the solubil­
ized free peptide monomers, that is higher than the peptide solubility, which will be
further presented in Chapter 4.

Both self­assembled structures in the AnK system show three distinct Bragg reflec­
tions in the WAXS regime, which indicates a high degree of local peptide ordering.
Moreover, both structures have been shown to give rise to a strongβ­sheet signal using
techniques to determine the peptide secondary structure.³⁹,⁷³ Based on the structural
data, the aggregates from the studied peptides consist of monolayers of laminated β­
sheets. The ordering is limited to two dimensions. For the A8K and A10K assemblies,
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this implies a rectangular cross­section.

We propose a local peptide packing in a two­dimensional (2D) oblique lattice with the
unit cell shown in Fig. 3.2, for both the tube and the ribbons. The unit cell parameter
a corresponds to the direction of the β­sheet. From such a unit cell the three first
Bragg reflections observed in the WAXS regime would correspond to the 01, 21̄ and
20 reflections of the unit cell.

Figure 3.2 An oblique unit cell with the parameters a ̸=
b and δ ̸= 120. The β-sheet direction is parallel to a and
due to the anti-parallel β-sheet configuration a = 2d0,
where d0 is the peptide-peptide distance within a β-sheet.

To further verify the proposed unit cell in the A8K and A10K ribbons, we performed
WAXS experiments on aligned peptide aggregates.⁷⁶ The alignment locks the orient­
ational degrees of freedom of the aggregate and it is then possible to determine the
orientation of the crystal lattice within them. Acquired 2D WAXS patterns for aligned
samples of A6K and A10K are shown in Fig. 3.3. In both cases, the propagation axis
of the structures are roughly aligned with qx. The angle, φ, between the 01 reflection
and the average propagation axis of the aggregate reveals the β­sheet orientation in
the aggregates. In the tubes this angle has previously been determined to φ = 52◦,⁷³
indicating that the β­sheets run on a helical path around the tube. For the A10K
ribbons we observed φ = 90◦, indicating that the β­sheets run parallel to the ribbon
axis.

Figure 3.3 2D WAXS patterns of the (A) A6K and (B) A10K peptide systems where the average
propagation axis of the aggregates are oriented roughly along qx. The anisotropy shows that the
peptide packing within the tubes is crystalline.

That φ ̸= 90, 0 for the A6K tubes has great implications on the geometry. Due to the
crystalline lattice and its specific helical pitch angle, the contour length of the helical
pitch, λc, must fit an integer multiple of the lattice parameter a, Fig. 3.4. The same
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goes for the pitch, λt, which must fit an integer multiple of the lattice parameter b.
These restrictions highly limit the available combinations of φ, λc and λt, which in
turn only allow a very specific tube radius. This phenomenon is also found in other
systems forming self­assembled tubes of a low polydispersity and of a high level of 2D
ordering.⁷⁷­⁸⁰

Figure 3.4 A schematic showing how the oblique crystal unit cell is oriented in the tube (A)
and in the ribbon (B). In the tube both the pitch length, λ, and the contour length of the helical
path, λc, must be integer multiples of the lattice parameters b and a respectively. This constrains
the dimensions of the tube explaining the experimentally acquired low polydispersity

The ribbon structure, as determined by SAXS/WAXS measurements for A8K and
A10K, was confirmed using cryo­TEM, Fig. 3.5. Width estimates are in line with
the scattering results, but acquiring a reliable estimate of the length was difficult.
In areas where individual ribbons were observed, the aggregate lengths were under
underestimated. Most likely, the longer ribbons in solution are more likely to entangle
with other ribbons and end up in regions where they are visibly difficult to separate.
We could however conclude, that both systems have a large length polydispersity.

Figure 3.5 Cryo-TEM images of (A) A8K and (B) A10K. The scale bars correspond to 100 nm.

Peptides are chiral molecules and the chirality is typically hierarchically transferred
also to the macroscopic structures which they form. Ribbons formed from laminated
β­sheets therefore typically show a macroscopical twist with a pitch λr around the
propagation axis of the fiber,⁴³,⁸¹,⁸² although non­twisted polymorphs also exist.⁸³
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In the cryo images, shown in Fig. 3.5, such a twist is not clearly observed. However,
when the contrast is increased by negative staining in regular TEM, the twist is clearly
appreciable as intensity oscillations along the fiber, Fig. 3.6. The pitch, λr, was de­
termined to 16 nm for both peptides. The value of λr/w ≈ 2, where w = 8 nm
is the ribbon width, is low in comparison to other twisting fiber systems.⁴³,⁸² This
low pitch­width ratio is probably an artifact from the stained and dry TEM samples.
Such a short pitch would result in extreme β­sheet deformations, as will be presented
below.

Figure 3.6 Negatively stained TEM images of A8K and A10K aggregates respectively in A and
B. (i) shows the raw image and (ii) shows the same image with two lines indicating the position
of the two traces shown. The line trace of the fiber is fitted by eye to a sinusoidal function to
extract the pitch of the intensity oscillations. The scale bars correspond to 30 nm.

3.2 Structure models

Both structures observed in the AnK peptide system consist of laminated anti­parallel
β­sheets.³⁹,⁷⁶ From the WAXS analysis we determined both the repeat distance
betweenβ­sheets, dlam = 0.54 nm and the peptide­peptide distance within aβ­sheet,
d0 = 0.45 nm.⁷⁶ The height of theβ­sheet is determined by the length of the peptide,
lp = dA(n + 1), where dA = 0.36 Å is the length of an individual amino acid and
consequently the distance between hydrogen bonding sites along the peptide length
and n is, again, the number of alanine amino acids in the peptide sequence. These
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distances are shown schematically in Fig. 3.7. The number of hydrogen bonds in the
β­sheets are assumed to correspond to the total number of amino acids, i.e. (n+ 1).

Figure 3.7 A schematic of an AnK peptide pair within a β-sheet. The peptide length is de-
termined by lp = dA(n + 1), where dA is the length of an individual amino acid. The peptide
separation in the β-sheet is denoted d0.

A schematic of the A6K tubes is shown in Fig. 3.8, where we also show an enlargement
of one of the β­sheets. It becomes evident, from the helical path of the β­sheet, that
the sheet is subjected to a bending deformation.

Figure 3.8 A schematic of the tube structure formed by A6K peptides. The peptides form a
monolayer of β-sheets around the tube perimeter where the β-sheets follow a helical path with
an pitch angle φ = 52◦. The curvature of the β-sheet path leads to a bending deformation of
the sheets.

The twisted ribbons formed in the A8K and A10K are shown schematically in Fig. 3.9.
Due to the chirality of the β­sheets the ribbons twist with a pitch, λr. For further
discussion we choose do index the β­sheets within the structure symmetrically from
the ribbon center. For an odd total number of sheets, the central β­sheet is denoted
m = 0. The total number of sheets is N = 2M+ 1, where M is the absolute value of
the mmax.
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Figure 3.9 A schematic representation of the peptide ribbons in the A8K and A10K systems. (A)
Viewing the ribbon along the axis of propagation. (B) A side view where the outermost β-sheet
has been extended showing how the β-sheets m ̸= 0 lie on a helical path.

