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Abstract 

 

The supramolecular structures formed by self-assembling peptides are in the focus of many 

scientific projects for their huge potential in biomedical applications. As a result, the interest 

in understanding the parameters which influence the self-assembly is growing with every year. 

The group of T. Weil investigates the self-assembly behavior of short peptide sequences into 

nanofibers and, in cooperation with other groups, their potential in enhancing retroviral gene 

transfer.  

The aim of this thesis was to further the understanding of different parameters to enhance the 

controllability of peptide self-assembly. To investigate the morphology of assembled 

supramolecular architectures, transmission electron microscopy was used. It was possible to 

demonstrate the influence on supramolecular assembly behavior by selected parameters. The 

pH value was identified as one of the most significant parameters that influences self-assembly. 

Changes in the range of two orders of magnitude in pH resulted in either well-defined fibers 

or ill-defined aggregates. This could completely change the morphology of the structures 

assembled. A similar effect had the oxidation of a terminal methionine group in one of the 

peptide sequences. Both parameters could be used to transform the morphology from fibrillar 

structures to wider ribbon like structures. The salt concentration of the solution the self-

assembly took place in, showed the capability to enhance the effect the other parameters had. 

The synthesis of a polymer-peptide hybrid was successful, but unfortunately it was not possible 

to produce usable information about the influence of the polymer corona on the self-assembly 

behavior.  

Consequently, this thesis is a small contribution to the understanding of self-assembly 

processes and the parameters to influence them. 
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Zusammenfassung 

 

Supramolekulare Strukturen aus selbstassimilierten Peptiden sind im Focus vieler 

wissenschaftlicher Projekte aufgrund des großen Potenzials, das sie für biomedizinische 

Anwendungen bieten. Daher wächst das Interesse daran mit jedem Jahr die Parameter besser 

zu verstehen, die ihre Selbsassimilierung beeinflussen. Der Arbeitskreis von T. Weil 

untersucht die Selbsassimilierung kurzer Peptide in Nanofasern und, in Kooperation mit 

anderen Arbeitskreisen, die Möglichkeit retroviralen Gentransfer zu verstärken. 

Das Ziel dieser Abschlussarbeit war es das Verständnis der Parameter, die die 

Selbstassimilierung beeinflussen zu vertiefen. Um die Morphologien der enstandenen 

supramolekularen Strukturen zu untersuchen wurde die Transmissionselektronenmikroskopie 

eingesetzt. Es war möglich zu zeigen, wie ausgewählte Parameter das 

Selbstassimilierungsverhalten beeinflussen. Der pH-Wert zeigte sich als einer der Parameter 

mit dem größten Einfluss auf die Selbstassimilierung. Veränderungen des pH-Wertes von zwei 

Größenordnungen machten den Unterschied zwischen gut definierten Fasern oder schlecht 

definierten Aggregaten aus. Die Oxidation der endständigen Methioningruppe der 

Peptidsequenz übte einen ähnlichen Einfluss aus. Beide Parameter konnten genutzt werden um 

die Morphologie der Strukturen von einer fibrillären zu einer bänderhaften Struktur zu 

verändern. Die Salzkonzentration des Mediums, in dem die Selbstassimilierung stattfand, 

zeigte die Fähigkeit die Wirkung, welche die anderen Parameter ausübten, zu verstärken. Die 

Synthese des Polymer-Peptid-Hybrides war erfolgreich, leider war es nicht möglich 

verwendbare Erkenntnisse über den Einfluss der Polymerkorona auf das 

Selbstassimilierungsverhalten zu gewinnen. 

Somit liefert diese Abschlussarbeit einen kleinen Beitrag zum Verständnis der 

Selbstassimilierungsprozesse und der Parameter, die diese beeinflussen. 
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1. Motivation 

 

The goal of the underlying project of this diploma thesis was the synthesis of peptide-polymer 

hybrid materials which are capable of facilitating a more efficient viral gene transduction. Gene 

transduction plays an important role in medical applications, as in the transduction of T cells.[1] 

It has potential uses in gene therapy of cancer or in the combat against inherent genetic 

disorders.[2- 3] The gene transduction via viral vectors has the huge upside of its high 

biosafety.[4] Especially lentiviral vectors showed an improvement of the gene transfer 

compared to other methods.[5] 

In their cooperative work the groups of C. Meier, T. Weil, F. Kirchhoff and J. Münch could 

show that nanofibrils, which self-assembled from peptides, enhance the viral gene transfer 

more strongly than other established systems.[6-8] These promising results are the motivation 

for this project. The aim is to better understand the self-assembly behavior of these peptide 

sequences and show how further improvement of the transduction efficiency could be 

achieved. 

To achieve the optimal transduction performance it is necessary to have good control over the 

self-assembly behavior of the peptide. Ideally, it should be possible to design peptides and 

direct their self-assembly so that they fit perfectly to the given task and environment. There 

are many mechanisms to control the self-assembly behavior of peptides and this quest for better 

control is a growing field in biochemical and material science. To investigate the controllability 

of the process, various parameters such as peptide sequence, polymer corona and pH value, 

among others, were studied. 

Obviously, the first parameter which can be varied is the design of the peptide sequence. S. 

Sieste, in the group of T. Weil at the University of Ulm, showed in her work that by changing 

even a single amino acid in a peptide sequence can have dramatic effects on their self-assembly 

behavior and consequently its biological performance. Other projects also highlight the 

influence of sequence variation on the establishing supramolecular architecture.[9-11] Due to the 

cost-efficient method of automated solid phase peptide synthesis, these sequence-specific-

modifications are easily accessible.[12] 
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A more drastic change is the coating of peptide assemblies with a synthetic polymer corona. 

This technique offers a wide array of engineering tools in control of the self-assembly and later 

behavior of the supramolecular structure.[13-15] The group of T. Weil was able to demonstrate 

the improvement of fibril building peptides in applications for regenerative medicine, by 

coating them with polydopamine.[16] To achieve the goal of synthesizing a peptide-polymer 

hybrid material, which can enhance the gene transduction, a three step approach was taken in 

this thesis (Figure 1). In the first step the peptide should be synthesized and coupled to a radical 

polymerization initiator. In the second step the macroinitiator will be used to synthesize the 

polymer-peptide hybrid. Which will then be sent to the group of Prof. J. Münch in the 

University of Ulm. The reversible-deactivation radical polymerization (RDRP) was considered 

as an appropriate polymerization method. This method combines the positive features of both 

free radical polymerization and anionic living polymerization.[17] Therefore, the ATRP and 

RAFT polymerization were chosen for the synthesis of the peptide-polymer conjugates. ATRP 

offers a high control over the functionality, mass average molar mass (Mw) and dispersity 

(D).[18] It has proven to be an excellent tool of designing and producing bioconjugates.[19] 

RAFT polymerization is known as the most versatile method of the RDRPs. It offers a high 

tolerance against a variety of functional groups, mild reaction conditions and the added benefit 

of a metal free reaction.[20-21] Therefore, it is no surprise that RAFT polymerization is a fast 

growing method in the development of polymer-bioconjugates.[20, 22-24] 

The work in this thesis is supposed to enhance the understanding of the mechanisms which 

influence the self-assembly of peptides into supramolecular structures. This improved 

understanding will make it possible to plan preparation and synthesis pathways to design the 

outcome of the self-assembling process of the peptides. 
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Figure 1: Three step approach to synthesize and test polymer-peptide hybrid materials for their capability of enhancing the 
gene transfer of viruses. 
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2. Theory 

 

 

2.1. Molecular Self-Assembly 

 

The mechanism of molecular self-assembly makes supramolecular architectures attainable 

which would not exist without this process. There are two distinct types of molecular self-

assembly, the intermolecular one and the intramolecular one. The second describes for 

example the folding process in which proteins achieve their three-dimensional structure. For 

this project the intermolecular self-assembly is important and will be presented in more detail. 

The process of intermolecular self-assembly is part of the concept of supramolecular 

chemistry. It first appeared in the mid-1930s under the name of “Übermoleküle” as a model to 

illustrate the molecular architecture of combined covalent saturated molecules.[25] This concept 

is essential for the understanding of biological and medical phenomena. The supramolecular 

structure is formed with intermolecular forces like hydrogen bonding, van der Waals forces, 

π-π interactions, and others.[26] In nature, this intermolecular self-assembly is a cornerstone of 

the “bottom-up” process which forms multitude of natural occurring supramolecular 

architectures.[27] Over billions of years, nature created many different self-assembling systems, 

for example, lipids, nucleic acids, and amino acids.[28] Lipids are small amphiphilic molecules 

which can self-assemble into many different biological components, such as the cell membrane 

consisting of phospholipids.[29] The nucleic acids comprise the ribonucleic acid (RNA) and the 

deoxyribonucleic acid (DNA) and can be described as the most important biomolecules for 

life. In Figure 2 various examples for self-assembled structures out of these building stones 

are shown. Peptides and their building blocks, the amino acids are the subject of this thesis and 

will therefore be discussed more thoroughly in the next chapters. 
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Figure 2: Example of a) a natural self-assembly process: supramolecular lipid architectures and b) a synthetic self-assembly 

process: supramolecular DNA architectures.[30] 

 

2.1.1. Peptides 

 

2.1.1.1. Proteins 

 

As mentioned before amino acids are the building blocks of peptides and proteins. Proteins 

have a 3D structure which dictates their function, and which is predetermined by their 1D 

polypeptide chain. It is this highly evolved natural system of folding a sequence of amino acids 

into a protein that captures the interest of scientists for decades. The mimicking of this natural 

process with a synthetic one is the goal of many chemists today.  

The protein biosynthesis starts with the transcription of the genome. In this process the 

information is read out from the DNA by the RNA polymerase which writes the information 

into a so-called messenger RNA (mRNA) single strand. The mRNA is then translated by the 

ribosome into a polypeptide chain. The finished chain is afterwards released from the 
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ribosome; the folding begins during the translation at the ribosome when the coupled amino 

acids start to interact. 

The polypeptide chain structure is the random coil, the amino acids are covalently linked to 

their neighbors. During the folding process, the random coil self-assembles into the fully 

functional 3D protein structure.[31] The amino acid sequence is called the primary structure. Its 

intermolecular interaction defines the 3D protein structure.[32] The forces controlling this 

folding process are hydrogen bonds, van der Waals interactions, Backbone angle preferences, 

electrostatic interactions, and hydrophobic interactions.[33] 

The first step is the formation of the secondary structure. This process is governed by the 

formation of intramolecular hydrogen bonds to from structures like the α-helices and the β-

sheets.[33-34] The formation of this structures determines the next step in the folding process, 

the tertiary structure. The α-helices and β-sheets can have parts which are hydrophobic or 

hydrophilic and the orientation of these parts in relation to the surrounding aqueous 

environment controls the formation of the 3D structure of the protein.[35] Some tertiary 

structures interact with others to form the quaternary structure, in contrast to proteins with 

tertiary structure, proteins with quaternary structure consist of multiple polypeptide chains. 

In contrast to proteins which consist in some cases of tens of thousands amino acids most 

peptides have less than a hundred. The synthesis of peptides longer than 70 amino acids pushes 

limits of the current possibilities.[36] The peptides in this thesis are not longer than seven amino 

acids and can therefore be defined as oligopeptides, which consist of an amino acid chain 

between 2 and 20 amino acids. 

The use of peptides has advantages over the use of proteins. They have a much narrower 

sequence space, they also have a high structural programmability. Another benefit is their 

versatile functionality, their easy availability and a high-cost efficacy.[37-42] In contrast to 

synthetic polymers they are also capable of a folding response and can therefore be better 

controlled with external stimuli like the pH value.[42] 

Peptides are a widely used component in biomedical chemistry. They are investigated for their 

application as therapeutics, due to their good biocompatibility, low immunogenicity, and 

biodegradability. Examples of peptide applications as potential therapeutics are fibrils in tissue 

engineering, peptides to combat cardiovascular diseases, or as drug delivery system for cancer 
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therapeutics.[42-44] They are even studied in terms of their use as in electronic applications for 

example as semiconductors or as piezoelectric elements.[45-46]  

 

2.1.1.2. Amino Acids 

 

 

Figure 3: Amino acid with marked N-terminus (blue), C-terminus (red) and the residue (green). 

 

Amino acids are the building blocks of peptides and proteins. The first amino acids were 

discovered in the time span from the early 19th century to the first half of the 20th century. [47] 

Amino acids have a common scaffold with a so called N-terminus (-NH2) on one end and the 

C-terminus (-COOH) on the other end of the molecule. The part giving every amino acid its 

individual behavior is its residue. With more than 500 known natural amino acids, their variety 

is sheer breathtaking.[48] But only a few are part of the protein building process, the so called 

proteinogenic amino acids, which are shown in Error! Reference source not found.. 

 

Table 1: Table of proteinogenic amino acids. 

