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Abstract 

Biomaterials science is an increasingly important and constantly evolving field of science. 

Only intensive cooperation between different disciplines and a deep understanding of the 

physical and chemical interactions within developed materials and the biological system as 

a whole lead to the successful development of new biomaterials. Biocompatibility plays a 

central role here. It must be possible to assess whether the material is compatible with the 

respective application, e.g., implantation in hard or soft tissue. Here, a further distinction 

can be made between structural and surface compatibility. Structural compatibility covers 

the structure, shape, and mechanical property interactions in a biological environment. 

Surface compatibility summarizes the adaptation of chemical, physical, biological, and 

morphological surface properties to the biological environment. Consequently, the surface 

properties of a biomaterial are crucial for its biocompatibility and interactions with the host 

system.  

Materials used as biomaterials must fulfill a wide range of requirements. They should have 

excellent mechanical stability, be biocompatible and, depending on the requirements, 

bioinert or bioactive. For example, bioactive biomaterials are used to increase or control 

interaction with cells. Synthetic polymers usually have excellent mechanical properties but 

then lack biocompatibility, whereas natural polymers often have excellent biocompatibility 

but then are mechanically very weak and therefore not suitable for applications with high 

mechanical stress. A promising material that exhibits the advantages of both classes of 

polymers is spider silk. Spider silk has been used since ancient times as wound dressings 

and suture material as it is mechanically resilient and elastic and elicits little to no immune 

response. Natural spider silk cannot be used as a biomaterial on a large scale due to the 

cannibalistic behavior of most spider species and changing quality of silk.  

Therefore, this work presents two approaches utilizing materials inspired from natural 

spider silk to create functional, modifiable, mechanically resilient, and biocompatible 

coatings. The first approach is bioengineered recombinant spider silk proteins. Before 

biotechnological production, these proteins produced can be genetically modified in E.Coli 

bacteria. In this work, twelve different spider silk protein variants are used and investigated 

concerning their biocompatibility, biodegradability, and interaction with proteins, cells, 

and human blood. These spider silk protein variants are non-toxic and can be resorbed by 

the body as they consist solely of amino acids. The second approach is based on synthetic 
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polypeptides prepared by the continuous assembly polymerization (CAP) method, 

published for the first time, using reversible-addition-fragmentation chain-transfer (RAFT) 

polymerization, or CAP-RAFT. Polypeptides were selected based on amino acids found in 

natural spider silk (L-lysine and L-glutamic acid). These coatings based on synthetic 

polypeptides were investigated concerning secondary structure and biodegradability. CAP-

RAFT was established as a viable strategy to prepare surface-limited cross-linked 

polypeptide films with precise film thickness control and novel properties such as specific 

secondary structure formation and biodegradation. This variability of secondary structure 

combined with enzymatic degradation shows high potential for numerous biological 

applications. 

In the present work, secondary structure formation and assembly of the spider silk-inspired 

materials on coatings were investigated in detail. Firstly, the effect of coating thickness on 

the structural properties (β-sheet fraction) was investigated from the nanoscale to the 

microscale. A coating thickness-dependent assembly and phase separation model is 

presented. In addition, the orientation of β-sheets in recombinant spider silk coatings was 

investigated. 

Another important aspect of surface biocompatibility is the structure-property relationship 

of these spider silk-based materials. Concerning applications in the biomedical field, the 

interaction between material and biological environment is essential. Several aspects are 

studied in detail: specifically surface charge, surface chemistry, surface topography, and 

surface hydrophilicity. These aspects were analyzed to understand the interaction with 

proteins, cells, and blood as well as their biodegradability. Based on the results of the 

respective studies, it was possible to categorize the different spider silk variants into 

bioinert and bioactive variants and assign their subsequent potential biomedical 

applications. Positively charged spider silk protein variants are bioactive and have the most 

significant interaction with cells and blood. Modification with the cell-binding peptide 

improved cell adhesion of all variants used. Amino acid sequences based on the natural 

Araneus diadematus fibroin (ADF) 3 protein showed significantly faster enzymatic 

degradation than the protein variants based on the amino acid sequence of ADF4. The 

introduction of three-dimensional patterns on the coating surface can significantly increase 

the adhesion of cells to material (negatively charged variant), which shows little adhesion 

of cells as a smooth coating. 

In this dissertation, the structure formation, assembly, and structure-property relationships 

of spider silk-inspired materials were systematically investigated. These spider silk-
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inspired materials possessed a high potential for application in various biomedicine fields 

due to the diverse modification possibilities in terms of morphology, amino acid sequence, 

and charge. 
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Zusammenfassung 

Die Biomaterialwissenschaft ist ein immer wichtiger werdender Forschungsbereich. Er 

zeichnet sich durch intensive Kooperation zwischen verschiedenen Fachbereichen und das 

tiefgehende Verständnis der physikalischen und chemischen Wechselwirkungen von 

verwendetem Material und biologischen System zur erfolgreichen Entwicklung neuer 

Biomaterialien aus. Der Aspekt der Biokompatibilität spielt hier eine zentrale Rolle. Es 

muss eine Einschätzung erfolgen, ob das Material für das jeweilige Anwendungsgebiet, 

z.B. Implantation in Hart- oder Weichgewebe oder Verbrauchsmaterialien, die in Kontakt 

mit Körperflüssigkeiten kommen, kompatibel ist. Hier kann nochmals zwischen Struktur - 

und Oberflächenkompatibilität differenziert werden. Die Strukturkompatibilität umfasst 

die Aspekte Struktur, Form und mechanische Eigenschaften eines Materials in 

Wechselwirkung mit einer biologischen Umgebung. Die Oberflächenkompatibilität fasst 

die Anpassung der chemischen, physikalischen, biologischen und morphologischen 

Oberflächeneigenschaften an das biologische System zusammen. Dies führt dazu, dass die 

Oberflächeneigenschaften eines Biomaterials entscheidend für seine Biokompatibilität und 

Interaktionen mit dem Wirtsystem sind.  

Biomaterialien müssen vielfältige Anforderungen erfüllen. Zum einen sollen sie über 

hervorragende mechanische Stabilität verfügen, zum anderen sollen sie biokompatibel sein. 

Je nach Anforderung sollten sie beispielsweise bioinert sein, also keine Wechselwirkung 

mit der biologischen Umgebung eingehen. Bioaktive Biomaterialien hingegen werden zum 

Beispiel verwendet, um die Interaktion mit Zellen zu erhöhen oder zu steuern. Synthetische 

Polymere verfügen oft über sehr gute mechanische Eigenschaften, weisen jedoch 

unzureichende Biokompatibilität auf. Wohingegen natürliche Polymere oft sehr gute 

Biokompatibiltät aufweisen, dann aber mechanisch sehr schwach und deswegen für 

Anwendungen mit hoher mechanischer Belastung nicht geeignet sind. Ein 

vielversprechendes Material, das die Vorteile der beiden Polymerklassen verbindet, ist 

Spinnenseide. Seide wird schon seit der Antike in Wundauflagen und Nahtmaterial 

verwendet, da das Material mechanisch belastbar und elastisch ist, aber auch wenig bis 

keine Immunantwort auslöst. Natürliche Spinnenseide kann aufgrund von 

kannibalistischem Verhalten der meisten Spinnenarten und wechselnder Qualität der Seide 

nicht als Material im großen Maßstab gewonnen werden. Daher werden in dieser Arbeit 

zwei Ansätze präsentiert, bei denen von der natürlichen Spinnenseide inspirierte 
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rekombinante und synthetische Materialien verwendet werden um funktionelle, 

modifizierbare, mechanisch belastbare und biokompatible Beschichtungen zu schaffen.  

Der erste Ansatz sind biotechnologisch hergestellten rekombinanten 

Spinnenseidenproteine. Die Proteine können bereits vor der Expression in E.Coli Bakterien 

genetisch modifiziert werden. In dieser Arbeit werden zwölf verschiedene 

Spinnenseidenproteinvarianten verwendet, und hinsichtlich ihrer Biokompatibilität, 

Bioabbaubarkeit und Interaktion mit Proteinen, Zellen und humanem Blut untersucht. Alle 

diese Spinnenseidenproteinvarianten sind nicht toxisch und können vom Körper resobiert 

werden, da sie ausschließlich aus Aminosäuren bestehen. Der zweite Ansatz basiert auf 

synthetischen Polypeptiden die durch die erstmals veröffentliche Methode der 

kontinuierlichen Assemblierungspolymerisation (CAP, continous assembly 

polymerisation) mittels reversibler Additions-Fragmentierungs-

Kettenübertragungspolymerisation (RAFT polymerization, reversible-addition-

fragmentation chain-transfer polymerization), kurz CAP-RAFT, hergestellt wurden. Es 

wurden Polypeptide ausgewählt, die auf Aminosäuren basieren, welche auch in der 

natürlichen Spinnenseide zu finden sind (L-Lysin und L-Glutaminsäure). Diese auf 

synthetischen Polypeptiden basierenden Beschichtungen wurden hinsichtlich 

Sekundärstruktur und Bioabbaubarkeit untersucht.  CAP-RAFT konnte als eine praktikable 

Strategie zur Herstellung von oberflächenbegrenzten, vernetzten Polypeptidfilmen mit 

präziser Schichtdickenkontrolle und neuer Eigenschaften wie spezifische 

Sekundärstrukturbildung und biologischen Abbau etabliert werden. Diese Variabilität der 

Sekundärstruktur in Verbindung mit dem enzymatischen Abbau zeigt ein hohes Potenzial 

für zahlreiche Anwendungen. 

In der vorliegenden Arbeit wurde die Sekundärstrukturbildung und die Assemblierung der 

Spinnenseiden-inspirierten Materialien an Beschichtungen eingehend untersucht. Zum 

einen wurde der Einfluss der Schichtdicke auf die strukturellen Eigenschaften (β-Faltblatt 

Anteil) von nanoskaligen bis hin zum mikroskaligen Bereich untersucht. Es wird ein 

schichtdickenabhängiges Assemblierungs- und Phasenseparationsmodell präsentiert. 

Außerdem wurde die Orientierung der β-Faltblätter in rekombinanten 

Spinnenseidenbeschichtungen untersucht. 

Ein weiterer wichtiger Aspekt der Oberflächenbiokompatibilität ist die Betrachtung der 

Struktur-Eigenschaftsbeziehung dieser Spinnenseiden-basierten Materialien. Im Hinblick 

auf Anwendungen im biomedizinischen Bereich ist die Wechselwirkung zwischen Material 
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und biologischer Umgebung essentiell. Es werden mehrere Aspekte eingehend untersucht: 

der Einfluss der Oberflächenladung, der Oberflächenchemie, sprich der Modifikation mit 

zellbindenen Peptidsequenzen, der Oberflächentopographie und der Hydrophilie der 

Oberfläche. All diese Aspekte wurden analysiert um den Einfluss dieser auf die Interaktion 

mit Proteinen, Zellen und Blut und auf die Bioabbaubarkeit zu verstehen. Ausgehend von 

den Resultaten der jeweiligen Studien war es möglich, die verschiedenen 

Spinnenseidenvarianten, die sich in ihrer Aminosäuresequenz und Ladung unterschieden, 

in bioinerte und bioaktive Varianten zu kategorisieren und ihnen mögliche biomedizinische 

Anwendungen zuzuordnen. Es konnte gezeigt werden, dass positiv geladene 

Spinnenseidenproteinvarianten bioaktiv sind und die größte Interaktion mit Zellen und Blut 

aufweisen. Eine Modifikation mit dem zellbindenden Peptid führte zu einer verbesserten 

Zelladhäsion aller verwendeten Varianten. Aminosäuresequenzen basierend auf dem 

natürlichen Araneus diadematus Fibroin 3 Protein zeigten einen deutlich schnelleren 

enzymatischen Abbau als die Proteinvarianten, die auf der Aminosäuresequenz des 

Araneus diadematus Fibroin 4 basieren. Die Einführung von dreidimensionalen Mustern 

auf der Beschichtungsoberfläche kann die Adhäsion von Zellen auf der negativ geladenen 

Variante eADF4(C16), welche als glatte Beschichtung kaum Adhäsion von Zellen zeigt, 

signifikant erhöhen. 

In dieser Dissertation wurde systematisch die Strukturbildung, Assemblierung und die 

Struktur-Eigenschaftsbeziehungen Spinnenseiden-inspirierter Materialien untersucht. 

Durch die vielfältigen Modifikationsmöglichkeiten hinsichtlich Morphologie, 

Aminosäuresequenz und Ladung besitzen diese Spinnenseiden-inspirierten Materialien ein 

hohes Potential in verschiedenen Bereichen der Biomedizin Anwendung zu finden. 
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Part I – Chapter 1 - Introduction 

Part I – Chapter 1.1 - Polymers 

A polymer is a macromolecule built up by covalently bound smaller molecules, called 

monomers.1 The chemical reaction of linking these smallest building blocks (monomers) 

is called polymerization. 

 

Figure 1: This is a schematic overview of the classification of polymers according to 

composition, architecture, molecular structure, and origin. Figure created based on 1-3. 

  

Polymers can be classified according to several criteria. Polymers can be divided into 

homopolymers, and copolymers.1, 3 Homopolymers are the most used synthetic polymers.1, 

3 They have only one building block (i.e., monomer, orange block Figure 1), often an 

alkene, e.g., ethylene and methylmethacrylate.1, 3 Copolymers comprise more than one type 

of monomer, and two or more monomers can be linked differently. There are four major 

classes of copolymers (Figure 1), the grafted polymer, where one type of monomer acts as 

a backbone, and the other type of monomer is grafted onto it as a side chain. Other classes 
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are alternating copolymers, where the two monomers are alternating or block copolymers, 

in which two blocks of monomers are covalently bound linearly.3 The last category is 

random or statistical copolymers.3 Another classification criterion is polymer architecture. 

Polymers are distinguished whether they are linear, cyclic, branched, star-shaped, or 

networked.1, 3 The third kind of classification is the molecular structure. Thermoplastic 

polymers are solid at room temperature (RT) but become soft upon heating, making them 

suitable for processing. They also have ordered crystalline and non-ordered amorphous 

regions. Thermoplasts can be amorphous or semi-crystalline.1, 3, 4 Single polymer chains 

are held together by van-der-Waals forces, which entangle them and make them hard at 

RT.1, 3 Elastomers, such as rubber, are polymers, which are moderately and randomly 

crosslinked. Therefore, they can recover their original dimension after stretching.1, 3 

Thermostats are the hardest polymers. Such resins are highly crosslinked, which means that 

the single polymer chains are crosslinked with each other. The higher the crosslinking 

degree, the more rigid and brittle a polymer is. The last kind of classification is based on 

the origin of the polymers.  Organic polymers can be divided into synthetic polymers, 

chemically modified polymers, and biopolymers.1 Synthetic polymers are tailor-made 

polymers derived from petroleum. This class of polymers can be designated as mass 

polymers because famous representatives like polyethylene (PE), polystyrene (PS), 

polyvinylchloride (PVC), and polypropylene (PP) are produced in millions of tons per 

annum.1, 3 Naturally occurring polymers can be chemically modified and comprise the 

second class.5 Cellulose ether is produced 100 000 t/a in Germany.6 It is a derivate of 

cellulose, where parts or all hydrogens are substituted with hydroxyl groups.6, 7 There is a 

broad range of applications for these chemically modified polymers, like in cosmetic 

industry, in pharmaceutical applications as emulgators and detergents.6, 8 For this thesis, 

the most important class of polymers is biopolymers (Figure 1, bottom right). They are 

divided into two subclasses, the biopolymers based on natural resources and synthetic 

polymers, which mimic biofunctionality.2 The polymers based on natural resources can be 

further divided into natural polymers on a biomass basis and synthetic polymers on a 

biomass basis.2 Polymers like Chitin, cellulose, starch, and proteins are natural polymers 

produced by living organisms.2 Synthetic polymers based on biomass are, for example, 

polylactic acid, ethylene, and polyamide. The basic building blocks are extracted from 

natural resources and then chemically modified and polymerized.2 Polymers with 

bifunctionality can be divided into biologically degradable polymers and polymers for 

biomedical applications.2 Biologically degradable polymers are defined as materials whose 
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origin is not necessarily natural but are able to degrade when exposed to microorganisms, 

aerobic fully, and anaerobic processes.9 Polymers for biomedical applications are defined 

in terms of their properties like biocompatibility, and non-toxicity.10 Synthetic poly(lactic-

co-glycolic acid) (PLGA) is widely considered as a important example of this group for 

biomedical applications.10 

Part I – Chapter 1.1.1 - Block copolymers 

Block copolymers (BCPs) play an essential role in this thesis. Therefore, this polymeric 

class is described more in detail. BCPs are macromolecules that consist of at least two 

different covalently bonded homopolymer segments (Figure 1).1, 11, 12 Depending on the 

number and the arrangement of the different blocks, a differentiation is made between 

diblock copolymers (A)n(B)n, triblock copolymers (A)x(B)y(A)z or (A)x(B)y(C)z and 

multiblock copolymers –[(A)x(B)y]z –.1, 11-13 Different geometries are possible like graft 

copolymers or star copolymers.1, 11, 12 In general, BCPs are amphiphilic, comprising a 

combination of hydrophilic and hydrophobic blocks. Thus, BCPs can act as a stabilizer at 

interfaces or as an interface builder, for example, at polymer/polymer interfaces or 

metal/polymer interfaces.14-16 The block copolymer properties are tunable by changing the 

proportions of blocks A, B, C, the shape of the polymer, or the length of the polymer.14-16 

When these blocks are connected covalently, there is always a degree of incompatibility 

caused by the different solubility of the blocks.17 This incompatibility leads to copolymer 

self-assembly and ordered structures on the nanometer scale (Figure 2).18 If the blocks 

have different solubilities, similar blocks tend to increase their interaction, and different 

blocks try to minimize the interactions. The mixing enthalpy ∆𝐻𝑚  and the mixing 

entropy ∆𝑆𝑚  competing against each other.  

The Gibbs-Helmholtz equation describes the phase separation behavior 

thermodynamically.14, 16 Here ∆𝐺𝑚 is the free mixing enthalpie, ∆𝐻𝑚 is the mixing 

enthalpie and ∆𝑆𝑚   is the mixing entropy and T is the temperature. 14, 16 

∆𝐺𝑚  = ∆𝐻𝑚 − 𝑇∆𝑆𝑚                  

(1) 

Block copolymer blocks are only fully miscible when ∆𝐺𝑚 < 0.14-16 This is not the case in 

most block copolymers.14-16 This leads to self-assembly and phase separation of the block 

copolymer with a minimum interface between the polymer blocks.18, 19 This organization 

in block copolymers is widely known as microphase separation.14-17 Microphase separation 



 Part I - Chapter 1 - Introduction 

 
4 

 

is an essential equilibrium process to stabilize thermodynamic and entropic forces.14-17 The 

self-consistent mean-field theory describes the phase separation behavior of AB block 

copolymers. In this theory, the enthalpy of mixing/demixing ∆𝐻𝑚 is proportional to the so-

called Flory-Huggins segment-segment interaction parameter χAB, and the temperature T is 

inversely proportional to this interaction parameter.14-16 

𝜒𝐴𝐵 =  
𝐶𝐴

𝑇
+ 𝐶𝐵                                                                      (2) 

CA and CB are empirical constants and depend on the block copolymer.14-16 Figure 2 shows 

an exemplary, theoretical phase diagram of a block copolymer with two different blocks. 