From Fig. 3.9B it becomes evident that with increasing |m| the contour length of the
β­sheets increases. This leads to an increased extensional deformation of the hydrogen
bonds with a corresponding free energy penalty.⁴²

3.3 Free energy models

As seen from the structural discussions, the AnK system consists of two macroscopic­
ally rather different structures: tubes and twisted ribbons, which, on the other hand,
are very similar in terms of the molecular packing. We have also seen that theβ­sheets
in the respective structures are subjected to slightly different deformations. Peptide
self­assembly is an intricate process where the total energy of the system is determined
by a combination of various energy contributions including hydrophobic, electrostatic
and van der Waals interactions and hydrogen bonding.¹²,⁸³ In order to explain the
structural differences in the AnK peptide system, we have devised a simple thermo­
dynamic model which takes into account various energy contributions in the system.
We assume that a sum of these contributions is a valid estimate of the the total free
energy of either structure.

The model includes three energy contributions. First, an interfacial energy contribu­
tion

μint =
γ2(n+ 1)dAd0

N (3.1)

where γ is an interfacial tension. This contribution accounts for hydrophobic inter­
face area in contact with the solvent. A second contribution is included to account
for the elastic deformations of the β­sheets, where the deformation is estimated as a
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change in d0, at the position of the hydrogen bonds, holding the β­sheets together.
We assume that this contribution can be described by the harmonic potential

∆E =
1
2
kdef (d− d0)

2 (3.2)

where kdef is a spring constant and d indicates the peptide­peptide distance in a de­
formed β­sheet, which can vary along the peptide. The contribution to the chemical
potential due toβ­sheet deformation, μdef, is given by the sum of all potential energies
from each hydrogen bond. Finally we also consider the chirality of peptides by in­
cluding a contribution arising from the untwisting of the β­sheet structures described
by

μtwist =
1
2
ktwist (θ− θ0)

2 (3.3)

where ktwist is an elastic constant and θ0 is the optimal peptide­peptide angle in radi­
ans. θ and the pitch, λ, are related through θ = 2πd0/λ.

Based on the proposed contributions to the chemical potential we can derive equations
for the full chemical potential of the observed structures in the AnK system. For the
self­assembled peptide tubes we have μint = 0, which gives

μtube = μdef + μtwist (3.4)

Furthermore, theβ­sheets have to be completely untwisted (θ = 0) to fit the proposed
structure.

In Paper I we present a simple thermodynamic model for the peptide ribbons, which
describes how the twisting of the β­sheets limit the ribbons to a specific width, based
on the previous work of Nyrkova et al.⁴²,⁴³ In Paper III we instead focus on the com­
parison between the tube and the ribbon free energies and the model from Paper I has
therefore been revised on a couple of points. First we note, that μtwist must be present
with a significant value due to the presence of the twist in the ribbons. This was not
needed in Paper I, as the contribution is constant. Secondly, we have changed to a
more general harmonic potential function for the elastic β­sheet deformation. The
total energy of the ribbon as presented in Paper III is determined by

μribbon = μint + μdef + μtwist (3.5)

As in Paper I, the model results in an energy minimum for a finite number ofβ­sheets,
N.
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With expressions for the total free energy of both structures we could compare the two
structures with each other as a function of the total alanine content, Fig. 3.10. The
calculations are made with a certain set of parameters presented in Table 3.1. From
the set values, γ, kdef, ktwist and θ0 we minimize the energy for μribbon so thatN = 15,
in agreement with the experimentally determined ribbon width.

Figure 3.10 The total free energy for both tube
and ribbon structures as a function of peptide
length. A cross-over in the most favorable struc-
ture from tubes to ribbons is found at n ≈ 13.
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For this specific parameter set we see that the model shows a cross­over in energy
between the tube and the ribbon configuration. This is in qualitative agreement with
the experimental results. However, we seem to overestimate at which peptide length
this should occur by roughly a factor of 2, as Fig. 3.10 shows the cross­over at n ≈ 13.
In experiments the transition occurs at 6 < n < 8.

Table 3.1 Parameters used for the free energy calculations shown in Fig. 3.10.

γ /kBT nm−2 kdef /kBT nm−2 ktwist /kBT rad−2 θ0 /rad λr /nm

6 1500 100 0.2 90

The calculations are based on a simplified expression for μdef, and we not, that a
more detailed estimate would possibly give different results. Furthermore, we do not
include any energy contribution from electrostatic interactions as both structures form
under the same solvent conditions.

In summary, we have successfully have created a model that predicts a transition from
tubular structures to ribbons as a function peptide length. We note, that it would still
be possible to further optimize the used parameters to shift the cross­over towards the
experimental result, however, the scope of this project has rather been to increase the
general understanding of the system. We see, that our model further agrees with other
systems forming self­assembled nanotube,⁷⁷­⁸⁰ in the sense that the tubular structure
is limited to shorter molecules.
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3.4 Non­aqueous assembly

As previously shown, the driving force for self­assembly is the hydrophobic effect and
the final structure relies on the competition of various non­covalent molecular forces,
where their relative strengths are often governed by the solvent in which they occur.
We have therefore investigated the self­assembly behavior of A8K and A10K peptides
in non­aqueous solutions, where the hydrophobic effect is assumed to be weaker.⁸⁴
The chosen solvents where methanol (MeOH) and N,N­dimethylformamide (DMF).

Due to the increased hydrophobic environment of both the chosen solvents, we ex­
pected the solubility of a hydrophobic peptide to increase. Instead, we observed the
opposite. We determined the solubility using SLS on a dilution series of the peptide
solutions in the two solvents, Fig. 3.11. The solubility was estimated from the con­
centration where the signal became indistinguishable from the background scattering.
For A8K we observed a decrease of the solubility by at least a factor of 100. The A10K
solubility was found to have roughly the same solubility.
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Figure 3.11 Peptide solubility experiments, using SLS, of A8K (A) and A10K (B) in MeOH and
DMF. The horizontal line indicates the peptide solubility in H2O, and dashed lines represent the
background scattering of the respective solvents.

We interpret the lowering of the solubility as an effect of the decreased hydrogen bond­
ing capacity of the solvents. We note, that DMF is only a hydrogen bond acceptor.
This will promote the internal hydrogen bond formation in the peptide aggregates as
shown by studies of proteins in e.g. MeOH.⁸⁵ Another contribution to the decrease
in monomer solubility should come from the less favorable ion solvation. The overall
effect is a lowering of the peptide solubility.
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Structural analysis of the assembled structures was carried out using SAXS, Fig. 3.12.
In both solvents we observed the same general self­assembly behavior as in water.
The SAXS scattering patterns normalized for concentration and SLD all overlap in
the intermediate q range. The resemblance of the patterns also in the high q regime
indicates, that aggregates are most likely ribbon­like. At low q values however, the
data in non­aqueous solvents show a decrease in I(q) as well as a more prominent S(q)
peak at approximately q ≈ 0.2 Å. This indicates that the inter­ribbon interactions are
stronger than in water.

