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“Science, my boy, is made up of mistakes, but they are
mistakes which it is useful to make, because they lead

li�le by li�le to the truth.”

Jules Verne, Journey to the Center of the Earth (1864)





Abstract

Biomaterials are materials that are speci�cally designed to be in contact with
biological systems and have for a long time been used in medicine. Examples of
biomaterials range from sophisticated prostheses used for replacing outworn
body parts to ordinary contact lenses. Currently it is possible to create
biomaterials that can e.g. speci�cally interact with cells or respond to certain
stimuli. Peptides, the shorter version of proteins, are excellent molecules for
fabrication of such biomaterials. By following and developing design rules it is
possible to obtain peptides that can self-assemble into well-de�ned
nanostructures and biomaterials.

�e aim of this thesis is to create ”smart” and tunable biomaterials by molecular
self-assembly using dimerizing α–helical polypeptides. Two di�erent, but
structurally related, polypeptide-systems have been used in this thesis. �e
EKIV-polypeptide system was developed in this thesis and consists of four
28-residue polypeptides that can be mixed-and-matched to self-assemble into
four di�erent coiled coil heterodimers. �e dissociation constant of the di�erent
heterodimers range from µM to < nM. Due to the large di�erence in a�nities,
the polypeptides are prone to thermodynamic social self-sorting. �e
JR-polypeptide system, on the other hand, consists of several 42-residue de novo
designed helix-loop-helix polypeptides that can dimerize into four-helix
bundles. In this work, primarily the glutamic acid-rich polypeptide JR2E has
been explored as a component in supramolecular materials. Dimerization was
induced by exposing the polypeptide to either Zn2+, acidic conditions or the
complementary polypeptide JR2K.

By conjugating JR2E to hyaluronic acid and the EKIV-polypeptides to
star-shaped poly(ethylene glycol), respectively, highly tunable hydrogels that
can be self-assembled in a modular fashion have been created. In addition,
self-assembly of spherical superstructures has been investigated and were
obtained by linking two thiol-modi�ed JR2E polypeptides via a disul�de bridge
in the loop region. �e thesis also demonstrates that the polypeptides and the
polypeptide-hybrids can be used for encapsulation and release of molecules and
nanoparticles. In addition, some of the hydrogels have been explored for 3D cell
culture. By using supramolecular interactions combined with bio-orthogonal
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covalent crosslinking reactions, hydrogels were obtained that enabled facile
encapsulation of cells that retained high viability.

�e results of the work presented in this thesis show that dimerizing α–helical
polypeptides can be used to create modular biomaterials with properties that
can be tuned by speci�c molecular interactions. �e modularity and the tunable
properties of these smart biomaterials are conceptually very interesting and
make them useful in many emerging biomedical applications, such as 3D cell
culture, cell therapy, and drug delivery.
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Populärvetenskaplig
sammanfattning

Biomaterial är material som är designade för a� vara i kontakt med biologiskt
material och har använts länge inom medicinen. Exempel på biomaterial
inkluderar allt från avancerade proteser som används för a� ersä�a kroppsdelar
till helt vanliga kontaktlinser. Genom smart design kan man idag skapa
biomaterial som kan interagera med celler på e� förutsägbart sä� och vars
mekaniska och strukturella egenskaper kan styras med molekylär precision.
Peptider är kortare varianter av proteiner och är e� exempel på molekyler som
kan användas för a� på molekylär nivå kontrollera e� biomaterials egenskaper.
Med den kunskap som �nns idag kan vi designa och tillverka peptider som har
y�erst speci�ka funktioner. Peptider kan bland annat användas för a� förbä�ra
cellers tillväxt, döda skadliga bakterier, styra de mekaniska egenskaperna hos
e� biomaterial eller användas för a� skapa biomaterial som kan reagera och
förändra sina egenskaper när faktorer såsom temperatur, pH eller jon-halt
förändras.

Den här avhandlingen handlar om hur man via e� Lego-liknande
tillvägagångssä� kan tillverka ”smarta” biomaterial där peptider används både
som byggklossar och för a� förmå byggklossarna a� spontant bilda större
strukturer och material. Peptiderna som har använts bildar nanometer-små
(miljondels millimeter) spiraler som kallas alfa-helixar, vilka i sin tur aggregerar
parvis för a� skapa stabila strukturer. Bildandet av dessa stabila strukturer kan
man i sin tur styra på �era sä�, tex genom a� ändra pH eller förekomst av
speci�ka joner som zink-joner. Genom a� sä�a fast peptiderna på den naturligt
förekommande polymeren hyaluronsyra samt den syntetiska polymeren
polyetylenglykol kan peptidernas förmåga a� bilda alfa-helixar användas för a�
skapa modulära och justerbara hydrogeler. Hydrogeler består av mer än 90%
va�en vilket gör dem y�erst lämpliga som biomaterial. Avhandlingen visar
även hur dessa peptider och hydrogeler kan användas för a� kapsla in och
frisä�a molekyler och nanopartiklar. Några av hydrogelerna har även använts
för a� odla celler i så kallad tre-dimensionell cellodling. Genom a� använda
cell-vänlig kemi kan biomaterialen skapas i närvaro av celler utan a� cellerna
tar skada och erbjuder förhållanden som e�erliknar cellernas naturliga miljö.
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Resultatet av arbetet som presenteras i avhandlingen visar a� den typ av
peptider som har använts ger möjlighet a� skapa fullt modulära biomaterial
vars egenskaper kan justeras och påverkas på molekylär nivå. De modulära och
justerbara egenskaper gör dessa smarta biomaterial intressanta för �ertalet
medicinska tillämpningar, såsom tre-dimensionell cellodling, regenerativ
medicin samt för kontrollerad frisä�ning av läkemedel.
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Linköpings studentspex, and especially all ”Dekorare”, for all laughter,
weird discussions and late nights at the theatre over the years.

My friends, and especially Eric Elfving for all backpacking adventures,
co�ee breaks and ”surströmming”.
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Chapter 1

Introduction

Equipped with his �ve senses, man
explores the universe around him
and calls the adventure Science.

Edwin Powell Hubble

With a rapidly aging population the need for medical devices that can either
replace damaged tissues or deliver drugs have never been greater. It is predicted
that the global market of biomaterials is going to reach an all-time high of USD
>100 Billion by the year 2020.1 A biomaterial is de�ned by the European
Society for Biomaterials (ESB) as ”a material intended to interface with
biological systems to evaluate, treat, augment or replace any tissue, organ or
function of the body”.2 Even though it is only recently that biomaterials have
gained more a�ention, humans have already been using them for centuries. As
early as in the year 600 AD, the Mayan people fashioned nacre teeth from sea
shells that could be fully osseointegrated with the jaw.3 Other examples include
gold sutures used in the ancient Greece to close wounds and contact lenses
made out of glass used during the 19th century.3 Although many types of
materials have been used throughout history, not all of them are compatible
with the body and can be highly pathogenic and toxic.4 It was not until the
1960’s that the development of materials speci�cally designed to be used as
biomaterial was initiated. When the �rst generation of biomaterials was
developed, the main focus was to match the physiological properties of the
tissue to be replaced with minimal toxic response.5 Completely or near bioinert
materials were the main choice in an a�empt to avoid immunological responses.
In the 1980’s a shi� towards more biologically active and resorbable
biomaterials was made (second generation biomaterials), contrasting the
bioinertness of the �rst generation.5 A biologically active biomaterial can be
de�ned as a material able to elicit a biological response under physiological
conditions.6 An example of a biologically active material from the 1980’s is
synthetic hydroxyapatite ceramic that was successfully used as a porous
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CHAPTER 1. INTRODUCTION

sca�old for regrowth of bone tissue.7–9 Resorbable materials from this time era
are for instance polymers consisting of e.g. polylactic acid that could be
hydrolytically degraded into carbon dioxide and water. �e main idea with such
resorbable materials was that as the body heals the damaged tissue, the
biomaterial is not needed anymore and should degrade and disappear. �e
resorbable biomaterials were o�en used as degradable sutures,10, 11 or as
controlled-release drug delivery devices.12, 13 However, the biomaterials of the
second generation were not both biological active and resorbable. It is not until
the recent 10–20 years that biomaterials that show both these properties have
been developed. �e third generation biomaterials are speci�cally designed to
interact and stimulate cells at the molecular level, but are also o�en degradable5

However, the biomaterials of the future will do more than just be bioactive and
resorbable. Improved biomimetics, enhanced responsiveness to various stimuli,
tunable mechanical and rheological properties are some properties that the
future biomaterials will have. During the past few years the term ”smart
biomaterials” has been used to describe such materials, which also typically are
referred to as the fourth generation of biomaterials.

Supramolecular chemistrya is a great tool to realize the fourth generation of
biomaterials. Supramolecular chemistry relies on highly tunable, dynamic and
reversible non-covalent interactions. Supramolecular materials can be
speci�cally tailored to respond to numerous physical and chemical stimuli (e.g.
temperature, pH, metal chelation), or to distinctly interact with speci�c
biomolecules. �e interactions can in turn be used to e.g. precisely control
mechanical and rheological properties of hydrogelsb or allow controlled release
of drugs. Furthermore, supramolecular interactions allow for convenient
fabrication of highly modular biomaterials. Via a mix-and-match approach,
various molecular structures (e.g. ECM proteins and polymers, synthetic
polymers, therapeutics etc.) can be incorporated into such biomaterials.

Peptidesc are excellent supramolecular building blocks to use to create ”smart”
biomaterials. Peptides can for instance be used to promote cell adhesion, kill
microbes or create self-assembling materials.14–16 β-structured peptides have
been extensively explored in supramolecular biomaterials.17, 18 β-structured
peptides have many great advantages for supramolecular biomaterials, such as
short peptide sequences and low concentration can o�en be used to create a
hydrogel. However, a major disadvantage with β-structured peptides is the
limited ability to control the assembly process. �e disadvantage makes it
di�cult to use β-structured peptides to control e.g. the mechanical and
rheological properties of hydrogels. In contrast, due to well-established design
rules, α–helical peptides allow much be�er control over the assembly.18 �is
thesis describes the development of polypeptide-hybrid biomaterials that are

aSee chapter 2
bHighly hydrated polymeric networks, see section 6.1
cSee chapter 3
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1.1. AIM

based on such α-helical peptides. Using dimerizing α-helical polypeptides,
hydrogels and other structures have been created that respond to di�erent
stimuli. �e materials can be modularly assembled and are highly tunable,
allowing for precise control over the self-assembly process. Consequently,
structural and rheological properties of the developed materials can be tuned at
the molecular level.

1.1 Aim

�e overall aim of this thesis has been to develop polypeptides and
polypeptide-hybrid biomaterials that can be modularly assembled and where
e.g. mechanical and rheological properties can be tuned by means of speci�c
molecular interactions and de�ned stimuli.

1.2 �esis outline

�e thesis describes the development of the polypeptides and the
polypeptide-hybrids used in paper I-V, and how these molecules assemble into
larger structures with tunable properties. In Chapter 2 the concept of
supramolecular chemistry including the process of self-assembly is introduced.
Furthermore, properties of supramolecular biomaterials in general are
described. Chapter 3 de�nes what a peptide is and describes how and why
peptides have certain structures. Chapter 4 describes in detail the design of the
polypeptides used in the thesis. �e synthesis and puri�cation strategies for
peptides are also described. Chapter 5 describes how the polypeptides are
conjugated to polymeric backbones to create polypeptide-hybrid biomaterials.
Chapter 6 describes in detail how the polypeptides and the polypeptide-hybrids
are used to create biomaterials with tunable properties that can be modularly
assembled. Chapter 7 presents some of the characterization techniques used in
the thesis. Chapter 8 gives a short summary of all papers included in this
thesis, listing where essential information regarding the paper can be found
throughout the thesis. Chapter 9 summarizes the main conclusions from each
paper and gives a brief overall conclusion of the thesis. A future outlook is also
presented. At the very end the included papers can be found.
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Chapter 2

Self-assembly and
supramolecular materials

Chemists have always been in the
business of taking atoms and pu�ing
them together with other atoms with
precisely de�ned connections.

George M. Whitesides

2.1 Supramolecular chemistry

Since the dawn of chemistry as a science in the 15-16th century, the main
research focus has been on understanding and controlling the covalent nature of
molecules. �e knowledge obtained over centuries of research enables us today
to synthesize molecules that already exist in nature or that until now only have
existed in our minds. Over the past �ve decades, chemists have extended the
research focus to also study the interactions between molecules. �e existence
of intermolecular forces was suggested already in 1873 by Johannes Diderik van
der Waals in his doctoral thesis ”Over de Continuiteit van den Gas- en
Vloeisto�oestand”.19 However, the scienti�c �eld of supramolecular chemistry
did not fully emerge until the 1960’s. In 1967 Charles J. Pedersen published his
seminal work on how crown ethers can be synthesized and how they form
stable two-dimensional complexes with metal cations.20 Together with
Jean-Marie Lehn and Donald Cram, who both expanded upon Pedersens work
to include more complex three-dimensional (3D) structures,21, 22 Pedersen was
awarded the Nobel Prize in Chemistry in 1987 ”for their development and use of
molecules with structure-speci�c interactions of high selectivity”.23 In 2016 the
Nobel Prize in Chemistry was awarded jointly to Jean-Pierre Sauvage, Sir J.
Fraser Stoddart and Bernard L. Feringa ”for the design and synthesis of molecular
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CHAPTER 2. SELF-ASSEMBLY AND SUPRAMOLECULAR MATERIALS

machines”.24 �e molecular machines do fully rely on supramolecular
interactions, thus showing that supramolecular chemistry still is an important
scienti�c �eld.

Supramolecular chemistry is o�en referred to as ”the chemistry beyond the
molecule”,21 as two or more molecules, or parts of molecules, interact with each
other via non-covalent bonds. It is o�en described in popular science as ”LEGO
chemistry” as the molecules, like LEGO-bricks, reversibly can snap together to
form larger structures. Furthermore, the scienti�c �eld of supramolecular
chemistry can broadly be divided into two main categories, host-guest chemistry
and self-assembly. �e categories are conceptually the same but are
di�erentiated by the size of the interacting species. In host-guest chemistry the
interacting species typically di�er signi�cantly in size. �e host is large enough
to enclose the other interacting species (the guest) via supramolecular
interactions. Examples include substrates interacting with enzymes and
metal-ions interacting with crown ethers. However, if the size of the interacting
species is roughly the same the process is conceptually called self-assemblya.

�ere exists many types of supramolecular interactions, all which can be
divided into di�erent categories depending on the nature of the interaction:

Electrostatic interactions: Electrostatic interactions are based on the
coulombic a�raction between oppositely charged ions or dipoles (Figure 2.1).25

An ion–ion interaction can be very strong (200-300 kJ mol−1), in certain cases
even stronger than a covalent bond. It is a non-directional interaction, meaning
that the ions have the same interaction energy in all directions and do not have
to be aligned in certain directions to maximize their a�raction. In comparison,
both ion–dipole interactions and dipole–dipole interactions are weaker (50-200 kJ
mol−1 and 5-50 kJ mol−1, respectively) and directional. Although the
dipole–dipole interaction is the weakest, this interaction is a useful tool in
supramolecular chemistry. Dipole–dipole interactions can be used to align
molecules in speci�c directions, as both dipoles must be perfectly aligned to be
able to interact.

Hydrogen bonds: Hydrogen bonding is a speci�c type of dipole–dipole
interaction between a hydrogen atom a�ached to an electronegative atom and a
highly electronegative atom such as nitrogen, oxygen and �uorine. �e
interaction is directional with an interaction energy ranging from 4 to 120 kJ
mol−1. A common example of hydrogen bonding is the interaction between
water molecules. Water molecules tend to form a 3D network of hydrogen
bonds as one water molecule is able to form four hydrogen bonds with adjacent
water molecules. It is due to this 3D network that water has the fairly high
boiling point of ≈ 100 ◦C at sea level in comparison to other group 6A
hydrides.26

aSee section 2.2
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2.1. SUPRAMOLECULAR CHEMISTRY

[Na]+ [ Cl ]-

ion - ion

O
H H

δ+ δ+
δ−

[Na]+

ion - dipole

Cl H Cl H
δ+ δ+δ− δ−

dipole - dipole

δ+ δ− δ+ δ−

Nucleus Electron cloud

π - π Van der Waals

Figure 2.1: Examples of some supramolecular interactions.

