Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Pharmacy 394

Self-assembly of therapeutic peptides

ELLEN BRUNZELL

ACTA UNIVERSITATIS
UPSALIENSIS
2026



Dissertation presented at Uppsala University to be publicly examined in A1:111a, Husargatan
3, Uppsala, Tuesday, 11 February 2025 at 09:00 for the degree of Doctor of Philosophy
(Faculty of Pharmacy). The examination will be conducted in English. Faculty examiner:
Associate professor Andrew Jackson (European Spallation Source ERIC, P.O. Box 176,
22100 Lund, Sweden).

Abstract

Brunzell, E. 2026. Self-assembly of therapeutic peptides. Digital Comprehensive Summaries
of Uppsala Dissertations from the Faculty of Pharmacy 394. 59 pp. Uppsala: Acta
Universitatis Upsaliensis. ISBN 978-91-513-2705-1.

Peptides as therapeutic agents have gained significant interest during the last few decades due to
their specificity, potency, and efficacy compared with small-molecular drugs. However, peptide
aggregation remains a considerable concern during production, formulation, and storage of
therapeutic peptides. Peptide aggregation can result in loss of therapeutic effect or, in worst
case, immunogenic response and side effects. However, in some cases, peptide aggregation
can be utilised to achieve extended-release formulations. In both scenarios, the aggregation
mechanisms are essential to understand in order to predict and prevent aggregation, or know
when aggregation can be utilised. Excipients in peptide formulations and biological components
can also affect the aggregation behaviour of therapeutic peptides, highlighting the need to
investigate the effect of additional components on peptide self-assembly.

The structure of self-assembled peptide aggregates can offer insights into the aggregation
mechanisms of therapeutic peptides. The size and structure of peptide self-assemblies can be
investigated with scattering techniques, such as small-angle X-ray and neutron scattering and
dynamic and static light scattering.

The aggregation behaviour of three different peptides were investigated based on structural
determination of peptide aggregates with scattering techniques. The peptides were dissolved in
aqueous solutions and additional components were added gradually to investigate the specific
effects of added salt, varying pH, different buffers, and amphiphilic compounds on peptide
aggregate structure. Small-angle scattering data were analysed by model fitting to determine the
size and structure of self-assembled aggregates.

The different peptides investigated in this thesis displayed different aggregation behaviour
in solution and different interaction behaviour with added components, highlighting the wide
variety of possible aggregate structures peptides can form in solution. The supramolecular
network formed by an amyloid-forming peptide, the type of interaction behaviour of a
small cyclical peptide with a surfactant, and the ability of a lipidated peptide to dissolve
phospholipids could be studied through combining different scattering techniques. Using
systems with few components, the work in this thesis provides strategies to explore the
fundamentals of therapeutic peptide aggregation which can be useful during design and
formulation of therapeutic peptides, as well as understanding the behaviour of a peptide drug
after administration.
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Introduction

Peptides as therapeutic agents have revolutionised the treatment of several
diseases, especially since the discovery of insulin in the early 20" century,
which transformed the treatment and life expectancy of patients with diabe-
tes.! In recent years, the development of recombinant technology, drug design,
and improvements in peptide synthesis have made it possible to modify pep-
tide structures to optimise pharmacological effects and enabled large-scale
production.”? Peptides as active pharmaceutical ingredients (APIs) can offer
superior effects compared with small molecular drugs in terms of specificity,
potency, and efficacy.’ However, peptides are more expensive to produce and
stability issues are often a concern. Aggregation or self-assembly is one po-
tential problem,; if it occurs in a pharmaceutical formulation, it can reduce the
pharmacological effect or, in worst case, trigger an immunogenic response and
cause adverse effects.* Aggregation of peptides in vivo is linked to several im-
munogenic diseases. In Alzheimer’s disease, Parkinson’s disease, and type 2
diabetes, the disease progression is linked to aggregated peptides deposited in
the affected tissue.”’ The mechanisms of peptide aggregation can vary greatly
between different peptides and are often influenced by environmental condi-
tions, such as temperature, salt concentration, and pH.*'° Understanding these
mechanisms is essential for predicting, avoiding, or exploiting aggregation.
Finding strategies to probe the structure of self-assembled therapeutic peptides
can improve our understanding of the underlying mechanisms of aggregation. '

Peptides

Peptides consist of sequences of amino acids (AAs), starting from the N-ter-
minus and ending at the C-terminus. Typically, sequences of 2-50 AAs are
considered peptides, while longer sequences are classified as proteins.'? The
AAs are a diverse group of chemical entities, and the endless possible combi-
nation of different AAs in a sequence can generate peptides and proteins with
widely different properties. The AA sequence, or polypeptide chain, is re-
ferred to as the primary structure, where AAs are covalently bonded via pep-
tide bonds forming the backbone of the peptide, with side groups protruding
outward. The secondary structure is the ordered structure that peptides and
proteins can form through intramolecular interactions between the AAs,
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which depend on the primary structure. The main secondary structures are a-
helices and f-sheets. Further ordering into a tertiary structure is also possible
but is more common for larger polypeptides, like proteins. The tertiary struc-
ture is formed by folding the secondary structures to form a three-dimensional
shape stabilised by interactions between the AA side groups.' The formation
of a tertiary structure often adds a degree of stability to the protein that many
peptides lack. The absence of a folded and compact state of peptides means
that they can be flexible and that reactive side groups of the AAs are more
exposed. This increases the possibility of peptides interacting with surfaces,
interfaces, or other peptides, often in manners that are difficult to predict.’

Therapeutic peptides

In the human body, (endogenous) peptides regulate several biological pro-
cesses, functioning as neurotransmitters, hormones, or growth factors. The en-
dogenous peptides often have very short half-life in vivo due to enzymatic
degradation and renal clearance, which allows the body to quickly regulate the
levels of signalling peptides in the blood.>'*!* Consequently, endogenous pep-
tides are unsuitable as therapeutic agents as they would require frequent ad-
ministrations. Many therapeutic peptides are based on the structure of endog-
enous peptides, but are usually modified to improve the in vivo stability. The
modified peptides are referred to as analogues of endogenous peptides, which
means that they mimic the function of the endogenous peptide but other as-
pects are modified to make them more suitable for production, formulation,
and usage. Such modifications can include AA substitution, N-or C-terminus
modification, or acylation.*'®

Peptide drug formulations

Manufacturing a peptide that can bind to a specific target and induce a desired
response is only one part of creating a successful drug. A drug must be pro-
duced, stored, and included in a formulation that can be easily administered to
the patient to be a useful product.” Formulation components, or excipients,
such as sugars, surface active compounds, salts, polymers, and buffering com-
ponents, are included to maintain API stability. Drugs can be administered in
different ways that require different formulations, and can include tablets, lig-
uid solutions, powders, gels, and creams. The most common administration
routes are oral, different kinds of injections, pulmonary, or topical, with injec-
tions being the most common for large and degradation-sensitive molecules,
like peptides.'® Intravenous injections require health-care professionals and
clinic settings, while subcutaneous injections can be self-administered, which
has enabled a wider usage of biological drugs.'"” However, injections of any
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kind are less appealing to patients than, e.g., orally administered tablets, which
have driven the development of extended-release injectable formulations that
offer less frequent administration.??!

Prolonged effects of an injected peptide can be achieved through different
formulation strategies, such as formation of a depot at the injections site, or
chemical modifications that enable complexation.”*** An injection depot cre-
ates a reservoir from which the API is slowly released. One example of this
strategy is the formulation of the peptide lanreotide, a somatostatin analogue,
that forms an ordered crystalline precipitate upon injection, releasing mono-
mers over four weeks.* Complexation of peptides into soluble oligomers, e.g.,
micelles, can stay in circulation longer compared with the free monomer, as
the increased size decreases the elimination through renal filtration.> Acyla-
tion of the peptide backbone can also introduce an albumin-binding domain
that allows the peptide to circulate as a complex with albumin, which extends
the elimination rate.'®

The rate of aggregation and degradation of an API is higher in a liquid
formulation compared with a in solid formulation, and to improve the stability
of peptides in a liquid formulation, excipients are added.?® Since biological
macromolecules often are delivered subcutaneously as liquid formulations,
understanding how formulation components affect the structure and stability
of the peptide is important. Extended-release formulations are intended to pro-
vide an adequate dose for an extended duration, and since the injection volume
for subcutaneous administration is limited, this requires that the peptide is po-
tent or that the concentration can be increased.?” This highlights the necessity
to understand how the structure of the peptide is affected not only by addi-
tional components but also with varying peptide concentration.

