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Abstract 

For a long time, nature has inspired scientists all over the world. Peptides and proteins 

play key roles in many essential biological processes in living systems. In the past 

decades, functional nanomaterials based on peptides as small building blocks have 

increasingly become focus of materials research. Today, there is a great interest in 

understanding the design principles of peptide-based materials that govern their 

properties and mechanisms of formation. 

Still, there is a huge gap of our understandings of natural processes involving self-

assembled materials due to their high structural complexity. The formation of 

supramolecular peptide-based biomaterials, their properties, and applicability are often 

a result of trial and error. A deeper understanding of how structures and their resulting 

properties as well as their bioactivities affect each other is crucial to develop tailored 

biomaterials that are able to match natural systems and ideally even surpass them. 

For example, it is still a key challenge to predict secondary structure elements of 

proteins and even more challenging to predict their unique tertiary structure, i.e. the 

three-dimensional shape formed by folding and which is essential for its function. To 

develop peptide-based nanomaterials for various applications, it is therefore desirable 

to gain a more profound knowledge about how the primary sequence affects folding, 

which would be important to design new sequences and structures that accomplish a 

specific function. 

Nanomaterials based on peptidic building blocks have recently emerged in a broad 

range of applications, and their design is based on interdisciplinary research from 

biology over material science to physics. They show promising potential in various 

fields, and a deeper understanding would open new avenues to entirely novel 

functions. 

In this thesis, I prepared and investigated short peptide sequences and utilized them 

as small building blocks that formed supramolecular nanoscaled structures in a 

bottom-up approach. These self-assembling peptides (SAPs) were systematically 

altered in their primary sequence to elucidate the effects on self-assembly, 

morphology, structure, and resulting biological response. Through this study, a deeper 

understanding of the structure-property relationship of peptide assemblies within 

biological surroundings was obtained, and the respective nanostructures were tailored 



towards different applications. First, the effect of those SAPs on neuronal regeneration 

was investigated and revealed a structure-activity relationship in an in vitro screening 

of a peptide library. Hereby, structural key elements and resulting physico-chemical 

properties of the peptide nanofibrils (PNFs) were identified, which have a high impact 

on bioactivity. Furthermore, the applicability of potential peptides as substrates for 

supporting nerve regeneration was investigated in an in vivo mouse model of 

peripheral nerve damage. Optimized peptide nanostructures provided a better 

functional outcome and recovery from the injury compared to controls (chapter 3.1). 

Next, functionalization of PNFs was presented by auto-oxidative polymerization of 

dopamine on the fibril surface. This idea was inspired by the nanofibril-mediated 

synthesis of melanin inside certain cells. The coated nanofibrils revealed similar 

bioactivity in supporting neuronal cell growth as the nanofibrils without polydopamine 

coating. However, polydopamine offers reactive groups such as catechols. In a proof-

of-concept study, functionalization of fibrils’ surface was performed using the known 

dynamic covalent chemistry of boronic acids and catechols, which presents a novel 

approach to attach and release functionalities in a pH-responsive fashion without 

compromising bioactivity (chapter 3.2). 

PNFs are also known to be potent enhancers of retroviral transduction. However, the 

structural features that are crucial for bioactivity are also elusive here. We observed 

that high β-sheet content and physico-chemical properties like positive net charges 

had a high impact on their ability to bind virions, colocalize them at cellular membranes, 

and enhance retroviral gene transduction (chapter 3.3). 

Our studies show that ordered structural elements such as cross-β-sheet structures as 

well as charges are important parameters for bioactivity. Based on these results, 

smaller and potent peptide sequences have been designed that quantitatively formed 

bioactive nanofibrils. In this way, the principles discovered in this thesis could facilitate 

the formation of entirely new peptide nanomaterials by rational design. 
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I Introduction 

1.1 Nanotechnology and -materials 
  

Materials with nanoscale dimensions (1-100 nm) often combine unique material, 

biological, electronic, and optical properties. Therefore, research in this area expanded 

significantly in the past decades, and many researchers claimed that nanomaterials 

would play a key role in future materials science.1 The field was initially inspired by the 

Nobel laureate Richard Feynman in 1959 in his famous talk “there’s plenty of room at 

the bottom”.2 Today, nanomaterials show potential in several fields like medicine, 

electronics, or information technology, as shown in figure 1.3 In general, the 

preparation of nanomaterials can be classified into two categories: the top-down and 

the bottom-up approaches. The top-down approach usually starts with larger bulk 

materials, and the micro- or nanoscale is reached by, for example, cutting or etching.4 

This approach is mainly used in industry, for example, to manufacture metal oxide 

semiconductors on silicon wafers through photolithography.5 An alternative route is the 

bottom-up approach, which is based on small building blocks like atoms or molecules 

that can assemble into the desired structures. It is used when top-down approaches 

are limited.4 

 

Figure 1. Schematic illustration of the fields impacted by nanotechnology, its tools, materials, 

devices, and possible applications.3 
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1.1.1 Natural supramolecular nanomaterials  

 

Several components in nature and in living systems have sizes in the nanometer range 

(figure 2). For example, proteins fold into their unique, functional tertiary structure and 

are also able to self-assemble into nanoscaled quaternary structures with sizes of a 

few nanometers.6 The DNA (desoxyribonucleic acid) double helix is another 

nanoscaled material with a diameter of a few nanometers and an average persistence 

length of around 50 nanometers in an aqueous solution formed by hydrogen bonds of 

complementary nucleic acids of single-stranded DNAs.6,7 Viruses, like the tobacco 

mosaic virus, are formed from different components such as proteins and RNAs 

(ribonucleic acids) that are assembled in a controlled fashion forming the distinct three-

dimensional structure.6 Typically, a virus consists of an outer shell of assembled 

proteins (capsid) and an inner region consisting of the viral genome. The most common 

viruses have icosahedral or helical symmetries.6,8 

 

Figure 2. Examples for supramolecular assemblies with sizes in the nanometer range 

occurring in nature. (a) Protein folding, (b) double-stranded DNA, and (c) tobacco mosaic 

virus.6 Figure adapted from [6], with permission from John Wiley & Sons, Inc. 
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These natural materials are formed in a bottom-up process by the self-assembly of 

smaller building blocks, such as polypeptides, into defined supramolecular structures 

by non-covalent interactions. A single supramolecular attraction is weak (2-250 kJ/mol) 

compared to a single covalent bond (100-400 kJ/mol). Still, it allows the stable and 

dynamic assembly if these interactions act collectively.6 For the self-assembly of 

nanostructures, non-covalent bonds such as hydrogen bonds, aromatic interactions 

via π-π-stacking, van der Waals interactions, and electrostatic interactions play 

important roles. 

Nature’s ambitions to create functional systems on the nanoscale serve as an 

inspiration for nanomaterials research. Therefore, it is not surprising that nanoscaled 

materials are of high interest for various applications, such as in medicine.9 Influencing 

cellular processes on the nanoscale could be beneficial for future treatment of diseases 

i.e. in regenerative medicine. Peptides are ideal for the fabrication of nanomaterials as 

they are relatively simple and easy to prepare and offer good biocompatibility and              

-degradability.  

 

1.2 Peptide-based nanomaterials 

1.2.1 Peptides as small building blocks  

 

Peptides are relatively small molecules composed of amino acids. In organisms, 

peptides and proteins consist of typically 22 different proteinogenic amino acids that 

are recognized by the cellular machinery and used for the build-up of proteins. A 

summary of these 22 amino acids and a categorization into different groups due to 

their properties is given in figure 3.  
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Figure 3. Categorization of the 22 proteinogenic amino acids as molecules for peptide 

synthesis.10 

 

Peptide-based nanomaterials are mainly formed by self-assembly via non-covalent 

interactions. They represent ideal building blocks for creating nanomaterials due to 

their accessibility, tunability, and their easy and scalable synthesis since the 

development of solid-phase peptide synthesis by Merrifield.11  

Even small peptides like dimers were shown to self-assemble into high-ordered 

structures.12 Theoretically, the 22 proteinogenic amino acids allow 226 possibilities 

(~113 million) of different peptide sequences for a 6-mer, which can be expanded even 

further by using artificial building blocks like chemical modified amino acids.13 Due to 
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the almost endless number of possible combinations, there is a high potential for 

optimization. Still, it is also rather difficult to systematically investigate the relationship 

between primary sequences and properties of peptides and their assemblies. 

Self-assembling peptides (SAPs) were shown to adopt several nanostructures like 

nanotubes, spherical particles, fibrils, discs, or ribbons, offering the potential for a wide 

variety of possible shapes.14–16 In general, SAPs can be grouped into natural and 

artificial systems. Natural peptide nanostructures adopt conformations, which can be 

found in proteins like α-helices, β-sheets, and random coils (figure 4). Non-natural 

systems, for example, use amino acids linked to fatty acids (peptide amphiphiles) or to 

aromatic groups to introduce π-π-interactions that assemble into nanoscaled 

structures with different shapes.17 Peptides can assemble based on different 

supramolecular interactions of the peptide backbone or the different side-chains. 

These interactions can occur both intermolecularly and intramolecularly. The primary 

sequence can adopt different structural elements. These structures are called 

secondary structures. A common secondary structure that a peptide or protein can 

adopt in nature is an α-helical conformation (figure 4a). It is a spiral-like conformation 

that is stabilized by a hydrogen bond between the N-H of one amino acid and the C=O 

of another amino acid four positions further. Side-chains can also influence self-

assembly behavior through additional non-covalent forces or steric effects.10,18 If three 

peptide chains form a higher-ordered structure with the same axis, the resulting 

construct is called a triple helix, which is found in collagen (figure 4b).19 Another 

common motif found in nature is a β-sheet (figure 4c). It is formed by several β-strands, 

which can be oriented either parallel or antiparallel and is stabilized by hydrogen bonds 

in the backbone.10 Several disease-related amyloid fibrils consist mainly of β-sheets.20  

 

 

 

 

 

 



6 | I n t r o d u c t i o n  

 

 

Figure 4. Different possible secondary structures, which peptides can adopt.10,21,22 (a, c, d) 

Adapted from [22], with permission from Springer Nature. (b) Adapted from [21], with 

permission from American Chemical Society (ACS).  