Figure 3.12 Scattering patterns of (A) A8K and (B) A10K in H2O, MeOH and DMF. The data is
normalized for both SLD and ϕ resulting in an overlapping curves for q > 0.2 nm−1.

The ribbon structure was further confirmed from cryo­TEM images, Fig. 3.13. Qual­
itatively, the aggregated ribbons seem both longer and straighter than when imaged in
water. This in agreement with the idea of a lower solubility. As the solubility is lower,
more ribbons will be formed. Also the observed increased inter­ribbon interactions
are observed as the ribbons in the images are well separated.

Figure 3.13 Cryo-EM images of (A) A8K and (B) A10K in MeOH. The scale bars correspond to
100 nm.
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The presence of noticeably stronger repulsive interactions is also rather counterintu­
itive, as electrostatic repulsion typically decreases with the dielectric constant. We
assume, that this is described by a combination of effects. First of all, we note, that
the lowered solubility for A8K means a reduction of free monomer in solution. This
reduces the ionic strength and, consequently, the screening of the electrostatic re­
pulsion.⁴ This would, however, not explain the increased interactions for A10K. We
must, therefore, also consider the increase in steric excluded volume due to the in­
creased length of the ribbons. This will lead to more overlap at lower concentrations,
increasing the osmotic pressure of the solution and effectively lowering S(0).

3.5 Conclusions

In this chapter we revisited the structural determination of the self­assembled aggreg­
ates of the AnK peptides in water. By acquiring new high resolution TEM images
we were able to show that the A8K and A10K peptide ribbons are twisted. This is
due to the chirality of the peptide molecules. We have further interpreted the sim­
ilar WAXS pattern from the non­similar self­assembled structures: tubes and ribbons.
From experiments we showed that the peptides in both structures pack on a 2D lat­
tice. This crystalline peptide packing explains the low observed polydispersity of the
self­assembled tubes in both A6K and in similar systems.

Based on the final structural model we could construct a simple thermodynamic
model describing the free energies of the two observed structures. The model con­
siders a sum of energy contributions. The first contribution comes from the interfa­
cial energy of available hydrophobic interfacial area in contact with water. The second
contribution comes from the elastic deformation of the β­sheets as an affect of adopt­
ing a certain structure. The third and final contribution comes from the untwisting
of the optimally twisted β­sheets.

The model successfully elucidated why the A8K and A10K ribbons are limited in
width. Furthermore, we qualitatively captured the observed experimental transition
from a tube structure from the shorter A6K peptides, and ribbons for the longer ones.
This also fits rather well with the observations from several other studies that tube
structures only form from short peptide sequences. In longer sequences and full pro­
tein studies, the dominating structure is the β­sheet based ribbon or fiber.

We finally also studied the self­assembly of the A8K and A10K peptides in the non­
aqueous solvents MeOH and DMF. Although the strength of the hydrophobic in­
teraction was decreased, the propensity to form intra­ribbon hydrogen bonds was
enhanced. A lowering of the peptide solubility further resulted in the formation of
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more and longer ribbons. The overall structure is the same as that found in water,
whereas the inter­ribbon interactions are found to be enhanced.
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4 Kinetics of assembly
and dissolution
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In this chapter, we will present the results from Papers v and vI, where we moved away
from the steady state properties of the AnK self­assembly and focused on resolving the
molecular pathway of the process. We have tried to unravel the molecular mechanism
of assembly by touching upon the question whether the assembly can be considered
an equilibrium state, as for surfactant micelles, or rather as kinetically stable particles.
For this characterization, we have mainly used NMR and protein secondary structure
characterization techniques. From our studies, we have also been able to characterize
the kinetics of assembly.

Further properties of peptide assembly of interest are the mechanisms of dissolution
and its kinetics. For this we used ITC, a technique mainly associated with thermody­
namic characterization of micellization processes. It is a powerful technique also very
useful in peptide self­assembly. Finally, we have also had a closer look at the pH of
the solution and how this is affected by the assembly behavior.

4.1 The assembly process

As was shown in Chapter 3, the peptides in the AnK aggregates are crystalline. Crys­
tals grow through the two­step process of crystallization: nucleation and growth.⁸⁶
To study the self­assembly process of the AnK peptides, we decided to track the free
monomer concentration using proton (NMR). A spectrum of the A10K peptides
has already been shown in Fig. 2.4, where the resonances arise from the free pep­
tide monomers in solution. Assuming that the peptide monomers in the aggregates
have close to zero degrees of freedom, their fast relaxation gives rise to a peak with
a linewidth much larger than the studied experimental range. This contribution is
therefore inseparable from the background.

To quantify the peptide monomer concentration, cmon, the integral of the resonance
at approximately 2.9 ppm was measured against a calibration curve from samples
with a known concentrations of tetramethylammonium chloride (TMAC), Fig. 4.1.
This resonance was determined to belong to the two protons in the ­CH2 group fur­
thest out on the lysine side group. The exact same acquisition parameters were used
throughout all the measurements.

From the calibration measurements, we could determine cmon as a function of time,
Fig. 4.2A. We observed a slow decrease of cmon, reaching a steady state concentration,
c∞, after roughly 10 days. Furthermore, c∞ ≫ cs, where cs is the peptide solubility.
We define a supersaturation, σ = c∞/cs, which here has the value ≈ 30.

We notice, that the measured cmon at the first measurement point only corresponds
to roughly 20 % of the total peptide concentration. An increased time resolution was
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Figure 4.2 (A) The detected cmon in an A10K sample with a starting concentration of c = 5
mM. Gray dashed lines show the sample preparation time, t = 0 (vertical), and the peptide
solubility (horizontal). After roughly 10 days cmon reaches a steady state concentration c∞ de-
termined by a single exponential fit to the data. (B) Static light scattering of a sample of the
same concentration as in (A). Gray dashed lines indicate The preparation time, t = 0, (vertical)
and the typical solvent scattering intensity from the instrument (horizontal). The insert shows the
simultaneously acquired normalized intensity correlation function. Assuming only translational
diffusion we estimate L ≈ 40 nm, using cumulant analysis.

achieved by the means of SLS, where the signal arises from the aggregates rather than
the monomers. In Fig. 4.2B, the scattered intensity, I(q), is presented as a function
of time, where the first measurement point was acquired 14 s after preparation. The
constant intensity, higher than the indicated solvent scattering, shows the presence of
larger scattering objects, that do not significantly change size during the experimental
time window. From a cumulant analysis of the simultaneously collected correlation
function, and assuming that the decay is a result of translational diffusion, we can
determine these to peptide aggregates of 40 nm. We conclude, that the nucleation
rate is higher than the growth rate.
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The reaction rate constant of a process, k, can typically be described by

k+ = k0e−∆Ea/kBT (4.1)

where k0 describes the rate at which the correct configuration is probed, and the expo­
nential term describes a probability for the process to occur based on the ratio between
its activation energy ∆Ea and the thermal energy. For a diffusion controlled process
k0 is high and ∆Ea is low or non­existing. We note however, that the observed growth
kinetics in the A10K system cannot be explained within the timescales of a diffusion
controlled process,⁸⁷ and must therefore be reaction controlled. The crystal growth
of small organic molecules has also been found to be an reaction controlled process,⁸⁸
and slow growth rates have further been found in both protein crystallization and in
the growth of amyloid fibers.⁸⁹­⁹²