The product of χ-parameter and degree of polymerization N is displayed as the y-axis. The 

fraction of polymer A is displayed as the x-axis.18 The disordered phase is formed above a 

specific temperature. In this phase, the two blocks mix homogeneously.18 By decreasing 

the temperature, the χ-parameter increases, and the blocks tend to separate into ordered 

microstructures with structures around 10-100 nm. 14, 16, 18 

Figure 2: The figure shows an exemplary, theoretical phase diagram of a diblock 

copolymer. The x-axis displays the fraction of block A. The y-axis shows the Flory-

Huggins interaction parameter, the χ-parameter, and N stands for the total degree of 

polymerization. If the volume fraction of block A is increased, equilibrium morphologies 

of AB diblock copolymers change from body-centered cubic (BCC) to hexagonal cylinders 

(HEX) to gyroid (GYR) to lamellar (LAM) phases in bulk.17 

  

As shown in Figure 2, different microphases can occur. On the left, the body-centered 

cubic (BCC) phase with block A (red) as the minority phase occurs with a low amount of 
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block A in the BCP. By increasing the proportion of block A the phase change to hexagonal 

cylinders (HEX) and then to a gyroid (GYR) phase; if both polymers are nearly equally 

distributed in the BCP, a lamellar microstructure is formed.14, 16, 18 If the proportion of block 

A is above 50 % (fa > 0.5), block A forms the majority phase of the BCP with the same 

microphases (Figure 2).14, 16, 18 The following parameters determine the particular 

microstructure: 

1. Flory-Huggins segment-segment interaction parameter χAB 

2. The degree of polymerization N 

3. Molecular weight  

4. The volume fraction fa and fb 

5. The overall polymer architecture (di-, tri- BCP, star BCP) (Figure 3) 

When the number of different blocks is increased, for example, there are three interaction 

parameters and two composition variables that have to be taken into account for three 

blocks. This substantially complicates the phase separation behavior, and the number of 

phases also increases.18 There are various possibilities to synthesize BCPs. Due to the 

advanced polymer synthesis strategies, controlled polymerization techniques with precisely 

controlled molecular weight and defined architectures can be processed (Figure 3).18 

 

Figure 3: R Representative architectures of different kinds of block copolymers. A - D 

represents the most common terblock copolymers, namely linear BCP (A), “Comb“ graft 

terpolymer (B), Cyclic BCP (C), and miktroarm star terpolymer (D). E - G represents 

complex polymer structures like star BCP (E), “Comb“ star copolymer (F), and “Comb“ 

graft polymer (G). The figure was drawn according to 18 
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Part I – Chapter 1.1.2 - (Synthetic) Polypeptides and proteins 

Polypeptides (PP) and proteins are used for a major class of biocompatible and 

biodegradable functional materials made of renewable resources.20, 21 A distinction must be 

drawn between polypeptides and proteins. Polypeptides and proteins are composed of up 

to 20 different aa and are monodisperse or rather consist of polypeptides arranged in a 

biofunctional manner.20, 22-24 Polypeptides comprise less than 100 amino acids, proteins 

more than 100 amino acids. The research focuses mainly on producing advanced protein 

materials with tailored functions for applications in the field of drug delivery such as 

implant technology, artificial organs, tissue regeneration. Further protein-based materials 

can be used for microelectronic devices, stimuli-responsive materials, for energy capture 

and storage, and various separation techniques.20, 21 The most challenging issue is that the 

materials have to preserve their function over a long time period.20, 21 Within a human body, 

the body reacts with a rejection reaction in case of failure.20, 21 Since biomaterials based on 

protein they are often biocompatible; they offer a promising alternative to synthetic 

polymers or materials.20, 21 

Part I – Chapter 1.1.3 - Definition of Polypeptides, Poly (amino acids) and proteins 

Polypeptides and proteins are defined as biopolymers which are composed of amino acid 

residues connected by peptide bonds formed by a condensation reaction of the carboxylic 

group of one amino acid (aa) (Figure 4, aa with R1) with the amino group of the second 

amino acid (Figure 4, aa with R2) upon the removal of one water molecule.20, 22, 23 

 

Figure 4: Schematic representation of the formation of a peptide bond by a condensation 

reaction of the C-terminus of AA1 and the N-terminus of AA2, which results in the removal 

of one water molecule. Figure adapted from 20, 22, 23, 25. 
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The formation of polypeptides and proteins can be regarded as a sequential amino acid 

reaction.20, 22, 23 20 natural amino acids can be used to form these sequences, all comprising 

different properties, charges and side chains (Figure 5). 20, 22, 23 

 

Figure 5: Overview of 20 naturally used amino acids of proteins. The amino acids are 

divided into different classes. The separation was done according to their effects and 

properties. Each amino acid is shown with its chemical structure, name, and abbreviations 

of this and molecular weight. Figure adapted from 26.  

 

The amino acid sequence is defined as the first level of a structure called the primary 

structure (Figure 6).22 The primary structure can fold into thermodynamically stable α-

helices, β-turns, β-sheets, and random coil, comprising a dynamically stable secondary 

structure (Figure 6).22 The secondary structure defines the local conformation of the protein 

backbone.22 Furthermore, the secondary structure is stabilized by hydrogen bonding.27  
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The next level of protein structure is the tertiary structure. This level refers to the 3D 

structure of a protein. There are several types of long-range interactions involved in this 

3D folding process.22 The sectioning of these interactions is shown in Figure 6. 

Electrostatic interactions occur between positively and negatively charged aa. They will 

form an ionic bonding.22 Hydrogen bondings are formed in the polypeptide chain and will 

additionally stabilize the shape of the protein.22 Hydrophobic interactions contribute to the 

folding process of a protein.28 The hydrophilic amino acid will mainly orientate toward the 

aqueous environment. Hydrophobic amino acids will try to avoid the formation of an 

interface with the aqueous environment and center to the core of the protein (Figure 6).22 

The highest level of protein structure is called the quaternary structure and refers to the 

interactions of multiple polypeptide chains.22 

 

Figure 6: Four levels of a PP and protein structures. Firstly, the amino acid sequence is 

the lowest hierarchical level, which assembles into secondary structure elements like β-

sheets, α-helices, or remains unordered as random coil. The secondary structure elements 

assemble into the tertiary protein structure. When multiple protein chains interact, the 

quaternary protein structure is formed. 

 

Part I – Chapter 1.1.4 - Poly(amino acid) synthesis 

Polycondensation reactions of amino acids to produce proteins are essential for every kind 

of life on earth.20 This kind of reaction enables the specific processing of polymers with 

various amino acids.20 The first human-made polymerization route for poly (amino acids) 

was the solid-phase peptide synthesis (SPPS) reported by Merrifield in 1963.20 The 
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principle of this technique relies on a solid polymeric, functional resin, like 

chloromethylstyrene-divinylbenzene in the Merrifield method, which is used for sequential 

conjugation of the desired amino acids with the solid interface.20 The isolation of the 

product is a straightforward route using filtration or centrifugation.20 But there are several 

drawbacks of this method; the biggest drawback is the limitation of approximately 100 aa 

repeat units without losing massively yield.20 Another drawback is that this method is very 

time-consuming and expensive.20 A polymerization technique that overcomes this 

drawback is N-carboxyanhydride ring-opening polymerization (NCA ROP).20, 21 This 

technique is appealing because of its efficiency, scalability, and simplicity.20, 21 NCA ROP 

exhibits the possibility of producing higher molecular weight polymers cost-effectively.20, 

21 It is also possible to direct the structure and the stereochemistry  of the resulting 

polymer.20, 21 By using NCA ROP  a polydispersity less than 1.10 can be achieved.20  

Part I – Chapter 1.1.5 - NCA-ROP of polypeptides  

First, the precursors have to be synthesized. For this purpose, two different methods are 

possible, the Leuchs´synthesis, which was discovered accidentally by Leuchs over a 

century ago by trying to distill N-ethoxycarbonyl amino acid chlorides and N-

methoxycarbonyl amino acids chlorides.20 The Fuch-Farthing method is another synthesis 

strategy.20 Both synthesis strategies are shown in Figure 7A and B. 

The mechanism in Figure 7A starts with an α-amino acid, which is N-alkylcarbonyl-

protected or N-benzyloxycarbonyl-protected and reacts with an acid halide.20 Commonly 

used acid halide agents are the agent used by Leuchs: thionyl chloride, phosphorous 

pentachloride, phosphorous trichloride, and dichloro methy methyl ether. Leuchs´method 

also has some drawbacks, such as the yield is limited, a high cyclization temperature is 

necessary, and the purification is complicated.20 One approach to overcome the high 

cyclization temperatures is to use acid bromides. Using this kind of agent, the cyclization 

temperature can be lowered below room temperature.20 The rate of cyclization also depends 

on the substituent group of the α-amino acid, namely in this order: -methyl < -ethyl < -allyl 

< -benzyloxycarbonyl.20  

A more preferred route to obtain NCA monomers in high yields is the Fuchs-Farthing 

method displayed in Figure 7B. There, free, unprotected α-amino acids are directly 

phosgenated in an anhydrous solvent under reflux.20 Possible solvents are tetrahydrofuran 

(THF), dioxane, ethyl acetate, toluene, and chlorinated hydrocarbons. Their key feature is 
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that they do not interact with the phosgenating agent.20 Commonly, triphosgene is used 

because this agent is solid at room temperature and is easier and safer to handle as phosgene 

gas.20 As shown in Figure 7B, the first step of the reaction is the addition of triphosgene 

and heat. In this step, the triphosgene breaks down to phosgene molecules under anhydrous 

conditions. One hydrochloric acid molecule is a side product of the reaction during the 

phosgenation and formation of the N-chloroformyl amino acid intermediate. In the second 

reaction step, the cyclization of the intermediate molecule and the loss of a second HCl 

molecule can be obtained by finishing the reaction to an NCA monomer.20 

 

Figure 7: Overview of poly(amino acid) synthesis using the NCA method. (A) displays the 

Leuchs method of NCA synthesis. (B) shows the Fuchs Farthing method of NCA 

production. (C) is a schematic presentation of the normal amine mechanism (NAM) for 

ROP of α-AA NCAs. (D) represents the mechanism of the activated monomer mechanism 

(AMM). Figure adapted from 20, 21. 

 

The crucial step in NCA monomer synthesis is their purification. Many side reactions 

happen during the polycondensation reaction.20 These side products, like HCl, N-

chloroformyl amino acids, HCl amino salts, have to be removed to yield pure NCA 



 Part I - Chapter 1 - Introduction 

 
11 

 

monomers.20 After establishing a suitable purification strategy, the NCA monomers can be 

processed into poly (amino acids). Two synthesis routes are common for this ring-opening 

polymerization (ROP), the normal amine mechanism of poly(amino acid) synthesis (NAM) 

and the activated monomer mechanism of poly(amino acid) synthesis (AMM) (Figure 7C 

and D).20, 21 Both ROP strategies are straightforward because the NCA monomer interacts 

with a suitable nucleophilic/basic initiator to obtain poly (amino acids).20, 21 An advantage 

of the NCA ROP is the easy processing, the narrow PDI, reactive chain ends, molecular 

weight dependence on stoichiometric ratios of monomer/initiator, and the low synthesis 

temperature (RT).20, 21 By using the NAM synthesis route, nonionic, nucleophilic (basic) 

initiators with one accessible hydrogen atom, like primary and secondary amines, alcohols, 

and water, can be used as the initiator.20 The  NCA molecule is attacked by a nucleophilic 

attack at the 5-CO position. An unstable carbamic acid results in proton transfer.20 A 

primary amine terminal group is formed upon the loss of CO2. The active species is then at 

the N-terminal end of the molecule. Another NCA monomer can be added subsequently. 

The monomer/initiator ratio determines the resulting molecular weight of the poly(amino 

acid). In contrast to NAM, AMM is initiated by bases.20 Here, with the help of tertiary 

amines or metal alkoxides, the 3-N position of the NCA monomer ring is attacked to obtain 

an NCA anion (Figure 7D).20 This NCA anion initiates the chain propagation by attacking 

another NCA monomer at the 5-CO position to yield another NCA anion.20 CO2 is formed 

upon decarboxylation and proton transfer, recovering the amine.20 

In summary, AMM is used when high molecular weights are desired, but AMM results in 

broader PDI´s than NAM.29 

 

Part I – Chapter 1.1.6 - Grafting-from and Grafting-to methods 

 

The grafting-from and grafting-to approaches are versatile methods to apply polymer 

brushes to a solid surface.21, 30-34 The principle of both methods is shown in Figure 8. The 

grafting-to process relies on a functional group that is immobilized on a substrate and a 

preformed end-functionalized polymer (peptide) chain in solution. The end group of the 

peptide chain can be grafted-to the solid substrate via polycondensation, living anionic, 

cationic, radical, or ring-opening metathesis polymerization (Figure 8A).21, 35 The grafting 

to approach is a two-step polymerization. The first step is the diffusion of the preformed 

polymer (peptide) chain, which is free in the solution, to the complementary immobilized 
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group at the substrate.35 The second step is the reaction of these complementary functional 

groups.35 The drawback of this approach is that it is limited to an unifunctional, simple 

polymer chain without coexisting other functional groups.35 Another drawback is the low 

grafting density and, because of that, resulting in a thin-film thickness of a few 

nanometers.35 The grafting-from approach reaches higher grafting density and film 

thickness because the polymer (peptide) chains are formed in-situ from the modified 

surface of the substrate via radical or living polymerizations methods (Figure 8B).21, 35 

 
Figure 8: The principle of grafting to (A) and grafting from (B) methods are shown 

exemplarily for NCA ROP. Figure created based on 21. 
 

The grafting-from approach has the initiator of the polymerization immobilized on the 

surface.21 And by adding, for example, the NCA monomers to the substrate, the 

polymerization proceeds from the surface via polycondensation.21 In both methods, a 

polymer brush is formed, determining the surface properties.32  

 

Part I – Chapter 1.1.7 - Natural polypeptides - natural spider silk 

Spiders have many different families and classes. Orb-weaver spiders are probably the most 

well-known silk producers.36 These orb-weaving spiders belong to the largest family of 

Araneidae with more than 2600 described species.36 
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Spider silk fibers are fascinating materials because of their outstanding mechanical 

properties combining moderate strength and high extensibility, yielding a  toughness that 

is unreached by human-made fibers .37 38 

Female orb-weaving spiders can produce up to seven different silk types.39, 40 Each of these 

seven silks has different properties suitable for various purposes.40 The name of the silk 

derives from the spinning gland where the respective silk proteins are produced.41 Figure 9 

shows the web of Araneus diadematus. The web is built of five different silks (1-5). 

Furthermore, two different silks, namely the Aciniform silk (6) and the Tubuliform silk (7), 

are used to protect the offspring or to wrap prey (6).41 

 

Figure 9: This figure shows the seven different kinds of spider silk produced by Araneus 

diadematus: (1) Minor Ampullate silk (2) Dragline silk (3) Aggregate silk (4) Flagelliform 

silk (5) Piriform silk (6) Aciniform silk (7) Tubuliform silk. Figure created based on 40, 42. 
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Our research focuses on the dragline silk (Figure 9(2)) of the spider Araneus diadematus. 

This silk represents the lifeline of the spider.41 The proteins of this dragline silk are 

produced in the major ampullate gland.38 Two protein classes, which mainly differ in their 

proline content, are named MaSp1 and MaSp2 and have mostly a molecular weight of 

approximately 250-350 kDa.37-39, 42 More than 50 % of the amino acid sequence consists of 

glycine and alanine residues.39, 43, 44 The MaSP protein can be divided into a large repetitive 

core domain flanked by two non-repetitive termini.39, 42, 45 The repetitive core domain 

consists of highly conserved sequence motifs comprising 20-40 amino acids repeated more 

than a hundred times.46 There are three central consensus motifs, the polyalanine motif An 

with n = 4-12, GGX with X = Y, L or Q, and GPGXX (mainly in MaSp2) with X = Q, G 

or Y.42, 45 

  

Figure 10: Core-shell model of an Araneus diadematus dragline silk fiber. The fiber can 

be divided into four parts. The outer shell is a lipid layer. The second layer is the 

glycoprotein layer, which protects the inner layer, the minor ampullate silk ADF1, and 

ADF2. The core is semi-crystalline major ampullate silk comprising at least two MaSp 

named ADF3 and ADF4 and consists of fibrils representing the crystalline part of the silk. 

Figure created based on 42, 43, 45. 

 

The outstanding mechanical properties of the dragline are based on the hierarchical 

structure of the silk (Figure 10). This hierarchical structure can be divided into four parts.42, 

43, 45 The core consists of proteins produced in the major ampullate gland.42, 43, 45 These 

proteins can form micro-and nanofibrils directed along the fiber axis by inter-and 

intramolecular assembly of β-sheets embedded in an amorphous glycin-rich matrix. 
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Combining these amorphous and crystalline regions (11-35%) is responsible for the 

outstanding mechanical properties. The tensile strength is a result of the nonpolar 

hydrophobic crystalline regions. The elasticity results from the hydrophilic amorphous 

matrix comprising random coils, α-helices, and β-turns.47-49The three shells of the spider 

silk fiber are built of lipids, glycoproteins, and minor ampullate silk to protect the core 

against environmental damage or microbes.50 

Part I – Chapter 1.1.8 - Recombinant polypeptides - recombinant spider silk 

Most spiders show aggressive territorial and cannibalistic behavior.42 Therefore, it is not 

feasible to farm them. Another drawback of natural spider silk is the inhomogeneity in silk 

composition caused by variations of nutrition and habitat.42  

 

Figure 11: Schematic overview of recombinant spider silk production from the consensus 

sequence pool (Step 1) to the technical approach. The designed spider silk module 

sequences are translated in Step 2 to transgenic DNA, which is then transferred to a plasmid 

(Step 3), which can be introduced in the host organism E.coli (Step 4) for recombinant 

expression (Step 5) in fermenters. After the biotechnological production, the protein is 

purified using different purification steps (Step 6) and, upon lyophilization, yields a white 

protein powder. Figure adapted from 41. 
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For these reasons, a process of recombinant production of spider silk proteins was 

developed using Escherichia coli (E.coli) as the host organism.51  

The production pathway is displayed in Figure 11. A sequence pool was designed based 

on the identified repetitive consensus sequences of the dragline silk from the European 

garden cross spider Araneus diadematus.52 Codon optimization was done to ensure that the 

genetic information is applicable for translation in E.coli bacteria.40 Furthermore, the amino 

acid modules were multimerized and transferred into a suitable expression vector.40 After 

the transformation of the expression vector into E.coli, the protein is produced, purified, 

and lyophilized.53 Spider silk proteins can be processed into various morphologies like 

films, fibers, non-woven meshes, foams, hydrogels, particles, and capsules (Figure 12D). 

Figure 12 schematically shows the used spider silk peptides and proteins in this thesis. 