 

If two linked β-strands are oriented antiparallel, a β-turn is formed. β-Turns are very 

similar to β-sheets with an intramolecular folding. Recently, a new secondary structure 

was found for peptoids called Σ-strand (figure 4d). These peptoids carry the specific 

side group at the nitrogen atom instead of at the α-carbon. The structure of Σ-strands 

is based on β-strands with a rotational-state motif.10 There are several other possible 

secondary structures, which occur in lower frequency compared to the ones described 

herein.10,23 In the following chapter, amyloid fibrils as unique nanostructures occurring 

in nature are discussed. Furthermore, some examples of well-investigated and widely 

used artificial nanomaterials based on SAPs are introduced in chapters 1.2.3 and 

1.2.4. Since the peptides investigated in this work highly tend to form β-sheets, relevant 

related systems in literature are discussed only. There are also many peptides, which 

tend to form different secondary structures like α-helices as a key structural element in 

their assemblies, which is not part of this work.24 
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1.2.2 Amyloid fibrils 

  

Amyloid fibrils are unique peptide nanostructures based on the self-assembly of 

peptides or proteins, forming nanostructures with high β-sheet content. They occur in 

living systems as both a functional and a pathogenic material linked to several human 

diseases. Amyloid nanostructures revealed several unique features, and they served 

as a natural inspiration for artificial SAP-systems. 

The term amyloid is derived from the Greek word amylon (“starch”) and was initially 

used by Matthias Scheiden to describe amylaceous parts in plants.25 In 1854, Virchow 

first reported the term “amyloid” in a medicinal context to describe pathogenic deposits, 

which could be stained by iodine.26 Later, those amyloids were found not to be “starch-

like”, but to be proteinaceous.25,27  

Amyloids were mainly linked to a group of systemic diseases in the past termed 

“amyloidosis”. Amyloid fibrils are the main component of amyloid deposits. Today, the 

term “amyloid” seems to be more challenging to use, since the research area expanded 

from an earlier only pathogenic phenomenon to a broader field. The nomenclature 

committee of the International Society of Amyloidosis suggested defining amyloids as 

“extracellular depositions of protein fibrils with characteristic appearance in electron 

microscope, typical X-ray diffraction pattern, and affinity for Congo red with 

concomitant green birefringence”.28 In the following, several important characteristics 

of amyloids are discussed. Other fibrillar systems are referred to as peptide nanofibrils 

with amyloid characteristics to differentiate from the more pathogenic materials. 

Amyloid fibrils are polypeptides, which generally exhibit a cross-β-sheet conformation 

as a structural key feature. Such fibrils are rich in β-sheets, where the β-strands are 

oriented perpendicular to the fibril axis. Those β-strands are stabilized by hydrogen 

bonds. The cross-β-sheet structure was first shown by X-ray studies of amyloid fibrils 

in 1961 and revealed a 4.7 Å repeating unit.29 Today, it is known that many amyloid 

fibrils have a 4.6 to 4.8 Å spacing between the β-strands and a more variable spacing 

between two β-sheets with 5 to 12 Å in its diffraction pattern by X-ray analysis, where 

the more variable equatorial spacing is also caused by various side-chains of different 

amino acids.30–33 Mature fibrils typically consist of so-called protofilaments or 

protofibrils, which are intermediates and can be twisted together (figure 5).34,35  
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Figure 5. Structural features of amyloid fibrils. (a) Transmission electron micrograph of Aβ (1-

40) amyloid fibrils. (b) Schematic of fibrils formed by 2, 3, and 4 protofilaments. (c) 

Transmission electron micrograph of Aβ (1-40) amyloid fibrils after platinum side shadowing 

with a left-handed chirality. (d) Schematic X-ray diffraction pattern of parallel β and cross-β 

structures. (e) X-ray diffraction-based protofilament structure.36 Figure adapted from [36], with 

permission from Springer Nature. 

 

Different models are describing the mechanism of amyloid fibril formation. Generally, 

amyloid fibrils follow a nucleated-growth mechanism. Aggregation into amyloid fibrils 

is highly dependent on environmental factors.37 Furthermore, the kinetics of these 

aggregation processes were shown to be dependent on protein concentration.38 

Aggregation occurs over a broader time window with multiple pathways and involves 

several conformations.37 The nucleation-elongation polymerization can be categorized 

into three steps: (i) the lag or nucleation phase, (ii) the elongation or growth phase, and 

(iii) the saturation phase.37,39,40 In the nucleation phase, critical nuclei are formed. 

These nuclei represent the smallest stable, aggregated species, where monomer 

addition is faster than dissociation.41 Nuclei have the highest free energy in the whole 

process.41 The nucleation phase can be modified by adding pre-formed nuclei or 

aggregates, which is called seeding.41,42 For amyloids, it was shown that both primary 

nucleation and secondary nucleation occur. Primary nucleation involves monomers of 

one species only to grow in solution (figure 6a) or on a foreign surface (figure 6b), while 

in secondary nucleation also aggregates of this species play a key role (figure 6c).43,44 

In an elongation step, monomers add to a fibril’s end (figure 6d). This phase proceeds 

rapidly due to the formation of thermodynamically more favored protofibrils.37 In the 
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saturation phase, the concentration of monomers is constant and protofibrils assemble 

into matured fibrils.37 

 

Figure 6. Schematic of primary nucleation, secondary nucleation, and elongation. Primary 

nucleation can occur (a) in solution and (b) at a foreign surface and only involves monomers 

of one species. (c) Secondary nucleation can occur on existing aggregates of the same 

substance. (d) Elongation occurs by adding monomers to a fibril’s end. Blue spheres represent 

monomers, whereas orange cylinders represent fibrils.43 

 

1.2.2.1 Amyloids and diseases 

 

As mentioned above, amyloids were initially associated with several systemic 

diseases. The first amylogenic disease, the so-called Alzheimer’s disease, was 

reported in 1901 by Alois Alzheimer.45 In his work, Alzheimer investigated post-mortem 

amyloid plaques, including positive staining with Congo red. Today, more than 50 

diseases related to in vivo amyloid formation are known, including several 

neurodegenerative ones like Alzheimer's or Huntington’s disease.46 The following table 

gives an overview of some amyloid-related diseases and their involved proteins or 

peptides (table 1). 
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Table 1: Some examples of amyloidosis and their in aggregation involved proteins or 

peptides.46 

Disease Aggregated protein or peptide Amino acids  

Alzheimer Amyloid-β peptide 40 or 42 

Parkinson α-synuclein 140 

Huntington Huntingtin with polyQ expansion 3144 

Type II diabetes Amylin 37 

Cataract γ-crystallins various 

Familial British dementia Abri 23 

Spinocerebbelar ataxias Ataxins with polyQ expansion 816 

 

Besides those neurodegenerative diseases, others were also found, like diabetes type 

II, which are linked to amyloid formation. In type II diabetes, the peptide amylin forms 

amyloid plaques.47 Amyloidosis can occur in several tissues and organs. Alzheimer 

amyloid plaques, for example, occur in the brain. In AL amyloidosis, amyloid deposits 

were found in the kidney and heart formed by antibody light chains.48 In general, 

amyloidosis becomes more prevalent with age. The increased number of patients in 

today’s society can also be linked to increased life expectancy due to better life 

standards and modern medicine. The majority of amyloidosis is linked to misfolding of 

native proteins, and it is still a major challenge to identify the exact mechanism of 

toxicity for better treatment of amyloidosis. Early reports suggested that the amyloid 

plaques themselves correlate with harmful behavior, but recent studies have shown 

that already the existence of pre-amyloids can cause damage. Several studies showed 

that amyloid oligomers are able to bind to cellular membranes and cause, for example, 

harmful Ca2+ dysregulation.49,50  

 

1.2.2.2 Amyloid fibrils as building blocks for natural and functional materials  

 

For a long time, amyloid fibrils were mainly associated with diseases. However, in 

recent years, it was shown in several examples that amyloid fibrils can also fulfill useful 

functions in living systems, like in bacteria or even in humans.51–55 Table 2 summarizes 

several organisms using protein-based amyloid fibrils as a functional material. 
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Table 2: Overview about functional amyloid-like fibrils in nature, their involved proteins, and 

their function.54 

organism protein function 

bacteria   

Escherichia coli Curli biofilm formation, adhesion 

Bacillus subtilis TasA biofilm formation 

Streptomyces coelicolor Chaplin modulation of water-surface tension 

fungi   

Neurospora crassa + other Hydrophobins fungal coating 

Podospora anserina HET-s heterokaryon regulation 

Saccharomyces cerevisiae Ure2P nitrogen regulation 

animals   

silk moth Chorion proteins protective function 

humans   

 Pmel17 melanin biosynthesis support 

 various peptide hormones storage and controlled release 

 PAP quality control of semen 

 

For example, amyloid fibrils were found in bacteria biofilms like in Escherichia coli.56 

The so-called curli fibers promote adhesion and enable surface colonization of 

bacteria.55 Furthermore, curli were also shown to mediate internalization by eukaryotic 

cells.57 Analogous fibrillar systems were shown for other bacteria like Bacillus subtilis, 

where TasA fibrils support the structural integrity of biofilms or in Streptomyces 

coelicolor, where chaplin fibrils lower the water-surface tension.58,59 Besides bacteria, 

amyloid fibrils were also found in some fungi species.60 In several fungi like Neurospora 

crassa, amyloid fibrils formed by hydrophobic proteins play a crucial role in fungal 

coatings, which support surface adhesion.61,62 HET-s amyloid state of Podospora 

anserine is involved in heterokaryon regulation.63 In Saccharomyces cerevisiae, 

amyloids formed by Ure2P are involved in nitrogen regulation.64 Besides being used 

as a functional material in lower organisms, amyloids from chorion proteins were also 

shown to support the protection of silk moth oocyte and embryos.65 In humans, 

functional amyloids also exist, playing important roles in melanin biosynthesis. Herein, 

amyloids are formed by the melanosomal protein pmel17 under physiological 

conditions.53,66 Melanin is a pigment and occurs in two types, the brown to black 

colored (eumalin) and the yellow to red colored (pheomelanin), which both are derived 

in a complex synthesis by L-tyrosine in melanosomes with support of tyrosinase.67 
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Melanin plays a crucial role in protecting the skin from UV radiation. Pmel17 fibrils are 

suggested to act as a scaffold for melanin synthesis and concentrate reactive 

intermediates, including toxic precursor molecules, and prevent their diffusion, thereby 

accelerating polymerization. Pmel17 fibril formation is a complex intracellular process, 

and it is well-controlled to prevent cytotoxicity.53 Furthermore, peptide hormones were 

found to be stored in secretory granules in an amyloid state with controlled release of 

monomeric hormones, underlining amyloid's dynamic behavior.68 In human semen, 

amyloids formed by fragments of the prostatic acid phosphatase were found.69 Deeper 

investigations revealed that these fibrils not only increase viral uptake but also play a 

functional role participating in quality control of sperm such as promoting sperm 

selection by macrophages, but they also play a key role in clearing the lower 

reproductive tract.69–71 

 

1.2.3 Peptide amphiphiles 

 

Peptide amphiphiles (PAs) are another class of peptide molecules that undergo β-

sheet interactions. They are non-natural, rationally designed building blocks for the 

self-assembly into high-ordered structures. In general, they consist of a hydrophobic 

and a hydrophilic segment. One of the first and best-studied PA-systems was 

developed by Jeffrey Hartgerink in the laboratory of S. Stupp.72 These rationally 

designed PAs consist of up to four domains. The first segment is a hydrophobic alkyl 

tail. The second domain consists of an oligopeptide providing intermolecular hydrogen 

bonds to support β-sheet formation. The third segment consists of charged amino 

acids to increase solubility in aqueous solvents and offer responsiveness to changes 

in ionic strength and pH of the solution (figure 7). Furthermore, there is the possibility 

to add a fourth domain at the hydrophilic end with functional groups, e.g. bioactive 

epitopes, which should assemble at the fibril surface.72,73  
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Figure 7. Design of PAs and selection of possible nanostructures which can be adopted.74 

Figure adapted from [74], with permission from American Chemical Society (ACS).  