Administration and absorption of peptide drugs

There are many advantages of peptides as APIs compared with small-molec-
ular drugs, but they also present significant challenges.”® Many small molec-
ular APIs are solid formulations that are stable at room temperature for years,
casily permeate cell membranes, and can withstand the harsh environment of
the gastrointestinal tract, which enables oral administration. In contrast, pep-
tides are more prone to degrade or aggregate during storage, as most peptide
formulations are aqueous solutions.”” The acidic pH and digestive enzymes in
the gastrointestinal tract also mean that peptides are subjected to degradation
if administered orally.***' Even if the peptide structure is retained after passing
the stomach and reaches the small intestine, the large size and hydrophilic
nature of most peptides greatly reduce the permeability across the intestinal
wall.*? Consequently, orally administered peptides exhibit very low bioavail-
ability, which is why most therapeutic peptides are administered via subcuta-
neous injection.” Following subcutaneous injection, the therapeutic peptide is
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deposited in the extracellular matrix under the skin. To enter the systemic cir-
culation, the peptide must diffuse from the injection site to the nearby blood
capillaries.*® The diffusion rate and absorption route depend on the size of the
molecule or complex. Larger self-assembled structures or peptide complexes
bound to extracellular components (e.g., albumin) diffuse slower compared with
the free peptide monomer.** In addition, large complexes may not be able to be
absorbed via capillaries but instead be transported from the injection site via the
lymphatic system.>> The lymphatic vessels transport the peptide/peptide com-
plex via lymph nodes back to the circulation, which increases the time to reach
maximum plasma concentration due to decreased flow rate in lymphatic vessels
compared with blood capillaries.*®*” Thus, diffusion rate and absorption route
can vary with peptide properties and self-assembly behaviour, which results in
variations in bioavailability and time of onset.

Knowledge of peptide self-assembly mechanisms can thus be used to pre-
dict and increase understanding of absorption mechanisms following subcuta-
neous administration.

Surfactants and amphiphilic compounds

Surfactants are amphiphilic molecules used in cleaning products, soaps,
paints, moisturisers, food, pharmaceutical formulations, and industrial pro-
cesses.”®*? Surfactants are often described as having a hydrophobic tail and a
hydrophilic head. The properties of the tail and head group can vary greatly,
which also means that the properties of surfactants can vary greatly.*’ Surfac-
tants can be ionic or non-ionic, depending if whether the head group carries a
charge or not. In conventional surfactants, such as sodium dodecyl sulfate
(SDS), cetyltrimethylammonium bromide (CTAB), or polysorbates, the tail
consists of a hydrocarbon chain of varying lengths. The amphiphilic properties
of surfactants allow them to simultaneously interact with two media with dif-
ferent properties by adsorbing to the interface, thus decreasing the interfacial
tension. This enables surfactants to emulsify immiscible liquids, like oil and
water. When a surfactant is dissolved in a solvent, e.g., water, and adsorb to
the water-air interface, the surface tension will decrease as the concentration
of surfactant increases, until the critical micelle concentration (cmc) is
reached. At concentrations above the cmc, additional surfactant monomers
will not adsorb to the interface, but self-assemble into micelles. This means
that the cmc of a surfactant can be determined by measuring the surface ten-
sion at different surfactant concentrations.*!

The properties of the head and tail group will affect micelle shape and
size.*? A large head group relative to the tail increases the spontaneous curva-
ture. The spontaneous curvature will affect the packing of surfactants upon
self-assembly and can be used to describe the type of self-assembly aggregates
they will form. For example, a surfactant with a high spontaneous curvature
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will prefer to form small micelles with a highly curved surface, whereas com-
pounds with zero spontaneous curvature will form flat bilayers (Figure 1).*
Mixing surfactants with different spontaneous curvatures can result in mixed
aggregates with varying structure due to changes in the mean curvature of the
aggregate based on the ratio of each surfactant.*'*46
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Figure 1. Illustration of different amphiphilic structures, the spontaneous curvature,
and the different self-assembly structures they can form.

Many conventional surfactants are synthetically produced from non-renewa-
ble sources and are often poorly biodegradable, which has driven researchers
to find and develop greener alternatives to conventional surfactants.*’ Surface-
active compounds are important for many biological functions and are pro-
duced by biological organisms. Surface-active compounds of biological origin
are often referred to as biosurfactants.***’ The structures of biosurfactants are
usually more complex than the head-and-tail structure of conventional surfac-
tants, but the segregation of hydrophobic and hydrophilic groups produces a
molecule that can lower surface tension and self-assemble into, e.g., micelles.
Such biosurfactants include bile salts, surfactin, saponins, and lecithin.>® As
previously mentioned, peptides are made of hydrophobic and hydrophilic
AAs, but do not necessarily exhibit sufficiently amphiphilic properties to act
as surfactants. However, lipidation of peptides adds a distinct hydrophobic
region, which can result in a peptide that is sufficiently amphiphilic to self-
assemble into micelles in similarity with surfactants.'’ Such lipopeptides in-
clude surfactin, but also several recently developed therapeutic peptides, as
lipidation has become a useful structural modification to improve the thera-
peutic performance of peptide drugs.’’
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The vast knowledge and available information on surfactant self-assembly
behaviour make them valuable model compounds when investigating the self-
assembly behaviour of therapeutic peptides that also possess amphiphilic
properties.

Self-assembly and peptide aggregation

Self-assembly is the spontaneous process of association of molecules into
larger assemblies, with perhaps the most important example being the assem-
bly of cellular components to form living cells. Amphiphilic compounds can
self-assemble to form small, ordered, and soluble structures, e.g., micelles.*!
Micelles are spheroidal shaped assemblies in which the hydrophobic part of
the amphiphilic compound is located in the core of the micelle, where water
is excluded, and the hydrophilic part surrounds the hydrophobic core as a shell
and interacts with the surrounding solvent.>® The hydrophobic interactions be-
tween the hydrophobic group and water increase with increasing size of the
hydrophobic part, which results in a lower cmc. With ionic amphiphilic com-
pounds, micelle-formation requires the charged head groups to be closely
packed, which is unfavourable due to electrostatic repulsion, which usually
increases the cmc if compared with non-ionic compounds. If salt is added, the
electrostatic repulsions are screened, which means that the cmc of ionic sur-
factants can be influenced by variations in ionic strength of the solvent.’**?

Peptides are made of AAs, which usually have a mixture of hydrophobic
and hydrophilic residues. However, if the hydrophobic and hydrophilic AA
residues are not clearly segregated, the resulting peptide may not be suffi-
ciently amphiphilic to self-assemble into micelles.’*>¢ Self-assembly can still
occur, but the structures that form can be very different.’” Some peptides can
self-assemble into long, unbranched, thread-like fibres, called amyloid fibrils.
Amyloid fibrillation can be observed in the deposits found in damaged brain
or pancreatic tissue in the case of Alzheimer’s and type 2 diabetes patients,
respectively.>” Amyloid fibrils, unlike micelles, are insoluble aggregates that
grow uncontrollably.”® Uncontrolled peptide self-assembly into increasingly
larger aggregates will eventually result in precipitation, which would be a
problem if it would occur during storage of a formulation intended for subcu-
taneous injection.”

Colloidal systems

A system with one or more components dispersed in a medium where the size
of the dispersed particles is typically between 1 and 1000 nm is a colloidal
system. Many different systems fall within this category and can include mi-
croemulsions, micelle solutions, lipid nanoparticles, among others.®® Colloidal
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particles can be equilibrium structures, meaning they can form spontaneously
and can be thermodynamically stable, for example, micelles. A stable colloi-
dal system refers to colloidal particles that do not aggregate or fuse together
and grow in size, which eventually can result in precipitation or phase separa-
tion.>® The stability of colloidal particles can be affected through®':

- Steric stabilisation: the surface of the colloids can be coated with a
bulky group, e.g., PEG molecules, that sterically hinders the particles
from fusing or aggregating

- Surface charge: the electrostatic repulsion between two similar charged
colloids can prevent fusion or aggregation

Lipid-based nanocarrier drug delivery systems mainly contain phospholipids
and PEG-lipids, the latter mainly to increase the stability of the colloidal
nanocarriers through steric stabilisation.®” On the other hand, if the colloidal
particles are electrostatically stabilised, the stability can often be affected by
addition of salts, as additional electrolytes reduce the electrostatic repulsion.*'
The stability of colloidal particles can be explained by the DLVO theory,
which describes the balance between electrostatic repulsion effects and attrac-
tive van der Waals forces.®** The attractive van der Waals forces are short-
range effects that only become significant when the particles are close. At suf-
ficiently short distances between particles, the attractive forces will cause ag-
gregation (coalescence). The electrostatic repulsion between charged particles
creates an energy barrier that prevents the particles from coming close enough
to aggregate. If salt is added to a system of charged colloidal particles, the
electrostatic energy barrier decreases, and aggregation is more likely to oc-
cur.® With e.g., PEGylated particles, the steric hindrance prevents the parti-
cles from coming close enough for significant attractive van der Waals
forces.*!

Peptides in solution can form many different self-assembly structures,
alone or in the presence of other compounds. Many of these self-assembly
structures can be described as colloidal particles, which means that the vast
information available on colloidal systems can be used to understand the ag-
gregation mechanisms and behaviour of peptides in solution.®
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Aims of the thesis

The overall aims of the thesis were to improve the understanding of peptide
self-assembly mechanisms in aqueous solution by finding strategies to char-
acterise peptide self-assembly structures.