To explain the observed slow growth kinetics, we consider the aggregate growth on
a molecular level. The A10K ribbons have been shown to be limited in width,⁷⁵ and
therefore only grow through peptides attaching at the ends of the laminated β­sheets.
The peptides at theβ­sheet ends are assumed to form 11 hydrogen bonds to the neigh­
boring peptide and 11 hydrogen bonds to the solvent. For a new peptide to dock to
the structure, peptide­solvent hydrogen bonds need to be replace with peptide­peptide
hydrogen bonds. Whereas a single hydrogen bond has an energy of roughly 5 − 10
kBT, it is possible that multiple hydrogen bonds need to be replaced simultaneously
for this process to occur. This would give an activation energy which may very well be
on the order of 10−20 kBT or higher.⁹³ We further note, that due to the complexity
of the molecular pathway of growth, k0 should also be low. The resulting low value
of k+ is proposed to be a general feature of growth β­sheet containing fibers.

The observed steady state concentration, c∞, is further found to be independent of c if
c > c∞, Fig. 4.3A. Samples prepared below c∞ do not show a significant decrease in
NMR intensity over time, indicating that no nucleation has taken place. We interpret
this as the upper limit of a meta­stable zone (MSZ) for aggregate growth.⁸⁸

To further confirm the absence of nucleation below c∞, concentrations above and
within the MSZ were measured using CD spectroscopy, Fig. 4.3B. These measure­
ments confirm the lack of secondary structural ordering of the peptides below c∞,
whereas above c∞ the spectrum shows the signature features of β­sheet formation
and thus the presence of aggregates.
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Figure 4.3 (A) cmon over time for four A10K samples with different starting concentrations.
Samples above c∞ all converge to c∞ whereas the sample prepared at c∞ only shows a very
minor decrease. (B) CD spectra of A10K above and below c∞.

4.2 Aggregate dissolution

Further thermodynamic characterization of the system was performed using ITC. This
technique is commonly used for studying the micellization process,⁶¹,⁶² rather than
to study peptide self­assembly.⁹⁴ With the rising interest in the field, the last decade
has seen a start of ITC studies of peptide self­assembly.⁹⁴­⁹⁶

In two ITC experiments, a highly concentrated solution of A8K was injected into a
sample cell containing either pure solvent or a solution already containing A8K pep­
tides, Fig. 4.4. Every injection increased the total concentration of the measurement
cell by roughly 0.21 mM, giving a total concentration range of 0−8 mM of both the
experiments. The majority of the signal is seen to be exothermic, however, small en­
dothermic contributions can also be observed. The data from the two measurements
will further be referred to as data sets A and B.

From the ∆P trace, we observed four different processes. These were further distin­
guished by analysis of their kinetics. The main part of the exothermic process appeared
to have a concentration dependent time behavior, expected for the process of aggreg­
ate dissolution⁹⁷. The three other processes were instead fast with constant kinetic
behavior. We therefore assumed, that all the fast processes could be ascribed to the
dilution processes. We considered ∆P = ∆Pdil + ∆Pdis. The associated ∆H values
of the processes were estimated by ∆P = dH/dt. To estimate ∆H, we modeled the
individual processes observed in the ∆P­trace of each injection. We mainly focused
on the enthalpy of dissolution, ∆Hdis.
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Figure 4.4 The differential power ∆P as a function of time in two ITC experiments of the
A8K system. A 27 mM A8K solution was serially injected in pure solvent (A) or into a 4.4 mM
A8K solution (B). The last 6 injections of (A) and the first 6 injections of (B) represent a similar
concentration range.

A test function for the monomer concentration over time was assumed to be explained
by

cmon(t) = cmon(0) +
(
1 − fagg

)
∆c(t) + fagg∆c(t)

(
1 − e−kt

)α

(4.2)

where cmon is the concentration of free peptide monomer at t = 0, c(t) is the total
peptide concentration at a given t, α > 1 represents an effective lag time, fagg is the
fraction of aggregates of the injected peptides and k is the rate of dissolution. We
assume that ∆P ∼ dcagg/dt. Considering the third term of Eq. 4.2 we reach

∆Pdis = Afagg∆c0

[
kinje−kinjt

(
1 − e−kt

)α

+
(
1 − e−kinjt

)
αke−kt

(
1 − e−kt

)α−1
]

(4.3)

where A is a constant, kinj is a rate constant that describes the increased peptide con­
centration during the duration of the injection. The change in enthalpy is further
given by

∆H =

∞∫
0

∆Pdisdt = Afagg∆c0 (4.4)

In the modeling of the fast processes, we only sought to capture the features of ∆P as
closely as possible, rather than choosing theoretically correct functions. It turned out,
that these traces can be sufficiently well described by either half a period of a sinusoidal
function or of a Lorentzian distribution. The model functions for ∆Pdil and ∆Pdis are
shown together with the ∆P­traces from four injections in Fig. 4.5. From these graphs
we could clearly distinguish the three different processes assumed to be associated with
dilution. There are two fast endothermic processes, one occurring only during the first
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injections, and one only occurring towards the higher concentrations. An exothermic
process also seems to be present. The minimum of this exothermic process coincides
with the ending time of the injection, t = 30 s.

Figure 4.5 Four ∆P traces for ITC injections from both data sets A and B. The injections cor-
respond to a final sample cell concentration of roughly 0.5 mM, 2.1 mM, 4.9 mM and 8.5 mM.
The data is shown together with estimates for ∆Pdis, ∆Pdil and the sum of both.

Estimates of ∆H, for all the processes, are shown in Fig 4.6A, for both data sets A
and B. We observe, that ∆Hdis seems to have a value of ∆H ≈ −1.4 kJmol−1 at
infinite dilution. We note, that the first points in Fig. 4.6A are associated with some
uncertainty due to the large overlap of the two exothermic contributions.

We can further look at the kinetics of the dissolution process by analyzing k−1 for the
aggregate dissolution as a function c, presented in Fig. 4.6B. We note the strikingly
long times needed for dissolution of the peptide aggregates, with the dissolution time
at c = 0 estimated to 30 s, but eventually increasing to many minutes. For a compar­
ison, we can estimate the diffusion limited dissolution of a spherical particle on the
same length scale by using available theory.⁹⁸ Such a particle would be fully dissolved
after approximately 9 ms.