 

These PAs were shown to self-assemble into various nanostructures like fibrils, 

micelles, or ribbons. In the following, especially PAs forming fibrils are discussed. Due 

to the design principles, self-assembly is driven by the collapse of the hydrophobic 

alkyl segment in aqueous media, the hydrogen bonds and side-chain interactions of 

the second peptidic pattern, and electrostatic repulsion between charged amino acids 

in the third domain.73 In-depth structure analysis with different techniques revealed the 

formation of β-sheets with parallel orientation in respect to the fibril axis with altered 

internal order dependent on the molecular structure of the PA.75 Those SAPs 

furthermore revealed interesting dynamic behavior. Mixing, for example, of 

complementary charged PAs resulted in the formation of co-assemblies. This allows 

the generation of tailored fibrils based on different monomers to incorporate different 

functionalities into a single fibril.76,77 FRET technique and stochastic optical 

reconstruction microscopy (STORM) revealed a dynamic exchange between different 

individual fibrils. Therefore, PAs were functionalized with the fluorescent dyes Cy5 and 

Cy3 and fibrils of each functionalized PA were formed. After mixing, two-color STORM 

experiments showed the exchange of both monomers and small clusters.78 

Interestingly, this behavior was not found in all areas of the fibrils, implicating a 

structural diversity.78 Beyond the molecular design and its resulting nanostructures, the 
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behavior of these fibrils to create materials in the macroscale was investigated. Stupp 

et al. showed that these PA nanostructures are able to form gels in aqueous media 

under charge-screening conditions by the addition of metal salts. Furthermore, the 

gelation kinetics were adjustable by altering the PA’s molecular structure, and these 

gels are promising injectable biomaterials.73,79,80 Thermal annealing followed by slow 

cooling can yield long fibrils that can be aligned into centimeter-scale strands by 

drawing them from a pipette into an aqueous salt solution.73,74,81  

The nanostructures formed by PAs are highly tunable and offer an exciting tool box, 

especially for medical applications.73 Stupp et al. investigated PA-derived 

nanostructures for several applications. PA-derived nanofibrils can serve as a template 

for mineralization reactions. Such PAs were designed with a phosphoserine 

functionality and serve for the nucleation of cadmium sulfide crystals.82 Furthermore, 

these PAs were used to serve for enzymatic harvesting of phosphate ions to nucleate 

hydroxyapatite on the fibrils’ surface for biomimetic mineralization.83 PA-derived fibrils 

are also very suitable for drug delivery. For example, PAs were used to encapsulate 

the anticancer drug camptothecin, which is normally poorly soluble and whose 

solubility was increased 50-fold in its encapsulated form.84,85 Increased anticancer 

activity was observed in vitro and in an in vivo mouse model for breast cancer.85 In 

another approach, PAs were covalently conjugated to drugs using a hydrazone linker, 

which is hydrolyzable in aqueous media to release the drug in a controlled fashion.86 

Gels of such modified PAs revealed drug release over a period of several weeks due 

to hydrolysis.87 Another study described the usage of a PA nanofiber gel for delivery 

of carbon monoxide (CO). Ruthenium glycinate, a well-known compound for 

spontaneous release of CO in aqueous media, was linked to PAs, and gels were 

formed and injected into the desired area. Cardiomyocytes, which were under oxidative 

stress had significantly improved viability.88 PAs were also shown to improve neural 

regeneration.73,89–92 To track PAs in vivo in a non-invasive approach, PAs were 

synthesized with covalently linked 1,4,7,10-tetraazacyclododecane1,4,7,10 tetraacetic 

acid (DOTA). DOTA is a chelate ligand and allows the complexation with Gd(III), which 

can be tracked via magnetic resonance imaging (MRI). The DOTA modified PAs were 

still suitable to self-assemble into nanostructures and could be imaged by MRI.93 PAs 

also revealed increased regeneration of bone tissue. Therefore, a porous titanium 

scaffold was filled with PAs, which is suitable for implants.94 Furthermore, these hybrid 

materials increased attachment and migration of pre-osteoblasts.95   
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To summarize, rationally designed PAs offer a great toolbox for the fabrication of 

fibrillar nanostructures with diverse functions. Those fibrils can mimic the extracellular 

matrix and have been applied successfully in various applications, such as in 

regenerative medicine. Further functionalization of PAs with, for example, bioactive 

groups or fluorescent markers allow the fabrication of tailored nanomaterials with 

various functionalities. Additionally, PA-based systems offer the possibility to create 

gels as a 3D-scaffold.  

Another exciting peptide-based system is RADA-16 and its derivatives. These peptides 

are comparable to PAs, but they only consist of amino acids with an amphiphilic 

pattern. Such hydrogel-forming peptides based on short self-assembling peptide 

sequences were first reported in 1993 by Zhang et al. inspired by the EAK16-II 

sequence, a fragment of the Z-DNA binding protein in yeast.96 Until today, many 

studies were published on this family of SAPs. The most common one is the well-

studied polypeptide RADA-16 with the sequence RADARADARADARADA, which 

combines positively charged arginines (R), hydrophobic alanines (A), and negatively 

charged aspartic acids (D). This alternating motif promotes the formation of β-strand 

nanostructures.96,97 RADA-16 forms fibrils in aqueous media with a diameter of 6-10 

nm.98 In-depth investigations of such fibrils revealed the formation of parallel β-

sheets.97 Those fibrils can arrange to form a hydrogel scaffold mimicking the ECM with 

pore sizes in a range of 5-200 nm.98 RADA-16 systems revealed several features like 

high biocompatibility, the possibility to degrade into its biocompatible building blocks, 

or low immunogenicity, which makes them attractive for biomedical applications.98  

Therefore, these fibrils and hydrogels were used in various medical and regenerative 

applications. The following figure 8 gives an overview of tissue engineering 

applications for RADA-16.98  
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Figure 8. RADA-16 and modified derivatives as a peptide hydrogel for tissue engineering. 

RADA-16 allows the formation of gels, which can be injected into various damaged tissues like 

nerves, skins, or bones to support regeneration locally.98 Figure reprinted from [98], with 

permission from Taylor & Francis (www.tandfonline.com). 

 

RADA-16 systems were shown in several studies to support neural regeneration. 99,100 

RADA-16 also revealed its potential, for example, in bone regeneration. A study 

described a multifunctional RADA-16-based system using three functional motifs. 

Osteogenic growth peptide ALK, osteopontin cell adhesion motif DGR, and the RGD 

binding motif PGR were linked to the peptide.101,102 These multifunctional scaffolds 

enhanced mouse pre-osteoblast cell proliferation and differentiation in an efficient 

fashion.103 In another approach, RADA-16 was used to successfully support skin repair 

as shown by the improved proliferation of skin-derived precursors.104 RADA-16 was 

furthermore used for breast reconstruction.105 Herein, RADA-16 hydrogels were loaded 

with the antitumor substrate tamoxifen and human mesenchymal stem cells.105 

Additionally, RADA-16 was also suitable for drug delivery. One study, for example, 

described the controlled release of lipophilic drugs from a RADA-16 hydrogel.106 In 

another study, modified RADA-16 hydrogels were used for the controlled release of 

the anti-cancer drug 5-fluorouracil.107 

All in all, the RADA-16 system is a well-studied toolbox for the fabrication of gels 

consisting of self-assembled nanofibrils. RADA-16 offers many possibilities to 
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functionalize its side chains or its termini with various groups without harming self-

assembly behavior by co-assembly of RADA-16 and modified RADA-16.99 Until today, 

RADA-16 is mainly used in biomedical applications, especially as a 3D cell culture 

scaffold, and has beneficial effects on the differentiation of several cell types.98 

However, synthesis of RADA-16 is comparable difficult in high yields and purities, as 

some studies revealed.108 

 

1.2.4 Short aromatic self-assembling peptides 

 

Short aromatic peptides offer another class of promising building blocks for creating 

nanosized structures and materials. Diphenylalanine (FF) is one of the best-studied 

peptides in this class and has broad applicability (figure 9).14 It is inspired by nature’s 

amyloid fibrils. For example, in β-amyloid, FF is part of the core sequence.14,109 FF-

based building blocks can form a broad range of supramolecular nanostructures like 

nanofibrils or nanotubes.14 

 

Figure 9. Variety of nanostructures based on the self-assembling of the FF dimer and its range 

of applications.14 Figure adapted from [14], with permission from Royal Society of Chemistry. 

 

FF is one of the simplest self-assembling peptidic building blocks. It can self-assemble 

into highly-ordered nanotubes through a combination of hydrogen bondings of the 

peptide backbone and π-π stacking due to the aromatic side-groups. Those well-
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ordered tubes are very stable against heat treatment.109,110 Further investigations of 

these tubes revealed a very high rigidity with a Young’s modulus of around 19 GPa 

compared to, for example, natural microtubules of the cytoskeleton with a Young’s 

modulus of 1 GPa.111,112 The resulting morphology of FF-assemblies as well as their 

formation kinetics are highly dependent on the solvent.113 Furthermore, FF nanotubes 

are suitable building blocks for macroscaled materials. For example, they were shown 

to vertically align by controlled film growth in a dense order, and a spatial horizontal 

alignment could be reached by using a magnetic field.114–116 Addition of small 

functionalities at the N-terminus was further reported to affect self-assembly and its 

resulting morphology.117 Fmoc-FF was shown to self-assemble into nanofibrils in 

water, and it can also form gels.118 These hydrogels are remarkably stiff and rigid with 

ordered peptide chains in an antiparallel β-sheet structure.119 Another study revealed 

that the substitution of phenyl alanines with derivatives modified by various lengths 

between the α-carbon and the side-chain phenyl ring affected self-assembly 

behavior.120 Functionalization of the phenyl ring with, for example, halogen 

substituents also revealed altered self-assembly behavior.12 In addition, FF can co-

assemble with other small aromatic peptides. A study reported the co-assembly of FF 

and FFF at different ratios and revealed changes in morphology that can be 

advantageous for controlling self-assembly and resulting structure.121 It was also 

reported that functionalization with boronic acids resulted in a pH-dependent self-

assembly behavior, which can be used for the functionalization with polyols.122 

Such FF-based nanomaterials have a high potential for several applications. For 

example, FF-based nanofibril hydrogels can mimic the extracellular matrix and are 

suitable for 3D cell culturing and several biomedical applications.118 They were also 

used for drug delivery, for example, to transport oligonucleotides.123 Combination of 

FF nanotubes with quantum dots allows the usage in bio-imaging methods.124 

Additionally, Fmoc-FF was mixed with Fmoc-RGD to incorporate another functional 

motif, and 3D-gels were fabricated, where RGD-groups are presented on the fibrils’ 

surface.125 The combination of such functionalities makes this system a promising 

material for cell studies. 