The specific aims addressed in the papers were to:

- Characterise peptide self-assembly structures in aqueous solution and
determine the effect of added salts, cosolvent, and buffer agents on
aggregate structure (Papers [ and I1I)

- Characterise self-assembly structures formed in mixtures of therapeu-
tic peptides and amphiphilic components and determine the type of
interaction (Papers II and IV)

- Characterise the self-assembly behaviour of a lipidated peptide (Paper
IIT) and its ability to dissolve lipids (Paper IV)

- Develop suitable models to analyse scattering data (Papers I, 11, III,
V)
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Experimental section

Scattering techniques

Scattering techniques include several different techniques that use radiation to
obtain quantitative information of colloidal particles or materials. Properties
that can be determined through scattering techniques are size, shape, and
structure. Different length scales can be probed by different scattering tech-
niques by varying the type of incident radiation and the angle at which the
scattering is detected. When a sample is irradiated, the particles in the sample
will cause scattering of the incident radiation (Figure 2).%’

Incident beam \

D

Figure 2. Schematic illustration of a small-angle scattering set-up.

The intensity of the scattered radiation as a function of the magnitude of the
scattering vector, ¢, will vary depending on the size, shape, and structure of
the scattering particles. The scattering vector depends on the wavelength (1)
of the incident radiation and the scattering angle (8)

in(@
q= 4ns;n(2) Eq_ 1

q is a vector in the reciprocal space, which means that smaller length scales
are probed at high g-values and larger length scales at low g-values. The in-
tensity of the scattered radiation as a function of g (/(g)) can be described as
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d
I(q) & == = cv2Ap*P(q)S(q) Eq.2

Where c is the number of particles (per volume), v is the volume of the scat-
tering particle, Ap is the difference in scattering length density between the
particle and the surrounding solvent, P(g) is the particle form factor which
describes the geometry of the scattering particle, and S(g) is the structure fac-
tor which influences the scattering intensity when significant interparticle in-
teractions are present, e.g., between charged particles.®®

The scattering length density (SLD) is the scattering ability of a material or
compound. The SLD of a compound is determined as the sum of scattering
lengths of all atoms (b;) in the compound divided by the volume of the com-

pound (V)

SLD = Z?ﬂ% Eq. 3
The scattering length of atoms can vary greatly depending on the type of radi-
ation. X-rays interact with the electrons in an atom, and the scattering length
is directly related to the number of electrons; atoms with a higher atomic num-
ber have a higher SLD, thus scatter X-rays stronger than atoms with fewer
electrons. Neutrons interact with the atomic nuclei, so the scattering length is
not correlated to the number of electrons in the atom, but varies widely across
the periodic table, and for some atoms or isotopes the SLD is negative.®

When peptides are dissolved in aqueous solution, the peptide may self-as-
semble into structures that can be analysed with scattering techniques. To de-
tect the scattered intensity of the peptide in a solution, the SLD of the peptide
must be higher than the SLD of the solvent. If the SLD of the solute and sol-
vent are the same, i.e., Ap = 0, no scattering intensity is detected.

Scattering techniques can be used to probe length scales ranging from
atomic distances (=1 A or 0.1 nm) e.g., between planes in a crystal lattice, to
particle size of nanoparticles or macromolecules (=1 um), by varying the de-
tection angle and wavelength of the incident radiation.

Some qualitative information can be deduced from the obtained curve with
scattering intensity as a function of ¢, for example

- Ifthe intensity reaches a plateau at the lower g-values (Guinier regime),

it indicates that the largest dimension of the scattering particles can be
determined”®

- Bragg peaks appear as sharp, narrow peaks in intensity and indicate the

presence of a crystalline material”'

- A slope of the scattering intensity proportional to ¢™', g2, or g™ is char-

acteristic for scattering from cylinders, lamellar sheets, or spheres, re-
spectively.’
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More detailed information about the scattering particles can be obtained by
employing model fitting. Fitting scattering data with an appropriate form fac-
tor (P(q)) can be used to determine the geometrical shape and size of the scat-
tering particles.”® Information on the shape and size of self-assembled parti-
cles is an important part of describing self-assembly mechanisms.

Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) is a powerful technique for structural
characterisation of different materials and colloidal particles. Small-angle X-
ray scattering experiments are relatively easy to perform and are becoming
more and more accessible with the availability of in-house laboratory SAXS
instruments. Colloidal systems, e.g., surfactant micellar solutions, are suitable
for characterisation with SAXS since the tail and head group of amphiphilic
compounds often have different SLD. This means that the core and shell of
the micelle, which contain the hydrocarbon chains and the head groups of the
surfactants, respectively, will scatter X-rays differently. In this case, a core-
and-shell model can be used to determine the dimensions of the core and shell
of the micelle. When investigating micelles, it is particularly useful to be able
to distinguish between the core and the shell of micelles, as the core dimen-
sions can be used to determine the aggregation number (number of monomers)
of the micelles.”® The shell of the micelle consists of the hydrophilic, and
sometimes charged, surfactant head groups that in aqueous media will be hy-
drated and counter ions will dissociate (to varying degrees). The core consists
only of the hydrophobic chains of the surfactants with no incorporation of
water.

Small-angle neutron scattering

The main advantage of small-angle neutron scattering (SANS) compared with
SAXS is that the contrast of different components can be varied through deu-
teration. With neutrons, the scattering length, b, of hydrogen is by =
—0.347 x 107*A and for deuterium bp = 0.667 x 10~* A. Hydrogen and
deuterium are chemically similar and hydrogen-deuterium substitution is usu-
ally assumed not to affect the properties of the compound. Small-angle neu-
tron scattering is particularly useful when studying mixed systems with mul-
tiple components, as the contrast of each component can be adjusted through
isotope substitution. In combination with partially or fully deuterated solvent,
it is possible to ‘select” which components of the mixture contribute to the
scattered intensity, through contrast matching. This makes it possible to deter-
mine, for instance, the composition of mixed aggregates.” Deuteration of
chemical compounds can be expensive, and is not always possible, but to ob-
tain sufficient contrast between solute and solvent, the solvent can be deuter-
ated while keeping the solutes hydrogenated. For aqueous solutions, this
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means that water is substituted with D,O (heavy water).®” In some cases, the
properties of the system do not change significantly upon solvent isotope sub-
stitution. However, water and D,O differ in viscosity, density, and hydrogen
(deuterium) bond length and strength. This can affect solubility, cmc, protein
conformation, pK, of weak acids, etc., which can affect, for example, the
structure and self-assembly behaviour of amphiphilic compounds.”"

Static and dynamic light scattering

Static light scattering (SLS) is similar in principle to SAXS and SANS, but
the radiation used is visible light. The sample is irradiated by a laser and the
scattered intensity is recorded at different angles. The angles, 6, and wave-
length, A, used in SLS are higher than in small-angle scattering, which means
that different length scales can be probed, ranging from a few nanometers up
to =1 pM. From SLS, it is possible to determine the radius of gyration (R,),
which describes how the mass of a particle is distributed along an axis and is
a measure of the particle size.

Generally, larger sizes are probed with SLS, i.e., scattering intensity is rec-
orded at lower g-values than with SAXS or SANS, thus SLS data can be used
as a complementary technique to SAXS or SANS to extend the g-range.

Dynamic light scattering (DLS) is used to determine the diffusion coeffi-
cient (D) and hydrodynamic radius (R)) of particles in solution. The principle
DLS uses for size determination is different from that of SAXS/SANS and
SLS. Instead of measuring the scattered intensity at different angle, DLS rec-
ords the fluctuations in scattering intensity that arises due to particle diffusion
within a medium.”” The diffusion coefficient is determined by the Stokes-Ein-
stein equation

_ _kgT
= Gk, Eq. 4

where kg is the Boltzmann constant, 7 is the absolute temperature, and 7 is the
viscosity of the solvent. The R; describes the radius of an equivalent sphere
with the same diffusion coefficient as the particle in the sample.

From static and dynamic light scattering, two independent measures of par-
ticle size can be determined, and in combination with SAXS and SANS, it is
possible to determine the structure of the particles in greater detail.

Tensiometry

Tensiometry is a technique used to determine the liquid-air interfacial tension,
i.e., the surface tension of a liquid. The ability of a surfactant to decrease the
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surface tension of water can be measured at different surfactant concentrations
in order to determine the cmc (Figure 3).

cmc

Surface tension (mN m™)

Concentration

Figure 3. Representation of how surface tension changes with increasing surfactant
concentration. The critical micelle concentration (cmce) of the surfactant is determined
as the surfactant concentration at which the surface tension no longer changes despite
increasing surfactant concentration.