To explain the observed slow kinetics of the aggregate dissolution, we first note that
the dissolution process possibly consists of multiple steps, shown e.g. for the A6K
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Figure 4.6 (A) ∆H as a function of the total cell concentration after injection for the four
processes identified previously. (B) The inverse rate constant for aggregate dissolution, k−1, as a
function of concentration.

peptide tubes, which first dissolves into β­sheets before these eventually dissolving
to single peptide monomers.⁴¹ Furthermore, we consider the intricate packing struc­
ture presented in Chap 3. Every peptide in the structure is assumed to form n + 1
hydrogen bonds to its neighbor. To remove one peptide from the ribbon structure,
multiple hydrogen bonds might need to be broken simultaneously and replaced by
water molecules. Each hydrogen bond has a strength of roughly 5 − 10 kBT.⁹³,⁹⁹

4.3 Peptide deprotonation upon assembly

Throughout the work presented in this thesis, we have chosen to not buffer nor alter
the pH of the solutions, yet at high concentrations we still observe pH values close to
2. The pH as a function of concentration of A8K is shown in Fig. 4.7. The peptides are
acquired as a trifluoroacetate (TFA) salt and at concentrations below cs the solution
pH is equal to that of the solvent (in this case D2O), pH ≈ 6.24. This means that
the peptide­TFA salt can be described as PH+TFA−. When the peptides aggregate,
the situation is different. The aggregates structure cannot accommodate such a high
charge density, as would be the case if every peptide had a net charge of +1. Instead
the peptides are deprotonated upon assembly, providing an increase in [H+] as c− cs
and therefore a lowering in the pH.¹⁰⁰ TFA is a strong acid with pKa ≈ 1.¹⁰¹

The pH data shown in Fig. 4.7 was modeled using a modified version of the equation

48



Figure 4.7 pH as a function of A8K peptide concentration. The solvent pH is shown as a
solid line at 6.24. The dotted line represents the calculated pH of a strong acid to represent the
deprotonation of the peptide aggregates. This calculation results in cs ≈ 2 mM and a charge
fraction f = 0.4 ± 0.15 . A line corresponding to f = 1 is added for clarity.

for a strong acid:
pH = −log10

(
(c− cs) f

)
(4.5)

with the addition of a charge fraction, f, describing the extent of deprotonated pep­
tides within the aggregates. The data presented in Fig. 4.7 is well described by f = 0.4.
This tells us, that only roughly half of the peptides in the aggregates are charged.
Based on the crystalline structure presented in Chapter 3, we can estimate the surface
charge density, σ0 ≈ 96 mCm−2. cs as determined from the modeling of the pH
measurements only roughly corresponds to the previously determined solubility. This
phenomenon of a different protonation state of the molecules in different states is not
surprising,¹⁰⁰ but is generally not considered.

4.4 Conclusions

In this chapter, we have had a closer look at the kinetics of the twisted ribbon
self­assembly and dissolution in the A8K and the A10K systems. Using NMR, we
could follow the assembly of the crystalline aggregates indirectly by tracking the free
monomer concentration as a function of time. We observed kinetics on the times­
cale of days. This is an effect of the reaction controlled process of peptide aggregate
growth. The high hydrogen bond packing results in a high energy barrier for growth,
which further leads to a MSZ for peptide growth.

The ∆H for aggregate dissolution of the A8K aggregates was determined using ITC.
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Furthermore, we could see that also the dissolution, like the aggregate growth, had
very slow kinetics, which could not be described within the theory for diffusion con­
trolled dissolution.

Finally, we consider the pH of the solution, as this has been observed to change as a
function of peptide concentration. We note, that the pH roughly follows the concen­
tration dependence of a strong acid above cs, indicating that a fraction of the peptides
deprotonate upon aggregation. From this fraction of charged peptides in the aggreg­
ates, we could determine the surface charge density.

50



5 Peptide fibrils as rigid rods
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5.1 Dynamical arrest and viscoelastic behavior

Dispersions of elongated objects are interesting from many perspectives.¹⁰² From a
fundamental scientific point of view, the presence of shape anisotropy can give rise to
interesting phase behavior and viscoelastic behavior otherwise not observed from their
spherical counterparts. Many peptide fiber systems form so called peptide hydrogels,
where some examples are the DN1, MAX1 and the RADA sequences.¹⁸,²⁶,¹⁰³ The
prefix hydro­ is given due to the very high water volume fraction retained in the sys­
tem. The solid peptide volume fraction can be as low as a couple of percent, sometimes
even lower.²⁶,¹⁰³ Fundamental understanding of mechanisms behind the gelation in
these systems is important from an applications point of view. Furthermore, fibrous
systems throughout nature are many, e.g. in many viral systems,¹⁰⁴ cellular systems
such as actin¹⁰⁵ and in the vast field of amyloid forming peptides and proteins.⁶,¹⁰⁶
Using simple peptide model systems could help increase the general understanding
for these biological phenomena.

The common denominator for systems that transform to a phase that shows a vis­
coelastic behavior, is the occurrence of dynamical arrest.¹⁰² There are many factors
that can contribute to this arrest, but to describe the underlying mechanism, we will
first consider a dispersion of stiff monodisperse rods at various concentrations and of
a rather high aspect ratio, L/d, where L is the rod length and d is the diameter. If
the concentration is dilute, the rods rarely interact with each other and the viscous
properties of the dispersion is the same as that of the solvent. In this dilute concen­
tration regime, often defined by the limit ϕ < 1/L3,¹⁰⁷ the rods can diffuse freely.
This typically occurs by rotation, with a corresponding diffusion coefficient,Dr, or by
translation, Dt, which in turn can be either perpendicular,D⊥, or parallel, D∥, to the
rod axis. Due to the rotational motion, one usually considers the excluded volume of
the rod to take up roughly a sphere with the diameter L as is illustrated in Fig. 5.1A.

Dr

Dt

Dll
A B

Figure 5.1 (A) dilute rod dispersion and (B) a concentrated dispersion.

On increasing the concentration, one eventually reaches a concentration where the
whole sample space is occupied by the excluded volume spheres of the diffusing rods,
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Fig. 5.1A. This concentration is referred to as the overlap concentration and is essen­
tially determined by the rod geometry ϕ∗ = (d/L)2. Above this concentration, the
likelihood for rods to interact is high. Both Dr and D⊥ become increasingly limited,
as the accessible volume for the rods is limited to a cylinder of a slightly larger d,
Fig 5.1B, whereas D∥ is not affected.

The dynamics in the A10K systems has been traced using DLS, Fig. 5.2. Due to the
rather short length of the ribbons, we are not able to measure the rotational diffusion,
as this requires qL > 1. We therefore interpret the correlation functionC(t) as a result
of purely translational diffusion. For the lowest concentration, we observe essentially
a single exponential decay, which can be described as an average of the parallel and
the perpendicular modes, D∥ and D⊥, Fig 5.2. This average is given by¹⁰⁸

Dt =
1
3
D∥ +

2
3
D⊥ (5.1)

The lowest concentration data was analyzed using a second order cumulant analysis.
This resulted inDt ≈ 7×10−12 m2s−1 and a Z­average aggregate length of ⟨L⟩ = 300
nm with a polydispersity index of 0.31.

