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III. Summary 

The plasma protein fibrinogen is a crucial protein in hemostasis and wound healing. Upon 

vascular injury fibrinogen is enzymatically converted into insoluble fibrin nanofibers. After 

injury the enzyme thrombin cleaves off two small fibrinopeptides from soluble fibrinogen, 

which exposes binding sites that allow the polymerization into fibrin nanofibers that form a 

blood clot which seals the wound. 

Because of its in vivo functions as a blood clot and a provisional extracellular matrix 

fibrinogen is a promising candidate for the fabrication of novel biomaterials designed for 

wound treatment. The main idea of current research is to obtain nanofibers from fibrinogen 

which have similar morphology and characteristics as fibrin nanofibers, but which are 

prepared in vitro without the enzymatic cleavage by thrombin. One main technique to 

obtain nanofibers from biological materials is electrospinning, which however has some 

drawbacks especially for the production of protein fibers. Because of these drawbacks, 

some methods have been described which utilize self-assembly of fibrinogen into 

nanofibers for example in special buffers or on hydrophobic surfaces. The self-assembly of 

fibrinogen into nanofibers, which occurs even without enzymatic activation, is an 

interesting and not completely understood phenomenon. 

Therefore, in the course of this thesis, the self-assembly of fibrinogen was studied, by 

drying fibrinogen in the presence of different ions. It was shown that dependent on the 

presence of ions fibrinogen fibers formed during the drying process when fibrinogen 

concentrations in the physiologically relevant range of 2 to 5 mg/ml were applied. The self-

assembly of fibrinogen was observed in the presence of different ions and at pH values of 7 

to 9. Interestingly, the analyzed self-assembly was a surface independent process and 

drying of fibrinogen resulted in fibrous scaffolds on hydrophilic glass and gold as well as 

on various hydrophobic polymers.  

Since the fibrinogen fiber scaffolds prepared by self-assembly reached dimensions up to 

several cm2 and required comparably low concentrations of fibrinogen, a novel method to 

fabricate fibrinogen scaffolds by self-assembly was developed. However, the self-assembly 

during drying in the presence of ions was a reversible process and the prepared fibrinogen 

fibers were not stable upon rehydration, which is a problem for further experiments or a 
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potential future application. Therefore, different crosslinking procedures were analyzed for 

their potential to stabilize the fibrinogen scaffolds. It was shown that treatment with 

formaldehyde or glutaraldehyde vapor resulted in a reliable crosslinking of the fibrinogen 

scaffold and maintained the fibrous structure.  

In a second main experimental part of this thesis changes in secondary structure during the 

fibrinogen self-assembly were analyzed using circular dichroism. It was shown that the 

formation of fibrinogen fibers was accompanied by a transition of α-helical into β-sheet 

structures. The native content of 23 % α-helical and 28 % β-sheet structures was shifted to 

19 % and 32 %, respectively. Remarkably, the change in secondary structure was reversible 

when crosslinked fibers were rehydrated. An additional thioflavin T staining revealed that 

the observed change in secondary structure was not due to the formation of β-amyloid 

structures. 

Since an understanding of fibrinogen self-assembly allows preparation of fibrinogen 

scaffolds which could be used in the future as a biomaterial for tissue engineering and 

wound healing application, the bioactivity of self-assembled scaffolds was studied in the 

third main part of this thesis. In experiments carried out for 35 days it was shown that the 

long-term degradation of fibrinogen scaffolds was dependent on the crosslinking time in 

formaldehyde vapor. Furthermore, the long-term incubations revealed that single enzymes 

like plasmin or thrombin had no additional effect on the fibrinogen scaffold stability while 

a combination of plasmin and urokinase resulted in an accelerated degradation. 

The results of this thesis allow some insight into the mechanism of fibrinogen, which seems 

to rely on the exclusions of water during the drying process and on the effect that ions have 

on the hydration shell of the fibrinogen molecule. Overall the fibrinogen self-assembly can 

be used on many surfaces materials, requires low fibrinogen concentration and can be 

carried out at physiological pH, which makes fibrinogen self-assembly a potential 

alternative to other fabrication techniques for fibrinogen biomaterials. In addition, the 

results of the secondary structure analysis and the bioactivity investigation indicate that the 

fibrinogen remained intact and bioactive during the self-assembly process. Therefore, 

fibrinogen scaffolds prepared by the newly developed method of salt-induced self-assembly 

have a high potential for cell culture tests and even future application in wound healing. 
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IV. Zusammenfassung 

Das Plasmaprotein Fibrinogen ist ein entscheidendes Protein bei der Blutstillung und 

Wundheilung. Bei Gefäßverletzungen wird Fibrinogen enzymatisch in unlösliche Fibrin-

Nanofasern umgewandelt. Nach einer Verletzung spaltet das Enzym Thrombin vom 

löslichen Fibrinogen zwei kleine Fibrinopeptide ab, wodurch Bindungsstellen freigelegt 

werden, die die Polymerisation zu Fibrin-Nanofasern ermöglichen, die ein Blutgerinnsel 

bilden, welches die Wunde verschließt. 

Aufgrund seiner in vivo-Funktionen als Blutgerinnsel und als provisorische extrazelluläre 

Matrix ist Fibrinogen ein vielversprechender Kandidat für die Herstellung neuartiger 

Biomaterialien zur Wundbehandlung. Die Hauptidee der aktuellen Forschung besteht darin, 

aus Fibrinogen Nanofasern zu gewinnen, die eine ähnliche Morphologie und ähnliche 

Eigenschaften wie Fibrin-Nanofasern aufweisen, die jedoch in vitro ohne die enzymatische 

Spaltung durch Thrombin hergestellt werden. Eine Haupttechnik zur Gewinnung von 

Nanofasern aus biologischen Materialien ist das Elektrospinnen, das jedoch insbesondere 

für die Herstellung von Proteinfasern einige Nachteile hat. Wegen dieser Nachteile sind 

einige Methoden beschrieben worden, bei denen die Selbstorganisation von Fibrinogen zu 

Nanofasern genutzt wird, zum Beispiel in speziellen Puffern oder auf hydrophoben 

Oberflächen. Die Selbstorganisation von Fibrinogen zu Nanofasern, die auch ohne 

enzymatische Aktivierung stattfindet, ist ein interessantes und noch nicht vollständig 

verstandenes Phänomen. 

Deshalb wurde im Rahmen dieser Arbeit die Selbstorganisation von Fibrinogen untersucht, 

indem Fibrinogen in Gegenwart verschiedener Ionen getrocknet wurde. Es konnte gezeigt 

werden, dass in der Anwesenheit von Ionen Fibrinogenfasern entstehen, die während des 

Trocknungsprozesses gebildet werden, wenn Fibrinogenkonzentrationen im physiologisch 

relevanten Bereich von 2 bis 5 mg/ml genutzt werden. Die Selbstorganisation von 

Fibrinogen wurde in Gegenwart verschiedener Ionen und bei pH-Werten von 7 bis 9 

beobachtet. Interessanterweise war die analysierte Selbstorganisation ein 

oberflächenunabhängiger Prozess, und die Trocknung von Fibrinogen führte zu faserigen 

Gerüsten auf hydrophilem Glas und Gold sowie auf verschiedenen hydrophoben 

Polymeren.  
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Da die durch Self-Assembly hergestellten Fibrinogen-Fasergerüste Abmessungen bis zu 

mehreren cm2 erreichten und vergleichsweise niedrige Fibrinogenkonzentrationen 

benötigten, wurde eine neue Methode zur Herstellung von Fibrinogengerüsten durch 

Selbstorganisation entwickelt. Die Selbstorganisation während des Trocknens in Gegenwart 

von Ionen war jedoch ein reversibler Prozess, und die präparierten Fibrinogenfasern waren 

bei der Rehydratation nicht stabil, was ein Problem für weitere Experimente oder eine 

potentielle zukünftige Anwendung darstellt. Daher wurden verschiedene chemische 

Quervernetzungsverfahren auf ihr Potenzial zur Stabilisierung der Fibrinogengerüste 

analysiert. Es zeigte sich, dass die Behandlung mit Formaldehyd- oder Glutaraldehyddampf 

zu einer zuverlässigen Vernetzung des Fibrinogen-Gerüsts führte und die Faserstruktur 

erhalten blieb.  

Im zweiten experimentellen Hauptteil dieser Arbeit wurden Veränderungen der 

Sekundärstruktur während der Fibrinogen-Selbstorganisation mittels Zirkulardichroismus 

analysiert. Es konnte gezeigt werden, dass die Bildung von Fibrinogenfasern mit einem 

Übergang von α-helikalen in β-Faltblattstrukturen einhergeht. Der native Gehalt von 23 % 

α-helikal und 28 % β-Blattstrukturen wurde zu 19 % bzw. 32 % verschoben. 

Bemerkenswert ist, dass die Veränderung der Sekundärstruktur reversibel war, wenn 

vernetzte Fasern rehydriert wurden. Eine zusätzliche Thioflavin T-Färbung zeigte, dass die 

beobachtete Veränderung der Sekundärstruktur nicht auf die Bildung von β-

Amyloidstrukturen zurückzuführen war. 

Da das Verständnis der Fibrinogen-Selbstorganisation die Herstellung von 

Fibrinogengerüsten ermöglicht, die in Zukunft als Biomaterial für Tissue Engineering und 

Wundheilungsanwendungen eingesetzt werden könnten, wurde im dritten Hauptteil dieser 

Arbeit die Bioaktivität von selbstorganisierten Gerüsten untersucht. In Experimenten, die 

über 35 Tage durchgeführt wurden, konnte gezeigt werden, dass der Langzeitabbau von 

Fibrinogen-Gerüsten von der Vernetzungszeit in Formaldehyddampf abhängig ist. Darüber 

hinaus zeigten die Langzeitinkubationen, dass einzelne Enzyme wie Plasmin oder 

Thrombin keinen zusätzlichen Einfluss auf die Stabilität des Fibrinogen-Gerüstes hatten, 

während eine Kombination von Plasmin und Urokinase zu einem beschleunigten Abbau 

führte. 
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Die Ergebnisse dieser Arbeit erlauben einen Einblick in den Mechanismus der Fibrinogen 

Faserbildung, der scheinbar auf dem Ausschluss von Wasser während des 

Trocknungsprozesses und auf dem dem Effekt von Ionen auf die Hydratationshülle des 

Fibrinogenmoleküls beruht. Insgesamt kann die Fibrinogen-Selbstorganisation auf vielen 

Oberflächenmaterialien verwendet werden, erfordert eine niedrige Fibrinogenkonzentration 

und kann bei physiologischem pH-Wert durchgeführt werden, was die Fibrinogen-

Selbstorganisation zu einer potenziellen Alternative zu anderen Herstellungstechniken für 

Fibrinogen-Biomaterialien macht. Darüber hinaus deuten die Ergebnisse der 

Sekundärstrukturanalyse und der Bioaktivitätsuntersuchung darauf hin, dass das Fibrinogen 

während der Selbstorganisation intakt und biologisch aktiv blieb. Daher verfügen 

Fibrinogengerüste, die mit dem neu entwickelten Verfahren der salzinduzierten 

Selbstorganisation hergestellt wurden, über ein großes Potential für zellbiologische 

Untersuchungen oder sogar zukünftige Anwendungen in der Wundheilung.  
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1. Motivation 

The sealing of a wound in the human body is facilitated by the enzymatic conversion of the 

soluble plasma protein fibrinogen into fibrin nanofibers. Therefore, fibrin has attracted 

great attention to be applied in wound treatment and has become an interesting material for 

the field of tissue engineering. In addition, one approach in tissue engineering is to prepare 

fibrinogen fibers in vitro without an enzymatic activation by electrospinning fibrinogen 

solution. However, this approach requires organic solvents and high voltage that possibly 

have negative effects on the bioactivity of the fibers. Therefore, some recent publications 

have also presented methods, which induced the formation of fibrinogen nanofibers without 

enzymatic activation in solution or as a surface reaction. This remarkable property of 

fibrinogen was termed self-assembly and it was discussed to use self-assembled fibrinogen 

fibers for tissue engineering and wound healing applications. However, the mechanism 

behind fibrinogen self-assembly remains elusive. Some studies focused on the exposure of 

fibrinogen solution to hydrophobic surfaces as the main driving force while others 

investigated the self-assembly at low pH values or in the presence of ethanol. Most of these 

studies proposed a change in secondary structure as an underlying mechanism of fibrinogen 

self-assembly, but no detailed investigation of structural changes was conducted. In most of 

these studies the samples of self-assembled fibrinogen were dried for analysis. The drying 

of the fibrinogen is an important factor that has been largely neglected. Only a few studies 

discussed that changes in ionic strength and drying effects during the preparation of 

fibrinogen samples could have an additional effect on fibrinogen self-assembly, but did not 

identify, which of these factors is the actual driving force that results in the organization of 

fibrinogen molecules into fibers. Without a fundamental understanding of the self-assembly 

process it is not possible to tailor self-assembled fibrinogen scaffolds towards selected 

applications in tissue engineering because neither the assembly process nor the bioactivity 

of the fibrinogen fibers can be sufficiently controlled or evaluated. 

The main scientific motivation of this thesis is to gain insight into the fundamental 

principles of fibrinogen self-assembly. One key question is whether drying of fibrinogen 

solutions is sufficient to induce fibrinogen self-assembly. Therefore, in this thesis 

fibrinogen self-assembly induced by drying was systemically investigated for the first time 
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in respect of factors like presence of ions, ion composition, fibrinogen concentration, pH, 

surface material or humidity. The results obtained allow formulating a potential mechanism 

of drying induced fibrinogen self-assembly, which might also help to explain self-assembly 

of fibrinogen fibers observed in other studies. 

Furthermore, changes in the secondary structure of fibrinogen were analyzed to elucidate 

the role of conformational changes during fibrinogen self-assembly. For the first time, with 

the data obtained it will be possible to discuss the role of conformational changes during 

fibrinogen self-assembly proposed in other studies based on the foundation of measured 

results.  

Overall, the systematic investigation of factors contributing to fibrinogen self-assembly will 

provide a framework, which will allow specific use of self-assembly as a process for the 

preparation of fibrinogen scaffolds as bio- and tissue engineering materials. Furthermore, 

the detailed analysis of single parameters will provide a first basis for potential application 

of tailored self-assembled fibrinogen for selected tissue engineering approaches, like for 

example wound healing.  

This is closely related to the second and more application-driven motivation of this thesis: 

To evaluate whether self-assembled fibrinogen scaffolds are suitable biomaterials for tissue 

engineering or wound healing applications. This evaluation also relies on the fundamental 

understanding of the self-assembly process and the associated conformational changes. 

Additionally, other factors like fiber yield and the dimension of the obtained fibrinogen 

fiber scaffolds as well as their stability in an aqueous environment are crucial. These 

application relevant factors will also be addressed in this thesis, which will allow an 

assessment of the practical feasibility of fibrinogen self-assembly in tissue engineering 

applications.  

Another important question that should precede an application of self-assembled fibrinogen 

is whether fibrinogen maintains its biological activity. The structural analysis gives some 

indication about the biological activity. In addition, the bioactivity of self-assembled 

fibrinogen will be addressed using binding and degradation experiments with biologically 

relevant partners or enzymes in this thesis. This will allow a first interpretation whether 

fibrinogen stays biologically active during the self-assembly processes and provide a 
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foundation for future cell culture experiments and a potential future application of 

fibrinogen as a biomaterial. 

The findings presented in this thesis will shed light on the fundamental mechanism of 

fibrinogen self-assembly and the biological activity of self-assembled fibrinogen 

nanofibers. A basic understanding of fibrinogen self-assembly can be a future basis for the 

tailored fabrication of fibrinogen biomaterials for applications in tissue engineering. 
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2. Introduction 

2.1. The extracellular matrix 

In native tissue cells are surrounded by a nanofibrous network of proteins and 

proteoglycans termed extracellular matrix (ECM). One of the main functions of the ECM is 

the structural and support of tissue and cells by offering a three-dimensional architecture 

with various binding sites for cells. Many ECM components offer sequences to which cells 

can bind via integrins like for example the RGD sequence; a sequence of the tree amino 

acids arginine, glycine and aspartate (Kular et al., 2014). However, the function of the 

ECM is not limited to a passive role as a static scaffold. The ECM is subject to constant 

remodeling by the cells in it and likewise influences cellular migration, differentiation and 

proliferation (Kular et al., 2014). The ECM does affect cellular behavior by providing 

biochemical clues of the single ECM components or their degradation products. 

Furthermore, the ECM also influences cells by mechanical signaling. Some ECM proteins 

include cryptic binding sites whose availability depends on the tensile state and a partial 

unfolding of the molecule. At the same time the fiber formation of many ECM components 

is also dependent of the tensile state of the tissue. Cell on the other hand can sense as well 

as induce mechanical forces, which makes the ECM an topographical, biochemical and 

biomechanical regulatory environment (Vogel, 2018). 

The most abundant ECM protein is collagen. The ubiquitous protein is present in almost all 

tissues and over 20 different collagens have been characterized. In various tissues different 

types of collagen are present. For example, the ubiquitous major form collagen type I is 

found in almost all kinds of tissue, while type III collagen is mainly found in the walls of 

blood vessels (Bosman and Stamenkovic, 2003). One of the functions of collagen is to 

provide mechanical strength to tissues, which are exposed to pressure, shear or tensile 

forces like for example skin, the walls of blood vessels, bone or tendons (Bosman and 

Stamenkovic, 2003). The mechanical strength of the collagen in the ECM of these tissues is 

due to its fibrous morphology. The collagen molecule itself has an elongated triple-helical 

structure and in the collagen types occurring in tissues the collagen molecules are arranged 

in fibrils. Only the collagen type I, II, III, V and XI assemble into fibrils while other 
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collagen types are often of regulatory function (Bosman and Stamenkovic, 2003; Kular et 

al., 2014). 

Elastin is another important ECM component, which as the name implicates gives tissue its 

elasticity. It is mainly found in connective tissue and in the walls of blood vessels. Elastin 

is produced by crosslinking its soluble precursor tropoelastin by the enzyme lysyloxidase. 

The final elastin in tissue is a crosslinked polymer that is extremely stable and lasts for the 

entire lifetime of the host. Although crosslinked elastin is highly stable, it has large 

domains of repetitive hydrophobic amino acids. The dynamic interactions of the 

hydrophobic domains give the crosslinked elastin polymer its elasticity (Debelle and 

Tamburro, 1999). 

The protein fibronectin is another important component of the native ECM. Fibronectin is a 

ubiquitous protein that is present in the ECM of almost all tissues. In vivo fibronectin is 

assembled into fibrous networks by a cell driven process. Cells bind to the RGD sequence 

of fibronectin via integrins. The interaction of cells and fibronectin is a process that is 

essential from the first embryonal development to the matured tissue. Interestingly, the 

fibronectin fiber network of the ECM also matures with age and function of the respective 

tissue. Fibronectin fibers are present as small elastic fibers that are still rearrangeable as 

well as matured insoluble fibers of larger sizes. The functions of fibronectin range from 

structural functions and cellular support of cells due to the strong integrin binding to 

signaling and migratory functions for cells. Furthermore, the fibronectin network plays a 

crucial role in the assembly, regulation and organization of other ECM components like for 

example collagen. 

In the case of a wound the skin is penetrated and the underlying tissue is damaged. This 

does not only mean that cells in the wounded area are lost, but also that the ECM is 

damaged and that the various functions of the different ECM components are impaired. 

During the wound healing process the functions of the ECM are carried out by a 

provisional matrix out of fibrin. 
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2.2. Wound healing 

The human body has a great capability to withstand and regenerate injuries. In case of a 

wound the blood released during hemorrhage has its own integrated mechanism to seal the 

site of injury and to prevent further blood loss. During vascular lesion the soluble plasma 

protein fibrinogen is enzymatically converted to fibrin. The fibrin forms a meshwork of 

nanofibers, which aggregate with blood platelets to seal the wound. The meshwork of fibrin 

fibers serves as a provisional ECM and temporarily replaces many functions of the native 

ECM (Clark, 2001).  

The sealing of the wound is only the very first step of wound healing. Although, wound 

healing is a continuous process of overlapping events it is generally divided into four 

phases: Hemostasis, inflammation, proliferation and remodeling (Guo and DiPietro, 2010). 

The Hemostasis is the initial formation of a blood clot by the conversion of fibrinogen into 

fibrin fibers and the attachment of platelets, which stops the bleeding. The initial 

hemostasis is completed in the first hours after wounding and sometimes can be prolonged 

up to the first three days. Nevertheless, the fibrin network, which is formed during 

hemostasis, is also crucial for later stages of the wound healing process (Braiman-Wiksman 

et al., 2016). The second phase of wound healing, the inflammation, occurs simultaneously 

with hemostasis. Neutrophil immune cells from the blood invade into the wound space. The 

main function of the inflammatory response is to protect the wound site from potential 

infections with pathogens but an additional function is the secretion of cytokines, which 

attract and stimulate the proliferation of fibroblasts (Cumming et al., 2009). 

The third phase is the proliferation phase in which fibroblasts and epithelial cells from the 

surrounding tissue start to migrate and proliferate into the wound site and start to regenerate 

the lost tissue. During this phase the fibrin clot serves as a scaffold for the cells, which 

continually replace the fibrin with collagen. The proliferation phase starts in the first days 

after the wound is inflicted and continues for weeks up to several months after the 

wounding (Braiman-Wiksman et al., 2016). The final remodeling phase can continue for 

month or even years and is defined by a maturation of the regenerated tissue towards native 

tissue (Guo and DiPietro, 2010). An overview about the phases of wound healing is given 

in Figure 1. 
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Figure 1: Time scale of wound healing. The process of wound healing is divided into four overlapping 
phases. The hemostasis during the first hours after wounding is accompanied by the inflammation phase 
that lasts up to days. During hemostasis the wound is sealed with fibrin. In the proliferation phase 
fibroblasts migrate into the wound space and start to replace the fibrin with collagen. During the remodeling 
phase the wound tissue matures towards native tissue. 

The crucial initial event of hemostasis is formation of the fibrin clot out of the soluble 

plasma protein fibrinogen. Therefore, the fibrinogen molecule and its enzymatically 

conversion into fibrin are discussed in the next chapter. 

2.3. Fibrinogen and fibrin  

Fibrinogen is a plasma protein, which circulates in the blood with a concentration of 

2-5 mg/ml making fibrinogen the third most abundant serum protein after albumin and 

globulin. Fibrinogen is produced in the liver and circulates in the blood stream with a half-

life time of roughly two days (Stein et al., 1978). 

The main reason for the abundance of fibrinogen in the bloodstream is its crucial function 

in blood clotting and in the subsequent wound healing processes. In case of a wound 

fibrinogen is activated by the enzyme thrombin and the fibrinogen molecules assemble into 

fibrin nanofibers, which close the wound. This tightly regulated process is termed 

coagulation (Mosesson, 2005).  
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2.3.1. Molecular Structure of fibrinogen 

Fibrinogen is a dimeric macromolecule with a molecular weight of 340 kDa. It is composed 

of two Aα-chains, two Bβ-chains and two γ-chains (Kattula et al., 2017; Mosesson, 2005). 

One set of Aα-, Bβ- and γ-chains forms a coiled coil triple-helix structure, respectively. The 

different chains of the half molecule are linked by disulfide bridges at the borders of the 

coiled coil structure. The N-termini of the single chains of the two half molecules are 

linked together by disulfide bridges and form the center of the fibrinogen molecule, the so 

called E-domain (Huang et al., 1993). The C-termini of the Bβ- and γ-chains of each half 

molecule form a β-nodule and a γ-nodule rich in β-sheet structures. The β- and γ- nodule 

are referred to as D-domain (Zuev et al., 2017). In the fibrinogen molecule two D-domains 

of the half molecules face in opposite directions at the periphery. The two D-domains are 

linked by coiled coil triple-helix structures to the central E-domain and give rise to a three 

nodular geometry of the fibrinogen molecule with an overall length of 45 nm (Figure 2 A). 

This three nodular shape of the fibrinogen molecule was confirmed in vitro using electron 

and atomic force microscopy (Fowler and Erickson, 1979; Protopopova et al., 2015). To 

each D-domain an α-C domain is linked with a flexible connector. The α-C domains are 

usually folded back from the D-domain to the central E-domain as depicted in Figure 2 A 

(Zuev et al., 2017).  
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Figure 2: Domain structure of the fibrinogen molecule 
A: Fibrinogen molecular structure with the E-domain highlighted in yellow and the D-domains highlighted in 
blue. The domains mainly consist of β-sheets while the linkers between the domains consist of coiled α-
helices. Image modified from (Zuev et al., 2017).  
B: Electron microscopic image of a fibrin monomer with the E- and D-domains highlighted. Image modified 
from (Weisel and MEDVED, 2001).  
C: Atomic force microscopy image of a fibrinogen molecule with the E- and D-domains highlighted. Image 
modified from (Protopopova et al., 2015). 