The surface tension of an aqueous solution with a surfactant can be determined
with the Wilhelmy plate method, in which a thin platinum plate is attached to
a microbalance and lowered toward the air-water interface. When the plate is
partially wetted by the liquid, the tensiometer measures the force, £, acting on
the plate, and the surface tension, 7, is determined by the Wilhelmy equation

_ F
vy = 1 cos(6)

Eq.5

Where [/ is the wetted perimeter of the plate and 0 is the contact angle between
the liquid and plate (usually complete wetting is assumed, 6 = 0)."
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Results and discussion

The aggregation behaviour and the type of self-assembly structures of peptides
in solution can be highly peptide-specific, thus difficult to predict from struc-
ture alone. Determining the structure of peptide aggregates can be used to un-
derstand mechanisms of aggregation. The papers included in this thesis in-
volve three different therapeutic peptides (Figure 4), with different uses, struc-
tures, and self-assembly behaviour. The self-assembly structures of these pep-
tides in solution and the influence of added components on self-assembly
structure were characterised. Simple systems, with relatively few components,
were investigated to gain fundamental insights of peptide self-assembly and,
subsequently, the effect of added components on self-assembly behaviour and
structure were investigated.

Pramlintide is an analogue of the endogenous peptide hormone amylin. The
structure of pramlintide is modified to reduce the propensity of aggregation,
compared with amylin.”® Lanreotide is an analogue of somatostatin and is used
to treat conditions characterised by overproduction of growth hormone. Lanre-
otide is a small peptide with eight AAs that can self-assemble into ordered,
hollow nanotubes above a certain concentration from which lanreotide mono-
mers are slowly released.*® MEDI7219 is an analogue of the endogenous pep-
tide glucagon-like peptide 1 (GLP-1), with modifications made to improve the
bioavailability following oral administration.®'
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Figure 4. Molecular structures of a) pramlintide, b) lanreotide, and ¢) MEDI7219.

Peptide aggregation in solution and the influence of
solvent components

Therapeutic peptides intended for self-administration via subcutaneous injec-
tion are formulated in aqueous liquids and can include excipients that control
pH, tonicity, and peptide stability, such as buffer components, salt, and sur-
factants.*” By studying the structure of self-assembled peptides in water and
gradually increasing the complexity of the system, the effect of each added
component on the self-assembly structure can be determined.

Peptides dissolved in aqueous media may self-assemble due to unfavoura-
ble interactions between hydrophobic AA residues and the surrounding water.
Self-assembly can result in stable and soluble oligomeric species or increas-
ingly larger aggregates that eventually precipitate, and the structure of these
assemblies can be ordered or amorphous.

The self-assembly structures of two structurally different peptides, pram-
lintide and MEDI7219, in aqueous solutions were investigated. Different salts
were added to the solvent to investigate the effect of ionic strength and type
of counter ion on peptide self-assembly.

In paper I, the effect of an added cosolvent, DMSQO, on self-assembly struc-
ture was also investigated, as DMSO is a commonly used solvent in, e.g., cell
studies, but the effect of DMSO on peptide structure is relatively unexplored.®
In paper I1I, the effect of different buffers and pH on the self-assembly struc-
ture was investigated.
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Aggregation behaviour of an amyloid-forming peptide

The structural modifications of pramlintide, compared with amylin, reduce the
formation of amyloid fibrils in vivo, but amyloid fibrillation can still be ob-
served in vitro.” Amyloid fibrils are often studied with imaging techniques,
like electron microscopy, since they can grow to several hundred nanometres
in length and are typically too large to be analysed with small-angle scattering
techniques. However, even if the largest dimension of long fibrillar structures
cannot be determined with SAXS, other aspects of the systems can be probed.
Formation of fibrils was observed for pramlintide in all solvents that were in-
vestigated. Small-angle X-ray scattering analysis suggests that pramlintide
self-assemble into oligomers, which subsequently assemble into larger struc-
tures, eventually forming fibrils, which cluster together in a network. The
properties of the supramolecular network differed depending on the solvent
used. The SAXS data were fitted with a structure factor based on mass fractal
objects, where the fractal dimension is related to the compactness of the net-
work.* Fractal dimensions of networks formed by anther amyloid-forming
peptide has been observed previously.® The size of pramlintide oligomers and
the compactness of the network decreased with increasing size of counter ion
(F < CI'<SCN)). Increasing amounts of DMSO also resulted in a lower fractal
dimension (less compact network). Higher amounts of added salt (> 1 mM) or
DMSO (> 20 %) accelerated the aggregation process and caused precipitation.
The phase separation that occurred in the presence of salt (> 1 mM) or over
longer storage times suggest that the oligomeric clusters are weakly electro-
statically stabilised dispersed assemblies.

This project demonstrates how scattering techniques can be used to probe
the structure and aggregation behaviour of an amyloid-forming peptide, gain-
ing information about the supramolecular network on smaller length-scales
than is possible with imaging and spectroscopy techniques. Using DMSO as
a cosolvent affected the aggregation of pramlintide. DMSO have previously
been reported to affect the susceptibility of aggregation of a-synuclein (which
also is an amyloid-forming peptide) both in vitro and in cells, suggesting
DMSO may affect the aggregation propensity of other amyloid-forming pep-
tides as well, especially in mixtures of DMSO and water.***’

Aggregation behaviour of a surfactant-like peptide

A similar procedure was followed for MEDI7219, where the effect of salt,
buffers, and pH on aggregate structure was investigated. The amphiphilic
structure of MEDI7219 suggests it could self-assemble into micelles or bi-
layers, similar to surfactants or phospholipids. Unlike with pramlintide,
MEDI7219 was soluble in a wide concentration range, at high salt concentra-
tions (150 mM), and in buffers with different pH values, and showed no signs
of precipitation even after long storage times. Dynamic light scattering
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measurements confirmed that MEDI7219 self-assembled into small aggre-
gates, around 2-3 nm (20-30 A) in radius, suggesting that MEDI7219 does not
form bilayers like phospholipids, but rather behaves similarly to surfactants.
The amphiphilic structure of MEDI7219 and the formation of small, mono-
disperse aggregates suggest that the concentration at which aggregates form
can be determined using tensiometry. The critical micelle concentration (cmc)
of MEDI7219 was determined to be 11 uM in water and 110 nM in 150 mM
NaCl solution, which are much lower than the cmc values of conventional
surfactants, but resembles what has previously been observed for other
lipopeptides and biosurfactants.’**** The surface tension decreased from 72
mN m™ to *47 mN m™ with increasing MEDI7219 concentration, which is a
smaller reduction than observed for e.g., SDS and surfactin.”**" This is most
likely explained by the large and bulky head group of MEDI7219, which lim-
its the number of monomers that can adsorb at the liquid-air interface.

The scattering profiles obtained from SAXS measurements of MEDI7219
in solution displayed the characteristic scattering behaviour of core-and-shell
particles, similar to what can be observed for conventional surfactant micelles.
However, in contrast to most conventional surfactants, the size of the hydro-
phobic tails and head group of MEDI7219 differ greatly.

The geometry of micelles formed by MEDI7219 could be described as tri-
axial ellipsoids (Figure 5), and the values obtained from fitting showed that
the dimensions of the elliptical cross-section, i.e., half axes a and b of the core,
were =6 A and =10 A, respectively. The micelle size, mainly the length of the
spheroids along axis ¢, varied slightly with peptide concentration and were
significantly smaller in phosphate buffer than the other solvents. The thickness
of the shell was =7.5 A in all cases.

Figure 5. The shape of a triaxial ellipsoid with half axes a, b, and c used to describe
the dimensions of the core of MEDI7219 micelles.

In phosphate buffer with pH 7.5, a higher degree of the acidic AA residues of
MEDI7219 is expected to be deprotonated and charged than at the lower pH
of the other solvents. The high charge of the head groups results in electro-
static repulsion, which increases the curvature of the micelles, which is also
reflected in the size of the micelles. The dimensions of the micelle core and
the volume of the two Ci-lipids of MEDI7219 were used to calculate the

27



number of MEDI7219 monomers per micelle, which were 5-8, depending on
peptide concentration and solvent (Figure 6).
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Figure 6. Aggregation number (N,g) of 1-50 mg cm™ MEDI7219 micelles in acetate
buffer (-m-), 150 mM NaCl (-e-), 150 mM NaSCN (- A-), water (- ¥-), phosphate
buffer (PB) with 200 mM sorbitol (-¢-), and phosphate buffer (PB) (-®-).

The high spontaneous curvature of MEDI7219 and the low micelle aggrega-
tion number (N,g) show similarities with micelles formed by bile salts, which
form small micelles with few monomers due to the rigid structure.*® The very
low cmc of MEDI7219 suggests that micelles could be retained even at ther-
apeutic concentrations, which may offer an alternative or complementary ex-
planation to the extended circulation time of lipidated peptides.

Interactions between peptides and amphiphilic
compounds

The AAs making up peptides contribute with hydrophobic and hydrophilic
groups, making the peptide amphiphilic, and if the hydrophobic and hy-
drophilic groups are arranged in a specific manner, the peptide can be sur-
face active. Amphiphilic compounds can interact with other amphiphilic
compounds to form varying kinds of combined structures.* The self-as-
sembly structures formed in mixtures of different amphiphilic compounds
that have been studied previously, mainly focusing on different surfactants
and lipids.”” However, peptides in mixtures with amphiphilic compounds
remain fairly unexplored, especially in regard to structural characterisation
from a colloidal perspective.
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Mixtures of therapeutic peptides and amphiphilic compounds

In papers Il and I'V, mixtures of a peptide and an amphiphilic component were
investigated. The ratio of peptide: amphiphilic compound is expressed as mole
fraction (Xyepide) Of peptide and the concentration as the total concentration
(ctor) of both components

n .