Arginine (R) Histidine (H) Lysine (K) Aspartic acid 

(D) 

Glutamic acid 

(E) 

Serine (S)  Threonine (T)  

 

 
 

  
  

Asparagine 

(N) 

Glutamine 

(Q) 

Cysteine (C) Selenocystein

e (U) 

Glycine (G) Proline (P) Alanine (A) 

  

  
 

  

Valine (V) Isoleucine (I) Leucine (L) Methionine 

(M) 

Phenylalanine 

(F) 

Tyrosine(Y) Tryptophan(

W) 
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To fathom the utility and possibility of peptides a knowledge of the amino acids and their 

interaction is necessary. One possible way to categorize amino acids is by the chemical 

functionality of their R-group. The three categories are hydrophobic, hydrophilic or “other” 

amino acid. The hydrophobic amino acids are further separated into aliphatic residues (A, I, L, 

M, V) and aromatic residues (F, W, Y). The aliphatic groups are interesting for creating a 

hydrophobic environment with their hydrocarbon R-groups, which enable the peptide to self-

assembly via hydrophobic and van der Waals interactions. The aromatic residues allow the 

peptide in which they are incorporated to participate in π-π-stacking. This describes the process 

of overlapping conjugated π-electron-systems. The opposing category, the hydrophilic amino 

acids are further categorized into the charged and uncharged amino acids. The charged amino 

acids can be classified as positively charged (H, K, R) and negatively charged (D, E). These 

charged amino acids can be used to support the self-assembly of the peptides by engineering 

attracting charge interactions between opposing charges. They can also hinder the self-

assembling by engineering repulsive charge interactions using amino acids with the same 

polarity of charge. The subcategory of hydrophilic uncharged amino acids is comprised of the 

ones with a hydroxyl group (S, T) and the ones with a carboxamide group (N, Q) in the residue. 

The last category contains the “other” amino acids. These are amino acids with an individual 

behavior which is not defined by being grouped in one of the above categories or show 

behavior not explained by the category they are in (C, G, H, P, and Y). Cysteine has an 

uncommon chemical reactivity due to the thiol side chain. This allows crosslinking via 

disulfide bridging and unique chemical modifications. Glycine is an excellent example of 

controlling peptide behavior by engineering of the sequence. It is the amino acid with the 

smallest steric hindrance and can therefore be used to produce more flexible peptide chains. 

The exact opposite in control over the architecture of peptide structures provides proline. It has 

a very rigid structure due to its distinctive cyclic form. Accordingly, the incorporation of 

proline into the sequence produces a more rigid peptide. The other amino acids in this category 

(H, and Y) give the peptide a higher chance for binding to metals or allowing for the possibility 

of enzymatic modification in their side chains. The amino acids form peptides through amid 

bonds shown in Figure 4. These peptides’ structures are inherently dependent on the sequence 

of amino acids and the interaction of their R-groups. Then, these peptide chains can interact 
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with complementary peptide chains via intermolecular self-assembly. Hence, supramolecular 

structures are formed by the interacting of several peptide chains.[28] 

 

 

Figure 4: Peptide with the amino acid sequence CKFKFQF and the amide bonds (peptide bond) in red. 

 

The self-assembly behavior and the resulting supramolecular structures depend on these 

processes and systems which can broadly be categorized as natural or non-natural. In the 

category of natural processes are systems involved in the self-assembling and folding of 

proteins. These natural processes can be observed and studied, leading to a broader and more 

in-depth understanding of these natural systems. Examples include β-sheets, turns, α-helices, 

coiled coils, and π-π interactions. Peptide amphiphiles (PA) are an example of a non-natural 

system. 

 

 

Figure 5: Samples of natural and non-natural systems and phenomes involved in the self-assembly of supramolecular 
structures. a) α-helix as cartoon (top) and as stick model (bottom).[49] b) β-sheet as cartoon (top) and as stick model (bottom); 
c) peptide amphiphiles as skeletal formula (top) and as space-fill model (bottom); d) skeletal formula of π-π-interactions 
between aromatic rings. 
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The β-sheet like interactions are of great importance in this work, hence they will be discussed 

in more detail. The first concept of β-sheets was proposed by W. Astbury and others in the 

1930s but they could not describe an accurate structural model.[50-51] This was accomplished 

by L. Pauling and R. Corey in 1951.[52] A key feature of β-sheets is their ability to self-assemble 

into fibrous structures, this makes them so important for the control of self-assembling 

processes but also gives them a potentially destructive potential, demonstrated by their role in 

the amyloid diseases Alzheimer and Parkinson.[53] The first demonstration of the structural 

engineering possibilities offered by β-sheets was discovered by Zhang et al.[54] In their work, 

they created peptides which, upon the addition of salt, self-assembled into macroscopic 

membranes. The motif of the β-sheet has a pleated structure because of the side chains of the 

amino acids. The links between the peptide chains in a β-sheet can be parallel, antiparallel or 

a combination of both. In the parallel configuration, an amino acid in one chain forms hydrogen 

bonds with two different amino acids in the next peptide chain. It forms one hydrogen bond 

via its carbonyl-group with the amine-group of one amino acid in the next peptide chain and 

the second hydrogen bond via its amine-group with the carbonyl-group of the next amino acid 

in that chain. Consequently, every amino acid is bonded to two amino acids in the other peptide 

chain, and as a result, the atoms of the sheet are parallel to each other. In the antiparallel 

configuration the amine- and carbonyl-group of one amino acid form hydrogen bonds with the 

respective counterparts of one amino acid in the other chain. For this reason, the atoms are 

antiparallel to each other. In the third configurational option, there is a mixture of both parallel 

and antiparallel bonding.  
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Figure 6: Comparison of parallel and anti-parallel β-sheet interaction. 

 

A very common motif in β-sheets is a chain of amino acids with alternating hydrophobic and 

hydrophilic residues; therefore, the self-assembled β-sheets are facially amphiphilic. As a 

result in the emerging supramolecular structure, the β-sheets may combine to shelter the 

hydrophobic face from surrounding water.[41] β-Sheets can form different hierarchical 

structures depending on the number of β-sheets involved, the possibilities include tapes, 

ribbons fibrils, and fibers.[55] N. Boden et al. postulated that the peptide monomers can be 

regarded as rod-like structures which self-assemble into long twisted tapes, as shown in Figure 

7. The twisting of tapes is a result of the chirality of the amino acids. Furthermore, the tapes 

have faces with two different chemical environments which results in a helical conformation. 

One face of the tapes should be less soluble, to overcome this chemical anisotropy the tapes 

form dimers. The dimers are the so-called ribbons, contrary to their building blocks the ribbons 

have no chemical difference in their faces. The structure of the ribbons forms a saddle curve, 

as a result, the ribbons are straight. The faces of the ribbons are equally attractive, and they can 
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stack on every side. Consequently, this stacking forms the fibrils which have a homogenous 

chemical environment at their edges. If the concentration of the monomer is high enough fibrils 

entwine themselves around each other to assemble into fibers.  

 

 

Figure 7 Theoretical model of concentration dependent hierarchical self-assembly from rod-like monomer.[55] 

 

Lateral stacking of β-sheet like structures results in a width growth of the structure. This 

stacking follows a laminated pattern, which was categorized by Eisenberg et al. in eight types, 

shown in Figure 8.[56] This stacking interaction is dominated by the side chains of the amino 

acids, because it occurs along the direction of the side chains.[57] The width growth follows a 

hierarchical pattern, which is driven by the competition between so-called elastic energy 

penalty and the attraction of the neighboring sheets.[55] The elastic energy penalty describes 

the strain on the widening structure, caused by the attempt to decrease the exposure of the 

hydrophobic β-sheet to the surrounding water. If the elastic energy penalty becomes larger than 

the attraction between β-sheet the fibrils do not grow any wider.[57] 
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Figure 8: The eight classes of laminated stacking in β-sheet like structures classified by Eisenberg et al.[56] 

 

The resulting width is detrimental to the resulting supramolecular structure formed by the 

peptide.[57] There is a critical value of width, if the structure gets broader the stable morphology 

of lamination with β-sheet structures is generally the α-helical ribbon, but if it is smaller the 

stable structure will be twisted fibrils.[58] 

 

2.1.2. Controlled Supramolecular Structures 

 

The main challenge of controlling self-assembling processes into supramolecular structures 

lies in the achieving of uniformity and reproducibility of these structures. Even minor 

differences in the balance between repulsive and attractive interactions can have major 

implications on the resulting structure, or their dynamics. There are many different factors 

which influence these attractive and repulsive forces and thereby the self-assembling process 

and its outcome, as amino acid sequence, solvents, pH-value, salt concentration and more. The 

obvious one is the sequence of amino acids in the peptide, which was discussed in chapter 

2.3. Also, the group of D. A. Lauffenburger et al. investigated the influence of the variation of 

amino acids on the self-assembly of the peptide.[59] Another factor is the concentration of the 

peptide. This factor is represented by the critical concentration which is needed to assemble 

into supramolecular structures. This concentration can be lowered by increasing the side chain 

hydrophobicity in the peptide.[59] By the comparison of the peptides I3K and L3K, it was 
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discovered that the first forms β-sheet like structures while the later forms random coils, 

because of the higher hydrophobicity of isoleucine compared to lysine.[27] 

 

2.1.2.1. Non-covalent Interactions and their Influence on the Peptide Self-Assembly. 

 

To better understand these parameter and their impact on the self-assembly behavior of the 

investigated peptides, the underlying non-covalent interactions and their synergism and 

cooperativity will be described in more detail.[60] Self-assembled systems often have a careful 

balance between attractive and repulsive forces giving rise to a plethora of different structures. 

The hierarchical process and the resulting nanostructures change when this balance is 

disturbed.[58] The attractive forces are the hydrogen bonds, the hydrophobic, the π-π-, the van 

der Waals and the coulomb interactions. On the repulsive side are the coulomb repulsion, steric 

hindrance, and the solvation. 

 

Hydrogen Bonds 

 

Hydrogen bonds are formed by a hydrogen atom and a strongly electronegative atom like 

oxygen or nitrogen. In the peptide this occurs at the peptide backbone and the carboxyl and 

amino groups in the residues.[61] The formation of the hydrogen bonds is responsible for the 

formation of secondary structures as β-sheet. This non-covalent interaction is probably the 

most important one for peptide self-assembly, as its controls with high selectivity and 

directionality the 3D structure of the peptide self-assembly.[61] 

 

π-π Stacking 

 

The π-π stacking is important for the self-assembling behavior of peptides containing 

conjugated electron systems. Phenylalanine with its aromatic ring is a good example of 

introducing π-π stacking interactions into a peptide. The π-π stacking induces a directional 

growth of the supramolecular structure.[61] This π-π interactions are also tolerant towards water 

because of the bad solubility of the aromatic groups.[62] 
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Electrostatic Interactions 

 

These interactions can work both attractive and repulsive. In the case of coulomb attraction 

between two opposite charges the formation of ion pairs influences the self-assembling. These 

interactions are stronger than hydrogen bonds, with ~500 kJ mol-1 against ~20 kJ mol-1, but 

have nonetheless more specific effect on the self-assembly.[63] The opposing repulsive 

coulomb interaction between equivalent charges also effect the self-assembly of peptides and 

can hinder the formation of supramolecular structures. The electrostatic interactions are 

directly affected by the pH value, this makes it possible to incorporate pH responsiveness into 

the peptide. 

 

Hydrophobic Interaction 

 

These interactions are driven by the hydrophobic parts of the peptides which try to minimize 

their exposure to water by aggregating. This is a strong factor in the self-assembly of peptide 

amphiphiles, compared to peptides with aromatic groups where the π-π-interactions are the 

dominating forces.[61] If the self-assemble is salt-triggered the influence of the hydrophobic 

interactions is increased, because of the shielding of the charges through the salt ions.[64] 

 

Van der Waals Interactions 

 

The van der Waals interactions are one of the weaker attractive forces that play a role in the 

self-assembling of peptides. They are highly dependent on the number of aliphatic parts within 

the peptide.[61] With ~5 kJ mol-1 they are weaker than the hydrogen bond and therefore it is 

only in a few cases a predominant force in the self-assembling process.[65] 

 

Steric Hindrance 

 

The steric hindrance results from the incapability of molecules to come close enough together 

to interact. Therefore, it is a clear antagonist to the attractive force described in this chapter. 
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2.1.2.2. Solvent 

 

The peptide is seldom solved in the solvent it will self-assemble in. The established practice is 

to solve the peptide in a so-called good solvent, which easily dissolves it. After this a portion 

of this stock solution is dilution into the so-called bad solvent. The solvent in which the 

supramolecular structures can equilibrate in.[66] In most cases the good solvent is an organic 

solvent like DMSO and the bad solvent is some kind of water. It is this mixture of solvents that 

allows a manipulation of the self-assembling process. The point at which the good solvent has 

a high enough proportion of the mixture that the self-assembled structures start to be 

molecularly dissolved, is the critical good/poor solvent ratio.[67] The fundamental role of the 

solvent mixture is visible in the effect it has on the stability of the supramolecular structures 

and even their architecture can be controlled with this ratio.[68] In Figure 9 the results of 

different ratios of good/bad solvent investigated by S. I. Stupp et al. are shown. The SEM 

images are taken after the peptide amphiphiles were freeze dried and are therefore not 

representative for the structure in solution, but they can give an idea of the effect of solvent 

ratio on the self-assembling behavior. The good solvent in this experiment was HFIP and the 

bad one water. PA1 (palmitoyl-V3A3E3-NH2) with 10% HFIP yields fibrous structures after 

freeze drying, with 50% and 100% of the formed structures are ill defined. On the other hand 