Even though, the secondary structure of fragments of human fibrinogen was determined by 

X-ray diffraction (Spraggon et al., 1997; Yee et al., 1997) and a complete structure has 

been confirmed (Kollman et al., 2009), the structure and role of the C-terminal region of the 

Aα-chain remained elusive for a long time. This is due to flexible high-repeat regions 

linking the C-terminal nodule of the Aα-chain to the rest of the molecule. This high-repeat 

regions increase the flexibility of the Aα-chain, which makes crystallization and thereby 

X-ray analyses challenging (Kollman et al., 2009). 

Interestingly, the flexibility of the αC-terminus has been indirectly observed even earlier in 

electron microscopy. For some molecules a second nodular central domain was observed, 

whose location varied (Weisel et al., 1985). Later studies revealed that the fibrinogen 

molecule is often present in a conformation, in which the high repeat linker and the C-

terminal α-nodule are folded back in a way that allows close contact to the central E-
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domain (Weisel and Medved, 2001). Nevertheless, the C-terminal α-nodules have also been 

found in various other constellations with respect to the central E-domain and it is very 

likely that the fibrinogen molecules in solution or in the blood stream have highly flexible 

αC-termini, which change their conformation constantly (Protopopova et al., 2015; Weisel 

et al., 1993; Weisel et al., 1985). Nevertheless, it has been discussed that dependent on the 

pH the αC-domains have preferred positions in respect to the central E-domain. At a 

physiological pH of 7.4 the αC-domains are likely to be in a compact position close to the 

E-domain, while at high pH an extended confirmation with the αC-domains elongated 

towards the periphery is likely (Figure 3). The most probable positions of the αC-domain at 

different pH values are also reflected in differences of the hydrodynamic diameter of the 

fibrinogen molecule (Wasilewska et al., 2009). 

 

Figure 3: Conformational fluctuations of fibrinogens αC-domains.  
The flexible αC-domains of fibrinogen can fluctuate between a compact conformation with the αC-domains 
in close contact to the central E-domain and between an extended conformation. At pH 7.4 the compact 
conformation of the αC-domains is more likely, while at pH values higher than 8 and extended 
conformation. However both conformation and intermediate states are possible due to the high flexibility of 
the αC-domains. 

However, the high repeat linker chain of the αC-terminus is not an unordered structure. 

This sequence of the protein is rich in tandem repeats of prolin. It has been discussed that 

these repeated amino acids could form an extended poly-L-proline helix structure (Weisel 

and MEDVED, 2001). Similar structures have been observed in collagen or cell surface 

proteins and are discussed to be highly flexible due to the hydrogen bridges in the helix. 

The function of similar structures was described to yield in a high flexibility and also to 

assist protein-protein-interaction (Williamson, 1994; Zuev et al., 2017).  
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The highly flexible αC-termini of fibrinogen have been shown to be important for later 

stages of fibrinogen interaction and for the crosslinking of single fibrin fibers (Collet et al., 

2005; Zuev et al., 2017). 

Two other structural components of fibrinogen, which have a crucial function in the 

assembly of fibrinogen molecules into fibrin fibers, are the fibrinopeptides A and B. They 

are located at the central E-domain at the N-termini of the Aα-chain and the Bβ-chain, what 

is also indicated by the nomenclature (Blombäck and Blombäck, 1972). Although the 

fibrinopeptides A and B are very short α-helical domains consisting of only 16 or 12 amino 

acids, respectively, they prevent the association of fibrinogen molecules to fibrin by 

masking binding sites at the central E-domain (Mosesson, 2005). If fibrinopeptides A and B 

are cleaved off by the proteolytic enzyme thrombin, these binding sites become exposed 

allowing the association of fibrinogen molecules into fibrin fibers, as described in the next 

chapter (Mosesson, 2005; Weisel et al., 1993). 

2.3.2. Conversion of fibrinogen into fibrin nanofibers 

The emergency of a wound requires a fast wound closure response in vivo. However, under 

non-hemorrhage circumstances fibrinogen in the blood should not be converted to fibrin at 

all cost. The formation of fibrin in an intact blood vessel could clock the blood vessels and 

lead to insufficient perfusion of vital organs or even death (Fowkes et al., 1993). Therefore, 

it is crucial that the activation of fibrinogen by thrombin is tightly regulated. Thrombin is 

the core enzyme of the blood clotting process, which under normal non-hemorrhage 

conditions, is only present in its inactive precursor form, so called prothrombin. The 

activation of prothrombin is achieved by two linked pathways referred to as coagulation 

cascade (Figure 4). The enzymes involved in this cascade are historically named as factors 

with a roman numeral. Since most of the factors are proteases, which are present in their 

inactive form, the convention is to add the suffix ‘a’ to the factor name, if the factor is 

activated during the coagulation cascade (Palta et al., 2014). 

The first pathway for thrombin activation is the extrinsic pathway. In case of a tissue 

wound, which also damages a blood vessel, blood will be permeating into the damaged 

tissue. Factor III (tissue factor), which is bound to the sub-endothelial tissue becomes 
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exposed to the blood. Factor VII (Proconvertin), which is present in the blood, can now 

bind to factor III initiating the FIII/FVIIa complex. This complex hydrolyses factor X 

(Stuart-Prower factor) to factor Xa. Factor Xa in combination with factor V hydrolyses 

factor II (Prothrombin) to factor IIa (Thrombin) (Figure 4).  

The second pathway to activate thrombin is the intrinsic pathway. In this pathway, the 

blood plasma components factor XII (Hageman factor), high-molecular-weight kininogen 

and prekallikrein form a complex with a negatively charged surface for example the 

collagen of the tissue, which is exposed during the injury of a blood vessel. The activation 

complex can also be formed intrinsically at the wall of a blood vessel without an injury of 

the surrounding tissue. This complex converts factor XI to factor Xia, which activates 

factor IX, which in turn converts factor VIII to factor VIIIa. Factor VIIIa activates factor X, 

which similarly to the extrinsic pathway leads to the activation of thrombin (Dahlbäck, 

2000; Palta et al., 2014).  
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Figure 4: Extrinsic and intrinsic pathway of the blood coagulation cascade 
The core enzyme of the coagulation cascade, thrombin, is activated by either the intrinsic or the extrinsic 
pathway. Thrombin converts fibrinogen into fibrin and additionally amplifies the coagulation cascade.  

Interestingly, the activated thrombin can activate factor VIII in a positive feedback loop. 

This feedback reaction leads to a rapid amplification of the thrombin activity at the site of 

injury and ensures a quick assembly of the fibrin blood clot (Palta et al., 2014). 

It has been discussed that an additional role of the intrinsic pathway is the amplification of 

the coagulation cascade. It is remarkable that the intrinsic and the extrinsic pathway are 

activated by similar initial events. Both pathways can be triggered by the formation of a 
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complex made out of proenzymes in the blood and a tissue component which is not present 

in the blood at all. For the extrinsic pathway the complex is formed out of tissue factor and 

factor VII, for the intrinsic pathway the complex can consist of collagen and factor XII 

(Dahlbäck, 2000).  

Additionally, the activation of the intrinsic or the extrinsic pathway is also crucial for the 

regulation of the blood coagulation cascade. One of the most important inhibitors of the 

coagulation cascade is antithrombin, which can inhibit almost all proteases of the 

coagulation cascade (Palta et al., 2014). The inhibition activity of antithrombin is even 

increased by the presence of heparin on the surface of vascular epithelium cells, which 

results in a strong inhibition of the free coagulation enzymes in the blood plasma of an 

intact blood vessel. However, in case of a vascular lesion less heparin is present and the 

coagulation enzymes form complexes with the underlying tissue becoming less accessible 

for inhibition by antithrombin. This efficient regulatory mechanism allows a strong 

restriction of coagulation in the blood plasma without any spontaneous coagulation or 

fibrin formation while promoting rapid and local thrombin activation and fibrin formation 

at the injury site (Rosenberg, 1989; Weitz et al., 1990). 

When thrombin is activated by the coagulation cascade, it utilizes soluble fibrinogen from 

the blood plasma as the major component for fibrin fiber formation. Thrombin cleaves off 

fibrinopeptide A from the N-terminus of the α-chain of fibrinogen, which makes a 

polymerization site accessible, which is called EA or also referred to as knob A. The 

EA-polymerization site is a gly-pro-arg-val motive starting at the seventeenth amino acid 

residue of the newly formed fibrin α-chain N-terminus. Similarly to fibrinopeptide A, a 

thrombin-catalyzed cleavage of fibrinopeptide B exposes gly-his-arg-pro motives at the E-

domain-located terminus of the β-chain, which are correspondingly termed EB or knob B 

(Chernysh et al., 2012). 

After exposure, the E-domain polymerization sites bind to complementary binding sites at 

the D-domain referred to as hole A or hole B (Figure 5 A). These so called knob-hole 

interactions are a noncovalent binding mechanism between the D-domain of one fibrinogen 

molecule and the E-domain of an adjacent molecule, which results in a half staggered 

alignment of fibrin monomers giving rise to the double stranded fibrin protofibrils forming 
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the fibrin clot (Chernysh et al., 2012). The half-staggered alignment of fibrin monomers in 

the forming double stranded protofibril can be observed by atomic force microscopy like 

depicted in Figure 5 B. 

 

Figure 5: Formation of a fibrin protofibril 

A: Schematic representation of double stranded protofibril formation. After cleavage of the fibrinopeptides 
by thrombin the fibrin monomers align in a half staggered configuration due to knob-hole interactions.  
B: Atomic force microscopy image of a fibrin protofibril. Image modified from (Protopopova et al., 2015). 
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Under normal in vivo conditions both fibrinopeptides A and B are cleaved off by thrombin. 

However, the cleavage of fibrinopeptide A is a fast process while the cleavage of 

fibrinopeptide B is delayed (Pechik et al., 2006). Interestingly, the venom of some vipers, 

like for example Agkistrodon halys halys, contains proteases, which initiate fibrinogen 

polymerization and therefore rapid blood clotting by exclusively cleaving fibrinopeptide A 

(Weisel et al., 1993). Fibrin prepared with those proteases lacks only fibrinopeptide A and 

appears as a more ordered fiber network while showing a low lateral aggregation of the 

protofibrils. In contrast, fibrin prepared with thrombin lacks both fibrinopeptides A and B 

and seems more antiperiodic and unordered with a high lateral aggregation of the 

protofibrils. This has led to the conclusion that the cleavage of fibrinopeptide A is sufficient 

for polymerization, but that the delayed cleavage of fibrinopeptide B plays an important 

role in the overall organization of the polymerized protofibrils, which is crucial for the 

mechanical properties and the later crosslinking events of the fibrin clot (Weisel et al., 

1993). 

Crosslinking of the fibrin clot 

Since fibrin protofibrils are held together by noncovalent interactions the in vivo maturation 

of the fibrin clot requires further crosslinking of the fibrin protofibril network to increase 

mechanical stability and to provide a permanent wound closure. Crosslinking in vivo is 

catalyzed by the enzyme transglutaminase, also referred to as factor XIII or fibrin 

stabilizing factor. Transglutaminase is activated by thrombin in the presence of Ca2+-ions. 

This elucidates the central regulatory role of thrombin during blood clotting. Thrombin is 

not only responsible for the formation of fibrin protofibrils, but additionally the key 

activator of subsequent crosslinking events in the fibrin clot (Lorand, 2001). The activated 

transglutaminase catalyzes the formation of a peptide bond between the ε-amino group of a 

lysine residue and the γ-glutamyl group of a glutamine residue (Lorand et al., 1968). 
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Figure 6: Transglutaminase crosslinking of fibrin protofibrils  
A: Reaction scheme of the transglutaminase catalyzed crosslinking of a glutamine and a lysine residue. 
Image modified from (Berg et al., 2012). 
B: Transglutaminase crosslinking of two fibrin protofibrils. The protofibrils are crosslinked via their flexible 
α-C domains. Additionally, transglutaminase crosslinks the fibrin monomers of one protofibril via their D-
domains. 

It was shown that transglutaminase binds to the αC-domains of fibrin protofibrils. After 

thrombin activation, the αC-domains of the fibrin monomer are no longer adhered to the 

central E-domain, but are in a flexible state making them available for intermolecular 

interactions. However, the first crosslinks catalyzed by transglutaminase occur between a 

lysine residue at the D-domain of a fibrin monomer and a glutamine residue at the D-

domain of an adjacent fibrin monomer, which results in the covalent stabilization of fibrin 
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monomers in the fibrin protofibril. Crosslinking of the fibrin monomers increases the 

viscoelastic modulus and the clot resistance against enzymatic degradation (Lorand, 2001). 

In a second slower reaction, transglutaminase catalyzes crosslinking of lysine and 

glutamine residue at the αC-domains of adjacent fibrin protofibrils. This second 

crosslinking reaction covalently links the different protofibrils via the flexible αC-domains 

forming the matured fibrin network. The αC-domains of the protofibrils maintain their 

flexibility even after crosslinking. However, due to steric hindrance they are less likely to 

be found in contact with the E-domain. This is sometimes considered as change in tertiary 

structure although the overall conformation of the αC-domains remains flexible and 

fluctuating (Mosesson, 2005). 

It is remarkable that the same crosslinking reaction increases the mechanical stability to 

fibrin by covalently linking the fibrin monomers in the protofibrils, while also maintaining 

the elasticity of the fibrin network by crosslinking different fibrin protofibrils over their 

flexible αC domains (Ariëns et al., 2002). 

Although the transglutaminase-catalyzed crosslinking of the fibrin protofibrils is well 

understood, it should not be neglected that transglutaminase crosslinking can also occur 

between the forming fibrin clot and other proteins. It is highly probable that during wound 

healing transglutaminase plays an additional role in the crosslinking of the fibrin clot to the 

surrounding tissue (Muszbek et al., 1999).  

2.3.3. Fibrin as a provisional extracellular matrix 

If tissue is wounded or if larger parts of the tissues are lost none of the native ECM 

components remains intact or even present in the site of injury. The fibrin fiber network 

serves as a wound closure, but it also fulfills the function of a provisional ECM into which 

cells from the surrounding tissue migrate and regenerate and replace the lost tissue (Clark, 

2001). Fibrinogen has RGD binding sites to which cells can bind via integrins. In addition, 

many cells are also able to bind fibrinogen without integrin receptors. Fibrin also has 

specific binding sites for fibroblast growth factor and for endothelial cell growth factor, 

which regulate the cellular migration and proliferation during later stages of the wound 
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healing. This makes the fibrin a structural support between cells, which also has regulatory 

functions (Laurens et al., 2006). 

In addition to cells and growth factors, fibrin also binds to other blood plasma proteins, 

which are integrated into the fibrin network during hemostasis. Especially plasma 

fibronectin, a soluble form of fibronectin related to tissue fibronectin, is co-assembled into 

the fibrin network in high concentrations (Laurens et al., 2006). Fibronectin binds to a 

fibrin at a specific binding site located in the α-C domain of fibrin while other domains of 

fibrin are not able to bind fibronectin. Interestingly fibrinogen does not bind fibronectin, 

which indicates that the binding site at the α-C domain of fibrinogen is not accessible 

because the α-C domain of fibrinogen is in contact with the central E-domain of the 

molecule (Makogonenko et al., 2002). Fibronectin also binds to collagen, which makes it 

an important linker between the fibrin clot and the periwound tissue collagen as well as an 

important regulator of collagen deposition in the fibrin clot during the proliferation phase 

(Lenselink, 2015).  

Similar to fibronectin the glycoprotein vitronectin is incorporated into the blood clot during 

hemostasis. Both proteins act as an additional amplification for cell adhesion in the forming 

blood clot because both contain many RGD sequences to which cells can bind (Laurens et 

al., 2006). Furthermore, fibronectin and vitronectin are chemically crosslinked to the fibrin 

fiber network by the transglutaminase reaction, which also crosslinks the fibrin fibers 

during the maturation of the fibrin clot (Laurens et al., 2006). Interestingly, fibrinogen has 

an additional binding site for transglutaminase, which is not the site of active crosslinking. 

Transglutaminase is bound to this exosite in its inactive form. This way transglutaminase is 

already incorporated into the blood clot during the first stage of hemostasis where it can be 

activated to crosslink the fibrin fibers as well as binding partners of fibrin (Hornyak and 

Shafer, 2002). 

Another binding partner of fibrin is heparin. Heparin binds to a specific binding site at the 

new N-terminus of the fibrin β-chain where fibrinopeptide B was cleaved of by thrombin 

during the fibrin formation. Heparin hardly binds to fibrinogen since fibrinopeptide B is 

still present and blocks the binding site due to steric hindrance (Odrljin et al., 1996b). The 

heparin binding site of fibrin has two functions. Heparin is involved in the inhibition of 
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thrombin by forming a complex with antithrombin and activating it. By binding of heparin 

to fibrin, this formation of an inhibitory complex does not take place and thrombin remains 

active. This way the presence of fibrin ensures a continuous formation of more fibrin in the 

blood clot and keeps thrombin in its active form by binding the heparin (Hogg and Jackson, 

1989). Furthermore, many cells as for example endothelial cells present heparin like 

molecules at their cell surface and can use the heparin binding site of fibrin. The heparin 

binding site is one of the major integrin independent binding sites for cells in the fibrin clot 

(Odrljin et al., 1996a).  

In addition to the scaffold function of fibrin and its central role in the binding of cells and 

the factors mentioned above, the fibrin clot temporarily also has to fulfill the function of 

ECM elasticity. This function is accomplished by the coiled coil linker domains, which 

connect the central E-domain with the D-domains. The α-helical coiled coil structures are 

refolded into β-sheets upon stretching of the fibrin, which results in a high elasticity (Lim et 

al., 2008; Litvinov et al., 2012a). Another important factor contributing to the high 

elasticity of the fibrin clot is the transglutaminase crosslinking of the fibrin protofibrils. The 

protofibrils are crosslinked via their flexible α-C domains, which allows single protofibrils 

to displace in respect to each other and thereby extend the fibrin clot (Helms et al., 2012). 

Degradation of fibrin 

For the remodeling of the provisional fibrin matrix into a collagen matrix by the cell types 

introduced in the next section, it is necessary that cells can degrade the fibrin fibers. A 

partial degradation is required to enhance the invasion of cells into the fibrin matrix, while 

during remodeling of the fibrin clot the fibrin has to be gradually degraded and replaced 

with collagen until the wound tissue is completely converted into native tissue without 

fibrinogen present. The main mechanism used by cells to degrade fibrin is the proteolytic 

digestion by plasmin, which is termed fibrinolysis (Kane, 1984). Plasmin is a protease, 

which cleaves fibrin monomers into various smaller fragments in a gradual process and 

thereby destroys the fibrous structure of the fibrin clot (Pizzo et al., 1972).  

Plasmin is present in the bloodstream in its inactive precursor form plasminogen. During 

the formation of the fibrin clot plasminogen is incorporated into the emerging fibrin fiber 

network. Cells migrating into the fibrin clot can activate the deposited plasminogen by 
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means of tissue plasminogen activator. Interestingly, activated plasmin itself converts 

plasminogen into plasmin in a positive feedback loop. The activation of plasmin can also be 

achieved or enhanced by exogenous factors that are not involved in the in vivo activation. 

One major exogenous activator of plasmin is the enzyme urokinase, which is produced by 

epithelial cells of the urinary tract and has a similar activating function like the tissue 

plasminogen activator. Urokinase is also used for the activation of plasminogen in clinical 

applications (Kane, 1984). 

Plasmin-catalyzed fibrinolysis is the main in vivo pathway for fibrin degradation, but it was 

shown that cells in vitro can also use matrix metalloproteinases, which degrade collagen in 

vivo, to degrade fibrin. The cellular degradation of fibrinogen catalyzed by matrix 

metalloproteinases is only observed in cells, which lack the capability to utilize plasmin or 

for in vitro systems, where the plasmin activation is inhibited. This shows that the matrix 

metalloproteinase system is not the main in vivo degradation path for fibrin (Hotary et al., 

2002).  

The conversion of plasminogen to activated plasmin is not limited to the fibrin clot. Some 

activation of plasmin also occurs in the bloodstream as a mechanism to dissolve potential 

aggregations of fibrinogen or fibrin in the blood vessel and to prevent thrombosis (Ambrus 

et al., 1962). Overall, plasmin is the key counterpart to thrombin, which disassembles the 

fibrin formed by thrombin and additionally prevents aggregations of fibrin or fibrinogen. 

2.3.4. Cellular interactions with the fibrin clot 

Platelets 

The first cellular components, which interact with the fibrin network, are blood platelets. 

Platelets are cellular fragments, which have no nucleus and are derived from 

megakaryocytes. Platelets have a disc-like shape if they are present in the bloodstream 

(Palta et al., 2014). As soon as they bind to the site of a blood vessel injury and to the 

collagen of the underlying tissue, they undergo a transition to a star-shaped morphology 

(Caen and Michel, 1972). These activated platelets aggregate simultaneously with the 

formation of fibrin at the injury site. The first blood clot is sometimes also referred to as 
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platelet plug. Integrin αIIbβ3-, a receptor that binds to fibrin, is present in the platelet 

membrane and allows a tight binding of activated platelets to the forming fibrin network. 

Only the combination of a fibrin network and platelets forms a mechanically stable barrier 

to seal the injury site and to prevent blood loss (Mosesson, 2005).  

The presence of thrombin activates platelets while activated platelets further activate the 

coagulation cascade by providing an additional assembly surface for the initial complexes 

of coagulation factors. Moreover, activated platelets release calcium ions, which further 

increase the activity of most enzymes in the coagulation cascade (Monroe et al., 2002; Palta 

et al., 2014). In later stages of the matured blood clot the platelets start to secrete a platelet 

derived growth factor, a cytokine, which activates the migration and proliferation of 

fibroblasts and endothelial cells (Palta et al., 2014). 

Fibroblasts 

Roughly, five days after injury, fibroblasts start to migrate into the fibrin clot from the 

surrounding tissue. This process is accelerated by the platelet-derived growth factor and by 

fibroblast growth factor-2, which binds to fibrin. Fibroblasts themselves can also bind to 

fibrin via integrin αIIbβ3. Thereby, the fibrin network provides a provisional extracellular 

matrix allowing migration and proliferation of fibroblasts (Laurens et al., 2006). However, 

it has been shown that the morphological characteristics like fiber thickness or the number 

of branching points of the fibrin network have a strong influence on fibroblast binding and 

proliferation (Sporn et al., 1995).  

Binding to fibrin can trigger fibroblasts to switch into the myofibroblast phenotype. These 

myofibroblasts are rich in actin fibers and can contract similarly to muscle cells (Laurens et 

al., 2006). It is assumed that the contractile force of the myofibroblast plays a key role in 

the mechanics of the mature blood clot and in keeping the wound closed (Laurens et al., 

2006).  

Another main role of the fibroblasts migrating into the blood clot is the synthesis and 

deposition of collagen fibers, which usually start in the first days post wounding. At the 

same time fibroblasts are capable to digest the fibrin network, thereby gradually replacing 

the fibrin fibers of the provisional extracellular matrix with collagen fibers and creating the 
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matrix of a regenerated tissue in the proliferative and the remodeling phase (Laurens et al., 

2006). 

Endothelial cells 

In case of large injuries, small blood vessels in the tissue might also be destroyed. New 

blood vessels in the clot and regenerating tissue are formed by endothelial cells, which also 

migrate to the site of injury from the surrounding tissue (Hinsbergh et al., 2001). 

Endothelial cells digest the fibrin network by secreting plasmin and matrix 

metalloproteinases. The local degradation of the fibrin network allows an accelerated 

migration of endothelial cells and forms cavities in the fibrin network. The endothelial cells 

reorganize in those cavities and start the formation of new blood vessels in a complex 

process, which is called angiogenesis (Laurens et al., 2006). 

Remarkably, the process of angiogenesis is strongly influenced by the morphology of the 

fibrin network. Dense fibrin networks with a low porosity only allow slow angiogenesis 

while fibrin with a high porosity alleviates blood vessel formation (Annemie Collen et al., 

1998). It was even demonstrated that in fibrin with artificial cavities, endothelial cells 

utilized those preexisting cavities and formed blood vessels in them. For large blood clots 

an early start of angiogenesis is important to ensure the supply with oxygen and nutrients 

for the regenerating tissue (Laurens et al., 2006). 

2.4. Tissue engineering using fibrin and fibrinogen 

The rapidly growing interdisciplinary field of tissue engineering utilizes the current 

knowledge about the structure and function of living tissue to generate artificial tissue with 

biomimetic characteristics. Tissue engineering aims to create artificial tissue replacements, 

which mimic the morphological architecture and biochemical environment of natural ECM. 