_ peptide

Xpeptide - o+ o Eq.7
NpeptidetNamphiphile

Ctot = Cpeptide T Camphiphile Eq. 8

Interactions between sodium dodecyl sulfate and other
compounds

The size of SDS micelles in solution can be affected by addition of other am-
phiphilic compounds, small hydrophobic compounds, or macromolecules
such as proteins or polymers. The change in micelle size can be used to deter-
mine the type of interaction between SDS and the added compound.**** For
instance, sufficiently amphiphilic compounds can interact with SDS to form
mixed micelles, the size of which changes with the composition of each com-
pound.” Small hydrophobic molecules can be solubilized in the micelle core,
which usually does not affect the size or shape of SDS micelles to a great
extent.”> Larger molecules can also attach to the micelle interface to reduce
the hydrocarbon-water contact area.’>***° This allows the effective SDS head
group area to increase as a result of electrostatic repulsion, which increases
the curvature of the surface and makes the micelles smaller.>*

Mixtures of lanreotide and sodium dodecyl sulfate

Lanreotide and SDS in water formed transparent mixtures when the mole frac-
tion of lanreotide (Xi.») was 0.1 or lower, and the total concentration (c;r) was
above 10 mM. At ¢, close to the cmc of SDS (= 8 mM), a metastable suspen-
sion of lanreotide-SDS nanoparticles formed (bluish/turbid). At higher ratios
of lanreotide, immediate precipitation was observed, without the intermediate
of a metastable suspension (Figure 7).
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Figure 7. Phase diagram of lanreotide and SDS mixtures in water indicating at which
total concentration (c,) and mole fraction lanreotide (Xi,,) the samples formed trans-
parent micelle solutions, a metastable bluish/turbid nanoparticle suspension, and
phase separation in the form of precipitate.

The small-angle X-ray scattering profiles of the transparent sample displayed
the characteristic behaviour of core-and-shell particles (Figure 8). Data was
fitted with a core-and-shell ellipsoid model to determine the dimensions of the

micelles.
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Figure 8. Scattering intensity as a function of the scattering vector ¢ for a) SDS in
pure water and mixtures of lanreotide and SDS in water with b) Xj., = 0.025, ¢) Xjen =
0.05, d) Xiz = 0.075, and €) Xjun = 0.1 at ¢, = 1040 mM obtained from SAXS fitted

with a core-shell ellipsoid model (solid line).

The size of the micelles changed when lanreotide was added to the mixture as
evidenced by the fitted parameters. The pure SDS micelles (X, = 0) were
made up of =60 SDS monomers, determined from the dimensions of the mi-
celle core. When lanreotide was added, the aggregation number of the micelles
decreased (Figure 9). The shell thickness of the micelles also increased when

the X increased.
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Figure 9. Number of SDS monomers in micelles (V,gg) for pure SDS (Xjan = 0, -m-)
and lanreotide and SDS mixtures with Xj,,= 0.025 (-e-), X;,,= 0.05 (- A -), X:,=0.075
(-¥-), and Xj;n= 0.1 (-#-) in water.

If lanreotide interacts with SDS as a co-surfactant and forms mixed micelles,
the micelle size is expected to increase. With the decreasing size as well as the
increasing shell thickness, the results suggest that lanreotide attaches to the
core-water interface of SDS micelles. This interaction mechanism is further
evidenced by the structure of the precipitated material formed at X, > 0.1.
The precipitate analysed by SAXS displayed the characteristic Bragg peaks
of an ordered crystalline material (Figure 10), and the distance between the
peaks suggests a cubic ordering of close-packed SDS micelles coated with
lanreotide.
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Figure 10. Scattering intensity as a function of the scattering vector ¢ for mixtures of
lanreotide and SDS with X, = 0.3 at ¢, = 40 mM obtained from SAXS. The g-values
of Bragg peak positions corresponding to 1, V2,43, 2, V5, and 3 relative to peak 1 are
displayed.

Lanreotide has hydrophobic and hydrophilic AA residues, but they are not
arranged in a manner to render the peptide sufficiently amphiphilic to interact
with SDS as a co-surfactant. Instead, lanreotide interacts with SDS similarly
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to what has been observed for mixtures of SDS and polymers, proteins or ri-
bonucleic acids (RNA).”®

Ionic surfactants, like SDS, are generally not suitable for subcutaneous in-
jectable formulations, but permeation enhancers are used in formulations of
peptides intended for oral administration to improve the absorption across the
intestinal epithelium.’® For example, C10 and SNAC are amphiphilic, ionic
permeations enhancer with surface active properties, with similarities to
SDS. %1% Orally administered peptide drugs are a fairly new research field,
and permeation enhancers have not been as widely studied as surfactants.
Studying the interactions between peptides and model surfactants, like SDS,
could prove useful when investigating new peptide formulations with
permeation enhancers.

Mixtures of MEDI7219 and DOPC

MEDI7219 has six negatively charged AA residues at neutral pH, and at resi-
due 13 and 25, two C;; hydrocarbon chains are attached via PEG-linkers.*'
The amphiphilic structure of MEDI7219 enables it to self-assemble into mi-
celles at low concentrations, behaving similarly to surfactants, which suggests
MEDI7219 can form mixed aggregates with other amphiphilic compounds,
such as phospholipids. The ability of MEDI7219 to solubilise the phospho-
lipid DOPC (1,2-Dioleoyl-sn-glycero-3-phosphocholine) was investigated by
mixing MEDI7219 and DOPC at different mole fractions (X72;9) and total con-
centrations (cx:). For SANS experiments, MEDI7219 was mixed with either
hydrogenated DOPC (h-DOPC) or tail-deuterated DOPC (d-DOPC) and dis-
solved in 150 mM NaCl in D,O. Deuterated compounds in D,O have much
lower contrast than hydrogenated compounds in D,O with neutrons, which
means that hydrogenated compounds contribute more to the scattered intensity
compared with deuterated compounds. In mixtures of MEDI7219 and h-
DOPC, both components are hydrogenated and will contribute to the scatter-
ing profile in SANS, but in mixtures with MEDI7219 and d-DOPC, the scat-
tering from MEDI7219 is =4 times higher than that of d-DOPC. Substituting
h-DOPC with d-DOPC should have minimal effect on the structure of mixed
MEDI7219 and DOPC aggregates, which means that the same type of struc-
tures is assumed to be formed with both lipids. However, the information that
can be obtained from the scattering profiles with hydrogenated or deuterated
compounds differs. For SAXS measurements, MEDI7219 and DOPC were
dissolved in water or a 150 mM NacCl solution.

Mixtures of MEDI7219 and the phospholipid DOPC could, similarly to
lanreotide and SDS mixtures, be divided into transparent or bluish/turbid
based on sample appearance. Phospholipids, including DOPC, have =0 spon-
taneous curvature and prefer to form flat bilayers in solution.'” If DOPC is
mixed with an amphiphilic compound, like MEDI7219, with a high
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spontaneous curvature, the curvature of the resulting mixed structure will de-
pend on the ratio of each component in the aggregate.

MEDI7219 and DOPC mixed micelles

At high ratios of MEDI7219 (X7219), the mean spontaneous curvature of the
mixed MEDI7219-DOPC aggregates can be sufficiently high to result in small
mixed micelles, as evidenced by DLS, SANS, and SAXS measurements (Fig-
ure 11, 12). When the ratio of peptide: lipid in the sample changes, and the
lipid content in the mixed micelles increases, the mean curvature decreases,
and the aggregate size increases. This has been observed for many systems
with mixtures of different amphiphilic compounds.**!**'** MEDI7219 and
DOPC formed small mixed micelles when the ratio of MEDI7219 (X7219)> 0.4
and the total concentration (¢t = ¢7219Fcporc) Was 15 mM.
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Figure 11. Scattering intensity as a function of ¢ for X72;0= 0.5 and ¢, = 1-10 mM
MEDI7219 and DOPC in a) 150 mM NaCl solution and b) water obtained from SAXS
(fitted with a core-and-shell triaxial ellipsoid model, solid line) and SLS (fitted with
a vesicle model, solid line). The dimensions of the micelles were determined from the
SAXS data in the higher g-region, and the scattering from the vesicles is observed in
the lower g-region.

N

Despite the low cmc of MEDI7219, a transition from mixed micelles to bilayer
aggregates could be observed. For other surfactant-lipid systems, the transi-
tion from micelles to bilayer structures can be explained by the composition
of surfactant and lipid inside the aggregates. The free monomer concentration
in the bulk of each component is close to the respective cmc values, and the
excess is located in aggregates. When the total concentration approaches the
cmc of the surfactant, relatively high amounts of surfactant are in the bulk
solution, rather than in aggregates, while the lipid still preferentially
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distributes in aggregates. The change in aggregate composition with varying
total concentration can be observed as a transition from mixed micelles to bi-
layer aggregates.®>!% However, the cmc of MEDI7219 is much lower than for
conventional surfactants, but the transition from small, mixed micelles to bi-
layer structures can still be observed.