Three spider silk peptides and protein variants derive from the so-called C-module. The 

amino acid sequence of one module is shown in Figure 13A. The C-module can be divided 

into two blocks. One hydrophobic block and one hydrophilic block.51 Thus, you can say 

that spider silk can be regarded as an amphiphilic multiblock polymer.54, 55 

By substitution of one amino acid (presented in the one-letter code in Figure 13), the 

negatively charged C-module can obtain a neutral charge (E vs. Q)52 or positive charge (E 

vs. L).56 Figure 12B shows the ADF3-derived spider silk variants eADF3(AQ)x. The 

hydrophobic (A-module) and the hydrophilic block (Q-module) are divided into two 

modules.57 Both blocks of these variants have a neutral net charge.57 These recombinant 

spider silk proteins can be genetically fused with biofunctional peptide tags like the 

synthetic integrin-recognition motif RGD58, the polyanionic glutamic acid tag E8G
59, or the 

polycationic arginine tag R8G
60 at the C-terminal end of the recombinant protein 

(Figure 12C).  

The terminal primary amine (-NH2) and the carboxyl group flanking the N- and the C 

termini of the protein as well as the amine and sulfhydryl (-SH) groups of the side chains 

of lysine and cysteine comprise the options to conjugate targets covalently to the protein. 

The protein powder needs to be dissolved in solvents like hexafluoro-2-propanol (HFIP), 

formic acid (FA), and aqueous buffers to process the spider silk proteins. Organic solvents 

are suitable for archiving highly concentrated protein solutions with protein concentrations 

from 20 w/v % up to 60 w/v %.51 This is not possible with aqueous solutions in a one-step 

process. First, recombinant spider silk proteins must be dissolved in a chaotropic salt 
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solution like Guadiniumthiocyanate) and dialyzed against an aqueous buffer like 

ammonium hydrogen carbonate or Tris/HCl.56 The secondary structure changes by using 

different solvents for film casting.56 For example, HFIP induces α-helical structures to the 

spider silk proteins during solvent evaporation.61 In contrast, FA induces a higher β-sheet 

content leading to water-insoluble films.61 Likewise, it is possible to post-treat the spider 

silk materials, e.g., films, with cosmotropic salt solutions, monovalent alcohols, heat, post-

stretching, and water vapor.49, 56, 61 

 

Figure 12: Names, net-charges, and molecular weight of the spider silk proteins and 

peptides used in this thesis. The ADF4 derived spider silk variants eADF4(C16), 

eADF4(κ16), and eADF4(Ω16) with corresponding charge and molecular weight are 

depicted in (A). Furthermore, (B) shows the ADF3-derived spider silk variants, 

eADF3(AQ)12 and eADF3(AQ)24. All recombinant spider silk variants in (A) and (B) can 

be genetically engineered and fused with functional tags, in this thesis with C-terminal tags 

like -RGD, -E8G, or - R8G
60 (C). After protein purification, the recombinant spider silk 

proteins are a lyophilized white powder that can be processed using various processing 

methods into different morphologies like films, fibers, non-woven meshes, foams, 

hydrogels, particles, and capsules (D). Figure was adapted from 62.  
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Part I – Chapter 1.1.1.1 - Phase separation behavior of recombinant spider silk  

 

Some working groups have already observed phase separation behavior in natural and 

recombinant silk proteins.61, 63-65  

Rabotyagova et al. produced recombinant spider silk proteins, which are block copolymer-

like and called HBAx with x = 1, 2,6. This HBAx consists of a histidine tag (H), a 

hydrophobic pAla block, and a glycin-rich block.48 Rabotyagova et al. found correlations 

between the number and order of repeating units and the secondary structure obtained in 

aqueous solutions.48 By increasing the number of repetitions from H(AB)2 to H(AB)12, the 

protein changed from the unstructured phase (compare Phase diagram, phase DIS in 

Figure 2) to a lamellar phase (Figure 13D).48 

The phase separation behavior of recombinant spider silk proteins was already investigated 

for cast films with a film thickness of 1-2 μm.61 Dependent on the substrate hydrophilicity, 

a phase separation model for eADF4(C16) was developed. Figure 13A represents the 

amino acid sequence of one C-module of eADF4(C16).61 Figure 13B represents the 

possible orientation of the protein chains at the phase interface. Figure 13C is the proposed 

phase separation model of Wohlrab et al. upon assembly on surfaces with the dependency 

on substrate hydrophilicity.61 
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Figure 13: Schematic figure displaying the different blocks of the amino acid sequence of 

the eADF4-derived C-module and the eADF3-derived A-and Q-module (A). The 

microphase separation model, according to Wohlrab et al., is shown in (B) for a hydrophilic 

and a hydrophobic substrate.61 The microphase separation of polymer chains depending on 

the fraction of the crystalline block A fa (orange) and amorphous block B (dark blue) is 

depicted in (C). Figure B was adapted from 61. 
 

Upon assembly, the amorphous and the crystalline blocks separate from each other and 

influence the substrate wettability. Water contact angle measurements of cast eADF4(C16) 

films show that films that were cast on hydrophobic polytetrafluoroethylene (PTFE) result 

in more hydrophilic contact angles (41.7° ± 6.3°) than eADF4(C16) films, which were cast 

on glass (74.4° ± 8.5°).61 The microphase separation model indicates that the amorphous 

phase forms the majority phase on hydrophilic surfaces. The β-sheets are separated and 

embedded in an amorphous matrix and orientated towards the air/film interface.61 

eADF4(C16) on hydrophobic surfaces show a reversed-phase separation behavior.61 

Further experiments were performed to verify this model. Secondary structure analysis 

using FTIR and enzymatic degradation with α-chymotrypsin confirmed the model.61 
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Part I – Chapter 1.2 - Biomaterials 

The first biomaterials were used more than 2000 years ago. For example, gold was used in 

odontology.66 But the research field and the term biomaterial are much younger. Williams 

defined 1987 the term biomaterial as all materials which come into contact with body 

tissues or fluids, e.g., the implantation of a material within these tissues.67 More precisely, 

a non-viable material with synthetic or natural origin that can be used as a partial or 

complete biological substitute of the body for a certain time to maintain or amend the 

quality of life.68 The interdisciplinary research field of biomaterials has grown 

exponentially over the last 50 years.69 Nowadays, biomaterials are used in, e.g., hip or knee 

replacements, dental implants, breast implants, stents, or contact lenses.69  

 

Figure 14: Requirements of a biomaterial and biomaterial surfaces. The three most 

important points are that the material is biocompatible, biodegradable, and can be adapted 

towards the biological environment. Sometimes, biodegradability is not desired; instead, 

durability is more important for the used biomaterial, such as hip implants. A biomaterial 

surface can be described from two different perspectives, the physicochemical perspective, 

where the surface morphology, mechanical properties, and hydrophilicity are the most 

determining factors; the biological perspective, where the biocompatibility and no or low 

immune response are desired. Surface engineering can be useful to achieve the 

requirements of a biomaterial. Methods like self-assembly of polymers or proteins or 

chemical coupling are methods for surface modifications. 

 

There are specific requirements that biomaterials have to fulfill (Figure 14).  Firstly, the 

materials need to be biocompatible. By coming into contact with body tissue, the material 

should not cause an immune response and has to be non-toxic. Biomaterials can be 

subdivided into three different classes. The first class is bioinert materials. These materials 
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do not interact with the biological environment, and the interaction is not desired.66-69 In 

contrast to the bioactive materials, here, the interaction between the material and the tissue 

is desired and aims to promote or guide the response of cellular growth, e.g., in tissue or 

bone regeneration.70 The third class is bioselective materials. Selectivity can be defined in 

many ways and is gradable in contrast to specificity.71 Here, bioselectivity is defined as a 

term for selective interactions with the biological environment resulting from biological, 

chemical, and physical aspects. Consequently, bioselective surfaces are surfaces where the 

affinity for cells or molecules is enhanced or reduced.68, 69 

 

Another important aspect is the biodegradability and the durability of a biomaterial.52, 72, 73 

The biomaterial should be ideally biodegradable but within a defined time span tailored for 

the application. Sometimes, no degradation is desired because the implant should replace a 

joint. For example, a scaffold for bone regeneration should not be degraded within two days 

because the osteoblasts will need more time to regenerate.74 At best, the material can be 

adapted to the needed properties of the application.52, 68, 69, 74 In most cases, the biomaterial 

surface is the crucial part because it is ubiquitous in the biological environment. Moreover, 

many materials still lack biocompatibility; hence, the physicochemical properties of the 

biomaterial surface are of utmost importance to cope with this problem, especially in vivo.68 

Therefore, the biological response to physicochemical properties of biomaterial surfaces is 

highly relevant for developing new biomaterials. Here, also three different perspectives are 

highly relevant. Firstly, from the biomaterials engineering perspective, every 

physicochemical property can highly affect the selectivity of the biomaterial surface 

(Figure 15). The characterization of the physicochemical properties of natural and 

synthetic surfaces is highly important to understand their basis for bioselectivity. If this 

knowledge is gained, it is possible to develop biomaterial surfaces with enhanced 

selectivity with different properties. From the biological perspective, the biocompatibility 

and the biochemical signals can be tuned. From a surface engineering perspective, the 

introduction of new functions is possible using various methods like self-assembly, click 

chemistry or RAFT polymerisation (Figure 15). 

Nowadays, there are more requirements on a biomaterial than being bioinert.75 For some 

applications, integrating the material in the biological environment is desired.75 Synthetic 

polymers lack monodispersity and sequence control. It is primarily a statistical distribution 

of composition and sequence, resulting in low reproducibility and material tunability.75 One 
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advantage is often the easy and cheap production of these materials. A class of biomaterials 

that overcome these drawbacks are recombinant proteins. Recombinantly produced 

proteins comprise monodispersity, precise amino acid composition, biodegradability, and 

biocompatibility.75 Furthermore, they can be genetically modified with various peptide 

 sequences, introducing additional functionalities.75 

 

Figure 15: Requirements and properties of a biomaterial surface. The physicochemical 

properties affect the biocompatibility of a biomaterial. These properties are valuable 

parameters to tune the biomaterial surface. The biological perspective of the surface is 

highly important because biocompatibility and the immune response are the most important 

factors for a good biomaterial surface. Surface engineering is useful to achieve the desired 

surface properties. Figure created based on findings of 52, 68, 69.
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Part I - Chapter 2 – Methods and Instrumentation 

In this chapter, the fundamental methods, the theoretical principles, and the setup of the 

devices used in this thesis are briefly described. Detailed experimental protocols are 

described in the associated chapters. 

Part I – Chapter 2.1 - Methods 

Part I – Chapter 2.1.1 - Purification of recombinant spider silk proteins  

An appropriate purification strategy of the recombinant spider silk proteins is crucial to 

obtain reproducible and pure recombinant spider silk proteins. The purification of 

recombinant spider silk proteins begins with cell lysis and cell disruption since the target 

protein is otherwise not accessible. (Figure 16, green star indicates target protein, brown 

cylinders depict E.coli bacteria). Either ultrasonication or high-pressure homogenization 

can be used to disrupt the cells. These processes result in the so-called cell lysate. Further, 

the cell lysate is heated up to around 70°C to remove impurities or E.Coli-derived proteins 

because they are not as heat stable as the recombinant spider silk proteins. In this step, the 

recombinant spider silk protein is in the supernatant. A centrifugation step is performed to 

remove the precipitated impurities. Then, the recombinant spider silk protein is precipitated 

using ammonium sulfate. The protein pellet is washed multiple times until the supernatant 

is clear, and then the protein pellet is frozen and lyophilized. Afterwards, a white protein 

powder is obtained. 

 

Figure 16: Purification strategy of recombinant spider silk proteins. The obtained cell 

pellet with the target protein is lysed, and the cells get disrupted using ultrasound or high-

pressure homogenization. The cell lysate is heated to around 70 °C to precipitate all E.coli-

derived proteins and other impurities. The cell debris is removed using centrifugation. The 

purification continues with a precipitation step with ammonium sulfate and vigorously 

washing. After multiple washing steps, the pure protein can be lyophilized. The green star 

indicates the target protein. The brown cylinders depict E.coli bacteria. 
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Part I – Chapter 2.1.2 - Formation of a coating 

In this chapter, the principles of the preparation methods of coatings used in this thesis are 

presented briefly. 

 

Part I – Chapter 2.1.2.1 - Spin-coating 

Spin-coating is a technique to apply thin films from solutions on various substrate 

surfaces.76 It is commonly used in many research fields like microelectronic packing77, 

colloidal crystal assembly78, or spider silk assembly.79 Several parameters influence the 

film thickness: spinning velocity υ, the concentration of the polymeric solution c0, the 

solvent, molar mass M  and molar mass distribution.76 Coatings between a few nm to a few 

μm can be obtained homogeneously with this method.80  

 
Figure 17: Schematic representation of spider silk film formation upon spin-coating.76, 80 

The protein solution is applied onto the substrate (A), and then rotational forces are applied 

to the substrate. The excess protein solution is slung away from the substrate, the protein 

molecules come close together (B), and the solvent evaporates completely (C→D). 
  

Figure 17 shows the spin-coating procedure schematically.80 The spider silk protein 

solution is applied to the substrate (Figure 17A). A rotating plate is accelerated to high 

revolutions per minute (rpm), and most of the solution is flung off the side because of 

centripetal forces (Figure 17B).76, 80, 81 In combination with the surface tension of the 

solution, the applied drop is pulled into an even and homogeneous coating.76, 80, 81 During 

the whole rotating process, the solvent evaporates because of the airflow and the low vapor 

pressure of the solvent (Figure 17C).76, 80, 81 A plasticized film results.76, 80, 81 After 

complete evaporation of the solvent, only the molecules, e.g., the spider silk molecules, 

remain as a film on the surface.76, 80, 81 

Roughly, the thickness t of a spin-coated film is indirectly proportional to the square root 

of the angular velocity υ (rotating speed) (Equation 1).80 



 Part I - Chapter 2 - Methods and Instrumentation 

 
25 

 

𝑡 ∝  
1

√𝜐
           

 (1) 

Simply said: If the spin-coating velocity is increased four times, the films will be only half 

as thick.80 

However, film thickness depends on more parameters like the protein concentration, 

solvent, solvent viscosity, vapor pressure, temperature, and local humidity.80 

Part I – Chapter 2.1.2.2 - Drop-casting 

Drop casting is a simple and straightforward method for producing films with thicknesses 

from nano to micrometer.49, 53, 61 The process is shown in Figure 18. Upon dropping, the 

unordered, dissolved protein molecules are randomly distributed (Figure 18A). Induced by 

the evaporation of the solvent, the protein molecules begin to assemble, triggered by 

desolvation and surface contact (Figure 18B).49, 53, 61 After solvent evaporation, only the 

self-assembled protein molecules remain a homogeneous film on the surface. The resulting 

film thickness and secondary structure of the proteins depend on the protein concentration, 

the used solvent, and the vapor pressure of the solvent.49, 53, 61 

 
Figure 18.  Formation of a coating using drop-casting. The dissolved protein is applied to 

the surface. The protein molecules, which can be divided into hydrophilic, amorphous 

blocks, and hydrophobic polyalanine stretches, are randomly distributed in the droplet. (A) 

The solvent starts to evaporate, the degree of freedom of the proteins decreases due to the 

declining volume of the solvent. (B) The protein molecules come closer together and start 

to self-assemble. (B) After the complete evaporation of the solvent, a homogenous, self-

assembled film is formed. (C) 
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Part I – Chapter 2.2 - Instrumentation 

Part I – Chapter 2.2.1 - Atomic force microscopy  

Atomic force microscopy (AFM) is a powerful, non-destructive, high-resolution, non-

optical imaging method to analyze surfaces.82-85 It is a powerful tool since information 

about topography, electrical, magnetical, mechanical, and chemical properties can be 

determined in air, fluids, or vacuum with this technique.82-86  The most commonly used 

operation mode of an AFM to detect topographical features from submicron to nanometer 

length scale is the tapping mode (Figure 19C).83 An oscillating cantilever is actuated near 

it used to scan the surface of the sample regarding topography and roughness. The principle 

of an AFM measurement is that the cantilever is actuated near the surface and scans line 

per line.83 The position of the cantilever is changed due to the forces between the tip and 

the surface. These changes are detected by the changes of deflection of the laser beam using 

a photodetector (Figure 19A). The forces can be repulsive (short-range Coulomb 

interaction) or attractive (van der Waals force) (Figure 19B).  

 

Figure 19: Schematic setup of the fundamental functionality of an Atomic force 

microscope (AFM): The sample is placed on the sample plate, which is movable in x, y, 

and z-direction driven by a piezoelectric motor. A laser beam is focused on the backside of 

a cantilever to record the changes in the cantilever deflections during scanning of the 

surface. A position-sensitive photodiode is used to detect the reflection of the laser beam. 

A piezoelectric scanner controls the lateral and vertical position of the AFM cantilever by 

getting feedback relative to the sample surface (A). Depending on the distance to the 

surface of the sample, the deflection of the cantilever changes. Different interaction forces 

apply depending on the distance between the tip and the surface of the sample (B). If the 

distance of the cantilever is approximate 100 nm from the surface, it gets attracted upon 
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van der Waals forces. (C) schematically shows the tapping mode. Figure based on 

descriptions and adapted figures from 82-85. 

Part I – Chapter 2.2.2 - Scanning electron microscopy 

Scanning electron microscopy (SEM) is a common technique to image and analyze the 

surface of a specimen with an electron beam on a nanometer to micrometer scale.87 An 

electron beam is generated from a cathode and accelerated by a voltage difference (1 – 

300 kV) between cathode and anode, focused by electromagnetic lenses to a beam size 

between 1 nm - 0.1 μm.87, 88 The distance between the sample and the lower polepiece, 

where the electron beam arises, is called working distance (WD). When the electron beam 

hits the surface of the sample, a change in atom density occurs due to the solid sample 

density. Various scattering events occur through interactions of the beam electrons and the 

sample atoms.87-89 These scattering events aim to transfer the energy from the electron 

beam to the sample atoms.87-89   

Figure 20: Generation of different electrons in the diffusion cloud by the interaction of an 

electron beam with a solid sample.88, 90 The different emitted and transmitted electrons 

(backscattered electrons (BSE), secondary electrons (SE), Auger electrons (AE) and 

transmitted electrons), the characteristic X-rays (EDX), cathodoluminescence (CL), and 

Bremsstrahlung provide different information concerning the analyzed matter. The 

corresponding information is shown below the electrons. Figure adapted from 87-90. 