Hydrophobic e�ects: �e hydrophobic e�ect arises from the tendency of
hydrophobic compounds to be excluded from polar solvents such as water
(Figure 2.2).25 When a hydrophobic compound is added to a water solution, the
3D network of hydrogen bonds will be temporally disrupted to provide space
for the hydrophobic compound. However, the water molecules are not be able
to form any strong interactions with the hydrophobic compound. Instead the
water molecules form a cage-like structure, called a solvent cage, around the
hydrophobic compound.27 �e formation of solvent cages will greatly restrict
the mobility of the water molecules, resulting in an unfavorable loss of entropy
in the system. To reduce the total number of solvent cages needed, the
hydrophobic compounds will aggregate to lower their total surface contact area
exposed to the water. �e aggregation leads to a net increase in entropy in the
system as fewer water molecules are needed to form unfavorable solvent cages.
�is type of hydrophobic e�ect is strictly referred to as an entropic hydrophobic
interaction. Another type of hydrophobic e�ect is the enthalpic which occurs
when small molecules replaces water within molecular cavities.25

π-interactions: π-interactions arise from the delocalization of electrons in
conjugated systems (e.g. benzene). �e ”face” side of conjugated system will be
negatively charged due to this delocalization. Two main types of π-interactions
are commonly found in supramolecular systems; cation–π and π–π.25

van der Waals interactions: Van der Waals interactions arises from
temporarily existing dipoles, resulting from �uctuations in the electron
distribution of atoms or molecules (Figure 2.1).25 Adjacent molecules will align
so that a partial positive charge of one molecule is in close proximity to a partial
negative charge of another. Van der Waals interactions are non-directional,
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CHAPTER 2. SELF-ASSEMBLY AND SUPRAMOLECULAR MATERIALS

Figure 2.2: As hydrophobic compounds are dissolved in polar solvents, such as water,
they are prone to aggregate to minimize their surface contact area with the solvent.

o�en weak and act only over short distances. However, collectively van der
Waals interactions can have large impact on the overall interaction energy
between molecules.

�e interactions described above are the most common and exploited ones in
supramolecular chemistry. However, a single supramolecular interaction is
o�en not enough to bring molecules together. Instead, many individual
supramolecular interactions have to collectively act together to form of a stable
supramolecule. In addition, the total interaction energy of these collectively
acting supramolecular interactions is o�en greater than the same interactions
acting independently of each other. �e phenomenon is called positive
cooperativity. However, all possible supramolecular interactions on a molecule
will not be able to form stabilizing bonds with all types of molecules. �e reason
for this can be size and shape restrictions, or the actual chemical nature or the
interacting species (e.g. positively or negatively charged). �e molecules must
be complementary with respect to both structure and interactions. A high
degree of complementarity will exclude some molecules and only allow some to
interact, resulting in selectivity.

2.2 Molecular self-assembly

Molecular self-assembly is the spontaneous and reversible association of two or
more molecular components to form ordered supramolecular structures without
human intervention.28 Self-assembly can be divided into inter– and
intramolecular self-assembly. Intermolecular self-assembly occurs between
separate molecules whereas intramolecular self-assembly occurs between
components within a single molecule. Both types lead to a more ordered state
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2.2. MOLECULAR SELF-ASSEMBLY

for the molecule(s) and are important in e.g. folding of polypeptidesb.

Self-assembly is a dynamic process that allow non-covalently interacting
species to reach a more thermodynamically favorable state. �e process
generally leads to an equilibrium state, although many non-equilibrium
processes do exist (e.g. living systems).29 When a process is in equilibrium it has
reached a state where the concentrations of reactants and products are not
changing over time. However, the reached state may not necessary be the most
thermodynamically stable state (lowest Gibbs energy). A supramolecular
product can become kinetically trapped and unable to proceed to a more
thermodynamically favorable state. In statistically energy landscape theory this
is visualized as a local minimum that has a higher energy level as compared to
the global minimum (thermodynamic stable state) (Figure 2.3).30

Figure 2.3: Generic 2D energy landscape visualizing the di�erence between a local and a
global energy minimum.

�e ratio between the concentrations of supramolecular products and reactants in
equilibrium is o�en referred to as the binding constant or the association constant
(Ka). For peptides and proteins it is more common to use the dissociation constant
(Kd), which is the reciprocal of Ka. For a two-component system binding in 1:1
ratio at equilibrium, Kd will be

Kd ≡
1

Ka
=

[A][B]

[AB]
(2.1)

where [A] and [B] are the supramolecular reactants and [AB] is the
supramolecular product.31 �e Kd has units of M where a small value indicates a
high binding a�nity. �e Kd of a binding event can be experimentally
determined using several di�erent methods. As an example, in paper I the
di�erent Kd-values of the heterodimerized EKIV-polypeptidesc were determined
using circular dichroism spectroscopy (CD)d. Other common techniques used to

bSee chapter 3 and chapter 4
cSee chapter 4.1
dSee chapter 7.1.2
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CHAPTER 2. SELF-ASSEMBLY AND SUPRAMOLECULAR MATERIALS

estimate binding constants are e.g. ELISA,32 surface plasmon resonance,33 and
isothermal titration calorimetry.34

Selectivity is the ability of molecules to discriminate between many possible
binding partners. Two main types of selectivity are common in supramolecular
systems: kinetic– and thermodynamic selectivity.25 Kinetic selectivity is o�en
found in enzyme-based processes where the substrate that has the overall
shortest reaction rate with an enzyme (i.e. association, convertion and
dissociation) will give more products. �ermodynamic selectivity does instead
only rely on the binding a�nity. Supramolecular products with lower Kd will
form to a greater extent compared to supramolecular products with a higher Kd.
In systems with many potential binding partners, thermodynamic selectivity
results in a phenomenon called self-sorting (Figure 2.4).35 Depending on which
�nal supramolecular products that are formed, self-sorting can be divided into
di�erent categories. In narcissistic self-sorting molecules form supramolecular
products with like molecules. In contrast, if molecules form supramolecular
products with other molecules it is called social self-sorting. Furthermore,
self-sorting can either be nonintegrative or integrative. �e polypeptides
developed and used in paper I and II is an example of social nonintegrative
self-sorting. �e polypeptides and their ability to self-sort will be discussed in
more detail in section 4.1.

2.3 Properties of supramolecular biomaterials

Biomaterials that self-assemble via supramolecular interactions are �nding
more and more applications in medicine.? In comparison to materials comprised
only of covalently bound molecules, supramolecular interactions can give
materials properties that are not easily achieved otherwise. Supramolecular
materials are highly modular in the sense that di�erent materials with the same
or a complimentary self-assembly motif can be mix-and-matched. �e
modularity allows for a precise control over e.g. the composition and
functionality of the �nal material. Supramolecular materials can also show
tunable mechanical and structural properties. Although covalent bonds can be
used to tune mechanical stabilities by e.g. varying the crosslinking density, the
mechanical properties cannot easily be altered a�er the fabrication of the
material. Furthermore, if a covalent bond is disrupted by external forces such as
mechanical stress it cannot be reformed, which may result in loss of function of
the material. In contrast, supramolecular interactions allow the mechanical
properties to be changed at any time in the fabrication of the material or during
use. �e mechanical properties of supramolecular materials can be tuned by
either varying the concentration of the self-assembling moieties or the type and
a�nity of the supramolecular interactions used. In addition, the dynamic
properties of supramolecular bonds allow them to be reformed if disrupted. �is
enables development of sheer-thinning and self-healing materials that for
instance can be reformed when exposed to disrupted forces without loss of
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2.3. PROPERTIES OF SUPRAMOLECULAR BIOMATERIALS

function.36 Furthermore, supramolecular biomaterials can respond to di�erent
types of external stimuli. Examples of such external stimuli are changes in ionic
strength, pH and temperature.37–43 By exposing a supramolecular material to
such stimuli it is possible to, in real-time, change properties of the material.

Commonly used supramolecular moieties in supramolecular biomaterials are
those based on host-guest interactions (e.g. cyclodextrins),44–46 metal-ligand
coordination,47–49 and polyvalent hydrogen bonding (e.g. DNA).50 In this thesis,
polypeptides have been used as the supramolecular moiety. Polypeptides can be
designed to feature various supramolecular interactions at very precise
positions, making them highly modular supramolecular moieties. �e structure
of polypeptides is discussed in the next chapter.

Narcissistic 
self-sorting

Social nonintegrative 
self-sorting

Social 
integrative self-sorting

Figure 2.4: Schematic representation of di�erent types of self-sorting.
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Chapter 3

Amino acids, peptides and
peptide structure

I caught a cold and a�er a day or
two in bed of reading science �ction
and detective stories, I got tired of
that, and thought, why don’t I
discover the alpha helix?

Linus Pauling

�is chapter will describe what peptides are, what peptides consist of and give
some terminology commonly used when describing peptides. Furthermore, the
folding of peptides will be described, including the structures and the folding
motifs of the peptides used in this thesis.

3.1 Terminology and linear structure of peptides

Peptides (and proteins) consist of small monomeric units that are covalently
linked into chains. �e monomeric unit is called amino acid and consists of a
carbon atom that is covalent bound to both a carboxyl group and an amine
(Figure 3.1). �e carbon atom between the two functional groups is denoted Cα.
From Cα other carbon atoms can be covalent bound, denoted Cβ , Cγ etc. in
successive order of the Greek alphabet. �e chain bound to the Cα is called the
side chain of the amino acid. Although more than 500 amino acids are known to
exist in nature to date,51 only 20 of these are usually found in proteins. �e
structure of these 20 amino acids side chains is summarized in the front ma�er
of this thesis. Furthermore, amino acids can be divided into various categories
depending on the characteristics of the side chain. �e side chain can be
hydrophobic, mostly consisting of hydrocarbon groups (Ala, Phe, Ile, Leu, Met,
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CHAPTER 3. AMINO ACIDS, PEPTIDES AND PEPTIDE STRUCTURE

Trp, Tyr and Val). �ey can be positively charged (Arg, His and Lys), negatively
charged (Asp and Glu), or uncharged but polar (Asn, Gln, Ser and �r). �en
there are three more that can be considered special cases. �e side chain of
Cysteine (Cys) terminates with a thiol group. �e Cys thiol can be covalently
bound to other Cys thiols, crosslinking two Cys into a Cystine. �e crosslink is
o�en called a disul�de bridge, a terminology that for instance is used in paper
III. In addition, Glycine (Gly) does not have a side chain at all. In contrast, the
side chain of proline (Pro) is connected directly to the Cα-amino group.

Figure 3.1: �e chemical structure of an amino acid. A carboxyl group and an amine group
are covalently bound to Cα. Di�erent types of amino acids have di�erent side chains (R
in the �gure) bound to the Cα.

Peptides are strictly de�ned as polyamides due to the bonds in the polymera

chain. By covalently linking the amino group of one amino acid with the
carboxyl group of another, a peptide is formed (Figure 3.2). �e amide linkage
between amino acids is commonly called a peptide bond and each amino acid in
the peptide is called an amino acid residue. Depending on the number of amino
acid residues in the chain, various pre�xes are used. A peptide containing two
amino acid residues is called a dipeptide, three amino acids a tripeptide, four
amino acids a tetrapeptide etc. An oligopeptide refers to peptide consisting of
≈ 2 − 10 amino acid residues whereas a longer peptide is called a polypeptide.
When the length of a polypeptide exceeds ≈ 50 amino acid residues it is more
common to refer to it as a protein, at least if it has biological origin.

H2N

R1

O

OH + H2N

R2

O

OH -H2O
H2N

R1

O

N
H

R2

O

OH

Peptide bond

Figure 3.2: Peptide bond formation by a condensation reaction.

a�e term ”polymer” is de�ned in section 5.1

16



3.2. FOLDING OF PEPTIDES

Peptides are most o�en linear polymers, although peptides can be found as
cyclic polymers. One end of a linear peptide terminates with an amino acid
residue that has a free amino group whereas the other end terminates with an
amino acid residue that has a free carboxyl group. �ese ends are called the N-
and the C-terminus, respectively. By convention, peptide structures are wri�en
with the N-terminus to the le� and the C-terminus to the right.52 As an
example, the EV-polypeptide used in paper I and paper II is by de�nition called

Acetylglutamylvalylserylalanylleucinylglutamyllysinylglutamylvalyl-
serylalanylleucinylglutamyllysinylglutamylasparaginylserylalanyl-

leucinylglutamyltryptophanylglutamylvalylserylalanylleucinylglutamyl-
lysinylamide.

For simpli�cation, it is more common to use the three- or one-le�er
abbreviation of the amino acids when typing out the sequence of a peptide. For
the EV-polypeptide, with an acetylated N-terminus and an amidated
C-terminus, the one-le�er abbreviation would thus be

Ac-EVSALEKEVSALEKENSALEWEVSALEK-NH2

3.2 Folding of peptides

�e speci�c linear sequence of amino acids in a peptide is called the primary
structure. Certain orders of amino acid residues can allow a peptide to fold into
a local 3D structure called a secondary structure. As a peptide folds into a
secondary structure, some folds will be prevented due to geometric restrictions
of the peptide bond. �e peptide bond has a double-bond character due to
resonance contributions from the adjacent double-bonded oxygen atom.53

Rotation about the peptide bond will thus be markedly hindered and make the
six atoms that constitutes the peptide bond to be planar (Figure 3.3). �is will
restrict the possible rotations of the peptide backbone to about the Cα-C (φ) and
N-Cα (ψ) bonds.

H2N

O

N
H

O

N

O

N
H

O

OH
H

O
H

ψ

φ

Figure 3.3: Rotation of the polymer backbone is only permi�ed about the Cα-C (φ) and
N-Cα (ψ) bonds due to geometrical restrictions of the peptide bond.
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In 1969 the American molecular biologist Cyrus Levinthal made a thought
experiment, where he noted that a protein could have an almost endless number
of possible conformations.54 To exemplify, if each φ– and ψ bond was restricted
to only three states, then a 100 amino acid residue protein could have
3198 ≈ 3 × 1098 possible conformations. If such a protein would randomly try
to �nd its native state (proper folded structure) at a rate of 1010 folds per
second, it would take more than 1075 years. However, proteins can fold into its
native state within seconds or less. �is contradiction in time of folding is o�en
referred to as the Levinthal’s paradox. Luckily, the folding of proteins is far
from completely random. Supramolecular interactions, such as hydrogen
bonding and hydrophobic e�ects, between amino acids will selectively allow
and disfavor certain conformations. By restricting the total amount of possible
conformations, a folding pathway is created that guides the protein to its native
state. �e energy landscape of the folding can be depicted as a rugged funnel
(Figure 3.4).30, 55 �e rugged structure is due to local minima where the protein
will transiently reside during the folding process. Unless the protein gets
kinetically trapped in such a local minimum, it will eventually fold into its
native state, reaching the lowest possible energy and the most ordered (low
entropy) state. However, sometimes an even lower energy state than the native
state is possible. Example of this is amyloid formation caused by protein
misfolding.56

�e thermodynamics for folding of peptides is as follows. In the initial phase the
peptides will exist in multiple random conformations, o�en called the random
coil conformation. Due to the great number of possible conformations, the
system will have high conformational entropy. Upon folding the number of
possible conformations will decrease, thus decreasing the entropy. However, the
thermodynamic equation for change in Gibbs energy

∆G = ∆H − T∆S (3.1)

where ∆G is the Gibbs energy, ∆H is the enthalpy and ∆S is the entropy,
implies that a decrease in entropy leads to ∆G > 0, thus making the process
non-spontaneous. However, upon folding the peptide will form stabilizing
interactions such as hydrogen bonds, salt bridges and van der Waals
interactions. Formation of supramolecular bonds releases energy to the system,
making ∆H negative. �e enthalpic contribution will be greater than the
entropic contribution upon folding, making ∆G < 0 and thus the folding
process spontaneous. In addition, the surrounding solvent do also in�uences the
folding of peptides. �e hydrophobic e�ect causes hydrophobic amino acid
residues to aggregate to minimize the total amount of water molecules needed
to form solvent cages. �e hydrophobic e�ect will thus increase the entropy of
the system by releasing water molecules that previously were used to form
solvent cages.
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Figure 3.4: A visualization of a 2D energy landscape for the folding process of two
peptides into an more ordered structure.

Upon folding, certain φ– and ψ dihedral angles will be favored to form stable
secondary structures. Two common secondary structures are the β–strand and
the α–helix. β–strand forming peptides are to date the most commonly used
peptides in supramolecular biomaterials.17, 18 Examples include, but are not
limited to, the peptide amphiphiles developed by the Tirell group and later
re�ned by the Stupp group,57, 58 the MAX-peptides developed by the Schneider
group,59, 60 the commercially available PuraMatrix based on the
EAK16-polypeptide developed by Zhang et al.,61 the small Fmoc-FF
hydrogelators,62 and many naturally occurring proteins such as spider silk.63 To
stabilize a β–strand, two or more β–strands must be aligned side-by-side,
forming a β–sheet (Figure 3.5a). �e reason for this is the backbone hydrogen
bonding of the C=O and NH groups. In a β–strand con�guration, the C=O and
NH groups of the backbone will be directed approximately perpendicular from
the backbone direction. As the hydrogen bonding occur on both sides of the
β–strand the formation of β–sheets does o�en lead to the formation of long,
one-dimensional �bers. �e spontaneous formation of �bers is one of the main
reasons why β–structured peptides o�en are used to create hydrogels.