PA2 (palmitoyl-E(ALAE)3W) forms fibrous structures at 10% and 50%, given ill-defined 

ones, while in 100% HFIP it forms flak like structures.[69] 
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Figure 9: SEM images of different ratios of good/poor solvent. The figures shows SEM images after freeze drying of the 
peptide amphiphiles PA1 (palmitoyl-V3A3E3-NH2) and PA2 (palmitoyl-E(ALAE)3W). The peptide amphiphiles were solved 
in 3 different ratios of good/bad solvent, in this case HFIP/water. The portion of HFIP increases in the mixtures from 10%, 
to 50% and in the last one to 100%.[69] 

 

2.1.2.3. pH Value 

 

The pH value is one of the easier levers that can be used to change the conformation of the 

self-assembled structures. The change in the pH value has a direct influence on the charged 

amino acids in the peptide. Therefore, it is possible to implement a pH switch into the design 

of a peptide sequence. In the case of β-sheets, for which the charge interaction plays an 

essential role in the hierarchical self-assembly processes, shifts in the pH value can have huge 

impacts. β-Sheets, for example, form hydrogen bonds and maintained by hydrophobic and 

electrostatic interactions.[70-72] It could be shown that in some peptide sequences a decline in 

electrostatic interaction facilitates the self-assembly into fibers.[59, 73] In the work of S. Zhang 

and P. Chen, the peptide EAK10-IV showed different self-assembly behaviors under changed 

pH value. At a neutral pH (~7) it self-assembles into a globular architecture, is the pH lowered 

(pH value of 4) or elevated (pH value of 11) it self-assembles into fibrillar structures. They 

postulated that the reduction of the electrostatic interactions by neutralization of the ionizable 

side chains of the amino acids (E, K), which are the reason for the bending of the chains 

(globular structure), results in the straight peptide molecules from fibrils.[74] In Figure 10 the 
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results of the group of V. Subramaniam et al. are shown.[75] They investigated the self-assemble 

behavior of the protein α-synuclein under different pH conditions. They could show that the 

aggregation at pH value 7.0 and 6.0 resulted in fibrillar structure. At the lower pH value the 

aggregation was ill defined. These results depict clearly the influence the pH value of the 

surrounding solution can have on the self-assembling behavior. 

 

 

Figure 10: AFM images of a-synuclein aggregates, on the effect of pH value on the self-assembling behavior of peptides.[75]  
A and H at a pH value of 7.0, B – D at a pH value of 6.0, E at a pH value of 5.0, and F and G at a pH value of 4.0. 

 

2.1.2.4. Salt Concentration 

 

The salt concentration is an interesting parameter in the self-assembly of peptides, because of 

the implication for in vivo applications. The main effect of ionic strength in the solution on the 

peptide self-assembly seems to be the shielding of the peptide charges resulting in a reduction 

of repulsive interactions.[76] In their work, M. Lopez de la Paz et al. investigated the influence 

of different NaCl concentrations on the self-assembly of β-sheets forming peptide 

sequences.[77] The concentration was between 0 M and 1.0 M NaCl. At low concentrations up 

to 0.1 M NaCl, an increase of fibrillation with the increase in ionic strength was observed, this 

change was attributed to the reduction in charge-repulsion effects. At higher salt concentration 

only short fibrils and amorphous aggregates were formed. The group of P. Chen et al. observed 

a similar behavior. They could define a critical NaCl concentration for their system under 

which the equivalent radius of their peptide fibrils with the salt concentration increased, but 

the opposite happened when the NaCl concentration was over the critical concentration.[76] 
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2.1.2.5. Formation Pathway Dependence 

 

In their work, F. Tantakitti et al. showed the possibility to trap thermodynamic metastable 

supramolecular structures depending on the pathway of the self-assembling.[78] They used the 

amphiphilic peptide V3A3K3-R which has two pathway dependent supramolecular 

architectures. The thermodynamically stable configuration assembles into long bundled fiber 

and the metastable one into short monodisperse fibers. The conditions in both pathways were 

the same, namely the peptide concentration, the pH value or others. But the positions of some 

of the preparation steps in the pathway are swapped which leads to a different outcome, as 

shown in Figure 11. If the β-sheets are switched off by dilution and the solution is annealed, 

the thermodynamically favored product forms, i.e. monodisperse short fibers. Addition of salt 

produces the metastable short fibers with β-sheets. If the solution is fist annealed and 

afterwards diluted, the kinetically trapped product is formed, long β-sheets containing fibers. 

Addition of salt has no effect within this pathway. 

 

 

Figure 11: Two preparation pathways for the peptide amphiphile V3A3K3-R with different outcomes for the supramolecular 
morphology. The left one shows the switching of, of the β-sheets with dilution. Followed by the equilibrating of the assemblies 
(annealing), which results in the thermodynamically favored product, short monodisperse fibers. In the last step, salt is added 
to switch the β-sheets on again. This produces short metastable fibers with internal β-sheets structure. In the other pathway 
the fibers ate first equilibrated by annealing and then diluted. This results in kinetically trapped fibers with internal β-sheet 
structure. The addition of salts has no influence on the supramolecular structure. The fibers with internal β-sheet structure 
are in red and the ones with internal coil-like structure in blue.[78] 



20 

 

 

In Figure 12 the corresponding energy landscape of two different peptide systems are shown. 

In the system with the low charge repulsion, high salt concentration, the long β-sheet fibers are 

the thermodynamically stable product. In the system with high charge repulsion, low salt 

concentration, the short coil-like fibers. It depicts the energy barriers which trap the 

morphologies of the peptide assembly. In the example of the dilution before the annealing, the 

annealing produces the metastable product of the high charge energy landscape, the short 

fibers. With the addition of the salt the charges are shielded and the charge repulsion decreases. 

The β-sheet containing short fibers are formed but now they are trapped and don’t transform 

into the long variant.  

 

 

Figure 12: Energy landscape of different supramolecular structures. With the representation for high charge repulsion at the 
front and the representation of the low charge repulsion in the back of the picture. At high charge repulsion the kinetically 
trapped and the thermodynamically favored product were found and low charge repulsion only the long fibers with β-sheet 
are found. The fibers with internal β-sheet structure are in red and the ones with internal coil-like structure in blue[78] 

 

The effect of this change is enormous, the stable configuration is able to promote biological 

cell adhesion and survival. The metastable configuration, on the other hand, hindered cell 

adhesion and can lead to cell death. 
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S. I. Stupp et al. investigated the idea that entrapped configurations could be freed if the 

temperature was elevated. The fast dynamics of this process should allow the monomer to 

equilibrate.[69] They compared three samples of their peptide (PA1), alternating different 

solvent mixtures (water with 10%, 15% or 20% HFIP). The samples were prepared at 50 °C, 

cooled to 0 °C and then heated with a ramp of 1 °C/min until they reached a temperature of 

50 °C. In 10% HFIP the peptides self-assembled into β-sheets at 50 °C and showed no change 

after that. A similar behavior could be observed with the peptides in 20% HFIP, they self-

assembled into coiled coils and showed throughout the temperature annealing little change in 

their morphology. The peptides in 15% HFIP, on the other hand, displayed rather different 

behavior. At 50 °C, they self-assembled into coiled coils. But when cooled, at 40 °C they 

started to switch to the β-sheet structure and even after the temperature annealing finished they 

kept the β-sheet configuration. These examples show how temperature annealing enables 

trapping the peptide in metastable configuration, which they would not self-assemble into 

otherwise. 

 

2.1.2.6. Polymer Corona 

 

The synthesis of peptide-polymer conjugates has two potential goals, either to create a system 

in which peptide and polymer profit from synergetic behavior or to overcome intrinsic 

drawbacks of the individual components.[13] The polymer can provide the peptide with higher 

stability against pH, temperature or give it the capability to respond to such parameters in the 

case of responsive polymers.[14-15] L. Noirez et al. described in their work that the peptide they 

PEGylated still self-assembled into β-sheets and with high enough concentration into fibrils. 

Further, they showed that the fibril length could be shortened when the PEG component was 

increased.[14] 
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2.1.2.7. Oxidation 

 

The oxidation of the residue of one of the peptide chains, to influence the self-assembling 

behavior, is a more demanding parameter. Its effect is highly dependable on the availability of 

a residue which can be selectively oxidized, like methionine. In this case it is the oxidation of 

the methionine amino acid with H2O2. The group of P. Besenius et al. used this process to 

regulate the supramolecular polymerization of their dendritic peptide.[79] The methionine 

residue is changed during the oxidation from a thioether-group into a sulfoxide-group. This 

increases the hydrophilicity of the peptide, which interferes with the supramolecular 

polymerization.  

 

2.2. Reversible-Deactivation Radical olymerization (RDRP) 

 

Reversible-deactivation radical polymerization (RDRP), also known as controlled radical 

polymerization or living free-radical polymerization, is the cornerstone of modern 

polymerization in material and medical science applications of radical polymerizations. There 

are different approaches for RDRP and in this work two of them, namely, ATRP and RAFT 

will be described in more detail in the following sections. First, the common attributes of an 

RDRP will be discussed. To understand the need for the RDRPs, knowledge about the 

shortcomings of the free radical polymerization (FRP) and its upsides are necessary. Free 

radical polymerization is the most used polymerization method in industrious processes, 

because of its high tolerance towards water, oxygen, and impurities.[80] In the big scale of 

industrial chemistry these factors are much more important than the drawbacks of poor 

dispersity control, incapability of block copolymerization and the lack of control over the 

macromolecular architecture.[80] Free radical polymerization is classified as a chain reaction. 

The mechanism of the FRP is the textbook example to explain the chain reactions. The reaction 

is divided into 3 steps, the initiation, the propagation, and the termination. The first step is the 

initiation in which the radical initiator is activated, and one or two radicals are produced. The 

so produced radicals can then react with monomer molecules and form the first active 

monomer radicals. In the next step this can add new monomer molecules to them and so the 

chain starts to grow. This propagation has two possible ways to end. The first one is the 
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termination in which the radical activity is terminated, and the radical reaction stops. The 

second possibility is the chain transfer reaction in which the radical transfers its activity to 

another molecule, be it a monomer, a solvent molecule or any other in the reaction. This does 

not stop the radical reaction but makes any meaningful control over the outcome impossible. 

In the following Scheme 1 some the described steps a schematically depict.  

 

 

Scheme 1: Steps in the FRP process. 

 

These different terminations and chain transfer reactions make any meaningful control of the 

reaction, for example dispersity- or architecture-control, elusive. The solution to overcome this 

problem was inspired by the anionic living polymerization (ALP). ALP is a truly living 

polymerization and makes the synthetization of polymers with precise length and dispersity 

possible. It is the gold standard for polymerizations. The ALP was discovered by Szwarc et al. 

in 1956.[81-82] 

In radical polymerization, a pseudo-living polymerization could be achieved with the 

discovery of RDRP reactions such as the NMP reaction.[83-84] These reactions bypass the 

problems of the free radical polymerization with the persistent radical effect (PRE). The effect 

was first described by Bachmann and Wiselogel in 1936. They discovered the existence of 
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persistent radicals, which do not undergo termination reactions. In the RDRP these persistent 

radicals make a controlled “living” radical polymerization possible.[85] 

The PRE means the formation of one radical that is excessively more stable (Y) than the other 

formed radicals (R). The stable radical (Y) will not be terminated in self-coupling and only 

react in cross-coupling with the less stable radical (R). This, on the other hand, will react with 

itself and over time the concentration of R becomes smaller and smaller. This leads to a higher 

and higher concentration of Y until the most likely reaction product will be the coupled form 

(R-Y).[86] 

 

 

Scheme 2: Schematic representation of the persistent radical effect.[86] 

 

In the NMP, for example, the nitroxide species is the more stable radical and over time the 

concentration of this species will increase until the other radical, mostly a carbon species can 

only react with the nitroxide radical. The so formed cross-coupling product will be reversible 

with the equilibrium on the side of the coupled species. With time most of the radicals will be 

in the coupled form and any “released” radical will most likely react with a monomer and not 

in a termination reaction. But this process is not a complete one and there will always be a 

small number of termination reactions in the NMP and other RDRP reactions, because of this 

they cannot be called living reactions. 

 

2.2.1. Atom-Transfer Radical Polymerization (ATRP) 

 

Atom-transfer radical polymerization (ATRP) is an RDRP like the NMP and was discovered 

independently by the group of M. Sawamoto et al. and by J. S. Wang and K. 

Matyjaszewski.[87- 88] ATRP has the advantages of a simple experimental setup combined with 

the easy commercial availability of most reactants.[17] The propagating radical (P) is created in 
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an inner sphere electron transfer between an alkyl haloalkane and a transition metal 

complex.[89] The persistent radical in the case of the ATRP is the metal complex formed in this 

reaction. 