Increasing the peptide volume fraction, we see that the correlation functions no longer
show a monomodal decay, Fig. 5.2. As an insert in Fig. 5.2, we also show how
g(2)(0) − 1 decreases. Both these features indicate the presence of a dynamical ar­
rest. The dynamical arrest of spherical colloids has been studied extensively,¹⁰⁹,¹¹⁰
and the high concentration correlation functions from our system resemble the decay
of a system close to the glass transition. However, not only does the glass transition
volume fraction, ϕg, for spheres occur much higher, ϕg = 0.58, but the arrest of the
translational diffusion is isotropic. For rods this is not the case, as discussed in the
context of Fig. 5.1.

The interpretation of the bimodal decay presented for the higher concentrations in
Fig. 5.2 is not trivial. In previous studies, these have been assumed to correspond to
D∥ and D⊥,³⁹,¹¹¹ but the slow mode could also be an effect of self­diffusion,¹¹²,¹¹³
or the β­relaxation mode in a glassy system.¹⁰⁹,¹¹⁰

This observed dynamical arrest has strong effects of the relaxation of applied stresses to
the system. The time it takes for a system to relax an applied stress is called the stress
relaxation time, τ, and occurs mainly due to rotational diffusion, τ ∼ 1/Dr.¹¹⁴ As
the rotational diffusion is strongly limited above ϕ∗, τ becomes increasingly long. A
system where the relaxation time is long will also present corresponding macroscopical
properties, i.e. behave more solid­like. A way of determining τ is from an oscillatory
strain measurement in a rheometer where the complex modulus G∗ = G ′ + iG ′′ is
measured as a function of oscillation frequency. In Fig. 5.3A we show the storage and
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Figure 5.2 Normalized auto-correlation function C(t) as a function of ϕ for A10K. At low con-
centrations C(t) can be assumed to follow a monomodal exponential decay. As the concentra-
tion increases, this breaks down due to dynamical arrest. The insert shows g(2)(0) − 1.

loss moduli G ′ and G ′′ respectively for varying frequencies of deformation. When
τ is long, the system does not have the time to relax before the next oscillation and
G ′ > G ′′ and vice versa. The relaxation time is extracted in the point where G ′ =
G ′′. In the A10K system this cross­over is not visible and furthermore, the moduli are
more or less independent of frequency. We therefore got τ ≫ 1/ωmin = 100 s, for
a concentration of only ϕ ≈ 0.039.

10 3 10 2 10 1

10 3

10 2

10 1

100

101

102

103

104

S
to

ra
g
e
 M

o
d
u
lu

s 
G

' (
=

1
%

) 
/P

a
A8K
A10K

G' 4.8

10 3 10 2 10 1

10 3

10 2

10 1

100

101

102

103

104

S
to

ra
g
e
 M

o
d
u
lu

s 
G

' (
=

1
%

) 
/P

a

G'≈G'' G'>G'' G'>G''

10 1 100 101 102

freq /rads 1

101

102

103

M
o
d
u
li 

G
' a

n
d
 G

'' 
/P

a G'

G''

A8K = 0.033

A10K = 0.039

10 3 10 2 10 1

10 3

10 2

10 1

100

101

102

103

104

S
to

ra
g
e
 M

o
d
u
lu

s 
G

' (
=

1
%

) 
/P

a

A B

Figure 5.3 (A) Frequency sweeps for A8K and A10K respectively at γ = 1 % showing that the
moduli are more or less frequency independent and therefore has a very long τ. (B) G ′ atω = 1
rads−1 and γ = 1 %as a function of sample concentration for A8K and A10K respectively. Above
ϕ ≈ 0.005 the systems show G ′ > G ′′. The increase in G ′ with ϕ can be roughly described by
a power-law behavior G ′ ∝ ϕn, where n = 5 is shown in the figure.
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We further analyze the system with oscillatory rheology in the linear viscoelastic re­
gime by obtaining the frequency at 1 % amplitude as a function of concentration,
Fig. 5.3B. A first viscoelastic response is observed above a concentration ofϕ ≈ 0.005,
similar to the concentration where the correlation function in Fig. 5.2 starts to deviate
from a monoexponential decay. This is in agreement with the estimate of the overlap
concentration, ϕ∗ ≈ 0.0036. Aboveϕ ≈ 0.02, we observe thatG ′ increases approx­
imately as a power­law G ′ ∝ ϕn, where a fit to the data results in n = 4.8. This is
high when comparing to other systems of peptide fibers²⁶,¹¹⁵ or other biological fibers
in general.¹¹⁶,¹¹⁷ These systems are better described using models for the scaling be­
havior of semi­flexible and rigid polymers which predict n ≈ 2 − 2.5 depending on
the fiber properties.¹⁰⁵,¹¹⁸

A strong concentration dependence of the storage modulus has been found at certain
pH and ionic strength values in the fiber forming peptide system FEFEFKFK¹¹⁹ and
in nanocrystalline cellulose (NCC).¹²⁰ In both cases, the anisotropic particles have
a very high rigidity. A model to describe the storage modulus behavior, including
the effects of attractive or repulsive particle interactions, was devised by Hill.¹²¹ The
model equation of the G ′ as a function of ϕ is given by

G ′ ∼ βEϕ11/3(1 + αϕ)10/3 (5.2)

where E is the Young’s modulus, β is an order one constant and α is a constant
describing the interactions in the system. If the system is attractive, α > 0 and vice
versa. For the model to be valid the rods should have more than 2.5 contacts per rod.

The rather high rigidity of amyloid­like fibers is proposed to be directly correlated
to the hydrogen bond density inside the fiber.¹²² Using an equation presented by
Knowles et al.,¹²² we estimate the Young’s modulus of the AnK fibers to E ≈ 32
GPa, comparable to the modulus of spider silk.³ This is higher than other amyloid­
like fibrils, suggesting that these fibers indeed are stiffer than others (0.3−4 GPa),¹²³
and further suggesting that the hydrogen bonding density is higher in the AnK fibers
than in amyloids in general. The main reason for this is probably the large quantity
of A in the peptides, one of the smallest amino acids. Most amyloid forming systems
have a higher variation in the peptide sequence, resulting in large side groups that can
interfere with an optimal hydrogen bonding density.