As mentioned previously, another common secondary structure is the α–helix.
In the early 1930’s William Astbury discovered that upon stretching of moist
wool and hair �bers, drastic changes occurred in the X-ray �ber di�raction
pa�ern.64 �e data suggested that keratin, which wool and hair are made of, in
its unstretched state has a ”coiled” structure with a characteristic repeat of 0.51
nm. Astbury denoted this as the α-form, a terminology that was kept when
Linus Pauling et al. proposed the actual structure of the α-helix in 1951.65 �e
α-helix, also called 3.613-helix, is the most abundant helical conformation of
proteins.66 �e peptide backbone forms a right-handed helical structure via
stabilizing intramolecular hydrogen bonds (Figure 3.5b).18 Each NH group in the
backbone forms a hydrogen bond with a backbone C=O four positions earlier in
the amino acid sequence. To allow this conformation, the backbone will rotate
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Figure 3.5: �e hydrogen bonding nature of the a) β–sheet and b) α–helix. Hydrogen
bond formation in β–sheets requires several β–strands whereas an α–helix have an
internal hydrogen bond network.

the dihedral angles to φ ≈ −64◦ and ψ ≈ −41◦.53 Each amino acid residue will
contribute to a 100◦ turn to the helix, making a full turn consisting of 3.6
residues. Furthermore, all backbone C=O will point toward the C-terminus,
which leads to an overall dipole moment in the helix. In addition, favorable van
der Waals interactions ”�lls” the interior space of the helix with even more
stabilizing interactions.67

Even though β-strands readily are used in peptide-based biomaterials, the
associated hydrogen bond network makes it di�cult to control their assembly.18

Since the α–helix possesses an internal hydrogen bond network it can be seen
as a more discrete building block in comparison to the β-strand. Furthermore,
by employing well-established sequence-to-structure relationship rules it is
possible to design α–helices that allow for precise self-assembly and
oligomerization.68 Using such rules, α-helical polypeptides have been used to
create well-de�ned �bers,69–73 and hydrogels,70, 74, 75 and even as well-de�ned
structures as nanometer-sized tetrahedons.76 Two α–helical folding motifs that
have been used in this thesis are the coiled coil motif and the helix-loop-helix
motif.

3.2.1 �e coiled coil motif

�e coiled coil is a common structural motif where two or more α–helices wrap
around each other (oligomerization) to form a stable supramolecular structure.
�e existence of the coiled coil motif was proposed independently by Linus
Pauling and Francis Crick in 1953,77, 78 only two years a�er Pauling et al. had
proposed the structure of the α–helix.65 Coiled coil polypeptides do o�en
consist of a heptad amino acid repeat pa�ern of HPPHPPP where H are

20



3.2. FOLDING OF PEPTIDES

hydrophobic and P are polar amino acid residues, respectively.68 A more
general used heptad repeat sequence terminology is (abcdefg)n where a and d
corresponds to the hydrophobic amino acid residues in the polypeptide and n is
the total number of heptad repeats. �e heptad repeat is o�en depicted in a
helical wheel diagram to visualize the relative position of each amino acid
residue in the heptad repeat when the polypeptide is folded (Figure 3.6a).
Furthermore, a coiled coil polypeptide is amphipathic when folded. When the
polypeptide folds a hydrophobic strip is formed along one side of the α–helix.
To maximize favorable interactions with other α–helices, the average turn
distance between an a and a d residue will be 3.5 residues, compared to a
regular α–helix with 3.6 residues per turn. To reduce the turn to 3.5 amino acid
residues, the α–helices must align their hydrophobic strips and wrap around
one another in the opposite direction as the polypeptide backbone to form a
”superhelix” (Figure 3.6b). �e alignment of the hydrophobic strips results in a
hydrophobic core between the α–helices that is thermodynamically favorable
due to the hydrophobic e�ect. �e hydrophobic e�ect is the main driving force
for the self-assembly of coiled coils.79 �e remaining residues at b,c,e,f and g
positions can also aid in the formation and stabilization of a coiled coil. Such
stabilization will be discussed and exempli�ed more in detail in chapter 4.

a

e
b

f

c
g

d

a ) b)b)

Figure 3.6: a) Helical wheel diagram showing the amphipathic nature of coiled coil
forming α-helices. b) Cartoon representation of a dimeric coiled coil structure.

3.2.2 �e helix-loop-helix motif

�e helix-loop-helix (HLH) motif consists of two α–helices that are joined
together by a short loop region (Figure 3.7). �e HLH is a structural motif that is
commonly found in transcriptional regulatory proteins that are important in a
variety of developmental processes.80 For instance, in humans HLH containing
proteins are involved in the development of the endocrine pancreas and the
neocortex.81, 82 Furthermore, the HLH motif can be found in both a monomeric–
and in an oligomeric state.80 Similar as the coiled coil motif presented in
subsection 3.2.1, dimerization of two HLH motifs leads to the formation of a
hydrophobic core. �e HLH can dimerize either in a parallel, an anti-parallel or
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a bisecting U arrangement,83 all leading to the formation of a four-helix bundle.
�e polypeptide JR2E used in paper III, IV and V is an example of a HLH motif
that folds into an anti-parallel four-helix bundle. �e JR2E polypeptide will be
described more in detail in section 4.2.

Helix

L o o p

Helix

Figure 3.7: A part of the DNA-binding MyoD basic-HLH domain (PDB entry 1MDY),
showing the structure of a helix-loop-helix motif.
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Chapter 4

Polypeptide design and
synthesis

Innovate, automate - or evaporate!

Robert Bruce Merri�eld

In this chapter the polypeptides used in this thesis will be presented. In addition,
the main results from paper I will be highlighted in section 4.1. Lastly, strategies
for synthesis and puri�cation of peptides will be described.

4.1 EKIV-polypeptide system (Paper I)

�e EKIV-polypeptide system was developed in this thesis and was used in
paper I and II. �e EKIV-polypeptide system consists of four 28 amino acid
residue polypeptides, designed to fold into parallel, heterodimeric α–helical
coiled coils (Figure 4.1 and table 4.1).

Sequences and heptad register
gabcdef gabcdef gabcdef gabcdef

EI EIAALEK EIAALEK ENAALEW EIAALEK
KI KIAALKE KIAALKE KNAALKW KIAALKE
EV EVSALEK EVSALEK ENSALEW EVSALEK
KV KVSALKE KVSALKE KNSALKW KVSALKE

Table 4.1: �e primary structure of the EKIV-polypeptides.

As discussed in chapter 3, coiled coils are o�en amphipathic and have the
repeating heptad pa�ern HPPHPPP of hydrophobic and polar amino acid
residues. �e pa�ern was the starting point for the design of each

23



CHAPTER 4. POLYPEPTIDE DESIGN AND SYNTHESIS

d

g
c

f

b
e

a

a

e
b

f

c
g

d

Figure 4.1: When two complementary EKIV-polypeptides are mixed, a spontaneous self-
assembly process leads to formation of stable parallel heterodimers. A hydrophobic core
forms with the amino acid residues at a and d positions, and stabilizing electrostatic
interactions exist between e and g positions.

EKIV-polypeptide. Furthermore, the sequences were inspired by polypeptides
originally de novo designed in the groups of Hodges79, 84 and Woolfson.85

However, speci�c modi�cations were made with the aim to obtain two main
sets of complementary polypeptides with large di�erences in a�nities for
dimerization.

�e a and d positions consist mainly of hydrophobic amino acid residues. At d
positions leucine (Leu, L) was used whereas at the a positions a β-branched
amino acid was used; isoleucine (Ile, I) in EI and KI, and valine (Val, V) in EV
and KV. In the third heptad at position a an asparagine (Asn, N) was
incorporated to promote formation of parallel, dimeric coiled coils.85, 86 To
enable formation of the hydrophobic core the two Asn must pair up (Asn-Asń )
to form a stabilizing hydrogen bond (see Figure 3 in paper I). In addition, the
asymmetric positioning of the Asn residue in the polypeptide sequences
promotes formation of in-register structures over out-of-register structures.
Furthermore, around the hydrophobic core, at e and gpositions, charged amino
acid residues were incorporated. EI an EV have negatively charged glutamic
acids (Glu, E) at these positions whereas KI and KV have positively charged
lysines (Lys, K) at these positions. �e charge di�erence will not only reduce
homodimerization by charge repulsion, but also promote heterodimerization by
charge a�raction when two complementary polypeptides are mixed. �e charge
a�raction between Glu-Lyś is called a salt bridge and is a combination of an
electrostatic interaction and a hydrogen bond.87 In addition, at the b positions
alanine (Ala, A) or serine (Ser, S) were used. Ala has a higher helical propensity
compared to Ser, hence the polypeptides EI and KI with Ala in these positions
will be more prone to fold into α–helices.88 At position c all polypeptides have
an Ala. At f positions mostly charged residues were used that are of the
opposite charge as those at e and g positions. �is to increase the water
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4.1. EKIV-POLYPEPTIDE SYSTEM (PAPER I)

solubility of the polypeptides over a larger pH range. However, in the third
heptad at position f a tryptophan (Trp, W) was incorporated as a chromophore
to enable spectroscopical determination of polypeptide concentrationa.

In paper I the design of the polypeptides was devised and evaluated. Each
individual polypeptide existed mainly as random coils at pH 7, as determined by
CD (Figure 4.2a). However, EI and KI did have some minor tendencies to form
homomeric coiled coil structures, seen as the small shi� of the negative band in
the CD spectra from 198 nm to 201-202 nm. �e slightly higher tendency for EI
and KI to form homomeric structures is due to the incorporation of Ile at the a
positions. Ile has an extra methylene group compared to Val which leads to a
more pronounced hydrophobic e�ect.79 Furthermore, it was also noted that the
KI homomers displayed slightly higher thermal stability compared to the EI
homomers (Figure 4.2b). �e reason for this is the di�erent amino acid residues
at e and g positions.89 �e conformational �exibility of the Lys side chain allows
the ε-amine groups between two Lys-Lyś to be separated enough to overcome
some of the charge repulsion and thus allow formation of homomeric coiled
coils. In contrast, the shorter and less �exible side chain of Glu cannot separate
the γ-carboxyls to the same extent. Glu is thus more e�ective in preventing
homomeric EI structures to be formed in comparison to Lys in KI. However, the
homomeric structures of EI and KI were not very stable at pH 7 as slightly
elevated temperatures could abolish them completely (Figure 4.2b). In addition,
by adjusting the pH closer, or beyond, the isoelectric point (pI) of each
polypeptide it was possible to form more stable homomeric structures, as shown
in paper I and II. �e reason for the increased stability closer to the pI is due to
formation of stabilizing hydrogen bonds as the side chain of Glu and Lys is
protonated and deprotonated, respectively (Figure 4.3).
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Figure 4.2: (a) CD spectra of each individual polypeptide at 20 ◦C. (b) �ermal
denaturation curves of individual polypeptides.

aFor details, see chapter 7.1.1
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O

O-H
δ−δ+

δ+δ−

O

H-O

R1

R2
N

H

H

R1N H

H

R2

δ−δ+

Glu - Glu´ Lys - Lys´
Figure 4.3: As the Glu and the Lys side chain becomes protonated and deprotonated,
respectively, it can form stabilizing hydrogen bonds. Due to the directional constraints of
hydrogen bonding, the Lys-Lyś interaction will at most form one hydrogen bond whereas
the Glu-Glú interaction can consist of two hydrogen bonds, making the later more stable.

�e two main sets of complementary polypeptides consist of the combination of
EI/KI and EV/KV. However, it is also possible to combine these two main sets to
form two other subsets; EI/KV and EV/KI. As shown in paper I, all combinations
did adopt an α–helical conformation (Figure 4.4a). Comparing the MRE222

MRE208
ratio

between the di�erent combinations,90 EI/KI formed the most well-de�ned
α–helical and coiled coil structure with a ratio of 1.01 whereas EV/KV formed
the least well-de�ned structure with a ratio of 0.85. �e EI/KV and EV/KI had
ratios 0.97 and 0.94, respectively. Furthermore, thermal denaturation
experiments showed that the di�erent combinations had very di�erent thermal
stabilities with Tm ranging from 37 to 87 ◦C (Figure 4.4b). �e results show that
the small di�erences between Ile- and Val-containing peptides give rise to major
di�erences in terms of structural conformation and stability. �e
CD-characterization data is summarized in table 4.2.
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Figure 4.4: (a) CD spectra of combined polypeptides at 20 ◦C. (b) �ermal denaturation
curves of combined polypeptides.

�e Kd of each heterodimer was estimated using a method described by Marky
and Breslauer.31 By running thermal denaturation experiments at several
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4.1. EKIV-POLYPEPTIDE SYSTEM (PAPER I)

Polypeptide(s) MRE∗222
MRE222

MRE208
Tm (◦C) Kd (M)

EI -5.9 0.56 <20
EV -4.0 0.36 <5
KI -8.0 0.63 <20
KV -2.4 0.29 <5
EI/KI -30.1 1.01 87 < 1.0× 10−10

EV/KI -20.4 0.94 62 8.5× 10−8

EI/KV -21.8 0.97 64 7.2× 10−8

EV/KV -15.4 0.85 37 1.4× 10−6

∗ 103deg cm2 dmol res−1

Table 4.2: MRE222, MRE222
MRE208

, melting temperature (Tm), and Kd of individual and combined
polypeptides at pH 7 and 20 ◦C. �e total polypeptide concentration is 50 µM.

concentrations (Figure 4.5a), the Tm was estimated for a range of concentrations
(Figure 4.5b). By assuming non-self-complementary association of dimers,
equation 2.1 can be rewri�en as

Kd =

(
CT
2

)(
1− 1

2

)2

1

2

=
CT
4

(4.1)

where CT is the total polypeptide concentration. For any process in equilibrium
the equations ∆G◦ = −RT ln

(
1
Kd

)
and ∆G◦ = ∆H◦ − T∆S◦ are valid. By

rearrangement

−RT ln

(
1

Kd

)
= ∆H◦ − T∆S◦ (4.2)

Combining equation 4.1 and 4.2 and dividing this with Tm∆H◦ allow Tm to be
related to CT as

1

Tm
=

R

∆H◦
ln (CT ) +

∆S◦ −R ln 4

∆H◦
(4.3)

By plo�ing 1
Tm

versus lnCT a linear relationship could be obtained for the
measured Tm values (Figure 4.5c). By using equation (4.1) and the linearly
extrapolated equation, the Kd can be estimated at any temperature of interest by

1

T
= a ln (4Kd) + b⇔

⇔ ln (Kd) =
1
T −b
a − ln 4⇔

⇔ Kd =
e

1
T −b
a

4
(4.4)
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where a is R
∆H◦ (the slope of the extrapolated curve) and b is ∆S◦−R ln 4

∆H◦ (the
Y-intercept of the extrapolated curve) (Figure 4.5d). Using this method on all
four heterodimers, the di�erent Kd values could be estimated (Table 4.1).
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Figure 4.5: �e Kd was estimated for all combinations of heterodimers, exempli�ed here
with EV/KV. a) �ermal denaturation curves for EV/KV at di�erent concentrations. b) 1st
derivative of each thermal denaturation curve for EV/KV to visualize and to estimate the
melting temperature at each concentration. c) �e linear relationship between 1

Tm
and

lnCT for EV/KV, used to estimate the Kd. d) Relationship between Kd and temperature for
EV/KV.

Due to the large di�erence in a�nities the EKIV-polypeptide system will
self-sort, forming only two out of four possible heterodimers when all
polypeptides are present. However, as shown in paper I, it is not the two
heterodimers with the highest a�nities that are formed. Instead it is the
heterodimers with the highest (EI/KI) and the lowest (EV/KV) a�nities that are
formed. �e reason for this is depicted in Figure 4.6. When all polypeptides are
mixed, they strive to form the most thermodynamically stable heterodimer as
possible. EI and KI will predominantly form EI/KI as it is the most
thermodynamically favored heterodimer. When this heterodimer is formed, EI
and KI polypeptides will be consumed in the system. �e consumption will limit
the possibility for the system to form both EI/KV and EV/KI. As a result, EV and
KV cannot form their most thermodynamically favorable heterodimer EV/KI or
EI/KV. To lower the total energy in the system, EV and KV will heterodimerize
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4.2. JR-POLYPEPTIDES

into EV/KV. Furthermore, it is possible to stepwise go from one heterodimer to
another by sequential addition of polypeptides. For example, addition of EI to
EV/KV will result in (EV/KV + EI) → (EI/KV + EV). �e change in
heterodimers happens spontaneously as Kd(EV/KV) > Kd(EI/KV). In the same
manner, sequential addition of KI results in (EI/KV + EV + EI)
→ (EI/KI + EV/KV). In paper I this phenomenon is shown using a �uorescent
probe, whereas in paper II this is shown using dynamic light sca�ering
experiments (DLS)b.

Figure 4.6: Schematic representation of the self-sorting in the EKIV-polypeptide system.
EI and KI will mainly heterodimerize into EI/KI as this is the most stable heterodimer. As
EI and KI are consumed in the system, EI/KV and EV/KI will be unable to form. EV and
KV will thus heterodimerize into EV/KV, even though this is less stable than both EI/KV
and EV/KI.

All in all, the EKIV-polypeptide system allows formation of four di�erent
heterodimers with distinct and di�erent a�nities for dimerization, which in
addition is prone to self-sorting. In paper II the polypeptides were modi�ed
with an end-terminal Cys residue to provide a reactive moiety for conjugation
to maleimide-containing poly(ethylene glycol). �e conjugation process is
discussed in subsection 5.2.1 and the use of the resulting polypeptide-hybrids is
discussed in section 6.2.