FF-nanotubes were also used in more technological fields, for example, for the 

fabrication of nanowires. Silver ions were reduced in FF-nanotubes and the peptide 

backbone can be enzymatically degraded resulting in silver nanowires with high 
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persistence lengths.109 With a similar approach, even co-axial metal nanowires can be 

fabricated.126 Electrodes modified by FF-peptide nanoforests showed promising 

results as a biosensor with enhanced sensitivity compared to uncoated electrodes.127   

FF-based nanomaterials offer a variable toolbox for several material science and 

biomedical applications. Functionalization affects the self-assembly behavior in 

several studies and has the potential to control the self-assembly process and its 

resulting structures. FF and its derivatives can adopt various nanostructures from 

tubes to fibrils and can be even aligned and used as tailored nanomaterials. FF can 

also co-assemble with other aromatic, short peptides, allowing the control of its 

structure and the incorporation of additional functionalities. 

All in all, peptide-based nanomaterials offer a highly versatile and promising tool for 

several applications, especially for medicine. In chapter 1.3, an introduction to 

peripheral nerve injuries and gene therapy is given. Peptides used in this thesis were 

applied in both models to investigate their behavior in different cellular environments.   

 

1.3 Potential applications for peptide-based nanomaterials 

1.3.1 Peripheral nerve injuries  

 

The human nervous system consists of two parts, the peripheral and the central 

nervous system. The central nervous system primarily consists of the brain and the 

spinal cord. In contrast, the peripheral nervous system (PNS) consists of the nerves 

outside this area, such as the spinal nerves connected to the spinal cord. The primary 

function of the PNS is to combine the peripheral nerves in the body with the more 

protected central nervous system.  

Peripheral nerve injuries (PNI) are relatively common and impact many individuals. In 

the USA, for example, 350,000 people suffer from PNIs per year.128 PNI is caused by 

several reasons, including different kinds of accidents, such as with knives, during 

sports, at work, and also with vehicles.129,130 The body’s own potential for nerve 

regeneration and full recovery is often limited. Thus, the development of suitable 

methods for treating peripheral nerve injuries is of high interest, also because of the 

high complexity of such injuries, which can occur at different levels throughout the 

body. 



20 | I n t r o d u c t i o n  

 

Several approaches have been developed to treat PNI. The most common method to 

treat PNIs is nerve surgery, which dates back to 1608 when Ferrara performed the first 

reconstruction of a cut.131 Although progress has been made in recent decades, is a 

full recovery often limited. Several surgical approaches are used to treat injuries of the 

PNS. In general, successful repair and the kind of surgical approach depend on several 

factors like time of surgery after an injury and associated injuries, age, and health of a 

patient.132  

The gold standard to treat PNI is microsuturing (figure 10a), where nerve stumps are 

sutured together. Like most surgical methods, it is important to proceed within a short 

period of time after injury to increase the chance of successful repair. Suturing is 

dependent on the kind of damage and location in the body as well as the individual 

ability of the surgeon. Furthermore, the correct guidance of axons, the nerve fibers 

responsible for transmitting information between neurons, is necessary.129,132 If nerve 

gaps are larger or tissue is lost, suturing is not always the method of choice. The gold 

standard for treating large gaps between nerve endings is the usage of nerve grafts to 

bridge the gap (figure 10b). The first reported use of an allograft was in 1885 by 

Albert.133 This technique uses tissue material or nerves from human cadavers and 

does not require harvesting of the body’s tissue, but it could cause undesirable immune 

responses.134 Autologous nerve grafts can overcome these limitations of immune 

response by harvesting a nerve graft from the patient's body. Millesi initially 

demonstrated these benefits in 1967 in animal experiments.134,135 The most commonly 

used autograft is derived from the sural nerve of the lower part of the knee.129,136  

A further concept is the application of nerve guide conduits (NGC, figure 10c). This 

was first shown in 1881 by using a hollow bone to bridge a nerve gap in a dog model.134 

The idea behind a NGC is to bridge a nerve gap, guide regeneration, and protect this 

process from the outside.134,137,138 NGCs should support axon regeneration but also 

speed it up.134  
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Figure 10. Current approaches for the treatment of nerve injury. (A) Microsuturing, (B) usage 

of nerve grafts, and (C) usage of NGCs.139 (C) Adapted from [139], published under CC-BY 

4.0, https://creativecommons.org/licenses/by/4.0/. 

 

The first hollow NGCs provided only poor regeneration.140 In the last decades, there 

have been several approaches to generate improved NGCs by incorporating 

permeability, multichannels, or conductive polymers. NGCs should provide 

biocompatibility but also biodegradability.129,134 Recent NGCs are fabricated by natural 

as well as synthetic materials. Natural NGCs, for example, were produced with 

collagen141 or chitosan142. Examples of synthetic polymers are PGA143, PLGA144, or 

PCL145.  The addition of cells, especially Schwann cells, to such tubes can support 

regeneration.146 Furthermore, also nerve growth factors were added to NGCs like 

nerve growth factor (NGF)147, glial cell line-derived neurotrophic factor (GDNF)148, or 

neurotrophin-3149 to improve the healing process.  

SAPs have shown beneficial effects in nerve regeneration in several studies and may 

offer an additional treatment option, also in combination with the use of NGCs. Such 

systems offer the advantages that they can also be used non-invasively, and the 

design can be modified as desired. For example, peptide amphiphiles (PAs) were 

shown to improve neural regeneration and recovery. Such PAs were functionalized 
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with the laminin-derived sequence IKVAV, which promotes neurite growth. After 

modification, these PAs were still able to form peptide fibrils and even gel-like scaffolds. 

In vitro investigations with neural progenitor cells revealed enhanced differentiation into 

neurons.150 In another study, PA properties were adjusted to understand their bioactive 

behavior better. Stiffness was varied and revealed an important role in using PA 

substrates with an altered molecular structure to cultivate hippocampal neurons.73,89 In 

addition to these in vitro applications to investigate the suitability of PA systems, animal 

models have been established. IKVAV PA gels revealed beneficial effects in a mouse 

model. Furthermore, IKVAV PA gels were injected in a spinal cord injury and supported 

healing.90 A multifunctional IKVAV PA gel containing the brain-derived neurotrophic 

factor (BDNF) was investigated in a rat model and revealed improved regeneration.91 

The use of aligned PA fibrils with encapsulated sonic hedgehog had beneficial effects 

in the regeneration of the cavernous nerve.92 Furthermore, RADA-16 systems were 

used for the treatment of damaged nerves. RADA-16 was functionalized with the 

IKVAV motif, including a spacer to enhance the flexibility of the bioactive epitope. 3D-

scaffolds formed by the self-assembling peptide enhanced proliferation and 

differentiation of neural stem cells into neurons in an in vitro approach.99 Another study 

described the functionalization of RADA-16 with mimetics derived from BDNF as well 

as nerve growth factor (NGF), and different mono-functionalized RADA-16 derivatives 

were mixed to result in a multifunctional, adjustable hydrogel that was used to culture 

neurons.100 Hydrogels obtained by mixing the different RADA-16 species resulted in 

improved bioactivity and revealed synergistic effects. Improved recovery was found in 

an in vivo model for a 10 mm long sciatic nerve defect in rats.100  

So far, PNI is still mainly treated by surgery. NGCs are a promising alternative and the 

focus of recent research. However, the outcome is not comparable to surgery, and 

NGCs are very expensive. SAPs showed high potential to stimulate the intrinsic 

regeneration, but they are combined with supporting materials like NGCs or additional 

growth factors in most approaches. Biomaterial-based approaches without the 

necessity of further supporting materials, which can be applied directly and cost-

efficient, are largely missing and could serve future opportunities to treat PNIs and are 

also of high interest for various further approaches like gene therapy as described in 

the following chapter. 
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1.3.2 Retroviral gene transfer 

 

Besides the promising behavior of SAPs to support nerve regeneration, they also 

revealed beneficial behavior in other biomedical fields. Fibrillar systems for 

transporting retroviral particles into cells have recently been shown for treating genetic 

diseases by introducing genetic material into host cells.151 Retroviral gene transfer 

allows the stable and safe introduction of genetic material in vivo into host cells.152 

Common retroviral vectors are derivatives of the human immunodeficiency virus 1 

(HIV-1) or murine leukemia virus (MLV). MLV vectors can transduce only dividing cells, 

whereas HIV-1 vectors are also capable of transducing non-dividing cells.152,153 

Retroviral vectors can be generated in specific cells (packaging cells) that synthesize 

all necessary retroviral proteins and the retroviral particle in the absence of replication-

competent viruses. In general, retroviral vectors consist of a transgene, glycoproteins, 

and structural proteins. Glycoproteins support fusion with host cells, where the 

transgene is reverse transcribed into double-stranded DNA and subsequently 

integrated into the host cell’s genome.154 However, retroviral gene transfer is still 

limited by poor transduction rates mainly due to low virus concentrations as well as 

inefficient cell attachment caused by electrostatic repulsion between negatively 

charged viral particles and cell membranes.154–156 To overcome these limitations, 

several materials have been used in the past as transduction enhancers. The most 

common class of materials used for this approach are cationic polymers like 

polybrene156. Still, these substrates often lack biocompatibility. Therefore, there is still 

a need for other substrates that enhance gene delivery, like liposomes, which were 

shown to increase viral uptake efficiently.157 Protamine sulfate, a nature-derived 

cationic substrate, was also shown to increase transduction rates efficiently.158 Another 

commonly used transduction enhancer is the fibronectin-derived polypeptide 

retronectin.159 All of these materials mediate the attachment of viral particles to host 

cells by overcoming electrostatic repulsion. Recently, fibrillar systems have been 

shown as alternative candidates, which especially offer good biocompatibilities.154 In a 

study to investigate semen’s role in HIV infection, a cationic amyloid-like fibril was 

discovered.69,70 A fragment of the prostatic acid phosphatase, PAP248-286, was shown 

to enhance viral uptake drastically. This peptide is able to form amyloid-like structures 

with β-sheet-rich composition, and the characteristic fibrils have dimensions of several 

micrometers in length and high sensitivity towards amyloid-specific dyes like Thioflavin 
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T or Congo red.69 Another promising fibril-forming peptide is the so-called enhancing 

factor C (EF-C). EF-C was discovered by coincidence during investigations of the HIV 

glycoproteins to develop a peptide-based transduction inhibitor. The 12-mer 

QCKIKQIINMWQ self-assembled into cationic, β-sheet-rich peptide nanofibrils with 

amyloid-like characteristics that surprisingly drastically enhanced viral uptake.151 Such 

SAPs offer a new class of future retroviral transduction enhancers, and they are more 

efficient than other materials (figure 11a). Due to the high amount of cross-β-sheet 

structures, these fibrils revealed a very high stiffness and rigidity than other polymer-

based enhancers. The more flexible polymers tend to attach better to the surface of 

virions and shield negative net charge of the particles more efficiently, which causes 

reduced transduction rates compared to the rigid fibrils (figure 11b). After fibril-virus 

complexation, fibrils mediate cell interaction and viral uptake immediately by bridging 

electrostatic repulsion (figure 11c).  