 

The primary electron beam / sample interactions generate different emitted and transmitted 

electrons. Elastic and inelastic scattering are atomic processes that are not caused by single 
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scattering events but more by electron diffusion and energy loss of the electron energy by 

lateral spreading.87-89 Depending on the electron energy and the sample density, the volume 

and the penetration depth of the possible interactions vary from 10 nm - 10 μm.87-89 The 

entirety of the interaction volume is called diffusion cloud.87-89 There, secondary (SE), 

backscattered (BSE) and Auger electrons (AE), and characteristic X-rays (EDX) are 

produced, giving lots of information on the topography, the crystal structure, and the 

elemental and atomic composition of the sample (Figure 20).87-90  

 

Part I – Chapter 2.2.3 - Fluorescence microscopy 

Fluorescence is the property of atoms and molecules to absorb light with a distinct 

wavelength and subsequently emit light at a higher wavelength.91 Molecules that can 

fluorescence are called fluorophores.91 Fluorescence can be described using the Jablonski 

diagram (Figure 21 A).91, 92 The absorption of a photon by a molecule causes the excitation 

of an electron from the ground state S0 to an excited state (S1). Subsequently, it emits to the 

ground state (S0) with a loss of energy (fluorescence emission) (Figure 21A).91, 93 The 

normalized absorption and emission spectral profile for the fluorophore Alexa fluoro 555 

is shown (Figure 21B).94 Both spectra comprise a span of wavelengths even if the light 

source is monochromatic.91, 94 The excitation peak is at 555 nm, and the emission peak is 

at 565 nm.94 The difference between the two peaks is called the Stokes shift.91 The setup 

of a widefield-fluorescence microscope comprises different parts such as an eyepiece, and 

a camera where the resulting images can be observed or recorded, a bright light source, 

usually a mercury, xenon, or metal halide lamp, emission filter sets containing excitation 

filter, dichroic mirror, and an excitation filter and an objective (Figure 21C).91, 93 The 

dichromatic mirror is positioned between the emission -and the excitation filter. The 

excitation filter transmits light in the range of the excitation of the fluorophore to the 

sample. The dichromic mirror transmits the longer wavelength (emission) light towards the 

detector (camera), while the shorter wavelength (absorption) light is directed to the 

objective and the sample.91 The emission filter blocks any wavelengths other than the 

desired wavelength range before the fluorescent wavelengths form an image.91 

Epifluorescence microscopy illuminates the entire wide field of view, and the fluorescent 

light has the same path backward the objective (Figure 21D). If a sample is illuminated in 

the opposite direction to the fluorescence wavelength detection, it is called Epi-

fluorescence (Figure 21D).93 The advantages of epifluorescence are fast detection, deep 
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penetration depth, and low signal loss. However, a disadvantage is the background 

fluorescence from objects outside the focal plane or the surrounding media, yielding low-

contrast images.95 For samples, where the interface between the substrate and the cells is 

the focus of interest, another technique called total internal reflection microscopy (TIRF) 

is the best choice. Here, only a very thin layer of fluorescent molecules close to the substrate 

interface is excited by an evanescent wave (Figure 21E).96 This evanescent wave, has the 

same frequency as the excitation light and occurs if the incident light is totally reflected at 

an interface of two transparent media with a refractive index mismatch. The evanescent 

wave travels at an angle that the light is completely reflected from the medium with the 

higher refractive index (substrate, e.g. glass, n2) to the medium with the lower refractive 

index (water, n1).
96, 97 The critical angle θc can be determined with Snell´s law 

(Equation 4). 

𝜃𝐶 =  sin−1 (
𝑛1

𝑛2
)                                (4) 

 

Even if the excited light is completely reflected, the evanescent wave can propagate into 

the sample and excite only fluorescent molecules in the first hundreds of nanometers of the 

interface (Figure 21E).97-101  

The laser beam (illumination, green, Figure 21E) focuses on the objective´s rear aperture.96 

A total internal reflection is obtained if the angle of incidence is above the critical angle 

θc.96 The advantages of TIRF microscopy are the rapid detection, the high resolution at the 

interface, and the low background fluorescence.95, 96 The disadvantage of this technique is 

the small penetration depth of the evanescent wave.95, 96 Only the first few 100 nm can be 

measured at high resolution.95, 96  

 

Another fluorescence microscopy method is needed for thick or three-dimensional samples, 

confocal laser scanning microscopy (CLSM).95 CLSM uses a focused laser beam (point 

scanning) for optical sectioning.102 This means that with the CLSM technique, it is possible 

to extract fluorescent light from a single plane in a thick sample. The fluorescent light 

passes a pinhole before it is detected. The pinhole allows only light from the focal plane to 

pass; all other light is excluded. (Figure 21F).102 By stacking single plane CLSM images 

using different focal planes in the z-direction, obtaining a 3D image of the sample is 
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possible.102 The advantages of CLSM are that no out-of-focus background can be detected, 

and sectioning along the z-axis is possible, however, CLSM is slow in detection.95, 102 

 

Figure 21: Fluorescence is the property of molecules to absorb light with a distinct 

wavelength and to emit light at higher wavelengths. In this process, the electron jumps from 

the ground state S0 to an excited state (S1) and then subsequently emits with a loss of energy 

back to the ground state. (A) The fluorophore absorption profile of Alexa fluoro 555 is 
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shown as an example. The difference between the absorption spectral profile and the 

emission spectral profile is called the Stokes shift. (B) The setup of a standard widefield 

fluorescence microscope (Epi) is shown in (C). The simplified light paths and the 

penetration of the light for Epi-Fluorescence (D), TIRF-M (E), and CLSM (F) are depicted 

in (D), (E), and (F). Excited fluorophores are depicted in red, non-excited fluorophores in 

green. Epi-Fluorescence penetrates the whole cell, and all fluorophores in the light path are 

excited (D). Using TIRF-M, the incidence angle of the light can be varied to achieve total 

internal reflection. This leads to the effect that only the fluorophores in the first 200 nm of 

the cell are excited (E). CLSM comprises the variation of the penetration depth. The laser 

can scan the cell layer by layer using galvanometer mirrors and excite different 

fluorophores by varying the scanning depth. Figure adapted from91, 92, 94, 98-106. 
 

Part I – Chapter 2.2.4 - ζ-Potential 

Measuring ζ-Potential or the electrokinetic potential (unit, mV) is an important method to 

characterize the surface functionality and stability of colloidal particles. The primary 

obtained information is the surface charge depending on the properties of the surrounding 

medium like pH and ionic strength of the buffer. If a particle comes into contact with the 

surrounding liquid, the functional groups on the surface will interact with the ubiquitous 

liquid resulting in a surface charge caused by the attraction of oppositely charged ions. The 

arrangement of these so-called counter ions around the particle surface is called the 

electrochemical double layer. The ζ-potential is the sum of the surface potential of the 

particle surface and the accumulated double layer (Figure 22). This electrochemical double 

layer consists of a stationary and a diffuse layer (Figure 22). The stationary layer is formed 

directly at the particle surface, and the oppositely charged ions are immobilized due to 

strong interactions with the particle surface, also called Stern layer. Connected to this layer 

is the diffuse layer, where the ions are less attracted by the particle surface, and the distance 

to the surface is higher (Figure 22). In this layer, the ions can move. The border between 

these two layers is called the slipping lane. This is the part of the electrochemical double 

layer that contributes to the net charge of the particle. Therefore, the potential at this plane 

is defined as ζ-potential.22, 107-110 
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Figure 22:  A negatively charged (spider silk) protein particle suspended in an aqueous 

buffer. The negatively charged particle is migrating towards the positive electrode. Figure 

adapted from 111. 
 

Part I – Chapter 2.2.5 - Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) separates 

mixtures of proteins by molecular weight.112, 113 The negatively charged detergent SDS 

denatures proteins and binds to them. Therefore, the original charge is overlarge. The 

proteins are less tangled and comprise a uniform negative net charge (Figure 23A).112, 113 

The now negatively charged proteins migrate towards a positive electrode proportional to 

their molecular weight with different velocities if an electric field is applied (Figure 23).112, 

113 A copolymerization of acrylamide monomers and a crosslinker results in mechanically 

and chemically stable polyacrylamide gels in which the pore size can be controlled by the 

total acrylamide concentration the concentration of the crosslinker.113 In the stacking gel 

(4.5 % acrylamide), which comprises larger pores and lower pH, the proteins are applied 

to the gel before the electric field is turned on (Figure 23BII).112, 113 After applying the 
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electric field, the proteins line up in the stacking gel and enter at the same time the resolving 

gel (10-15 % acrylamide), which comprises smaller pores and higher pH independent of 

the molecular weight of the protein.112, 113 The tighter polyacrylamide mesh slows the 

proteins down and separates them by molecular weight (Figure 23BIV).112, 113 Bigger 

proteins get tangled in the small pores and need more time to travel through the tight 

mesh.112, 113 A molecular weight ruler, also called ladder, is also applied to the gel to analyze 

the molecular weight of the sample in comparison to itself.112, 113 After finishing the 

separation process, the gel needs to be stained to make the separated band visible.112-115 

Commonly used methods are Coomassie brilliant blue and silver staining.114-116 The 

number of bands will give you the number of different proteins in the sample, which is an 

indicator of the purity of the sample. The height of the bands compared to the ladder 

indicated the molecular weight of the protein.112-116 

 

Figure 23: A mixture of proteins are in solution with a different charge without consistency 

(A-I) is mixed with sodium dodecyl sulfate (SDS). The negatively charged SDS binds 
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evenly because of its long aliphatic tail to the protein. The SDS has a strong binding 

affinity; thus, the original charges of the protein are overpowered upon the addition of SDS. 

A direct charge/length relationship is established for most proteins (A-II). After adding 

SDS to the protein mixture, the solution can be applied to a polyacrylamide gel. A 

schematic setup of a polyacrylamide gel is shown (B). The upper part of the gel is the so-

called stacking gel. Here, the protein mixture is applied into one pocket of the gel. This 

polyacrylamide gel has larger pores and a lower ionic strength than the lower part of the 

gel, the resolving gel. Here, the acrylamide concentration is increased, and thus the pores 

are smaller and comprise higher pH. In general, all polyacrylamide gels are running with 

molecular weight (MW) standard sample. It is a molecular ruler for the unknown protein 

samples (B-I).  The negatively charged proteins travel to the cathode if an electric field is 

applied. In the beginning, the proteins are collected in the stacking gel in the looser 

polyacrylamide mesh (B-II-III). Then all proteins enter the resolving gel simultaneously 

and separate, dependent on their molecular weight. Bigger molecules get entangled in the 

smaller pores of the resolving gel. Smaller molecules can pass the gel faster. After finishing 

the separation, the separated proteins can be visualized upon staining with Coomassie 

brilliant blue or silver staining (BI; V-VI). Figure was created based on 112-116. 

 

Part I – Chapter 2.2.6 - Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) is a non-destructive, vibrational 

spectroscopy method commonly used to characterize materials concerning structure, 

orientation, composition, and dynamics.110, 117 In IR-spectroscopy, radiation in the mid-

infrared range is used (Figure 24A). The unit commonly used in FTIR for the wavenumber 

is the reciprocal of the wavelength (cm-1). Two regions are mainly used in FTIR 

spectroscopy, the group frequency region (~ 4000 cm-1 - 1400 cm-1 and the fingerprint 

region (~1400 cm-1 - 400 cm-1) (Figure 24A). 110, 117 The principle of FTIR spectroscopy 

is that a sample is irradiated with polychromatic light. This means all wavenumbers at the 

same time. This means that the sample absorbs energy.110, 118 These energy equivalents in 

the range of wavelength corresponds to the energy of a vibration mode of a compound.110, 

118 These modes can be symmetric or asymmetric stretching modes or bending modes 

(Figure 24B).110, 118  Four different experimental setups were used: the grazing angle 

attenuated total reflection (GATR) - FTIR, the single beam single reflectance ATR - FTIR 

(SBSR ATR - FTIR), transmission (Trans -) FTIR and Dichroic FTIR (Figure 24B-F).110 

GATR-FTIR is the most sensitive method because the GATR-crystal comprises a bigger 

area than the usual ATR crystal. In general, a distinction is made between ATR and 

transmission IR spectroscopy. For the attenuated total reflection IR spectroscopy (ATR), 

IR light passes through the Ge-crystal, interacts with the crystal/sample interface, and 

propagates as an evanescent wave along the surface.110, 119, 120 However, for the 

transmission technique, the IR beam directly passes the sample. Some wavelengths will be 
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absorbed by the sample, and the remaining wavelengths will be transmitted to the detector 

(Figure 24E). The grazing incidence IR concept is based on IR light reflected on the surface 

of the sample with an angle near the grazing incidence.110 The result is a standing wave 

formed by the superposition of the incoming and reflected IR light.110 Therefore, the formed 

electric field is parallel polarized to the surface normal.110 This means that GATR-FTIR 

works only with the Ez component of the electric field (Figure 24F).110  

Figure 24: The infrared wavelength region with corresponding wavenumbers is shown (A). 

The fingerprint region reaches from 400 cm-1 to 1450 cm-1, the group frequency region from 

1450 cm-1 to 4000 cm-1.110 The different vibration modes of molecules are exemplarily 

shown for formaldehyde (B).110 The grazing incidence angle attenuated total reflection 

(GATR) IR principle is shown. The surface of a coating is measured at the interface 

air/coating. The penetration depth of the IR beam is marked (C).110 The single-beam-

sample-reference (SBSR) cell is an individual setup from the IPF in Dresden. Here, the 

sample is directly coated onto the sample cell, and the IR beam can penetrate the sample 

cell so that the bottom of the film can be measured.121 The IR beam penetrates the whole 

sample in the case of transmission measurements (E).110 Dichroic ATR-FTIR is a method 

where parallel (p) and vertical (s) polarized IR light is measured individually. The 

parameter which can be determined with this method is the so-called dichroic ratio RT. 
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This is the ratio of the integrated absorbances of p- and s-polarized light (F). Figure created 

based on 110. 

 

The single-beam-sample-reference FTIR (SBSR) is a special setup to simultaneously 

measure ATR-FTIR in-situ for sample and reference measurement (Figure 24D).121 The 

orientation of polymeric films can be determined with IR dichroism. IR dichroism is 

defined as different absorption of parallel (p) and vertical (s) polarized IR light. The 

determined parameter is the so-called order parameter RT which is the ratio between the 

integrated absorbances of p- and s-polarized light.110 An order parameter of one reflects 

perfect parallel axial orientation.110 In contrast to an order parameter of zero, which implies 

no order. An order parameter of 0.5 reflects a perfectly vertical orientation.110  
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Part I – Chapter 2.2.7 - Circular dichroism 

Circular dichroism (CD) spectroscopy is an analytical absorption spectroscopy technique 

based on circularly polarized light to investigate molecules with chirality through their 

optical activity. CD-spectroscopy is a widely used method for structural analysis of 

secondary structure-forming molecules and protein conformation analysis, based on the 

absorption difference of right - and left circular polarized (RPL/LPL, Figure 25A) light 

through an asymmetric chromophore. The unequally absorbed left- and right-handed 

circular polarized light can be measured and quantified. Chiral molecules which are 

optically active absorb preferentially to one direction of RPL/LPL.122-124  

 

Figure 25: A) Schematic setup of a CD-spectrometer: White unpolarized light is generated 

from a high-intensity light source (I). The light is transformed into single wavelength, linear 

polarized light passing a monochromator and a linear polarizer (II). The photoelastic 

modulator splits the light into right or left polarized light (RPL/LPL) (III). The RPL/LPL 

passes the CD active medium (IV). Due to the chiral molecules preference, the proportion 

of RPL or LPL increases, and the photomultiplier (V) transforms the signal into a voltage, 

from which the ellipticity is calculated. The linearly polarized light can be seen as a 

superposition of RPL/LPL. If RPL and LPL are absorbed equally by the sample, then no 

CD signal is detectable (B-i), but if RPL/LPL are absorbed unequally, then ellipticity can 

be measured as a function of wavelength. But this ellipticity is still dependent on the sample 

concentration, the thickness of the cuvette, the number of peptide bonds, and the CD signal. 
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According to the Lambert-Beer-Law, the concentration-independent molar ellipticity [θ] 

can be calculated with the equation (C). Also, the relationship between the differential 

absorption coefficient of RPL/LPL and the molar ellipticity is given.  D) Representative 

CD-spectra of polypeptides and proteins with α-helical (black), β-sheet, and random coil 

(green) conformation are shown. The curve characteristics for each secondary structure 

element can be found in table 1. Figure created based on 124. 
 

Perpendicular to the propagation direction of a light beam oscillates electromagnetic waves 

containing electric and magnetic field components. The polarization of the electromagnetic 

wave is determined by the direction of the components. Electric and magnetic fields 

oscillate in many different directions if the light is not polarized (white). If the light 

propagates along a single plane, it is referred to as linear polarized light. A 90° phase 

difference of two electromagnetic wave planes, rotating as the light beam propagates, is 

defined as circular polarized light. A symmetrical molecule will adsorb left (EL) or right-

handed (ER) components of the electromagnetic wave with the same intensity 

(Figure 25BI). Optically, respectively, CD-active molecules can be described by their 

chirality or molecule structure asymmetry, e.g., each peptide bond provides a chiral C-

atom. Depending on the refractive index of the CD-active medium, the velocity of the light 

passing through will change (Figure 25 A-IV→ V, RPL/LPL). Therefore, EL and ER of 

circular polarized light will be absorbed unequally, resulting in elliptically polarized light 

(Figure 25BII). The magnitude of CD has measured as an angle parameter called ellipticity 

(θ, [mdeg]). To obtain a concentration (c) independent specific value for the CD-active 

medium, the molar ellipticity [θ] can be calculated using the formula in Figure 25C. The 

differential absorption of left and right circularly polarized light is the ellipticity, which is 

obtained from a measurement with a CD instrument (Figure 25A).  (εL - εR) is the 

difference of the molar extinction coefficients, and due to historical reasons, CD data is 

presented as molar ellipticity. The formula in Figure 25C gives the relationship of [θ] and 

(εL - εR).122-124  

CD-spectroscopy is a well-established method in secondary structure analysis of proteins 

and polypeptides. Using CD spectra can give an estimation in which proportion the 

structure elements are present in the protein. Representative, ideal CD-spectra for α-helical 

(black), β-sheet, and random coil (green) conformations are depicted in Figure 25C. Key 

points for the estimation of a specific secondary structure are given in Table 1.122-124 
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Table 1: Maxima and minima for certain secondary structure elements in CD-spectra.122, 

123 

Secondary structure element Maximum/Maxima, nm Minimum/Minima, nm 

α-Helix 192  208 and 222  

β - sheet 196  218  

random coil 212  195  

 

The schematic setup of such a CD-spectrometer is depicted in Figure 26A. White 

unpolarized light from a high-intensity light source (A-I) passes a polarizer and a 

monochromator (A-II) and is then linear polarized. A single wavelength can pass the 

photoelastic modulator (A-III), converting the linear polarized light into LCP and RCP. As 

the LCP/RCP passes the CD active medium (A-IV), the circularly polarized light absorbs 

preferentially in one direction, both components are detected in the photomultiplier (V) and 

generate a voltage which is then transferred into the ellipticity for each wavelength.122-124  

Part I – Chapter 2.2.8 - Quartz crystal microbalance with dissipation monitoring 

The quartz crystal microbalance with dissipation monitoring (QCM-D) is a surface-

sensitive, label-free technique based on a quartz sensor that measures mass changes at the 

surface of a QCM-D sensor with a resolution in the nanoscale (Figure 26A).125, 126 This 

sensor is a piezoelectric sensor which can be modified with proteins and polymers to 

analyze the adsorption behavior onto these materials.127, 128 Therefore, the sensor can be 

oscillated at a specific frequency by applying a voltage. With the assumption that the 

deposited mass on the quartz behaves like the quartz crystal itself and the total adsorbed 

mass comprise only 2 % of the QCM-D sensor weight, the resonant frequency changes 

linearly due to a mass accumulation at the quartz surface (Figure 26B, Δh reflects the 

change in thickness). The relationship was stated first by Sauerbrey in 1959.125 With the 

Sauerbrey equation, the mass of a rigid adhesive layer can be calculated (Figure 26 G). 