4.2 JR-polypeptides

�e JR-polypeptides are 42 amino acid residues helix-loop-helix polypeptides
and were used in paper III, IV and V. �e JR-polypeptides were originally
designed by Johan Rydberg et al,91 and are designed to dimerize into

bSee subsection 7.1.3
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CHAPTER 4. POLYPEPTIDE DESIGN AND SYNTHESIS

anti-parallel four-helix bundles. �e main JR-polypeptide that has been used in
this thesis is JR2E. �e amino acid sequence of JR2E can be found in Table 4.3
and corresponding helical wheel diagram when folded into an anti-parallel
four-helix bundle can be seen in Figure 4.7. �e design principle is roughly the
same as for coiled coil design in general. �e a and d positions constitute the
hydrophobic core and are occupied mostly by hydrophobic residues such as Ala,
Ile and Leu. �e amino acid residues at e and b positions will be the interface
between the dimers and are mostly occupied with Glu residues. c, f and g
positions are mostly occupied by either hydrophilic residues or by Ala.
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Figure 4.7: Cartoon representation of two JR-polypeptides dimerized into a four-helix
bundle with corresponding helical wheel diagram.

Sequence and heptad register
1 19
g a b c d e f g a b c d e f g a b c d
N A A D L E K A I E A L E K H L E A K

20 23
G P V D

42 24
e d c b a g f e d c b a g f e d c b a
G A R E F A E F A Q E L Q K E L Q A A

Table 4.3: �e amino acid sequence for JR2E. 1–19 and 24–42 are the helices whereas
20–23 is the unstructured loop region.

As the dimer interface is mostly occupied by Glu residues, similar rules for
folding governs the JR2E polypeptide as for the EKIV-polypeptides. By
protonization of the γ − carboxyl group of Glu, stabilizing Glu-Glú interactions
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4.3. SYNTHESIS OF PEPTIDES

can occur. Protonization, and thus homodimerization, occurs in acidic
conditions (pH < 6) since the pH comes closer to the pI of the polypeptide (pI =
4.6).92 Furthermore, JR2E can also heterodimerize at neutral pH in the presence
of the charge complementary polypeptide JR2K.93 JR2K has a similar amino acid
sequence as JR2E, however all Glu residues at the e and b positions are replaced
with Lys. �e Lys residues allow formation of stabilizing salt bridges upon
heterodimerization with JR2E. �e heterodimerization between JR2E and JR2K
was used in paper Vto post-modify the created hydrogels. A third option to
induce dimerization of JR2E is by metal ion coordination, a strategy that was
used in paper III, IV and V. It has previously been shown that various di- and
trivalent metal ions can induce folding of JR2E.94 �e divalent metal ion
Zn2+induces the highest degree of helicity, which is the main reason for
choosing this metal cation for the papers in this thesis.

By replacing the Val residue in the loop-region of JR2E to other more reactive
moieties, it is possible to conjugate the polypeptide to other molecules.
Replacing Val22→ Cys (JR2EC) gives a reactive thiol group that can be used for
further post-modi�cations. For instance, by oxidizing JR2EC, as done in paper
III, two JR2EC polypeptides can be linked via a disul�de bridge (JR2EC2).
Addition of Zn2+to JR2EC2 result in the formation of macrosized assemblies of
superstructures that could not be done with JR2E. In addition, in paper IV and V
the replacement of Val22 → Lys(Alloc) was used as a synthesis step to
conjugate the polypeptide to the polymer hyaluronic acid. More details about
this speci�c modi�cation is provided in subsection 5.2.2.

4.3 Synthesis of peptides

To polymerize amino acids into peptides, many di�erent techniques has been
used throughout history.95 Today, the most common technique for lab-scale
synthesis of peptides is called solid phase peptide synthesis (SPPS). SPPS is the
result of the pioneering work of Robert Bruce Merri�eld in the 1960’s, a work
that in 1984 awarded him with the Nobel Prize in Chemistry.96

4.3.1 Solid phase peptide synthesis

In SPPS peptides are synthesized on an insoluble resin support. �e resin allows
puri�cation of the product a�er each synthesis step by enabling removal of all
soluble by-products by �ltration and washing. �is strategy to synthezise
peptides allowed SPPS to early on be fully automated, thus making it practically
possible to synthesize longer and more complex peptides. �e main steps in
SPPS are illustrated in Figure 4.8. At �rst the resin is loaded by a�aching a
N-terminal protected amino acid to the solid support via the carboxyl group.97

A�er loading the �rst amino acid, the peptide chain is synthesized in a linear
fashion from the C-terminal to the N-terminal amino acid. �is is done by
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repetitive cycles of removal of the N-terminal protection group on the growing
peptide and sequential a�achment of a new N-terminal protected amino acid.
�e a�achment is done by adding a coupling reagent, such as HCTUc or TBTUd,
with the new N-terminal protected amino acid. �e coupling reagent activates
the carboxyl group on the free N-terminal protected amino acid by creating a
highly reactive O-acylisourea. �e O-acylisourea can then react with the amino
group of the growing peptide. �e reaction results in a new peptide bond. A�er
each reaction step, excess reactants and by-products are removed by extensive
washing and �ltration. �e cycle is repeated until the desired sequence is
obtained. Subsequently, the peptide is cleaved from the resin and side chain
protective groups are removed. Depending on the type of resin that is used, the
resulting peptide will either have a C-terminal carboxyl acid or a C-terminal
amide.

Depending on which N-terminal- and side-chain protections that are used,
di�erent strategies for deprotection and cleavage from the resin are needed. In
SPPS, two strategies are commonly used today; �e Boc and the Fmoc approach,
where the la�er has been used in this thesis. �e Boc approach is based on the
di�erence in acid lability of the N-terminal protecting group Boc and
corresponding side chain protective groups. Boc is removed by tri�uoroacetic
acid (TFA) while the side chain protective groups and the peptide-resin linkage
are removed by anhydrous hydrogen �uoride (HF). Even though the Boc
approach has many great advantages such as higher purity and thereby easier to
synthesize longer peptide sequences, HF is extremely dangerous to handle since
contact with water immediately converts HF to highly corrosive and toxic
hydro�uoric acid. In addition, very specialized machines for automated
processes that can handle HF are needed and HF may also degrade some
peptides. �e problems related with HF was one of the main reasons why
Chang et al. in 1978 developed a new synthesis strategy using
9-�uorenylmethyloxycarbonyl (Fmoc) instead of Boc as the N-terminal
protecting group.98 �e Fmoc approach uses milder deprotection chemicals. By
using a base, o�en piperidine dissolved in dimethylformamide (DMF), the
Fmoc-group can readily be removed. �e side chain protection groups and
peptide-resin linkage are removed by an acid, commonly TFA. However, when
the side chain protective groups are removed with TFA there is a risk that these
will react with certain amino acid residues side chain and form unwanted
by-products. To reduce the risk, scavenger molecules are added with the TFA
when cleaving the peptides from the resin. �e scavenger molecules will react
with the removed protective groups, making them unavailable to react with the
exposed side chains of the peptides. Depending on which amino acids the
peptide contains, various scavengers are needed. Examples of scavengers used
in this thesis are triisopropylsilane and 1,2–Ethanedithiol.

c2-(6-Chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexa�uorophosphate
dO-(Benzotriazol-1-yl)-N,N,Ń,Ń-tetramethyluronium tetra�uoroborate

32



4.3. SYNTHESIS OF PEPTIDES

*  Side chain protected

Figure 4.8: �e principle of SPPS using the Fmoc strategy.
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4.3.2 Peptide puri�cation

A�er synthesis of a peptide, a puri�cation step is needed to remove truncated
peptides and other by-products. Peptides are typically puri�ed by reverse phase
high performance liquid chromatography (RP-HPLC), a technique that has been
used in this thesis. RP-HPLC is based on the interaction of the solute with a
solid stationary phase and a liquid mobile phase. In RP-HPLC a hydrophobic
stationary phase is used, commonly consisting of silica particles that have been
functionalized with hydrophobic alkyl chains. �e mobile phase is usually an
aqueous solution mixed with an organic solvent such as acetonitrile, 2-propanol
or methanol. �e ratio of the aqueous/organic mixture is o�en changed over the
course of the puri�cation, creating an eluent gradient. When injecting a sample
into a column with the stationary phase �lled with a solution of high water
content, most molecules with any hydrophobic tendency will bind to the
stationary phase. As the eluent gradient changes toward a higher content of
organic solvent, more and more hydrophobic molecules tend to go into the
mobile phase and elute out of the column. �e eluted molecules can be detected
on-line by various types of equipment a�ached to the RP-HPLC. Absorption
spectroscopy was used in this thesis. �e peptide backbone absorbs light around
190 - 230 nm, which can be detected. In addition, the EKIV-polypeptides do also
absorb light around 280 nm due to the Trp residue.

4.3.3 Peptide identi�cation

�e polypeptides in this thesis were all identi�ed by Matrix-Assisted Laser/
Desorption/ Ionization Time of Flight Mass Spectrometry (MALDI-ToF MS).
MALDI-ToF is a versatile method to determine the molecular weight of
non-volatile macromolecules such as peptides. �e sample is embedded in an
UV-absorbing matrix, such as α-cyano-4-hydroxycinnamic acid, that forms a
crystalline mesh. �e mesh is introduced into a high vacuum chamber and
irradiated with a laser. �e irradiation induces ionization of the matrix that in
turn transfers protons to the sample, making it positively charged. �e ionized
sample can then be accelerated in an electric �eld and the time of �ight to reach
a detector is correlated to the mass-to-charge (m/z) ratio of the sample.
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Chapter 5

Synthesis of
polypeptide-hybrids

Click. Boom. Amazing!

Steve Jobs

�is chapter will describe how the di�erent polypeptide-hybrids used in paper
II, IV and V were synthesized. First polymers will be described in general,
including the polymers used in this thesis. Furthermore, modi�cation strategies
to facilitate reactive moieties for conjugation between the polypeptides and the
polymers will be described.

5.1 Polymers

�e term polymer has already been mentioned in previous chapters of this
thesis. �e term polymer was coined by the Swedish chemist Jacob Berzelius in
1832,99 and is derived from the Greek words poly- ’many’ and -meros ’part’. A
polymer is composed of several repeating residues, referred to as monomers. A
polymer can either originate from a natural source, such as DNA, cellulose and
chitin, or be completely synthetic such as in the case of polystyrene,
polytetra�uoroethylene and polyvinylchloride. As the monomers react with
each other, long polymer chains are formed. A polymer does not necessarily
consist of only one type of monomer, but is o�en comprised of several di�erent
monomers. Depending on how the di�erent types of monomers are distributed,
various pre�xes are used to describe the polymer.100 Polymers consisting of one
type of monomer (-AAAAAAAA-) are called homopolymers, whereas polymers
consisting of two or more monomers are called copolymers. Copolymers are in
turn divided into di�erent subcategories depending on the relative order of each
monomer in the polymer chain. Alternating copolymers have an regular
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CHAPTER 5. SYNTHESIS OF POLYPEPTIDE-HYBRIDS

alternating pa�ern (-ABABABAB-), whereas in block copolymers the di�erent
monomers are divided in speci�c segments (-AAAABBBB-). In contrast, in
statistical copolymer the monomers are randomly distributed in the polymer
chain (-ABBABABB-). Furthermore, polymers consisting of one single chain is
referred to as a linear polymer whereas polymers with polymeric side chains are
called branched polymers. A star-shaped polymer is a speci�c class of branched
polymer that for instance was used in paper II and V. Here several polymers are
connected to a central core consisting of either a single atom or a small
macromolecule. In addition, branched copolymers where the polymeric side
chains are distinctly di�erent from the main polymer chain are o�en
categorized as gra�ed copolymers. �e polypeptide-hybrids used in this thesis
all fall into this category.

As mentioned previously, several types of both natural and synthetic polymers
do exist. In the papers underlying this thesis, hyaluronic acid and poly(ethylene
glycol) has been used in addition to the polypeptides.

5.1.1 Hyaluronic acid

Hyaluronic acid (HA), also known as hyaluronan, is a naturally occuring,
non-sulfonated polysaccharide of high molecular weight (105 − 107 Da).101 HA
was discovered and isolated for the �rst time in 1934 by Karl Meyer and John
Palmer by extraction from the vitreous humor of cow eyes,102 from which the
polymer gets its name (Greek hyaloid ’vitreous’). �e structure of HA, solved by
the same research group in the 1950’s, is a linear alternating copolymer
consisting of the alternating saccharide units β - 1,4 - D - glucuronic acid and β
- 1,3 - N - acetyl - D - glucosamide (Figure 5.1). �e carboxyl group of the
D-glucuronic acid unit makes the polymer slightly negatively charged at neutral
pH. However, under physiological conditions HA is primarily found as the
sodium salt, as the salt form is more stable in comparison to the acidic form.

OH

OH

O
NH

O

O
O

OH

O

OH
OH

O

n

Figure 5.1: Chemical structure of hyaluronic acid.

Since its discovery, HA has been found to be one of the major constituents of
the extracellular matrix (ECM) of vertebrates, for example found in the synovial
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joint �uid and in the skin and cartilage.101 HA has several important biological
functions in the body, such as maintaining the viscoelastic properties of liquid
connective tissue and regulating the hydration of tissues.103, 104 Furthermore,
HA interacts with cell surface receptors (e.g. CD44, ICAM-1 and RHAMM) and
HA-binding proteins to promote cell adhesion, migration and proliferation. In
addition, HA can be naturally degraded by various reactive oxygen species
(ROS) and enzymes (e.g. hyaluronidase104), and is important in the wound
healing process.105 �e intrinsic biological properties of HA has rendered it
highly useful in many biomaterial applications over the years. HA is today
clinically and commercially used in applications such as dermal �llers, wound
repair, and skin care products. Furthermore, by modifying the chemical
structure of HA with new functional groups, for example as done in paper IV
and V, it is possible form e.g. polymeric nanoparticles or hydrogels, using either
covalent or supramolecular bonds.106–114

5.1.2 Poly(ethylene glycol)

Poly(ethylene glycol) (PEG) is a synthetic and hydrophilic homopolymer that is
commercially available in a wide range of molecular weights (≈ 102 − 107 Da).
�e primary structure of PEG consists of a linear polyether structure with
terminating hydroxyl groups (Figure 5.2). �e terminating groups are o�en
converted into other reactive moieties to enable conjugation to other types of
molecules. In addition, PEG polymers can be connected in di�erent structural
arrangements, such as star-shaped polymers.

Although some people do show hypersensitivity towards PEG, the polymer is
considered to be bioinert and non-toxic115 �ese properties and its
hydrophilicity makes PEG useful in many biomaterial applications. In drug
delivery applications, low molecular weight PEG-structures are o�en
conjugated to hydrophobic drugs and proteins (called pegylation) to improve
their solubility in aqueous media. Pegylation can also improve the
pharmokinetics of drugs e.g. by prolonging the retention time in the blood or by
reducing the renal excretion of the drug.116 Furthermore, due to the
bioinertness, PEG is o�en used to modify various surfaces to gain anti-fouling
properties by preventing e.g. protein–binding.117 In addition, due to the
well-de�ned structure and hydrophilicity of PEG it is widely used in hydrogel
formulations.14, 118–122

Figure 5.2: Chemical structure of poly(ethylene glycol)
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5.2 Modi�cation of polymers and conjugation with
peptides

Chemical modi�cations of polymers allow new polymers with unique properties
to be created. By chemical modi�cation, polymers can be crosslinked to form
large polymeric networks,14, 106, 123, 124 or conjugated with other functional
molecules that e.g. provide self-assembling properties,75, 110, 111 or increase their
bioactivity.14, 124–126 Various strategies to chemically modify polymers exist, but
a common denominator in the work done in paper II , IV and V has been to
exploit click chemistry.127 Click chemistry refers to reactions that are rapid,
simple to use, highly selective and give high yield. Premodi�cation of polymers
with such ”click chemistry”-groups allows polymeric materials that are easy to
crosslink or that can be conjugated with other functional molecules. In paper II,
maleimide–thiol Michael addition was used whereas in paper IV and V strain
promoted alkyne–azide 1,3-dipolar cycloaddition was used.

5.2.1 Maleimide–thiol Michael addition

�e Michael addition reaction between maleimides and thiols is widely used to
covalently bound two or more molecules. �e two carbonyls in the maleimide
ring structure combined with the release of ring-strain are the main driving
forces for the reaction.128 �e reaction is initiated by a nucleophilic a�ack by
the thiolate anion at the π-bond of the maleimide, resulting in a strongly basic
enolate intermediate (Figure 5.3). �e enolate will in turn deprotonate another
thiol into a thiolate anion, which in turn can continue the catalytic cycle. �e
protonation of the enolate results in the �nal addition product. Although this
reaction is highly e�cient and selective, some minor drawbacks exist. At pH
above 8, maleimides will not only begin to hydrolyze into maleic acid, but also
react more readily with amines over thiols.129 Furthermore, as the
thiol-containing compound must be in its reduced state to react with a
maleimide, it may be necessary to pretreat it with reducing agents to cleave any
disul�de bridges.

In paper II the maleimide–thiol reaction was used to conjugate thiol-terminated
polypeptides to PEG. A commercially available star-shaped PEG-polymer with
terminating maleimides was used as the main polymeric backbone (pMal4,
Figure 5.4). A�er reducing the thiol of the Cys with the reducing agent
dithiothreitol, the polypeptides were added to the pMal4. Samples were reacted
overnight and puri�ed by dialysis to obtain the polypeptide-polymer conjugate.
�e formation of the �nal product was con�rmed by comparing the 1H-NMRa

spectra before and a�er polypeptide conjugation. �e maleimide moiety has a
distinct peak in a 1H-NMR spectrum (300 MHz, D2O, δ): 6.86 (s, 2H, C-H) that
completely disappears a�er polypeptide conjugation (Figure 5.5). In addition,
multiple new peaks originating from the polypeptides will appear a�er

aSee subsection 7.1.5
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Figure 5.3: Schematics of maleimide–thiol conjugation through a Michael addition
reaction. Adapted from Northrop et al.128

conjugation. As an example, since a Trp amino acid residue is present in all the
EKIV-system polypeptides, 1H-NMR peaks originating from the aromatic indole
ring will appear in the region (300 MHz, D2O, δ) ≈ 7-8 ppm.