 

Figure 11. Proposed mechanism of retroviral transduction. (a) SEVI and EF-C transduction 

rates compared to other substrates. (b) Schematic description of nanofibrils and their binding 

to retroviral particles compared to flexible polymers. (c) Schematic description of the virus 

complexation of nanofibrils and further attachment to cell membranes based on electrostatic 

attractions.151,154 (a) Adapted from [151], with permission from Springer Nature. (b, c) Reprinted 

from [154], with permission from John Wiley and Sons, Inc. 

However, even though basic principles for enhanced transduction rates were 

discovered, there is still less systematic research on how the primary sequence affects 

self-assembly behavior, nano-structuring, properties, and biological impact. Such 

SAPs already offer a promising alternative to retronectin ex vivo and in vitro, especially 

regarding the simplicity of manufacturing and the lower costs. First studies from mice 

showed promising results ex vivo151, but for in vivo applications, it is still necessary to 

investigate the fibrils’ effects in a living system and their fate. 
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II Motivation and Goal 
 

Peptides occur in nature in many biological systems and cellular environments in 

several functions and are essential for many biological processes. Nature perfectly 

realized the bottom-up approach of small building blocks to create nanoscaled 

materials and processes. Self-assembling peptides are supposed to offer good 

biocompatibility and have great potential for the fabrication of programmable, artificial 

materials that can mimic natural structures, systems, and processes on the nanoscale 

in a dynamic fashion. Next to these attributes, peptides also offer easily scalable 

synthesis and high suitability in modification by, for example, functionalization of the 

terminus or the side chains to extend their applicability. Therefore, they have attracted 

great interest in the past decades due to their remarkable properties in several 

technological and biomedical applications.   

Many different peptide systems have been described in literature, investigated in great 

detail, and their sequences have been optimized for specific applications. While 

research in this area could generate general design rules for SAPs, a systematic 

understanding of how the primary sequence affects downstream processes like self-

assembly behavior, resulting structure and morphology, and final properties is still 

largely missing. Several approaches are still based on trial and error. 

Considering all common 22 natural amino acids without extending to artificial building 

blocks, nearly endless possibilities are available already for small peptides. Single 

substitutions of amino acids within small peptides can alter their self-assembly 

behavior and change the resulting properties dramatically. For a systematic 

investigation, it is necessary to create a peptide library to gain significant results on the 

relationship between primary sequence and resulting attributes up to their biological 

behavior. This could be highly beneficial to obtain a more exact and predictable 

outcome (figure 12). 
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Figure 12. Schematic representation of the process for obtaining structure-activity 

relationships in three steps: First, a peptide library is synthesized. Subsequently, the self-

assembled structure and corresponding physico-chemical properties are studied. Finally, 

these nanomaterials are tested in the presence of cellular systems to evaluate the biological 

response, thus completing the SAR process. Furthermore, functional groups can be attached 

to the fibril surface to expand their usability. 

 

Starting from a known peptide sequence, EF-C, which has a strong tendency to form 

fibrillar amyloidal aggregates and shows intrinsic bioactivity, this thesis aims to 

generate an in-depth understanding of structure-activity relationships (SAR) in peptide 

assemblies. Therefore, the primary sequence was altered rationally, creating a library 

of β-sheet forming compounds. The self-assembly behavior of these peptides as well 

as the properties of the resulting nanostructures were studied, and bioactivity in models 

for PNI and gene therapy were investigated. Such findings could be very beneficial for 

designing tailored peptide-based materials for biomedical applications.  

Here, I chose two systems to test the biological response to the peptide library. First, 

due to the strong similarity of the EF-C fibrils to fibril-forming proteins of the 

extracellular matrix, the SAPs obtained from the peptide library were tested as growth 

substrates for neural cells both in vitro and in vivo. With a better understanding of the 

underlying SAR, therapeutic improvements in the regeneration of damaged neurons 

may be achieved. Furthermore, auto-oxidative polymerization of dopamine was 

performed on the fibril surface. Therefore, functionalization was performed on 

preformed nanofibrils to not affect the self-assembly process and retain their properties 

while expanding their usability with additional functionalities in, for example, a pH-

responsive fashion. This could give insights into the potential for attaching additional 
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functionalities. This part of my thesis was done in collaboration with the group of Prof. 

Bernd Knöll at Ulm University.  

Second, together with the group of Prof. Jan Münch, the EF-C derived SAP library was 

tested as viral transduction enhancers, following the serendipitous discovery of the EF-

C sequence as a potent candidate. This study aims to better understand the 

contributions of structural features to the overall bioactivity and result in even more 

efficient transduction enhancers.  

Taken together, the two biological systems may provide insights into general design 

rules for highly active peptide assemblies from EF-C-derived SAPs as an example of 

bio-functional nanomaterials. 
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III Results and Discussion 
 

3.1 Introduction to “Sequenced-Optimized Peptide Nanofibers as 

Growth Stimulators for Regeneration of Peripheral Neurons” 

 

Self-assembling peptides (SAPs) are exciting building blocks for the formation of 

nanomaterials. They have great potential to mimic natural cell scaffolds and could 

serve as an exciting artificial material in tissue engineering and regeneration.160 Still, it 

is difficult to predict which sequences and structures affect a particular cellular 

response. In this article, we investigated the structural key elements of peptidic 

nanomaterials and how they affect cellular behavior. Therefore, we have established 

a peptide library consisting of 27 short SAPs with systematic variations in the primary 

structure. Table 1 describes some representative SAPs. 

Table 3. Characteristics of a selection of SAPs: SAP name and one letter code amino acid 

sequence. Qualitative fibril formation (fibril form.) based on transmission electron microscopy 

studies (“+” for fibrils, “0” for aggregates and “-“ for no fibrils or aggregates). Zetapotential 

based on electrophoretic mobility measurements. FT-IR bands in the amide I range. 

Conversion rates (conver. rate) as the amount of peptide monomers participating in fibril 

formation. Proteostat® binding (prot. bind., “-“ for < 10 n-fold fluorescence enhancement and 

“+” ≥ 10 n-fold fluorescence enhancement). Table adapted from “Schilling et al. Sequence-

Optimized Peptide Nanofibers as Growth Stimulators for Regeneration of Peripheral Neurons, 

Adv. Funct. Mater. 2019, 29”, with permission from John Wiley and Sons, Inc. 

SAP  
name 

sequence fibril 
form. 
 

Zetapotential 
(mV) 

FT-IR  
(cm-1) 

conver. 
rate (%) 

prot. 
bind. 

SAP1d  KIKIQI  - n.d. 1630 5 - 
SAP1e (H2O) Fmoc-KIKIQI  + 54.7 ± 2.1 1628 94 + 
SAP2b KFKFQF - n.d. 1626 83 - 
SAP2e CKFKFQF + 22.3 ± 1.4 1627 95 + 
SAP5c RGDKIKIQIC + 21.7 ± 1.2 1627 80 + 
SAP6a  KIKIQIRGD  + -10.1 ± 1.3 1626 n.d. + 
SAP7a HHHHKIKIKIKIWWWW 0 18.1 ± 0.5 1628 96 + 
SAP7b KIKIKIKIWW 0 21.0 ± 0-3 1627 92 - 
SAP8a EIEIQINM + -36.0 ± 3.5 1630 77 + 

 

All peptides are derived from the previously developed transduction enhancer EF-C, 

and most of the SAPs contain the core pattern KIKIQI or KFKFQF.151 The majority of 

the new SAPs in the library were shown to spontaneously self-assemble into peptide 

nanofibrils in phosphate buffered saline (H2O for SAP1e) as investigated with 

transmission electron microscopy (TEM). The peptide nanofibrils have lengths of up to 
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a few micrometers and diameters of up to several nanometers. They can form 2D 

networks, which could to a certain extent mimic the extracellular matrix. Additionally, 

we also determined the amount of peptide monomers converting into a fibril with a 

fluorescence-based assay previously established in our group.161 We found a wide 

range of conversion rates (CR) for the peptides with values ranging from 5% (SAP1d, 

KIKIQI) up to 96% (SAP7a, HHHHKIKIKIKIWWWW), often corresponding to significant 

differences in self-assembly behavior. Most peptides with medium to high conversion 

rates also formed fibrillar nanostructures. However, in some cases, only aggregates or 

soluble material could be detected via TEM, such as for SAP1a (KIKIKIQI) or SAP2c 

(KFKFKFQF).  

Furthermore, we also investigated the zeta potential of the peptide assemblies by 

determining the electrophoretic mobility as a measure for the fibrils’ surface charge. 

We expected a net positive surface charge to be more prone for interactions with net 

negatively charged cellular membranes. Most of our peptides were net positively 

charged. However, we could demonstrate that tuning the surface charge through the 

choice of amino acids is possible. For example, the substitution of lysines with glutamic 

acids resulted in net negatively charged peptide nanofibrils (SAP8a, EIEIQINM). 

Nevertheless, a few lysine-containing sequences like SAP6a (KIKIQIRGD) revealed net 

negatively charged surfaces. 