The aim is to establish reproducible in vitro methods to generate artificial scaffolds for 

medical applications like for example as tissue replacements or as wound healing grafts 

(Chaudhari et al., 2016).  

These replacements are fabricated either by using decellularized donor tissue or by 

preparing either synthetic or natural ECM materials in a way that mimics native tissue 

architecture and function (Fisher and Mauck, 2013). When these scaffolds are applied to a 
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defect, they serve as ECM replacement that promotes healing of the defect as depicted in 

Figure 7. 

 

Figure 7: Scaffold types used in tissue engineering.  
Tissue engineering aims to treat tissue defects by a provisional scaffold, which provides the functions of the 
native tissue ECM. Common scaffolds for this purpose are decellularized tissue, synthetic scaffolds or ECM 
material scaffolds.  

An ideal tissue engineering scaffold would have the same nanofibrous morphology and a 

similar biochemistry as the ECM in native tissue. In addition, the material should be 

biocompatible, non-immunogenic and biodegradable. Although decellularized tissues fulfill 

most of these requirements and have been successfully used in tissue engineering, the 

availability and preparation of such custom-made tissues is often complicated. Moreover, 

the risk of immunogenic responses is high, when decellularized tissue is transferred into a 

patient. Therefore, efforts have been made to utilize synthetic materials for the fabrication 

of tissue engineering scaffolds, since such scaffolds are widely available and a controlled 

fabrication might lead to tissue engineering scaffolds allowing a better control of the 

cellular response (Lutolf and Hubbell, 2005). However, synthetic materials often lack the 

desired biochemical properties or even have a low biocompatibility, which led to the idea 

of using the native materials present in the ECM for tissue engineering. These natural 

material scaffolds often contain purified ECM components like collagen or fibronectin, 

which have the inherent biochemistry and biocompatibility but do not provide all functions 

of native ECM. However, there is no clear-cut definition of synthetic or ECM materials 

used in tissue engineering and combinations of both material classes have been tested 

(O'Brien, 2011). 
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Especially for the engineering of biomaterial scaffolds to replace lost tissue or for wound 

healing applications it seems reasonable to use fibrin or its soluble precursor fibrinogen. 

The enzymatic conversion of fibrinogen into fibrin can easily be utilized to obtain fibrin 

scaffolds for tissue engineering applications. Therefore, fibrin-based materials have been 

tested for the treatment of wounds and have successfully been applied in clinical 

procedures long before the term tissue engineering was introduced (Sierra, 1993). Although 

fibrin-based materials show the remarkable qualities of native fibrin and are inherently 

suited for wound treatment, the novel discipline of tissue engineering has recently focused 

on the production of materials from the fibrin precursor molecule fibrinogen. Interestingly, 

fibrinogen can be processed into (nano-)fibrous biomaterials either by electrospinning or 

under versatile self-assembly conditions. However, the question how useful these 

fibrinogen scaffolds are from a fabrication or from an application point of view is still 

under discussion and it still has to be determined whether such fibrinogen fibers are a 

reasonable alternative or a possible addition to fibrin materials. 

2.4.1. Fibrin as a biomaterial for tissue engineering 

Since fibrin can be easily prepared in vitro by incubating fibrinogen with the enzyme 

thrombin and the resulting fibrin scaffold inherently has the required biochemistry and 

morphology for cellular interactions, it is one of the first successfully used biomaterials in 

tissue engineering, especially in applications to prevent bleeding and promote wound 

healing (Brown and Barker, 2014; Janmey et al., 2009).  

The first idea to use fibrin in the treatment of wounds was discussed by Bergel in 1909. 

More than 100 years ago Bergel realized that the use of the native material for wound 

closure would not only provide an initial wound closure, but would also help in subsequent 

tissue regeneration (Bergel, 1909). Since the 1940s, fibrin and the process of fibrin 

formation were understood well enough to fabricate gels or patches of fibrin in vitro, which 

were applied as wound healing materials (Sierra, 1993). Newer approaches even try to 

directly embed cells into those preformed fibrin scaffolds. Fibrin gels have been used in 

vitro to induce stem cell differentiation (Catelas et al., 2006). Furthermore, fibrin patches 

loaded with stem cells have been developed for stem cell delivery (Zhang et al., 2006). 

Even a co-culture fibrin scaffold with one layer containing fibroblasts and a second layer 
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containing keratinocytes stacked on top has been established. This two-layer cellular skin 

equivalent scaffold has been successfully tested in an animal model already (Mazlyzam et 

al., 2007). Additional advantages of fibrin for biomaterial applications are that the gelation 

time, porosity, fiber thickness and mechanical properties can be controlled by adjusting the 

thrombin concentration, the addition of transglutaminase or changes of the pH (Brown and 

Barker, 2014; Janmey et al., 2009).  

In addition to prefabricated in vitro fibrin scaffolds, there is a second and more common 

way to apply fibrin as a biomaterial. Clinically, fibrin is often applied in the form of fibrin 

sealant or so called fibrin glue. For this application highly concentrated fibrinogen and 

thrombin solutions are supplied in different vials, which are mixed and immediately 

sprayed or dripped onto the tissue (Albala and Lawson, 2006). Such fibrin sealants have 

been widely applied in Europe since the 1970s and have been approved in the United States 

in the late 1990s (Brown and Barker, 2014). In addition to the applications of fibrin sealant 

for dermal and burning wounds (Mittermayr et al., 2006), fibrin glue has also been utilized 

for many other clinical and surgical applications. For example, fibrin sealant has been used 

to connect larger blood vessels (Dascombe et al., 1997; Shireman and Greisler, 1998) as 

well as in microsurgical blood vessel reconnection (Andree et al., 2008), which makes 

fibrin sealant a very useful tool in vascular surgery. Furthermore, fibrin sealants have been 

employed in hernia repair (Fortelny et al., 2008; Santoro et al., 2007) and in neuro-surgery 

(Bjarkam et al., 2008). 

In summary, the easy handling and the unmatched biocompatibility of fibrin make it an 

ideal biomaterial for clinical applications and it is not surprising that fibrin-based materials 

are already used in most fields of modern surgery (Albala and Lawson, 2006). 

2.4.2. Fibrinogen as biomaterial for tissue engineering 

The rise of the relatively new scientific field of tissue engineering was accompanied by the 

interesting new idea to prepare fibrous scaffolds out of the fibrin precursor fibrinogen. 

Many methods have been described to produce fibrinogen nanofibers in vitro without the 

addition of the enzyme thrombin. Since the fibrinogen molecules in those fibers still 

comprise fibrinopeptides A and B, these fibers cannot be considered to be fibrin. Although 
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fibrin nanofibers are a biocompatible material, which is inherently suitable for tissue 

engineering, new methods to produce fibrinogen nanofibers in vitro have been established 

with the aim to use fibrinogen nanofibers as a potential alternative to fibrin fibers for tissue 

engineering (Rajangam and An, 2013).  

Fibrinogen fiber formation in solution 

The formation of fibrinogen nanofibers without thrombin can be achieved by different self-

assembly methods. Two methods for the in vitro preparation of fibrinogen fibers in solution 

have been described by Wei and coworkers. Fibrinogen fiber formation has been induced 

by incubation of fibrinogen in acidic pH (Wei et al., 2008a) or in ethanol solution (Wei et 

al., 2008b). Upon incubation in an acidic pH of 2 or incubation in 80% ethanol the 

formation of fibrinogen fibers was observed. For acid-induced fibrinogen fiber formation, a 

conformational change and a partial denaturation were proposed as a potential mechanism 

of self-assembly. Furthermore, it was speculated about an amyloid-like nature of the 

fibrinogen fibers (Wei et al., 2008a). Similarly for ethanol-induced fibrinogen fiber 

formation conformational changes were discussed as a potential mechanism (Wei et al., 

2008b). However, in both studies no further investigation of the fibrinogen conformation or 

formation of amyloid structures was conducted. Amyloids are stacked and self-propagating 

β-sheet motives, which result in long and unbranched fibers, which are insoluble (Toyama 

and Weissman, 2011). The formation of β-amyloid structures occurs during the assembly of 

some natural polymers like for example silk and has been discussed to be involved in many 

self- assembly processes of nanofibers for biomaterial application (Wei et al., 2017). 

Nevertheless, the transition of many proteins into insoluble amyloid fibers is accompanied 

by a loss in protein function and many diseases are linked to the formation of amyloid 

structures, which are also referred to as protein misfolding diseases (Chiti and Dobson, 

2006). Amyloid misfolding of fibrinogen has been reported as hereditary fibrinogen 

amyloidosis, a genetic disease in which beta amyloid fibrinogen agglomerates in organs 

due to a mutation in the primary structure of fibrinogen (Picken, 2010). Wei and coworkers 

used fibrinogen without any mutations in their studies, which makes a potential amyloid 

formation unlikely. Additionally, the harsh pH value of 2 potentially denatured fibrinogen 

completely (Marguerie, 1977), which makes a profound interpretation of the self-assembly 

processes presented by Wei and coworkers challenging. A major drawback for the use of 
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these methods in tissue engineering is that the yield of fibrinogen fibers is very low and the 

preparation of applicable scaffolds seems unfeasible. In addition, the harsh pH or ethanol 

treatments most likely involved, have adverse effects on the bioactivity and 

biocompatibility of the newly formed fibrinogen fibers. 

Nevertheless, the ethanol induced fibrinogen self-assembly described by Wei and 

coworkers was used in one further study to generate alternating sheets of graphene and 

fibrinogen fibers in a layer by layer approach (Wang et al., 2014). 

Another method to induce the self-assembly of fibrinogen in aqueous solution was recently 

described by Hämisch and coworkers. The ionic strength of a fibrinogen and NaCl solution 

was decreased by diluting the solution, which resulted in an aggregation of fibrinogen in 

the solution as confirmed by light scattering. Additionally, the formation of aggregates 

upon a drop in ionic strength was confirmed using AFM. Interestingly, the formation of 

fibrinogen aggregates was fastest with the lowest final ionic strength. However, if the 

fibrinogen aggregated in a fibrous form was not confirmed (Hämisch et al., 2019). 

 

Fibrinogen fiber formation on hydrophobic surfaces 

Self-assembly of fibrinogen has also been observed as a surface reaction. Especially 

hydrophobic surfaces like for example nanostructured graphite (Reichert et al., 2009), 

trioctylmethylamine (Koo et al., 2012), gold surfaces (Chen et al., 2009) or polystyrene 

(Zhang et al., 2017) have been reported to induce the self-assembly of fibrinogen fibers.  

The mechanism inducing self-assembly on hydrophobic surfaces is not obvious. An 

orientation of fibrinogen molecules on the surface and an exposure of cryptic binding sites 

on the α-C domains of the molecule has been discussed in some studies (Chen et al., 2009; 

Koo et al., 2010; Reichert et al., 2009), although a concrete mechanism has not been 

revealed to date. One factor that makes the investigation of the mechanism of surface 

induced fibrinogen fiber formation challenging is the change in concentration and ionic 

strength during the drying of the samples, which was postulated to have an additional effect 

on the fiber formation (Reichert et al., 2009). 
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A more recent study has investigated the adhesion of fibrinogen molecules to a 

polyethylene single crystal at different pH values. It was shown that fibrinogen formed 

fibrous agglomerates upon adsorption to the polyethylene surface at a pH of 7.4. At a pH of 

9.2 only single molecules adsorbed to the surface. However, it has to be noted, that the 

samples at a pH 7.4 were prepared in a buffer containing Na+-ions, while for the samples at 

a pH of 9.2 a buffer containing Ca2+-ions was used. This is likely to have a strong 

additional influence on fibrinogen adsorption (Helbing et al., 2016). 

Dubrovin and coworkers conducted another interesting recent atomic force microscopy 

study of fibrinogen fiber formation on hydrophobic surfaces, which investigated the 

fibrinogen self-assembly on highly oriented pyrolytic graphite modified with 

anoligoglycine-hydrocarbon. This treatment makes the graphite surface slightly more 

hydrophilic (10° of static contact angle). It was shown that fibrinogen adsorption to the 

modified surface resulted in the gradual formation of fibrinogen fibrils within several 

minutes. The formation of fibrinogen fibrils was accompanied by an unfolding of different 

fibrinogen domains and a reduction of sample height, which indicates a change in 

fibrinogen conformation (Dubrovin et al., 2019). 

The biocompatibility and bioactivity of fibers prepared by self-assembly on hydrophobic 

surfaces has not been determined, although the milder way to induce self-assembly 

implicates better biological functions as compared to ethanol- or acid-induced assembly. 

The major drawback of the self-assembly on hydrophobic surfaces also lies in the poor 

fiber yield. For the fabrication of tissue engineering scaffolds, the fiber formation is to 

scarce and the hydrophobic surface limits the formation of a two-dimensional fiber 

network. Although fibrinogen fibers prepared on hydrophobic surfaces are not applied in 

tissue engineering, the research of fibrinogen self-assembly on hydrophobic surfaces has 

strong implications for potential surface coatings of implant materials. If an implant is 

designed to have contact with blood, like for example a stent, an agglomeration of 

fibrinogen fibers can have unwanted and even fatal consequences like thrombosis (van 

Kampen et al., 1979). This can potentially be avoided by coating the implant with a surface 

that shows a low fibrinogen adsorption and fiber formation (Zhang et al., 2017).  

Fibrinogen fiber formation by extrusion 
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Recently, extrusion through hydrophilic aluminum oxide nanopores has been introduced as 

a new method to prepare nanofibers from various biopolymers including fibrinogen (Raoufi 

et al., 2016). It was discussed that during the extrusion of a viscous fibrinogen solution 

through a nanopore shear forces are present, which partially unfold the fibrinogen 

molecule. A conformational change during the extrusion process has been confirmed for 

the ECM protein fibronectin, which makes a confirmation change during fibrinogen 

extrusion plausible (Raoufi et al., 2015). However, the extrusion approach mostly results in 

bundles of fibers instead of porous scaffolds with nanofibers and the outcome can vary, 

which makes extrusion of fibrinogen not suitable for the fabrication of tissue engineering 

scaffolds. 

2.4.2.1. Electrospinning of fibrinogen fibers 

None of the techniques mentioned above is reliable enough or has sufficient fiber yield to 

produce dense fibrinogen fiber networks, which could be applied for tissue engineering. 

However, as a well-established technique, electrospinning facilitates the preparation of 

nanofibers on a large scale in vitro and can be used for fibrinogen (Wnek et al., 2003).  

Electrospinning was originally designed for the production of non-biological polymer 

nanofibers, but has been introduced as a tool to prepare nanofibers from many different 

biological materials. The usual setup for electrospinning consists of a grounded collector 

and a metallic needle as a spinneret, which are connected to a high voltage power supply 

like schematically shown in Figure 8 (Li and Xia, 2004). 
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Figure 8: Scheme of an electrospinning setup 
For electrospinning, a polymer solution is extruded through a needle to which a high voltage is applied. Due 
to charge effects, the polymer solution overcomes the surface tension and a liquid jet of polymer nanofibers 
is ejected towards the collector. 

When a polymer is dissolved in an organic solvent and pressed through the spinneret while 

a high voltage is applied (1 to 30 kV), the drop of polymer solution at the tip of the 

spinneret will become highly charged. Due to the repulsion of the induced surface charges, 

the drop changes its shape to a so called Taylor cone. If the electric field is strong enough, 

the electrostatic forces can overcome the surface tension of the drop and a small liquid jet is 

ejected towards the collector. Since the organic solvent evaporates, thin threads of the 

polymer fibers are deposited on the collector (Li and Xia, 2004; Teo and Ramakrishna, 

2006). Electrospinning is a versatile method since the fiber diameters can be controlled by 

adjusting the polymer concentration, the voltage and the distance between the spinneret and 

the collector. Moreover, by using a movable collector it is possible to control the fiber 

orientation and even obtain aligned fiber scaffolds (Teo and Ramakrishna, 2006). The well 

controllable fiber morphology provided by electrospinning and obtained scaffold 

dimensions made this technique attractive for the fabrication of nanofibers from various 

biopolymers like collagen (Matthews et al., 2002), silk fibroin (Min et al., 2004) or chitosan 

(Ohkawa et al., 2004). However, especially the electrospinning of proteins has been 

controversially discussed, because the organic solvents commonly used, like for example 
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1,1,1,3,3,3-hexafluoro-2-propanol, have been shown to denature proteins (Kundu and 

Kishore, 2004). Circular dichroism studies of the secondary structure in electrospun protein 

fibers have shown that collagen was completely denatured by the organic solvent and the 

high voltages during the electrospinning process. The electrospun fibers had lost 99% of 

their native secondary structure (Zeugolis et al., 2008). 

Despite the denaturation problem, electrospinning has also been used to produce fibers 

from fibrinogen, which was first described by Wnek and coworkers (Wnek et al., 2003). 

Wnek achieved fibrinogen fibers with a wide diameter range of 80 to 700 nm, which 

organized into fibrous networks with dimensions of several cm2. The production of large-

scale scaffolds seemed like a first step to produce fibrinogen fibers that could be applied for 

tissue engineering. However, the fibrinogen had to be dissolved in 1,1,1,3,3,3-hexafluoro-

2-propanol. If this solvent or the electrospinning process affects the secondary structure or 

even denatures the fibrinogen has not been addressed (Wnek et al., 2003). During 

electrospinning of fibrinogen, the fiber diameter and orientation can be controlled by 

adjusting the voltage, the fibrinogen concentration and the collector. These advantages led 

to follow up studies, which characterized the mechanics and the liquid flow permeability of 

fibrinogen fiber scaffolds, but did not investigate structural changes, biological function or 

cell interactions (McManus et al., 2006; Sell et al., 2008a) 

Later, the feasibility of electrospun scaffolds for tissue engineering applications was tested 

in two studies without a prior investigation of structural changes of the fibrinogen during 

electrospinning. These experiments showed that fibroblasts as well as smooth muscle cells 

proliferated on electrospun fibrinogen nanofibers and even started to deposit collagen over 

a time course of 14 days. Therefore, the authors of the studies concluded that electrospun 

fibrinogen nanofibers are bio-mimicking, still biologically active and have great potential 

for applications in tissue engineering (McManus et al., 2007b; McManus et al., 2007a). 

However, this conclusion should be treated with caution. Since both proliferation studies 

failed to include crucial control groups, a final conclusion about cell proliferation cannot be 

made. The fact that fibroblasts as well as smooth muscle cells started to deposit collagen on 

electrospun fibrinogen fibers is likewise no proof for bioactivity or biocompatibility since it 

is long known that fibroblasts and smooth muscle cells deposit collagen even on standard 

polystyrene cell culture surfaces (Amento et al., 1991; Diegelmann et al., 1979). 



 Electrospinning of fibrinogen fibers 

33 
 

Despite these undiscussed questions electrospun fiber materials were further developed by 

modification with different crosslinking agents (Sell et al., 2008b). It was shown that the 

mechanical properties could be altered and the degradation time of electrospun fibrinogen 

nanofibers could be delayed. Nevertheless, glutaraldehyde crosslinking and 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride crosslinking had negative effects on the 

biocompatibility of the electrospun fibrinogen fibers indicated by a poor collagen 

deposition (Sell et al., 2008b). 

The first study that actually investigated secondary structure changes in fibrinogen fibers 

induced by electrospinning was conducted by Carlisle and coworkers (Carlisle et al., 2009). 

In this study the structural changes of fibrinogen upon dissolving in 1,1,1,3,3,3-hexafluoro-

2-propanol were analyzed using circular dichroism spectroscopy. It was shown that the 

content of α-helices increased from 25% to 60% in the spinning solution. Interestingly, this 

massive change of secondary structure was interpreted as a proof that fibrinogen stayed 

largely folded in the spinning solution. Unfortunately, only the structure of fibrinogen in 

the spinning solution before the actual electrospinning process was analyzed (Carlisle et al., 

2009). The structure of fibrinogen in the electrospun fiber therefore stays elusive. One 

attempt to overcome the drawbacks of the organic solvent was the electrospinning of 

fibrinogen in a mixture of formic and acetic acid. The secondary structure of the resulting 

fibers was analyzed using Fourier-transform infrared spectroscopy. Fibers prepared in the 

acidic solvent showed no differences in secondary structure when compared to fibers 

prepared with the 1,1,1,3,3,3-hexafluoro-2-propanol solvent (Mirzaei-Parsa et al., 2018). 

Electrospun ccomposites of fibrinogen and poly-lactic acid fibers have been used to 

investigate the effects of electrospun fibrinogen scaffolds on stem cell differentiation 

(Forget et al., 2016). Interestingly, the chondrogenic differentiation of mesenchymal stem 

cells was favorable on randomly oriented fibers rather than on aligned fibers and a thin 

two-dimensional scaffold proved to be more useful for differentiation than a thicker three-

dimensional scaffold (Forget et al., 2016). 

In another recent study, electrospun fibrinogen fibers were also applied to guide endothelial 

cell migration (Gugutkov et al., 2013). This study analyzed the primary structure of 

electrospun fibrinogen by SDS PAGE. With this method, it was shown that the peptide 
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backbones of the Aα-, Bβ- and γ-chains were still intact after electrospinning. However, 

this method did not allow any conclusion about the secondary structure of fibrinogen in 

electrospun fibers. In summary, electrospinning is one of the most applied techniques for 

the production of fibrinogen fibers, because of its well-characterized fabrication process, 

adjustable fiber dimensions and scaffold porosities. However, there is a lack of studies, 

which focus on the secondary structure of the electrospun fibrinogen fibers. It is remarkable 

that the secondary structure, which is responsible for all the advantageous properties of 

fibrinogen including the promotion of cell adhesion, biocompatibility and bioactivity, has 

been widely neglected during the establishment of electrospun fibrinogen fibers as a 

biomaterial for future tissue engineering applications.  

2.5. Aim of the thesis 

This thesis aims at a fundamental understanding of fibrinogen fiber assembly under in vitro 

conditions in a cell- and enzyme-free environment. Towards novel concepts in wound 

healing therapy it is of particular interest, how the presence of different salts and varying 

environmental conditions influences the assembly of fibrinogen into fibrillar networks. 

The first key question will be how different environmental conditions induce fibrillogenesis 

of fibrinogen and which morphological characteristics the fiber assemblies exhibit. 

Therefore, the influence of different ion species, variations in ionic strength, fibrinogen 

concentration or pH value, different drying conditions as well as different substrate 

materials on fibrinogen assembly will be investigated. First, the morphological 

characteristics of fibrinogen scaffolds will be studied to identify key parameters, which 

induce fibrillogenesis. The findings of these studies will be used to propose a fundamental 

mechanism for fibrinogen self-assembly under in vitro conditions. 

Another focus of this thesis will be the protein conformation in self-assembled fibrinogen 

nanofibers. To answer the second key question whether fibrinogen self-assembly in vitro is 

accompanied by conformational changes, the results from morphological analysis will be 

correlated with secondary structure analysis. This project part also aims at the question 

whether fibrinogen self-assembly in vitro is associated with the formation of pathogenic 

amyloid fibrils.  
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Finally, the biofunctionality of self-assembled fibrinogen nanofibers will be in the focus of 

this thesis. After key parameters for in vitro assembly of fibrinogen into nanofibers have 

been identified it will be the next aim to investigate the fiber ability to bind to other 

molecules. Moreover, the degradation characteristics of self-assembled fibrinogen fibers 

under the influence of varying enzymes will be studied. The results of this project part will 

be important to answer the question whether fibrinogen fibers, assembled under in vitro 

conditions, are biologically active. 

The expected results of this dissertation will be used to gain insight into the fundamental 

mechanisms of fibrinogen fiber formation in vitro. The expected findings will also provide 

a first indication of the potential use of self-assembled fibrinogen fibers in future wound 

healing applications. 
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3. Background of the main analytical techniques 

In order to understand the self-assembly of fibrinogen, the presence and the morphology of 

fibrinogen fibers prepared under various in vitro conditions was analyzed using scanning 

electron microscopy. To gain an insight into potential changes in secondary structure 

during fibrinogen self-assembly, the fibrinogen samples were analyzed using circular 

dichroism spectroscopy. Therefore, a detailed introduction into the background of these two 

techniques is given in this chapter. 

3.1. Scanning electron microscopy 

The principal of scanning electron microscopy is similar to optical microscopy only that a 

focused electron beam is used instead of a light beam for imaging. The electrons are 

generated by either a field emission or a thermionic cathode. When a high voltage of 

usually 0.1 to 50 kV is applied, the electrons are accelerated towards the anode. This 

primary electron beam is generated in high vacuum and can be focused by a set of 

(electro)magnetic lenses (Figure 9). When the focused primary electron beam hits a point of 

the specimen surface, electrons of the specimen with low exit energy are emitted, which is 

also referred to as inelastic scattering. These secondary electrons are collected by a 

positively biased collector and an intensity value for this point of the specimen is calculated 

based on the number of detected secondary electrons. By scanning the sample point by 

point, an image of the specimen can be generated. Since secondary electrons show an 

enhanced emission on edges and small particles, the position of the detector generates 

artificial shadow contrast at deeper positions and a topographical image of the specimen 

surface with a high depth of focus can be achieved. Secondary electrons can only be 

emitted from a depth of a few nanometers of the specimen surface. In combination with the 

focus of the electron beam this allows a resolution of 1-10 nm (Pfützner, 2012; Reimer, 

1998). 