Here, C stands as a mass sensitivity constant, which depends on the properties of the used 

quartz crystal. n reflects the number of the frequency overtone, which is always an odd 

multiple of the fundamental frequency (1, 3, 5, 7…).129 Respectively also the thickness of 

the adsorbed layer can be determined using the ratio of calculated mass from the Sauerbrey 

equation with the effective density of the adsorbed layer ρeff (Figure 26G).129-131  Therefore, 

mass adsorption can be monitored in-situ (Figure 26B).127-129 In combination with the 

changes in dissipation D or Δd (Figure 26G), this method provides information about the 
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state of molecular layers bound to the sensor surface, the relating mass, thickness, and 

viscoelastic properties of the adsorbed layer.127, 128, 129 Mathematically, the dissipation D 

can be described by the ratio of the dissipated energy during an oscillation circle Elost and 

the total energy during an oscillation circle Estored (Figure 26G).129-131  By turning off the 

voltage, one oscillation cycle is finished, and the decay curve can be recorded.129-131 The 

adsorption of rigid particles leads to a longer decay curve of the  (Figure 26C, E) than 

softer molecules, e.g., proteins (Figure 26D, F).127 The energy loss respectively the 

dissipation is smaller for rigid layers than for soft layers (compare green curves, 

Figure 26C, D).127, 129 

 

Figure 26: Schematic illustration of a QCM-D sensor chip: The active and counter 

electrode sandwich a piezo quartz crystal (A). The frequency changes if mass (layer of 

interest) is absorbed to the sensor surface. The penetration depth of the different overtones 

of the fundamental frequency increases with increasing odd numbers (B). The course of 

frequency and dissipation in situ for the adsorption of rigid particles (C) follow the 

Sauerbrey equation (G). In contrast to the course of frequency and dissipation for rigid 

particles, the course for Δf and ΔD of soft materials like proteins are displayed in (D). The 

resulting decay curves are shown below each diagram (E for C) and F for D). The relevant 

equations for the determination of adsorbed mass (Sauerbrey equation), the estimation of 
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the thickness of the adsorbed layer, and the dissipation are shown in (G). Figure adapted 

from 125, 126, 129, 132. 
 

Part I – Chapter 2.2.9 - Maskless lithography  

Maskless lithography is short for solid photomask-free photolithography and provides 

particular advantages compared to other lithography techniques.133-135 It is a cheap and fast 

technology because the applied mask is digital and can be transferred to the photoresist 

using a system including an μ-LCD matrix, a filter, and a focusing lens (Figure 27A).133-

135 While ordinary photolithography uses structured masks that are fixed to the photoresist 

layer to project the desired structure onto the photoresist during exposure, maskless 

photolithography uses a µ-LCD matrix. This is used to project the desired structure onto 

the photoresist layer by darkening individual pixels using the digital mask previously 

designed in a graphics program. Figure 27A shows the structure of the so-called 

SmartPrint® device. The µ-LCD matrix first darkens the light on the areas where black 

pixels are present in the designed "digital mask" and passes through the other areas. A 

monochromatic filter then filters out the wavelengths that are not in the blue region of the 

spectrum since the light in the wavelength range of 430-470 nm is needed to expose the 

photoresist layer. The generated image is focused onto the photoresist layer in the desired 

size via the objective lenses (Figure 27B).136 By using different objective lenses, the size 

of the produced patterns can be changed.136 For the 1x objective, one pixel represents 

~ 7 μm. Using the 2.5 x objective, one pixel represents ~ 2 μm.136 The production of 

patterned photoresist is depicted in Figure 27C. First, a homogenous photoresist layer 

needs to be prepared using spin-coating. Then, the photoresist is exposed to the digital 

masking using the Smartprint device.136 Following exposure, immersing the exposed 

photoresist to a developer solution removes the exposed portions of the photoresist. After 

developing the photoresist in the developer solution, the remaining photoresist is the master 

for preparing PDMS stamps. This technique makes it possible to generate 3D patterned 

stamps quickly with various geometries and sizes in the micrometer range.136 
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Figure 27: The maskless lithography device (Smartprint®) setup consists of a light source 

that passes an LCD matrix, a filter, and gets focused by a focusing lens and directly exposed 

to a photoresist (A). The device comprises two different objectives. The 2.5x objective 

narrows the light beam compared to the 1x objective. This results in smaller features while 

using the 2.5x objective (B). The processing of patterning photoresists is schematically 

depicted in (C). The photoresist should be a homogeneous coating (1), then the photoresist 

coating is exposed to the light beam, which exposes the areas from the digital mask (2). 

The exposed photoresist is immersed in the developer solution, and then the exposed parts 

will be removed, and the remaining photoresists reflects the pattern of the digital mask. 

Figure adapted from 136. 

 

Part I – Chapter 2.2.10 - Water contact angle measurement 

The water contact angle is geometrically defined as the angle formed by a water droplet in 

contact with a flat surface.137 Three phases come in contact at the interface of the droplet: 

the solid phase, which represents the substrate (S); the liquid of the droplet (L), and the 

surrounding gas at an equilibrium state (G) (Figure 28A).137, 138 Measuring a sessile drop 

on a solid surface without changes of the three-phase boundary, the measurement is defined 

as static.137 This is the most commonly used method to determine quick, straightforward, 

and quantitative the wettability of a substrate. The three phases are assumed as 

thermodynamically stable, and each interface comprises a free energy (γSG, γSL, and γLG). 

137, 138 With these assumptions, it is possible to use the Young-Laplace equation 

(Figure 28A) to calculate the water contact angle θ.137-139 The resulting angle is a 

quantitative measure of the wettability of a substrate by a liquid, here a water droplet. A 

water contact angle of 0° is defined as complete wetting.137-139 Every contact angle above 

0° up to 180° comprises partially wetting. However, it is common sense that contact angles 

above 90° are regarded as bad wetting behavior and specify the underlying material as 
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hydrophobic. The theoretical limit of the contact angle is 180°, which describes the non-

wetting state (Figure 28A).137-139  

 

Figure 28: The Young Laplace equation describes the relation between the specific surface 

energy γSG of a substrate, a water drop γSL and the surface tension of the water drop γLG and 

the corresponding contact angle θ (A). Three ideal degrees of wetness exist, the partially, 

the complete and the non-wetting state. A water contact angle of 0° defines the complete 

wetting. A water contact angle between 0° and 180° comprises partially wetting. No 

wetting state is defined with a water contact angle above 180° (B). Figure was created based 

on 137, 138, 140. 
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Part I - Chapter 3 – Synopsis and Aim of the thesis 

Part I – Chapter 3.1 - Aim of the thesis 

Replacing petroleum-based polymers in medical and technical applications with 

biocompatible, biodegradable materials from sustainable sources is nowadays a major 

challenge. Spider silk-inspired materials are promising candidates, as they show good 

biocompatibility, biodegradability, and excellent mechanical properties. One possibility to 

obtain such materials is based on the recombinant production of spider silk proteins. This 

production method offers the advantage that the properties of spider silk can already be 

adapted at the genetic level. For example, different charges and/or cell-specific binding 

motifs can be introduced. Furthermore, these recombinant spider silk proteins can be 

produced on a large scale with consistent quality. Several variants were investigated in this 

thesis to extend the applicability of recombinant spider silk proteins comprising different 

amino acid sequences, net charges, and modifications at the C-terminal end of the protein 

(e.g. cell-binding motifs). The main focus was on coatings made of spider silk-inspired 

materials and how they can be applied in the biomedical field. A fundamental 

understanding of how these spider silk-inspired materials assemble is essential to find the 

most suitable application. Therefore, assembly studies of an already established, negatively 

charged variant were performed to understand the structure-property relationship of 

recombinant spider silk proteins. Furthermore, coatings made of methacrylated poly-L-

Glutamic acid (PLGMA) and poly-L-Lysine (PLLMA) were produced using a newly 

developed polymerization method for synthetic polypeptides. Both coatings were 

extensively tested concerning the resulting coating thickness, secondary structure, and 

surface properties. Assembly mechanisms for both systems are proposed in this thesis.  

One main goal of improving biomaterials is to make them specific and adjustable. 

However, the most crucial factor is the interaction of the material's surface with the 

surrounding biological environment. Long-term use of implants, e.g., breast implants, or 

medical tubings, e.g. catheters, for short usage can lead to complications due to host 

responses to the biomaterial. Such pathophysiological complications include scar tissue 

formation and encapsulation of the material in the body, which often occurs in 

periprosthetic capsular fibrosis with silicone breast implants. This could lead to severe 

consequences, such as sepsis or death. The crucial step in the body's response to foreign 

materials is the formation of a protein layer on the surface of the material, the so-called 



  Part I - Chapter 3 - Synopsis 

 
45 

 

protein corona, within the first moments after coming into contact with the material. Spider 

silk-inspired materials could be suitable to trick the host organism's immune response. 

Therefore, an in-depth analysis of biocompatibility, bioselectivity, biodegradability, and 

surface properties of recombinant spider silk morphologies/assemblies (films, particles) 

was performed. Based on these results, recombinant spider silk proteins with tailored 

properties were categorized into different groups like bioinert or bioactive, promoting or 

preventing blood clotting, and fast or slow biodegradation. Specific applications were 

proposed. Therefore, parts of this work aimed to investigate the blood coagulation behavior 

or cell adhesion by introducing different peptide motifs like the cell-binding motifs RGD, 

the biomineralization motif E8G, or the cell-penetrating motif R8G or non-specific 

interactions (topography and wettability). One promising method is introducing specific 

cell adhesion peptides, such as RGD, to spider silk proteins by molecular cloning. This 

modification of the proteins is advantageous because the produced variants can be used 

directly after purification. After film production, possible influences of the 

functionalization on the assembly behavior, structure, wettability, roughness, and cell 

adhesion were investigated. 

Furthermore, the efficiency of the differently charged recombinant spider silk proteins or 

the introduced RGD sequences should be analyzed using in vitro cell culture. The cell 

adhesion behavior on the neutrally charged variants eADF3(AQ)12, eADF3(AQ)24, and 

eADF4(Ω16), the positively charged eADF4(κ16), and the negatively charged 

eADF4(C16) were tested using fibroblasts, neuronal cells, and keratinocytes. The eADF4-

derived and RGD-modified variants were further tested with human-induced pluripotent 

stem cell-based cardiomyocytes. Flat and patterned films made of eADF4(C16) were tested 

with eight different cell lines, namely human skin fibroblasts BJ, mouse Balb 3T3 

fibroblasts, human osteoblasts MG63, rat neuronal cells B50, murine neuronal cells 

NG108, rat Schwann cells RN22, murine myoblasts C2C2 and human keratinocytes 

HaCaT. The arrangement, shape, and orientation of the cells often determine their function. 

Therefore, topographical patterns were introduced in silk films. Since surface structures 

alone can decisively improve the interaction between cells and biomaterials, patterned 

eADF4(C16) silk films were prepared. In addition to biochemical signals and topography, 

the hydrophobicity of the surface influences cell adhesion. Thus, coatings of different 

spider silk variants with different wettabilities were prepared and further characterized. The 

last part of the thesis deals with materials of a synthetic origin and tries to mimic the 
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extraordinary properties of silk materials. An overview and assessment of synthetic 

polymers that aim to mimic spider silk properties are given in this part. Also, a novel 

method for producing synthetically cross-linked polypeptide films is provided, and they are 

investigated concerning properties and biodegradability. 

Part I – Chapter - 3.2 Synopsis 

This thesis contains eight publications presented in Parts II-IV. Their common theme is 

the assembly of spider silk-inspired materials to yield in coatings, to understand their 

assembly mechanisms, the structure-property relationship, and to adjust cell adhesion by 

chemical or physical modifications of these materials in a controllable manner. 

 

 
 

Figure 29: Structure of the thesis. This thesis is divided into two main topics, the assembly 

of spider silk-inspired materials into films and the structure-property relationship of spider 

silk-inspired materials. The first part is developing a thickness-dependent structural 

assembly and phase separation model for recombinant spider silk proteins from the 

nanoscale up to the microscale (Part II-1) and studying the structure formation of 

recombinant spider silk proteins and the orientation of β-sheet crystals within these films 

(Part II-2). A method for continuous assembly polymerization via reversible addition-

fragmentation chain transfer (CAP-RAFT) of polypeptides into crosslinked film with 
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tunable layer thickness is developed (Part IV-2) as well. The second main topic is the 

structure-property relationship of the spider silk-inspired materials concerning various 

surface properties and modifications and their effects on degradation biocompatibility, such 

as blood coagulation behavior, protein adsorption, and cell adhesion behavior. 

 

The first part of the thesis is divided into two chapters (Part II Chapter 1 Ultra-thin spider 

silk films: Insights into silk Assembly on surfaces and Part II Chapter 2 Dichroic FTIR 

spectroscopy characterization of β-sheet orientation in spider silk films on silicon 

substrates). The structure formation and the self-assembly of recombinant spider silk films 

made of the negatively charged recombinant spider silk protein variant eADF4(C16) 

concerning different film thicknesses from the nanoscale (3-4 nm) to the microscale (1μm) 

are investigated in detail. With this study, the phase separation of the hydrophilic, 

amorphous parts (GGPXX) and the hydrophobic crystalline parts (polyalanine blocks) of 

the recombinant spider silk protein are investigated. A thickness-dependent phase 

separation model is proposed based on the resulting secondary structure proportions, 

especially the β-sheet proportion and the water contact angles. The conformational changes 

during post-treatment with methanol are investigated in both studies concerning β-sheet 

content. 

Furthermore, in the second chapter, the orientation of the β-sheet crystals in nano- and 

microscale eADF4(C16) films is analyzed concerning the order parameter of the β-sheet 

structures concerning uniaxial orientation. In-depth FTIR analysis, namely dichroic ATR - 

and TRANS-FTIR spectroscopy, as well as lineshape analysis, the assignment of the 

secondary structure elements of the amide I band to specific vibrations, and the transition 

dipole moment directions of the β-sheets were used to calculate the experimental dichroic 

ratio. Additionally, the second study provides an analytic concept to analyze the out-of-

plane orientation of oriented natural and synthetic proteins and polymers. 

The third part of this thesis contains two submitted publications and two published articles 

concerning the bioselectivity of recombinant spider silk proteins. The first chapter (III-1 

Structure-property relationship based on the amino acid composition of recombinant spider 

silk proteins for biomedical applications) describes a systematic investigation of five 

different recombinant spider silk proteins with different net charges and amino acid 

compositions, in the viewpoints of physicochemical properties, biocompatibility, and 

biodegradability.  
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The second chapter (III-2 Surface modification of spider silk particles to direct 

biomolecular corona formation) investigates the effects of the net charge of recombinant 

spider silk surfaces on the formation of a biomolecular corona and the resulting 

macroscopic effects like blood clotting and fibrin formation. Here, different recombinantly 

engineered spider silk variants are used, all comprising different surface charges or terminal 

modifications with short peptide tags, to analyze the biocompatibility concerning whole 

human blood.  

The third chapter (III-3 Selective Topography Directed Cell Adhesion on Spider Silk 

Surfaces) demonstrates the effect of a patterned surface compared to a flat film concerning 

cell adhesion behavior. The first chapter of this part shows that mammalian cells do not 

willingly attach and proliferate on flat films of the negatively charged recombinant spider 

silk protein variant eADF4(C16). Introducing a gradient with different sized patterns like 

circles, triangles or squares, changes the behavior of the cells utterly. They like to attach to 

the patterned surface of eADF4(C16), although the amino acid composition of the protein 

was not changed.  

The fourth chapter (III-4) is a systematic study of three differently charged recombinant 

spider silk protein variants and their RGD modified pendants as promising candidates for 

materials in cardiac tissue engineering. The recombinant spider silk protein films were 

tested concerning the suitability for cardiomyocyte attachment, contractions, and response 

to pharmacological treatment. 

The fourth part of the thesis is about spider silk-inspired functional materials and contains 

two chapters. The first chapter (IV-1 Mimicy of silk utilizing synthetic polypeptides) is a 

review article on applying synthetic polymerization techniques molecularly inspired by silk 

proteins. A closer look is taken at the physicochemical properties of silk, how the β-sheets 

are formed, and in which regions. Chemical and structural similarities to silk form the basis 

of the reviewed works. They mainly used polymerization strategies for polypeptides like 

NCA-ROP or chemoenzymatic degradation are reviewed. Furthermore, these silk 

mimicries are assessed from the synthetic production (molecular), the structure formation 

(mesoscopic), and the processing into different morphologies with various properties 

(macroscopic) to possible applications. 

As an example of silk mimicry, crosslinked polypeptide films based on Poly-L-glutamic 

acid and Poly-L-Lysine are produced in the second chapter (IV-2 Crosslinked polypeptide 
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films via RAFT mediated continuous assembly of polymers). This publication describes 

crosslinked polypeptide films formed upon continuous assembly via reversible addition-

fragmentation chain transfer (CAP-RAFT). This novel polymerization method produces 

densely crosslinked polypeptide films with unusual secondary structure composition. 

Another advantage of this method is the control of the polypeptide film thickness and 

biodegradability.  

The following chapters provide a summary of the central aspects. Detailed correlations, 

classification, and experimental data can be taken from the corresponding publications. 

 

I – Processing and Assembly of Spider Silk Inspired Materials into Films 

Although various processing methods are available for (bio-) polymers, such as film 

casting, spin-coating, dip-coating, or (soft) lithographic techniques, little was known on the 

assembly- and phase separation behavior of spider silk-inspired materials into films at the 

beginning of this thesis. As part of this thesis, two publications on the assembly of the 

recombinant spider silk protein eADF4(C16), a review article about mimicry of silk using 

synthetic polymers, and one publication on a novel assembly method of synthetic 

polypeptides will close this gap to the same respect. 

As silks are protein-based materials, research into mimicry and understanding the assembly 

of these materials often starts at a molecular level. These spider silk-inspired materials can 

be synthesized using many different techniques. Recombinant methods involve 

manipulation on a genetic level with the help of bacterial plasmids to force microorganisms 

to produce proteins with specific sequences.141, 142 Here, it is possible to introduce 

modifications like an integrin-binding tag (e.g. RGD) or a different net charge by 

exchanging single amino acids before protein production.52, 58, 143 The advantage of this 

production method is that recombinantly produced spider silk proteins comprise a 

monodisperse molecular weight and a very defined amino acid sequence. Silk-like proteins 

synthesized in this fashion are amongst the most popular and extensively studied routes for 

achieving silk mimicry and have already been extensively reviewed.45, 144, 145 The other 

common method for synthesizing specific sequences is using solid-state peptide synthesis, 

but the size of these peptides is restricted and lacks a high throughput. Therefore, this 

method was not used in this thesis.146, 147 Alternative polymerization methods for 

synthesizing polypeptides are N-carboxyanhydride ring-opening polymerization (NCA 
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ROP)31, 148-150 and chemoenzymatic polymerization151, 152, which can also lead to spider silk 

inspired materials. The biggest disadvantage of both polymerization methods is the issue 

of sequence control of the resulting polypeptide. However, both provide interesting 

methods for synthesizing polypeptides with amino acids as molecular building blocks. 

Depending on the polymerization method, they can be arranged in random or alternating 

blocks.  

Natural silks vary in their primary structure, but they share fundamental amino acid motifs. 