5.2 Rod interactions

We previously showed how we reach arrested dynamics only by considering an increase
in concentration and how the fibers from the A8K and A10K peptides are stiffer than
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other peptide fibers. However, the transition from a liquid to a system with an elastic
response in rod systems also depends on further rod properties, such as their inter­
particle interactions.¹⁰² The A8K and A10K fibers have been shown to be colloidally
stable due to electrostatic repulsion.³⁹,⁷⁵ We further note that peptides generally are
amphiphilic molecules and that peptide and protein aggregates generally present hy­
drophobic patches on their surface.¹²⁴,¹²⁵ In Chapter 3, we saw that the fibers formed
from the A8K and the A10K have a limited number of laminatedβ­sheets giving rise to
accessible hydrophobic surface. The combination of both electrostatic repulsion and
hydrophobic attraction can further spice up the phase behavior, and such a system is
reminiscent of those that have a DLVO potential.⁴,¹²⁵,¹²⁶

The repulsiveness of charged systems in solution is based on the formation of an elec­
trostatic double layer, where counter­ions in solution will gather in the vicinity of the
charged surface.⁴ When two charged entities approach each other their electrostatic
clouds will overlap before their hard excluded volumes do. This leads to an increase
in the osmotic pressure and thus, repulsion. One can consider the charged particles
to have an effectively larger volume fraction ϕeff.

To characterize the interactions of the studied peptide system, dispersions of A10K
aggregates were analyzed as a function of added NaCl. By the addition of salt,
we changed the ionic strength of the system and consequently the Debye screening
length, κ−1. At zero salt concentration, the gel­like dispersions were found to be trans­
parent, indicating a homogeneous mixture. An example is shown in Fig. 5.4. How­
ever, when 0.1 M NaCl was added, the dispersions instead became opaque. The light
passing through is scattered on what is likely heterogeneous clusters. These clusters
have formed because increased ionic strength screens the electrostatic repulsion to
such an extent that the hydrophobic attraction becomes predominant.

Figure 5.4 Images of an A10K peptide hydrogel at ϕ ≈ 0.025 in pure water (left) and in 0.1 M
NaCl (right).

The dispersions were further analyzed using SAXS measurements, from which we
could conclude that the integrity of the individual fibers were not affected, see Pa­
per vII. However, an increased slope was observed in the low q­regime, Fig. 5.5A.
The scattering pattern can be described by I(q) = C⟨P(q)⟩Seff(q), where C is a
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constant, ⟨P(q)⟩ is the orientationally averaged form factor and Seff(q) the effective
structure factor. With a constant ⟨P(q)⟩ of the fibers, the change in the scattering
curve must be due to a change in Seff(q). A slope of I(q) ∝ q−1.5 could indicate the
formation of fiber clusters.¹⁰²

Figure 5.5 (A) SAXS patterns of ϕ = 0.025 A10K dispersions at varying concentration of NaCl.
An increase is observed at lower q-values, indicating an increase in Seff(q). A final slope of
I(q) ∝ −1.5 is found for [NaCl]=0.2 M. (B) An oscillatory amplitude sweep with σ(γ). At low
γ the deformation is elastic but above a certain transition value γ ≈ 10 % the deformation
becomes plastic. With the introduction of NaCl in the sample an increasing amount of stress is
needed to reach the plastic deformation.

The non­linear rheological response of the system is also affected by the salt addition.
In an oscillatory measurement, where we trace the stress amplitude, σ, as a function
of strain, γ, we can see how the gels at first show a purely elastic behavior before
transitioning to a regime where σ is independent of γ, Fig. 5.5B. In this final regime,
the deformation is plastic, meaning that the network is destroyed and the rods are
displaced with regards to each other. A stress overshoot at (γ ≈ 10 %) shows, that
when the electrostatics are screened, a higher stress is needed to disrupt the network.
Indeed, the stress needed to overcome the attractive hydrophobic force of the rods is
expected to be higher.⁵⁴

The experiments are in full agreement with one another. At zero salt, the system
is dominated by repulsive interactions meaning that the system is characterized as a
soft repulsive glass.⁴⁴ We note, that the lower glass transition concentration for rods
has been determined to ϕg ≈ 0.7d/L.¹²⁷ With L/d ≈ 10, A10K has a hard rod
volume fraction ϕ < ϕg. However, due to the effectively larger volume fraction
from electrostatic repulsion ϕeff, we do indeed reach above ϕg. As we introduce salt
in the system, we reduce ϕeff and the probability for the rods to interact through
hydrophobic attraction increases until reaching a predominantly attractive regime.
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An illustration of the different arrested in the two regimes is shown in Fig. 5.6.

Figure 5.6 A schematic of charged rods at zero salt (left) where the electrostatic double layer
leads to an effective diameter larger than the hard rod diameter. When salt is added the elec-
trostatics are screened the attractive interactions lead to rod aggregation and gel formation.

5.3 Liquid crystal transition

As stated previously, anisotropic particles in shape have the ability to show a richer
phase behavior than regular spherical particles.¹⁰² These phases arise from the possib­
ility of orientational ordering as well as various levels of positional ordering. Due to
this lack of complete isotropy, as in liquids, but also not complete ordering as in solid
crystals, these phases are often referred to as liquid crystalline phases.¹²⁸

In the simplest case, the nematic phase, there is only orientational ordering. The ex­
istence of nematic phases in nature has been known for more than a century, but the
theoretical explanation of the formation of nematic phases from rod dispersions was
not formalized until the middle of the 20th century by Onsager.¹²⁹ Onsager stated
that the driving force for the formation of the nematic phase was purely entropic. Al­
though the orientational ordering results in a decrease in entropy, a second entropic
contribution, the translational entropy, strongly favors rod alignment. The concen­
tration, at which the transition from isotropic to nematic in a solution of long and
thin rods occurs, was determined to ϕIN ≈ 4/r.

A8K and A10K peptides behave as stiff rods in solution and are therefore expected to
have a transition from an isotropic to a liquid crystalline phase. This transition was
studied by studying the samples between crossed polarization filters. A photo series
of varying concentrations of A10K is shown in Fig. 5.7. For concentrations where
ϕ > 0.02, we observed birefringence (bright light) throughout the samples, whereas
for ϕ < 0.02, the samples were completely dark. Birefringence is an effect arising
from the interaction between polarized light and the sample. If the sample consists
of oriented entities, it can alter the polarization of the light and thereby transmit it
through a second polarization filter, placed at a 90◦ angle to the first one. The formed
phase is presumably nematic, as the large polydispersity hinders further ordering of the
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aggregates.¹³⁰ The phase transition for A10K is determined to ϕIN ≈ 0.02, whereas
the same transition A8K occurs at a higher volume fraction ϕIN ≈ 0.1

Figure 5.7 Photographs of an A10K solution between perpendicular oriented polarization fil-
ters. Above ϕ ≈ 0.02 the samples show birefringence indicating the presence of a liquid crystal
ordering of the rods in solution.

The difference in ϕIN is somewhat surprising, as the longer A8K would be expected
to have a lower ϕIN. However, the ribbon aggregates have previously been shown
to be repulsive, exhibiting an effectively larger volume fraction. The effect on ϕIN
in charged systems was introduced by Stroobants et al.,¹³¹. Apart from the effective
volume fraction, a twisting term is introduced. This accounts for the fact that charged
rods have their lowest energy configuration when they are perpendicular to each other,
as opposed to being parallel.