Polypeptide

Polypeptide

4X

PBS
pH 7-7.4

Figure 5.4: Simpli�ed reaction scheme of the conjugation of thiol-terminated
polypeptides to pMal4.

5.2.2 Strain-promoted alkyne-azide 1,3-dipolar cycloaddition

�e reaction between alkyne–azide moieties is characterized by high selectivity
and is thermodynamically highly favorable.130 �e 1,3-dipolaric azide group
reacts with the dipolarophilic alkyne group via a cycloaddition reaction,
yielding a stable 1,2,3-triazole. In this thesis, strain-promoted alkyne–azide
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Figure 5.5: 1H NMR (300 MHz) spectra of (a) pMal4 and (b) pKV4.

cycloaddition (SPAAC) was used (Figure 5.6).131 �e triple bond in cyclic
alkynes are energetically unfavorable and the release of the geometrical strain
in the ring structure is the main driving force for the SPAAC reaction. In
addition, the SPAAC reaction has many great advantages in comparison to the
more traditional copper-catalyzed azide–alkyne cycloaddition. Here copper(I)
ions are needed as a reagent to initiate the reaction, which is unsuitable to use
in biological applications due to the toxicity of copper(I) ions. In contrast, the
SPAAC reaction does not need any additional reagents to be initiated, making it
more suitable for bioconjugation. Furthermore, SPAAC is considered to be
bio-orthogonal as the reaction can take place in vivo.132

Figure 5.6: Reaction scheme for the strain–promoted alkyne–azide 1,3-dipolar
cycloaddition reaction.
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In paper IV and V HA was modi�ed with the cyclooctyne bicyclo[6.1.0]nonyne
(BCN). In comparison to many other types of cyclooctynes used for SPAAC,
BCN has a relatively high reactivity in combination with high water solubility,
making it ideal for reagent-free bioconjugation under in vivo like conditions.133

To conjugate BCN to HA, a commercially available BCN with a small linker that
terminates with a primary amine group was used (Figure 5.7). Since HA has an
available carboxyl group on the D-glucuronic acid unit, conjugation could be
achieved with carbodiimide chemistry, resulting in a stable peptide bond and
the �nal product (HA-BCN).

Figure 5.7: BCN-modi�cation of hyaluronic acid was achieved with carbodiimide
chemistry.

To enable conjugation of polypeptides to HA-BCN via SPAAC, the polypeptide
needs to have an azide moiety. Using an orthogonal deprotection strategy it was
possible to modify the JR2E-polypeptide to incorporate an azide in the
loop-region. In short, JR2E was synthesized with a Lys amino acid residue at
position 22 (JR2EK) that was side chain-protected with an allylcarboxycarbonyl
(Alloc). Still a�ached to the resin and prior the last Fmoc deprotection step in
SPPS, the Alloc group was orthogonally deprotected using Pd(PPh3)4b to give
Lys(Alloc) → Lys(NH2). �e deprotected Lys ε-amine group was in turn
modi�ed with 3-azidopropionic acid using carbodiimide chemistry to give
Lys(NH2) → Lys(N3). A�er the �nal cleavage and puri�cation, JR2EK-N3 was
added to HA-BCN, and sequentially conjugated via a SPAAC-reaction to yield
the �nal product (HA-JR2EK). �e conjugation, including BCN conjugation to
HA, was monitored using 1H-NMR spectroscopy (Figure 5.8).

bTetrakis (triphenylphosphine) palladium(0)
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Figure 5.8: 1H-NMR (300 MHz) spectra of (a) HA (b) HA-BCN and (c) HA-JR2EK.
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Chapter 6

Superstructures, polymeric
networks and hydrogels

[Holding spoonful of jello] ”It’s a
solid. It’s a liquid. It’s a viscoelastic
polymer made of polypeptide chains,
but you can eat it–” Sam stopped,
realizing that she sounded like a
nerd. ”I mean. . . it tastes good!”

Sam Sparks, from the movie
”Cloudy with a Chance of

Meatballs (2009)

�e focus of this chapter will be on paper II, III, IV and V. First the used terms
superstructure, polymeric network and hydrogel will be de�ned, followed by the
main results and discussions from each paper.

6.1 Terminology

A superstructure can be de�ned as ”a structure upon a structure”. As an example,
the coiled coil motif can be regarded as a simple superstructure. As a coiled coil
motif is formed, the individual polypeptides adopt an α–helical structure. Due
to the amphipathic nature, the individual α–helices will twist around each other
to form a super-helix, i.e. a superstructure. More elaborate superstructures can
consist of more than two structural levels. Examples include, but are not limited
to, �ber and nanotube forming coiled coil peptides,71, 134 and spherically shaped
nanoparticle assemblies.135 Furthermore, in paper III the terminology is used
since the HLH-polypeptides �rst form four-helix bundles, then �bers that in
turn bundles up into spheres (described more in detail in section 6.3)
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Polymeric networks can also be regarded as superstructures. As described in
section 5.1, polymers consist of several linked monomeric units. �e polymers
can in turn form larger structures by either physically entanglement or
crosslinking reactions, creating a polymeric networks. A speci�c type of
polymeric networks that have been exploited in this thesis are hydrogels.
Hydrogels are 3D polymeric networks that can store large quantities of water
(> 90% of the total weight). Covalently crosslinked hydrogels are o�en more
mechanically robust and rigid whereas supramolecularly crosslinked hydrogels
are, in comparison, o�en so�er. However, supramolecular hydrogels do o�en
have many a�ractive properties such as shear thinning and self-healing. In
addition to the type of crosslinking, hydrogels can be classi�ed according to the
polymeric composition. A hydrogel can be either homopolymeric, copolymeric
or consist of two or more independent polymeric networks (interpenetrating
polymeric network). Other common classi�cations of hydrogels are based on
the polymers electrical charge, if the polymer origin is from natural- or
synthetic sources, or simply by the physical appearance.

Due to the large water storing capability, hydrogels have been utilized in a
myriad of applications, such as in agriculture,136 contact lenses,137 drug delivery
devices,138 sensors,139 tissue engineering,140 wound dressings,141 cosmetic
products,142 regenerative medicine140 and much more. Focusing on hydrogels in
biomaterial applications, the water storing capability make hydrogels ideal for
e.g. 3D cell culture.143–145 Hydrogels can be used to mimic an in vivo-like
environment for cells by introducing polymers, proteins and other molecules
naturally found in the ECM. �is allow cells to grow and interact more
naturally, as compared to cells cultured in conventional 2D layers in petri
dishes.

6.2 Polymeric networks with the EKIV-polypeptide
system (Paper II)

As described in section 4.1, the EKIV-polypeptides can be mixed-and-matched
to form four di�erent heterodimers. �e resulting heterodimers have di�erent
thermal stabilities and are able to self-sort predominantly into two out of four
possible combinations when all polypeptides are present in a solution. To
evaluate the possibility to form hydrogels using the EKIV-polypeptides, the
polypeptides were conjugated to a star-shaped PEG-polymer as described in
section 5.2.1. As shown in paper II, it was possible to form hydrogels using the
two combinations pEI4/pKI4 and pEI4/pKV4 at the examined concentrations (1 -
2.5% (w/v)). In contrast, neither pEV4/pKI4 nor pEV4/pKV4 were able to form
hydrogels at these concentrations. �e lower a�nity of EV/KV (Kd ≈ µM) in
comparison to the other heterodimers (Kd � µM) was likely the main reason
why pEV4/pKV4 did not form hydrogels at the examined concentrations.
However, this cannot be the case for pEV4/pKI4 since the estimated Kd for
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Polypeptide-PEG MRE∗222
MRE222

MRE208
Tm (◦C)

pEI4 -9.1 0.67 <20
pEV4 -3.8 0.39 <5
pKI4 -27.4 0.98 43
pKV4 -2.9 0.30 <5
pEI4/pKI4 -34.9 1.00 >90
pEV4/pKI4 -27.8 0.94 73
pEI4/pKV4 -33.6 0.99 >90
pEV4/pKV4 -14.3 0.76 51
∗ 103deg cm2 dmol res−1

Table 6.1: MRE222, MRE222
MRE208

, and melting temperature (Tm) of individual and combined
polypeptide-PEG conjugates at pH 7 and 20◦C. �e total polypeptide-PEG conjugate
concentration is 0.005% (w/v), equivalent to a total polypeptide concentration of 10 µM.

EV/KI is in the same range as the Kd of EI/KV. �e underlying reason here is
instead the fact that pKI4 tends to homoassociate. As discussed in section 4.1,
this is due to the ability of KI to overcome the charge repulsion between
Lys-Lyś. In addition, a positive cooperative e�ect was seen for all
polypeptide-PEG combinations (increased Tm compared to corresponding
non-PEG heterodimer). A positive cooperative e�ect was also seen for the pKI4,
making the homoassociated pKI4 fairly stable at neutral pH (Table 6.1).
Consequently, pEV4/pKI4 will not form to the same extent as pEI4/pKV4 at 20
◦C. However, as both a higher Tm and formation of larger assemblies was seen
for the pEV4/pKI4 combination as compared to pKI4 alonea, it could be
concluded that a polymeric network was forming with pEV4/pKI4 as well,
although not to the same extent as for pEI4/pKV4.

Although all combinations were not able to form hydrogels at the examined
concentrations, it was possible to form larger polymeric networks with all
combinations. As studied with DLS, each individual polypeptide-PEG conjugate
showed an exponential decay of the autocorrelation function at shorter lag
times as compared to the combinations, which all showed an exponential decay
at longer lag times. Furthermore, the ability of the EKIV-polypeptides to
self-sort, as discussed in section 4.1 and described in paper I, was retained when
the polypeptides were conjugated to PEG. A visualization of the self-sorting
phenomenon with pEV4/pKV4 can be seen in Figure 6.1. When pEV4 and pKV4

are mixed a polymeric network is formed, seen in DLS as a shi� towards longer
lag times. Addition of unconjugated EI to pEV4/pKV4 disassembles the
polymeric network, seen as an exponential decay of the autocorrelation at
shorter lag times. �e disassembly is due to the formation of the

aFigure 5G in paper II
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Figure 6.1: Dynamic light sca�ering measurements and schematic representation of
the self-assembly and self-sorting phenomenon of the pEV4/pKV4 polymeric network.
Mixing pEV4 and pKV4 will initiate the formation of a pEV4/pKV4 polymeric network.
Subsequent addition of unconjugated EI will, due to self-sorting, disassemble pEV4/pKV4

−→ pEV4 + 4EI4/pKV4. By adding unconjugated KI a�er this, EI/KI heterodimers will
form and thus allow reassembly of pEV4 + pKV4 −→ pEV4/pKV4.

thermodynamically favored EI/KV. EI penetrates the polymeric network and
forms 4EI/pKV4, outcompeting pEV4 and thus disassemble the polymeric
network of pEV4/pKV4. However, it is possible to reform the polymeric
network by sequential addition of unconjugated KI. For the same reason as
stated above, sequential addition of KI results in formation of the
thermodynamically favored EI/KI heterodimer. Due to this pEV4 and pKV4 can
reassemble the pEV4/pKV4 polymeric network. Similar self-sorting as for pEV4

and pKV4 could be seen for the other polypeptide-PEG conjugates as well. �e
self-sorting experiments showed that it is possible to post-modulate the
polymeric networks simply by adding higher a�nity polypeptides.

As discussed, pEI4/pKI4 and pEI4/pKV4 were able to form hydrogels at 1–2.5%
(w/v). In addition, due to the di�erent heterodimers used, the hydrogels had
di�erent rheological properties. �e pEI4/pKI4 hydrogel was more rigid as
compared to the pEI4/pKV4 hydrogel, visualized by tube inversion table-top
rheology in Figure 6.2a. Oscillatory rheologyb measurements con�rmed this
observation. �e pEI4/pKI4 hydrogel had a storage modulus (G’) of ≈ 1 kPa
whereas the pEI4/pKV4 hydrogel had a G’ of ≈0.2 kPa within the frequency
span 0.1–100 rad/s and at 2.5% (w/v) (Figure 6.2b). �e G’ of the hydrogels was

bSee subsection 7.3.2
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thus in a biological relevant range as so� tissues.146 Furthermore, the hydrogels
expressed many of the characteristics commonly associated with
supramolecular hydrogels.147 �e hydrogels formed rapidly upon mixing the
two polypeptide-PEG conjugates since more than 50% of �nal G’ was reached
within 15 s. �e hydrogels did also show shear-thinning properties with rapid
self-healing upon rupturing the hydrogel with excess oscillatory strain. �e
results from the rheological measurements showed that it is possible to tune and
control the rheological properties of hydrogels using α–helical polypeptides
with di�erent a�nities for heterodimerization.

In ongoing studies, we have started to evaluate this hydrogel-system for 3D cell
culture of hepatocytes. Hepatocyte-based cell culture models are of great
interest during pharmaceutical development since many drugs are metabolized
in the liver.148 �e 2D cell culture models used today are far from accurate
enough to predict this metabolism. One of the main reasons is thta 2D substrate
o�en alter the cytoskeleton of the hepatocytes, and other cells, resulting in a
�a�ened morphology. �e �a�ened morphology limit the number of cell–cell
interactions, which is necessary for normal hepatocyte function. Reduced
polarization, reduced bile canaliculi formation and loss of important signaling
pathways are some of the reported drawbacks of culturing hepatocytes in 2D as
compared to hepatocyte function in vivo.149–151 By culturing hepatocytes in a 3D
environment, hepatocytes will be exposed to a more in vivo-like environment
and should provide a be�er in vitro model for drug screening as compared to 2D
in vitro models.

In initial experiments, the hepatoma cell line HepG2 has been cultured in
pEI4/pKI4 hydrogels, assembled at a total polypeptide-PEG conjugate
concentration of 2.5% (w/v) in PBS. Since the polypeptide-PEG conjugates lack
cell adhesion recognition sites and due to the bioinert nature of PEG, laminin
was added upon gelation. Laminin is a protein found in the ECM that promotes
cell adhesion, immigration and growth of many cell types including
hepatocytes.152, 153 Laminin, pEI4 and pKI4 were mixed and allowed to
self-assemble for �ve minutes prior addition of additional cell culturing
medium. A�er 30 min, HepG2 cells were injected into the hydrogel and
sequentially cultured (37 ◦C, 5% CO2). Cell viability was examined with a
Live/Dead® Viability/Cytotoxicity assayc a�er 1, 4 and 7 days of culture using
confocal laser scanning microscopy. A clear di�erence could be seen between
the 2D control (no pEI4/pKI4, petri dish coated with laminin) and the 3D cell
culture with pEI4/pKI4. In contrast to the �a�ened morphology seen in the 2D
cell culture, the HepG2 cells formed spherical clusters (spheroids) over time. �e
formation of spheroids go well in line with previous reports regarding 3D cell
culture of HepG2.154, 155 �e spheroids increased in size over the days, indicating
that the HepG2 cells were viable. �e average diameter of the spheroids at day 7
was ≈ 150µm. �e size indicates that oxygen di�usion to the core should be is

cSee subsection 7.3.1
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su�cient. It has previously been shown that spheroids with diameters >200 µm
tend to be hypoxic at the core.156 Furthermore, at day 7 it seemed that the
spheroids had started to merge together, allowing cell-cell interactions between
previously separated spheroids. Even though only initial experiments have been
carried out so far, the pEI4/pKI4 hydrogel shows promising results for 3D cell
culture of HepG2.
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Figure 6.2: a) Table-top rheology of pEI4/pKI4 and pEI4/pKV4 hydrogels at 2.5% (w/v).
b) Frequency sweep data of pEI4/pKI4 and pEI4/pKV4 hydrogels at 2.5% (w/v).
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Figure 6.3: Live/Dead stained HepG2 cells and comparing the morphology in 2D and 3D
cell culture. In 3D cell culture the HepG2 cells form spheroids. Live cells are stained green
and dead cells are stained red.
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6.3 Superstructures with JR2EC2 and Zn2+(Paper III)

In paper III the hierarchical self-assembly process of polypeptide-based
superstructures that occurs when JR2EC2 is exposed to Zn2+was examined. As
presented in section 4.2, JR2E is a de novo designed 42 amino acid residue
polypeptide that folds into a HLH motif and can dimerize into a four-helix
bundle. Modi�cation of JR2E by replacing Val22 → Cys (JR2EC) in the loop
region provides a thiol moitety that allows for further post-modi�cations.
Examples of common thiol reactions include maleimide-thiol reactions,157

thiol-ene reactions,158 and disul�de bridge formation. Using the la�er, two
JR2EC polypeptides were covalently linked via a disul�de bridge by reacting the
thiols in ammonium hydrogen carbonate bu�er (10 mM, pH 8.5). A�er
removing the volatile bu�er by rotary evaporation and lyophilization, JR2EC2

was obtained. When exposing JR2EC2 to Zn2+, a hierarchical self-assembly
process could be initiated (Figure 6.4). �e self-assembly process occurs because
of the ability of Zn2+to coordinate to amino acid residues such as Glu, Asp and
His.159 Since Glu residues are the main constituent of the dimer interface when
JR2E is folded (Figure 4.7), Zn2+will induce homodimerization into four-helix
bundles. Due to the disul�de bridge, several JR2EC2 polypeptides can
homodimerize in a propagating fashion and creating a �ber. �at JR2EC2 can
form �bers when dimerizing has previously been shown in when exposing
JR2EC2 to acidic pH or when adding the complementary and disul�de bridge
linked polypeptide JR2KC2.72 However, the Zn2+-induced homodimerization of
JR2EC2 did not result in seperate �bers, but instead resulted in large assemblies
of spherical superstructures. Furthermore, as shown in paper III, an excess
amount of Zn2+was needed as compared to the total amount of Glu residues at
the dimer interfaces to form stable superstructures. �e hypothesis is that, in
addition to the �ber-formation, lateral �ber–�ber interactions do also occur. �e
lateral interactions will bundle up the �bers, forming spherical superstructures.
�e spherical superstructures will in turn cluster together, forming larger
assemblies in a di�usion limited aggregation manner.160 �e formation of the
large assemblies could easily be seen by the naked eye (Figure 6.4b), but could
further be visualized using conventional optical light microscopyd (Figure 6.4c)
and scanning electron microscopye (Figure 6.4d).