The ATRP process can be used to polymerize from peptide macroinitiators.[90] It is even 

possible to synthesize a wide range of polymer architectures.[91] But for all its virtues the ATRP 

has a few drawbacks when used to synthesize peptide-polymer conjugates. One drawback is 

the incapability to prevent interactions between the copper catalyst and the peptide[92] Another 

complication arises because some of the amino acid residues display inherent ligating 

properties and allow the peptide to function as a multidentate ligand for the copper ions[93]  

 

2.2.2. Reversible Addition-Fragmentation Chain Transfer (RAFT) 

 

The first reversible addition-fragmentation chain transfer (RAFT) polymerization as it is 

understood today was carried out in 1998 by the group of Rizzardo et al. in the CSIRO 

Institute.[94]  

Since then RAFT polymerization had an enormous impact, far beyond the boundaries of 

polymer science. The fast pace of new scientific discoveries is evident in the repeated updating 

of the review about RAFT polymerization, from the group of G. Moad, E. Rizzardo, and S.H. 

Thang.[95-97] RAFT polymerization allows the synthesis of complex architectures of polymers 

like stars, multiblock copolymers and many others.[98-100] It can be used in modern fields like 

green chemistry or impending industrial applications.[101-102] More in line with this thesis are 

the developments in self-assembling polymers or bioapplications.[103-105] The mechanism of the 

RAFT polymerization, is shown in Scheme 3. In the RAFT polymerization the key role is 

played by the chain transfer agent (CTA).[106] 
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Scheme 3: Mechanism of the RAFT polymerization. 

 

The initiation step is the same as in conventional FRP. But in the propagation step, the growing 

radical chain will react with a thiocarbonylthio compound, at this stage this is the CTA. This 

forms the first addition fragmentation equilibrium when the fragmentation occurs a polymeric 

thiocarbonylthio compound is formed and a new radical created. With inactive monomer, this 

radical can form a new growing polymer chain. This polymer chain can then react in an 

addition-fragmentation equilibrium. This equilibrium between growing polymer chains and 

the inactive polymeric thiocarbonylthio compounds produces an equal probability for each 

individual chain to grow at the same rate. This results in a low dispersity of the RAFT 

polymerization  
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2.3. Origin of the Sequence 

 

The foundation of the work in this thesis was provided by S. Sieste and other members of the 

group of T. Weil at the University of Ulm. She developed a peptide library to investigate the 

connection between molecular and supramolecular structure with the potential to enhance the 

transduction of viruses. As part of that study, the peptide sequence CKFKFQF was identified 

as having a strong ability to form one-dimensional nanofibers in solution and strongly enhance 

the transduction of viruses in vitro. In contrast, the removal of the cysteine group resulted in a 

peptide, KFKFQF that has a poor ability to form fibers and does not significantly enhance viral 

transduction. It is hypothesized that the cysteine group improves the formation of β-sheets and 

therefore support the self-assembly into fibrils, which in turn are necessary for efficient 

transduction. 

 

 

Figure 13: A) chemical structure, space fill model and TEM image (sample solved in DMSO, then transferred to PBS puffer 
at a pH of 7.4 ) of the peptide CKFKFQF (from left to right); B) chemical structure, space fill model and TEM image (sample 
solved in DMSO, then transferred to PBS puffer at a pH of 7.4 ) of the peptide KFKFQF(from left to right). 
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2.4. SPPS Theory 

 

One of the standard routes of the synthesis of peptide chains is the solid-phase peptide synthesis 

(SPPS) developed by R. B. Merrifield in 1963.[107] In this approach, a solid resin bead is used 

as a solid substrate for the synthesis. The resin has a cleavable linker, this linker has an amine 

(-NH2) and a hydroxyl group (H2O) at the terminus. On this fictional group the peptides can 

be coupled step wise. The method has the main upside, that thanks to the protecting group 

(Fmoc or Boc) great excesses of the added amino acid can be used, which results in a near 

completed coupling reaction. The danger of multiple couplings on the same chain is inhibited 

by the protecting groups. Another big upside of the SPPS is the simple separation of the 

reactants and product. This is simply achieved by washing, because the product is fixated on 

the solid base. As a result after every step, it is possible to wash the excess reagent and 

byproducts away.[36] This makes the SPPS ideal for automatization and the production of many 

different peptide chains quite effortless.  

 

 

Scheme 4: Schematic depiction of the SPPS cycle.  
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The mechanism of SPPS can be divided into different steps. In the first step the amino acid is 

coupled to the resin bead. In the second step the inactivated amino acid on the resin is 

deprotected. There a two common routes of protection in SPPS the Fmoc- and the Boc-route, 

because the SPPS used in this thesis worked with the Fmoc-route, it is the one depicted in 

Error! Reference source not found.. The third step is the coupling step. In this step, the next 

amino acid is coupled to the N-terminus of the first amino acid. After this, the second and third 

step are repeated until the desired peptide chain is complete. Then in the final step, the peptide 

is cleaved from the resin support and the SPPS is finished.  
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3. Results and Discussion 

 

 

3.1. Peptides 

 

The peptides used in the self-assembling study are the result of the work of S. Sieste. The first 

peptide synthesized was the CKFKFQF but its solubility in aqueous media was rather low. 

This led to the loss of significant amounts of material during the filtration step with the syringe 

filters (0.2 µm), prior to injection into the HPLC. In order to improve the solubility of the 

peptide, different sequences that either replaced the cysteine with a methionine or completely 

removed it, were tested. In the previous work by S. Sieste, the presence of a terminal cysteine 

was found to strongly enhance fiber formation. These peptide sequences had the same meager 

yield after injection into the HPLC. In another attempt to increase the yield the use of different 

syringe filter was explored. But change from PTFE (0.2 µm) to PES (0.2 µm) syringe filter 

made no difference to the poor yields. Only when the filtration step was replaced by a 

centrifugation step, to sediment larger aggregates, the yields of pure peptide increased to values 

around 73%. 
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3.1.1. CKFKFQF 

 

 

Scheme 5: The synthetic pathway to the peptide CKFKFQF. The 1st step of the reaction is the SPPS. The 2nd step is the 

cleavage of the peptide from the solid base with TFA. 

 

For the synthesis of CKFKFQF the SPPS method was chosen, it facilitates a fast synthesis and 

an easy separating of the peptide from excess reactants. For this reason an excess of the 

different amino acids could be used to assure a high yield of the product. In the next step the 

peptide was cleaved form the resin and deprotected at the same time. After freeze drying 

peptide was then purified with the preparative HPLC. 

The first reparations of this reaction pathway yielded a meager yield (theoretical yield of 95 

mg, achieved yield of 5 mg). This is a result of the good aggregation behavior of the peptide. 

The cysteine residue in the peptide can form disulfide bridges and therefore enhance the self-

assemble of the peptide. The eluent in the preparative HPLC was predominantly water and 

therefore an ideal self-assembly medium for the peptide. The first evidence for this aggregation 

was the clogging of the syringe filters in the sample preparation of the peptides. It was 
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impossible to use one syringe filter for more than 1 mL of the peptide solution (7 mg/mL). The 

change from PTFE (0.2 µm) to PES (0.2 µm) syringe filter made no difference in the poor 

yields. The upscaling of the synthesis from 0.1 mmol to 0.5 mmol brought no significant 

improvement of the yields ether. The solution was letting go of the syringe filter step in the 

sample preparation and supplementing it with an extra step of centrifuging of the sample. This 

made it possible to achieve yields up to 73% of the theoretical yield. 

The LC-trace in Figure 14 b) shows the success of the purification via the preparative HPLC. 

The corresponding mass spectrum in Figure 14 c) proves the success of the synthesis pathway 

in Scheme 5. 

 

 

Figure 14: a) On the top the skeletal formula of CKFKFQF and on the bottom the space-fill model. b) The LC-trace of the 
LC-MS measurement after the purification of the peptide with the preprative HPLC. c) the corresponding mass spectrum to 
the LC-trace in a). The corresponding data to the mass spectrum is in Table 5 in the Appendix. 
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3.1.2. KFKFQF 

 

 

Scheme 6: The synthetic pathway to the peptide KFKFQF. The 1st step of the reaction is the SPPS. The 2nd step is the cleavage 

of the peptide from the solid base with TFA. 

 

The sequence KFKFQF was also the result of S. Sieste work and was known to self-assemble, 

albeit not as strongly as CKFKFQF. The synthesis pathway for this peptide is similar to the 

one for CKFKFQF and shown in Scheme 6, of course with one amino acid coupling step less.  

This peptide also exhibited a very low yield in the single digits. This disproved the theory that 

the cysteine was responsible for the meager yield by aggregation via disulfide bonds. After the 

switch in sample preparation for the preparative HPLC the yield of KFKFQF also improved 

dramatically. 

After the purification via preparative HPLC and freeze drying of the fractions containing 

product, samples were analyzed with the LCMS. The results are presented in Figure 15 b) and 

c). The LC-trace proves the successful purification of the peptide and the mass spectrum 

confirms the synthesis of the KFKFQF peptide.  
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Figure 15: a) On the top the skeletal formula of KFKFQF and on the bottom the space-fill model. b) The LC-trace of the LC-
MS measurement after the purification of the peptide with the preparative HPLC. c) The corresponding mass spectrum to the 
LC-trace in a). The corresponding data to the mass spectrum is in Table 6 in the Appendix. 
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3.1.3. MKFKFQF 

 

 

Scheme 7: The synthetic pathway to the peptide MKFKFQF. The 1st step of the reaction is the SPPS. The 2nd step is the 

cleavage of the peptide from the solid base with TFA. 

 

This sequence is also the result of the group from Ulm but was not as thoroughly investigated 

as the two others (CKFKFQF and KFKFQF). It was picked because of the more stable thioether 

group in the methionine, which should not react as a transfer agent during the polymerization. 

Also, in line with the theory of the aggregation of the cysteine, this sequence should achieve 

the predicted yields and show a better self-assembly behavior than the KFKFQF peptide. 

The synthesis pathway is nearly identical with the one of CKFKFQF, as shown in Scheme 7. 

The synthesis of the peptide was successful as shown in the Figure 16 c), where the mass 

spectrum is shown. The corresponding table with theoretical predicted m/z values compared 

to the experimentally found m/z values is shown in the APPENDIX. The Figure 16 b) also 

shows the success of the purification method via HPLC. As in the cases before, after the new 
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preparative HPLC purification method was implemented, the yield began to match the 

predicted results. 

 

 

Figure 16: a) On the top the skeletal formula of MKFKFQF and on the bottom the space-fill model. b) The LC-trace of the 
LC-MS measurement after the purification of the peptide with the preparative HPLC. c) The corresponding mass spectrum to 

the LC-trace in a). The corresponding data to the mass spectrum is in Table 7 in the Appendix. 
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3.2. Self-Assembly Studies 

 

The self-assembly is precisely the behavior, which makes these peptide sequences interesting 

for gene transfer applications.[8] It offers a wide range of possible structures and the outcome 

of the self-assembling can be effected by minor changes to the preparation pathway or the 

environmental conditions. Therefore it is of utmost importance to develop an understanding of 

the effects the different parameters have on the self-assembling behavior of the peptides. At 

the moment very little is known about how changing certain parameters define the resulting 

structure. In order to better understand the underlying principles governing the self-assembly 

of selected peptides, a systematic investigation is necessary. This accumulated knowledge will 

ultimately make it possible to engineer the perfect preparation pathway for any desired use of 

self-assembled supramolecular peptide structures. The parameters that were chosen in this 

project are peptide sequence, polymer corona, pH value, and others. The experiments and 

results are discussed in the following chapters.  

TEM was used to qualitatively evaluate the morphology of the sample from a given preparation 

condition. TEM is a qualitative method and has certain limitations, however, it can be used to 

directly compare the effects of the changed conditions. Further, to minimize wrong 

interpretation, any sample gird was thoroughly scanned to control that the presented structure 

is the absolutely dominating one. 
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3.2.1. Peptide Sequence 

 

The first analyzed parameter was the structure of the peptides. The peptide sequences of 

KFKFQF, MKFKFQF and CKFKFQF were compared. The samples shown in Figure 17 were 

prepared by creating a stock solution in MilliQ water (Figure 17 a) – c)) and in DMSO (Figure 

17 d) – f)) with 1 mg in 100 µL. They were then diluted by taking 10 µL of this stock solution 

into 90 µL in MilliQ water (Figure 17 a) – c)) or PBS buffer (DPBS (1X)) (Figure 17 d) – f)). 

It was expected that the CKFKFQF would show the strongest self-assembly tendency and 

KFKFQF would show a clearly weaker one, because of the by S. Sieste postulated aggregation 

enhancing formation of disulfide bridges. For MKFKFQF a higher tendency for self-

assembling behavior compared to KFKFQF was predicted, because of addition an aliphatic 

amino acid residue. This will enhance the van der Waals attraction, but it was not clear, how 

much. 