In addition to secondary electrons, backscattered electrons are also detected in a scanning 

electron microscope. Backscattered electrons are high-energy electrons of the primary 

electron beam, which are reflected upon collisions with atoms of the specimen, which is 

also referred to as elastic scattering. Since the number of these collisions and the 

penetration depth into the specimen can vary, backscattered electrons are decelerated 
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individually and have a broad energy spectrum. Therefore, detection of the backscattered 

electrons has a higher information depth and a large exit area, which leads to a lower 

resolution (Figure 9). On the other hand, the number of collisions of the backscattered 

electrons is dependent on the atomic density of the specimen, which makes it possible to 

distinguish between different specimen materials (Reimer, 1998; Schatten, 2011). 

 

Figure 9: Schematic setup of an electron microscope.  
An electron beam is generated from a cathode and focused using an electromagnetic lens. When the 
electron beam gets in contact with a sample, electrons from the sample surface are released. Secondary 
electrons with a low exit energy are emitted from a low depth, while backscattered electrons with a higher 
exit energy can be released from deeper parts of the sample. Dependent on their exit energy secondary and 
backscatter electrons can be detected.  

The majority of biological samples is analyzed by detecting secondary electrons. Biological 

materials usually contain water, which would interfere with an electron microscopically 

analysis. If an uncontrolled drying does not result in a sufficient dehydration of the sample, 

commonly used treatments are freeze-drying or critical point drying. In addition, many 

samples are fixated using aldehyde crosslinking and subsequently dehydrated stepwise 

using an ethanol exchange while maintaining the native morphology (Goldstein et al., 

1981). Since most organic materials have rather insulating characteristics, it is necessary to 

coat the sample with a few nanometer thin layer of a conductive material like gold or to 
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work with low acceleration voltages (Schatten and Pawley, 2008). The insulation properties 

of biological materials also cause an accumulation of electrons at the sample surface 

leading to charge effects. At the same time, secondary electrons of uncoated samples can be 

released from a certain depth of the sample, which decreases the resolution, when working 

with unsputtered samples (Schatten and Pawley, 2008). These drawbacks are overcome by 

sputtering the sample with a layer of gold or another heavy metal. Secondary electrons of 

sputter-coated samples are mostly released from the metal layer, which prevents charging 

of the biological material beneath. On the other hand, the coating of biological samples 

only results in an indirect image of the sample morphology, since only the morphology of 

the metal layer on the specimen surface is detected. This makes the sample preparation and 

the coating procedure a crucial factor for the electron microscopically analysis of biological 

samples (Schatten, 2011). 

3.2. Circular Dichroism Spectroscopy 

Like for other spectroscopy techniques the main underlying principle of circular dichroism 

spectroscopy is the measurement of the absorbance of light with a certain wavelength as 

defined by Lambert-Beer’s law: 

𝐴 = log (
𝐼0

𝐼
) =  𝜀𝑐𝑙 

Here A is the absorbance, which is defined as the logarithm of the ratio of incoming light 

intensity (I0) and the outgoing intensity (I). The absorbance can also be calculated by 

multiplying the concentration c (in M) by the path length l (in cm) with a material specific 

extinction coefficient ε (in M-1 cm-1) (Berova et al., 2000).  

The measurement of absorption and the determination of concentration by spectroscopy are 

mostly used for components in solution, but can also be used for solids. Every 

spectroscopic method has two crucial prerequisites: The exact knowledge of the path 

length, which for solutions is determined by the used cuvette and a homogenous 

distribution of the measured material in the sample (Mark, 1991). 
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Figure 10: Schematic setup of liquid and solid state spectroscopy.  
Spectroscopy relies on the analysis of absorbance of light of a certain wavelength. The absorbance of a liquid 
in a cuvette (A) or a solid (B) can be measured by detecting the transmitted light. For a further interpretation 
of the absorbance the exact path length of the sample has to be known. 

The second basic principle of circular dichroism spectroscopy are differences in the 

absorption of left handed and right handed circular polarized light by chiral molecules. 

Chirality is a geometrical term for molecules, which cannot be superposed on their mirror 

images (Berova et al., 2000). 

Polarization of light 

Light is an electromagnetic wave, in which the field vectors of the electrical and magnetical 

components are vertically shifted to each other. Both vectors are perpendicular to the 

propagation direction of the wave. The direction of field vectors is random in natural light. 

When natural light passes through a polarizer only one field vector direction remains in 

respect to the propagation of the wave and linear polarized light can be observed by the 

receiver (Foster et al., 2018). 

If two linearly polarized light waves are perpendicular to each other and their phase is 

shifted, circular polarized light is generated. The sum of the field vectors of both waves will 

be a field vector with a constant magnitude, but the direction of this field vector will change 
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over time in a rotational manner. From the point of the receiver the wave will describe a 

helix around the propagation direction, which can either be clockwise (right hand circular 

polarization) or counterclockwise (left hand circular polarization) (Foster et al., 2018). 

 

Figure 11: Polarization of light 
Unpolarized light with random electrical field vector orientations is converted to linear polarized light with 
only one field vector orientation by beaming it through a polarizer. By beaming linear polarized light through 
a quarter-wave plate, circular polarized light can be generated. In circular polarized light, the electrical field 
vectors rotated in a helix around the direction of propagation. Image modified from 
https://byjus.com/physics/polarization-of-light/ 11.2019 

Experimentally circularly polarized light can be generated by passing linearly polarized 

light through a birefringent material. Common birefringent materials to generate circularly 

polarized light are quarter-wave plates, through which linearly polarized light is transmitted 

at a 45° angle. This splits the light into two perpendicular polarization directions, which 

move through the wave plate at different speeds. Thereby, the phases of the two transmitted 

waves are shifted, which results in circularly polarized light (Greenfield, 2006; Kemp, 

1969). The circularly polarized light used for circular dichroism spectroscopy is often 

generated by the use of photo elastic modulators. Photo elastic modulators commonly used 

are blocks of quartz glass attached to a piezoelectric actuator. Controlled high frequency 

vibrations of the piezoelectric actuator induce birefringent properties in the quartz glass, 

which turns the quartz block into a tunable wave plate like depicted in Figure 12 

(Greenfield, 2006; Kemp, 1969; Wang et al., 2019).  
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Figure 12: Scheme of a photoelastic modulator.  
A piezoelectric actuator excites vibrations in a photoelastic crystal like for example quartz. This vibration is 
accompanied by variations in the birefringence of the photoelastic crystal, which changes the phase and 
polarization of incident light. (Figure modified from (Wang et al., 2019). 

 

Absorbance of circularly polarized light by chiral molecules 

Since circularly polarized light itself is chiral, right or left-handed polarized light of the 

same wavelength is absorbed differently by chiral molecules. This effect can either be 

described as a difference in absorbance or as a modification of Lambert-Beer’s law with 

different extinction coefficients for right or left-handed polarized light (Kelly et al., 2005). 

∆𝐴 = 𝐴𝐿 −  𝐴𝑅 

∆𝐴 = (𝜀𝐿 −  𝜀𝑅)𝑐𝑙 

Another way to describe the difference in the absorbance of right or left-handed polarized 

light is to combine the electrical field vectors of the different orientations. If the absorbance 

of right and left-handed circularly polarized light is different, the resulting field vectors 

have an elliptical orientation like depicted in Figure 13.  



 

42 
 

 

Figure 13: Elliptical orientation of field vectors. 
If the electrical field vectors of right and left circular polarized light with the same amplitude are combined, 
the result is plane polarized (A). If the field vectors of the right and left circular polarized light have different 
magnitudes, the result is epileptically polarized. Figure modified from (Kelly et al., 2005). 

This ellipticity can be described as the tangent angle θ of the combinations of the right-

handed (ER) and the left-handed (EL) electrical field vectors (Kelly et al., 2005).  

tan 𝜃 =  
𝐸𝑅 − 𝐸𝐿

𝐸𝑅 +  𝐸𝐿
 

By converting the ellipticity into radians, the relationship between ellipticity  and the 

difference in absorbance A can be described as follows: 

𝜃 = 32.98 ∆𝐴 

Circular dichroism spectroscopy of proteins 

In circular dichroism spectroscopy of proteins, the ellipticity is often normalized to the 

number of amino acids N and described as mean residue ellipticity (θMRE):  

𝜃𝑀𝑅𝐸 =  
100 ∗  𝜃

𝑁 ∗  𝑐 ∗  𝑙
 

Circularly polarized light is absorbed by the protein backbone. The electrons of the oxygen, 

carbon and nitrogen atoms of the peptide group form a delocalized π-electron system, 

which absorbs UV light in a wavelength range of 180 to 250 nm (Greenfield, 1996).  

After excitation the transition of electrons from π-bonding orbitals to π-antibonding orbitals 

(π→π*) is possible for the electrons of the C=O bond as well as for the free electrons at the 
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nitrogen atom, because the free electron pair of the nitrogen is a mesomeric part of the π-

electron system. Additionally, excitation of the free electrons of the oxygen to π-

antibonding orbitals (N→π*) is also possible (Kelly et al., 2005). All three atoms of the 

peptide group lay in one plane and no bond rotation is possible due to the π-electron 

system. The only bonds that can freely rotate in the protein backbone are the bonds to the 

adjacent chiral carbon atoms next to the peptide group. The two dihedral angles of the π-

electron systems on the bonds of the chiral α-carbon atom are termed φ and ψ. The 

rotations of these two bonds are the only possibilities to change the conformation of the 

protein backbone, which is termed secondary structure. Some compositions of φ and ψ 

angles are more energetically favorable and found more often in nature while others are 

impossible due to steric hindrance like calculated and illustrated in the Ramachandran plot 

(Ramakrishnan and Ramachandran, 1965). The favorable angle compositions arise from the 

possibility of hydrogen bonds between different peptide groups and thereby also stacking 

of the π-electron systems. This gives rise to two main secondary structures found in 

proteins (see Figure 14). 

 

Figure 14: Ramchandran plot of possible φ and ψ angles in a protein backbone. 
The dihedral angles of the freely rotating bonds in the protein backbone determine the secondary structure. 
Due to steric hindrance, not all angle combinations are favorable. The two main groups of possible angle 
combinations are observed in α-helical or β-sheet conformations of the protein backbone. Figure modified 
from (Berg et al., 2012). 
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The first major secondary structure that is found in proteins is the α-helix, where angles φ 

and ψ are around -60° and 45°, respectively. This results in a total angle of around -105° 

from one amino acid residue to the next and ultimately leads to a right-handed helical 

structure with 3.6 amino acids per turn. The α-helix is stabilized by hydrogen bridges 

between one peptide group and the fourth peptide group downstream in the protein 

backbone, which is located in the next turn of the helix slightly shifted (Berg et al., 2012). 

The second predominant secondary structure found in proteins are β-sheets with φ and ψ 

angles of -135° and 135°. This allows a concertina-like shape in long strands wherein the 

hydrogen bridges form between peptide groups of neighboring strands (Berg et al., 2012). 

 

Figure 15: Schematic and molecular representation of α-helix and β-sheet structures in the protein 
backbone. 
In a α-helix the hydrogen bridges are formed between one peptide group and the fourth downstream 
peptide group (A). In a beta sheet structure, hydrogen bridges are formed between the peptide groups of 
neighboring strands (B). Figure modified from (Berg et al., 2012). 

One can envision the protein backbone as a pearl chain of small π-electron systems. 

Dependent on how the chain is folded, the π-electron systems have a different orientation to 

each other. This influences the ratios of left and right-handed circularly polarized light 

absorbed by different conformations. Furthermore, the orientation of π-electron systems 

also has an influence on inductive effects between the single systems, which influences the 

energy required to excite the π-electron and thereby changes the wavelength, which is 

absorbed by the system. Therefore, α-helix and β-sheet structures show different circular 

dichroism spectra, which are characteristic for the respective secondary structure. Circular 

dichroism spectra of a α-helix show a local maximum in ellipticity at 192 nm and two 
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separate minima at 208 and 222 nm. In contrast, circular dichroism spectra of a β-sheet 

only show a maximum in ellipticity at 195 nm, a shoulder at 212 nm and a minimum at 

216 nm (Berova et al., 2000). 

Since most proteins contain different secondary structures, the measured circular dichroism 

spectra often contain different structural signals. One also has to consider the circular 

dichroism spectroscopy does not provide a measurement of the structure of a single protein 

molecule, but it yields a measurement of an ensemble of many molecules of the same 

protein. Hence, many algorithms have been developed to determine individual secondary 

structure components from a circular dichroism spectrum. These algorithms predicted the 

secondary structure from a circular dichroism spectrum based on variable selection or 

singular value decomposition of reference spectra from proteins with a known structure. 

However, most of these algorithms failed , which consist of a combination of α-helices and 

β-sheets or have a high content of β-sheets in general. In this thesis the BeStSel web server 

was used to analyze circular dichroism spectra, since it accurately distinguishes different 

structural components and therefore reliably estimates the secondary structure (Micsonai et 

al., 2018; Micsonai et al., 2015). 

The BeStSeL web server determines secondary structure based on a circular dichroism 

spectrum by fitting a linear combination of eight different basis spectra. Each basis 

spectrum is representative for one secondary structure component. The basis spectra are 

based on a set of 73 reference spectra of proteins with a known structure. Since these basis 

spectra also contain spectra for beta sheet structures of different twists and orientations, a 

more reliable structure analysis of proteins containing α-helices and β-sheets is possible. In 

addition, each basis spectrum is optimized separately and combined to the fitting procedure 

by a least square method. (Micsonai et al., 2018).  

Solid state circular dichroism spectroscopy 

In this thesis the circular dichroism of planar or fibrous fibrinogen scaffolds was measured 

in a dried state. Even though circular dichroism spectroscopy is mostly used as a method 

for the analysis of proteins in solution, the analysis of a protein in a solid state is also 

possible like for most other spectroscopic methods (Harada and Kuroda, 2002). When 

working with dried protein samples it has to be considered that the dried protein is possibly 
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not homogenously distributed. This results in turbidity and dispersion of light. In a non-

homogenous solid there is even the risk of birefringence or even macroscopic anisotropy, 

which potentially results in measurement artifacts (Kuroda and Honma, 2000); (Castiglioni 

et al., 2009). Some approaches in sold state circular dichroism use grinded solids in Nujol 

mulls (refined mineral oil) to overcome the heterogeneity induced light dispersion effects. 

However, the use of this approach leads to refraction and scattering effects at the grain 

boundaries (Kuroda and Honma, 2000). 

When working with solid-state samples prepared by drying, an additional challenge is the 

heterogeneity in sample thickness, which makes a correct determination of the path length 

difficult. In addition, heterogeneity in sample thickness can become problematic when only 

a small part of the sample is scanned during circular dichroism. One method to minimize 

these effects is to measure the sample in different orientation or if possible to measure 

different parts of the sample (Castiglioni et al., 2009).  

During the sample preparation for solid stated circular dichroism of dried proteins, the 

molecules might orient during the drying process giving rise to a highly ordered structure 

as compared to the randomly orientated protein molecules in solution (Kuroda and Honma, 

2000). Due to the drying, the degrees of freedom of a protein molecule especially the 

rotation and orientation of chemical bonds can become severely restricted. This results in 

an artificial solid-state chirality of components, which are not chiral in the liquid state, and 

leads to measurement artifacts. These artifacts in combination with anisotropy might also 

lead to an overestimation of β-sheet structure content (Harada and Kuroda, 2002) One easy 

method to exclude those artifacts is to measure the solid state sample from front and 

backside (Castiglioni et al., 2009; Harada and Kuroda, 2002). Despite these challenges, 

solid-state circular dichroism spectroscopy is an applied technique to measure secondary 

structure of proteins. Especially for protein samples, it is advisable to measure the samples 

from front and back side. Furthermore, an exact determination of sample thickness and 

heterogeneity with the used concentrations is crucial (Castiglioni et al., 2009; Harada and 

Kuroda, 2002). Like for any measurement technique, an additional analysis with other 

methods is advisable to validate the results obtained using solid state circular dichroism 

spectroscopy and allow a profound interpretation of the structural data obtained.  
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4. Methods 

4.1. Preparation of fibrinogen, buffers and solutions  

All aqueous buffers and solutions were prepared using deionized water from a TKA Gen 

Pure water purification system (Thermo Fisher Scientific, Schwerte, Germany). 

4.1.1. Buffer preparation 

For self-assembly studies, different aqueous buffer systems were used. Solutions of 10 mM 

NH4HCO3 (Roth, Karlsruhe, Germany), 20 mM sodium citrate (Sigma, Steinheim, 

Germany), 750 mM NaCl (AppliChem, Darmstadt, Germany), 20 or 750 mM KCl (Roth, 

Karlsruhe, Germany), were prepared by dissolving the desired concentration in deionized 

water. In addition, solutions of 50 mM NaH2PO4 (Roth, Karlsruhe, Germany), 50 mM 

Na2HPO4 (Roth, Karlsruhe, Germany), 50 mM KH2PO4 (AppliChem, Darmstadt, 

Germany) and 50 mM K2HPO4 (AppliChem, Darmstadt, Germany) were prepared. Sodium 

and potassium phosphate buffers were prepared by either mixing 50 mM NaH2PO4 and 

50 mM Na2HPO4 solution or mixing 50 mM KH2PO4 and 50 mM K2HPO4 solution to 

obtain buffers with a pH of 7.4. The pH was monitored using a pH meter (Roth, Karlsruhe, 

Germany). Sodium phosphate buffers were also prepared with pH values of 5, 6, 7, 8 or 9. 

Five times concentrated phosphate buffered saline (5x PBS) with pH values of 5, 6, 7, 8 or 

9 was prepared by adding 700 mM of NaCl into the previously prepared sodium phosphate 

buffers. To obtain 5x PBS with a pH of 7.4 commercially available PBS tablets (Thermo 

Fisher, Schwerte, Germany) were used. One PBS tablet was dissolved in 100 ml of 

deionized water. 

HEPES buffered saline was prepared by adjusting a solution of 10 mM 2-(4-(2-

Hydroxyethyl)-1-piperazinyl)-ethansulfonsäure (HEPES; Acròs organics, New Jersey, 

USA) to a pH of 7.4. 150 mM NaCl (AppliChem, Darmstadt, Germany) and 5 mM CaCl2 

(Sigma, Steinheim, Germany) were added to the HEPES solution. 

The buffers used for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS 

PAGE) were all purchased from Thermo Fisher (Thermo Fisher, Schwerte, Germany). The 

SDS sample buffer contained 106 mM Tris HCl, 141 mM Tris Base, 2% LDS, 10% 
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Glycerol, 0.51 mM EDTA, 0.22 mM SERVA Blue G250 and 0.175 mM Phenol Red. The 

SDS running buffer contained 5 mM Tris(hydroxymethyl)-aminomethane, 5 mM tricine 

and 0.005% sodium dodecyl sulfate. For the washing of the SDS page gels a solution of 40 

% methanol (VWR, Darmstadt, Germany) and 10 % acetic acid (VWR, Darmstadt, 

Germany) was prepared. The staining of the SDS page gel was carried out in the same 

solution containing 0.1 % (w/v) coomassie brilliant blue (Sigma, Steinheim, Germany).  

4.1.2. Fibrinogen solutions 

Fibrinogen solutions were obtained by dissolving commercially available fibrinogen 

powder (100% clottable Merck, Darmstadt, Germany) in 10 mM NH4HCO3 or in 20 mM 

sodium citrate solution. The fibrinogen solution in citrate was used without further 

treatments.  

Fibrinogen in 10 mM NH4HCO3 solution was obtained by dialysis by preparing 10 to 20 ml 

fibrinogen solution with a starting concentration of 20 mg/ml in 15 ml tubes (Sarstedt, 

Nümbrecht, Germany). After 30 min, when the fibrinogen had completely dissolved, the 

solution was pipetted into a cellulose membrane dialysis tubing with a 14 kDa cut-off 

(Sigma, Steinheim, Germany), which had been washed three times for 10 min in ultrapure 

water. The dialysis tubing was sealed using 70 mm dialysis tubing closures (Sigma, 

Steinheim, Germany). The solution of fibrinogen was dialyzed overnight against 1 l of 10 

mM NH4HCO3 under constant stirring.  

To determine the concentration after dialysis the absorbance at 280 nm was measured using 

a Nanodrop spectrometer (Thermo Fisher, Schwerte, Germany). For the calculation of the 

fibrinogen concentration, the extinction coefficient was determined by measuring the 

absorbance of different concentrations of undialyzed fibrinogen solutions (Figure 16). 
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Figure 16: Calibration curve of fibrinogen absorbance 
The absorbance at 280 nm was determined for 5, 10, 15 and 20 mg/ml fibrinogen in 10 mM NH4HCO3 
solution and plotted. The increment of the obtained calibration curve is the specific extinction coefficient of 
fibrinogen at 280 nm, which was found to be 0.8874 (mg/ml)-1 * cm-1. 

 

The concentration of fibrinogen in the solution was calculated by using the Lambert-Beer 

law with the measured absorbance at 280 nm and the determined extinction coefficient of 

0.8874 (mg/ml)-1 * cm-1. 

Lambert-Beer law: 

𝐴280 𝑛𝑚 = 𝜀280 𝑛𝑚 ∗ 𝑐 ∗ 𝑙 

The measured concentration of the dialyzed fibrinogen solution was used to dilute the 

solution to a concentration of 10 mg/ml. The 10 mg/ml fibrinogen stock solutions were 

aliquoted in Safe lock tubes (Eppendorf, Wesseling-Berzdorf, Germany) and stored 

at -20°C in a freezer (Liebherr, Biberach an der Riß, Germany). 

4.2. Substrate preparation 

The main substrate, on which fibrinogen samples were prepared, were round glass cover 

slips with a diameter of 15 mm (VWR, Darmstadt, Germany). For all following 

experiments the glass slides were cleaned by immersion in piranha solution, which was 
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freshly prepared by mixing 95% sulfuric acid (VWR, Darmstadt, Germany) with 30% 

hydrogen peroxide solution (VWR, Darmstadt, Germany) in a 3:1 ratio. The glass slides 

were placed in a polyoxymethylene sample holder and immersed in the priranha solution 

for 5 min. Directly after cleaning in the piranha solution the samples were washed three 

times with one litre of deionized water from a Genepure water purification system (Thermo 

Fisher Scientific, Schwerte, Germany). The cleaned glass slides were stored in deionized 

water. Directly before use, the glass slides were dried under nitrogen flow. The piranha 

cleaning treatment made the glass slides highly hydrophilic, which became visible when 1 

µl drop of deionized water was placed on a dried piranha cleaned slide (Figure 17). 

 

Figure 17: Hydrophilicity of an untreated and a piranha cleaned glass slide 
1 µl of deionized water was added onto an untreated or onto a piranha cleaned glass slide. On untreated 
glass, the drop stayed at one spot while on piranha cleaned glass the drop rapidly covers the surface as a 
thin layer. 

For circular dichroism experiments, Suprasil quartz cuvettes (Hellma UK Ltd.) with path 

lengths of 0.01, 0.1 or 0.5 mm were used as substrates. The cuvettes were cleaned in an 

UV−ozone cleaner (BioForce Nanosciences Inc., Salt Lake City, United States) for 1 h. 

Other substrate materials used in this thesis were: Polylactic acid (PLA) and polybutylene 

adipate terephthalate (PBAT) (kindly provided by Prof. Dr. Jörg Müssig, HSB City 

University of Applied Sciences, Bremen) as well as polystyrene (PS; Sarstedt, Nümbrecht, 

Germany), polydimethylsiloxane (PDMS; Distrelec GmbH, Bremen, Germany and 

parafilm (Thermo Fisher Scientific, Schwerte, Germany) substrates, which were directly 

used without further treatment. 

 



 Assembly of fibrin and fibrinogen scaffolds 

51 
 

Surface modification of glass substrates 

For some experiments the surface of glass slides was modified either by coating it with 

gold or by modifying it using a silanization with (3-Aminopropyl)triethoxysilane (APTES). 

Gold-coated glass slides were prepared by sputter coating untreated 15 mm diameter glass 

slides in an EM ACE600 high vacuum sputter coater (Leica Microsystems, Wetzlar, 

Germany) with a 5 nm adhesion layer of chromium and subsequently with 50 nm of gold. 

Substrates modified with (3-Aminopropyl)triethoxysilane (APTES) were prepared by 

immersion of piranha cleaned glass slides into a mixture of 5% APTES (Sigma, Steinheim, 

Germany) and 95% ethanol (VWR, Darmstadt, Germany) for 16 h under constant stirring. 