Since the superstructures form as a result of supramolecular interactions, they
could be disassembled simply by decreasing the concentration of Zn2+. As
shown in paper III, the disassembly could be triggered either by Zn2+depletion
by adding preformed superstructures to a solution with no, or lower,
Zn2+concentration, or by adding the Zn2+-chelating agent EDTAf. Furthermore,
it was also possible to disassemble the superstructures by reducing the disul�de
bridge using TCEPg. TCEP reduces JR2EC2 −→ 2 × JR2EC, which will break

dSee subsection 7.2.1
eSee subsection 7.2.3
fEthylenediaminetetraacetic acid
gTris(2-carboxyethyl)phosphine
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Figure 6.4: a) Schematic representation of the hierarchical self-assembly process of
JR2EC2 to assemblies of superstructures when exposed to Zn2+. b) Photograph of JR2EC2

(50µM) incubated in Zn2+(4 mM). c) Optical micrograph of an assembly of superstructures.
d) Scanning electron micrograph of the superstructures.

down the �bers to single four-helix bundles. Regardless of which approach that
was used to disassemble the superstructures, the disassembly rate could be
tuned by varying the concentration of either the Zn2+or the TCEP.

Due to the assembly and disassembly properties of the superstructures, it was
possible to both encapsulate and release various compounds. In paper III this
possibility was shown by encapsulating and releasing JR2EC-functionalized
gold nanoparticles (JR2EC-AuNP), the �uorophore Rhodamine B, and the
oligothiophene p-FTAA.161 �e possibility to encapsulate AuNPs within these or
similar peptide structures are of interest in biosensing applications as it allows
for e.g. highly sensitive colorimetric detection of proteolytic activities due the
optical properties of AuNPs.162, 163 Furthermore, the possibility to encapsulate

50



6.3. SUPERSTRUCTURES WITH JR2EC2 AND ZN2+(PAPER III)

and release molecular compounds are of interest in e.g. drug delivery
applications. Although Rhodamine B does not have any therapeutic value to
date and was chosen as a model compound, p-FTAA have recently shown great
therapeutic potential as it reduces the toxicity of prions and amyloid-β
peptides.164–166

�e resulting pink hue of the assemblies with encapsulated JR2EC-AuNPs
indicated that the JR2EC-AuNPs were well-dispersed among the superstructures
(Figure 6.5a). �is assumption could be made due to the optical properties of
AuNPs. When the interparticle distance between AuNPs decreases, the AuNPs
absorbs light at higher wavelengths. �e phenomenon is called plasmonic
coupling and results in a visible color change from red to blue depending on the
interparticle distance.167 �e well-dispersity could be further con�rmed by
examining the superstructures with encapsulated AuNPs with transmission
electron microscopyh (Figure 6.5b). Due to the high electron density of gold in
comparison to all other atoms that constitute the superstructures, the AuNPs
could easily be seen as high contrasting black dots. In addition to the possibility
to encapsulate AuNPs, in paper III it is also shown that it was possible to release
the encapsulated AuNPs using EDTA.

As mentioned, the possibility to encapsulate Rhodamine B and p-FTAA in the
superstructures was examined. As both compounds contain carboxylate groups
(Rhodamine B has one whereas p-FTAA has four) the hypothesis was that these
would aid in the encapsulation. As shown in paper III both compounds could be
encapsulated, although to a very di�erent degree. Rhodamine B was
encapsulated to a low degree with an encapsulation e�ciency of only 0.4%. In
contrast, p-FTAA was encapsulated in the superstructures to a much higher
degree (75%) (Figure 6.5c-d). Furthermore, a seven day long release study was
conducted with p-FTAA to investigate if it was possible to control the release
rate of the encapsulated compound. As shown in paper III, it was possible to
control the disassembly rate of the superstructures by Zn2+depletion. Using the
same method, preformed p-FTAA containing superstructures were added to
solutions with 0–1.5 mM Zn2+and the p-FTAA release was monitored for seven
days. Already within the initial six hours a clear di�erence could be seen
between the di�erent samples (Figure 6.5e). Moreover, for e.g. superstructures
in 0.5 mM Zn2+-solutions the release continued over the full seven day time
span. �e results indicate that it is fully plausible to tune the release of
compounds using the superstructures.

To conclude this part, Zn2+could be used to induce JR2EC2 to form large
assemblies of superstructures that further could be used for encapsulation and
release of nanoparticles and molecular compounds. However, one aspect that
has not yet been discussed is potential problems using these kinds of
Zn2+-containing systems in biomaterial applications. Although Zn2+are

hSee subsection 7.2.2
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Figure 6.5: a) Photograph of JR2EC2 (50 µM) and JR2EC-AuNP (≈0.4 nM) incubated in
Zn2+(4 mM). b) Transmission electron micrograph of superstructures with encapsulated
JR2EC-AuNP. c) Optical micrograph and d) epi-�uorescence micrograph of superstructures
with encapsulated p-FTAA. e) p-FTAA release pro�les of the initial 6 hours for
superstructures incubated in 0 mM Zn2+(�), 0.5 mM Zn2+(�), 1 mM Zn2+(�) and 1.5 mM
Zn2+(�).

important for normal body function,168 elevated levels of free Zn2+(i.e., Zn2+that
is not bound to proteins or other biomolecules in vivo) can potentially be
cytotoxic. Work conducted by Bozym et al. shows that as li�le as 100 nM of free
Zn2+may lead to declined viability for several cell types under normal cell
culture conditions.169 It is thus important to consider the concentration of free
Zn2+if these superstructures should be used for e.g. drug delivery applications in
vivo. However, Zn2+do show antimicrobial properties,170, 171 and have been
demonstrated to promote wound healing.172 Applications where any of these
features are needed, combined with the potential to release molecular
compounds, can thus be potential future applications for the superstructures.

6.4 Zn2+-responsive hydrogels with HA-JR2EK (Paper
IV)

In paper IV the Zn2+–responsive polypeptide JR2EK was used to self-assemble
HA-based hydrogels. As described in subsection 5.1.1, HA has desirable intrinsic
properties that makes it useful in biomaterials. In addition, HA and Zn2+in
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combination are to date clinically evaluated and commercially used to reduce
scare formation a�er surgery and to promote wound healing.173, 174 As described
in subsection 5.2.2, a SPAAC reaction was utilized to conjugate JR2EK to the
BCN-modi�ed HA (HA-JR2EK). A �nal modi�cation degree of ≈ 4%, compared
to initial carboxyl groups on HA, was estimated based on the 1H-NMR signals
originating from His and Phe amino acid residues of the polypeptide.

An almost instant gelation occurred when 10 mM Zn2+was added to 2.5 wt%
HA-JR2EK at neutral pH, resulting in a so� and sticky hydrogel (Figure 6.6a).
�e gelation process is caused by the homodimerization of JR2EK into
four-helix bundles. �e homodimerization of the polypeptides and the assembly
into large polymeric networks was con�rmed by CD and DLS, respectively.
With increased concentration of Zn2+an increased helicity was observed in CD,
reaching a maximum helicity at ≥ 4 mM Zn2+at 0.1 wt% HA-JR2EK
concentration (Figure 6.6b). Subsequent addition of EDTA decreased the helicity
to its initial value, indicating that JR2EK was unfolded. Furthermore, an increase
in lag time could be seen in DLS when Zn2+were added to 1 wt% HA-JR2EK,
indicating formation of larger polymeric networks (Figure 6.6c). Interestingly,
as seen in Figure 2c–d in paper IV, at 0.1 and 0.5 wt% of HA-JR2EK the opposite
behavior could be seen with decreased lag times with increased
Zn2+concentration. At these lower concentrations of HA-JR2EK, intramolecular
interactions seem to be more predominant compared to intermolecular
interactions between separate HA-JR2EK polymer chains. At ≥ 1wt%
intermolecular interactions will be more predominant, resulting in formation of
a hydrogel. Furthermore, the mechanical properties of the hydrogel were
characterized using oscillatory rheology. Addition of 10 mM Zn2+to 2.5 wt%
HA-JR2EK increased both the G’ and G” values as compared to HA-JR2EK prior
Zn2+addition (Figure 6.6d). Furthermore, the Zn2+-induced HA-JR2EK hydrogel
showed a liquid-like behavior at low frequencies with a cross point of G’ and G”
at ≈ 20rad/s.

In paper III the preformed superstructures could be completely disassembled by
Zn2+depletion or by degrading JR2EC2. Similar disassembly and degradation
experiments were conducted for the hydrogel. JR2EC-AuNPs were added to
HA-JR2EK prior adding Zn2+. �e self-assembly resulted in hydrogels with
well-distributed AuNPs, as indicated by the pink hue of the hydrogel. To
examine the possibility to disassemble the hydrogels using Zn2+depletion,
hydrogels were submerged in bu�ers with and without additional Zn2+. �e
hydrogels were put on to an orbital shaker and the AuNP release caused by
hydrogel disassembly was monitored using absorption spectroscopy. Hydrogels
in bu�ers containing no additional Zn2+lost their mechanical integrity over time
and dissembled (Figure 6.7a). In contrast, when additional Zn2+was added to the
bu�er li�le to no disassembly occurred within the same time span. Furthermore,
hyaluronic acid can be enzymatically degraded by several enzymes, e.g.
hyaluronidase (Hya), b–D–glucuronidase, and β–N–acetyl–hexosaminidase.104
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Figure 6.6: a) Table-top rheology of 2.5 wt% HA-JR2EK with and without Zn2+. b) CD
spectra of 0.1 wt% HA-JR2EK with and without 10 mM Zn2+and θ222-value related to
the Zn2+concentration (inset). c) DLS measurements of 1 wt% HA-JR2EK with increased
concentrations of Zn2+. d) Oscillatory rheological frequency sweeps of 2.5 wt% HA-JR2EK
with and without 10 mM Zn2+at 1% strain.

By adding varied amounts of Hya to the hydrogels, it was possible to tune the
degradation rate of the hydrogel (Figure 6.7b) Interestingly, a distinct di�erence
could be seen between samples where Hya was encapsulated in the hydrogel
and where Hya instead was added to the surrounding bu�er. Hydrogels where
Hya was encapsulated had a much quicker degradation rate as compared
hydrogels where Hya was added to the bu�er. �is indicates that the di�usion
of Hya into the hydrogel was rather limited, resulting in a more ”surface
erosion”-like degradation.175 In contrast, as the encapsulated Hya is more
evenly distributed within the hydrogel, a more ”bulk erosion”-like degradation
occurred in these hydrogels. �e results from the experiments showed that it is
possible to tune the disassembly rate of the hydrogels using either
Zn2+depletion or enzymatic degradation.

�e degradation of HA by ROS has been linked to several in�ammatory-related
diseases in vivo, such as rheumatoid arthritis and chronic wounds.176 However,
low molecular weight HA has shown antioxidant activity, which is more
pronounced when coordinated with metal ions, such as Zn2+.177, 178 To examine
whether the HA-JR2EK hydrogel showed antioxidant activity, ROS scavenging
experiments were conducted using human neutrophil granulocytes. Neutrophils
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Figure 6.7: a) Dissociation over time of 2.5 wt%+ 10 mM Zn2+hydrogels with and without
additional Zn2+added to the bu�er. b) Enzymatic degradation of 2.5 wt% + 10 mM
Zn2+hydrogels with 0–200 nm hyaluronidase.

are one of the most ROS-contributing cells during an in�ammatory response.179

Neither HA-JR2EK, Zn2+or the combination induced a production in ROS as
compared the control (Figure 6.8). However, addition of phorbol 12-myristate
13-acetate (PMA)will stimulate neutrophils to produce ROS. PMA-stimulated
neutrophils in samples where Zn2+was present showed a decrease in ROS
production as compared to the control. However, HA-JR2EK alone did not show
such a decrease in ROS production, suggesting that Zn2+was the main reason for
the decreased production of ROS in the experiments. Although HA-JR2EK may
not be involved in the underlying mechanism for decreased ROS production, the
hydrogel still is an interesting platform for scavenging ROS in biomaterial
applications. For instance, the hydrogels could be used as a means to deliver
Zn2+through Zn2+-depletion. In turn, the Zn2+would be able to reduce ROS and
thus consequently also be able to reduce ROS-mediated degradation of HA.
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Figure 6.8: ROS production by human neutrophil granulocytes with ±HA-JR2EK (2.5
wt%) ± Zn2+(10 mM) before and a�er stimulation with PMA.
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6.5 Hydrogels with HA-JR2EK and p(N3)8 (Paper V)

When conjugating JR2EK to HA-BCN, roughly half of all available BCN-groups
were reacted with an azide. �e remaining unreacted BCN-groups could hence
be used for further SPAAC reactions, e.g. to form covalent crosslinked
hydrogels as done in paper V. Addition of an 8-armed star-shaped PEG with
terminating azides (p(N3)8) to HA-JR2EK resulted in the formation of a fully
transparent hydrogel (Figure 6.9a–b). �e gelation was the result of the SPAAC
reaction between the BCN groups on hyaluronic acid and the azide moieties on
p(N3)8, resulting in covalent 1,2,3–triazole bonds between the two polymers. By
varying the total polymer concentration, the �nal G’ of the hydrogels could be
tuned in the range of ≈200–500 Pa (Figure 6.9c), which is in a biologically
relevant sti�ness range for mimicking of so� tissues.146, 180 Furthermore, by
varying the temperature the gelation kinetics could be tuned (Figure 6.9d). For
instance, at 20 ◦C the 2.5% (w/v) hydrogels had a gelation time (de�ned as
G’=G” or a phase angle of 45◦) of 15 min. By increasing the temperature to 37
◦C the gelation time could be reduced to just 3 min. �e quicker gelation
kinetics at a more in vivo-relevant temperature is a good feature in applications
involving e.g. 3D cell encapsulation. To encapsulate well-dispersed cells in 3D,
the hydrogel must form rapid enough to prevent cells from sedimenting and
accumulating at the bo�om of the hydrogel.124 In addition, as shown in paper V,
the hydrogel had high water storing capability (≈99%) and good swelling
behavior.

Although improved gelation kinetics could be achieved by increasing the
temperature, the gelation time is not as rapid as many supramolecular
hydrogels, such as the pEI4/pKI4 and pEI4/pKV4 hydrogels used in paper II that
reached their �nal G’ in less than 15 s. However, as the HA is functionalized
with JR2EK it was possible to crosslink the hydrogel supramolecularly
simultaneously with the covalent SPAAC reaction. In paper V this is shown
using Zn2+and acidic pH. Zn2+chelation by JR2EK induce folding and
dimerization of the polypeptide into four-helix bundles. In addition, at acidic pH
the Glu residues will be protonated and able to form intermolecular hydrogen
bonds between Glu–Glú residues. Addition of 10 mM Zn2+ upon mixing 2.5%
(w/v) HA-JR2EK and p(N3)8 resulted in an instant increase in G’ from 1 to 100
Pa (Figure 6.10a). In addition, the G’ steadily increased over time, indicating that
the SPAAC reaction between HA-JR2EK and p(N3)8 could occur even though
HA-JR2EK was supramolecularly crosslinked. Furthermore, in comparison to
hydrogels without Zn2+, an increased value of the phase angle could be noted
(Figure 6.10b). �e reason is an increased G”, which means that the hydrogel is
more viscous and can dissipate more energy as heat if the hydrogel is deformed.
Furthermore, as shown in Figure 4c in paper V it was possible to induce
homodimerization of JR2EK a�er forming the hydrogel as well.
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Figure 6.9: a) Schematic representation of HA-JR2EK covalently crosslinked with p(N3)8.
b) Photograph of a p(N3)8-HA-JR2EK hydrogel (2.5% (w/v)). c) Oscillatory frequency
sweeps of fully gelled 1.5–2.5% (w/v) hydrogels. d) Gelation kinetics, showing the
di�erence in G’ at 20 and 37 ◦C.