The results are shown in Figure 17Error! Reference source not found.. It is visible that the 

CKFKFQF has a strong tendency to self-assemble into supramolecular fibrils. KFKFQF on 

the other hand has a very low self-assembling tendency, in pure water no formation of fibrous 

supramolecular structures could be witnessed. If the three observed peptide sequences form a 

spectrum, CKFKFQF would be on the end of highest probability for supramolecular 

architecture and KFKFQF on the end with the lowest. On this spectrum MKFKFQF could be 

found in the middle. This matches the results produced by S. Sieste in Ulm. It seems highly 

likely that the incorporation of a sulfur containing amino acid into the peptide increases the 

self-assembly tendency. As postulated by S. Sieste and others, the high self-assembly behavior 

of the cysteine containing peptide is rooted in the possibility to form disulfide bonds between 

the different supramolecular structures.[108] This cannot explain the behavior of the methionine 

containing peptide because methionine cannot form disulfide bonds. The heightened self-

assembly behavior could be explained by the hydrophobic effect.[109] Another possibility is the 

already mentioned enhanced van der Waals attraction by addition of the methionine. It could 

be shown that the incorporation of methionine enhances the building of supramolecular 

structures.[110] 
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Figure 17: Effect of the peptide sequence on the supramolecular structure of different peptides. Top: Peptides stock solution 

in MilliQ than diluted into MilliQ, a) KFKFQF, b) MKFKFQF, and c) CKFKFQF. Bottom: Peptides stock solution in DMSO 
than diluted into PBS buffer solution, d) KFKFQF, e) MKFKFQF, and f) CKFKFQF. 

 

3.2.2. Preparation Pathway and Solvent Ratio 

 

The second varied parameter was the preparation pathway. Therefore the behavior of the same 

peptide sequence prepared by different pathways was investigated. With the lyophilized 

peptides stock solutions with 1 mg of the peptide in 100 µL of ether, MilliQ water or DMSO 

were prepared. In both cases 10 µL of the respective stock solution were then diluted into 

90 µL MilliQ water. 

The established pathway is to solve the peptide in the good solvent and then transfer it into the 

poor solvent for self-assemble. In this context good solvent means a solvent in which the 

peptide is completely solved and does not form aggregates. Consequently poor solvent means 

a solvent which enables the aggregation of the peptides. MilliQ water can be classified as the 

poor solvent compared to the DMSO, which can be classified as the good solvent.[67] A 

reasonable prediction is that the pathway using a stock solution in poor solvent leads to ill-

defined structures, because the lyophilized peptide was never completely solved. Therefore the 
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structures formed during the freeze drying process are disturbing the self-assembly. Further is 

it possible that the pathway with the poor solvent leads to a less dynamical self-assembly 

process and thus it has a lesser chance of correcting defects in the forming structures. The 

pathway with the good solvent in the stock solution on the other hand starts with completely 

solved peptides, which can “slowly” assemble into more homogeneous materials and have 

fewer tendencies to aggregate. The results are shown in Figure 18. 

 

 

Figure 18: Effect of different preparation pathways on the peptide self-assembly. The samples for a), d), e), h), and i) were 
prepared by solving the respective peptide in MilliQ water and then diluting it into MilliQ water. The samples for b), c) f), g), 
j), and k) were prepared by solving the respective peptide in DMSO and then diluting it into MilliQ water. The images are in 
pair, for example b) has a scale bar of 0.5 µm and c) one of 0.2 µm. 

 

For the peptide KFKFQF there was no visible fibrils if the stock solution was MilliQ water. 

This corresponds with the expectations, that the peptide itself has the least promising self-

assembly behavior and MilliQ is a poor solvent for the stock solution. Correspondingly, the 
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established pathway via DMSO stock solution yielded ill-defined structures. Compared to the 

other peptide sequences this shows again the lower self-assembly tendency of KFKFQF. 

On the other hand, the results of the peptides MKFKFQF and CKFKFQF show qualitatively 

little difference between both pathways of preparation. The difference between 0% and 10% 

good solvent could be too little to have a strong effect on the self-assembly behavior of the 

peptides. Like discussed, S. I. Stupp et al. compared the behavior of three ratios of good/poor 

solvents.[69]  They had 10%, 20 %, 50% and 100% good solvent (HFIP) in their mixtures. They 

could demonstrate, that samples at 10% and 20% formed β-sheet structures and at 50% and 

100% samples formed random coils. This clearly shows that for future experiments a higher 

difference in good/poor solvent ratio is worth investigating. 

 

3.2.3. pH Value 

 

Another parameter which was varied in the studies was the pH value of the solution. The 

peptides were compared at final pH values of 7.4, 5, and 3. The samples were prepared by first 

dissolving the peptide in DMSO to create a stock solution. Then subsequently diluted 10fold 

into MilliQ water to a final concentration of 0.01 mg/mL. Then, the pH value was adjusted 

through the addition of small amounts of 0.1 M HCl or NaOH solution. Directly after pH 

adjustment samples were prepared for TEM analysis. Because the KFKFQF peptide did not 

form fibers at neutral pH, this peptide was excluded from this study. For both peptides the 

expectation was that the form of the structures would be more ill-defined. The lysine amino 

acid, which they both have in their backbone has an amine residue which can be protonated at 

the lowered pH value. This enhances the charge repulsion between the β-sheet like structures 

and therefore hinders the self-assembling. In Figure 19 a selection of the corresponding TEM 

images is given. 
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Figure 19 : The influence of the pH value of the solution on the self-assembly tendency of the peptides MKFKFQF and 
CKFKFQF. a), b), e), and f) show the supramolecular fibrous structure at a pH value of 7.4. c), d), g), and h) depict the 
supramolecular structure of the respective peptides at a pH value of 5. The images are in pair, for example a) has a scale bar 

of 0.5 µm and b) one of 0.2 µm. 

 

As expected the pH value clearly has a great impact on the self-assembly behavior. The results 

of the peptide CKFKFQF fulfil the expectations completely. At a pH value of 7.4 they show 

long fibril structures, but at a pH value of 5 they form short fibrils. This is the result of the 

predicted protonation of some of the lysine residues. Through the added positive charges the 

charge repulsion is enhanced and the interaction of the β-sheet like structures is hindered.  

The peptide MKFKFQF on the opposite defies the expectations. At a pH value of 7.4 it 

assembles into long well-defined fibrils, but at the pH value of 5 it forms a mixture of fibrils 

and ribbons of different length. At first that contradicts the predicted increase in charge 

repulsion between the β-sheet like structures. But the added charge could enhance the 

hydrophily of the structures which lessens the elastic energy penalty as a results of the strain 

of the supramolecular structure to minimize the contact of its hydrophobic parts with the 

aqueous medium. This results in a growth in width of the supramolecular structure. If a fibril 

gets wider at some point it starts to transform into twisted ribbons and if it gets even wider it 

transforms into helical ribbons and in the end into nanotubes.[58] 
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3.2.4. Salt Concentration 

 

Another parameter investigated was the salt concentration of the solution. For these 

experiments different lyophilized peptides were all solved in DMSO. Then two different 

preparation pathways were compared. In one the peptides were diluted into MilliQ water and 

in the other they were diluted into PBS buffer solution (DPBS (1X)), both with an end 

concentration of 0.01 mg/mL. The pH was adjusted in both pathways to the same value. The 

salt ions should in theory shield the charge repulsion between the β-sheet like structures and 

therefore lead to an increased self-assembly behavior. The results of some chosen experiments 

a shown in Figure 20. 

 

 

Figure 20: The influence of the salt concentration on the self-assembly behavior of the peptides CKFKFQF and MKFKFQF. 
a) – b) show the peptide MKFKFQF at a pH value of 5, in the images a) and b) the peptide was diluted in MilliQ water in c) 
and d) in PBS buffer solution. e) – h) show the same peptide at the pH value of 7.4. e) and f) diluted in MilliQ water and g) 
and h) in PBS buffer solution. i) – l) show the peptide CKFKFQF at the pH value of 7.4 in i) and j) the dilution was in MilliQ 
water and k) and l) in PBS buffer solution. 
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In all preparation pathway a growth in width of the supramolecular structures is visible. In the 

case of the Figure 20 i) – l) the fibrils get wider and begin to form bundles. This is a result of 

the decrease in charge repulsion through the shielding influence of the salt ions. In Figure 20 

e) – h) the fibrils begin to entwine and form fibers.[55] This also is the result of the salt ions 

shielding the charges and decreasing the repulsion between the structures. It seems possible 

that this effect lowers the critical concentration for the formation of fibers from fibrils. The 

peptide MKFKFQF at a pH value of 5 is shown in Figure 20 a) – d), the higher salt 

concentration clearly changes the morphology of the supramolecular structures. The effect of 

the pH value onto the peptide lowered the elastic energy penalty which allowed for a wide 

growth and the transformation of fibrils into twisted ribbons. The shielding of positive charges 

increases the inter structure attraction, as a result the twisted ribbons grow wider until they 

become helical ribbons.[58] The next step would be to try and further increase the width growth 

and to produce nanotubes. 

 

3.2.5. Oxidation 

 

 

Scheme 8: Synthesis pathway oxidation reaction of the peptide MKFKFQF with H2O2 to the oxidized MKFKFQF. 

 

In this experiment the effect of oxidation on the methionine amino acid in the peptide was 

investigated. The oxidation reaction is shown in Scheme 8 the reaction was ended after 5.5 h. 

Samples were taken at 0 min, 5 min, 1.5 h, 3 h, and 5.5 h. The samples were directly analyzed 

by LCMS. In Figure 21 the results of the sample after 1.5 h is shown, the LC-trace in a) shows 

two peaks, the first is the oxidized peptide. It elutes first because of the oxidation. It becomes 

more hydrophilic and therefore interacts less with the column. In b) and c) the mass spectra 

for the respective peaks are shown and demonstrate that the peaks truly represent the peptide 

and its oxidized form.  
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Figure 21: Example of a) the LC-trace of the kinetic study and b) and c) the corresponding mass spectra of the peaks in the 
LC-trace. 

The LC-traces of the different samples were then compared with Origin (9.1) and put in the 

graph in Figure 22. This demonstrates that the first peak increases with the reaction time and 

the second one decreases with the reaction time. The longer the reaction continues the more 

peptide is oxidized. The LC-traces used in this graph are shown in the Appendix of this thesis. 
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Figure 22: LC-traces of the samples for the kinetic studies of the oxidation reaction of MKFKFQF. 

 

The LCMS measurements produced quantitative LC-traces. Therefore, it was possible to 

integrate the peaks with Origin (9.1) and calculate the percentual share of oxidized peptide in 

the reaction mixture at the time the corresponding sample was taken. The results were put into 

a graph, which is shown in Figure 23. With these results it was possible to predict the reaction 

time for 25%, 50% and 75% conversion of the peptide to its oxidized form. These reactions 

were then done with the same synthesis pathway as shown in Scheme 8 and stopped at the 

respective time. The resulting lyophilized peptides were then solved in DMSO to make a stock 

solution, then diluted into MilliQ water and the pH value adjusted to 7.4. The corresponding 

TEM images and the graph are shown in Figure 23. 
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Figure 23: a) Graph depicting the conversion of peptide MKFKFQF to its oxidized form. The points 25%, 50% and 75% are 
color-coded. b) – g) TEM images of the self-assembled structures corresponding to the point in the graph coded in the same 
color. 

 

Figure 24 shows the TEM images of the different reactions producing peptide mixtures with 

25%, 50% and 75% share of the oxidized peptide. Between the 25% and the 50% point there 

is no clear difference in the morphology of the supramolecular structures. In both cases they 

can be described as fibrils, possibly a little longer at the 50% mark. But the difference between 

the 50% and 75% mark in morphology is huge. At the 75% point the structure resembles 

twisted ribbons, this indicates a growth in width over the critical point between fibril and 

ribbon.[58] This could be the result of the increase in hydrophilicity of the oxidized peptide, as 

a result of transforming a hydrophobic thioether in a hydrophilic sulfoxide. That decreases the 

elastic energy penalty of the structures and allows for width growth. This results in the 

transformation of the fibrils into twisted ribbons.[58] 
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Figure 24: Influence of oxidation of the methionine residue on the self-assembly of the peptide MKFKFQF. The images show 
different proceduale shares of oxidized peptide mixed with MKFKFQF. 

 

3.2.6. Thermal Annealing 

 

Thermal annealing is supposed to get structures that were kinetically trapped before the 

annealing step to convert to the energetically favorable structure, without having to wait for 

long periods of time. It was also supposed to help homogenize samples that have potentially 

heterogeneous populations. 

In these experiments the influence of a thermal annealing on the self-assembly was 

investigated. The respective samples were prepared by the same pathway. One was thermal 

annealed for 30 min at 80 °C and then cooled for 1 h to 20 °C with a gradient of -1 °C/min. 

After annealing the sample was put on the grid. The corresponding sample that was not 

annealed was put on the grid directly after pH adjustment.  

In Figure 25 six different preparation pathways are compared. As S. I. Stupp et al. discovered, 

not every pathway responded to temperature annealing. All the samples were chosen because 

they showed at least a little change through the annealing process.[69] 
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Figure 25: Influence of the thermal annealing on the peptide self-assembly. a) – b) show the peptide MKFKFQF at a pH value 
of 5 diluted into PBS buffer solution, in the images a) and b) the peptide was not annealed c) and d) it was annealed. e) – h) 
show the same peptide at the pH value of 7.4diluted in MilliQ water. e) and f) it was not annealed and in g) and h) it was 
annealed. i) – l) show also MKFKFQF at the pH value of 7.4, put diluted in PBS buffer solution, in i) and j) without annealing 
and in k) and l) with annealing. 