MEDI7219 and DOPC vesicles

When the samples were diluted to lower concentrations, the appearance of the
sample changed from transparent to bluish, indicating an increase in particle
size, similar to what was observed for mixtures of lanreotide and SDS. How-
ever, in the case of MEDI7219 and DOPC mixtures, the SANS, SAXS, and
SLS profiles displayed the characteristic oscillations in intensity in the low ¢-
region, indicating the presence of large bilayer structures (vesicles) which
were not observed in mixtures of lanreotide and SDS.

In mixtures of MEDI7219 and d-DOPC, the scattering from the vesicles
was weaker than in mixtures of MEDI7219 and h-DOPC, which suggests that
the vesicles mostly contain DOPC. An increase in intensity at low ¢ is ob-
served in the SANS profile of MEDI7219 and d-DOPC mixtures, which indi-
cates the presence of a larger structure. This could be the scattering of the
hydrogenated d-DOPC head groups and the MEDI7219 present in the vesicles
(Figure 12).
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Figure 12. Scattering intensity as a function of g for X72;0= 0.5 and ¢, = 1-10 mM
MEDI7219 and a) h-DOPC and b) d-DOPC in 150 mM NacCl in D,O obtained from
SANS fitted with a triaxial ellipsoid model (solid line). The dimensions of the micelles
were determined from the SANS data in the higher g-region, and the scattering from
the vesicles is observed in the lower g-region.
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MEDI7219 and DOPC in water and 150 mM NacCl solution analysed with
SAXS and SLS, which also displayed the characteristic scattering of vesicles
(Figure 11). The size of the vesicles (and mixed micelles) increases when salt
is added to the solvent compared with pure water, which is observed as a shift
of the intensity oscillations towards lower g values when salt is present. The
size of the vesicles formed by MEDI7219 and DOPC in water could be deter-
mined from SAXS data, but in 150 mM NacCl, the scattered intensity of the
vesicles was observed when the g-range was extended by adding SLS data.
The intensity oscillations from the vesicles shift towards higher g-values as
the total concentration decreases, indicating a decreasing vesicle radius.

The vesicles observed in mixtures of MEDI7219 may not be equilibrium
structures, even though they form spontaneously. Until equilibrium is reached,
the size of the vesicles could change.”

Volume fraction of peptide in mixed aggregates

The volume fraction, ¢, of a compound in an aggregate is defined as the total
volume of the compound in the aggregate (Vcompuna) divided by the total vol-
ume of the aggregate (Viow).

¢ — Vcompound Eq 9

Vtotal

In mixtures of two amphiphilic compounds that form mixed aggregates, the
composition of the two components inside the aggregate is expected to differ
from the (total) composition of the sample.'* This means that the volume frac-
tion of each component can not be determined without characterising the
structure and composition of the mixed aggregates.

Volume fraction of lanreotide in SDS micelles

In mixtures of lanreotide and SDS, the composition of the micelles was deter-
mined from the properties of the micelle shell obtained from model fitting
analysis of SAXS data. The number of SDS monomers in the micelles formed
in mixtures of lanreotide and SDS could be determined from the dimensions
of the micelle core. Since lanreotide is adsorbed to the surface of the micelle,
and not distributed in the micelle core, the core should contain only the hy-
drocarbon tails of SDS, of which the volume and SLD are known. The shell
of the micelle contained the head group of SDS, lanreotide, and adsorbed wa-
ter, that all contribute to the scattering of the shell depending on the volume
fraction of each component. The SLD of the shell was a fitted parameter and
could be used to determine the volume fraction of SDS sulfate head group
(dsuip), water (@m20), and lanreotide (¢in) in the shell (Table 1). The volume
fraction of each component in the shell of SDS micelles in the presence of
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lanreotide and the volume of the shell, and a lanreotide molecule could be used
to determine the number of lanreotide molecules in the micelle shell.

Table 1. Calculated parameters of micelle shell volume, aggregation number (Nugg),
volume fraction (¢) of SDS head group, water, and lanreotide in the micelle shell, and
number of lanreotide molecules per micelle for mixtures of lanreotide and SDS with
Xiun=0,0.075, and 0.1 and ¢, = 20-40 mM.

Xian Crot Vishelt Nagg ¢sulf ¢H20 ¢lan Lanreotide/
(mM) (nm3) micelle

0 20 19 61 0.19 0.81 0 0

0 30 19 61 0.19 0.81 0 0

0 40 18 65 022 078 O 0

0.075 20 38 36  0.06 091 0.03 0.8
0.075 30 36 39 0.07 093 0.008 0.2
0.075 40 36 41 0.07 0.93 0.003 0.1

0.1 20 40 33 0.05 0.85 0.1 2.8

0.1 30 39 38 0.06 0.86 0.08 23

0.1 40 36 41 0.07 0.89  0.05 1.2

Volume fraction of MEDI7219 in mixed MEDI2719 and DOPC micelles

With MEDI7219 and DOPC mixtures, the determination of the MEDI7219
volume fraction in micelles was a bit different than for lanreotide and SDS
mixtures. Since both MEDI7219 and DOPC have hydrocarbon chains that are
expected to make up the core of mixed micelles, the composition of the mi-
celles could not be determined from the dimensions of the core. Additionally,
with neutrons, the distinction between core and shell is not as clear as with X-
rays. However, since the MEDI7219 mainly contributes to the scattering pro-
file of MEDI7219 and d-DOPC micelles, the dimensions obtained from model
fitting are, for simplicity, assumed to represent only MEDI7219 located in
micelles. In micelles formed by MEDI7219 and h-DOPC, both components
contribute to the scattering intensity, and the dimensions obtained from fitting
represent both components. In this case, the volume of MEDI7219 in mixed
micelles (V7219) was obtained from the fitted parameters of MEDI7219 and d-
DOPC micelles. The total volume (Vi) of MEDI7219 and DOPC micelles
was determined from the fitted parameters obtained from MEDI7219 and h-
DOPC data, which could be used to determine the volume fraction (¢72/9) of
MEDI7219 in mixed micelles (Table 2). The mole fraction of MEDI7219 in
the mixed micelles (x72;9) could be calculated from the volume of the mixed
micelles, the volume fraction of each component, and the molecular volume
of MEDI7219 (5716 A®) and DOPC (1300 A%)!71% (Table 2).
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Table 2. Volume of self-assembled micelles formed by MEDI7219 and h-DOPC
(Volume, h-DOPC) and d-DOPC (Volume, d-DOPC) formed in mixtures with X72;¢
=0.4-0.6 and c/;= 2.5-15 mM. The volume fractions of MEDI7219 and DOPC in the
mixed micelles were calculated according to Eq. 9 where V729 is the volume of
MEDI7219 and d-DOPC micelles, and V, is the volume of MEDI7219 and h-DOPC
micelles. The mole fraction of MEDI7219 in the mixed micelles (x72;9) is also dis-
played.

X219 Ctor Volume, Volume, ¢r219 dporc X7219
(mM) h-DOPC d-DOPC
(nm?%) (nm?)
04 2.5 94+12 49+2.0 0.5240.09  0.48+0.09  0.20+0.07
04 5 147+£3.8  55+1.6 0.3840.02  0.62+0.02  0.12+0.01

04 1.5 121£2.2  57+1.2 0.47+0.02  0.53+0.09  0.17+0.01
04 10 113£2.1  60+5.1 0.53+0.06  0.47+0.06  0.21+0.05
04 15 99+2.1 63+3.8 0.64+0.05  0.36+0.05  0.29+0.06
0.5 25 83+1.5 39+5.5 0.47+0.08  0.53+0.08  0.17+0.05
0.5 5 84+0.65  45+2.4 0.54+0.03  0.46+0.03  0.21+0.03
0.5 7.5 78+0.56  48+1.5 0.61+0.02  0.39+0.02  0.26+0.02
0.5 10 75+0.52  51+1.1 0.69+0.02  0.31+0.02  0.33+0.03
0.5 15 69+0.53  53+0.68  0.77+0.02  0.23+0.02  0.43+0.03
0.6 25 64+0.79  36+2.3 0.57+£0.04  0.43+£0.04  0.23+0.04
0.6 5 58+£0.63  39+1.1 0.68+0.03  0.32+0.03  0.33+0.03
0.6 7.5 55+0.58  43+0.82  0.77+0.02  0.23+0.02  0.43+0.04
0.6 10 54+0.55  42+0.83  0.78+0.02  0.22+0.02  0.45+0.05
0.6 15 51£0.46  44+0.60  0.86+0.02  0.14+0.02  0.58+0.05

The transition from mixed micelles to coexisting mixed micelles and vesicles
occurred at different ¢, for the different X7,,9, but at similar mole fraction of
MEDI7219 in the mixed micelles (x72;0= 0.2). These results suggest that the
ability of MEDI7219 to dissolve phospholipids to form mixed micelles is
greater than that of conventional surfactants or bile salts.**'*