Next, we investigated the ability of all SAPs to promote cell adhesion as well as cell 

growth and survival. In a medium throughput screening assay, we found that several 

SAPs, when applied as surface coatings, could enhance cell adhesion and growth of 

neurons from the adult mouse dorsal root ganglia (DRG) without the need for additional 

growth factors. We grouped neurons regarding their co-localized DAPI and βIII tubulin 

signals into small neurons (908-1994 μm2), medium neurons (1994-4161 μm2), and 

large neurons (4161-18721 μm2). The following figure 13 shows all SAPs and their 

ability to adhere and grow neurons in a ranking related to the number of large neurons.  
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Figure 13. Quantification of neurons. Neurons were grouped into small (908-1994 μm2), 

medium (1994-4161 μm2), and large ones (4161-18721 μm2). All SAPs were ranked according 

to the number of large neurons. PLL (poly-L-lysine) served as a positive control, whereas glass 

served as a negative control. Figure adapted from “Schilling et al. Sequence-Optimized 

Peptide Nanofibers as Growth Stimulators for Regeneration of Peripheral Neurons, Adv. Funct. 

Mater. 2019, 29”, with permission from John Wiley and Sons, Inc. 

 

SAP5c (RGD-KIKIQIC), SAP1e (Fmoc-KIKIQI), and SAP2e (CKFKFQF) showed the best 

performance. Interestingly, their primary sequences are significantly different. The 

biological performance was analyzed with the following parameters: i) impact of the 

SAP in enhancing the number of neurons attaching to the SAP coating; ii) the number 

of branches, and iii) the potential to elevate the neuronal area and average length of 

the longest neurite. Still, there were significant differences in bioactive behavior in 

some peptides when only minor changes were made to their sequence. For example, 

the sequence KFKFQF (SAP2b) turned into a highly bioactive SAP with the single 

addition of a cysteine (CKFKFQF, SAP2e). Therefore, we elucidated the structural 

features of the SAPs that are necessary for inducing high neuron outgrowth. One 

necessary feature of the SAPs seems to be a strong propensity to form fibrils. 
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Figure 14. (A) SAP labels and sequences. (B–F) Analysis of PNF morphology via AFM of 4 

SAPs. Scale-bar = 500 nm. (F) Cross-sectional height investigated of several individual fibrils. 

(G-I) Secondary structure analysis. (G) FT-IR spectra normalized to the maximum in the amide 

I range. (H) Second derivative of IR spectra. (I) Ratio of intermolecular β-sheets to α-helices 

and turns versus number of total neurons. Figure adapted from “Schilling et al. Sequence-

Optimized Peptide Nanofibers as Growth Stimulators for Regeneration of Peripheral Neurons, 

Adv. Funct. Mater. 2019, 29”, with permission from John Wiley and Sons, Inc. 

 

All highly bioactive SAPs revealed fibril formation as investigated with TEM and 

conversion rate assay. Nevertheless, good self-assembly properties alone did not 

explain the high biological activity without considering further aspects. For example, 

the peptide SAP6a showed decent nanofibril formation in TEM but almost no bioactivity. 

Therefore, we expanded our characterization with a more detailed structure analysis. 

We investigated the cross-sectional height with atomic force microscopy (AFM, figure 

14B-F). SAP2e (CKFKFQF) showed significantly enhanced bioactive behavior and 
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higher diameters compared to SAP2b (KFKFQF). The same tendency was found for 

SAP5c (RGDKIKIQIC) and SAP6a (KIKIQIRGD).  

Furthermore, we used FT-IR for secondary structure analysis (figure 14G-I). All SAPs 

showed signals in the amide I band in the region of 1625-1635 cm-1, corresponding to 

β-sheets, and in the region of 1650-1685 cm-1, corresponding to α-helices and turns. 

Quantification of the different secondary structure elements revealed an increasing 

bioactivity with increasing β-sheet content (figure 16I). Fibrils with higher diameter 

correlated with higher β-sheet content and higher bioactivity, which could be explained 

by the higher stiffness and persistence length or the change of the fibrils’ surface and 

therefore better performance in neuronal outgrowth. In addition, all bioactive SAPs 

were positively charged, as shown by measurements of the electrophoretic mobility, 

while negatively charged fibrils did not enhance biological activity. This could be 

explained by the increased cell adhesion due to electrostatic interactions between 

negatively charged cell membranes and positively charged fibrils. A positive net charge 

is crucial, but increased bioactivity can only be achieved by combining all described 

structural key features and physico-chemical properties. 

In the next step, we have chosen SAP5c, as one of the best performing PNFs from the 

in vitro screening experiment, for first investigations in an in vivo PNS lesion model of 

the facial nerve in mice. Fluorescently labeled SAP5c fibrils remained at the lesion site 

up to several weeks after direct injection and promoted faster regeneration as well as 

functional recovery compared to a negative control group.  

To sum up, we investigated a library consisting of 27 SAPs forming peptide nanofibrils. 

We were able to identify sequences with increased biological activity for neuronal cell 

growth, and we were able to correlate structural key features for high biological impact 

like the ability to form fibrils, positive net charge, increased cross-sectional heights, 

and higher β-sheet content. Good candidates showed increased cell adhesion, 

neuronal outgrowth, and even faster functional recovery in an in vivo mouse model 

without the addition of growth factors. Furthermore, our SAPs could be injected directly 

into an in vivo mouse model and offer an excellent toolbox for regenerative medicine 

without the necessity to embed them into hydrogels or nerve conduits.  

These results are presented comprehensively in the manuscript in chapter 5.1. 
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3.2 Introduction to “Water-Dispersible Polydopamine-Coated 

Nanofibers for Stimulation of Neuronal Cell Growth” 
 

We have previously shown the great potential of SAPs as substrates to adhere and 

enhance neuronal cell growth. In the next step, chemical modification of preformed 

nanofibrils was accomplished to diversify the functionality of fibrils. 

Inspired by the amyloid fibril catalyzed polymerization of melanin, we tested if PNFs 

could act as a scaffold for synthesizing polydopamine (pDA) coated fibrils, thereby 

combining the fibrils’ morphology and bioactive properties with the pDA’s versatile 

chemical functions.53 We envisioned the pDA as a thin coating for further introduction 

of functional groups while retaining the bioactive behavior of the fibrils (figure 15a). 

We have chosen the peptide with the sequence KIKIQIII and first investigated its self-

assembly behavior via TEM. The peptide formed nanofibrils in aqueous media with 

several micrometers in length (figure 15b). FT-IR investigations revealed a signal in 

the amide I band region at 1631 cm-1 indicating β-sheets as a secondary structure 

element. In the next step, we added DA to preformed fibrils, and polymerization 

occurred by auto-oxidation. Absorbance spectroscopy was used at 300 nm to verify 

the presence of dopaminochrome and dopamine-o-quinone as known intermediates of 

the DA polymerization (figure 15d). Furthermore, TEM investigations revealed changes 

in the fibril morphology from fibrous aggregates to a denser packing with less visible 

fibrillar bundles, which is likely a result of the strong adhesive properties of the pDA 

coating (figure 15c). In addition, we used the amyloid-specific fluorescence dye 

Proteostat®, which has shown a strong enhancement of fluorescence for the fibrils 

only and decreased in the presence of pDA hybrid fibrils. This could indicate failed 

incorporation caused by the pDA coating. 
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Figure 15. (A) Illustration of DA polymerization in the presence of preformed KIKIQIII fibrils 

and the following investigations on adhesion and growth of neuronal cells as well as the pH-

dependent functionalization of catechols on the pDA surface with boronic acid modified 

Rhodamine B. (B-C) TEM micrograph of KIKIQIII fibrils (B) before coating and (C) after coating. 

(D) Absorption spectra of PNF, pDA, and pDA-PNF solutions (PNF and DA concentrations: 

0.5 × 10−3 and 0.08 × 10−3 M). Figure adapted from “Sieste et al. Water-Dispersible 

Polydopamine-Coated Nanofibers for Stimulation of Neuronal Growth and Adhesion, Adv. 

Healthc. Mater. 2018, 7”, with permission from John Wiley and Sons, Inc. 

 

AFM was used to investigate the cross-sectional height. We found an increased 

thickness of 0.41 nm ± 0.08 nm indicating an ultrathin pDA coating, thus confirming the 

possibility to use PNFs as scaffolds for the synthesis of pDA coated hybrid materials. 

Next, we investigated the accessibility of the well-known catechol functionality on the 

pDA’s surface. Catechols are able to react with boronic acids in a pH-responsive, 

reversible covalent reaction. Therefore, we used a boronic acid modified Rhodamine 

B dye for a proof of concept. We were able to successfully bind the dye to hybrid fibrils 

at pH = 7.4, as shown with fluorescent microscopy. After incubating at pH = 3.0, no 

fluorescence was detectable on the pDA-fibril deposits, indicating the successful 

release of the dye. 
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Finally, we wanted to show the potential of such hybrid fibrils in neural cell growth. 

Primary postnatal mouse cerebellar neurons were cultivated on glass coverslips 

coated with pDA-fibrils. Compared to negative controls of coated pDA only and glass, 

there was an increased cell and neuron attachment and growth (figure 16A+B) as well 

as neurite length (figure 16C). The average neurite length was even comparable to a 

positive control containing a coating with pLL and laminin. The biological impact was 

equal before and after pDA-coating of peptide nanofibrils. Furthermore, we 

investigated the stimulatory behavior of coated nanofibrils on the morphology of cones, 

the sensory tips of nerve fibers, derived from the mouse hippocampal neurons and 

found a stimulating effect (figure 16D-J). 

 
Figure 16. (A-C) Primary neuron attachment of mice and nerve fiber growth on unmodified 

glass coverslips and coatings of pll/lam, pDA, and pDA-PNF. Quantification of (A) total cell 

number, (B) number of neurons per area, and (C) average neurite length based on optical 

microscopy images (not shown here). (D-I) Cultivation of mouse primary hippocampal neurons 

plated on the indicated substrates. Labeling of microtubules (green) and F-actin indicating 

growth cones (red). (D+G) Growth cone area on glass only, (E+H) on pll/lam, and (F+I) on 

pDA-PNF. (G-I) represent higher magnifications of certain areas. (J) Quantification of the 

growth cone area for different conditions in at least three independent experiments. Each 

circle, square, or triangle indicates to a single growth cone. **: p ≤ 0.01; ***: p ≤ 0.001. Figure 

adapted from “Sieste et al. Water-Dispersible Polydopamine-Coated Nanofibers for 

Stimulation of Neuronal Growth and Adhesion, Adv. Healthc. Mater. 2018, 7”, with permission 

from John Wiley and Sons, Inc. 
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Overall, we demonstrated the successful auto-oxidative polymerization of DA into pDA 

in the presence of peptide nanofibrils spontaneously formed by the sequence KIKIQIII 

in an aqueous solution. AFM investigations revealed an increased thickness of hybrid 

fibrils, indicating an ultrathin layer of pDA. Using a boronic acid functionalized 

fluorescent dye verified the presence of catechol groups on the surface of pDA-

coatings in a pH-responsive reaction. We suggest those hybrid fibrils as a tool for 

further functionalization with cell receptor-specific groups or neuronal cell growth 

factors and thus also a promising biomaterial for nerve regeneration, since the 

bioactivity of hybrid fibrils was not altered compared to non-coated fibrils. 