 

Temperature annealing of the different samples did not induce any major changes in the 

morphology of any of the tested samples. All comparisons show a slight increase in the 

diameter of the structures. This could be a result of the temperature annealing processes. The 

samples at a pH value of 5 exhibits no structural changes except a possible growth in thickness, 

but a trapped state of the energy landscape shows more morphological difference. Like the 

difference between the short fibers and the long bundled fibers in the work of F. Tantakitti et 

al.[78] This change in thickness could also be the result of the slightly longer time interval 

between sample preparation and TEM grid preparation, caused by the temperature annealing 

processes. The difference in the samples in Figure 25 k) and l), besides the growth in thickness, 

speaks more for a trapped supramolecular state. The fibrils in the pathway without temperature 

annealing are longer and the process of entwining to form fibers is visible. On the contrary 
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samples after temperature annealing seem to be shorter and their aggregation is more a stacking 

of short fibrils. The samples in Figure 25 e) – h) show the growth in thickness again, this could 

be the result of the next stage in hierarchical self-assembly of the β-sheets: the entwining of 

fibrils to fibers. It remains unclear, if this process is in any way the result of the temperature 

annealing.[55] 

 

3.2.7. Polymer Corona 

 

 

Scheme 9: The synthetic pathway for the RAFT polymerization. The 1st step of the reaction is the SPPS. In the 2nd step the 
Raft-Agent is coupled to the N-terminus of the peptide KFKFQF. In the 3rd step is the cleavage of the peptide from the solid 
base with TFA. The 4th step shows the polymerization of DMAA with the RAFT-macroinitiator. 
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The first experiments to incorporate a polymer corona into the supramolecular structures were 

attempted using the ATRP technique. As described in the chapter 3.3.1 the coupling of the 

ATRP-Initiator onto the CFKFQF peptide was successfully achieved and the presence of the 

initiator group did not influence the self-assembly behavior of the peptide. Unfortunately, the 

following polymerization proved difficulties and no monomer conversion could be detected. 

The reason could be in the chain transfer capability of the Cysteine or in a competing 

complexion of the copper catalyst by the peptide rather than the bipyridyl ligand. The attempt 

to achieve a polymerization with a higher Cu concentration also failed. 

Because of the problems of synthesizing the peptide and the inability to successfully use the 

ATRP technic for polymerization a switch in polymerization technique was tried. The first step 

was to change from ATRP to RAFT polymerization. To minimize the risks the next goal was 

to prove the concept with a less difficult peptide. For this reason, the peptide KFKFQF was 

chosen for functionalization with a RAFT moiety. The coupling of the RAFT-agent onto the 

peptide and the polymerization worked as shown in Scheme 9 . The TEM images in Figure 

26 show that the peptide with RAFT-agent forms less defined structures than the unaltered 

peptide. This could be the result of the added hydrophobic aliphatic chain at the RAFT-agent. 

 

 

Figure 26: Compared self-assembly behavior of a) the RAFT-macroinitiator and b) the peptide KFKFQF. 
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3.3. Polymer-Peptide Hybrid 

 

The synthesis of a polymer-peptide hybrid followed two synthesis pathway, one utilized the 

ATRP method the other one the RAFT polymerization method. 

The challenge was the production of purified peptide. It was not possible to achieve a yield in 

the two-digit margin. The source of the meager results was identified as the HPLC purification 

after solid phase peptide synthesis. The crude peptide initiator (Bib-CKFKFQF) had a rather 

low solubility in aqueous media, with large aggregates being present. As with the pure peptides 

this led to a significant amount of lost material during the filtration step with the syringe filters 

(0.2 µm), prior to injection into the HPLC. As a result, only very small amounts of pure peptide 

initiator could be prepared, which significantly hindered the optimization of the polymerization 

conditions in the following step. 
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3.3.1. ATRP-Macroinitiator 

 

 

Scheme 10: The synthetic pathway to the ATRP-macroinitiator. The 1st step of the reaction is the SPPS. The 2nd the α-
Bromoisobutyryl bromide is coupled to the N-terminus of the peptide CKFKFQF. In the 3rd step is the cleavage of the peptide 
from the solid base with TFA. 

 

For the ATRP-macroinitiator the peptide CKFKFQF was chosen, because of its excellent self-

assembly behavior. The reaction pathway for the synthesis of the ATRP-macroinitiator is 



54 

 

shown in Scheme 10. In this synthesis the strength of the SPPS were used again. The peptide 

was synthesized in the peptide synthesizer and only the Fmoc protective group was cleaved. 

This way the protective groups of the residues were intact and there were no risk of side 

reactions. The peptide was also still on the solid base for the coupling reaction to the ATRP-

initiator (the α-Bromoisobutyryl bromide), therefore the ATRP-initiator could be used in 

excess without problems of separating it from the product after the reaction. This excess also 

guaranteed a nearly completed coupling. The ATRP-macroinitiator than was cleaved and 

deprotected with TFA. 

However, very little material was obtained after freeze drying, complicating comprehensive 

characterization (~ 5 mg). The results of the LCMS are shown in Figure 27, confirming the 

purity of the ATRP-CKFKFQF peptide. The results of the corresponding mass spectrum prove 

the success of the coupling of the ATRP-initiator and the peptide CKFKFQF. 

 

 

Figure 27: a) On the top the skeletal formula of Bib-CKFKFQF and on the bottom the space-fill model. b) The LC-trace of 
the LC-MS measurement after the purification of the peptide with the preparative HPLC. c) The corresponding mass spectrum 
to the LC-trace in a). The corresponding data to the mass spectrum is in Table 8Table 4 in the Appendix. 
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3.3.2. ATRP-Polymerization 

 

 

Scheme 11: The synthetic pathway for the ATRP. The 1st step of the reaction is the SPPS. The 2nd the α-Bromoisobutyryl 
bromide is coupled to the N-terminus of the peptide CKFKFQF. In the 3rd step is the cleavage of the peptide from the solid 
base with TFA. 4th Step shows the polymerization of the monomer OEGMA with the ATRP-macroinitiator. 
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To optimize the reaction conditions for the polymerization, without wasting precious ATRP-

CKFKFQF initiator, a series of test polymerizations using commercially available ATRP 

initiator (Ethyl α-bromoisobutyrate) were performed. After conditions with a promising 

outlook were found the polymerization of the ATRP-macroinitiator was undertaken. 

Unfortunately, no polymer formation was found both in GPC (no polymer signal), and in 

NMR, shown in Figure 28, where the intensity of the vinyl peaks at 6.12 and 5.70 ppm 

remained unchanged throughout the whole reaction time. 

 

Figure 28: 1H-NMR spectra of the kinetic measurments of the ATRP. The spectra is compounded from samples taken at 0 h, 
at 2 h, and as 4 h. The 1H-NMR spectra were measuret in deuterium oxide (D2O). 

 

It is possible, that the peptide can act as a multidentate ligand for the copper catalyst during 

the reaction.[93] To compensate for this possible complexation of copper ions, an excesses (3 

eq) of copper(I) bromide was used. This reaction also showed no monomer consumption and 

the GPC also showed no polymer signal. A further increase of copper(I)bromide could be an 

option but the precious stock of ATRP-macroinitiator was depleted at this point. Furthermore 

the cysteine in the peptide chain could negatively interact with the ATRP-agent and hinder the 
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polymerization.[92] For example it is possible that the cysteine acts as a chain transfer agent and 

possible interfere with the polymerization.[111] For this reasons alternative pathways for the 

synthesis of polymer-peptide conjugates should be investigated. 

 

 

3.3.3. RAFT-Macroinitiator 

 

 

Scheme 12: The synthetic pathway to the RAFT-macroinitiator. The 1st step of the reaction is the SPPS. The 2nd the Raft-
Agent is coupled to the N-terminus of the peptide KFKFQF. In the 3rd step is the cleavage of the peptide from the solid base 
with TFA. 
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After the challenges with the ATRP synthesis of the polymer peptide conjugate the RAFT 

polymerization was a promising alternative. The RAFT polymerization offers several potential 

advantages compared to the ATRP. Its components have a strong tolerance towards air and 

water and can therefore be measured out under atmospheric conditions. Oxygen can be 

removed in the final step before polymerization is started. This speed up in reaction preparation 

alone justifies the switch in RDRP system. Further, the use of the RAFT without a copper ion 

dependent PRE solves the problem of peptide backbone metal interaction.[112] To prevent any 

side reactions between the sulfur atom the cysteine (CKFKFQF) the peptide KFKFQF was 

chosen as peptide for the RAFT-macroinitiator. 

The synthesis was done as shown in Scheme 12 and after quenching of the reaction the Kaiser 

test showed that stoichiometric coupling had occurred. The micro cleavage and following ESI-

MS showed that the desired product had formed and therefore the preparative HPLC 

purification was done. After freeze drying the product containing fractions from HPLC, purity 

was confirmed by LCMS, as shown in Figure 29. 

 

 

Figure 29: a) On the top the skeletal formula of RAFT-KFKFQF and on the bottom the space-fill model. b) The LC-trace of 
the LC-MS measurement after the purification of the peptide with the preparative HPLC. c) the corresponding mass spectrum 
to the LC-trace in a). The corresponding data to the mass spectrum is in Table 9Table 4 in the Appendix. 



59 

 

3.3.4. RAFT-Polymerization 

 

 

Scheme 13 The synthetic pathway for the RAFT polymerization. The 1st step of the reaction is the SPPS. The 2nd the Raft-
Agent is coupled to the N-terminus of the peptide KFKFQF. In the 3rd step is the cleavage of the peptide from the solid base 
with TFA. The 4th step shows the polymerization of DMAA with the RAFT-macroinitiator. 
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The last step to prove the feasibility of the RAFT polymerization with the peptide based 

macroinitiator, was of course polymerization. DMAA was chosen as monomer because of its 

fast polymerization rate in radical polymerizations. The reaction media, DMSO, was chosen 

for its capability to easily solve the RAFT-macroinitiator, but of course for later application in 

living organisms a water based polymerization has to be the goal.[113] The polymerization 

experiment was carried out as shown in Scheme 13, the sample taken for 1H-NMR and GPC 

at 1 h were promising because of its visible viscosity. The NMR results were analyzed and a 

nearly complete consumption (over 90 %) of the monomer can be shown in Figure 30, the 

intensity of the vinyl peaks at 7.50, 6.07 and 5.65 ppm decreased nearly complete. The GPC 

results prove a successful RAFT polymerization, after nearly complete consumption of the 

monomer, the dispersity is with 1.33 in the margin of a RDRP. The results of the GPC are 

shown in Table 2.  

 

 

Figure 30: 1H-NMR spectra of the kinetic measurements of the RAFT polymerization. The spectra compared are from samples 
taken at 0 h and 1 h. The 1H-NMR spectra were measured in deuterated dimethyl sulfoxide (DMSO-d6). 
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Table 2: Analytical data of the RAFT-polymerization with the KFKFQF peptide-macroinitiator. 

Monomer consumption after 1 h 96.1% 

GPC Data 1h 

Mn  Mw D 

50636.70  67384.40 1.33 
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4. Summary 

 

 

Over the course of this diploma thesis, a deeper understanding of the self-assembly behavior 

of the investigated peptides could be achieved. It was possible to show how the balance 

between attractive and repulsive forces involved in the self-assembling process could be 

actively influenced, to change the resulting supramolecular structures. 

Of the investigated parameters the peptide sequence, the pH value and the salt concentration 

showed the strongest influence on the self-assembling behavior. The addition of the methionine 

or the cysteine onto the sequence KFKFQF greatly improved the self-assembly behavior of the 

peptide, leading to the robust formation of fibrous structures. As shown in Figure 17 on 

samples solved in MilliQ water and PBS buffer solution. The addition of cysteine to the peptide 

sequence most likely enables the assembled supramolecular structures to form disulfide 

bridges, which enhance the aggregation. In the case of the added methionine the peptide 

backbone of alternating hydrophobic and hydrophilic amino acids is extended by a 

hydrophobic one, which may be is responsible for the increase in self-assembly tendency. The 

pH value had a great impact on the self-assembly behavior of the peptides, because it directly 

impacts the attractive and repulsive interactions within the supramolecular structure. An 

example is the peptide MKFKFQF in Figure 19, where switching the pH value from 7.4 to 5, 

increases the hydrophilic character of the peptide. Fibril-like structures at pH 7.4 were 

observed to further grow further in width and transform into twisted ribbons. By increasing the 

salt concentration this effect can be further enhanced as shown in Figure 20. The salt ions 

shield the charges and as a result the repulsive charge interaction decreases further. As a 

consequence, the twisted ribbons grow wider and form helical ribbons. 

To investigate the effect of the polymer corona on the self-assembly behavior of the peptides 

different polymerization methods were tested. The RAFT polymerization pathway, shown in 

Scheme 13, proved to be the most successful. A RAFT-agent was coupled to the peptide 

KFKFQF and a polymerization with the monomer DMAA was achieved. Unfortunately, due 

to difficulties in sample preparation, the resulting morphology could not be analyzed during 

the final stages of this thesis. But now with the pathway for polymerization known it is possible 
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to produce more of the modified peptide and optimize the TEM sample preparation for the 

polymer-peptide hybrid. 