For this procedure a custom-made PLA glass slide holder was used, which was fabricated 

using a MakerBot replicator 3D printer (MakerBot industries, New York, United States). 

After modification, the substrates were washed three times in 200 ml pure ethanol and dried 

for storage.  

4.3. Assembly of fibrin and fibrinogen scaffolds 

Fibrin samples were used as reference samples for fibrinogen self-assembly experiments 

and were prepared on piranha-cleaned glass slides using NH4HCO3, phosphate buffer or 

PBS by the addition of thrombin. 200 µl 10 mg/ml fibrinogen in 10 mM NH4HCO3 were 

incubated with 10 U Thrombin. Additionally, 200 µl 10 mg/ml fibrinogen in 10 mM 

NH4HCO3 were incubated with 10 U Thrombin in the presence of 10 mM phosphate buffer. 

For thrombin incubations in the presence of PBS, 5 mg/ml fibrinogen, 5 mM NH4HCO3 

and 2.5x PBS were incubated with 5 U Thrombin. The samples were incubated at 37°C on 

a heating plate for 1 h and subsequently dried at room temperature.  

Fibrinogen scaffolds in citrate solution were prepared by pipetting 200 µl of a 5 mg/ml 

fibrinogen solution in 20 mM citrate onto a piranha cleaned glass slide and dried overnight 

at ambient conditions. 

All other fibrinogen samples were prepared following the routine depicted in Figure 18. 

100 µl of 10 mg/ml fibrinogen in 10 mM NH4HCO3 solution were pipetted onto piranha 

cleaned glass slides (Figure 18 A). In a second step, 100 µl of 5x PBS were added (Figure 

18 B), which resulted in final concentrations of 5 mg/ml fibrinogen, 5 mM NH4HCO3 
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solution and 2.5x PBS before the drying procedure (Figure 18 C). For reference samples, 

on which fibrinogen was dried only in the presence of NH4HCO3, 100 µl deionized water 

were added during step B. This resulted in final concentrations of 5 mg/ml fibrinogen and 5 

mM NH4HCO3 solution before the drying process started.  

For other samples either 100 µl of 50 mM phosphate buffer or 100 µl of 5x PBS were 

added, which resulted in final concentrations of 5 mg/ml fibrinogen, 5 mM NH4HCO3 

solution and either 25 mM phosphate buffer or 2.5x PBS. 

 

Figure 18: Schematic representation of the fibrinogen sample preparation with addition of PBS 
In a first step, fibrinogen in NH4HCO3 solution is placed on a piranha cleaned glass slide (A). In a second step, 
the PBS is added (B). The mix of fibrinogen, NH4HCO3 and PBS (C) is dried overnight and a fibrinogen scaffold 
is obtained (D). 

 

All other fibrinogen scaffolds were prepared by variations of the standard routine shown in 

Figure 18. In addition to piranha cleaned glass as a substrate, the fibrinogen samples were 

also prepared on gold coated surfaces, in cleaned quartz glass cuvettes (the total sample 

volume was adjusted to 40 µl), on APTES modified glass, PLA, PS, PBAT, PDMS or on 

parafilm surfaces. 

The fibrinogen concentration of the stock solution applied in step A was varied in a way 

that final fibrinogen concentrations of 0, 1, 2, 3, 4 or 5 mg/ml were present on the sample. 
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In step B, other compositions of salt solutions were added as well. Different concentrations 

of PBS were added resulting in final concentrations of 0x, 0.5x, 1x, 2.5x or 5x PBS. 

Analogous to PBS, sodium phosphate buffer was used with final concentrations of 0 mM, 

5 mM, 10 mM, 25 mM or 50 mM. In addition, 2.5x PBS or 25 mM sodium phosphate 

buffer were applied with pH values of 5, 6, 7, 8 or 9. Another variation of step B was the 

addition of single PBS components. Salt solution were added instead of PBS to achieve 

final concentrations of 375 mM NaCl, 10 mM KCl, 375 mM KCl, or 25 mM potassium 

phosphate buffer.  

For control experiments using the protease inhibitor 4-(2-aminoethyl)benzenesulfonyl 

fluoride hydrochloride (AEBSF), fibrinogen and PBS were prepared according to the 

standard procedure shown in Figure 18. However, in these experiments the PBS was 

supplemented with 0.1 or 1 mM of commercially available AEBSF solution (Sigma, 

Steinheim, Germany).  

Larger fibrinogen scaffolds were prepared by using a 24 x 24 mm Menzel glass slides, 

(VWR, Darmstadt, Germany), which were piranha cleaned. On this substrate 200 µl of 10 

mg/ml fibrinogen in 10 mM NH4HCO3 were mixed with 200 µl of 5x PBS and dried under 

ambient conditions.  

The last step in the standard preparation of fibrinogen scaffolds is the drying process 

(Figure 18 D), which was carried out under ambient conditions for most samples. However, 

selected sets of samples were also dried under controlled temperature and humidity in a 

self-made incubation chamber. The samples were dried overnight inside the humidity 

chamber with a constant temperature of 25°C. On different days, samples were prepared 

with relative humidities of 10, 20, 30, 40 or 50%. All samples for circular dichroism 

measurements were prepared in the humidity chamber at a constant temperature of 25°C 

and a humidity of 30%. 

Construction of a humidity chamber 

The humidity chamber was constructed using a Styrofoam box, in which the humidity 

could be regulated by flushing in dry compressed air or compressed air, which was 

humidified by streaming it through a water bath. The humidity and temperature inside the 
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box were measured using a digital TI HDC1080 sensor (Watterott, Leinefelde-Worbis, 

Germany). A Raspberry Pi computer (Raspberry PI (trading) limited, Cambridge, United 

Kingdom) was used to actuate magnetic valves (RPE, Carbonate, Italy) based on the 

measured humidity to flush the chamber with dry or humidified compressed air to achieve 

the desired humidity. In addition, the temperature data from the sensor were used to 

regulate the temperature inside the incubation chamber using a heating film (Thermo 

technologies, Rohrbach, Germany) and a Peltier element (Conrad electronics, Hirschau, 

Germany). An overview of the setup of the humidity chamber is given in Figure 19. 

 

Figure 19: Inside view of the humidity chamber 
The humidity and temperature inside the chamber are measured by the sensor. A Raspberry Pi computer, 
which is located inside a metal casing above the box, regulates the humidity by flushing in dry compressed 
air or compressed air, which was humidified by flushing it through a water bath. A heating film and a Peltier 
element are used to adjust the temperature. 

4.3.1. Measurements of turbidity 

One set of samples, where 5 mg/ml fibrinogen in 5 mM NH4HCO3 were dried in the 

presence of 2.5x PBS on a piranha cleaned glass slide under ambient conditions, was 

imaged during the drying process using a digital microscope (Meade Instruments, Irvine, 



 Measurements of turbidity 

55 
 

United States). The images were taken in bright field mode over a time course of 2 h to 

investigate changes in the turbidity of the sample. 

Analysis of sample coverage using bright field imaging and ImageJ 

The fibrinogen scaffolds prepared by drying in the presence of different phosphate buffer or 

PBS concentrations were analyzed for the total sample coverage. For this analysis bright 

field images of the dried samples were recorded using a digital microscope. For the 

analyses of the total sample coverage, the open source Java software ImageJ was used. 

Bright field pictures of the samples were converted to black and white images and a 

threshold was set manually so that only the opaque parts of the samples were analyzed 

(Figure 20). The coverage of the selected area was calculated using the analyze particles 

function in ImageJ. The coverage was calculated in percent of the total sample surface. 

Differences in coverage of samples prepared with different buffer concentrations were 

analyzed for significance by ANOVA followed by the Tukey post hoc-test using the 

GraphPad Prism software (GraphPad Software, San Diego, United States). 

 

Figure 20: Representation of determination of sample coverage using ImageJ 
A bright field image of the fibrinogen scaffold on the piranha cleaned glass substrate (A) was converted into 
a black and white image and a threshold was applied to highlight the area covered by the scaffold. The total 
area of the scaffold and the coverage of the glass substrate were calculated. Scale bar represents 5 mm. 
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4.4. Stabilization and crosslinking of fibrinogen samples 

Stabilization of fibrinogen scaffolds 

Three different approaches were investigated to further increase the resistance of the 

fibrinogen scaffolds to hydrolysis in aqueous environment. For a treatment with methanol 

vapor, the samples were incubated overnight in a methanol (VWR, Darmstadt, Germany) 

vapor atmosphere. The methanol vapor atmosphere was generated by putting the sample in 

a beaker and adding a petri dish filled with 1 µl of methanol per cm3 of beaker volume. The 

beaker was sealed using parafilm and kept at room temperature overnight, which allowed 

methanol to evaporate and generate a methanol-saturated atmosphere inside of the sealed 

beaker. The other two stabilization approaches were UV treatment and UV treatment in the 

presence of riboflavin. Samples for UV treatment in the presence of riboflavin were 

prepared with PBS, which contained 2 mM riboflavin (Sigma, Steinheim, Germany). Both 

types of samples were exposed to UV light generated by an UV lamp (MS Laborgeräte, 

Heidelberg Germany) for 1 h. 

Crosslinking of fibrinogen scaffolds 

Seven different crosslinking approaches were tested for the potential to increase the 

stability of fibrinogen scaffolds and will be described in detail below. The tested 

crosslinking procedures were transglutaminase treatment, EDC crosslinking (1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide), genipin crosslinking as well as crosslinking in liquid 

glutaraldehyde or glutaraldehyde vapor and crosslinking in liquid formaldehyde or 

formaldehyde vapor. All crosslinking methods link fibrinogen molecules by covalent 

bonds, but the functional groups, which are crosslinked, and the crosslinking reactions are 

different. Therefore, the mechanisms of the applied crosslinking reactions are demonstrated 

in Figure 21. 

 

 

 



 Stabilization and crosslinking of fibrinogen samples 

57 
 

 

Figure 21: Reaction mechanisms of different crosslinking agents 
A: A glutamine and a lysine residue can be crosslinked by the enzyme transglutaminase, which results in an 
isopeptide bond. The transglutaminase itself is not integrated in the crosslinked structure. 
B: A glutamic acid residue and a lysine residue can be crosslinked by 1-Ethyl-3-
(3-dimethylaminopropyl)carbodiimid (EDC), which results in an isopeptide bond. The EDC itself is not 
integrated in the crosslinked structure. 
C: Two lysine residues can react with different groups of one genipin molecule. This reaction covalently links 
the lysine residue via a genipin bridge. 
D: Two lysine residues can react with the two aldehyde groups of one glutaraldehyde molecule. This 
reaction covalently links the lysine residues via a di-ketobuthylene bridge. 
E: Two lysine residues can successively react with the aldehyde group of one formaldehyde molecule and 
the resulting imine group. This reaction covalently links the lysine residues via a methylene bridge. 

 

For transglutaminase crosslinking 200 µl of 5 U/ml transglutaminase (Thermo Fisher 

Scientific, Schwerte, Germany) in PBS were pipetted onto the fibrinogen scaffolds and 

incubated for 1 h at 37°C on a heating plate (IKA, Staufen, Germany). After the incubation, 

the transglutaminase solution was carefully removed and the samples were dried under 

ambient conditions. 

For EDC crosslinking 200 µl 50 mM 1-Ethyl-3-(3 dimethylaminopropyl)carbodiimid 

(Sigma, Steinheim, Germany) in deionized water were added to the fibrinogen scaffolds for 
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30 min. The crosslinking solution was carefully removed and the samples were dried in 

ambient conditions. 

For genipin crosslinking. the dried scaffolds were incubated for 1 h in 200 µl 30 mM 

genipin (Sigma, Steinheim, Germany). The crosslinking solution was carefully removed 

and the samples were dried in ambient conditions. 

An approach based on glutaraldehyde solution and a glutaraldehyde vapor crosslinking 

were used. For glutaraldehyde solution crosslinking the dried fibrinogen scaffolds were 

exposed to 200 µl of an aqueous solution of 2% glutaraldehyde (AppliChem, Darmstadt, 

Germany) for 30 min. The crosslinking solution was carefully removed and the samples 

were dried in ambient conditions. For glutaraldehyde vapor crosslinking, the samples were 

placed in a beaker together with a petri dish filled with 1 µl of 50% glutaraldehyde solution 

per cm3 of beaker volume. The beaker was sealed with parafilm and the samples were 

incubated overnight in the glutaraldehyde vapor atmosphere. 

Formaldehyde crosslinking was tested similarly in a solution-based and a vapor-based 

crosslinking approach. For formaldehyde solution crosslinking, the dried fibrinogen 

scaffolds were exposed to 200 µl of an aqueous solution of 4% formaldehyde (AppliChem, 

Darmstadt, Germany) for 30 min. The crosslinking solution was carefully removed and the 

samples were dried in ambient conditions. For formaldehyde vapor crosslinking, the 

samples were placed in a beaker together with a petri dish filled with 1 µl of 37% 

formaldehyde solution per cm3 of beaker volume. The beaker was sealed with parafilm and 

the samples were incubated overnight in the formaldehyde vapor atmosphere. 

4.4.1. Washing and detachment of fibrinogen scaffolds 

Fibrinogen scaffolds prepared without stabilization treatment or crosslinking were either 

washed twice in 200 µl of deionized water or washed one time in 10 mM NH4HCO3 or 

PBS. The supernatant was carefully pipetted of the samples after 5 min of washing. The 

samples were subsequently dried in ambient conditions. The fibrinogen scaffolds that were 

used for stabilization treatments were washed for 5 min using 200 µl of ultrapure water. 

After washing, the samples were dried in ambient conditions. 
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Fibrinogen scaffolds crosslinked by the described procedures were carefully washed three 

times with 2 ml of deionized water for 5 min. Some of the samples partially detached 

during the washing procedure and it was taken care that the detached parts remained on the 

sample while pipetting off the washing fractions. All samples were subsequently dried 

under ambient conditions. For some formaldehyde crosslinked samples, the detachment 

was investigated by washing vigorously three times with 2 ml of deionized water until the 

fibrinogen scaffold had completely detached. For the detachment experiments, scaffolds 

crosslinked on piranha cleaned glass slides and on APTES modified glass slides were used.  

4.5. Scanning electron microscopy  

To analyze the morphology of dried fibrinogen scaffolds SEM analysis was carried out. 

Samples for top view SEM analysis were mounted on a flat SEM holder. Before imaging in 

the SEM, all samples were sputter coated with a 7 nm gold layer in a Bal-Tec SCD 005 

sputtering system (Leica Microsystems, Wetzlar, Germany). The sputtered samples were 

analyzed in a Zeiss Auriga field emission device (Carl Zeiss, Oberkochen, Germany) using 

acceleration voltage of 3 kV and the SE2 detector for imaging.  

In addition to the SEM top view analysis, cross-sections of samples were imaged. The 

cross-sections were prepared by carefully fixating the samples in a pair of forceps and 

scratching the backside of the glass substrate using a diamond cutter. The glass was broken 

with a pair of forceps while avoiding compression of the fibrinogen scaffold on the top of 

the glass substrate. The broken substrates were fixated in a 90° angle on a SEM holder and 

the cross-section was also sputtered with a 7 nm gold layer in a Bal-Tec SCD 005 

sputtering system. SEM imaging of the samples was carried out using the SE2 detector and 

acceleration voltage of 3 kV. The scaffold thickness was analyzed on three independently 

prepared cross-section samples using ImageJ. For each sample, five images of cross-

sections were measured at five different positions of each image. 

Calculation fiber diameter using Image J 

From the SEM images, the fiber thickness was calculated using the open source software 

ImageJ with the BoneJ plugin. The SEM images were cropped to exclude areas, which 

showed large agglomerations of fibers. A threshold was manually set to highlight the fibers. 
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Then the ImageJ plugin BoneJ was used to analyze the fiber thickness. The BoneJ plugin 

calculates the fiber thickness by filling the threshold image with circles of maximal 

diameter and determining the average diameter of the circles. Especially in areas where 

fibers are overlaying or aggregate, this can lead to an overestimation of fiber thickness 

(Figure 22). The fiber diameter analysis was carried out with SEM images of three 

independently prepared samples and at least four images per sample were analyzed. The 

average fiber diameters and the standard deviations were calculated using Microsoft Excel. 

 

Figure 22: Representation of fiber diameter analysis using ImageJ 
A SEM image of fibrinogen fibers was cropped (A) and a threshold was manually applied (B). The ImageJ 

plugin BoneJ was used to measure the fiber thickness by integrating circles of the highest possible diameter 

and averaging the diameters. 

4.6. Structural analysis of self-assembled fibrinogen  

In the second main experimental part, the secondary structure of self-assembled fibrinogen 

scaffolds was analyzed using circular dichroism spectroscopy. A Chirascan spectrometer 

(Applied Photophysics, United Kingdom) was used to measure the circular dichroism 

spectra of all samples over a wavelength range of 190 to 250 nm using intervals of 1 nm. 

For each sample, the circular dichroism spectra were measured in three repeats, which were 

averaged and smoothed with a Savitsky-Golay filter using smoothing windows of 5 to 10 

data points. From the ellipticity represented in the circular dichroism spectra the mean 

residue ellipticity (θMRE) was calculated by normalizing the ellipticity to the number of 

amino acids N, the fibrinogen concentration (c) and the path length (l):  

𝜃𝑀𝑅𝐸 =  
𝜃

𝑁 ∗  𝑐 ∗  𝑙
 

For the necessary calculation of fibrinogen concentration, the absorbance at wavelength 

214 nm was additionally determined. The fibrinogen concentrations were calculated 
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according to the method described by (Kuipers and Gruppen, 2007). Some samples were 

measured in a liquid state while the main fibrinogen scaffold samples were measured dry 

using solid-state circular dichroism spectroscopy. The calculation of the used extinction 

coefficients and the path length for solid-state samples will be introduced in the next 

section. For samples, which were measured in liquid, the path lengths of the respective 

cuvettes were used. 

4.6.1. Circular dichroism measurements of fibrinogen solution and 

fibrin 

To gain a first understanding of the secondary structure the circular dichroism spectrum of 

fibrinogen in solution was recorded. 10 µl of 5 mg/ml fibrinogen in 5 mM NH4HCO3 

solution were measured in a 0.01 mm path length cuvette. After baseline correction for the 

5 mM NH4HCO3 solution, the mean residue ellipticity of fibrinogen was calculated from 

the averaged circular dichroism spectra obtained in three independent experiments. 

For comparison, the circular dichroism spectrum of fibrin was recorded. The fibrin 

hydrogel was directly prepared in a 0.01 mm cuvette by incubating 5 mg/ml fibrinogen in 5 

mM NH4HCO3 solution in the presence of 25 U/ml thrombin for 15 min at room 

temperature. Since the cleaved fibrinopetides A and B and the thrombin were still present 

in the formed fibrin, the circular dichroism spectrum of fibrin also had to be corrected for 

the signal generated by fibrinopeptides A and B as well as thrombin. The circular dichroism 

spectra of 14 mM fibrinopeptide A or 14 mM fibrinopeptide B in 5 mM NH4HCO3 were 

both measured in 0.5 mm path length cuvettes. The spectrum of thrombin was measured 

with 25 U/ml thrombin in 5 mM NH4HCO3 in a 0.1 mm path length cuvette (Figure 23). 
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Figure 23: Circular dichroism spectra of fibrinopeptides and thrombin 
The spectra of 14 mM fibrinopeptide A (FPA) or 14 mM fibrinopeptide B (FPB) in 5 mM NH4HCO3 were both 
measured in 0.5 mm path length cuvettes. The spectrum of thrombin was measured with 25 U/ml thrombin 
in 5 mM NH4HCO3 in a 0.1 mm path length cuvette. The graph has been published in the supplementary 
information of (Stapelfeldt et al., 2019b). 

With the data obtained for thrombin and the fibrinopeptides, the fibrin spectrum was 

corrected and the mean residue ellipticity of fibrin was calculated from the averaged 

circular dichroism spectra obtained in three independent experiments. 

Both the mean residue ellipticity of fibrinogen in solution and fibrin were analyzed for the 

content of secondary structure motives using the BeStSel web server (Micsonai et al., 2018; 

Micsonai et al., 2015). The secondary structure motives were summed up in α-helical 

structure and β-sheet structure. All other secondary structure motives were categorized as 

other. 

4.6.2. Circular dichroism measurements of dried fibrinogen scaffolds 

The circular dichroism spectra of fibrinogen scaffolds prepared with different 

concentrations, pH values or humidities were analyzed in a dried state. In order to calculate 

the mean residue ellipticity, the fibrinogen concentration had to be determined. Therefore, 

the extinction coefficient and the path length of the dried samples are required. Using the 

experimentally determined extinction coefficients and the path lengths described in the 

following, the mean residue ellipticity of the dried samples was calculated. For each 

investigated parameter, the circular dichroism spectra obtained in three independent 
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experiments were averaged. The secondary structure contents were analyzed using the 

BeStSel web server. 

Determination of the extinction coefficient 

To determine the extinction coefficient of dried fibrinogen, fibrinogen solutions were dried 

either in the absence or in the presence of PBS. For samples dried without PBS, fibrinogen 

concentrations of 0.4, 1, 1.5, 2, 2.5, 4 and 5 mg/ml were analyzed. For samples dried with 

PBS, fibrinogen concentrations of 0.4, 1, 1.5, 2, 3, 4 and 5 mg/ml were analyzed. The 

samples were directly dried in 0.01 mm quartz cuvettes and the absorbance at 214 nm was 

measured in the circular dichroism spectrometer (Figure 24). 

 

Figure 24: Calibration curves for the determination of the fibrinogen extinction coefficient at 214 nm 
Different concentrations of fibrinogen were dried in the absence (A) or in the presence of PBS (B) and the 

absorbance was measured at 214 nm. Insets show cross-sections from SEM analysis of the dried fibrinogen 

scaffolds. Image modified from the supplementary information of (Stapelfeldt et al., 2019b). 

The increment of the calibration curve of fibrinogen samples prepared without PBS was 

used to calculate the extinction coefficient of 160,837,851 M-1 * cm-1. For samples 

prepared in the presence of PBS, two distinct absorbance regimes with different slopes 

were observed. Therefore, two different extinction coefficients were calculated. For 

concentrations of 0.4 to 2 mg/ml fibrinogen the extinction coefficient was 

462,591,577 M-1 * cm-1. For concentrations of 3 to 5 mg/ml fibrinogen the extinction 

coefficient was 125,155,759 M-1 *cm-1. The calculated extinction coefficients were used for 
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the calculations of the mean residue ellipticity in all experiments carried out with dried 

samples. 

Determination of the path length of dried fibrinogen samples 

The path length of the dried fibrinogen samples was calculated by extrapolating the 

measured thicknesses of the cross-sectional SEM analyses of fibrinogen samples prepared 

on glass (Table 1).  

Table 1: Path length of fibrinogen scaffolds 
The thickness of fibrinogen scaffolds used in circular dichroism experiments was extrapolated from the 

thickness of fibrinogen scaffold cross-sections. 

 
path length of fibrinogen scaffolds (µm) 

fibrinogen concentration (mg/ml) fibrinogen without PBS fibrinogen with PBS 

1 1.1 1.1 

2 1.2 1.1 

3 1.1 2.7 

4 1.1 2.2 

5 1.3 2 
 

Crosslinked and rehydrated fibrinogen scaffolds 

Circular dichroism measurements of crosslinked and rehydrated fibrinogen scaffolds were 

performed in APTES modified cuvettes. Cleaned 0.01 mm quartz cuvettes were modified 

with APTES by incubating them overnight in a 5% APTES 95% ethanol mixture. The 

cuvette was subsequently washed three times for 5 min in absolute ethanol. 

Fibrinogen scaffolds were prepared in the APTES modified cuvettes by drying 40 µl of 

5 mg/ml fibrinogen in 5 mM NH4HCO3 with 2.5x PBS present. The samples were dried 

overnight at 25 °C and a constant relative humidity of 30%. The circular dichroism spectra 

of the dried scaffolds were measured before crosslinking. 

The dried fibrinogen scaffolds prepared in an APTES modified cuvette were subsequently 

crosslinked by formaldehyde vapor treatment in a parafilm sealed beaker for 2 h. The 

formaldehyde vapor was generated from 1 µl of 37% formaldehyde solution per cm3 of 

beaker volume. After crosslinking, the samples were washed in ultrapure water and dried. 
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The circular dichroism spectra of the dried and crosslinked samples were measured. 

Additionally, crosslinked and washed samples were measured in a rehydrated state where 

40 µl of deionized water were added to the cuvette before closing it and measuring the 

circular dichroism spectrum.  

For the samples prepared on APTES, the crosslinked samples or the crosslinked and 

rehydrated samples, the mean residue ellipticity was calculated from the averaged circular 

dichroism spectra obtained in three independent experiments. The extinction coefficients 

and the path lengths determined in the previous sections were used. The secondary 

structure contents were calculated using the BeStSel web server. 