These results are presented comprehensively in the manuscript in chapter 5.2. 
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3.3 Introduction to “Supramolecular Peptide Nanofibrils with 

Optimized Sequences and Molecular Structures for Efficient 

Retroviral Transduction” 

 

In chapter 3.1, a peptide library of several SAPs was investigated. Certain structural 

features and physico-chemical properties of PNFs were shown to critically determine 

the corresponding bioactivity regarding neuronal cell growth.  

EF-C was previously shown to be a promising enhancer of retroviral transduction. 

Therefore, we were curious whether these SAPs were also suitable for such cellular 

systems and applications and show a structure-activity relationship for enhancing 

transduction.  

In a similar approach to chapter 3.1, we investigated a peptide library consisting of 30 

derivatives. The EF-C-derived peptide library was established via multi-parameter and 

multi-scale optimization. 

The EF-C sequence QCKIKQIINMWQ was categorized into three domains: (i) the 

short N-terminal QC fragment; (ii) the amphiphilic KIKQII domain consisting of three 

isoleucines (I), which could drive the self-assembly and two positively charged lysines 

(K), which could support the solubility as well as the stability in aqueous media and 

also could play a crucial role in adhesion with both cells and negatively charged virions, 

and finally (iii) the C-terminal NMWQ fragment, which may play an important role in 

cell binding with CD4 receptors. Thus, the primary sequence may be important for self-

assembly behavior into fibrils and for bioactivity. The SAPs have to serve mainly two 

crucial functions: (i) the binding and up-concentration of virions and (ii) mediating cell 

fusion (figure 17). 
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Figure 17. Schematic illustration of the structure-activity study of a novel peptide library. All 

peptides are derived by the bioactive fragment of the HIV-1 glycoprotein gp120 named EF-C 

in a multi-parameter and multi-scale optimization. This peptide library was investigated 

systematically for fibril formation, structural parameters, virion-PNF, and PNF-cell attraction, 

and finally transduction enhancement. Figure adapted from “Sieste et al. Supramolecular 

Peptide Nanofibrils with Optimized Sequences and Molecular Structures for Efficient Retroviral 

Transduction, Adv. Funct. Mater. 2021, 2009382”, published under CC-BY 4.0, 

https://creativecommons.org/licenses/by/4.0/. 

 

The self-assembly behavior of all SAPs was investigated with TEM and supported by 

determination of CR and incorporation of Proteostat®. Furthermore, we also 

determined zeta potential as a mass for the fibrils’ surface charge, which could play a 

crucial role for binding negatively charged virions and adhering to negatively charged 

cell membranes. FT-IR was used to analyze secondary structures of all SAPs in the 

range of the amide I band. We used HIV-1 as a retroviral vector and TZM-bl as a model 

cell line to determine transduction enhancement. Transduction enhancement was 

determined with a chemiluminescence-based assay. HIV-1 vectors were able to 

integrate a β-galactosidase gene into cells and infected cells produced β-

galactosidase, which was directly quantified and correlated to the viral uptake. 

We have systematically truncated our sequences compared to EF-C at the N-terminus 

and the C-terminus. Furthermore, we have conducted a rearrangement of the amino 

acids to correct a structural defect in EF-C resulting in facially amphiphilic peptides. 

The rearrangement from PNF-1 (CKIKQIINMWQ) to PNF-7 (CKIKIQINMWQ) and 

PNF-3 (CKIKQII) to PNF-9 (CKIKIQI) revealed a drastic increase in bioactivity, and all 

sequences still showed self-assembly behavior. Cutting the N-terminal cysteine (C) 
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resulted in a total loss of transduction enhancement exemplary shown here for PNF-

12 and a significant decrease for all other PNFs compared to their cysteine (C) 

containing derivatives. The shortest peptide PNF-12 showed no self-assembly 

behavior anymore and therefore no biological impact. This behavior was observed for 

all peptide sequences with six amino acids, which could be the minimum length 

necessary to form fibrils. Cysteine seems to play a crucial role in both self-assembly 

behavior and resulting biological impact (figure 18). To underline this result, we 

substituted cysteine (C) with methionine (M) and saw a significant decrease in viral 

uptake again. 

 

Figure 18. (a) List of synthesized peptide derivatives with varied sequences including the 

ability to form PNFs as obtained in TEM measurements (“+” = fibrils and “-“ = no aggregate). 

CR for monomer-to-fibril conversion rate. Ability to bind Proteostat (“+” for ≥10 n-fold 

fluorescence enhancement and “−” for ≤10 n-fold fluorescence enhancement). Zeta potential 

(ζ) values as a mass of charge. (b) β-Galactosidase assay showing HIV-1 infection rates of 

TZM-bl cells observed in the presence of different concentrations of PNF. Values above the 

columns depict the change from baseline (0 µM). Shown are mean values derived from 

triplicate infections ± standard deviation in relative light units per s (RLU/s). (c) Representative 

TEM micrographs to investigate self-assembly behavior (scale bars = 500 nm). Figure adapted 

from “Sieste et al. Supramolecular Peptide Nanofibrils with Optimized Sequences and 

Molecular Structures for Efficient Retroviral Transduction, Adv. Funct. Mater. 2021, 2009382”, 

published under CC-BY 4.0, https://creativecommons.org/licenses/by/4.0/. 
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Next, we substituted isoleucines (I) with other hydrophobic amino acids like the less 

hydrophobic alanine (A) and the sterically more demanding phenylalanine (F), which 

could influence packing of the PNFs (figure 19a). All shown peptides were able to form 

fibrils with moderate to high CR (figure 19a+b). Interestingly, fibrils, where isoleucines 

(I) were substituted with alanines (A), did not enhance viral uptake, which could be 

explained by altered packing of fibrils or surface changes. PNF-3 and PNF-15 revealed 

self-assembly behavior, but were not able to increase viral uptake. Strikingly, PNF-3 

and PNF-15 fibrils were the only ones that exhibited a neutral or negative charge. 

Therefore, lysines (K) were exchanged with glutamic acid (E), which could result in 

negatively charged fibrils for additional proof. As expected, (E)-containing peptides all 

formed negatively charged nanofibrils and revealed mostly no transduction 

enhancement. To investigate this behavior in more detail, we used Proteostat® labeled 

PNFs (red) and YFP-labelled virions (green) to investigate virion attachment on fibrils 

by fluorescence scanning laser microscopy (LSM) and fibril attachment to labeled cells 

(figure 19d). Interestingly, negatively charged PNFs were still able to bind virions, but 

did not attach to cells to mediate cellular uptake, as shown here for PNF-19 

(CEIEIQINMWQ). Overall, the formation of positively charged peptide nanofibrils is an 

absolute necessity to enhance viral uptake. 

In chapter 3.1, we have shown that secondary structure composition could play a 

crucial role in bioactivity. Here, we investigated all PNFs with FT-IR, and all derivatives 

revealed bands in the amide I range indicating β-sheet formation. FT-IR investigations 

for those compounds revealed furthermore that net positively and net negatively 

charged fibrils both show comparable contents of β-sheets (figure 19e). 
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Figure 19. (a) List of synthesized peptide derivatives with varied sequences including the 

ability to form PNFs as obtained in TEM measurements (“+” = fibrils and “-“ = no aggregate). 

CR for monomer-to-fibril conversion rate. Ability to bind Proteostat (“+” for ≥10 n-fold 

fluorescence enhancement and “−” for ≤10 n-fold fluorescence enhancement). Zeta potential 

(ζ) values as a mass for charge. (b) β-galactosidase assay showing HIV-1 infection rates of 

TZM-bl cells observed in the presence of different concentrations of PNF. Values above the 

columns depict the change from baseline (0 µM). Shown are mean values derived from 

triplicate infections ± standard deviation in relative light units per s (RLU/s). (c) Representative 

TEM micrographs to investigate self-assembly behavior (scale bars = 500 nm). (d) Laser 

scanning micrographs to investigate virus-PNF clusters. Red indicates Proteostat® labeled 

PNFs and green YFP labeled virions. (e) FT-IR spectra of several net positively charged PNF 

(blue) and net negatively charged PNF (red) in the amide I range. Figure adapted from “Sieste 

et al. Supramolecular Peptide Nanofibrils with Optimized Sequences and Molecular Structures 

for Efficient Retroviral Transduction, Adv. Funct. Mater. 2021, 2009382”, published under CC-

BY 4.0, https://creativecommons.org/licenses/by/4.0/. 
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We quantified secondary structure elements and correlated them to transduction rates 

under consideration of conversion rates and surface charges. Again, we found PNFs 

with high intermolecular β-sheet content like PNF-18 to correlate with high bioactivities 

(figure 20). 

 

Figure 20. (a) IR spectra of selected PNFs normalized to the maximum in the amide I band 

range. (b) Second derivative of IR spectra for secondary structure analysis. (c) Secondary 

structure elements correlated with transduction rates under consideration of conversion rates 

and surface charges of several PNFs. Figure adapted from “Sieste et al. Supramolecular 

Peptide Nanofibrils with Optimized Sequences and Molecular Structures for Efficient Retroviral 

Transduction, Adv. Funct. Mater. 2021, 2009382”, published under CC-BY 4.0, 

https://creativecommons.org/licenses/by/4.0/. 

 

To sum up, we optimized peptides derived from the previously described transduction 

enhancer EF-C. Our studies revealed a deeper understanding of the PNFs’ self-

assembly, ability to bind virions and to cells and therefore enhance gene transfer. We 

were able to show that the NMWQ domain is not necessary for bioactivity. The 

minimum sequence length was determined to be seven amino acids, as demonstrated 

with CKIKIQI and CKFKFQF. The self-assembly into positively charged PNFs was a 

key requirement for increased transduction rates, since negatively charged PNFs could 

bind virions but did not mediate viral uptake with cells. N-terminal cysteines had a high 

impact on self-assembly as well as on bioactivity. As shown in the previous study, 

increasing β-sheet content again led to increased bioactivity. The study resulted in 

PNF-18 (CKFKFQF), which had a 40% reduced sequence length compared to EF-C 

with still better bioactivity. Therefore, it is also very attractive regarding economic 

aspects. 