To build further on the results of this thesis, other parameters capable of influencing self-

assembly, should be investigated. Especially, the incorporation of a polymer corona promises 

enhanced control over the properties of the resulting supramolecular structures. The result will 

enable future research into the application as gen transfer agent, as for this application the 

fibrillar structure is needed. Therefore, the gained information about the influencing parameter 

will be helpful. 
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5. Experimental 

 

 

5.1. Materials 

 

All organic solvents were obtained from Fisher Scientific. They had HPLC grade or analytical 

grade and were used without further purification. MilliQ water used was produced with the 

Millipore purification system. 

Reagents used in the syntheses were acquired from Fisher Scientific, Alfa Aesar and Sigma 

Aldrich and were used without further purification. 

 

5.2. Characterization Methods 

 

5.2.1. Nuclear Magnetic Resonance (NMR) Spectroscopy 

 

NMR analysis was performed on a Bruker Avance 300 (1H-NMR: 350 MHz). All spectra were 

collected using 32 scans. The chemical shift (δ) are reported in parts per million (ppm) and the 

scale is referred to the standard of tetramethylsilane (TMS). The solvents used were either 

deuterium oxide (D2O) or deuterated dimethyl sulfoxide (DMSO-d6) and are assigned with the 

respective spectra. 

All resulting spectra were analyzed using MestReNova (Verson: 12.0.3-21384). 

 

5.2.2. Mass Spectrometry (MS) 

 

Mass spectra for the reaction control of the micro cleavage were measured with an electrospray 

ionization (ESI) device from Advion (expression CMS). The injection method was per syringe 

driver directly into the chamber. 

The mass spectra to control the success of the purification, as well as the corresponding LC-

trace were taken on a Shimadzu (LC-MS 2020) equipped with an electrospray ionization (ESI) 

source, a SPD-20A UV-Vis detector and a Kinetex EVO C18 column (2.1x 50 mm, 2.6 μm). 
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5.2.3. Transmission Electron Microscopy (TEM) 

 

TEM images were measured on the JEOL JEM1400 transmission electron microscope, the 

emission source was a tungsten needle cathode operating at 120 kV. The samples were 

prepared on commercially available grids. The images were recorded with a 2k CCD camera 

(Gatan US1000). 

 

5.2.4. High Performance Liquid Chromatography (HPLC) 

 

High performance liquid chromatography (HPLC) was carried out using Shimadzu Analytical 

HPLC system for purification of the peptides and their derivatives. The column used was a 

Phenomenex® (Gemini® 5 µm NX-C18 11 Å) (150 x 30 nm). The flow rate used were 25 

mL/min and the eluent was a mixture of acetonitrile (ACN, HPLC Grade) and MilliQ water. 

 

5.2.5. Solid Phase Peptide Synthesis (SPPS)  

 

SPPS was carried out on a Liberty BlueTM peptide synthesizer (CEM Corporation.). HPLC-

grade solvents were used in the reactions. 

 

5.3. Synthetic Procedures 

 

5.3.1. Peptide-Synthesis 

 

5.3.1.1. Standard Micro Cleavage for Reaction Control 

 

A few beads of resin with coupled peptide were put into a 1.5 mL Eppendorf tube and 200 μL 

TFA are was added, after a few minutes the liquid turned yellow. The reaction mixture was 

then shaken for 2 h at room temperature. Subsequently, the TFA was evaporated via air stream 

in the fume hood. 
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To the solid residue, a mixture of MilliQ water (100 μL) and Acetonitrile (100 μL) was added. 

This mixture was shaken for a few minutes before being centrifuged to separate solid residue 

and supernatant. The supernatant was carefully extracted and then subjected to ESI-MS 

analysis 

 

5.3.1.2. Standard Cleavage Procedure Peptides 

 

The peptide cleavage method was adapted from a technical bulletin which combined the work 

of different groups to create a manual for different cleavage pathways.[114-116] All the peptides 

and derivatives were cleaved following the same procedure with only little deviation for the 

CFKFQF peptide. To cleave the peptide from the resin a cleavage cocktail from TFA, MilliQ 

and TIPS was mixed as described in their work, with a ratio of 95:5:5. The cleavage cocktail 

was shaken for a few minutes and then the resin and the cocktail were united in a snap cover 

vial. The reaction mixture was shaken for 2 h. The mixture was then filtered using a fritted 

glass (POR 3, 16 – 40 µm) and the resin globes were washed once with TFA.  

The filtrate was partly evaporated with a rotary evaporator. In the case of the peptides 

KFKFQF, MKFKFQF, and the derivatives, the partly evaporated filtrate was put in cooled 

diethyl ether (-20 °C), so that the peptide could precipitate. This didn’t work in the case of 

CKFKFQF and therefore the crude peptide was obtained after total evaporation of the TFA 

with the rotary evaporator.  

5.3.1.3. Standard Preparative HPLC Method for Peptides Purification 

 

The solid sample mixed in water, dissolution was assisted with the Horn Sonicator (Branson 

Digital Sonifier®, 250-D). If this procedure did not work ACN was added in steps until the 

sample could be dissolved. In the case of KFKFQF and MKFKFQF pure MilliQ water was 

enough to dissolve the solid complied. In the case of CKFKFQF and the ATRP-macroinitiator, 

the mixture of 30:75 ACN to MilliQ water was used. In the case of the RAFT-macroinitiator a 

mixture of 25:70 ACN to MilliQ water was used, as described in the literature.[117] After this 

step the solution was centrifuged (Beckman Coulter), at 4000 RPM for 10 min. The residue 
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and solution were then separated by decantation. Directly before the sample was put into the 

auto sampler of the HPLC it was filtered with a syringe filter (Fischerbrand, PTFE 0.2 µm). 

For every new peptide the HPLC elution program needed to be adjusted starting from a 

standard method. Therefore, the HPLC would run the first 5 min with the mixture the sample 

was solved in, then the ACN percentage was ramped up to 100% over 70 min, to be sure every 

significant LC-peak could be collected. After the eluent reached 100% ACN, the method would 

ramp down the eluent mixture to the parameter of used, to solve the sample and run it for 5 

min. After the collected fractions were analyzed by ESI-MS, the HPLC method could be 

optimized for every individual sample. 

It turned out, that the use of the syringe filter was removing large quantities of product, which 

is why in the second half of this project an optimized method for sample preparation of the 

preparative HPLC was used. To avoid clogging the column with large particles the syringe 

filter step in the sample preparation was supplemented with an extra step of centrifuging of the 

sample. 
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5.3.1.4. KFKFQF (JJA6) 

 

 

Scheme 14: Reaction scheme of the automated microwave peptide synthesis using the Liberty Blue™ program for the synthesis 
of the peptide sequence KFKFQF. The amino acids were protected the complete time, lysine with Boc and glutamine with Trt. 

 

The syntheses were carried out using an automated microwave peptide synthesizer (Liberty 

Blue™). The Fmoc-Phe-Wang-resin (0.65 mmol/g) (0.5 mmol, 769 mg, 1 eq) was allowed to 

swell for 1h in DMF in a snap cover vial. During this time, the synthesizer was equipped with 

the amino acids, glutamine (Fmoc-Gln(Trt)-OH) (0.5 mmol, 1470 mg, 1 eq in mL 12 DMF), 

(lysine Fmoc-L-Lysin-(Boc)) (1 mmol, 2250 mg, 2 eq in 24 mL DMF), and phenylalanine 

(Fmoc-Phe-OH) (1 mmol, 1860 mg, 24 eq in 2 mL DMF), necessary for synthesis. Then, the 

synthesizer was filled with DMF (solvent, 400 mL), piperidine (40 mL 160 mL in DMF), 

PyBOP (6245 mg in 24 mL DMF) and DIEA (4.2 mL in 7.8 mL DMF). After the swelling was 

completed, the resin was filled in the reaction chamber of the synthesizer and the snap cover 

vial was washed three times with DMF. Then, the synthesizer program was started which is 

shown in Scheme 14, which describes the program used in the syntheses. After the program 

finished, the resin was transferred to a snap cover vial and the reaction chamber was washed 

with DCM. The resin was washed several times with DCM over a fritted glass (POR 3, 16 – 

40 µL). For reaction control a micro cleavage was done of every batch, followed by an ESI-
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MS measurement, as described in the chapter 5.3.1.1. Then, the resin was vacuum dried on 

the Schlenk line. The resin was put under argon and stored at -20 °C. 

In preparation for the purification of the peptide, a cleavage procedure was done as described 

in chapter 5.3.1.2. Then, the peptide was purified via preparative HPLC with the method 

described in the chapter 5.3.1.3. 

 

5.3.1.5. MKFKFQF (DF5) 

 

 

Scheme 15: Schema of the automated microwave peptide synthesizer from Liberty Blue™ program for the synthesis of the 
peptide sequence MKFKFQF. 

 

The syntheses were carried out using an automated microwave peptide synthesizer from 

Liberty Blue™. The Fmoc-Phe-Wang-resin (0.65 mmol/g) (0.5 mmol, 769 mg, 1 eq) was 

allowed to swell for 1 h in DMF in a snap cover vial. During this time, the synthesizer was 

equipped with the amino acids, glutamine (Fmoc-Gln(Trt)-OH) (0.5 mmol, 1470 mg, 1 eq in 

mL 12 DMF), (lysine Fmoc-L-Lysin-(Boc)) (1 mmol, 2250 mg, 2 eq in 24 mL DMF), 

methionine (Fmoc-Mer-OH) (0.5 mmol, 900 mg, 1 eq in 12 mL DMF), and phenylalanine 

(Fmoc-Phe-OH) (1 mmol, 1860 mg, 2 eq in 24 mL DMF), necessary for synthesis. Then the 

synthesizer was filled with DMF (solvent, 400 mL), piperidine (40 mL in 160 mL DMF), 
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PyBOP (7550 mg in 29 mL DMF) and DIEA (5.2 mL in 9.8 mL DMF). After the swelling was 

completed, the resin was filled in the reaction chamber of the synthesizer and the snap cover 

vial was washed three times with DMF. Then the synthesizer program was started which is 

shown in Scheme 15Error! Reference source not found., which describes the program used in 

the syntheses. After the program was finished, the resin was transferred to a snap cover vial 

and the reaction chamber was washed with DCM. The resin was washed several times with 

DCM over a fritted glass (PRO 3, 16 – 40 µL). Of every patch a micro cleavage with following 

ESI-MS was done for reaction control, as described in the chapter 5.3.1.1. Then, the resin was 

vacuum dried on the Schlenk line. The resin was put under argon and stored at -20 °C. 

In preparation for the purification of the peptide cleavage procedure was done as described in 

chapter 5.3.1.2. Then, the peptide was purified via preparative HPLC with the method 

described in the chapter 5.3.1.3. 

 

5.3.1.6. CKFKFQF (BL4) 

 

 

Scheme 16: Schema of the automated microwave peptide synthesizer from Liberty Blue™ program for the synthesis of the 
peptide sequence CKFKFQF. 
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The syntheses were carried out using an automated microwave peptide synthesizer (Liberty 

Blue™). The Fmoc-Phe-Wang-resin (0.65 mmol/g) (0.5 mmol, 769 mg, 1 eq) was allowed to 

swell for 1 h in DMF in a snap cover vial. During this time, the synthesizer was equipped with 

the amino acids, cysteine (Fmoc-Cys(Trt)-OH) (1 mmol, 2820 mg, 2 eq in 24 mL DMF,) 

glutamine (Fmoc-Gln(Trt)-OH) (0.5 mmol, 1470 mg, 1 eq in mL 12 DMF), (lysine Fmoc-L-

Lysin-(Boc)) (1 mmol, 2250 mg, 2 eq in 24 mL DMF), and phenylalanine (Fmoc-Phe-OH) (1 

mmol, 1860 mg, 2 eq in 24 mL DMF), necessary for synthesis. Then the synthesizer was filled 

with DMF (solvent, 400 mL), piperidine (40 mL in 160 ml DMF), PyBOP (8847 mg in 34 mL 

DMF) and DIEA (5.9 mL in 11.1 mL DMF). After the swelling was completed, the resin was 

filled in the reaction chamber of the synthesizer and the snap cover vial was washed three times 

with DMF. Then the synthesizer program was started which is shown in Scheme 16 and 

describes the program used in the syntheses. After the program finished, the resin was 

transferred to a snap cover vial and the reaction chamber was washed with DCM. The resin 

was washed several times with DCM over a fritted glass (POR 3, 116 – 40 µL). Of every patch 

a micro cleavage with following ESI-MS was done for reaction control, as described in the 

chapter 5.3.1.1. Then, the resin was vacuum dried on the Schlenk line. The resin was put under 

argon and stored at -20 °C. 

In preparation for the purification of the peptide, a cleavage procedure was done as described 

in chapter 5.3.1.2. Then, the peptide was purified via preparative HPLC with the method 

described in the chapter 5.3.1.3. 

 

5.3.2. Peptide-Initiator Synthesis 

 

5.3.2.1. ATRP-Initiator 

 

 

Scheme 17: Schematic representation of the coupling reaction of the peptide CKFKFQF with the ATRP-agent (α-
Bromoisobutyryl bromide) in DCM, resulting in the ATRP-macroinitiator (Bib-CKFKFQF). 