Information gained through combining different scattering
techniques

Dynamic light scattering is a quick method that can be used to determine the
size of particles in solution. At certain concentrations in mixtures of lanreotide
and SDS and mixtures of MEDI7219 and DOPC, the appearance of samples
displayed the bluish colouration characteristic of samples containing particles
in the size range 20-100 nm (Tyndall effect). This appearance can often indi-
cate the presence of vesicles. However, as observed with SAXS, the bluish
colouration of lanreotide and SDS mixtures did not come from vesicles, but
rather from monodisperse solid nanoparticles. In mixtures of MEDI7219 and
DOPC, the presence of vesicles was confirmed by the characteristic scattering
behaviour of bilayer aggregates.
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The mixtures of MEDI7219 and DOPC were also investigated with SANS
and SAXS, which also give complementary information useful for describing
the composition of the mixed aggregates. With SANS measurements, the com-
position of the mixed aggregates could be determined, using the different con-
trasts of deuterated and hydrogenated components, which is difficult to deter-
mine with other techniques. However, since the different parts of the mole-
cules scatter X-rays differently, the dimensions of the core and shell of mixed
micelles could be determined with SAXS. Fitting SAXS data with a core-and-
shell model, we observed that the size differences of the mixed micelles with
varying concentration mainly pertained to the shell. The shell thickness was
different along the three dimensions of the ellipsoidal micelles, which sug-
gests that the distribution of MEDI7219 and DOPC in the mixed micelles is
fairly segregated. The head group of MEDI7219 is much larger than the head
group of DOPC, suggesting that the differences in shell thickness is due to the
location of each component within the micelle. This is furthered strengthened
by the high curvature of the MEDI7219 head group, which suggests it would
preferentially locate to the parts of the micelle with the highest curvature,
which is along the largest dimension of the ellipsoid (Figure 13).

Figure 13. Schematic illustration of a mixed MEDI7219 and DOPC micelle.

The strengths of combining different scattering techniques are clearly demon-
strated in paper IV, where the structure of mixed peptide-lipid aggregates can
be described in greater detail than possible with other techniques. With the
rising interest in lipid-based nanocarriers as drug delivery systems for sensi-
tive drug compounds, the techniques presented here show how the interactions
between formulation relevant compounds and peptides can be studied.''”

Solvent isotope effect

Since SANS requires partial sample deuteration to obtain sufficient contrast,
the systems of MEDI7219 and DOPC analysed with SANS and SAXS differ.
The SANS measurements were performed in D>O and SAXS measurements
in H>O. The dimensions and aggregation number of the mixed micelles deter-
mined from model fitting of SANS and SAXS data suggests that the size dif-
fers significantly when dissolved in D>O or H,O (Figure 14).
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Figure 14. Total aggregation numbers (N,g,) for MEDI7219 and DOPC mixed mi-
celles formed by mixtures with X72;0= 0.4 (- A-), X7210= 0.5 (-e-), and X72;9= 0.6 (-
m-) and ¢/ = 2.5-15 mM in 150 mM NaCl determined from a) SANS and b) SAXS.

Increasing size of mixed micelles with D,O/H,O substitution has been ob-
served previously for mixtures of alkyl glucosides and anionic surfactants.'"!
The length of the hydrogen (deuterium) bond is lower in D,O than in H>O,
and the pK, of weak acids is higher in D,O than in H,O, this is likely to alter
the self-assembly behaviour of mixed peptide-lipid systems.” A shorter deu-
terium bond length can decrease the curvature of MEDI7219, which increases
the size of aggregates.’® An increasing pK, of the acidic AA residues also sug-
gests that the net charge of the peptide head group can be lower in DO than
H,0O. With fewer charges in the head group, the curvature is also expected to
decrease and increase the size of aggregates.

Since the mixed aggregates formed by MEDI7219 and DOPC seem to dif-
fer depending on the isotope of the solvent, the parameters calculated from
SAXS data that were based on observations from SANS include some uncer-
tainties. The composition of MEDI7219 and DOPC in the mixed aggregates
was determined from analysis of SANS data and used to determine the aggre-
gation number of micelles analysed with SAXS. If the curvature of MEDI7219
is lower in D,0O than in H,O, allowing the mixed micelles to grow through
higher incorporation of DOPC, the ratio of peptide-lipid in the micelles will
not be the same in DO and H»O. This means that the ratio of peptide-lipid
should be higher in H,O than in D,O and that the number of lipids in mixed
aggregates formed in H,O probably is overestimated. A better understanding
of the solvent isotope effect on the self-assembly structures of MEDI7219 and
DOPC could be achieved by performing SAXS measurements with D,O as
the solvent, or SANS measurements with deuteration of MEDI7219 and
DOPC instead of the solvent. In any case, this study shows the synergy that
can be achieved by combining different techniques for determining the struc-
ture of mixed self-assembled structures, and highlights that the solvent isotope
effect may not be negligible for biological molecules.
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The surface-active properties, formation of stable micelles in solution, and
the high ability to dissolve lipids suggest that MEDI7219, and possibly other
lipidated peptides, could be suitable as surfactants.

Structural characterisation of self-assembled peptides in
drug-delivery

Since aggregation of therapeutic peptides can become problematic, this phe-
nomenon has been studied quite extensively, especially in regard to aggrega-
tion-related diseases like Alzheimer’s and Parkinson’s disease.''? Techniques
commonly employed to study peptide structure are UV-visible absorption, flu-
orescence and Fourier transform infrared spectroscopy (FTIR), and circular
dichroism (CD), which can be used to follow conformational changes of the
peptide structure to detect aggregation.''*''® Nuclear magnetic resonance
(NMR) and X-ray diffraction studies can also be used to obtain information
on the atomic scale. Microscopy techniques, such as transmission electron mi-
croscopy (TEM) and atomic force microscopy (AFM), are often employed as
complementary techniques.''? These techniques offer information on peptide
structure, important to assess stability and detect aggregation. Both the con-
formational changes of a peptide that occur during peptide aggregation, as
well as the properties of the aggregate structure, are important to consider
when investigating aggregation mechanisms. Small-angle scattering can be
used to determine the nanoscale structure of aggregates of varying sizes,
shapes, and compositions. Small-angle scattering in combination with other
techniques can also be used to describe protein structure and conformational
changes in different environments.'"*

If aggregation of a therapeutic peptide is to be utilised as an extended-re-
lease strategy, it is essential to understand how and when aggregates form and
how they change over time. For example, lanreotide can form hexagonally
packed nanotubes in concentrated solutions, the dimensions of which could be
determined with small-angle scattering, and is used as an extended release
formulation.?** Micelles have been successful as drug delivery systems, es-
pecially for the delivery of chemotherapeutic agents, as they can increase the
solubility of a hydrophobic compound.''> There are several examples of in
vitro studies of drug release from drug-loaded micelles, as well as larger lipid-
based drug carriers, that utilise DLS, zeta potential, TEM, and isothermal ti-
tration calorimetry to characterise micellization/self-assembly behaviour and
properties.''>'"? Small-angle scattering can offer complementary information
on the self-assembly structures of such drug-delivery systems, for instance
determination of size and shape with higher accuracy and, as demonstrated in
papers Il and IV in this thesis, the composition and spatial location of different
compounds in mixed aggregates.
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Several therapeutic peptides form oligomers in solution, a trait common for
many of the recently developed lipidated GLP-1 analogues.'?*'** In these
works, the peptide oligomers were analysed with light scattering, CD, and thi-
oflavin T fluorescence assays to follow the structural changes of the peptide
upon oligomerisation. Given the amphiphilic nature of these peptides, the ol-
igomeric species might be described as micelles, similar to what was observed
for MEDI7219 in paper III. Micelles are usually thermodynamically stable
colloidal solutions, and if peptides can self-assemble into micelles, it may im-
prove solubility and prevent the formation of larger aggregates that irreversi-
bly alter the structure and efficacy of a therapeutic peptide. Small-angle scat-
tering, together with least-squares model fitting analysis, can be applied to
reveal further details of aggregate structures and aggregation mechanisms in
various peptide systems.
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Concluding remarks

The structure of a peptide can be varied greatly through combination of dif-
ferent amino acids. Even seemingly small changes to the primary structure can
have large impacts on the self-assembly behaviour and biological performance
of a therapeutic peptide. The rising interest in developing therapeutic peptides
comes with a need to develop strategies to explain peptide aggregation behav-
iour in order to predict and identify potential issues that can arise during pro-
duction, formulation, storage, and after administration. In this thesis, three
peptides with different structure and self-assembly behaviour, were investi-
gated and the mechanisms of self-assembly have been discussed based on the
structure of self-assembled aggregates formed in solution. Simple systems,
with few components, and experimental techniques in combination with
model fitting analysis have been used to describe the fundamentals of peptide
self-assembly. By gradually increasing the complexity of the system by the
addition of formulation relevant components, the effects of added components
on peptide self-assembly have been investigated. The different peptides dis-
played very different self-assembly behaviour and the changes in structure
with different peptide concentrations and conditions could be followed with
scattering techniques and model fitting.