These results are presented comprehensively in the manuscript in chapter 5.3. 
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IV Summary and Outlook 
 

In the last decades, peptides have gained an increasing focus for the bottom-up 

fabrication of nanomaterials in several medical and technological fields. During this 

time, general design principles for SAPs and resulting materials were achieved. Still, it 

is impossible to create artificial materials that can rival those produced by nature in 

terms of structural complexity, precision, and resulting performance in a particular task. 

This is mainly due to the high complexity of these systems. Overall, there is no 

systematic study on SAPs and their resulting properties yet.  

This creates a huge gap in knowledge for the rational design of tailored peptide-based 

nanomaterials. The majority of the recently published studies are based on 

phenomenological observations and often trial and error. Even a single truncation, 

addition, or substitution of an amino acid in a short peptide sequence can drastically 

alter self-assembly behavior and properties. Therefore, studying this issue is of high 

interest for the specific development of application-oriented peptide-based 

nanomaterials. 

During my work, I have investigated a library consisting of novel short peptides. The 

design of these peptides was derived from the previously published transduction 

enhancer EF-C. The peptides within the library were rationally altered in their primary 

sequence to investigate the resulting behavior more systematically.  

In cooperation with the Institute of Physiological Chemistry at Ulm University, we 

investigated those peptides as substrates for the cultivation of neuronal cells. The 

results obtained in this study revealed beneficial effects of SAPs on the adhesion and 

growth of neurons in vitro (DRGs, hippocampal neurons) as well as in an in vivo mouse 

model for peripheral nerve injury. Most of these SAPs were shown to self-assemble 

into fibrils or aggregates. Interestingly, there were big differences between these SAPs 

in their biological performance. To investigate this in a more detailed way, various 

techniques were applied to determine their physico-chemical properties and elucidate 

structural key features that determine high bioactivity. The studies revealed that the 

formation of net positively charged nanofibrils is a key requirement for increased cell 

adhesion and growth. This can be simply related to attractive interactions between 

positively charged nanofibrils and negatively charged cell membranes. Nevertheless, 

features such as the formation of net positively charged fibrils were not able to explain 
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large differences for various primary sequences without further investigations. 

Together with the Centre for Misfolding Diseases at the University of Cambridge, the 

peptide fibrils were thoroughly investigated regarding their internal structure. FT-IR 

was applied to elucidate the secondary structure, and AFM was used to determine 

cross-sectional heights of individual fibrils. These studies revealed that peptide 

nanofibrils with increased β-sheet content led to fibrils with higher cross-sectional 

heights and could be directly linked to an increased potential for neuronal cell adhesion 

and growth. Furthermore, promising candidates were applied in an in vivo mouse 

model for a peripheral nerve injury. Those nanofibrils were injected directly to the lesion 

site without the necessity for further components like nerve guide conduits or additional 

growth factors and remained up to three weeks at the lesion site and showed a faster 

functional recovery than controls. Overall, novel peptide-based nanomaterials could 

be established in these studies with beneficial effects on neuronal regeneration and 

key structural features as well as physico-chemical properties were determined in a 

structure-activity relationship.  

I was interested in if such a relation could also be found in a second approach in a 

similar fashion. Certain nanofibrils, especially EF-C, have been previously shown as 

very effective transduction enhancers. Therefore, we investigated the peptide library 

in cooperation with the Institute of Molecular Virology at Ulm University for its potential 

to enhance viral transduction. This study again revealed the necessity for the formation 

of net positively charged nanofibrils, which seems to be a key requirement for the 

interaction with cells. Interestingly, net negatively charged virions were still able to bind 

to net negatively charged peptide nanofibrils, but viral uptake was not mediated 

anymore, most likely due to failed attachment to net negatively charged cell 

membranes caused by repulsive forces.  

N-terminal cysteines were very beneficial on both self-assembly behavior and 

increasing transduction rates. Again, FT-IR was performed to investigate the structural 

key elements. SAPs forming assemblies with high β-sheet content were found to 

increase transduction rates more efficiently than their counterparts with lower β-sheet 

content. Those results are in line with previously obtained data in neuronal cell 

environments. Combining both studies, especially the sequence CKFKFQF could be a 

promising and efficient candidate for further biomedical applications.  
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It was demonstrated that SAPs are beneficial for neuronal regeneration and increased 

transduction rates for gene therapy approaches. In both studies, it was found that 

certain structural key features and resulting physico-chemical properties for good 

biological performance correlate and that there could be general attributes for the 

interaction of cells and nanofibrils.  

These novel SAPs are an ideal platform for biomedical applications due to their high 

efficiency, low costs and scalable synthesis, their high potential for further 

functionalization and tuning, and their promising biological performance.  

During my thesis, we also investigated peptide nanofibrils as a scaffold for dopamine 

polymerization inspired by the amyloid fibril-driven synthesis of the chemically 

comparable melanin to show their potential to further modify them and increase their 

applicability. Those hybrid fibrils revealed a similar biological impact compared to non-

coated fibrils. At the same time, polydopamine offers several functionalities on its 

surface, which allow attachment of functional groups even in a pH-dependent fashion, 

as shown in a proof of concept.  

Due to the variety of different amino acids with varying functionalities, there are several 

possibilities to chemically modify SAPs and fibrils for tailored nanomaterials with labels 

and dyes for monitoring in vitro and in vivo, cell targeting moieties, or bioactive groups 

such as nerve growth factors. Furthermore, the incorporation of breaking points can 

support and trigger their dis-assembly.  

Nevertheless, several key questions remain and need to be investigated in future 

studies. In this thesis, key structural features were investigated that are responsible for 

high activity, but a more mechanistic-driven study would be beneficial to determine the 

interaction of nanofibrils and cells on a molecular level. Furthermore, even though 

there was no harmful behavior of those novel SAPs in cellular environments and living 

systems, the fate of fibrils needs to be clarified in long-term studies, also concerning 

their structural relation to toxic amyloid fibrils. It is not clear yet, if a living system 

degrades those nanofibrils or if they deposit in certain parts of the body and cause 

long-term harmful effects. 

 



48 |  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



P u b l i c a t i o n s  | 49 

 

V Publications 
 
In the following are the reprints of manuscripts. The reprints were made with the permission of 

the respective journal. Furthermore, the copyrights are given on the covers, and the 

contributions of the individual authors are listed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



50 | P u b l i c a t i o n s  

 

5.1 Sequence-Optimized Peptide Nanofibers as Growth Stimulators for 

Regeneration of Peripheral Neurons 
 
Corinna Schilling,# Thomas Mack,# Selene Lickfett, Stefanie Sieste, Francesco S. Ruggeri, 

Tomas Sneideris, Arghya Dutta, Tristan Bereau, Ramin Naraghi, Daniela Sinske, Tuomas P. 

J. Knowles, Christopher V. Synatschke, Tanja Weil,* and Bernd Knöll* 

 
 

# shared first authorship, * corresponding author  
 
Published in Adv. Funct. Mater. 2019, 29, 1809112. DOI: 10.1002/adfm.201809112 
 
Copyright: Reproduced by permission of the publisher John Wiley and Sons, Inc.  
 
 

Abstract:  

There is an urgent need for biomaterials that support tissue healing, particularly neuronal 

regeneration. In a medium throughput screen novel self-assembling peptide (SAP) sequences 

that form fibrils and stimulated nerve fiber growth of peripheral nervous system (PNS)-derived 

neurons are identified. Based on the peptide sequences and fibril morphologies and by 

applying rational data-mining, important structural parameters stimulating neuronal activity are 

elucidated. Three SAPs (SAP1e, SAP2e, and SAP5c) enhance adhesion and growth of PNS 

neurons. These SAPs form 2D and 3D matrices that serve as bioactive scaffolds stimulating 

cell adhesion and growth. The newly discovered SAPs also support the growth of CNS neurons 

and glia cells. Subsequently, the potential of SAPs to enhance PNS regeneration in vivo is 

analyzed. For this, the facial nerve driving whisker movement in mice is injured. Notably, SAPs 

persist for up to 3 weeks in the injury site indicating highly adhesive properties and stability. 

After SAP administration, more motor neurons incorporating markers for successive 

regeneration are observed. Recovery of whisker movement is elevated in SAP-injected mice. 

In summary, short peptides that form fibrils are identified and the adhesion, growth, and 

regeneration of neurons have been efficiently enhanced without the necessity to attach 

hormones or growth factors. 
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5.2 Water-Dispersible Polydopamine-Coated Nanofibers for Stimulation 

of Neuronal Growth and Adhesion 
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Abstract:  

Hybrid nanomaterials have shown great potential in regenerative medicine due to the unique 

opportunities to customize materials properties for effectively controlling cellular growth. The 

peptide nanofiber-mediated autooxidative polymerization of dopamine, resulting in stable 

aqueous dispersions of polydopamine-coated peptide hybrid nanofibers, is demonstrated. The 

catechol residues of the polydopamine coating on the hybrid nanofibers are accessible and 

provide a platform for introducing functionalities in a pH-responsive polymer analogous 

reaction, which is demonstrated using a boronic acid modified fluorophore. The resulting hybrid 

nanofibers exhibit attractive properties in their cellular interactions: they enhance neuronal cell 

adhesion, nerve fiber growth, and growth cone area, thus providing great potential in 

regenerative medicine. Furthermore, the facile modification by pH-responsive supramolecular 

polymer analog reactions allows tailoring the functional properties of the hybrid nanofibers in 

a reversible fashion. 
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Abstract:  

Amyloid-like peptide nanofibrils (PNFs) are abundant in nature providing rich bioactivities and 

playing both functional and pathological roles. The structural features responsible for their 

unique bioactivities are, however, still elusive. Supramolecular nanostructures are notoriously 

challenging to optimize, as sequence changes affect self-assembly, fibril morphologies, and 

biorecognition. Herein, the first sequence optimization of PNFs, derived from the peptide 

enhancing factor-C (EF-C, QCKIKQIINMWQ), for enhanced retroviral gene transduction via a 

multiparameter and a multiscale approach is reported. Retroviral gene transfer is the method 

of choice for the stable delivery of genetic information into cells offering great perspectives for 

the treatment of genetic disorders. Single fibril imaging, zeta potential, vibrational 

spectroscopy, and quantitative retroviral transduction assays provide the structure parameters 

responsible for PNF assembly, fibrils morphology, secondary and quaternary structure, and 

PNF-virus-cell interactions. Optimized peptide sequences such as the 7-mer, CKFKFQF, have 

been obtained quantitatively forming supramolecular nanofibrils with high intermolecular β-

sheet content that efficiently bind virions and attach to cellular membranes revealing efficient 

retroviral gene transfer. 
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