The primary structure of silk comprises different amino acid sequence motifs, such as short 

alanine-rich hydrophobic blocks (e.g., polyalanine blocks with 5-10 residues) and 

hydrophilic glycine-rich blocks.153-155 The hydrophobic blocks associate with each other to 

form rigid β-sheet nanocrystals, while the hydrophilic regions gain rather α-helical, β-turn, 

β-spiral or amorphous structures. Many studies revealed that β-sheet crystals are the 

determining part by defining the properties of silk by allocating stiff and crosslinked 

crystalline domains embedded in an amorphous glycine-rich matrix. In this thesis, 

recombinant spider silks inspired by dragline spider silk were mainly used. Dragline spider 

silk differs between different species but generally consists primarily of two different major 

ampullate spidroins (MaSps) (~200-350 kDa), named MaSp1 and MaSp2. However, recent 

studies have begun to investigate MaSp3 and MaSp4.156-159 Numerous motifs are common 

within these proteins, including poly(L-alanine) (PLAla), GGX, and GPGXX motifs 

(almost exclusively in MaSp2), where P is proline and X is often tyrosine, glutamine or 

leucine. The frequency of these motifs primarily affects the overall amino acid composition 

and helps differentiate the two MaSp proteins. For example, the proline content in MaSp1 

is less than 1%, while it is greater than 10% for MaSp2. MaSp proteins consist of highly 

repetitive units of around 30-60 residues, including these motifs. The β-sheet 

nanocrystalline regions, which are partially responsible for the superior mechanical 

properties, are based on PLAla blocks. These are made up of 5-14 residues depending on 

their species of origin and MaSp. Subsequently, hydrophobic association stacks these β-

sheets to form aligned nanocrystals with dimensions of ~ 2 nm × 5 nm × 6 nm, much smaller 

than that of silkworm silk. The combination of nanocrystal alignment parallel to the fiber 

axis and size is responsible for the superior mechanical properties, especially the strength 

and toughness, which is approximately double that of silkworm silk.160-162  Apart from these 

regions are the glycine-rich regions, which include the aforementioned GGX and GPGXX 

motifs and, subsequently, are less well-defined and consist of a mix of secondary 
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structures.163-167  This more amorphous region then provides the desired matrix for the β-

sheet crystals to attain the desired mobility within, thus achieving superior flexibility and 

elasticity. The repetitive core is flanked by non-repetitive regions existing at the ends of 

the polypeptide sequence of the primarily helical terminal domains.159, 168 

In my studies, I focused on assembling spider silk-inspired materials into films. For this 

purpose, the purified and dried recombinant spider silk proteins must be solved. Dissolution 

or denaturation is done in organic and aqueous solvents, ionic liquids, strong acids (formic 

acid), or solutions of chaotropic salts like guanidine thiocyanate (GuaSCN). In this thesis, 

the studies of the phase separation behaviour of eADF4(C16) (Part II-1) and the systematic 

investigation of various recombinant spider silk variants (eADF3(AQ)12, eADF3(AQ)24, 

eADF4(C16), eADF4(C16)-RGD, eADF4(κ16), eADF4(κ16)-RGD, eADF4(Ω16) and 

eADF4(Ω16)-RGD), Part III-1,3,4) concerning structure-property relationship were 

performed using formic acid as solvent. Hexafluoroisopropanol (HFIP) was used as a 

solvent in the study concerning β-sheet orientation (Part II-2). In Part III-2, besides films, 

also particulate systems were investigated. These were precipitated from aqueous solutions. 

Prior to precipitation, the recombinant spider silk powder was denatured with GuaSCN 

solution and then dialyzed against an aqueous buffer.143 The crosslinked synthetic 

polypeptide films using CAP-RAFT were performed in organic solvents.  

Three different processing methods were performed. Firstly, the nano - to micrometer thick 

films in Part II 1-2 were spin-coated. Here, the recombinant spider silk solution is applied 

to the substrate, and then the substrate is rotated with a defined speed, and excess solution 

is flung away (see Part I-2.1.2.1). Secondly, in Part III-1-4, films in the micrometer range 

were investigated. Here, the films were drop cast onto a substrate and then dried in 

atmospheric conditions (see Part I-2.1.2.2). Thirdly, the crosslinked polypeptide films 

were assembled via the novel polymerization method: continuous assembly of polymers 

via reversible addition-fragmentation chain transfer (CAP-RAFT). 

For block copolymers, it is known that a layer thickness-dependent assembly and phase 

separation behavior occurs in (ultra-)thin films. A substrate-dependent phase separation 

model for films in the micrometer range was established for eADF4(C16) by Wohlrab et 

al. It was shown that eADF4(C16) exhibits block copolymer characteristics and that the 

primary structure (amino acid sequence) of eADF4(C16) can be described by the presence 

of hydrophilic and hydrophobic block similar to an AB multiblock copolymer. Another 

hypothesis to be investigated was whether the phase separation of eADF4(C16) films also 
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exhibits a film thickness dependence. This hypothesis was investigated by characterizing 

the secondary structure and surface properties of (ultra-) thin eADF4(C16) films from the 

protein layer with a thickness of only a few nanometers. A corresponding phase separation 

model of eADF4(C16) nanofilms up to the bulk films described by Wohlrab et al. with a 

layer thickness in the micrometer range was established, proposed, and discussed. If a 

coating has a film thickness below 100 nm, they are referred to as nanomaterials, which 

have different properties compared to bulk materials. The nomenclature we defined here 

was based on their thickness or the number of protein layers: monolayer, bilayer, 

multilayer. A monolayer was a coating with a thickness of 3-5 nm. This coating thickness 

is the size range of a β-sheet nanocrystal (~5 nm), the silk nanofibrils (d ~ 2 nm), or a 

molecular monolayer (d ~1.5 nm). This coating was the thinnest homogeneous coating that 

could be produced using spin-coating. Therefore, in this thesis, we used the term 

monolayer, which should not mean molecular monolayer. For layers with a coating 

thickness of approximately 8 nm (bilayer), the water contact angle was θBilayer = 63° ± 2°, 

but increased with increasing coating thickness to θMultilayer, 33 nm = 71° ± 4° to θMultilayer, 625 

nm = 91° ± 6°. This θMultilayer, 625 nm shows similar water contact angles as Wohlrab et al. 

observed with eADF4(C16) films cast on glass substrates.61 The contact angles show a 

clear dependence on the film thickness. However, the comparison of these data does not 

take the influence of the substrates, the net charge of the protein, genetic modifications with 

peptide tags, and differences in surface roughness on the water contact angle of the coatings 

into account. 

Therefore, in Chapter III-1, the investigation of the surface properties of recombinant 

spider silk on substrates was systematically extended to different substrates, namely mica, 

polystyrene, silica, and glass. All these studies in Part III-1 are performed with microfilms 

with the same coating thickness, and the structure-property relationship is discussed in 

detail (I-3.2.2).  

In addition to the thickness-dependent surface properties (contact angle), the structural 

properties were investigated as a function of layer thickness. For this purpose, the relative-

folded β-sheet fraction (B) of eADF4(C16) films in the thickness range from 3-5 nm 

(monolayer) up to the micrometer range before (bpt) and after post-treatment (apt) with 

methanol (Part II 1-2) are investigated (Part I-1).  

Films with a thickness of up to 600 nm were spin-coated, and microfilms were drop cast. 

β-sheet proportion (B) is determined using the deconvolution and curve fitting of the amide 
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I band of an FTIR spectrum of the eADF4(C16) film. The amide I band is mainly a 

superposition of C=O stretching vibrations of the protein backbone of different vibrational 

energies.64, 169 It is determined in its vibrational energy by the chemical and structural 

environment of the respective carbonyl group of the peptide bond, i.e., it depends directly 

on the secondary structure of the protein backbone and can therefore be used for the 

quantitative analysis of the different secondary structures. The relative secondary structure 

fractions can be determined by Fourier self-deconvolution and subsequent peak fitting to 

the unfolded amide-I band.53, 64, 169 eADF4(C16) monolayers (d = 3-5 nm) have a Bbpt of 

14.2% ± 2.7%.  When the layer thickness increases (bilayer), Bbpt decreases slightly to 

12.7 % ± 1.8 % and subsequently increases again with further increasing film thickness 

until a saturation value of Bbpt = 18 % to 21 % is reached in the range d > 65 nm. Although 

the significance of this difference between monolayer and bilayer is small, attention should 

still be paid to this slight decrease in Bbpt from the monolayer and bilayer, which indicates 

a minimum in Bbpt, which can be explained by the intra- and intermolecular interactions of 

the protein with other protein molecules or the surface. During spin-coating, a thin film of 

the spider silk solution is formed on the substrate. The formic acid evaporates, and a solid 

but mainly unstructured spider silk film is formed due to the fast evaporation of the solvent. 

A possible explanation for a higher Bbpt of the monolayer than the bilayer is that the first 

adsorbed predominantly unstructured layer forms hydrophobic interactions with the surface 

of the substrate. Such an interaction is based on the displacement of water from the protein 

and substrate surface. As a result, carbonyl groups of the protein backbone can interact with 

the silicon oxide layer of the surface of the silicon substrate, which can lead to a possible 

change in the vibrational energy of the C=O bond. In the bilayer film, a predominantly 

amorphous second layer is added to this higher-ordered first protein layer, which leads to a 

decrease in Bbpt. In turn, increasing the layer thickness increases the likelihood of inter-and 

intramolecular interaction of the molecules since the recombinant spider silk molecules 

(except for those at the interfaces) can now interact in all three spatial directions, and Bbpt 

increases.  

Furthermore, the orientation of the β-sheets in micro-and nanometer-thick films cast out of 

HFIP is investigated in detail. In-depth structural analyses of the β-sheets in eADF4(C16) 

coatings are performed using dichroic transmission - and attenuated total reflection FTIR 

(Part II-2). The experimental dichroic ratio is used to determine the order parameter of the 

β-sheets, which indicates the orientation of the β-sheet in the amorphous matrix to the 
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surface. Nanofilms resulted in an order parameter of S ~0.40, which correlates to the tilt 

angle of the β-sheets. This means that nanofilms made of eADF4(C16) contain β-sheets 

tilted with an angle of 39 ° to the surface normal. In contrast, micrometer thick films out of 

eADF4(C16) showed an order parameter of ~0, which means that the β-sheets showed no 

apparent order in these films. 

Additionally, it was found that the structure formation of eADF4(C16) coatings during 

post-treatment with methanol follows a pseudo-first-order kinetic with an increasing β-

sheet proportion and a decreasing unordered proportion. The increase of β-sheets upon 

post-treatment with MeOH was also already observed in the study in Part II - 1. Both 

studies showed that, regardless of the solvent, the post-treatment with MeOH led to the 

nearly complete conversion of β-sheets. We calculated the proportion of hydrophobic 

blocks in eADF4(C16) with 34 %, which correlates tightly with the β-sheet proportion.  

Consequently, the water contact angle measurements showed that these post-treated films 

are water-insoluble. In Part III - 4, recombinant spider silk films made of six different 

variants (eADF4(C16), eADF4(C16)-RGD, eADF4(κ16), eADF4(κ16)-RGD, 

eADF4(Ω16) and eADF4(Ω16)-RGD) were cast on APTES-functionalized glass slides out 

of formic acid/water (5:1). Here, no post-treatment was necessary as the β-sheet content 

was already nearly at the maximal theoretically possible β-sheet proportion. Also, the 

patterned films in Part III - 3 do not need additional post-treatment to be water-insoluble. 

The FTIR spectra of the patterned films already showed a β-sheet dominated amide I band 

around 1630 cm-1. 

Another approach of yield nanofilms made of silk-inspired materials is the assembly of 

crosslinked polypeptide films. In this thesis, a novel polymerization method is presented, a 

continuous assembly of polymers via reversible addition-fragmentation chain transfer 

(CAP-RAFT). The film properties are dictated by their structural features, and subsequent 

control thereof using unique fabrication strategies is essential. Herein, Part IV - II reports 

a facile method of creating densely crosslinked polypeptide films with unusually high 

random coil conformations through continuous assembly polymerization via reversible 

addition-fragmentation chain transfer (CAP-RAFT). CAP-RAFT was fundamentally 

investigated using methacrylated poly-L-lysine (PLLMA) and methacrylated poly-L-

glutamic acid (PLGMA). Careful technique refinement resulted in up to 36.1 ± 1.1 nm thick 

films, which could be increased to 94.9 ± 8.2 nm after using this strategy multiple times. 

PLLMA and PLGMA films were found to have 30-50% random coil conformations.  
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II – Structure-property relationship of spider silk inspired materials 

The interest in spider silk-inspired materials as new high-performance materials has grown 

because of their extraordinary mechanical properties. However, there is still a significant 

knowledge gap regarding the relationship between amino acid sequence, secondary 

structure, and resulting properties.170, 171 To predict the resulting properties, various 

recombinant spider silk variants with different amino acid sequences, charges, or genetic 

modifications were extensively studied to understand the relationships between sequence 

chemistry, processing, and structure. Furthermore, the in Part I-3-I stated assembly model 

of recombinant spider silk proteins would help understand the results. Firstly, the sequence 

design, namely the proportions and length of the hydrophobic polyalanine stretches 

compared to the amorphous, hydrophilic parts of the amino acid sequences, the introduction 

of charged amino acids, or the addition of the integrin-binding tag RGD are parameters that 

influence the resulting material properties.  

The interactions between and within the protein molecules are of utmost importance 

because the macroscopic characteristics are caused by the nanoscale assembly of the 

protein molecules, which are highly influenced by the (genetically) engineered design.170, 

171 Table 2 summarizes all the used spider silk-inspired materials used in this thesis, mainly 

flat films were investigated, but also two other morphologies (particles and patterned 

films). 

This part of the synopsis is divided into two different sections. Firstly, the structure-

property relationship of spider silk inspired-materials, which means how the structure 

affects, for example, the response of the material towards degradation with enzymes and 

incubation with human blood or proteins; secondly, the investigation of which properties 

or modifications of the surface affect the response of mammalian cells. The main focus of 

these studies was the influence of the charge of the protein, the surface chemistry, the 

surface topography, and the wettability of the surfaces on the interaction with cells, 

proteins, and human blood. All of the eight publications in this thesis illuminate these 

aspects from different perspectives. The two publications in Part II focus on the negatively 

charged recombinant spider silk variant eADF4(C16) and investigate the assembly 

mechanism thickness-dependently. The main focus lies on the secondary structure of the 

protein, mainly the β-sheet proportion and how the β-sheets are arranged in the film. These 

studies lack application-related studies like biocompatibility studies with mammalian cells, 

adsorption of important proteins, or compatibility with human blood. 
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Table 2: Overview of proteins and synthetic polypeptides used in this study. 
 

Recombinant spider silk 

protein/ Polypeptide 

Flat films Other Morphologies 

ADF4-derived 

eADF4(C16) 
Part II-1, II-2, III-1, 

III-2, III-3, III-4 

Particles: Part III-2 

Patterned films: III-3 

eADF4(κ16) Part III-1, III-2 Particles: Part III-2 

eADF4(Ω16) Part III-1 n/a 

ADF3-derived 

eADF3(AQ)12 Part III-1 n/a 

eADF3(AQ)24 Part III-1 n/a 

ADF4-derived and terminal peptide tag 

eADF4(C16)-RGD Part III-1, III-2, III-4 Particles: Part III-2 

eADF4(κ16)-RGD Part III-4 n/a 

eADF4(Ω16)-RGD Part III-4 n/a 

eADF4(C16)-E8G n/a Particles: Part III-2 

eADF4(C16)-E8G n/a Particles: Part III-2 

Synthetic polypeptide 

Poly-L-Lysine n/a 
Crosslinked films: Part 

IV-2 

Poly-L-Glutamic acid n/a 
Crosslinked films: Part 

IV-2 

 

Therefore, Part III aims to be more application related. The first study, Part III-1, 

investigates five recombinant spider silk variants in detail and classifies them based on their 

results of various tests for biomedical applications (Figure 30). 
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Figure 30: Classification of five different recombinant spider silk variants for coating 

applications based on their properties. Figure adapted from 173. 
 

The morphological investigation with AFM showed relatively smooth films with roughness 

values below 10 nm for all variants. The water contact angles (WCA) on four different 

substrates (Mica, polystyrene, glass, and silicon) results in the finding that for eADF3-

derived uncharged variants, the WCA is always around the same level (69°-81°) regardless 

of the underlying substrate. The higher molecular weight of eADF3(AQ)24 (96 kDa) did 

not affect the WCA. The eADF4-derived variants also show a trend independently from 

the substrate. The negatively charged variant always show the highest WCA, followed by 

the positively charged variant, and the uncharged variant eADF4(Ω16) consistently showed 
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the most hydrophilic wettability. The degradation with two enzymes, a protease mix type 

XIV (PXIV), which mimics the cocktail of metalloproteases present in the gut, and a 

collagenase mix representing a model for wound environment, is used as model enzymes 

to study the degradability of recombinant spider silk coatings. The degradability is also 

amino acid specific. All ADF3-derived variants are nearly completely degraded within the 

first day, while all ADF4-derived variants show better resistance to the enzymes and 

degrade slower, with around 40-50 % after 15 days. 

Furthermore, the biocompatibility of these recombinant spider silk proteins was tested 

using QCM-D protein adsorptions studies and using incubation in whole human blood. The 

finding here is that the positively charged recombinant spider silk protein eADF4(κ16) 

promotes blood clotting, which is also strengthened by the highest adsorption (QCM-D) of 

three essential serum proteins, namely fibrinogen, HSA, and IgG. Additionally, the cell 

adhesion of fibroblasts, keratinocytes, and neuronal cells is tested on materials made of the 

five recombinant spider silk protein variants. Likewise, here, materials of the positively 

charged recombinant spider silk protein eADF4(κ16) show more adhered cells than the 

other recombinant spider silk coatings. The cells do not like to attach to the negatively and 

uncharged variants. This behavior makes them suitable for applications where no cell 

attachment is desired, like coatings for catheters or stents. The positively charged variant 

could be used, where blood clotting is desired, such as wound dressing. Fast-degrading 

biocompatible materials like the uncharged ADF3-derived variants eADF3(AQ)12 and 

eADF3(AQ)24 are possible candidates for stationary drug depots. 

The publication (Part III-2) studies the formation of a biomolecular corona around a 

recombinant spider silk protein particle. Here, we assess the influence of the rss protein net 

charge on the biomolecular corona composition with in-depth proteomics after incubation 

with whole human blood. For the positively charged variant eADF4(κ16), an enrichment 

of fibrinogen is found in the biomolecular corona related to blood clotting. This finding 

confirms the findings of the study in Part III-1. The genetic modification with a peptide 

tag like -RGD, -E8G, and R8G show no significant change in the biomolecular corona 

formation.  