For the amyloid-forming peptide, pramlintide, the supramolecular network
of peptide oligomers was affected by the addition of a cosolvent and type of
added salt, which could be followed with small-angle X-ray scattering and
model fitting. This technique to study the structure of amyloid aggregates of-
fers a new approach to studying amyloid fibrils and can be used as a comple-
ment to imaging techniques to get a better understanding of the amyloid struc-
tures on smaller scales, which may reveal information on the mechanisms be-
hind amyloid-formation.

With lanreotide, the amphiphilic properties of a cyclical octapeptide were
investigated by characterising the self-assembly structures formed in combi-
nation with sodium dodecyl sulfate (SDS). Lanreotide was not sufficiently
amphiphilic to interact with SDS as a co-surfactant, evidenced by the decreas-
ing size of SDS micelles with addition of lanreotide. The nanoparticles of
close-packed SDS micelles coated with lanreotide further suggest that lanreo-
tide adsorbs to the micelle interface as opposed to acting as a cosurfactant.

MEDI7219 behaved similarly to surfactants, as it displayed a critical mi-
celle concentration and self-assembly into micelles. However, the cmc was
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much lower than observed for conventional surfactants. Mixed micelles
formed in mixtures of MEDI7219 and DOPC and MEDI7219 dissolved phos-
pholipids very efficiently, compared with conventional surfactants. The com-
position and distribution of the two components in the mixed micelles could
be followed by combining different scattering techniques. This project also
highlighted that the solvent isotope effect may not be negligible for biological
molecules.

The projects included in this thesis show how different scattering tech-
niques can be used to determine varying structures of self-assembled peptide
aggregates. The peptide systems and aggregation behaviour have been dis-
cussed from a colloidal perspective, unlike much of the current literature on
peptide aggregation. The information on peptide aggregate structure obtained
from scattering techniques and model fitting in this thesis provides a strategy
to describe the structure of aggregates, which can bridge the existing tech-
niques used to detect aggregation and investigate the physiological impact of
aggregation. Tools and strategies to determine peptide aggregate structure can
offer valuable insights to peptide self-assembly mechanisms, which can be
useful in the whole lifecycle of a peptide; from synthesis to administration.
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Future perspectives

The self-assembly mechanisms of any compound are highly related to the
chemical structure and become more complex with increasing molecular size.
Finding universal mechanisms that can explain the self-assembly behaviour
of'a given compound may never be possible, as endless possible combinations
of different chemical groups enable an infinite amount of different molecular
structures. In drug development, new drug candidates are often based on the
structure of previous drug molecules or endogenous compounds, as the goal
is to affect physiological mechanisms that already have endogenous ligands.
Since nature has provided us with templates of important chemical com-
pounds, the advances in drug discovery and development enable us to improve
these compounds to produce drugs that can cure and treat various conditions.
Since structure and function often are connected, the similarities between
drugs that affect the same biological pathways can be used to gather infor-
mation pertaining to a class of molecules.

With small molecules, the synthesis is simpler than for larger biomolecules,
like peptides. Other properties like stability, formulation requirements, and
permeability may not present the same obstacles for small molecules as with
biological macromolecules. This, of course, means that the development pro-
cess of peptides and proteins will be slower than for small molecules and find-
ing universal explanations of structure-function relationships will take longer.
Finding strategies to analyse the structure of self-assembled peptides in solu-
tion can give insights into the mechanisms of self-assembly, which is im-
portant for predicting peptide stability in solution. The strength of using sim-
ple systems is that it makes it possible to determine the effects of small
changes and build a fundamental understanding of the behaviour of a certain
molecule in solution. By gradually increasing the complexity of the system,
the influence of added components on aggregate structure can be determined.

The puzzle that maps structure-function-aggregation relationships of pep-
tides will take a long time to complete. Finding methods and models to analyse
the structure of peptides in solution may provide one piece of that puzzle,
which, combined with the contribution of other researchers, will eventually
form a fuller picture.
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Popularvetenskaplig sammanfattning

Peptider 4r smé proteiner som bestar av byggstenar som kallas aminosyror.
Peptider finns i kroppen och fungerar som bland annat hormoner, smarthdm-
mare, och tillvixtdmnen. Peptider som likemedelssubstanser introducerades
redan under tidigt 1900-tal dé& insulin borjade anvéndas for att behandla dia-
betes. Sedan dess har upptickter inom bioteknik och ldakemedelsutveckling
gjort det mdjligt att modifiera peptidstrukturer for att skraddarsy effekten som
lakemedel, samt mojliggjort produktion i stor skala. Det senaste artiondet har
intresset av peptider som likemedelssubstanser dkat kraftigt eftersom peptider
har hog specificitet och lag biverkningsrisk jimfort med manga andra lakeme-
del. Peptider har varit sdrskilt framgéngsrika vid behandling av diabetes med
exempelvis Ozempic och langverkande insulinpreparat. Aven om peptidlike-
medel har manga fordelar jimfort med vanliga ldkemedel kommer de ocksé
med manga svarigheter. Var mag-tarmkanal &r gjord for att bryta ned peptider
och proteiner till aminosyror som létt kan tas upp av kroppen, vilket gor att
peptidldkemedel inte tas oralt utan maste injiceras. Nar ett peptidlakemedel ar
16st 1 en vétska &r en risk att det klumpar ihop och bildar aggregat. Om pepti-
den aggregerar kan effekten forsdmras och i vérsta fall kan kroppens immun-
forsvar reagera pa aggregatet och orsaka biverkningar. Annu #r det stora oklar-
heter runt hur peptider aggregerar och det ar ofta svart att forutse om och hur
en peptid kan aggregera i en l0sning. Aggregering kan ske under hela livscy-
keln av en peptid; under produktion, i lakemedlet, eller i kroppen. Aggrege-
ring ses ofta som ett problem, men det finns fall nér det kan utnyttjas, vilket
kréver att aggregeringsmekanismen gar att forklara eller forutse.

Analysering av strukturen av peptidaggregat i en 16sning &r ett viktigt steg
1 att forsta aggregeringsmekanismer. Storleken av peptidaggregat kan variera
mycket, men ofta dr de for sma for att kunna se med blotta dgat eller vanliga
mikroskop. Storleken av peptidaggregat kan bestimmas med olika spridnings-
tekniker dér aggregatet utsitts for stralning av olika typer av ljus (elektromag-
netisk strilning) till exempel en laser av synligt ljus, eller rontgenstralning.
Nar aggregatet traffas av stralningen kommer aggregaten gora att ljuset sprids
och hur ljuset sprids beror pa aggregatens storlek och struktur. Genom att un-
dersoka strukturen av sjilvbildade peptidaggregat i 16sning kan mekanismer
for aggregering forklaras.

Hur peptider aggregerar kan paverkas av till exempel temperatur och salt-
koncentration, men ocksa av tillsats av ytterligare dmnen. I en peptidlike-
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medelsprodukt finns tillsatsimnen som bibehéaller peptidens stabilitet, men
dven saddana som forbéttrar aspekter kopplade till anvindning, som salt for att
efterlikna den salthalt som finns i kroppen for att minska obehag vid injice-
ring. Efter injicering kan peptiden interagera med komponenter som finns i
vévnaden vilket kan péverka hur peptiden transporteras till blodet. For att fa
en forstaelse vilka problem som kan uppsta under hela peptidens livscykel ar
det viktigt att undersoka hur peptider beter sig i kombination med de kompo-
nenter som kan finnas i lakemedelsprodukten men dven sadant som finns i
kroppen.

Strukturen av peptider kan variera kraftigt eftersom bestandsdelarna som
bygger en peptid kan kombineras pa odndligt méanga sétt. Peptidstrukturen ar
starkt kopplad till hur peptiden aggregerar och det kommer formodligen vara
svart att hitta universella mekanismer for att forklara aggregeringsmekanismer
utifran peptidens struktur. Strategier for att beskriva strukturen av peptid-
aggregat i 10sning &r en viktig del pa vigen till forstielse for aggregerings-
mekanismer. Peptidlikemedel som anvinds for behandling av en viss sjuk-
dom har ofta liknande strukturer, sa aggregeringsmekanismen for en peptid
kan vara liknande for samma klass av peptidlakemedel.

I denna avhandling presenteras metoder for att undersoka hur tre olika 14-
kemedelspeptider aggregerar i 10sning, samt hur salt och olika tillsatsdmnen
paverkar aggregatstrukturen. Enkla system med fa komponenter har under-
sokts for att kunna bestimma inflytandet av specifika &mnen pa peptidernas
aggregeringsbeteende. De metoder som har anvénts visar hur peptidaggregat
kan karaktériseras for att forklara aggregeringsmekanismer som kan bidra till
att 0ka forstaelsen for hur peptider beter sig i 16sning. Dessa metoder kan ap-
pliceras dven pé andra peptider och kan ge information om peptiders beteende
under produktion, forvaring, och vid anviandning av peptidlakemedel.
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