Instead of using JR2EK for tuning the mechanical properties of the hydrogel, the
polypeptide can be used for compositional post-modi�cations of the hydrogel.
As a proof of concept, the �uorophore Cy5 was conjugated to the
JR2EK-complimentary polypeptide JR2KK (JR2KK-Cy5). By adding JR2KK-Cy5
to JR2EK-functionalized hydrogels, heterodimerization could be used as a means
to supramolecularly load and post-modify the hydrogel with Cy5. A signi�cant
di�erence in uptake of JR2KK-Cy5 could be seen between the control and the
JR2EK-functionalized hydrogel (Figure 6.10c). Although the control hydrogel
was able to take up some of the JR2KK-Cy5 (44 ± 3%), the HA-JR2EK hydrogel
was able to take up much more (91 ± 1%). In addition, a�er seven days of
incubation in PBS the polypeptide-functionalized hydrogel retained its distinct
blue color, whereas the control was almost transparent (Figure 6.10d). �ese
results indicate that it was possible to post-modify the HA-JR2EK hydrogel
using heterodimerization. However, due to the uptake in the control, more
experiments must be conducted to con�rm that heterodimerization between
JR2EK and JR2KK was the major reason for the greater uptake of JR2KK-Cy5 in
the HA-JR2EK hydrogel. One such experiment could be to use a JR2KK-Cy5 that
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Figure 6.10: a) Gelation kinetics of p(N3)8-HA-JR2EK with and without 10 mM Zn2+,
showing the di�erence in G’ and b) phase angle. c) Loading of JR2KK-Cy5 in hydrogels
functionalized and not functionalized with JR2EK (** P< 0.01) d) Photograph of HA-JR2EK
(le�) and HA-BCN hydrogels that have been incubated with JR2KK-Cy5 for 24 hours and
sequentially have been incubated in PBS for 7 days.
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Figure 6.11: a) HepG2 cultured for 1 day and b) 7 days, showing the formation of
spheroids. c) Spheroid stained with a Live/Dead assay and Hoechst 33342.

are unable to fold, e.g. by replacing all Ala residues to its enantiomer d-Ala. If a
signi�cant decrease in uptake should be seen with this d-Ala-JR2KK-Cy5, it
would con�rm that heterodimerization aid in the uptake of JR2KK-Cy5.

�e accelerated gelation kinetics seen at 37 ◦C in combination with the
bio-orthogonal SPAAC reaction makes the hydrogel interesting to be used as a
sca�old for cell encapsulation and 3D cell culture. To examine the possibility to
use the hydrogel for this purpose, HepG2 cells were encapsulated in the
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hydrogels. As described in section 6.2, HepG2 are of interest for in vitro drug
screening. �e HepG2 cells showed high viability a�er encapsulation in the
hydrogel. �e HepG2 increased their cell density and formed spheroids over
time (Figure 6.11a-c). �e average spheroid diameter was in the ≈ 80 µm range,
indicating that the oxygen di�usion to the spheroid core was su�cient.156 �ese
initial cell studies thus showed that the SPAAC reaction and the assembly of the
hydrogel were bio-orthogonal and cell-friendly.
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Chapter 7

Characterization techniques

Perhaps the best description of a
scientist is a person who still
maintains the ability to connect
facts, in the way only kids can, while
playing with sophisticated
instruments.

“Are You a Scientist or a
Researcher?” - Article in Elsevier

SciTech Connect

�is chapter will describe some of the characterization techniques that have
been employed in this thesis.

7.1 Spectroscopic techniques

7.1.1 Absorption spectroscopy

Utilized in paper I–V

Absorption spectroscopy is a technique that measures the amount of light that
is absorbed any given wavelength. Molecular groups with delocalized electrons,
such as aromatic rings and conjugated structures, are o�en able to absorb light
at certain wavelengths.181 �e part of the molecule responsible for the
absorption is called a chromophore. As light is absorbed by the chromophore,
electrons in a bonding or a non-bonding orbital are excited to an empty
anti-bonding orbital. As the electron relaxes back to the ground state, the
gained excitation-energy is released, either as kinetic energy (heat) or as a
photon (�uorescence, see subsection 7.1.4). Light that passes through an
absorbing sample will thus contain lesser energy than initially, which can be
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measured. In addition to absorption, sca�ering and re�ection can also occur in
certain samples that will a�ect the amount of light that are able to pass through
a sample. As an example, sca�ering is the major contributor in the turbidity
measurements conducted in paper III.
Absorbance (in non-sca�ering and non-re�ecting samples) is de�ned as

A = log

(
I

I0

)
(7.1)

where I0 is the incident light and I is the transmi�ed light. �e concentration of
a chromophore can related to the absorbance by applying the Beer-Lambert law

A = l · c · ε (7.2)

where l is the optical path length, c is the molar concentration of the sample and
ε is the molar extinction coe�cient. If the ε at a certain wavelength of the
sample is known, it is possible to relate the absorbance to the concentration of
the chromophore. For instance, the polypeptides used in paper I and II contains
an aromatic Trp amino acid residue with ε280 = 5690 M−1cm−1.By applying
the Beer-Lambert law it is possible to accurately determine the polypeptide
concentration. Furthermore, the �uorophore Cy-5 used in paper I and V has a
known molar extinction coe�cient of ε650 = 250000 M−1cm−1, making it
easily detectable with absorption spectroscopy (Figure 7.1).

λ (nm)

A
bs

or
ba

nc
e Cy5

Trp

Figure 7.1: Absorbance spectra of the EV-Cy5 polypeptide used in paper I.

7.1.2 Circular dichroism spectroscopy

Utilized in paper I–IV

Circular dichroism (CD) spectroscopy is a widely used technique to study the
conformation of peptides and proteins. Di�erent secondary structures give rise
to characteristic spectra that enables quanti�cation of the conformation. CD is
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observed when an optically active substance (chiral) absorbs the le� circularly
polarized (LCP) and right circularly polarized (RCP) component of
plane-polarized light slightly di�erent.182 For peptides this mostly occurs in the
far-UV region (λ < 250 nm) and is caused by the chiral properties of the amide
bonds in the peptide backbone. By applying equation 7.3, the di�erence in
absorption of LCP and RCP light (∆A) can be expressed as

∆A = l · c ·∆ε (7.3)

where l is the optical path length, c is the molar concentration of the sample and
∆ε is the di�erence in the molar extinction coe�cients for LCP and RCP light,
respectively. Due to the resulting elliptical shape of the light that has passed
through a chiral sample, the ∆A value is o�en converted into degrees of ellipticity
(θ).

θ = ∆A

(
ln10

4

)(
180

π

)
= 32.98∆A (7.4)

To make it possible to compare CD values for peptides and proteins of di�erent
lengths, CD values are o�en converted to mean residue ellipticity (MRE)

MRE =
100 · θ
c · n · l

(7.5)

where c is the molar concentration, n is the number of amino acids and l is the
optical pathlength in cm.

�e absorption of the LCP and RCP light varies depending on the two dihedral
angles φ and ψ in the peptide bond. It is hence possible to extract information
about the peptide secondary structure using CD spectroscopy. A spectrum of an
α–helix has a maximum around 192 nm and pronounced minima around 208 and
222 nm (Figure 7.2a). A β-sheet has a maximum around 195 nm and a minimum
around 216 nm whereas a random coil has a minimum around 198 nm.

CD measurements were extensively used in paper I to characterize the
EKIV-polypeptide system. For instance, temperature scans were used to study
the conformational transition from α–helix to random coil upon heating (Figure
7.2b). During the transition an isobestic point at 203 nm can be noticed,
indicating that the unfolding is discrete and that no other intermediate
secondary structures were present.184 �e changes in MRE of an α–helix to
random coil transition is most noticeable at λ ≈ 222 nm. �e CD-value at this
wavelength is o�en plo�ed versus the temperature to depict the transition from
α–helix to random coil (Figure 7.2c). Another value of interest for coiled coils is
the MRE222

MRE208
ratio. �e ratio can give some indications on how well-de�ned the

coiled coil structure is.90 As a rule of thumb, a ratio close to, or above 1,
indicates a well-de�ned coiled coil whereas lower ratios indicates a lesser
well-de�ned coiled coil. If the ratio is below ≈0.8 the polypeptides are probably
either single α–helices or random coils.
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Figure 7.2: (a) Fasman standard curves of poly-Lysine,183 showing the CD-spectra of the
three main secondary structuresα–helix, β–sheet and random coil. (b) Temperature scans
for EI/KV (c) MRE222 and MRE222

MRE208
for EI/KV versus the temperature.

7.1.3 Dynamic light scattering

Utilized in paper II-IV

Dynamic light sca�ering (DLS), also known as photo correlation spectroscopy,
is a technique that can be used to study size distributions of particles in
solution.185 A monochromatic light is passed through a polarization �lter into a
sample. As the light hits the particles, the light will sca�er in all directions
(Rayleigh sca�ering) as long the particle size is small compared to the
wavelength of the light. �e sca�ered light is detected at a predetermined angle
to the incident beam by a photo-multiplier and is analyzed by an autocorrelator.
�e measurement is repeated in very short intervals (ns) to enable detection of
�uctuations in the sca�ered intensity caused by the movement of the particles
(Brownian motion). Since smaller particles moves faster than larger particles,
the movement can be related to the relative size and dynamics of the particles in
the sample. �e intensity autocorrelation function g2(τ) is expressed as

g2(τ) =
〈I(t)I(t+ τ)〉
〈I(t)〉2

(7.6)

where τ is the lag time, and I is the intensity of the light at a speci�c time point.
At short lag times there will be almost no di�erences between I(t) and I(t+ τ),
whereas for longer lag times there will be. �e signal decays exponentially with
increasing lag time as it will be lesser correlation between I(t) and I(t + τ).
Furthermore, g2(τ) is o�en related to the �eld autocorrelation function (g1(τ))
by the Siegert relation

g2(τ) = B + β[g1(τ)]2 (7.7)

where B is the baseline (o�en close to 1 in modern DLS-systems) and β is a
constant depending on the instruments light sca�ering setup.
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Figure 7.3: Normalized autocorrelation functions for JR2EC2 (50 µM with and without 4
mM Zn2+.

An example of data obtained by DLS can be seen in Figure 7.3. As shown in
paper III, when JR2EC2 is subjected to Zn2+it will self-assemble into large
assemblies of superstructures. �is event can be followed by DLS. Without
Zn2+, JR2EC2 is unfolded and hence in the monomeric form. Since JR2EC2 is a
relative small molecules (Mw ≈ 9000 Da), the autocorrelation function will
decay exponentially at short lag times. In contrast, when JR2EC2 is subjected to
Zn2+and the larger assemblies form, the autocorrelation function will decay at
longer lag times.

7.1.4 Fluorescence spectroscopy

Utilized in paper I, III

In �uorescence spectroscopy the spontaneous emission of photons from
�uorescent molecules is measured (Figure 7.4a).186 When a molecule is
absorbing light it will go into an excited electronic state. Surrounding molecules
will collide with the excited molecule, and as it collides non-radiative energy
will be given up to allow an excited electron to go to a lower vibrational level.
As the electron reaches the lowest vibrational level, the surrounding molecules
might not be able to accept the energy needed to go from the excited state to the
ground state right away. In such cases, it is a chance that spontaneous emission
occurs and the energy is emi�ed as a photon. Furthermore, the emi�ed photon
has always lower energy (higher λ) compared to the photon used for excitation
(Figure 7.4b).
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Figure 7.4: a) As a molecule is absorbing light it will gain potential energy and go into an
excited state. Non-radiative energy will be given to the surroundings as it is relaxing to
a lower vibrational level. A spontaneous emission of light can occur when the molecule
relaxes back to the ground state. b) Absorbance– and resulting �uorescence spectra of the
�uorophore Cy5.

7.1.5 Fourier transform nuclear magnetic resonance
spectroscopy

Utilized in paper II,IV

Nuclear magnetic resonance (NMR) spectroscopy is one of the main
characterization techniques used in organic chemistry. NMR can give structural
data of molecules, for instance allowing spectral con�rmation that a synthesis
step has occurred. �e technique relies on the magnetic moment of nuclei of
some atoms, o�en referred to as nuclear spin (I).27 Due to their spherical charge
distribution, isotopes that have a nucleus with I = 1

2 are the most useful in NMR
spectroscopy. �erefore, the isotopes 1H and 13C are commonly used to assess
NMR spectra of organic molecules. When an external magnetic �eld (B0) is
applied, nuclei with I = 1

2 can be in one of two di�erent spin states, either the
α–spin state (lower energy) or the β–spin state (higher energy), which has an
energy di�erence of ∆E (Figure 7.5). By applying a pulse of energies of di�erent
frequencies, it is possible for a nucleus in the α–spin state to change to the
β–spin state if the exact ∆E is meet (the nuclei is in resonance). As the pulse
wears o�, nuclei transitioning from β −→ α can be detected. �e nuclei at
di�erent molecular environments will have di�erent ∆E and thus resonate at
di�erent frequencies (chemical shi�, δ). Furthermore, spin–spin coupling will
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occur that splits signal into several peaks. �e di�erent chemical shi�s and
spin–spin couplings are in turn used to assess the structure of a molecule.

Figure 7.5: Schematic representation of the theory behind NMR.

7.2 Microscopic techniques

7.2.1 Optical- and �uorescence microscopy

Utilized in paper II-III

In optical- and �uorescence microscopy photons are used to visualize a sample.
A simpli�ed set-up of a conventional optical transmission microscope is
demonstrated in Figure 7.6. Light is passed through a condenser lens to focus
the light onto the sample. �e transmi�ed light is sequentially passed through
objective lenses that collects the light and magni�es the view of the sample. �e
light is guided to a detector such as a conventional eyepiece with ocular lenses
or a CCD-camera. In �uorescence microscopy a slightly di�erent set-up is used.
Here light at speci�c wavelengths are used to excite incorporated �uorescent
probes. In turn, the resulting emission is detected and visualized as an image.

Conventional optical microscopes have many great advantages such as easy
operation and relative low cost. However, the main drawback is the limited
spatial resolution. �e limitation is mainly due to the wavelength of visible
light, but also the material and the numerical aperture of the used objective
lenses. Ernest Abbe, a microscopist in the 19th century, calculated already in
1883 that it would not be possible to increase the spatial resolution of a
light-based microscope beyond 0.2 µm due to these limitations.187 Using
�uorophores it is however today possible go surpass this resolution limit, e.g. as
shown by the 2014 Nobel Prize laureates in Chemistry.188
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Figure 7.6: Simpli�ed illustrations of a conventional optical transmission microscope, a
conventional transmission electron microscope (TEM) and a scanning electron microscope
(SEM) setup, showing the relative position of 1) Light/Electron source 2) Sample position
and 3) Detector.

7.2.2 Transmission electron microscopy

Utilized in paper III

In transmission electron microscopy (TEM) electrons are used instead of
photons. An electron gun produces a high energy electron beam that is focused
onto the sample using either electrostatic or electromagnetic lenses (Figure
7.6).189 Electrons that are passed through the sample will contain structural
information. Subsequently, the information is magni�ed by objective lenses and
projected onto a �uorescent screen or a CCD camera system coated with
phosphor to convert the electrons to visible photons.

When electrons are used instead of photons, a much higher resolution can be
obtained. As an example, by using electrons with an energy of 200 keV it is, in
theory, possible to get a spatial resolution of ≈1 pm. �e practical resolution is,
however, closer to ≈0.1 nm due to limitations in the objective lens system of the
TEM. In addition, high resolution TEM is not easily obtained for biological
structures due to degradation caused by high energy electrons. Furthermore, as
compared to many metals, thin biological samples do o�en show low contrast in
TEM. �e reason for this is that biological samples are composed of low electron
density elements, such as carbon, nitrogen and oxygen. Electrons from the
electron beam interact less with such elements compared to high electron
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density elements.190 Higher electron density elements, such as gold, has more
electrons per atom that can interact and sca�er the incoming electron beam.
Areas with such elements in a sample will appear darker (in bright �eld mode)
and hence give more contrast. By chemical staining with high electron density
elements, such as tungsten and uranium, and/or using lower electron beam
energies it is possible to enhance the contrast of biological structures. In paper
III, TEM was used to visualize the assembled superstructures with encapsulated
gold nanoparticles (Figure 6.5b). �e thickness of the superstructures and
possibly the incorporation of Zn2+was enough to get su�cient contrast without
use of any additional chemical staining. Furthermore, since the higher electron
density of gold compared to the polypeptide, the encapsulated gold
nanoparticles could easily be distinguished.

7.2.3 Scanning electron microscopy

Utilized in paper II, III, V

In scanning electron microscopy (SEM) an electron beam is used, as in TEM, to
visualize the sample. One of the main di�erences between TEM and SEM is that
in the la�er the sample is scanned with a focused electron beam. �e
interactions between the electrons and the sample can give information about
various features, such as morphology and chemical composition.

As in TEM, SEM is capable of creating high spatial resolution (approximately 1
nm) images of a sample. Some drawbacks do, however, exist when imaging
biological samples with SEM. In conventional SEM, samples must be electrically
conductive and grounded. Biological samples are o�en not conductive, and
hence must be spu�er coated with an electrically conductive layer (e.g. gold,
platinum or tungsten) and/or be impregnated with osmium to increase the bulk
conductivity. Furthermore, samples must be completely dry and able to
withstand the low pressure in the sample chamber. It is therefore common to
chemically �xate the morphology of a biological structure with e.g.
glutaraldehyde. Using increased concentrations of ethanol and
hexamethyldisilazane it is possible to chemically dry the sample if air drying is
not su�cient.