The publication Part III-4 shows a significant improvement of the growth of human-

induced pluripotent stem cell (hiPSC)-derived cardiomyocytes on all RDG modified 

variants regardless of the charge (eADF4(C16)-RGD, eADF4(κ16)-RGD and 

eADF4(Ω16)-RGD). The positively charged recombinant spider silk protein variant 



  Part I - Chapter 3 - Synopsis 

 
59 

 

eADF4(κ16) also exhibits good cellular growth of these hiPSC-derived cardiomyocytes but 

with a different morphology. Here the cardiomyocytes show less spreading and smaller 

appearance than the RGD-modified variants. All six investigated variants showed a patchy 

morphology using AFM phase imaging, which could support cell attachment. The WCA 

decrease with all six variants (~50°) compared to the silanized glass (~80°) without a 

recombinant spider silk protein coating. These results follow the phase separation model of 

Wohlrab et al. that the hydrophobicity is inverted by coating a substrate with recombinant 

spider silk protein. The β-sheet proportion for all six variants is in the range of 26-31%, 

which indicates stable coatings. Various cell culture studies, including contraction of the 

hiSPC-derived cardiomyocytes, show that recombinant spider silk protein coatings could 

be suitable materials for cardiac tissue engineering, as they grow selectively on RGD-

modified and/or positively charged variants.  

Another possibility of modifying recombinant spider silk protein coating surfaces is 

changing their morphology from flat to patterned. It is shown that the wettability of a 

surface is closely related to its roughness respectively, topography. The fabrication of these 

patterned films is done using maskless lithography. A photoresist is exposed with a pattern, 

then developed, and a PDMS replica is cast. This PDMS replica is used to produce the 

patterned recombinant spider silk protein films. The recombinant spider silk protein 

solution is cast into a well-plate, and the PDMS was put on top, acting as a stamp. After 

evaporation of the solvent, the PDMS stamp is removed, resulting in a patterned 

recombinant spider silk protein film (Figure 31). 

 

Figure 31: Schematic illustration of the fabrication of patterned recombinant spider silk 

protein films. 
 

This publication focuses on improving cell adhesion using a patterned surface as a tool to 

make the negatively charged eADF4(C16) more attractive for cells to attach. This is the 

first time that patterned films other than lines made of recombinant spider silk protein are 

presented. Patterns with different numbers of edges and a size gradient are used since 

different cell types comprise different sizes too. Eight different cell lines are used: a human 

fibroblast cell line named BJ and a murine cell line Balb3T3; human osteoblasts MG63; 
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three neuronal cell lines, hybrid cells NG108, rat B50 and RN22 Schwann cells, mouse 

C2C12 myoblasts and human keratinocytes HaCaT. All cell lines show an improved cell 

attachment. The bigger the size of the cells, the likelier they go-to patterns in size range of 

themselves. All cell lines prefer intruding patterns compared to protruding patterns. 

Correlative measurements are performed to combine SEM and CLSM measurements into 

one image. The patterns are better visible with the SEM, and the cytoskeleton and the cell 

nucleus are better visible with CLSM (Figure 32). 

 

 

Figure 32: Correlative measurements of murine (Balb) and human (BJ) fibroblasts adhered 

to three different intruding patterns in a recombinant spider silk protein film. 
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Part II – Mechanism of structure formation and microphase 

separation of recombinant spider silk proteins on surfaces 

Part II - Chapter 1 – Ultra-thin spider silk films: Insights into silk 

assembly on surfaces 

Part II – Chapter 1.1 - Chapter perspective and contribution 

This work investigates the self-assembly and folding of negatively charged recombinant 

spider silk (rss) protein films (eADF4(C16)) on silicon substrates in dependency on the 

film thickness and the number of silk protein layers. A model for recombinant spider silk 

protein folding is proposed based on microphase separation theories, which are already 

well-known for block copolymers combined with the folding properties of the rss protein 

eADF4(C16). 

This chapter is one of my first author papers. Here, I performed the synthesis, purification, 

and processing of the recombinant spider silk proteins into films. The characterization of 

the recombinant spider silk films using GATR-FTIR, AFM, and water contact angle 

measurements was performed by myself. The ATR- and transmission FTIR measurements 

were performed by Martin Müller. The phase separation model was developed by Christian 

Borkner and myself. The writing of the original draft and the visualization of the results 

was done by Christian Borkner and me. The review and the editing of the manuscript were 

done by all authors. The conceptualization of this project was done by Christian Borkner, 

Andreas Fery and Thomas Scheibel. The funding for this project was provided by Andreas 

Fery and Thomas Scheibel. This study was done in cooperation with the Leibniz Institute 

in Dresden with Prof. Andreas Fery and Dr. Martin Müller. This paper is published in ACS 

Applied Polymer Science: “Ultra-thin spider silk films: insights into silk assembly on 

surfaces”, ACS Appl. Polym. Mater. 2019, 1, 3366-3374.  

The permission of reprint was granted by ACS Applied Polymer Science: Reprinted 

(adapted) with permission from Ultra-thin spider silk films: insights into silk assembly on 

surfaces”, ACS Appl. Polym. Mater. 2019, 1, 3366-3374. Copyright 2021 American 

Chemical Society. 

 

 



  Part II - Chapter 1 

 
72 

 

Part II – Chapter 1.2 - Full Paper 



  Part II - Chapter 1 

 
73 

 



  Part II - Chapter 1 

 
74 

 



  Part II - Chapter 1 

 
75 

 



  Part II - Chapter 1 

 
76 

 



  Part II - Chapter 1 

 
77 

 



  Part II - Chapter 1 

 
78 

 



  Part II - Chapter 1 

 
79 

 



  Part II - Chapter 1 

 
80 

 

 
 



  Part II - Chapter 1 

 
81 

 



  Part II - Chapter 1 

 
82 

 



  Part II - Chapter 1 

 
83 

 



  Part II - Chapter 1 

 
84 

 



  Part II - Chapter 1 

 
85 

 



  Part II - Chapter 1 

 
86 

 



  Part II - Chapter 1 

 
87 

 



  Part II - Chapter 1 

 
88 

 



  Part II - Chapter 1 

 
89 

 



  Part II - Chapter 1 

 
90 

 

 
 



  Part II - Chapter 2 

 
91 

 

Part II - Chapter 2 – Dichroic FTIR spectroscopy characterization of β-

sheet orientation in spider silk films on silicon substrates 

Part II – Chapter 2.1 - Chapter perspective and contribution 

This study focuses on the structure formation of thin, intermediate, and thick confined 

recombinant spider silk (rss) films. Therefore, the rss protein eADF4(C16) was deposited 

onto planar and nanoscratched silicon substrates. The kinetic of the post-treatment with 

MeOH and the orientation of the β-sheets in the films were investigated. This was realized 

using measuring the dichroic ATR-FTIR. The dichroic ratios of the amide I band assigned 

to the mode of antiparallel β-sheets were used to calculate the molecular order parameter S 

and the tilt angle of the β to the surface normal. For thin and intermediate films, it was 

found that they reveal a high order parameter of 0.40, which indicates that the β-sheets 

stacks are vertically oriented with tilt angles of γ ~ 39°. Thick films showed a lower order 

parameter S ~0. A pseudo-first kinetics order was found for the folding kinetics upon post-

treatment with methanol. This suggested a transition from an unfolded to a folded state. 

I performed the synthesis and the purification of the protein and processed the recombinant 

spider silk protein into films. The methodology was performed by Mirjam Hofmaier, Sarah 

Lentz and Birgit Urban. The writing of the original draft and the visualization of the results 

was done by Mirjam Hofmaier, Martin Müller and Sarah Lentz. The review and the editing 

of the manuscript were done by all authors. The conceptualization of this project was done 

by Martin Müller, Andreas Fery and Thomas Scheibel. Christian Borkner was involved in 

the discussion of the results. The funding for this project was provided by Andreas Fery 

and Thomas Scheibel.  

This study was done in cooperation with the Leibniz Institute in Dresden with Prof. Andreas 

Fery, Dr. Martin Müller, and Mirjam Hofmeier. This study is published in the Journal of 

Physical Chemistry (https://doi.org/10.1021/acs.jpcb.0c09395). Since the authors signed 

the co-authorization form, this publication is also part of the thesis at the University of 

Melbourne. 

The permission of reprint was granted by The Journal of Physical Chemistry B: Reprinted 

(adapted) with permission from: “Dichroic Fourier Transform Infrared Spectroscopy 

Characterization of the β-Sheet Orientation in Spider Silk Films on Silicon Substrates”, 

Mirjam Hofmaier, Birgit Urban, Sarah Lentz, Christian B. Borkner, Thomas Scheibel, 
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Andreas Fery, and Martin Müller, The Journal of Physical Chemistry B 2021 125 (4), 1061-

1071, DOI: 10.1021/acs.jpcb.0c09395. Copyright 2021 American Chemical Society. 
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Part III – Bioselectivity of recombinant spider silk surfaces  

Part III - Chapter 1 – Structure-property relationship based on the amino acid 

composition of recombinant spider silk proteins for potential biomedical applications 

Part III – Chapter 1.1 - Chapter perspective and contribution 

 

This publication is one of my first author papers. This publication is focused on the surface 

properties of recombinant spider silk proteins depending on their amino acid composition 

and net charge. This study systematically investigates the wettability, the biocompatibility 

with three kinds of mammalian cells and whole human blood, the biodegradability towards 

protease and collagenase and the topography of five different recombinant spider silk 

protein films.  

I performed the synthesis and purification of the proteins eADF4(C16), eADF4(κ16), 

eADF3(AQ)12, and eADF3(AQ)24. Vanessa Trossmann performed the design, synthesis, 

and purification of the protein eADF4(Ω16). The design of the experiments was performed 

by Vanessa Trossmann and myself. I produced the films and performed the AFM, KPFM, 

GATR-FTIR, and water contact angle measurements. Christian Borkner, Vivien 

Beyersdorfer, Vanessa Trossman and myself performed the enzymatic degradation. 

Christian Borkner and Sarah Lentz performed the QCM-D measurements. I performed the 

blood coagulation tests as part of a collaboration with Markus Rottmar (EMPA). Vanessa 

Trossmann and I performed the cell culture tests. The writing of the original draft and the 

visualization of the results was done by Vanessa Trossmann and myself. Thomas Scheibel 

supervised the studies and edited the paper. 

The permission of reprint was granted by ACS Applied Materials & Interfaces: Reprinted 

(adapted) with permission from „ Structure–Property Relationship Based on the Amino 

Acid Composition of Recombinant Spider Silk Proteins for Potential Biomedical 

Applications, “Sarah Lentz, Vanessa T. Trossmann, Christian B. Borkner, Vivien 

Beyersdorfer, Markus Rottmar, and Thomas Scheibel, ACS Applied Materials & Interfaces 

2022 14 (28), 31751-31766, DOI: 10.1021/acsami.2c09590. Copyright 2022 American 

Chemical Society. 
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Part III - Chapter 2 – Surface Modification of Spider Silk Particles to Direct 

Biomolecular Corona Formation 

Part III – Chapter 2.1 - Chapter perspective and contribution 

In this chapter, recombinant spider silk (rss) coatings and spherical rss protein particles 

were investigated concerning key physicochemical properties that direct the biological 

response to biomaterials. The used rss variants comprised different charges and genetic 

modifications with C-terminal tags like RGD, E8G, and R8G. The focus of this chapter lies 

in the interaction of the rss proteins with whole human blood. The formation of a 

biomolecular corona was investigated concerning the biomolecular corona composition, 

which also affects macroscopic effects such as fibrin formation and blood clotting. The 

outcome of this study was that fibrinogen-based proteins are the dominant species in the 

biomolecular corona for the positively charged eADF4(κ16) particles. Negatively charged 

spider silk particles consisting of either eADF4(C16), eADF4(C16)-E8G, eADF4(C16)-

RGD, or eADF4(C16)-R8G, and the close-to-neutral charged (eADF4(C16/ĸ16) blend 

particles adsorbed predominantly lactotransferrin and complement C3. This outcome 

assumes that positively charged rss protein eADF4(κ16) promotes blood clotting and the 

negatively charged variants prevent blood clotting. 

The design of the experiments was performed by Alessia Weiss, Heike Herold, Sarah 

Lentz, Frank Caruso, and Thomas Scheibel. Heike Herold and Sarah Lentz prepared and 

characterized the spider silk particles. Alessia Weiss performed the characterization using 

SDS-PAGE and all mass spectrometry studies and the respective data analysis. Sarah Lentz 

produced the spider silk films and performed the blood coagulation assays. Quinn Besford 

performed statistical analysis of the blood assay data. Matt Faria assisted with the analysis 

of the mass spectrometry data. Ching-Seng Ang performed mass spectrometry experiments 

and protein identification. Thomas Scheibel and Frank Caruso supervised the studies and 

edited the paper. The preparation of the original draft was performed by Alessia Weiss, 

Heike Herold and Sarah Lentz.  

This paper is published in ACS Applied Materials and Interfaces: Surface Modification of 

Spider Silk Particles to Direct Biomolecular Corona Formation, ACS Applied Materials & 

Interfaces 2020 12 (22), 24635-24643, DOI: 10.1021/acsami.0c06344.  

The permission of reprint was granted by ACS Applied Materials & Interfaces: Reprinted 

(adapted) with permission from „Surface Modification of Spider Silk Particles to Direct 
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Biomolecular Corona Formation, “Alessia C. G. Weiss, Heike M. Herold, Sarah Lentz, 

Matthew Faria, Quinn A. Besford, Ching-Seng Ang, Frank Caruso, and Thomas Scheibel, 

ACS Applied Materials & Interfaces 2020 12 (22), 24635-24643, DOI: 

10.1021/acsami.0c06344. Copyright 2021 American Chemical Society. 
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Part III - Chapter 3 – Selective Topography Directed Cell Adhesion on Spider Silk 

Surfaces 

Part III – Chapter 3.1 - Chapter perspective and contribution 

 

This chapter is one of my first author papers.  

Here I designed and manufactured the photolithographic masters and produced the 

patterned recombinant spider silk films I performed the physicochemical analysis of the 

used recombinant spider silk films. The cell culture experiments and the microscopical 

analysis were performed by Vanessa Trossmann and myself. I performed the SEM analysis 

of the patterned films with and without cells. The manuscript and the visualization were 

done by Vanessa Trossmann and myself. Together with Vanessa Trossmann and Thomas 

Scheibel, we conceptualized the study. All authors revised and approved the final version 

of the manuscript.  

This manuscript is submitted to Advanced Functional Interfaces and currently under 

review. 
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Part III - Chapter 4 – Designing of spider silk proteins for hiPSC-based cardiac tissue 

engineering  

Part III – Chapter 4.1 - Chapter perspective and contribution 

Nowadays, myocardial infarction is one of the most common causes of death because the 

heart tissue cannot be regenerated. So far, only limited methods for replacing the resulting 

scar tissue are available.70 A new approach could be tissue regeneration using the cell 

replacement using human induced pluripotent stem cells (hiPSC)-derived 

cardiomyocytes.70 These hiPSC-derived cardiomyocytes could be seeded and cultured to 

create artificial cardiac tissue. In this chapter, six different recombinantly produced spider 

silk protein coatings were used as substrates for culturing human-induced pluripotent stem 

cells (hiPSC)-derived cardiomyocytes for the first time.172 They attached depending on the 

used spider silk variant, with different morphologies to the recombinant spider silk 

coatings. However, they attached contracted and responded to pharmacological treatment 

onto all RGD-modified variants and the positively charged variant eADF4(κ16).172 This 

evidenced that recombinant spider silk proteins are suitable for hiPSC-based cardiac tissue 

engineering.  

 

This study was done in cooperation with the university hospital in Erlangen. This chapter 

is a research article published in Materials Today Bio, available online since 15.05.2021. 

In this paper, I did the physicochemical analysis of the coatings of the used recombinant 

spider silk variants. I revised the manuscript together with the other authors. 

 

 

 

As the author of this Elsevier article, you retain the right to include it in a thesis or 

dissertation, provided it is not published commercially. Permission is not required, but 
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Part IV - Spider silk inspired functional materials 

In this part, materials with synthetic origin inspired by spider silk are the focus. 

Part IV - Chapter 1 – Mimicry of silk utilizing synthetic polypeptides 

Part IV – Chapter 1.1 - Chapter perspective and contribution 

This chapter reviews synthetic polymerization techniques for new functional materials 

molecularly inspired by silk proteins. We critically summarized and highlighted the 

chemical and structural similarities of these synthetic polymers with silk proteins. 

Furthermore, we went a step further and reviewed the resulting material properties. As 

such, we explained from a molecular level (synthesis) to a mesoscopic level (structure 

formation) to a macroscopic level (various morphologies with associated properties) and 

applications of silk-inspired materials. 

This review was written in equal parts with Nicholas Chan. We share the first authorship. 

This chapter is a research article published in Progress in Polymer Science, Volume 130, 

July 2022, 101557 with DOI: https://doi.org/10.1016/j.progpolymsci.2022.101557. 

Permission for reprinting is not required. 
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Part IV - Chapter 2 - Crosslinked polypeptide films via RAFT mediated continuous 

assembly of polymers 

Part IV – Chapter 2.1 - Chapter perspective and contribution 

In this chapter, a novel polymerization method to produce crosslinked polypeptide films is 

presented, namely, RAFT-mediated continuous assembly of polymers (CAP-RAFT). 

These crosslinked polypeptide films comprised a unique secondary structure, particularly 

an unusually high proportion of random coils. Furthermore, we were able to degrade the 

crosslinked polymer films with two different enzymes, which proves the high potential of 

this method to produce surface-confined polypeptide crosslinked films with precise 

thickness and secondary structure. Nicholas Chan performed the synthesis and NMR 

analysis of the monomers, the RAFT agents and the crosslinked polypeptide films via 

RAFT mediated continuous assembly of polymers. The design of the experiments was 

performed by Nicholas Chan and myself. Nicholas Chan performed the AFM 

measurements of the polypeptide films. I performed the correlative AFM measurements 

and the ATR-FTIR, and the resulting secondary structure analysis. I performed the 

enzymatic degradation. The writing of the original draft and the visualization of the results 

was done by Nicholas Chan. Thomas Scheibel, Paul Gurr, Shereen Tan and Greg Qiao 

supervised the studies and edited the paper. I translated the whole manuscript into German 

for the German version of Angewandte Chemie ( https://doi.org/10.1002/ange.202112842).  

All authors revised and approved the final version of the manuscript.  