To explain the observed discrepancy in ϕIN for the two peptides, we need to consider
that the non­aggregated peptide monomers are charged species and will therefore con­
tribute to the ionic strength of the solution. As the peptide solubility of A10K is very
low, ϕs ≈ 5 × 10−6 (≈ 7 μM), the electrostatic screening can basically be neg­
lected. For A8K on the other hand, ϕs ≈ 0.001 (≈ 2 mM). If we assume that the
monomers can be considered a simple 1:1 electrolyte, we get a corresponding Debye
length, κ−1 ≈ 7 nm, i.e. a significant screening of the A8K aggregates. We note that
by using Onsager’s prediction on the A8K rods, with L = 180 and d = 6, we estim­
ated ϕIN ≈ 0.13, not too far away from the observed ϕIN ≈ 0.1. We are therefore
rather close to the hard rod case.

Due to the deprotonation of the peptides when they undergo assembly, introduced
in Chapter 4, the screening from the [H+] concentration will depend on the total
peptide concentration. Together with the high polydispersity, the result is most likely
a very broad two­phase region between the isotropic and the nematic phases. Finally,
we note the similarity between the A8K and A10K systems from both linear and non­
linear rheology. This suggests that only a small fraction of the sample has transitioned
to a nematic.
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5.4 Flow behavior

A common feature of rods in solution is that they align upon an applied shear.¹³² This
leads to a shear thinning behavior where the viscosity decreases as the shear rate is in­
creased, observed experimentally for both peptide systems, Fig. 5.8. We note, that the
samples show a maximum shear­thinning, η ∝ γ̇−1 within the whole experimental
shear rate range. Furthermore, the shear thinning behavior in the A10K hydrogel is
shown to be fully reversible.
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Figure 5.8 A flow curve experiment for A8K and A10K respectively, where both systems show
maximum shear thinning η ∝ γ̇−1 .

Alignment is not an implicit effect in shear­thinning peptide fiber system. In the
MAX1 system it was found, that the shear thinning occurs through rupture of the pep­
tide fiber network.¹³³ The fibers were simply too long to align. Although we cannot
exclude network rupture during shear of the A8K and the A10K systems, alignment
has been shown to occur.⁷⁶

5.5 Conclusions

In this chapter we have looked at how the peptide aggregates from A8K and A10K be­
have in solution and how dynamical arrest can occur as the concentration is increased.
By arrest ofDr andD⊥, the stress relaxation time τ becomes close to infinite for rather
low peptide concentrations. This indicates that the fibers formed in these systems are
very rigid. This notion is reinforced in the interpretation of the very high concentra­
tion dependence of the storage modulus G ′. From a model used to describe similarly
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strong concentration dependence of G ′ in NCC, we estimate a Young’s modulus of
the A10K fibers to roughly 30 GPa. This high rigidity is mainly an effect of the higher
hydrogen bond density in comparison to other amyloid forming peptides.¹²²

We have also learned, that although the peptides are colloidaly stable in aqueous solu­
tion, the rods are still hydrophobically attractive. Upon the screening of the electro­
static repulsion, we observe how the interactions are inverted and that the peptides
aggregate to larger clusters. This behavior is similar to what one would expect in
systems with a DLVO­like potential.⁴,¹²⁵,¹²⁶ Based on the observed interactions, the
gel­like sample formed by the fibers in pure water should be classified as a repulsive
glass that with the increased ionic strength turns into an attractive gel.⁴⁴

Due to the anisotropic shape of the fibers, the system undergoes a phase transition
from an isotropic to an ordered liquid crystalline phase, presumably nematic. Again
the interactions in the system play a role as the electrostatic double layer acts as an
effectively larger rod diameter. The transition can therefore occur at a much lower
concentration than expected for hard rods. We have also seen that this phase can be
induced by subjecting the system to a shear.
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6 Epilogue

To wrap up this thesis, I will place some final comments on the context of the thesis
and of the findings. Specifically, I will look at the comparison between the AnK system
and general amyloid forming systems. What are the main similarities and what are the
main differences? I will also present some possible prospects of the AnK self­assembly
studies.

Many studies of the self­assembly of shorter peptide sequences has originated from
the field of amyloids, by simply selecting the amino acids that take part in the β­sheet
formation¹³⁴. This results in a high (natural) amino acid variability of the sequence.
The AnK peptides, on the other hand, are from the same perspective rather simple,
only containing two different amino acids. This is also what facilitates the systematic
studies of for example varying the peptide length. The comparison between the AnK
peptides and peptides that form amyloids is therefore not always trivial.

From a general structural point of view, we can conclude that the AnK ribbons and
amyloids indeed are somewhat similar. The structures are fibrillar and contain β­
sheets, extending in the propagation direction of the ribbon­like structures. Growth
occurs through the extension of these β­sheets, which results in the observed slow
growth kinetics. However, an important difference is the internal ordering of the
peptides within the aggregates. In AnK, the β­sheets laminated to form a dense crys­
talline structure. Amyloid fibers, on the other hand, typically contain both crystalline
and amorphous regions. This has, as we have seen, a large impact on the colloidal
properties of the fibers¹³⁵.

When comparing self­assembled peptide fibers, another important aspect is that of
colloidal stability. The difference in colloidal stability will govern if a more concen­
trated dispersion of fibers form a glass, a hydrogel or precipitates of fiber bundles.
Here the direct comparison between the studied system and other amyloids is not as
conclusive. We have simply not aimed at performing measurements in physiological­
like conditions. However, a very important property of all peptides is that of being

63



both electrostatically repulsive and hydrophobically attractive¹²⁵,¹²⁶. Exactly how it
shows boils down to peptide sequence, structure deformation (twist etc.), solution
ionic strength, and much more.

Often when you answer a question in science, new ones appear. To continue the work
on understanding the self­assembly of the AnK model peptide specifically or model
peptide systems in general, I have identified some questions that I find particularly
interesting.

The first is to further investigate the chirality of the self­assembled aggregates, as the
underlying thermodynamic reasons for this are still under debate. This can be done
by exchanging amino acids in the peptide sequence with glycine: the only non chiral
amino acid. One could also consider mixing both L and D­amino acids. Further
studies of how the twist of the fibers is affected by the solvent and its properties are
also important⁸².

The thermodynamic models for the assembled structures can be fine­tuned to serve as
a better description of reality. It would be important to try to minimize the amount
of input parameters to make the model even more robust. For this a great deal of
work is needed, both experimental and theoretical, specifically on the chirality.

Further topics where one could continue the studies is the phase behavior of the A8K
and the A10K peptide ribbons. Is it possible to, in more detail, map up the phase
diagram of the ribbon forming A8K and A10K peptides including the limits of the
observed nematic, is it possible to determine an order parameter? In order to do this
it might also be worthwhile to further look into the complexity of the electrostatic
screening due to both individual peptide monomers and background [H+].

I would finally like to emphasize the fact that the AnK peptides are model peptides,
and that we have not considered the applicability of the system in this thesis work.
The production of very hydrophobic peptides, such as the longer A10K peptide, is
typically associated with both problematic yield and purity.
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