4.7. Long-term degradation of self-assembled fibrinogen scaffolds  

In the third main experimental part of this thesis, the long-term degradation of fibrinogen 

scaffolds was studied. In addition to the degradation in aqueous solution, the degradation of 

fibrinogen scaffolds was analyzed in the presence of the enzymes thrombin, plasmin or 

urokinase. The fibrinogen degradation potential of the enzymes was analyzed in solution 

before the enzymes were used for long-term degradation experiments on crosslinked 

fibrinogen scaffolds. 

4.7.1. Enzymatic degradation of fibrinogen in solution 

Solutions of 1 mg/ml fibrinogen were incubated overnight at 37°C either in DMEM 

(Dulbecco’s Modified Eagle’s Medium; Sigma, Steinheim, Germany) or in HEPES 

buffered saline. Either no enzyme was present during the incubation or 0.01 U/ml plasmin 

(Sigma, Steinheim, Germany), 1 µg/ml urokinase (Merck, Darmstadt, Germany) or a 

combination of 0.01 U/ml plasmin and 1 µg/ml urokinase were applied. After incubation, 

the samples were analyzed using gel electrophoresis. The degradation of fibrinogen by 

plasmin was reported by (Pizzo et al., 1972), while urkinase was described as an activator 

of plasminogen (Blasi et al., 1987). 
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Gel electrophoresis 

The enzymatically digested samples were analyzed using sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS PAGE). 18 µl of each sample were mixed with 

5 µl of SDS sample buffer and heated to 70°C for 10 min. After the heating, the samples 

and pre-stained protein standard were loaded onto a precast Nupage tris acetate gel 

(Thermo Fisher Scientific, Schwerte, Germany). The gel ran at 150 V (Consort nv, 

Turnhout, Belgium) for 1 h in a gel chamber filled with SDS running buffer. After 

electrophoresis, the protein bands within the gel were stained in coomassie solution (Sigma, 

Steinheim, Germany) on a shaker for 1 h. The gels were washed twice in a solution of 40% 

methanol, 10% acetic acid and 50% deionized water without coomassie for 1 h, 

subsequently. In a final washing step the gels were washed with deionized water for 1 h. 

Long-term degradation of fibrinogen scaffolds 

Fibrinogen scaffolds were prepared by drying 200 µl of 5 mg/ml fibrinogen in 5 mM 

NH4HCO3 solution either in the absence or presence of 2.5x PBS on APTES modified glass 

slides. The drying was carried out overnight at 25°C and a constant relative humidity of 

30%. The samples were crosslinked in formaldehyde vapor in a parafilm sealed beaker. The 

formaldehyde vapor was generated from 1 µl of 37% formaldehyde solution per cm3 of 

beaker volume. One set of samples was crosslinked for 1 h, while a second set of samples 

was crosslinked for 2 h. After crosslinking, the samples were washed four times in 500 ml 

deionized water for 15 min. The samples were sterilized using the UV light of a sterile 

bench (MS Laborgeräte, Heidelberg Germany) for 15 min.  

Solutions of 1 U/ml thrombin, 0.01 U/ml plasmin or a combination of 0.01 U/ml plasmin 

with 1 µg/ml urokinase were prepared in HEPES buffered saline. All enzyme solutions and 

HEPES buffered saline without any enzymes were sterile filtrated using a Millipore syringe 

filter (Merck, Darmstadt, Germany).  

For each enzyme three samples were placed in individual wells of a 12-well plate (Greiner 

Bio-One, Frickenhausen, Germany) and 2 ml of enzyme solution per sample were added. 

Plates were kept at 37°C in an incubator (Heracell, Thermo Fisher Scientific, Schwerte, 

Germany) for 35 days. Every 7 days 20 µl were taken out for further analysis. The 

concentrations of fibrinogen, which had been released into the supernatant, were measured 
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using a Nanodrop spectrometer at a wavelength of 280 nm the same day the samples were 

taken. The concentrations were calculated using Lambert Beers law and the determined 

extinction coefficient of fibrinogen like described above. To calculate the total amount of 

fibrinogen released into the supernatant, the exact volume of supernatant on the sampling 

day has to be known. Therefore, evaporation controls were prepared by incubating 2 ml of 

HEPES buffered saline in the incubator and measuring the volume on each sampling day. 

With the volume and the determined concentration, the total amount of fibrinogen was 

calculated. For treatments in HEPES buffered saline with thrombin, plasmin or a 

combination of plasmin and urokinase the experiment was independently repeated three 

times. After 35 days of incubation, the samples were dried in ambient conditions and the 

morphology was analyzed in the SEM like described above. 

4.8. Binding of fibrinogen and heparin to self-assembled fibrinogen 

scaffolds 

To investigate the binding affinities of fibrinogen and heparin to crosslinked fibrinogen 

scaffolds, fibrinogen and heparin were fluorescently labeled using Alexa 488 NHS-ester 

(Sigma, Steinheim, Germany). 30 μl of 5 mM Alexa 488 NHS-ester were added to 5 ml of 

1 mg/ml fibrinogen or 1 mg/ml heparin (Sigma, Steinheim, Germany) in 10 mM NH4HCO3 

solution and incubated for 1 h in the dark at room temperature. To remove unbound 

Alexa 448 dye the samples were dialyzed using cellulose membrane tubing with a 14 kDa 

cut-off, which had been washed three times for 10 min in ultrapure water. The dialysis 

tubing was sealed using 70 mm dialysis tubing closures. The solutions of fibrinogen were 

dialyzed two times overnight against 1 l of 10 mM NH4HCO3. 

Fibrinogen scaffolds for the binding experiment were prepared like described above. 200 µl 

of 5 mg/ml fibrinogen in 5 mM NH4HCO3 solution were dried on APTES modified glass 

slides either in the absence or the presence of 2.5x PBS. For comparison, samples with 

bovine serum albumin (BSA, Sigma, Steinheim, Germany) were prepared similarly. 200 µl 

of 5 mg/ml BSA in 5 mM NH4HCO3 solution were dried on APTES modified glass slides 

either in the absence or the presence of 2.5x PBS. The samples were dried overnight at a 

temperature of 25°C and a constant relative humidity of 30%. After drying, the samples 

were crosslinked in formaldehyde vapor in a parafilm sealed beaker for 1 h. The 
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formaldehyde vapor was generated from 1 µl of 37% formaldehyde solution per cm3 of 

beaker volume. After crosslinking, the samples were washed four times in 500 ml 

deionized water for 15 min. In addition, the binding experiment was also carried out on 

APTES modified glass slides without any protein scaffolds. The APTES controls were not 

crosslinked.  

For the binding experiment 200 µl of the 7 µg/ml Alexa 488 labeled fibrinogen solution or 

70 µg/ml Alexa 488 labeled heparin solution were pipetted onto the samples. The samples 

were incubated for 1 h at ambient conditions in the dark. After the incubation, the 

supernatant was harvested and the samples were washed with 200 µl 10 mM NH4HCO3 for 

1 h. The washing fractions were collected. The fluorescence intensity of the fibrinogen and 

heparin stock solutions, the intensity of the incubation fractions and the intensity of the 

washing fractions were measured in a LS 50 fluorimeter (Perkin Elmer, Hamburg, 

Germany). Excitation wavelengths of 490 nm were used and the emission was measured at 

a wavelength of 525 nm. 
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5. Results 

Since fibrinogen nanofibers are promising biomaterials for wound healing and tissue 

engineering applications, a number of techniques have been described to produce fibers out 

of fibrinogen including some approaches utilizing self-assembly. The aim of this thesis was 

to study the self-assembly during drying in the presence of ions in order to understand the 

self-assembly mechanism leading to the formation of fibrinogen fibers. Scanning electron 

microscopy was used to characterize the morphology of the fibrinogen scaffolds prepared 

under different parameters that allow conclusions about the mechanism of self-assembly. 

In a second main part, the changes in secondary structure, which accompanied self-

assembly were studied using circular dichroism. The structural analysis provides additional 

insight into the mechanism of fibrinogen self-assembly as well as a first indication of the 

biological activity.  

The biological activity of self-assembled fibrinogen was further investigated in the third 

main part of this thesis, by binding experiments as well as an analysis of the enzymatic 

long-term degradation. 

5.1. Morphology of self-assembled fibrinogen scaffolds 

In the first set of experiments of this thesis, fibrinogen the self-assembly of fibrinogen was 

investigated by analyzing the morphology of fibrinogen dried under various conditions by 

SEM. The first observation of a fibrinogen self-assembly was made, when 5 mg/ml 

fibrinogen in 20 mM sodium citrate buffer with a pH of 9 were dried on a piranha cleaned 

glass slide. SEM analysis revealed that on some parts of the samples fibrinogen nanofibers 

had formed. The fibrinogen fibers were mainly found at the edges of a ring of the dried 

citrate (Figure 25).  
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Figure 25: Drying of fibrinogen in citrate buffer results in fibrinogen fibers 
5 mg/ml fibrinogen were dried in 20 mM citrate buffer with a pH of 9 on a piranha cleaned glass slide and 
analyzed in the SEM. A: Overview of the fibrinogen and citrate sample. Fibers were only observed at the 
highlighted inner border of the dried citrate. Scale bar 1000 µm. B: Magnification of the fibrinogen fiber 
scaffold formed at the inner border of the dried citrate. Scale bar 10 µm.  

The observed fibrinogen fibers set out from central points without fibers in a star-shaped 

morphology with fibrinogen fiber diameters in the range of 50 to 150 nm. The star-shaped 

fiber accumulations formed a dense fibrinogen scaffold at the inner border of the dried 

citrate. On other parts of the sample, no fibers were observed. 

5.1.1. Assembly of fibrinogen scaffolds, comparison to fibrin 

To identify other buffers, which could also induce fibrinogen self-assembly upon drying, 

fibrinogen was dissolved in NH4HCO3 solution and dried in the presence or absence of 

phosphate buffer or PBS. For morphological comparison of the self-assembled fibers with 

fibrin fibers, fibrin scaffolds were prepared by incubating fibrinogen with thrombin in 

similar buffer systems. 
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Figure 26: Self-assembly of fibrinogen in phosphate buffer and PBS compared to fibrin 
A-C: 5 mg/ml fibrinogen in 5 mM NH4HCO3 were dried on a piranha cleaned glass slide without the addition 
of any enzyme and analyzed in the SEM. For B and C 25 mM phosphate buffer (pH 7.4) or 2.5x PBS (pH 7.4) 
were present during the drying process respectively, which led to the self-assembly of fibrinogen fibers. 
D: Fibrin fibers prepared by incubating 10 mg/ml fibrinogen in 10 mM NH4HCO3 with 10 U of thrombin for 
1 h at 37°C. Fibrin fibers were subsequently dried and analyzed in the SEM. 
E: Fibrin fibers prepared by incubating 10 mg/ml fibrinogen in 10 mM phosphate buffer with 10 U of 
thrombin for 1 h at 37°C. Fibrin fibers were subsequently dried and analyzed in the SEM. 
F: Fibrin fibers prepared by incubating 5 mg/ml fibrinogen in 5 mM NH4HCO3 and 2.5x PBS with 5 U of 
thrombin for 1 h at 37°C. Fibrin fibers were subsequently dried and analyzed in the SEM.  
All scale bars represent 2 µm. 

When fibrinogen was dried in the presence of NH4HCO3 alone, planar fibrinogen layers 

without any fibrous structures were observed. The additional presence of PBS or phosphate 

buffer during drying resulted in fibrinogen nanofiber meshes with characteristic star-shaped 

morphologies with concentrated central points similar to the morphology already observed 

for fibrinogen and citrate (Figure 26 A-C). However, the coverage and the distribution of 

fibers on the sample differed, which will be presented in detail in following chapters. The 

morphology of the self-assembled fibrinogen fibers differed from the morphology of fibrin 

fibers prepared with thrombin. In similar buffer systems, fibrin fibers prepared with 

thrombin showed a more homogeneous morphology as well as an even distribution. A star-

shaped morphology with pronounced central points was not observed in fibrin (Figure 26 

D-F). 
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Influence of the thrombin inhibitor AEBSF on fibrinogen self-assembly  

To exclude the involvement of a potential trace contamination of thrombin in the self-

assembly process, a control experiment utilizing AEBSF was conducted. AEBSF is a 

strong inhibitor for serine proteases, which covalently binds to the active center and thereby 

inactivates potential trace amounts of thrombin. For the control experiment, fibrinogen self-

assembly was induced by drying in the presence of PBS with addition of AEBSF. 

 

Figure 27: Self-assembly of fibrinogen scaffolds in the presence of AEBSF 
Fibrinogen nanofibers were assembled by drying a 5 mg/ml fibrinogen in 5 mM NH4HCO3 in the presence of 
2.5x PBS (pH 7.4) and 0.1 mM (A) or 1 mM (B) AEBSF on a piranha cleaned glass slide. Subsequent SEM 
analyses revealed that even in the presence of the thrombin inhibitor AEBSF fiber formation occurred. Scale 
bars represent 2 µm. Image from (Stapelfeldt et al., 2019a) supplementary material. 

Self-assembly of fibrinogen fibers upon drying in PBS still occurred when 0.1 mM or even 

1 mM AEBSF were present (Figure 27). The assembly process was not inhibited by the 

presence of AEBSF and the star-shaped morphology of the self-assembled fibrinogen was 

not affected. 
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Macroscopic changes in turbidity during fibrinogen self-assembly 

Macroscopically, the drying process of fibrinogen in the presence of PBS or phosphate 

buffer was accompanied by the formation of crystals and by a change in turbidity as 

exemplarily shown for fibrinogen and PBS.  

 

Figure 28: Time series of the fibrinogen drying process 
5 mg/ml fibrinogen in 5 mM NH4HCO3 were dried in the presence of 2.5x PBS on a piranha cleaned glass 
slide and imaged using a digital microscope. An initial change in turbidity was observed after 60 min. After 
90 min macroscopic PBS crystals started to form. Scale bar represents 5 mm. From the supplementary 
information of (Stapelfeldt et al., 2019a).  

When fibrinogen solution was dried in the presence of PBS, an initial change in turbidity 

was observed after 60 min at the edges of the sample. After 75 min, the turbid outer ring of 

the still wet sample had grown. Finally, after 90 min the sample was almost completely 

dried, which was accompanied by the formation of macroscopic PBS crystals. The spaces 

between the PBS crystals were covered by an opaque layer (Figure 28).  

For fibrinogen, which was dried in NH4HCO3 without phosphate buffer or PBS, no change 

in turbidity was observed and the dried samples remained completely transparent. 
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5.1.2. Influence of fibrinogen concentration 

Different concentrations of fibrinogen in NH4HCO3 solution were dried in the presence of 

either phosphate buffer or PBS. A distinct fibrinogen concentration threshold of fiber 

formation was observed in both buffer systems. 
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Figure 29: Self-assembly of different fibrinogen concentrations in the presence of phosphate buffer or PBS 
Concentrations ranging from 0 to 5 mg/ml fibrinogen in 5 mM NH4HCO3 were dried in the presence of 

phosphate buffer (A-F) or PBS (G-L) on piranha cleaned glass slides. Both posphate buffer and PBS were 

prepared with a pH of 7.4. SEM analyses showed that fibrinogen fiber formation occurs with fibrinogen 

concentrations of 2 mg/ml or higher in both buffers. All scale bars represent 2 µm. Panels of this figure have 

been published in (Stapelfeldt et al., 2019a). 
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Without fibrinogen no fibers were observed and only crystals of the used phosphate buffer 

or PBS were present on the dried sample (Figure 29 A and G). When a final concentration 

of 1 mg/ml fibrinogen was dried in the presence of phosphate buffer or PBS, no fibers were 

observed (Figure 29 B and H). However, in the samples prepared with PBS globular 

aggregates were found, when a concentration of 1 mg/ml fibrinogen was used. 

When an initial concentration of 2 mg/ml fibrinogen was dried in the presence of phosphate 

buffer or PBS, fiber formation was observed (Figure 29 C and I). For both buffer systems, 

the fibers were only found in some spots on the sample. With concentrations of 3 to 5 

mg/ml fibrinogen, scaffold formation with increasing densities of fibers was observed for 

phosphate buffer and PBS (Figure 29 D-F and J-L).  

The SEM images of all samples prepared with fibrinogen concentrations that led to fiber 

self-assembly, were analyzed for the average fiber diameter using ImageJ. The samples of 

each condition showed a range of various fiber diameters, which are displayed as mean and 

standard deviations (Figure 30; Table 2). 

 

Figure 30: Average diameter of fibrinogen fibers assembled with different fibrinogen concentrations in 
phosphate buffer or PBS 
SEM images of fibrinogen fibers prepared by drying different fibrinogen concentrations in the presence of 

phosphate buffer or PBS were analyzed for the average fiber diameter using ImageJ. Fiber diameters of 

three independent samples were averaged and are displayed as mean and standard deviation. 
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Table 2: Average diameter of fibers assembled with different fibrinogen concentrations. 
The fiber diameters of fibers prepared by drying different concentrations of fibrinogen in the presence of 
phosphate buffer or PBS were analyzed using ImageJ. Using the SEM images of three independent samples, 
average fiber diameters were determined and are displayed as mean and standard deviation. 

 average fiber diameter (nm) 

Fibrinogen concentration (mg/ml) Phosphate buffer PBS 

2 203 ± 162 121 ± 88 

3 175 ± 122 112 ± 74 

4 174 ± 133 115 ± 74 

5 175 ± 123 123 ± 94 

All fibrinogen concentrations, which resulted in fiber assembly by drying in the presence of 

phosphate buffer, showed fibers with a similar average diameter in the range of 175 ± 

125 nm. Fibers prepared by drying different fibrinogen concentrations in the presence of 

PBS showed average diameters in a range of 125 ± 75 nm independently from the used 

concentration. Overall the samples prepared with different fibrinogen concentrations 

showed a wide range of fiber diameter with a high heterogeneity, which is also reflected in 

the high standard deviations (Table 2).   

To assess if the used fibrinogen had an influence on the overall thickness of the scaffolds in 

the presence of PBS, cross-sections of all concentrations, which resulted in continuous fiber 

scaffolds, were prepared. Additionally, cross-sections of planar fibrinogen layers with the 

same concentrations were prepared. The cross-sections were imaged in the SEM and 

analyzed using ImageJ. 
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Figure 31: Cross-sections of self-assembled fibrinogen scaffolds 
Concentrations ranging from 3 to 5 mg/ml fibrinogen in 5 mM NH4HCO3 were dried on piranha cleaned glass 

slides either without any additions (A-C) or in the presence of PBS (D-F). Cross-sections of the samples were 

imaged in the SEM and analyzed using ImageJ. Scaffold thicknesses were measured on three independently 

prepared scaffolds and are displayed as mean and standard deviation (G). 
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Planar scaffolds showed average thicknesses of 1.5 ± 1 µm (Figure 31 A-C) while fibrous 

scaffolds had thicknesses of 3 to 12 µm (Figure 31 D-F). Fibers in the scaffolds were 

observed through the whole scaffold. Due to the high standard deviations, a clear 

correlation of used fibrinogen concentration and scaffold thickness was not confirmed.  

Overall, planar fibrinogen layers had a more uniform thickness. Fibrous fibrinogen 

scaffolds showed a high heterogeneity in thicknesses, which is reflected in the high 

standard deviations of average scaffold thickness. Large differences could even be observed 

at very close positions (Figure 31 E).  

5.1.3. Effect of varying buffer concentrations  

Fibrinogen in NH4HCO3 solution was dried in the presence of different phosphate buffer or 

PBS concentrations. When no phosphate buffer or PBS was added, only planar layers 

(Figure 32 A and F) formed similar to the previously observed samples, on which 

fibrinogen was dried solely in the presence of NH4HCO3. However, all concentrations of 

phosphate buffer (Figure 32 B-E) or PBS (Figure 32 G-J), which were applied during the 

drying process, resulted in the formation of fibrinogen fibers. Even the presence of 5 mM 

phosphate buffer or 0.5x PBS, was sufficient to induce self-assembly of fibrinogen into 

fibers. 
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Figure 32: Self-assembly of fibrinogen scaffolds in the presence of different phosphate buffer or PBS 
concentrations. 
5 mg/ml fibrinogen in 5 mM NH4HCO3 solution were dried on a piranha cleaned glass slide in the presence of 
different phospate buffer (B to E) or PBS (G to J) concentrations. Both posphate buffer and PBS were 
prepared with a pH of 7.4. SEM analyses revealed that without the presence of phosphate buffer or PBS no 
fiber formation occurred (A and F). For all other concentrations tested, fibrinogen nanofibers were observed 
after drying. Scale bars represent 2 µm. Image from (Stapelfeldt et al., 2019a). 
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Drying in the presence of low phosphate buffer concentrations (5 and 10 mM) resulted in 

fibrinogen scaffolds, which only rarely showed the characteristic star-shaped morphology. 

Instead, the fiber scaffolds showed more loosely aggregated fibers without concentrated 

central points. Overall, fiber scaffolds prepared with PBS showed more prominent central 

points with high fiber density and drying in all PBS concentrations resulted in a similar 

star-shaped morphology. 

The SEM images of fibrinogen assembled in different phosphate buffer and PBS 

concentrations were analyzed with regard to the average fiber diameter using ImageJ. The 

samples of each condition showed a wide range of various fiber diameters, which are 

displayed as mean and standard deviation (Figure 33; Table 3). 

 

Figure 33: Average diameter of fibrinogen fibers assembled with different phosphate buffer or PBS 
concentrations 
SEM images of fibrinogen fibers prepared by drying in the presence of different phosphate buffer (A) or PBS 
(B) concentrations were analyzed for the average fiber diameter using ImageJ. Fiber diameters of three 
independent samples were averaged and are displayed as mean and standard deviation. 

Fibers prepared in the presence of 5 mM phosphate buffer showed diameters in a range of 

25 to 200 nm, while the diameters of fibers prepared with 10, 25, or 50 mM phosphate 

buffer ranged from 25 to 350 nm. For fibers prepared in the presence of 0.5x, 1x, or 2.5x 

PBS fiber diameters in a range of 50 to 250 nm were observed. Only fibers prepared in the 

presence of 5x PBS showed a broader diameter range of 25 to 350 nm. Overall, the fiber 

diameters of self-assembled fibrinogen fibers stayed in a wide range and the different 

concentrations of phosphate buffer had little effect on the observed fiber thickness, which is 

reflected in the high standard deviation (Table 3). 
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Table 3: Average diameter of fibers assembled with different buffer concentrations. 
The fiber diameters of fibers prepared by drying fibrinogen in the presence of different phosphate buffer or 
PBS concentrations were analyzed using ImageJ. Using the SEM images of three independent samples 
average fiber diameters were determined and are displayed as mean and standard deviation. 

Phosphate buffer PBS 

concentration (mM)  fiber diameter (nm) concentration (x)  fiber diameter (nm) 

5 104 ± 85 0.5 133 ± 94 

10 165 ± 179 1 159 ± 117 

25 157 ± 107 2.5 154 ± 104 

50 205 ± 193 5 178 ± 163 

Although the concentration of phosphate buffer had hardly any effect on the fiber diameter, 

the macroscopic total coverage of the 15 mm diameter glass slides with fibrinogen 

scaffolds was dependent on the buffer and the applied buffer concentration (Figure 34). 
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Figure 34: Fibrinogen nanofiber scaffold coverage of 15 mm glass slides in dependence of the buffer 
concentration used for self-assembly 
Fibrinogen nanofibers were prepared by drying a 5 mg/ml fibrinogen in 5 mM NH4HCO3 solution in the 
presence of different concentrations of either (A) phosphate buffer or (B) PBS on a piranha cleaned glass 
slide. The coverage of the 15 mm glass substrates was measured using a digital microscope. Data represent 
means and standard deviations of three independently prepared samples for each buffer concentration. The 
average coverages of the samples with the highest concentration were compared to the other conditions by 
ANOVA and are indicated by asterisks (****p < 0.0001, **p < 0.001, ns: not significant). Insets show 
overview images of the 15 mm glass slides with 5 mg/ml fibrinogen dried in the presence of 25 mM 
phosphate buffer or 2.5x PBS, respectively. Scale bars in insets represent 5 mm. Image from (Stapelfeldt et 
al., 2019a). 

When fibrinogen was dried in the presence of phosphate buffer, the sample coverage was 

lower as compared to fibrinogen scaffolds prepared in the presence of PBS. Even with the 

highest phosphate buffer concentration of 50 mM a coverage of only 80% was achieved. 

When PBS was used to induce fibrinogen fiber formation, coverages higher than 90% were 

observed with concentrations 2.5x or 5x PBS. 