 

 

This chapter is a research article published in Angewandte Chemie which was available 

online 03.12.2021. The permission of reprint was granted by John Wiley and Sons with the 

license number: 5236130919983.  
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Part V – Appendix 

Part V – 1 - List of Abbreviations 

 

A or Ala   Alanine 

ATR    Attenuated total reflection 

ADF    Araneus diadematus fibroin 

AFM    Atomic force microscopy 

apt    After post–treatment with Methanol 

bpt    Before post–treatment with Methanol 

BSA    Bovine serum albumin 

c    Concentration  

C    Cysteine 

CA    Contact angle  

CD    Circular dichroism 

CLSM    Confocal laser scanning microscopy 

D    Aspartic acid 

Da    Dalton 

DAPI    4’,6-diamino-2-phenylindole 

DCM    Dichloromethane 

DLS    Dynamic Light Scattering 

DMF    Dimethylformamide 

DMSO    Dimethylsulfoxide 

DP    Degree of polymerization 

E    Glutamic acid 

eADF    engineered Araneus diadematus fibroin 

E.Coli    Escherichia coli 
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EDTA    Ethylenediaminetetraacetic acid 

et al.    et alii  

EtOH    Ethanol 

F    Phenylalanine 

FA    Formic acid 

FBS    Fetal bovine serum 

FCS    Fetal calf serum 

FSD    Fourier self–deconvolution  

FTIR                          Fourier transform infrared  

G    Glycine 

GPC    Gel permeation chromatography 

HFIP    Hexafluoroisopropanol 

I    Isoleucine 

IMAC    Immobilized metallion affinitychromotography  

kDa    Kilodalton 

KPFM    Kelvin probe force microscopy 

L    Leucine 

Mn    Number-averaged molecular weight 

Mw    Weight-averaged molecular weight 

MALDI – TOF  Matrix - assisted laser desorption/ionization time of flight 

mass spectrometry 

MeOH    Methanol 

MQ water   Ultrapure water 

MW    Molecular weight 

N    Asparagine 

NCA    N-carboxyanhydride 
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NMR    Nuclear magnetic resonance 

P    Proline 

PBS    Phosphate buffered saline 

pH    pondus Hydrogenii 

Q     Glutamine 

QCM-D   Quartz crystal microbalance with dissipation monitoring 

R     Arginine 

RI    Refractive index 

ROP    Ring-opening polymerization 

rpm    revoulutions per minute  

rss    Recombinant spider silk 

rssp    Recombinant spider silk protein 

RT    Room temperature 

SC     Spin–coating  

SDS-PAGE   Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SEM    Scanning electron microscopy 

sFTIR Synchrotron-coupled Fourier Transform Infrared 

spectroscopy 

THF    Tetrahydrofuran 

TIRF     Total internal reflection fluorescence microscopy 

UV    Ultraviolet 

V    Valine 

W    Tryptophane 

Y    Tyrosine 
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Part V – 2 - List of Figures 

Figure 1: This is a schematic overview of the classification of polymers according to 

composition, architecture, molecular structure, and origin. Figure created based on 1-3. .... 1 

Figure 2: The figure shows an exemplary, theoretical phase diagram of a diblock 

copolymer. The x-axis displays the fraction of block A. The y-axis shows the Flory-

Huggins interaction parameter, the χ-parameter, and N stands for the total degree of 

polymerization. If the volume fraction of block A is increased, equilibrium morphologies 

of AB diblock copolymers change from body-centered cubic (BCC) to hexagonal cylinders 

(HEX) to gyroid (GYR) to lamellar (LAM) phases in bulk.17 ............................................. 4 

Figure 3: R Representative architectures of different kinds of block copolymers. A - D 

represents the most common terblock copolymers, namely linear BCP (A), “Comb“ graft 

terpolymer (B), Cyclic BCP (C), and miktroarm star terpolymer (D). E - G represents 

complex polymer structures like star BCP (E), “Comb“ star copolymer (F), and “Comb“ 

graft polymer (G). The figure was drawn according to 18 .................................................... 5 

Figure 4: Schematic representation of the formation of a peptide bond by a condensation 

reaction of the C-terminus of AA1 and the N-terminus of AA2, which results in the removal 

of one water molecule. Figure adapted from 20, 22, 23, 25. ....................................................... 6 

Figure 5: Overview of 20 naturally used amino acids of proteins. The amino acids are 

divided into different classes. The separation was done according to their effects and 

properties. Each amino acid is shown with its chemical structure, name, and abbreviations 

of this and molecular weight. Figure adapted from 26. ........................................................ 7 

Figure 6: Four levels of a PP and protein structures. Firstly, the amino acid sequence is the 

lowest hierarchical level, which assembles into secondary structure elements like β-sheets, 

α-helices, or remains unordered as random coil. The secondary structure elements assemble 

into the tertiary protein structure. When multiple protein chains interact, the quaternary 

protein structure is formed. .................................................................................................. 8 

Figure 7: Overview of poly(amino acid) synthesis using the NCA method. (A) displays the 

Leuchs method of NCA synthesis. (B) shows the Fuchs Farthing method of NCA 

production. (C) is a schematic presentation of the normal amine mechanism (NAM) for 

ROP of α-AA NCAs. (D) represents the mechanism of the activated monomer mechanism 

(AMM). Figure adapted from 20, 21..................................................................................... 10 
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Figure 8: The principle of grafting to (A) and grafting from (B) methods are shown 

exemplarily for NCA ROP. Figure created based on 21. .................................................... 12 

Figure 9: This figure shows the seven different kinds of spider silk produced by Araneus 

diadematus: (1) Minor Ampullate silk (2) Dragline silk (3) Aggregate silk (4) Flagelliform 

silk (5) Piriform silk (6) Aciniform silk (7) Tubuliform silk. ............................................. 13 

Figure 10: Core-shell model of an Araneus diadematus dragline silk fiber. The fiber can 

be divided into four parts. The outer shell is a lipid layer. The second layer is the 

glycoprotein layer, which protects the inner layer, the minor ampullate silk ADF1, and 

ADF2. The core is semi-crystalline major ampullate silk comprising at least two MaSp 

named ADF3 and ADF4 and consists of fibrils representing the crystalline part of the silk. 

Figure created based on 42, 43, 45. ......................................................................................... 14 

Figure 11: Schematic overview of recombinant spider silk production from the consensus 

sequence pool (step 1) to the technical approach. The designed spider silk module 

sequences are translated in Step 2 to transgenic DNA, which is then transferred to a plasmid 

(Step 3), which can be introduced in the host organism E.coli (Step 4) for recombinant 

expression (Step 5) in fermenters. After the biotechnological production, the protein is 

purified using different purification steps (Step 6) and, upon lyophilization, yields a white 

protein powder. Figure adapted from 41. ............................................................................ 15 

Figure 12: Names, amino acid sequences, and molecular weight of the spider silk proteins 

and peptides used in this thesis. The ADF4 derived spider silk variants eADF4(C16), 

eADF4(κ16), and eADF4(Ω16) with corresponding charge and molecular weight are 

depicted in (A). Furthermore, (B) shows the ADF3-derived spider silk variants, 

eADF3(AQ)12 and eADF3(AQ)24. All recombinant spider silk variants in (A) and (B) can 

be genetically engineered and fused with functional tags, in this thesis with C-terminal tags 

like -RGD, -E8G, or - R8G
60 (C). After protein purification, the recombinant spider silk 

proteins are a lyophilized white powder that can be processed using various processing 

methods into different morphologies like films, fibers, non-woven meshes, foams, 

hydrogels, particles, and capsules (D). Figure was adapted from 62. ................................. 17 

Figure 13: Schematic figure displaying the different blocks of the amino acid sequence of 

the eADF4-derived C-module and the eADF3-derived A-and Q-module (A). The 

microphase separation model, according to Wohlrab et al., is shown in (B) for a hydrophilic 

and a hydrophobic substrate.61 The microphase separation of polymer chains depending on 
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the fraction of the crystalline block A fa (orange) and amorphous block B (dark blue) is 

depicted in (C). Figure B was adapted from 61. ................................................................. 19 

Figure 14: Requirements of a biomaterial and biomaterial surfaces. The three most 

important points are that the material is biocompatible, biodegradable, and can be adapted 

towards the biological environment. Sometimes, biodegradability is not desired; instead, 

durability is more important for the used biomaterial, such as hip implants. A biomaterial 

surface can be described from two different perspectives, the physicochemical perspective, 

where the surface morphology, mechanical properties, and hydrophilicity are the most 

determining factors; the biological perspective, where the biocompatibility and no or low 

immune response are desired. Surface engineering can be useful to achieve the 

requirements of a biomaterial. Methods like self-assembly of polymers or proteins or 

chemical coupling are methods for surface modifications. ............................................... 20 

Figure 15: Requirements and properties of a biomaterial surface. The physicochemical 

properties affect the biocompatibility of a biomaterial. The shown properties are valuable 

parameters to tune the biomaterial surface. The biological perspective of the surface is 

highly important because biocompatibility and the immune response are the most important 

factors for a good biomaterial surface. Surface engineering is useful to achieve the desired 

surface properties. Figure created based on findings of 52, 68, 69. ........................................ 22 

Figure 16: Purification strategy of recombinant spider silk proteins. The obtained cell 

pellet with the target protein is lysed, and the cells get disrupted using ultrasound or high-

pressure homogenization. The cell lysate is heated to around 70 °C to precipitate all E.coli-

derived proteins and other impurities. The cell debris is removed using centrifugation. The 

purification continues with a precipitation step with ammonium sulfate and vigorously 

washing. After multiple washing steps, the pure protein can be lyophilized. The green star 

indicates the target protein. The brown cylinders depict E.coli bacteria. .......................... 23 

Figure 17: Schematic representation of spider silk film formation upon spin-coating.76, 80 

The protein solution is applied onto the substrate (A), and then rotational forces are applied 

to the substrate. The excess protein solution is slung away from the substrate, the protein 

molecules come close together (B), and the solvent evaporates completely (C→D). ....... 24 

Figure 18.  Formation of a coating using drop-casting. The dissolved protein is applied to 

the surface. The protein molecules, which can be divided into hydrophilic, amorphous 

blocks, and hydrophobic polyalanine stretches, are randomly distributed in the droplet. (A) 
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The solvent starts to evaporate, the degree of freedom of the proteins decreases due to the 

declining volume of the solvent. (B) The protein molecules come closer together and start 

to self-assemble. (B) After the complete evaporation of the solvent, a homogenous, self-

assembled film is formed. (C) ............................................................................................ 25 

Figure 19: Schematic setup of the fundamental functionality of an Atomic force 

microscope (AFM): The sample is placed on the sample plate, which is movable in x, y, 

and z-direction driven by a piezoelectric motor. A laser beam is focused on the backside of 

a cantilever to record the changes in the cantilever deflections during scanning of the 

surface. A position-sensitive photodiode is used to detect the reflection of the laser beam. 

A piezoelectric scanner controls the lateral and vertical position of the AFM cantilever by 

getting feedback relative to the sample surface (A). Depending on the distance to the 

surface of the sample, the deflection of the cantilever changes. Different interaction forces 

apply depending on the distance between the tip and the surface of the sample (B). If the 

distance of the cantilever is approximate 100 nm from the surface, it gets attracted upon 

van der Waals forces. (C) schematically shows the tapping mode. Figure based on 

descriptions and adapted figures from 82-85. ....................................................................... 26 

Figure 20: Generation of different electrons in the diffusion cloud by the interaction of an 

electron beam with a solid sample.88, 90 The different emitted and transmitted electrons 

(backscattered electrons (BSE), secondary electrons (SE), Auger electrons (AE) and 

transmitted electrons), the characteristic X-rays (EDX), cathodoluminescence (CL), and 

Bremsstrahlung provide different information concerning the analyzed matter. The 

corresponding information is shown below the electrons. Figure adapted from 87-90. ....... 27 

Figure 21: Fluorescence is the property of molecules to absorb light with a distinct 

wavelength and to emit light at higher wavelengths. In this process, the electron jumps from 

the ground state S0 to an excited state (S1) and then subsequently emits with a loss of energy 

back to the ground state. (A) The fluorophore absorption profile of Alexa fluoro 555 is 

shown as an example. The difference between the absorption spectral profile and the 

emission spectral profile is called the Stokes shift. (B) The setup of a standard widefield 

fluorescence microscope (Epi) is shown in (C). The simplified light paths and the 

penetration of the light for Epi-Fluorescence (D), TIRF-M (E), and CLSM (F) are depicted 

in (D), (E), and (F). Excited fluorophores are depicted in red, non-excited fluorophores in 

green. Epi-Fluorescence penetrates the whole cell, and all fluorophores in the light path are 

excited (D). Using TIRF-M, the incidence angle of the light can be varied to achieve total 
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internal reflection. This leads to the effect that only the fluorophores in the first 200 nm of 

the cell are excited (E). CLSM comprises the variation of the penetration depth. The laser 

can scan the cell layer by layer using galvanometer mirrors and excite different 

fluorophores by varying the scanning depth. Figure adapted from91, 92, 94, 98-106. ............... 30 

Figure 22:  A negatively charged (spider silk) protein particle suspended in an aqueous 

buffer. The negatively charged particle is migrating towards the positive electrode. Figure 

adapted from 111. ................................................................................................................ 32 

Figure 23: A mixture of proteins are in solution with a different charge without consistency 

(A-I) is mixed with sodium dodecyl sulfate (SDS). The negatively charged SDS binds 

evenly because of its long aliphatic tail to the protein. The SDS has a strong binding 

affinity; thus, the original charges of the protein are overpowered upon the addition of SDS. 

A direct charge/length relationship is established for most proteins (A-II). After adding 

SDS to the protein mixture, the solution can be applied to a polyacrylamide gel. A 

schematic setup of a polyacrylamide gel is shown (B). The upper part of the gel is the so-

called stacking gel. Here, the protein mixture is applied into one pocket of the gel. This 

polyacrylamide gel has larger pores and a lower ionic strength than the lower part of the 

gel, the resolving gel. Here, the acrylamide concentration is increased, and thus the pores 

are smaller and comprise higher pH. In general, all polyacrylamide gels are running with 

molecular weight (MW) standard sample. It is a molecular ruler for the unknown protein 

samples (B-I).  The negatively charged proteins travel to the cathode if an electric field is 

applied. In the beginning, the proteins are collected in the stacking gel in the looser 

polyacrylamide mesh (B-II-III). Then all proteins enter the resolving gel simultaneously 

and separate, dependent on their molecular weight. Bigger molecules get entangled in the 

smaller pores of the resolving gel. Smaller molecules can pass the gel faster. After finishing 

the separation, the separated proteins can be visualized upon staining with Coomassie 

brilliant blue or silver staining (BI; V-VI). Figure was created based on 112-116. ............... 33 

Figure 24: The infrared wavelength region with corresponding wavenumbers is shown (A). 

The fingerprint region reaches from 400 cm-1 to 1450 cm-1, the group frequency region from 

1450 cm-1 to 4000 cm-1.110 The different vibration modes of molecules are exemplarily 

shown for formaldehyde (B).110 The grazing incidence angle attenuated total reflection 

(GATR) IR principle is shown. The surface of a coating is measured at the interface 

air/coating. The penetration depth of the IR beam is marked (C).110 The single-beam-

sample-reference (SBSR) cell is an individual setup from the IPF in Dresden. Here, the 
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sample is directly coated onto the sample cell, and the IR beam can penetrate the sample 

cell so that the bottom of the film can be measured.121 The IR beam penetrates the whole 

sample in the case of transmission measurements (E).110 Dichroic ATR-FTIR is a method 

where parallel (p) and vertical (s) polarized IR light is measured individually. The 

parameter which can be determined with this method is the so-called dichroic ratio RT. 

This is the ratio of the integrated absorbances of p- and s-polarized light (F).110 ............. 35 

Figure 25: A) Schematic setup of a CD-spectrometer: White unpolarized light is generated 

from a high-intensity light source (I). The light is transformed into single wavelength, linear 

polarized light passing a monochromator and a linear polarizer (II). The photoelastic 

modulator splits the light into right or left polarized light (RPL/LPL) (III). The RPL/LPL 

passes the CD active medium (IV). Due to the chiral molecules preference, the proportion 

of RPL or LPL increases, and the photomultiplier (V) transforms the signal into a voltage, 

from which the ellipticity is calculated. The linearly polarized light can be seen as a 

superposition of RPL/LPL. If RPL and LPL are absorbed equally by the sample, then no 

CD signal is detectable (B-i), but if RPL/LPL are absorbed unequally, then ellipticity can 

be measured as a function of wavelength. But this ellipticity is still dependent on the sample 

concentration, the thickness of the cuvette, the number of peptide bonds, and the CD signal. 

According to the Lambert-Beer-Law, the concentration-independent molar ellipticity [θ] 

can be calculated with the equation (C). Also, the relationship between the differential 

absorption coefficient of RPL/LPL and the molar ellipticity is given.  D) Representative 

CD-spectra of polypeptides and proteins with α-helical (black), β-sheet, and random coil 

(green) conformation are shown. The curve characteristics for each secondary structure 

element can be found in table 1 .124 ................................................................................... 37 

Figure 26: Schematic illustration of a QCM-D sensor chip: The active and counter 

electrode sandwich a piezo quartz crystal (A). The frequency changes if mass (layer of 

interest) is absorbed to the sensor surface. The penetration depth of the different overtones 

of the fundamental frequency increases with increasing odd numbers (B). The course of 

frequency and dissipation in situ for the adsorption of rigid particles (C) follow the 

Sauerbrey equation (G). In contrast to the course of frequency and dissipation for rigid 

particles, the course for Δf and ΔD of soft materials like proteins are displayed in (D). The 

resulting decay curves are shown below each diagram (E for C) and F for D). The relevant 

equations for the determination of adsorbed mass (Sauerbrey equation), the estimation of 
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the thickness of the adsorbed layer, and the dissipation are shown in (G). adapted from125, 

126, 129, 132 ............................................................................................................................. 40 

Figure 27: The maskless lithography device (Smartprint®) setup consists of a light source 

that passes an LCD matrix, a filter, and gets focused by a focusing lens and directly exposed 

to a photoresist (A). The device comprises two different objectives. The 2.5x objective 

narrows the light beam compared to the 1x objective. This results in smaller features while 

using the 2.5x objective (B). The processing of patterning photoresists is schematically 

depicted in C. The photoresist should be a homogeneous coating (1), then the photoresist 

coating is exposed to the light beam, which exposes the areas from the digital mask (2). 

The exposed photoresist is immersed in the developer solution, and then the .................. 42 

Figure 28: The Young Laplace equation describes the relation between the specific surface 

energy γSG of a substrate, a water drop γSL and the surface tension of the water drop γLG and 

the corresponding contact angle θ (A). Three ideal degrees of wetness exist, the partially, 

the complete and the non-wetting state. A water contact angle of 0° defines the complete 

wetting. A water contact angle between 0° and 180° comprises partially wetting. No 

wetting state is defined with a water contact angle above 180° (B). 137, 138, 140 ................. 43 

Figure 29: Structure of the thesis. This thesis is divided into two main topics, the assembly 

of spider silk-inspired materials into films and the structure-property relationship of spider 

silk-inspired materials. The first part is developing a thickness-dependent structural 

assembly and phase separation model for recombinant spider silk proteins from the 

nanoscale up to the microscale (Part II-1) and studying the structure formation of 

recombinant spider silk proteins and the orientation of β-sheet crystals within these films 

(Part II-2). A method for continuous assembly polymerization via reversible addition-

fragmentation chain transfer (CAP-RAFT) of polypeptides into crosslinked film with 

tunable layer thickness is developed (Part IV-2) as well. The second main topic is the 

structure-property relationship of the spider silk-inspired materials concerning various 

surface properties and modifications and their effects on degradation biocompatibility, such 

as blood coagulation behavior, protein adsorption, and cell adhesion behavior. .............. 46 

Figure 30: Classification of five different recombinant spider silk variants for coating 

applications based on their properties. ............................................................................... 57 

Figure 31: Schematic illustration of the fabrication of patterned recombinant spider silk 

protein films. ...................................................................................................................... 59 
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Figure 32: Correlative measurements of murine (Balb) and human (BJ) fibroblasts adhered 

to three different intruding patterns in a recombinant spider silk protein film. ................. 60 
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Part V – 3 - List of Tables 

Table 1: Maxima and minima for certain secondary structure elements in CD-spectra.122, 

123........................................................................................................................................ 39 

Table 2: Overview of used protein and synthetic polypeptides and where the associated 

publications can be found .................................................................................................. 56 

 

 

 

 

 

 