 



72 

 

The peptide on resin beads (0.22 mmol) was transferred into a 250 mL two-necked flask with 

DCM (60 mL, solvent). Then the reaction mixture was cooled with an ice bath. Into the cooled 

mixture DIEA (2.2 mmol, 383 μL, 10 eq) was added. The α-Bromoisobutyryl bromide (1.1 

mmol, 136 μL, 5 eq) was slowly and dropwise added into the reaction mixture, which was then 

stirred still for 20 min. under cooling of the ice bath. The ice bath was removed and after 40 

min the solution started to turn light red. A second dosage of α-Bromoisobutyryl bromide (50 

μL) was added and the reaction mixture stirred for 24 h. On the next day the reaction mixture 

had turned to a clear red color. The mixture was filtered over fritted glass and the solid washed 

with DCM. 

The resin was dried under reduced pressure using the Schlenk line and a few beads of resin 

were used for a standard micro cleavage. Then the product was purified with the respective 

HPLC method. 

 

5.3.2.2. RAFT-Initiator 

 

 

Scheme 18: Schematic representation of the coupling reaction of the peptide KFKFQF with the RAFT-agent (2-
(Dodecylthiocarbonothioylthio)propionic acid) in DCM, resulting in the RAFT-macroinitiator (RAFT-KFKFQF). 

 

The RAFT-initiator was synthesized according to the literature procedure.[117] The peptide 

sequence KFKFQF was used which was still linked to the resin during initiator coupling. It 

was filled into a snap cover vial (0.35 mmol, 940 mg, 1 eq) and allowed to swell in DCM for 

1 h. In a second snap cover vial the RAFT-Agent (2-(Dodecylthiocarbonothioylthio)propionic 

acid) (1.4 mmol, 491 mg, 4 eq), PyBop (1.33 mmol, 692 mg, 3.8 eq) and DCM (50 mL, solvent) 

were combined. The swelled resin was added to the second snap cover vial and DIEA was 

added (4.9 mmol, 853 μL, 14 eq). The reaction mixture was stirred for 2 h at room temperature. 

The reaction was then stopped by filtration. The residue was cleaned by washing several times 

with DCM. A few resin beads were taken for micro cleavage and Kaiser Test. 
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The peptide was then cleaved from the resin by standard procedure and then purified by HPLC 

according to the literature procedure.[117] 

 

5.3.3. Peptide-Hybrid Polymerization 

 

5.3.3.1. Peptide-Hybrid Synthesis via ATRP-Polymerization 

 

 

Scheme 19: Schematic representation of the ATRP of the Bib-CKFKFQF-macroinitiator with the monomer OEGMA and the 
catalyst system cupper bromide and bipyridin in methanol.  

 

Two Schlenk flasks were dried and degassed using the Schlenk line. The ATRP-Peptide-

Initiator (0.005 mmol, 5,47 mg, 1 eq), Cu(I)Br (0.005 mmol, 0.718 mg, 1 eq) and Bpy 

(bipyridin) (0.0125 mmol, 1.95 mg, 2,5 eq) were put under argon counterstream in one of the 

Schlenk flasks. Vacuum was drawn on the Schlenk flask and then again an argon atmosphere 

was established. OEGMA300 (0.5 mmol, 150 mg, 100 eq) was separated from its inhibitor by 

means of an alox-flash-column. The OEGMA300, DMF (200 μL, NMR-standard) and methanol 

(1 mL, solvent) were put into the second Schlenk flask and were degassed via three freeze thaw 

cycles. Then under argon atmosphere the solution from the second flask was transferred via 

syringe to the first flask. The reaction mixture changed the color to brown. After the 

combination of these two the mixture immediately was degassed again via two freeze thaw 

cycles. The reaction mixture was then stirred for 4 h at 30 °C. Samples were taken at 0 h, then 

at 2 h and at 4 h for analyzation with NMR and GPC. 
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5.3.3.2. Peptide-Hybrid synthesis via RAFT-Polymerization 

 

 

 

Scheme 20: Schematic representation of the RAFT polymerization of the RAFT-KFKFQF-macroinitiator with the monomer 
DMAA and the initiator AIBN in DMSO. 

 

The reaction was carried out under argon atmosphere. The RAFT-peptide-initiator (0.0025 

mmol, 2.94 mg, 1 eq) was put into a small Schlenk flask with a micro stirrer. DMAA (1.25 

mmol, 124 mg, 0.2 eq), DMSO (322 µL, solvent) and DMF (50 µL, NMR, standard) were 

added to the mixture. An AIBN stock solution was made and the AIBN was added (0.0005 

mmol, 0.082 mg, 0.2 eq). The reaction mixture was degassed via three freeze thaw cycles. The 

solution was then stirred for 2 h by 70 °C and quenched by exposure to atmosphere.  

 

5.3.4. Standard Preparation Pathway and Preparation of the TEM Samples 

 

The samples for the TEM measurement were prepared using the following procedure. At first 

a stock solution was prepared with 1 mg of the respecting peptide in 100 μL DMSO or MilliQ 

water. In the second step 10 μL of the stock solution was added to 90 μL MilliQ water or PBS 

solution. Then the pH value was adjusted, in the case of lowering it by adding 0.1 M HCl 

solution and elevated through adding of 0.1 M NaOH solution. Some samples were further 

treated using temperature annealing in a thermal cycler (MyCyclerTM thermal cycler). The 

same procedure was repeated for each trial, the samples were heated for 30 min at 80 °C and 

then over 60 min cooled 1 °C per min. 

The samples were then put onto to a TEM grid (S 162-3) after 4 min the excess solution was 

carefully removed. The TEM grid was put for 2 min on a droplet of a 4 % Uranyl acetate 
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solution for staining. After that the grid was put on a droplet of MilliQ water to remove excess 

Uranyl acetate solution, this step was repeated 3 times. 

 

5.3.5. TEM: Oxidation for Kinetic Study 

 

 

Scheme 21: Schematic representation of the oxidation reaction of the peptide MKFKFQF with H2O2 in MilliQ water. Yielding 

the oxidized form of the peptide. 

 

The reaction was adapted from the literature procedure.[79] The peptide (0.003 mmol, 2.29 mg, 

2 eq) and MilliQ water (3 mL, solvent) were added to a snap cover vial. The mixture was then 

shaken until the peptide was completely dissolved. Then the H2O2 (0.210 mmol, 6.44 µL, 

70 eq) was added to the solution. The reaction mixture was stirred at room temperature for 

5.5 h. During this time, samples were taken (at 0 min, 5 min, 90 min, 180 min and 330 min) 

and directly measured with the LCMS. The sample volume was 20 µL and the samples were 

diluted fortyfold and submitted for the LCMS analysis. 

With the resulting data the conversion rate was calculated and then the time was calculated to 

have a conversion of approximately 25%, 50% and 75%. The corresponding times are listed 

in Table 3. The reaction in Scheme 21 was then repeated 3 times and quenched at the 

respective time for the desired conversion. The crude mixture was the freeze dried. The 

resulting solid samples were then prepared with the standard partway for self-assembling and 

investigated in the TEM. 

 

Table 3: With Origin (9.1) calculated reaction times to achieve the desired conversion of peptide into oxidized peptide. 

Time /min Percent oxidized product /% 

23 ~25 

76 ~50 

236 ~75 
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A. APPENDIX 

 

A.1. Additional Experimental Data 

 

A1.1. ATRP-Initiator 

 

Table 4: Experimental and theoretical data from the mass spectrum of the LCMS analysis of the ATRP-CKFKFQF-
macroinitiator. 

 experimental theoretical  

 m/z  I/ % m/z  I/ % Δm/z 
Peak1[CKFKFQF+2H]2+ 

548.3 32.7 548.2 100 0.1 
Peak2[CKFKFQF+2H]2+ 

549.0 100.0 548.7 55.2 0.3 
Peak3[CKFKFQF+2H]2+ 

549.6 16.4 549.2 97.3 0.4 

      
Peak1[CKFKFQF+H]+ 

1095.5 75.4 109.4 100 0.1 
Peak2[CKFKFQF+H]+ 

1096.5 57.1 1096.5 55.2 0.1 
Peak3[CKFKFQF+H]+ 

1097.5 100.0 1097.4 97.3 0.1 
Peak4[CKFKFQF+H]+ 

1098.5 52.2  1098.4 53.7 0.1 
Peak5[CKFKFQF+H]+ 

1099.5 24.3 1099.4 14.7 0.1 

      
Peak1[CKFKFQF+Na]+ 

1117.5 76.1 1117.4 100 0.1 
Peak2[CKFKFQF+Na]+ 

1118.5 47.3 1118.4 55.2 0.1 
Peak3[CKFKFQF+Na]+ 

1119.4 100.0 1119.4 97.3 0.0 
Peak4[CKFKFQF+Na]+ 

1120.5 51.5 1120.4 53.7 0.1 
Peak5[CKFKFQF+Na]+ 

1121.5 25.7 1121.4 14.7 0.1 
Peak6[CKFKFQF+Na]+ 

1122.5 11.3 1122.4 9.8 0.1 

 

A1.2. CKFKFQF 

 

Table 5: Experimental and theoretical data from the mass spectrum of the LCMS analysis of the peptide CKFKFQF. 

 experimental theoretical  

 m/z  I/ % m/z  I/ % Δm/z 
Peak1 [CKFKFQF] +· 

945.5 100 945.5 100 0.0 
Peak2 [CKFKFQF]+· 946.4 70 946.5 51 0.1 
Peak3 [CKFKFQF]+· 947.4 26 947.5 13 0.1 
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A1.3. KFKFQF 

 

Table 6: Experimental and theoretical data from the mass spectrum of the LCMS analysis of the peptide KFKFQF. 

 experimental theoretical  

 m/z  I/ % m/z  I/ % Δm/z 
Peak1 [KFKFQF] +· 

842.7 100 842.46 100 0.24 
Peak2 [KFKFQF] +· 843.7 49 843.46 48 0.24 
Peak3 [KFKFQF] +· 844.7 8 844.46 11 0.24 

 

A1.4. MKFKFQF 

 

Table 7: Experimental and theoretical data from the mass spectrum of the LCMS analysis of the peptide MKFKFQF. 

 experimental theoretical  

 m/z  I/ % m/z  I/ % Δm/z 
Peak1 [MKFKFQF]+· 

973.5 100 973.50 100 0 
Peak2 [MKFKFQF]+· 974.5 66 974.50 53 0 
Peak3 [MKFKFQF]+· 975.5 29 976.50 14 0 

 

A1.5. ATRP-Macroinitiator 

 

Table 8: Experimental and theoretical data from the mass spectrum of the LCMS analysis of the ATRP-CKFKFQF-
macroinitiator. 

 experimental theoretical  

 m/z  I/ % m/z  I/ % Δm/z 
Peak1[CKFKFQF+2H]2+ 

548.3 32.7 548.2 100 0.1 
Peak2[CKFKFQF+2H]2+ 

549.0 100.0 548.7 55.2 0.3 
Peak3[CKFKFQF+2H]2+ 

549.6 16.4 549.2 97.3 0.4 

      
Peak1[CKFKFQF+H]+ 

1095.5 75.4 109.4 100 0.1 
Peak2[CKFKFQF+H]+ 

1096.5 57.1 1096.5 55.2 0.1 
Peak3[CKFKFQF+H]+ 

1097.5 100.0 1097.4 97.3 0.1 
Peak4[CKFKFQF+H]+ 

1098.5 52.2  1098.4 53.7 0.1 
Peak5[CKFKFQF+H]+ 

1099.5 24.3 1099.4 14.7 0.1 
Peak1[CKFKFQF+Na]+ 

1117.5 76.1 1117.4 100 0.1 
Peak2[CKFKFQF+Na]+ 

1118.5 47.3 1118.4 55.2 0.1 
Peak3[CKFKFQF+Na]+ 

1119.4 100.0 1119.4 97.3 0.0 
Peak4[CKFKFQF+Na]+ 

1120.5 51.5 1120.4 53.7 0.1 
Peak5[CKFKFQF+Na]+ 

1121.5 25.7 1121.4 14.7 0.1 
Peak6[CKFKFQF+Na]+ 

1122.5 11.3 1122.4 9.8 0.1 
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A1.6. RAFT-Macroinitiator 

 

Table 9: Experimental and theoretical data from the mass spectrum of the LCMS analysis of the peptide RAFT-macroinitiator. 

 experimental theoretical  

 m/z  I/ % m/z  I/ % Δm/z 
Peak1 [RAFT-

KFKFQF] +· 1176.8 100.0 1176.6 100.0 0.2 

Peak2 [RAFT-

KFKFQF] +· 
1175.6 22.7 1175.6 61.9 0.0 

Peak3 [RAFT-

KFKFQF] +· 
1176.7 22.6 1176.6 20.7 0.1 

 

A1.7. Oxidation Studies 

 

Figure 31: LC-trace oxidation of MKFKFQF after 0 min. 
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Figure 32: LC-trace oxidation of MKFKFQF after 5 min. 

 

 

Figure 33: LC-trace oxidation of MKFKFQF after 90 min. 
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Figure 34: LC-trace oxidation of MKFKFQF after 180 min. 

 

 

 

Figure 35: LC-trace oxidation of MKFKFQF after 330 min. 
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