5.1.4. Influence of different salts on fibrinogen assembly 

Drying of fibrinogen solutions in NH4HCO3 with 2.5x PBS was sufficient to induce 

fibrinogen self-assembly and resulted in dense fibrinogen scaffolds. 2.5x PBS contains 
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375 mM NaCl, 10 mM KCl and 25 mM sodium phosphate buffer. Therefore, the individual 

potential of NaCl and KCl to induce fibrinogen self-assembly upon drying was investigated 

further. Additionally, fibrinogen in NH4HCO3 was dried in the presence of 375 mM KCl 

and 25 mM potassium phosphate buffer to elucidate, if these ion combinations had an effect 

on fiber formation, when similar concentrations to the sodium based salts in PBS were 

used. 

 

Figure 35: Self-assembly of fibrinogen in the presence of different PBS components 
5 mg/ml fibrinogen in 5 nM NH4HCO3 were dried in the presence of (A) 375 mM NaCl, (B) 10 mM KCl, (C) 
375 mM KCl or (D) 25 mM K-PO4 buffer. SEM analyses revealed that nanofibers could be assembled in all 
buffers, if the salt concentration was at least 25 mM. No fibrinogen fibers formed with 10 mM KCl. Fiber 
morphology was less defined, when single PBS components were used. Scale bars represent 2 µm. Image 
from (Stapelfeldt et al., 2019a). 

Drying with 375 mM NaCl or KCl was sufficient to induce fibrinogen fiber formation, but 

with less fibers and a less defined fiber morphology as compared to drying in the presence 

of PBS (Figure 35 A and C). Nevertheless, with a low concentration of 10 mM KCl no 

fiber formation was observed (Figure 35 B). Similar to sodium phosphate buffer, drying in 

the presence of 25 mM potassium phosphate buffer resulted in fibrinogen fibers but with 

less defined fiber morphology (Figure 35 D). 

Although single buffer components were sufficient to induce fibrinogen self-assembly, the 

overall fiber morphology was most defined when phosphate buffer or PBS were used in 

25 mM or 2.5x concentration respectively. 
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5.1.5. Fibrinogen assembly under varying pH conditions 

Drying of fibrinogen solution in the presence of phosphate buffer or PBS with a pH of 7.4 

reliably resulted in the self-assembly of fibrinogen fibers. Phosphate buffer can be prepared 

with different pHs by mixing different ratios of NaH2PO4 and Na2HPO4. PBS with different 

pH can be prepared by the addition of NaCl. 

Therefore, the PBS has a higher ionic strength as compared to phosphate buffer. However, 

since phosphate buffer and PBS with low pH have a lower content of sodium, they have a 

lower ionic strength as compared to phosphate buffer and PBS with high pH (Table 4).  

Table 4: Ionic strength of 25 mM phosphate buffer and 2.5x PBS prepared at different pH values. 
When phosphate buffers are prepared with different pH values, the total ionic strength is dependent on the 
pH since different ratios of NaH2PO4 and Na2HPO4 are used. PBS prepared at different pH values has a higher 
ionic strength due to the addition of NaCl. 

 Ionic strength (mM) 

pH 25 mM phosphate buffer 2.5x PBS 

5 26 376 

6 32 382 

7 62 412 

8 72 422 

9 74 424 

   

The 25 mM phosphate buffer and 2.5x PBS prepared with pH values of 5 to 9 were used for 

the drying of fibrinogen solution on piranha cleaned glass slides. 
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Figure 36: Self-assembly of fibrinogen in the presence of phosphate buffer or PBS with different pH values 

5 mg/ml fibrinogen solution in 5 mM NH4HCO3 in the presence of either 25 mM Na-PO4 buffer (A to E) or 
2.5x PBS (F to J) were dried under varying pH conditions and subsequently analyzed using SEM. In both 
buffers the pH was varied from 5 to 9. Fiber formation was only induced for pH 7 to 9, whereas more acidic 
pH ranges did not yield any nanofibers. Scale bars represent 2 µm. Image from (Stapelfeldt et al., 2019a). 

The pH dependence of fiber formation was similar in phosphate buffer and PBS. Both 

buffers showed a clear threshold pH of 7 for fiber formation. When phosphate buffer with a 

pH of 5 or 6 was present during drying only planar fibrinogen layers were observed (Figure 



 Fibrinogen assembly under varying pH conditions 

87 
 

36 A and B). PBS with a pH of 5 or 6 resulted in fibrinogen layers and globular aggregates 

(Figure 27 F and G). Starting with a pH of 7, the presence of phosphate buffer or PBS 

resulted in the formation of fibrinogen fibers (Figure 36 C-E and H-J). At a pH of 7 

combinations of fiber and globular aggregates were observed, especially when PBS was 

used as buffer. The scaffolds prepared with phosphate buffer or PBS at a pH of 8 showed 

the most defined fiber scaffolds with thin fibers and a high porosity. At a pH of 9 the fibers 

prepared in both buffer appeared slightly thicker and the scaffolds were less porous. 

To show that the observed morphology of the fibrinogen scaffolds prepared with different 

pH values was present throughout the scaffold, cross-sections of the samples prepared with 

PBS were prepared. The cross-sections were imaged at a 90° angle in the SEM. 
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Figure 37: Cross-sections of fibrinogen scaffolds prepared in the presence of PBS with different pH values 
5 mg/ml fibrinogen solution in 5 mM NH4HCO3 in the presence of 2.5x PBS were dried under pH 5 to 9. 

Cross-sections of the resulting fibrinogen scaffolds were subsequently prepared and imaged in a 90° angle 

using SEM. Fiber formation was only induced for pH 7 to 9, whereas more acidic pH ranges resulted in 

globular aggregates and thin planar layers. Scale bars represent 2 µm. 
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The cross-sections revealed that the morphology observed in the top view SEM analyses 

was present throughout the whole scaffold thickness. Scaffolds prepared at a pH of 5 or 6 

showed a planar top layer and globular aggregates of fibrinogen without any fibrous 

structure througout the whole scaffold thickness (Figure 37 A and B). Samples prepared 

with pH 7, 8 or 9 on the other hand consisted of continious scaffolds of fibrinogen 

nanofibers throughout the full scaffold thickness (Figure 37 C to E). 

5.1.6. Effect of different humidities during fibrinogen assembly  

Fibrinogen was assembled into scaffolds by a drying step in the presence of PBS. 

Therefore, it was of interest to investigate the influence of different relative humidities on 

the drying and self-assembly process. For this purpose an incubation chamber was 

constructed, which allowed the assembly of fibrinogen scaffolds under controlled 

temperature and humidity.  



 

90 
 

 

Figure 38: Self-assembled fibrinogen scaffolds prepared at different humidities 
5 mg/ml fibrinogen in 5 mM NH4HCO3 solution were dried in the presence of 2.5x PBS at different 
humidities. A-E top view SEM images of the fibrinogen scaffolds. Scale bars represent 2 µm. F-J Side view 
SEM images of cross-sections of fibrinogen scaffolds. Scale bars represent 10 µm. SEM images F-J were 
kindly provided by Stephani Stamboroski. 
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The top view SEM analyses of the fibrinogen scaffolds prepared at different humidities 

revealed that with relative humidities of 10-40% fibrous scaffolds had formed during the 

drying process (Figure 38 A-D). However, the samples prepared at a humidity of 50% only 

showed a planar top layer, on which no fibers could be determined (Figure 38 E). Only an 

additional analysis of scaffold cross-sections revealed that fiber formation occurred even at 

50% humidity. Only the topmost layer of the sample prepared with a humidity of 50% was 

planar. Underneath this top layer a dense scaffold of fibrinogen fibers was present (Figure 

37 J). Furthermore, the cross-sections of the samples prepared at 10% up to 40% humidity 

showed that the fibrous scaffolds were continuous throughout the whole scaffold thickness. 

5.1.7. Assembly of fibrinogen nanofibers on different substrate 

materials 

The fibrinogen self-assembly by drying in the presence of salt buffers described in this 

thesis was observed on highly hydrophilic piranha cleaned glass slides. Therefore, it was 

analyzed if the discovered self-assembly process would also occur on gold-sputtered 15 

mm glass slides with a higher hydrophobicity.  

 

Figure 39: Self-assembly of fibrinogen in the presence of PBS on gold 
5mg/ml fibrinogen in 5 mM NH4HCO3 solution were either dried without additions or in the presence of 2.5x 
PBS on a gold coated glass slide. SEM analyses showed that without additions a planar fibrinogen layer had 
formed. When PBS was present during drying fibrinogen self-assembled into nanofibers.  

The fibrinogen self-assembly on gold substrate was analogous to the self-assembly 

observed on the piranha cleaned glass slides. Without the presence of PBS only planar 

fibrinogen layers formed (Figure 39 A), while when PBS was present during drying a 

scaffold of fibrinogen nanofibers was observed (Figure 39 B). The fibrinogen nanofibers 
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showed a similar star-shaped morphology as compared to the fibers prepared on piranha-

cleaned glass. 

To further confirm that the drying process of fibrinogen and PBS on gold substrates was 

analogous to the drying on piranha cleaned glass the fibrinogen concentration and pH 

dependency experiments were reproduced on gold sputtered substrates. 
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Figure 40: Concentration and pH dependency of fibrinogen self-assembly on gold substrates 
Different concentrations of fibrinogen in 5 mM NH4HCO3 solution dried in the presence of 2.5x PBS on a gold 

coated glass slide (A-E). 5 mg/ml fibrinogen in 5 mM NH4HCO3 were dried in the presence of 2.5x PBS with 

different pH values (F-J). SEM analyses revealed that self-assembly occurred with fibrinogen concentrations 

of 2 mg/ml or higher. With pH values of 5 or 6 no fiber formation was observed while drying in PBS with pH 

7, 8 or 9 resulted in fibers. All scale bars represent 2 µm. 

On gold substrates, a concentration of at least 2 mg/ml fibrinogen was required to induce 

fiber formation upon drying in the presence of PBS (Figure 40 B-E). When an initial 
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concentration of 1 mg/ml fibrinogen was used, no fiber formation was observed (Figure 

40 A). These findings are consistent with the observation of fibrinogen self-assembly on 

piranha cleaned glass slides. When fibrinogen was dried on gold substrates in the presence 

of PBS with pH values of 5 or 6 no fiber formation was observed (Figure 40 F and G). 

When the used PBS had a pH value of 7, 8 or 9 fiber formation was observed on gold 

substrates. 

Fibrinogen self-assembly on other substrates 

Since the fibrinogen fiber self-assembly induced by drying in the presence of PBS on gold 

substrate was analogous to the fibrinogen fiber self-assembly on piranha cleaned glass 

slides, other substrate materials were tested for a fibrinogen self-assembly by drying in the 

presence of PBS. Fibrinogen in NH4HCO3 solution was dried in the presence of PBS on 

APTES, polylactic acid (PLA), polystyrene (PS), polybutylene adipate terephthalate 

(PBAT), on parafilm surfaces and on polydimethylsiloxane (PDMS). 

 

Figure 41: Fibrinogen self-assembly in the presence of PBS on different surface materials 
5 mg/ml fibrinogen in 5 mM NH4HCO3 were dried in the presence of 2.5x PBS on APTES (A), polylactic acid 

(B), polystyrene (C), polybutylene adipate terephthalate (D), parafilm surfaces (E) or PDMS (F; here 10 

mg/ml fibrinogen were used). SEM analyses revealed that self-assembly of fibrinogen fibers occurred on all 

tested substrate materials. Scale bars represent 2 µm. 

Self-assembly of fibrinogen was observed on all substrate materials, when fibrinogen was 

dried in the presence of PBS (Figure 41). Although the fiber formation was independent of 



 Fiber stability and crosslinking 

95 
 

the underlying substrate material, fibers showed a less distinct morphology and more 

aggregation on polystyrene and on polydimethylsiloxane substrates, which showed some 

non-fibrous areas on the samples (Figure 41 C and F). The fiber scaffolds on APTES 

modified surfaces, on polylactic acid and on polystyrene showed a star shaped scaffold 

with distinct fibers and an overall flat morphology (Figure 41 A, B and E). On polybutylene 

adipate terephthalate surfaces the fibrinogen scaffolds showed a star shaped morphology 

with a stronger topography. 

5.1.8. Fiber stability and crosslinking 

For further investigation and for a potential future application of fibrinogen fibers prepared 

by self-assembly, it is crucial that the fibers are stable in aqueous environment; therefore it 

was tested how the prepared scaffolds react to rehydration. It was shown that fibrinogen 

scaffolds prepared by drying in the presence of PBS were not stable in aqueous solution 

and rapidly redissolved. Fibrinogen solution was dried on piranha cleaned glass slides in 

the presence of PBS. After the drying procedure, the influence of washing with different 

solvents and solution was tested. 
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Figure 42: Washing of self-assembled fibrinogen scaffolds 
5 mg/ml fibrinogen in 5 mM NH4HCO3 were dried in the presence of 2.5x PBS. SEM images were recorded 
without washing (A), after washing with ultrapure water two times (B), after washing with 10 mM NH4HCO3 
(C) or after washing with PBS (D) and subsequent drying. All washing procedures redissolved the self-
assembled fibrinogen nanofibers. Scale bars represent 2 µm. 

The washing experiments revealed that self-assembled fibrinogen fibers were not stable 

upon rehydration. Without washing the fibrinogen scaffold showed the fibrous star-shaped 

morphology that was previously observed (Figure 42 A). Washing twice in ultrapure water 

was sufficient to completely dissolve all fibrinogen fibers and only aggregates and planar 

structures remained on the sample (Figure 42 B). After one washing step with NH4HCO3 or 

PBS, some remains of the fibrous scaffold were still observable but most fibrinogen was 

aggregated in globular structures (Figure 42 C and D).  

Since untreated fibrinogen fibers were not stable upon rehydration, different approaches to 

increase the stability after self-assembly were investigated. Fibrinogen scaffolds were 

incubated in methanol vapor, treated with UV light or with a combination of riboflavin and 

UV light. After the stabilization treatment, the samples were washed in ultrapure H2O.  
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Figure 43: Stabilization of self-assembled fibrinogen scaffolds 
For methanol vapor treatment 10 mg/ml fibrinogen in 5 mM NH4HCO3 were dried in the presence of 2.5x 
PBS. The sample was incubated overnight in a methanol vapor atmosphere and subsequently washed with 
ultrapure H2O (A). For UV treatment samples were prepared by drying 5 mg/ml fibrinogen in 5 mM NH4HCO3 
in the presence of 2.5x PBS. For riboflavin and UV incubation, the riboflavin was present during the drying 
process. The samples were exposed to UV light for 1 h and subsequently washed using ultrapure water (B 
and C). All scale bars represent 10 µm. 

It was shown that all stabilization treatments failed to preserve the fibrous morphology of 

self-assembled fibrinogen scaffolds. After washing SEM analyses revealed that all fibrous 

structures were redissolved during the washing even with samples exposed to methanol 

vapor overnight or UV irradiation for 1 h (Figure 43 A and B). After UV irradiation in the 

presence of riboflavin a rough topography of the sample was maintained after washing, but 

single fibers were not found (Figure 43 C). 

Crosslinking of fibrinogen scaffolds 

Since the stabilization treatments were not sufficient to preserve the fibrous morphology 

after washing, different methods to chemically crosslink and thereby increase their stability 

were analyzed. 
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Figure 44: Crosslinking of self-assembled fibrinogen scaffolds 

After drying of 5 mg/ml fibrinogen in 5 mM NH4HCO3 in the presence of 2.5x PBS the self-assembled 
scaffolds were crosslinked by incubation in a solution of the described crosslinking agent (A-E and G) or by 
exposure to a vapor of the crosslinking agent (F and H). Subsequently, the scaffolds were washed in 
ultrapure water, dried and analyzed using SEM. Scale bars represent 10 µm. 

When fibrinogen scaffolds were washed without crosslinking, the fibrinogen fibers 

dissolved and only a planar molten like surface was observed (Figure 44 A). After washing 

of fibrinogen scaffolds crosslinked with transglutaminase, genipin or EDC, a similar effect 

was detected. Hardly any fibers were observed in the SEM and only a molten like 

topography of the fibrinogen scaffolds remained after washing (Figure 44 B-D). 
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Crosslinking with glutaraldehyde or formaldehyde solutions for 30 min was more efficient 

for the preservation of the nanofibrous fibrinogen scaffold. When fibrinogen nanofiber 

scaffolds were crosslinked in formaldehyde or glutaraldehyde solution, that morphology 

was largely preserved and define fibers were visible after washing. Only in some parts of 

the sample, the fibers had redissolved and some gaps in the scaffold were visible especially 

when glutaraldehyde solution was used (Figure 44 E and G). 

The best crosslinking result was achieved when glutaraldehyde or formaldehyde were 

applied as vapor. The overall morphology of the crosslinked fibrous scaffold was 

maintained with even fewer gaps and well defined fibers (Figure 44 F and H). Therefore, 

formaldehyde vapor treatment was chosen as crosslinking method for further experiments 

that required a rehydration of the fibrinogen scaffolds. 

5.1.9. Free-standing and immobilized fibrinogen scaffolds 

An additional observation during the crosslinking experiments was that the self-assembled 

fibrinogen scaffolds, which were prepared on piranha cleaned glass slides and crosslinked 

using formaldehyde vapor, easily detached form the piranha-cleaned substrate. Therefore, 

the detachment of crosslinked scaffolds was further investigated using piranha cleaned 

substrates and APTES modified substrates. 

 

Figure 45: Detachment or immobilization of crosslinked fibrinogen scaffolds 
Scaffolds were prepared drying 5 mg/ml fibrinogen in 5 mM NH4HCO3 in the presence of 2.5x PBS. After 
crosslinking in formaldehyde vapor and washing with water, scaffolds on glass substrates detached 
immediately (A and B), whereas on APTES-modified substrates fibrinogen scaffolds stayed immobilized (C 
and D). Scale bars represent 1 cm. Image from (Stapelfeldt et al., 2019a). 
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It was shown that fibrinogen scaffolds crosslinked on a piranha-cleaned substrate 

completely detached from the substrate when washed with water. However, the detached 

scaffold did not break or dissolve and stayed intact as a free floating scaffold (Figure 45 A 

and B). When fibrinogen scaffolds were prepared and crosslinked on APTES modified 

substrates, the fibrinogen scaffolds stayed immobilized on the substrate material upon 

rehydration. Even vigorous washing did not detach the scaffold from the surface (Figure 45 

C and D). 

Upscaling of the fibrinogen self-assembly process 

For a future application as a biomaterial, scaffolds in the size range of several cm2 are 

required. So far, the fibrinogen scaffolds were prepared on slides with a diameter of 15 

mm. Therefore, it was studied whether the size of fibrinogen scaffolds could be increased 

by upscaling the self-assembly process on 24 x 24 mm glass slides, on which the double 

volume of the fibrinogen solution and PBS were dried. 

 

Figure 46: Large self-assembled fibrinogen scaffold on a 24 x 24 mm slide  
5 mg/ml fibrinogen in 5 mM NH4HCO3 solution were dried in the presence of 2.5x PBS on a piranha-cleaned 
24 x 24 mm glass slide. After drying the complete glass slide was covered with a self-assembled fibrinogen 
scaffold. Scale bar represents 15 mm. Image published in the supplementary information of (Stapelfeldt et 
al., 2019a). 

By doubling the volume and using glass substrates with bigger dimensions, it was possible 

to obtain a self-assembled fibrinogen scaffold with a total surface area of almost 6 cm2. The 
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scaffold showed only few defects and some gaps where no salt crystals had formed (Figure 

46). Thereby it was shown that an upscaling of the fibrinogen self-assembly process is 

possible. 

5.2. Conformational changes in self-assembled fibrinogen nanofibers 

Established fibrinogen self-assembly approaches like exposure to hydrophobic surfaces and 

acid or ethanol-induced self-assembly are accompanied by changes in the secondary 

structure of the fibrinogen molecule. Changes in the conformation of the fibrinogen 

molecule are also discussed to occur during electrospinning of fibrinogen fibers. Especially 

for a potential application of fibrinogen fibers as a biomaterial the conformational integrity 

of the fibrinogen molecules in the produced fibers is crucial. Even a small change of 

fibrinogen native secondary structure could hamper the desired biological activity and 

biocompatibility of the material. 

A second important reason for a detailed analysis of changes in secondary structure is the 

understanding of the mechanism of fibrinogen self-assembly itself. If a change in the 

conformation of fibrinogen molecules during self-assembly is detected, it might explain 

how fibrinogen molecules assemble in and organize into fibers.  

Therefore, the secondary structure of fibrinogen fiber scaffolds obtained by drying in the 

presence of PBS was analyzed in this thesis using circular dichroism spectroscopy. The 

results obtained were additionally validated by Fourier-transform infrared spectroscopy as 

published in (Stapelfeldt et al., 2019b). Although the total values of single structural 

components differed between the two methods, the overall changes of secondary structures 

showed similar tendencies and results were in good agreement. 

5.2.1. Secondary structure of fibrinogen in solution and fibrin 

To investigate the structure of fibrinogen molecules in self-assembled fibers, the structural 

composition of fibrinogen in solution and of fibrin were analyzed for comparison. 

Fibrinogen solution was directly measured. However, in a fibrin hydrogel the residual 

residues of thrombin and the cleaved off fibrinopeptides are still present. Therefore, the 

spectra of fibrinopetides A and B as well as thrombin were recorded and subtracted from 



 

102 
 

the initially measured fibrin spectrum. From the spectra of fibrinogen solution and fibrin 

the secondary structure content was calculated using the BeStSel web server. 

 

Figure 47: Circular dichroism spectra of fibrin and fibrinogen in solution 
The spectrum of 5 mg/ml fibrinogen in 5 mM NH4HCO3 solution was measured in a 0.01 mM path length 
cuvette. Fibrin was prepared and measured in a 0.01 mm path length cuvette by incubating 5 mg/ml 
fibrinogen 5 mM NH4HCO3 solution with 25 U/ml thrombin for 15 min. The secondary structure content of 
fibrinogen in solution and fibrin was calculated using the BeStSel web server.  

The spectra of fibrinogen in solution and fibrin are almost overlaying with the same 

maximum below 195 nm and the two minima at 210 and 222 nm. This results in a very 

similar secondary structure content calculated by the BeStSel. Fibrinogen in solution 

showed 26 ± 1% α-helical and 27 ± 1 % β-sheet structures. Fibrin showed 27 ± 1% α-

helical and 28 ± 1% β-sheet structures (Figure 47). These findings are in rough agreement 

with the conformation reported for fibrinogen and fibrin (Dutta et al., 2018) and show that 

the fibrinogen molecules maintain their native conformation when assembled into a fibrin 

scaffold. 

5.2.2. Structural analysis of nanofibrous and planar fibrinogen  

Planar fibrinogen layers and self-assembled fibrinogen nanofiber scaffolds were directly 

prepared in 0.01 mm path length quartz cuvettes by drying fibrinogen solution without any 

addition or in the presence of PBS. The circular dichroism spectra of both dried samples 
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were recorded and the secondary structure content was calculated using the BeStSel web 

server. 

 

Figure 48: Circular dichroism spectra of planar fibrinogen layers and self-assembled fibrinogen fibers 
Both scaffold types were prepared by drying 5 mg/ml fibrinogen in 5 mM NH4HCO3 directly in a 0.01 mm 
path length cuvette. For fibrinogen nanofibers 2.5x PBS at pH 7.4 was present during the drying process. 
Insets show the morphological differences using SEM analysis. The secondary structure contents shown in 
the bar chart were calculated from the spectra using the BeStSel web server. Image modified from 
(Stapelfeldt et al., 2019b).  

Interestingly, the circular dichroism spectra of planar fibrinogen layers and self-assembled 

fibrinogen fibers differed. The local minimum around 210 nm was less distinct for fibrous 

scaffolds than for planar fibrinogen while the local minimum at 222 nm was in a similar 

range. This also results in a difference in the analyzed secondary structure content. While 

planar fibrinogen layers showed 23 ± 1% α-helical and 28 ± 1 % β-sheet structures, which 

is in the range of native fibrinogen in solution, self-assembled fibrinogen fibers showed 19 

± 1% α-helical and 32 ± 1 % β-sheet structures (Figure 48). During the self-assembly 

process in the presence of PBS upon drying, a transition of α-helical structures to β-sheets 

took place.  

Thioflavin T staining of self-assembled fibrinogen scaffolds.  

In comparison to fibrinogen in solution or planar fibrinogen layers, fibrinogen fiber 

scaffolds prepared by drying in the presence of PBS showed a higher content of β-sheet 

structures. For the self-assembly of other proteins into fibers an increased content of β-

sheet structures has previously been reported, which was associated with the formation of 

β-amyloid structures, which are affiliated with various diseases. 
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To investigate whether the increased content of β-sheets in self-assembled fibrinogen fibers 

occurred due to the formation of β-amyloid structures, fiber scaffolds were prepared in the 

presence of thioflavin T (ThT). Thioflavin T is a dye, which changes its emission from 

450 nm to 480 nm when bound to β-amyloid structures. 