7.3 Other techniques

7.3.1 Cell viability studies

�e viability of cells can be evaluated in many di�erent ways. One of the
simplest is to examine the morphology of the cells and the cell density over time
using optical microscopy. A reduced cell density over time indicates a
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non-viable cell population. Other more elaborate methods are to use di�erent
colorimetric assays that can detect e.g. metabolic activity or dead cells. A very
common and quick assay used to evaluate the viability of cells is a so called
Live/Dead assay.191 �e assay is based on the cell membranes permeability and
esterase activity. �e non-�uorescent acetomethoxy derivate of calcein
(calcein-AM) can be transported through the cellular membrane of living cells.
In the cell, esterases convert calcein-AM into calcein. When calcein complex
intercellular Ca2+ it �uorescence in green, which in turn can be detected in a
�uorescence microscope. Calcein-AM can thus be used to determine if a cell is
alive. In contrast, ethidium homodimer-1 (EthD-1) can be used to determine if a
cell is dead. EthD-1 is on its own weakly �uorescent. However, when EthD-1
binds to DNA the �uorescence will increase and emit in red. In addition, EthD-1
cannot go through the cellular membrane, meaning that it cannot be taken up
by living cells. Dead cells will, however, have disrupted membranes and thus
EthD-1 will be able to bind to the DNA of these cells.

7.3.2 Oscillatory rheology

Utilized in paper II, IV, V

Rheology is de�ned as the study of deformations and �ow of ma�er upon an
applied force.192 Fluids have irreversible deformation (�ow) as their structure do
not go back to the original state when the force is removed. In contrast, solids
have reversible deformation (elasticity) as their structure goes back to the
original state when the force is removed. However, many materials show both a
�uid (viscous) and elastic behavior, o�en referred to as being viscoelastic. �e
viscoelastic behavior of e.g. hydrogels can be measured using oscillatory
rheology, as done in paper II, IV and V. In oscillatory rheology the sample is
exposed to a sinusoidal strain (γ, Equation 7.8) at an angular frequency (ω) and
the resulting stress (σ, Equation 7.9) is measured.

γ = γ0 sinωt (7.8)

σ = σ0 sin(ωt+ δ) (7.9)

For an elastic material the sinusoidal strain and stress response will be in phase
(δ = 0◦), whereas in a viscous material the sinusoidal strain and corresponding
stress response will be out of phase by 90◦ (Figure 7.7). A viscoelastic material
will show a phase angle (δ) between 0 to 90◦. Furthermore, from equation 7.9 the
storage modulus (G’, Equation 7.10) and the loss modulus (G”, Equation 7.11) of a
material can be obtained.

G′ =
σ0

γ0
cos δ (7.10)

G′′ =
σ0

γ0
sin δ (7.11)
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�e G’ represents the elastic portion of a material, whereas G” represent the
viscous portion. �e two quantities are some of the most commonly used values
when describing the rheological properties of a hydrogel. G’ and G” can in turn
be plo�ed against a myriad of quantities, such as time, temperature and angular
frequency.

Figure 7.7: �e di�erence in stress response between an elastic, a viscous and a
viscoelastic material upon strain.
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Chapter 8

Summary of papers

Five papers are included in this thesis. �ree are published in peer-reviewed
journals, one is submi�ed and one is in manuscript. �is chapter includes a
short summary of each paper included and lists where the main results and
discussions relating to the paper can be found in this thesis.
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Paper I

Self-sorting heterodimeric coiled coil peptides with
de�ned and tuneable self-assembly properties
C. Aronsson, S. Dånmark, F. Zhou, P. Öberg, K. Enander, H. Su, D. Aili

Scienti�c Reports 2015, 5:14063

�e paper describes the design of four polypeptides that can
heterodimerize into parallel coiled coils. �e four polypeptides can be
mix-and-matched to form four di�erent heterodimers with Kd ranging
from µM to <nM. In addition, the paper shows that the polypeptides
self-sort into two out of four heterodimers when all are present in
a solution. �e di�erence in a�nities and the self-sorting capability
make these polypeptides highly a�ractive supramolecular building
blocks when creating e.g. supramolecular biomaterials.

Materials, results and discussions relating to this paper can mainly be
found in the following section(s) of this thesis:

Section 4.1
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Paper II

Tailoring supramolecular peptide-poly(ethylene gly-
col) hydrogels by coiled coil self-assembly and self-
sorting
S. Dånmark†, C. Aronsson†, D. Aili
† Equal contribution

Biomacromolecules 2016, 17(6):2260-2267

�e paper show-case the possibility to control the mechanical
properties of hydrogels using coiled coil polypeptides with di�erent
a�nity for heterodimerization. Four di�erent polypeptides were
conjugated to four-armed star-shaped poly(ethylene glycol) (PEG).
�e di�erent combinations of polypeptide-PEG conjugates assemble
into polymeric networks and hydrogels with distinct di�erent thermal
stabilities, supramolecular– and rheological properties. �e paper does
also show the possibility to disassemble and re-assemble polymeric
networks using the self-sorting phenomenon of the polypeptides.

Materials, results and discussions relating to this paper can mainly be
found in the following section(s) of this thesis:

Section 4.1
Subsection 5.2.1
Section 6.2
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Paper III

Zinc-triggered hierarchical self-assembly of �brous
helix-loop-helix peptide superstructures for con-
trolled encapsulation and release
C. Aronsson†, R. Selegård†, D. Aili
† Equal contribution

Macromolecules 2016, 49(18):6997–7003

�e paper describes a hierarchical self-assembly process of a
Zn2+responsive disul�de-linked helix-loop-helix polypeptide that self-
assembles into superstructures. Furthermore, the self-assembly
process is fully reversible and the superstructures can be disassembled
upon removal of Zn2+or by degradation of the polypeptide disulp�de
bridge. In addition, the paper shows the possibility to both encapsulate
and to release nanoparticles and drugs from the superstructures.

Materials, results and discussions relating to this paper can mainly be
found in the following section(s) of this thesis:

Section 4.2
Subsection 6.3
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Paper IV

Folding driven self-assembly of a stimuli-responsive
peptide-hyaluronan hybrid hydrogel
R. Selegård, C. Aronsson, C. Brommesson, S. Dånmark, D. Aili

Submi�ed

�e paper describes a tunable supramolecular polypeptide-hyaluronic
acid hydrogel that responds and self-assembles with Zn2+. �e
conjugated polypeptides homodimerizes into four-helix bundles upon
addition of Zn2+, resulting in hydrogel formation. �e assembly of the
hydrogel is reversible as chelation of Zn2+disassembles the hydrogel.
Furthermore, incorporated hyaluronidase can be used to tune the
degradation rate of the hydrogel. In addition, the hydrogel is evaluated
as an in vitro model for scavenging of reactive oxygen species.

Materials, results and discussions relating to this paper can mainly be
found in the following section(s) of this thesis:

Section 4.2
Subsection 5.2.2
Subsection 6.4
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Paper V

Supramolecular Functionalization and Tuning of
Peptide Modi�ed Bio-Orthogonally Crosslinked
Hyaluronan-Poly(ethylene glycol) Hydrogels
C. Aronsson†, R. Selegård†, J. Christo�ersson, C-F. Mandenius, D. Aili
† Equal contribution

Manuscript

�e paper describes a modular and tunable covalently crosslinked
polypeptide-hyaluronic acid and poly(ethylene glycol) hydrogel. �e
hydrogel is assembled via a bio-orthogonal strain-promoted alkyne–
azide cycloaddition reaction, making the hydrogel suitable for 3D cell
encapsulation and culture. Furthermore, the polypeptide allows for
supramolecularly crosslinking and compositional post-modi�cations
of the hydrogel.

Materials, results and discussions relating to this paper can mainly be
found in the following section(s) of this thesis:

Section 4.2
Subsection 5.2.2
Subsection 6.5
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Chapter 9

Conclusions and future
outlook

My interest is in the future because I
am going to spend the rest of my life
there.

Charles Ke�ering

9.1 Conclusions

In this thesis, two di�erent polypeptide-systems have been used to create
functional polypeptide-hybrid biomaterials. In turn, the di�erent
polypeptide-hybrid biomaterials have been used to create modularly assembling
and highly tunable structures. �e main conclusions of each paper and the main
overall conclusions of this thesis are summarized below.

Paper I
�e four polypeptides constituting the EKIV-polypeptide system can form four
di�erent parallel heterodimers with large di�erence in a�nities with Kd ranging
from µM to � nM. In addition, the large di�erence in a�nities allowed for a
social nonintegrative self-sorting when all polypeptides were present in the
same solution. �e EKIV-polypeptide system thus constitute a very useful set of
molecular building blocks, that can facilitate development of novel
supramolecular biomaterials.

Paper II
A tunable and modular polypeptide-PEG hybrid system was developed. Using
the four polypeptides of the EKIV-polypeptide system, polymeric networks
have been created with distinct di�erences in e.g. thermal stabilities and
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rheological properties. Although only two out of four possible polypeptide-PEG
combinations (pEI4/pKI4 and pEI4/pKV4) were able to form hydrogels under the
examined conditions, the two hydrogels had G’ in a biological relevant range
and showed typical rheological properties of supramolecular hydrogels such as
shear-thinning and self-healing. Furthermore, due to the self-sorting capability
of the polypeptides, it was possible to disassemble (and reassemble) the
polymeric networks by adding nonpegylated polypeptides with higher a�nity
for heterodimerization. �e EKIV-polypeptide system thus allows for a modular
approach when fabricating hydrogels and where mechanical properties etc. can
be tuned and optimized to speci�c biomaterial applications by means of
polypeptide heterodimerization.

Paper III
By linking two JR2EC-polypeptides via a disul�de bridge, it was possible to
trigger a hierarchical self-assembly process into spherical superstructures with
Zn2+. �e self-assembly process depended on the folding and the
homoassociation of JR2EC2 and could be tuned by the Zn2+concentration.
Furthermore, the superstructures could be disassembled either by Zn2+depletion
or reducing the disul�de bridge. In addition, it was possible to both encapsulate
and to release nanoparticles and molecules with the superstructures. �e
release-rate could be tuned by varying the Zn2+concentration. �e tunable
self-assembly properties and possible release of compounds make this system
interesting in both drug delivery and bioanalytical applications.

Paper IV
By conjugating the HLH-polypeptide JR2E to hyaluronic acid a Zn2+–responsive
polypeptide-hyaluronic acid hybrid polymer was developed. Zn2+triggers the
self-assembly of hydrogels, which is caused by the folding and dimerization of
the polypeptides into four-helix bundles. �e mechanical properties, and the
assembly and disassembly, could be tuned by changing the Zn2+concentration.
By encapsulating an enzyme that degrades hyaluronic acid, it was possible to
tune the degradation rate of the hydrogel and thus also the release of
encapsulated compounds. �e Zn2+-containing hydrogels showed inhibitory
e�ects on the ROS production of neutrophils, although Zn2+probably was the
major reason for this e�ect. All in all, the developed HA/Zn2+–hydrogel system
is a highly dynamic biomaterial that allow tunable release of encapsulated
compounds.

Paper V
By conjugating the HLH-polypeptide JR2EK to a BCN-modi�ed hyaluronic acid
via SPAAC and by utilizing the remaining BCN-groups for covalent crosslinking
with a star-shaped azide-terminated PEG-molecule, a modular and tunable
hydrogel system was developed. �e mechanical properties could be tuned by
varying the total polymer concentration or by exploiting the homodimerization
of JR2EK. In addition, using the heterodimerization with the complementary
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polypeptide JR2KK, JR2EK could be used for non-covalent post-modi�cation of
the hydrogel. Furthermore, HepG2 cells showed high viability when
encapsulated and cultured in the hydrogel. �e developed HA/PEG-hybrid
hydrogel is thus an interesting system for several biomaterial applications, such
as 3D cell culture and tissue engineering.

Overall conclusions of this thesis
Dimerizing α–helical polypeptides are very �exible and versatile supramolecular
building blocks that can be used for fabrication of biomaterials with a wide range
of tunable properties. Furthermore, the modular assembly strategies developed
and explored in the thesis allows for a mix-and-match approach when fabricating
a material.

9.2 Future outlook

Biomaterials that fully, or partly, rely on supramolecular interactions have
without doubt a bright future in medicine. As exempli�ed in this thesis,
dimerizing α–helical polypeptides are �exible and versatile supramolecular
building blocks that allow for tuning of the material properties and
composition. �e main focus of this thesis has been on the fabrication and the
physiochemical properties of the actual material. It is not until now at the end
of my PhD that the ”bio”-part of the biomaterial has gained more a�ention.
However, from the very beginning polymers that are considered to be
biocompatible have been used and bio-orthogonal assembly strategies have
been employed to ensure a solid foundation for future cell studies.

�e modular assembly strategy that has been developed and employed in this
thesis allows for a mix-and-match approach when fabricating a biomaterial. By
expanding the library of polypeptide-hybrids and/or molecules with SPAAC
reactive groups, more complex and even more ECM-like biomaterials could be
fabricated. Examples of interesting and possible molecules to include in such a
library are di�erent biopolymers such as collagen and chitosan, or di�erent
types of PEG structures. Furthermore, cell adhesion motifs, such as RGD and
IKVAV, and growth factors could also be incorporated in a modular fashion
using for instance a similar approach as the Cy5-functionalization used in paper
V. �e modular approach hence allows for a high degree of customization of the
�nal biomaterial properties and can be modularly designed to �t the
requirements of the end-application.

Even though a relatively high tunability can be achieved with the current
polypeptides, point mutations in the amino acid sequences can be made to allow
further �ne-tuning. As an example, the EKIV-polypeptide library can be
extended with even more polypeptides by e.g. changing the Ser at the b
positions in the EV and KV to Ala, or changing a single Ile or Val in the
hydrophobic core by another amino acid. Such changes would create new
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polypeptides that could be used in combination with the already existing
EKIV-polypeptides. �e new polypeptides could then be used to tune the
assembly of polypeptide-hybrid biomaterials even further.
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Yuichi Sugiyama, Ciro Te�a, Wolfgang E. �asler, Tamara Vanhaecke, Mathieu Vinken, �omas S.

90



BIBLIOGRAPHY

Weiss, Agata Widera, Courtney G. Woods, Jinghai James Xu, Kathy M. Yarborough, and Jan G.
Hengstler. Recent advances in 2d and 3d in vitro systems using primary hepatocytes, alternative
hepatocyte sources and non-parenchymal liver cells and their use in investigating mechanisms of
hepatotoxicity, cell signaling and adme. Arch. Toxicol., 87(8):1315–1530, 2013.

152 R. Carlsson, E. Engvall, A. Freeman, and E. Ruoslahti. Laminin and �bronectin in cell adhesion:
enhanced adhesion of cells from regenerating liver to laminin. Proc. Natl. Acad. Sci. USA,
78(4):2403–6, 1981.

153 B. Clement, B. Segui-Real, P. Savagner, H. K. Kleinman, and Y. Yamada. Hepatocyte a�achment to
laminin is mediated through multiple receptors. J. Cell Biol., 110(1):185–92, 1990.

154 Sreenivasa C. Ramaiahgari, Michiel W. den Braver, Bram Herpers, Valeska Terpstra, Jan N. M.
Commandeur, Bob van de Water, and Leo S. Price. A 3d in vitro model of di�erentiated hepg2 cell
spheroids with improved liver-like properties for repeated dose high-throughput toxicity studies.
Arch. Toxicol., 88(5):1083–1095, 2014.

155 Claudia Luckert, Christina Schulz, Nadja Lehmann, Maria �omas, Ute Hofmann, Seddik Hammad,
Jan G. Hengstler, Albert Braeuning, Alfonso Lampen, and Stefanie Hessel. Comparative analysis
of 3d culture methods on human hepg2 cells. Arch. Toxicol., pages 1–14, 2016.

156 Amish Asthana and William S. Kisaalita. Microtissue size and hypoxia in hts with 3d cultures.
Drug Discov. Today, 17(15–16):810–817, 2012.

157 N. J. Darling, Y. S. Hung, S. Sharma, and T. Segura. Controlling the kinetics of thiol-maleimide
michael-type addition gelation kinetics for the generation of homogenous poly(ethylene glycol)
hydrogels. Biomaterials, 101:199–206, 2016.

158 Prathamesh M. Kharkar, Ma�hew S. Rehmann, Kelsi M. Skeens, Emanual Maverakis, and April M.
Kloxin. �iol–ene click hydrogels for therapeutic delivery. ACS Biomater. Sci. Eng., 2(2):165–179,
2016.

159 B. Trzaskowski, L. Adamowicz, and P. A. Deymier. A theoretical study of zinc(ii) interactions with
amino acid models and peptide fragments. J. Biol. Inorg. Chem., 13(1):133–7, 2008.

160 T. A. Wi�en and L. M. Sander. Di�usion-limited aggregation, a kinetic critical phenomenon. Phys.
Rev. Le�., 47(19):1400–1403, 1981.
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176 L. Šoltés, R. Mendichi, G. Kogan, J. Schiller, M. Stankovská, and J. Arnhold. Degradative action of
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