 

Figure 49: Thioflavin T staining of fibrinogen fiber scaffolds 

Nanofibrous scaffolds were prepared by drying 5 mg/ml fibrinogen in 5 mM NH4HCO3 and 2.5x PBS in the 
presence of 5 mM Thioflavin (ThT). The ThT containing scaffolds were excited at 405 nm and the emission 
imaged at 450 nm (A) or they were excited at 450 nm and the emission was imaged at 480 nm (B). Image 
from the supplementary material of (Stapelfeldt et al., 2019b). 

After the drying process, the thioflavin T dye was present throughout the scaffold as 

indicated by the emission at 450 nm (Figure 49 A). However, no emission was observed at 

480 nm (Figure 49 B). 

5.2.3.  Concentration dependence of fibrinogen fiber secondary 

structure  

In the previous section, it was shown that alongside the drying process in the presence of 

PBS, the fibrinogen concentration had a strong effect on fiber formation and showed clear 

thresholds, which had to be overcome to induce fiber formation. Below this threshold, only 

globular aggregates were observed after drying. Therefore, it was interesting to determine 

whether those observed threshold of fibrinogen concentration also had an influence on the 

content of different secondary structures.  
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Figure 50: Secondary structure of fibrinogen scaffolds prepared by self-assembly of different fibrinogen 
concentrations 
1 to 5 mg/ml fibrinogen in 5 mM NH4HCO3 were dried in 0.01 mm quartz cuvettes in the presence of 2.5x 
PBS and subsequently analyzed using circular dichroism spectroscopy. The circular dichroism spectra were 
converted into secondary structure content represented in the bar chart using the BeStSel web server. 
Image modified from (Stapelfeldt et al., 2019b). 

When 1 or 2 mg/ml fibrinogen were dried in the presence of PBS, the corresponding 

circular dichroism spectra almost overlapped with a strong maximum at 195 nm and local 

minima at 210 and 222 nm. The BeStSel analyses showed that scaffolds prepared by drying 

1 or 2 mg/ml fibrinogen had a content of 23 ± 1 % α-helical structures and 27 ± 1 % β-sheet 

structures (Figure 50). Scaffolds prepared with 3, 4 or 5 mg/ml fibrinogen showed similar 

circular dichroism spectra, which had a lower intensity compared to the spectra of 1 or 2 

mg/ml especially for the maximum at 195 nm. In addition, the local minimum around 210 

nm was less distinct for scaffolds prepared with 3, 4 or 5 mg/ml. The BeStSel analysis of 

the circular dichroism spectra revealed an increased content of β-sheet structures of 31 ± 1 

% for 3 mg/ml, 32 ± 1 % for 4 mg/ml and 31 ± 1 % for 5 mg/ml. The content of α-helical 

structures, on the other hand, was decreased to 19 ± 1 %, 19 ± 1 % or 20 ± 1 % for 3, 4 or 5 

mg/ml, respectively (Figure 50). 

5.2.4. Secondary structure of fibrinogen nanofibers under varying pH 

conditions  

Similar to the concentration threshold of fibrinogen fiber formation, a clear pH threshold, 

which had to be overcome for fiber formation, was observed in the previous section. When 
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the pH was below a threshold of 7 only globular aggregates of fibrinogen were observed 

after drying. Therefore, it was determined whether the pH thresholds of fibrinogen fiber 

formation also had an influence on the content of different secondary structures.  

 

Figure 51: Secondary structure of fibrinogen scaffolds prepared by self-assembly at different pH values 
Scaffolds were prepared by drying 5 mg/ml fibrinogen in the presence of 2.5x PBS with varying pH in 0.01 
mm quartz cuvettes and subsequently analyzed using circular dichroism. The circular dichroism spectra were 
converted into secondary structure content represented in the bar chart using the BeStSel web server. 
Image modified from (Stapelfeldt et al., 2019b). 

The circular dichroism spectra of fibrinogen scaffolds prepared with a pH of 5, 6 or 7 

partially overlapped and had a high intensity while the spectra of scaffolds prepared with a 

pH of 8 or 9 had a lower intensity. The two minima were observed at wavelengths of 210 

and 222 nm for the spectra and were not affected by the pH during fiber formation. The 

secondary structure content calculated using the BeStSel sever was in a similar range for 

pH 5, 6 and 7 with an α-helical content of 25 ± 1 %, 24 ± 1 % or 23 ± 1 % and a β-sheet 

content of 26 ± 1 %, 27 ± 1 % or 28 ± 1 %, respectively. When scaffolds were prepared at 

pH 8 or 9, a higher content of β-sheet structures was observed. Scaffolds prepared at pH 8 

showed 18 ± 1 % α-helical and 33 ± 1 % β-sheet structures. Scaffolds prepared at pH 9 had 

a content 18 ± 1 % α-helical and 30 ± 1 % β-sheet structures (Figure 51). 
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5.2.5. Influence of humidity on the secondary structure of fibrinogen 

nanofibers 

High humidities during drying resulted in fibrinogen scaffolds with a planar fibrinogen 

layer on top but with a fiber scaffold beneath the planar layer, which was confirmed by 

cross-sectional SEM analysis. Hence, the influence of different humidities during the 

drying process on the secondary structure of the fibrinogen scaffolds was additionally 

investigated.  

 

Figure 52: Secondary structure of fibrinogen scaffolds prepared by self-assembly at different pH values 
Scaffolds were prepared by drying 5 mg/ml fibrinogen in the presence of 2.5x PBS with varying pH in 0.01 
mm quartz cuvettes and subsequently analyzed using circular dichroism. 

The circular dichroism spectra of fibrinogen scaffolds prepared by drying at different 

humidities almost perfectly overlapped. The local minima at 210 and 222 nm were not 

affected and the intensities did not change due to the humidity. The humidity during 

scaffold preparation had no influence on the circular dichroism of the samples (Figure 52). 

5.2.6. Effect of crosslinking on the secondary structure of nanofibrous 

fibrinogen scaffolds 

In the previous section, it was shown that the fibrinogen scaffolds prepared by drying in the 

presence of PBS were not stable upon rehydration. This drawback was overcome by a 

crosslinking step in formaldehyde vapor. Since further experiments for a potential future 
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biomaterial application require crosslinked scaffolds, prepared for example on glass or 

APTES substrates, the influence of these two substrate materials on the secondary structure 

of scaffolds was investigate with circular dichroism spectroscopy. It was shown that the 

substrate material had no influence on the secondary structure of self-assembled fibrinogen 

fibers.  

 

Figure 53: Secondary structure of self-assembled fibrinogen fiber scaffolds in APTES modified cuvettes 
Fibers were prepared by drying 5 mg/ml fibrinogen in the presence of 2.5x PBS. The samples were either 
prepared in 0.01 mm cuvettes or in 0.01 mm cuvettes, which had been modified with APTES. Image was 
published in the supplementary material of (Stapelfeldt et al., 2019b). 

The circular dichroism spectra of fibrinogen fiber scaffolds prepared in untreated or in 

APTES modified cuvettes overlaid almost completely. Only a minor shift in intensity and 

the minimum position at 210 nm was detected for the spectrum of the scaffold prepared on 

APTES. This shows that the fibrinogen fibers in scaffolds prepared on both different 

substrates have the same conformation (Figure 53); therefore, a further calculation of 

secondary structure components using the BeStSel software was not carried out. 

Secondary structure of crosslinked fibrinogen scaffolds 

In a second experiment, fibers were crosslinked using formaldehyde vapor and 

subsequently analyzed using circular dichroism. It was shown that an additional 

crosslinking of fibrinogen fibers did not affect the observed secondary structure. 
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Figure 54: Secondary structure of self-assembled fibrinogen scaffold before and after crosslinking 
Fibrinogen scaffolds were prepared by drying 5 mg/ml fibrinogen in the presence of 2.5x PBS in 0.01 mm 
cuvettes. The circular dichroism spectra were recorded either directly or after crosslinking in formaldehyde 
vapor. Spectra were converted into secondary structure content represented in the bar chart using the 
BeStSel web server. Image modified from (Stapelfeldt et al., 2019b). 

The circular dichroism spectra of untreated fibrinogen scaffolds and of scaffolds 

crosslinked in formaldehyde vapor were overlaying with a slightly stronger minimum at 

222 nm for the formaldehyde crosslinked fibers. The local minimum at 210 nm and the 

maximum at 195 nm as well as the overall intensity were similar for crosslinked and 

noncrosslinked fibers. Hence, the untreated and crosslinked scaffolds have a similar content 

of secondary structures. Untreated fibrinogen scaffolds showed 19 ± 1 % α-helical and 32 ± 

1 % β-sheet structures. Crosslinked fibrinogen scaffolds showed 20 ± 1 % α-helical and 33 

± 1 % β-sheet content (Figure 54). 

5.2.7. Secondary structure of dried and rehydrated fibrinogen 

nanofibers 

In the third experiment, the secondary structure of the crosslinked fibrinogen fibers was 

analyzed after rehydration in water to investigate whether the changes in secondary 
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structure observed during the fiber formation were persistent. Surprisingly, the rehydration 

experiments revealed that crosslinked fibers change their conformation upon rehydration. 

The secondary structure of crosslinked fibers after rehydration returned into α-helical and 

β-sheet contents close to native fibrinogen or fibrin. 

 

Figure 55: Effect of rehydration on the secondary structure of crosslinked fibrinogen fibers 
CD spectra for fibrinogen in solution, fibrinogen nanofibers prepared by drying in the presence of PBS, 
formaldehyde vapor crosslinked fibrinogen nanofibers, which were subsequently rehydrated, and fibrin. The 
circular dichroism spectra were converted into secondary structure content represented in the bar chart 
using the BeStSel web server. Image modified from (Stapelfeldt et al., 2019b). 

For comparison, the spectra and structure composition of fibrinogen solution and fibrin 

shown above were added to the graph. The spectra of dried and of rehydrated fibers showed 

similar minima at 210 and 222 nm; however, the spectrum of rehydrated fibers had a higher 

intensity. Interestingly, the spectrum of rehydrated fibers had an intermediate intensity 

between the spectra of dried fibers and the spectra of fibrin or fibrinogen in solution. In 

addition, the calculated secondary structure content returned to values similar to fibrinogen 

solution or fibrin. While crosslinked fibrinogen still showed an increased β-sheet content of 

32 ± 1 % and 19 ± 1 % α-helical content, the rehydrated fibrinogen showed a β-sheet 

content of only 26 ± 1 % and a α-helix content 24 ± 1 %. This is close to the 27 ± 1 % or 28 

± 1 % of β-sheets and the 26 ± 1 % or 27 ± 1 % of α-helix content calculated for fibrinogen 

in solution and fibrin.  
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5.3. Bioactivity of self-assembled fibrinogen scaffolds 

For further research and a potential future application of self-assembled fibrinogen fibers, a 

crosslinking step to increase the stability of the fiber scaffold in solution is inevitable. Cell 

culture or in vivo applications will expose the crosslinked fibrinogen scaffold to aqueous 

solution for several weeks. Therefore, the stability of self-assembled fibrinogen in solution 

was tested in vitro for a time course of five weeks. Since in a cell culture or in vivo 

situation the crosslinked fibrinogen scaffold will be additionally exposed to enzymes that 

could increase the scaffold degradation, the enzymes thrombin, plasmin and plasmin 

activated by urokinase were additionally studied in the long-term degradation experiments. 

The fibrinogen released from the scaffold into the supernatant was determined using UV 

spectroscopy. The degradation studies are good indicators for the usefulness of the self-

assembled fibrinogen scaffold for future applications. A scaffold, which is for example 

used in a wound healing application, should not degrade rapidly, however some 

degradation should occur especially catalyzed by enzymes to assure a remodeling 

regeneration of the replaced tissue. Moreover, a study on the enzymatic degradability of 

self-assembled fibrinogen scaffolds can also reveal whether the fibrinogen remained 

biologically active during the drying and crosslinking process and whether it is still 

susceptible to its native reaction partners. 

Another approach to investigate whether the fibrinogen is still biologically active after the 

self-assembly and crosslinking process is to study the binding of ligands that naturally bind 

to fibrinogen. In these experiments, the binding of fibrinogen or heparin to the crosslinked 

fibrinogen scaffolds was studied using a fluorimeter. The scaffolds were incubated with 

fluorescently labeled fibrinogen or heparin and the decrease in concentrations in the 

supernatant was determined. 

5.3.1. Enzymatic degradation of fibrinogen in solution 

To study the degradation of fibrinogen by the enzymes plasmin, urokinase or a combination 

of both, the degradation of fibrinogen solutions in DMEM or in HEPES buffer was 
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analyzed. After fibrinogen was incubated in the presence of these enzymes overnight at 

37°C, the products of the enzymatic digestion were analyzed using SDS-PAGE. 

 
Figure 56: Enzymatic digestion of fibrinogen solution 
1 mg/ml fibrinogen was incubated overnight at 37°C either with no enzyme present (none) or in the 
presence of the enzymes plasmin (Plas), urokinase (Uro) or a combination of both (Plas + Uro). The left lane 
for each condition represents a test in DMEM, the right lane represents a test in 10 mM HEPES buffer at 
pH 7.4 with addition of 150 mM NaCl and 5 mM CaCl2. As a marker a HighMark protein standard was used. 

The use of DMEM or the described HEPES buffer system did not affect the outcome of the 

enzymatic degradation experiments. Without any enzymes present, the fibrinogen was not 

degraded overnight and maintained the native molecular weight of approximately 340 kDa. 

In the presence of plasmin, fibrinogen was digested into three large fragments with 

molecular weights of approximately 260, 160 and 80 kDa. Fibrinogen was not degraded by 

incubation in the presence of urokinase alone, where only the native 340 kDa band was 

observed. However, the combination of plasmin and urokinase showed a stronger band at 

80 kDa than the incubation of fibrinogen with plasmin alone and hardly any band of a 

higher molecular weight (Figure 56). 

Since the enzymatic degradation worked in the HEPES buffer system, which has 

substantially less components than DMEM, it was applied in long-term degradation 

experiments with the crosslinked fibrinogen scaffolds. 
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5.3.2. Long-term enzymatic degradation of self-assembled fibrinogen 

scaffolds  

The long-term stability of fibrinogen scaffolds prepared by self-assembly was investigated 

in solution or in the presence of the enzymes thrombin, urokinase or plasmin, since these 

enzymes are interacting with fibrin or fibrinogen in the in vivo environment. Planar or 

nanofibrous fibrinogen scaffolds were crosslinked in formaldehyde vapor for one or two 

hours, respectively, and were subsequently incubated in the presence of different enzymes 

for 35 days at 37°C. To measure whether degraded fragments of fibrinogen were released 

into the supernatant, each week the total protein amount in the supernatant was determined 

by spectroscopy. 

 

Figure 57: Long-term degradation of fibrinogen scaffolds 
Scaffolds were prepared by drying a 5 mg/ml fibrinogen solution. For the induction of nanofiber formation 
2.5x PBS were present. The scaffolds were crosslinked by exposing them to formaldehyde vapor for 1 or 2 h. 
After washing, the scaffolds were exposed to the indicated enzymes or HEPES buffer at 37°C for 35 days and 
the total protein amount in the supernatant was determined each week. The data displayed for HEPES, 
thrombin, plasmin and plasmin + urokinase represent means and standard deviation of three independent 
experiments. The data of thrombin and plasmin for each time point were analyzed for significant differences 
in respect to the HEPES buffer data of that condition by two way ANOVA and a Tukey’s multiple comparison 
test. No significant differences between the protein amount of HEPES and the protein amounts of thrombin 
or plasmin were found.  
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From the amount of fibrinogen measured in the supernatant and the known total amount of 

1 mg per sample, the remaining percentage of fibrinogen present on the samples was 

calculated and is shown in Table 5 and Table 6. 

Table 5: Percentage of remaining fibrinogen on 1 h crosslinked scaffolds.  
After 35 days of incubation of 1 h crosslinked fibrinogen scaffolds in the presence of different enzymes, the 
percentage of remaining fibrinogen on the sample was determined based on the measured amount of 
fibrinogen released into the supernatant. 

 Planar Nanofibrous 

Day HEPES Thrombin Plasmin 
Plasmin + 
Urokinase 

HEPES Thrombin Plasmin 
Plasmin + 
Urokinase 

7 99 ± 1 98 ± 3 100 ± 1 51 ± 2 101 ± 1 100 ± 1 100 ± 0 77 ± 12 

14 79 ± 13 78 ± 12 84 ± 10 23 ± 5 97 ± 3 96 ± 3 98 ± 1 35 ± 14 

21 73 ± 12 76 ± 11 74 ± 13 23 ± 9 90 ± 6 87 ± 5 96 ± 2 41 ± 12 

28 71 ± 10 76 ± 8 73 ± 12 11 ± 19 86 ± 8 83 ± 7 94 ± 3 40 ± 11 

35 79 ± 8 84 ± 7 81 ± 10 30 ± 31 89 ± 5 87 ± 6 95 ± 2 47 ± 17 

 

Table 6: Percentage of remaining fibrinogen on 2 h crosslinked scaffolds. 
After 35 days of incubation of 2 h crosslinked fibrinogen scaffolds in the presence of different enzymes, the 
percentage of remaining fibrinogen on the sample was determined based on the measured amount of 
fibrinogen released into the supernatant. 

 Planar Nanofibrous 

Day HEPES Thrombin Plasmin 
Plasmin + 
Urokinase 

HEPES Thrombin Plasmin 
Plasmin + 
Urokinase 

7 101 ± 1 101 ± 1 99 ± 1 99 ± 2 100 ± 1 100 ± 1 100 ± 1 96 ± 7 

14 97 ± 3 100 ± 1 79 ± 13 94 ± 4 99 ± 1 99 ± 1 99 ± 1 77 ± 24 

21 96 ± 2 98 ± 2 73 ± 12 75 ± 19 99 ± 0 99 ± 0 100 ± 0 59 ± 30 

28 93 ± 5 97 ± 4 71 ± 10 60 ± 23 100 ± 0 100 ± 1 101 ± 1 37 ± 41 

35 93 ± 3 97 ± 2 79 ± 8 57 ± 28 99 ± 0 100 ± 0 100 ± 0 39 ± 46 

 

When 1 h crosslinked fibrinogen scaffolds were incubated for 35 days, an increase in 

protein concentration in the supernatant was detected (Figure 57). This indicates a loss of 

fibrinogen from the sample, which was converted to the percentage of fibrinogen remaining 

on the sample (Table 5). For planar scaffolds crosslinked for 1 h, the amounts of fibrinogen 

in the supernatant and the corresponding values of remaining fibrinogen on the sample 

were in a similar range for HEPES buffer, thrombin and plasmin. After 7 days almost all 

fibrinogen remained on the sample (99 ± 1%, 98 ± 3 % and 100 ± 1%, respectively). After 

incubation for 35 days, the amount of fibrinogen had decreased to ¾ of the initial amount 

on the sample (79 ± 8 %, 84 ± 7 % and 81 ± 10 %, respectively),(Table 5). Only when a 

combination of plasmin and urokinase was applied the release of fibrinogen into the 
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supernatant was accelerated. Even after 7 days, a substantial amount of fibrinogen was 

detected in the supernatant and only 51 ± 2 % of fibrinogen remained on the sample (Figure 

57, Table 5). Fibrous scaffolds showed a similar degradation behavior but with a lower 

release of fibrinogen into the supernatant. After 35 days incubation in HEPES buffer 

thrombin or plasmin 89 ± 5%, 87 ± 6% and 95 ± 2 % of fibrinogen remained on the 

scaffold, respectively (Table 5). Here the combination of plasmin and urokinase resulted in 

a stronger release of fibrinogen into the supernatant, too. After 7 days 77 ± 12 % of 

fibrinogen was still present on the sample, while after 35 only 47 ± 17% were present, 

when the samples were incubated with plasmin and urokinase (Figure 57, Table 5). 

The release of fibrinogen into the supernatant was overall lower when planar of 

nanofibrous fibrinogen scaffolds were crosslinked for 2 h (Figure 57). When planar 

scaffolds crosslinked for 2 h were incubated in HEPES buffer, thrombin or plasmin 93 ± 

3 %, 97 ± 2% or 79 ± 8% of the fibrinogen were still present on the sample after 35 days 

(Table 6). Incubation with a combination of plasmin and urokinase resulted in a higher 

content of fibrinogen into the supernatant while 57 ± 28% remained on the planar samples 

after 35 days (Figure 57, Table 6). 

Nanofibrous samples crosslinked for 2 h showed an even lower release of fibrinogen into 

the supernatant (Figure 57). When the scaffolds were incubated in HEPES buffer, thrombin 

or plasmin hardly any fibrinogen was detected in the supernatant and almost all fibrinogen 

remained on the sample. Only incubation in the presence of plasmin and urokinase resulted 

in a release of fibrinogen into the supernatant and after 35 days 39 ± 46 % remained on the 

sample (Figure 57, Table 6).  

Morphology of self-assembled fibrinogen scaffolds after 35 days of degradation 

After 35 days of incubation, the samples of the long-term experiment were dried and the 

morphology was analyzed in the SEM. 
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Figure 58: Fibrinogen scaffolds crosslinked for 1 h after 35 days of degradation 
Planar fibrinogen layers and nanofibrous fibrinogen scaffolds were crosslinked in formaldehyde vapor for 
1 h. After washing, the scaffolds were incubated in the presence of different enzymes for 35 days. After 
drying, the samples were analyzed using scanning electron microscopy. Scale bars represent 10 µm. 
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Figure 59: Fibrinogen scaffolds crosslinked for 2 h after 35 days of degradation 

Planar fibrinogen layers and nanofibrous fibrinogen scaffolds were crosslinked in formaldehyde vapor for 
2 h. After washing, the scaffolds were incubated in the presence of different enzymes for 35 days. After 
drying, the samples were analyzed using scanning electron microscopy. Scale bars represent 10 µm. 
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Scanning electron microscopy revealed that the planar samples crosslinked for 1 h 

maintained a planar morphology after 35 days of incubation with HEPES buffer, thrombin, 

plasmin or a combination of plasmin and urokinase. Some salt crystals were observed, 

especially on thrombin treated samples (Figure 58). Fibrous samples crosslinked for 1 h 

showed some remains of the nanofiber scaffolds after 35 days of incubation in the presence 

of HEPES buffer, thrombin or plasmin. However, the scaffolds showed a poor fiber 

morphology and appeared in a molten like shape, especially after incubation with thrombin 

(Figure 58). After incubation of a 1 h crosslinked nanofiber scaffold with plasmin and 

urokinase on the other hand only a few aggregated remains of the fibrinogen scaffold were 

observed under the SEM (Figure 58). 

Planar samples that were crosslinked for 2 h remained planar after 35 days of incubation in 

HEPES buffer, thrombin, plasmin or a combination of plasmin and urokinase. On samples 

incubated in HEPES buffer, additional crystal formation was observed (Figure 59). When 

fibrous samples crosslinked for 2 h were incubated in HEPES buffer, intact scaffold 

morphology with defined fibers was still observed under SEM. After incubation in the 

presence of thrombin or plasmin, the overall scaffold morphology was not affected but the 

fibers of the scaffold showed a molten like topography. However, after 35 days incubation 

in the presence of plasmin and urokinase only patchy aggregates of fibrinogen remained on 

the surface of the 2 h crosslinked samples (Figure 59). 

Overall, the long-term experiments indicate that crosslinked fibrinogen scaffolds prepared 

by self-assembly slowly degraded over time. This trend is stronger for planar as for fibrous 

samples. The crosslinking time had a strong impact on the scaffold morphology after 35 

days, which is in agreement with the measured amounts of fibrinogen in the supernatant. 

With 1 h formaldehyde vapor crosslinking, more fibrinogen is released into the supernatant 

and fibrinogen scaffolds showed fewer nanofibers, whereas with 2 h crosslinking, less 

fibrinogen was released into the supernatant and some fibrous structures remained on the 

samples. Incubation with a combination of plasmin and urokinase resulted in high amounts 

of protein in the supernatant. Consistent with these findings the morphology of the 

fibrinogen scaffolds incubated with plasmin and urokinase showed only a few patchy 

scaffold remains. The data indicate a slow degradation that is present in all buffers 
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dependent on the crosslinking time. This degradation was accelerated by the combination 

of plasmin and urokinase. 

5.3.3. Binding of fibrinogen and heparin to self-assembled fibrinogen 

scaffolds 

In order to analyze if crosslinked planar layers or self-assembled fibrous scaffolds of 

fibrinogen are still able to interact with some of their native ligands, binding experiments 

were conducted using fibrinogen or heparin in solution as potential binding partners for the 

crosslinked fibrinogen. Planar layers of self-assembled fibrous scaffolds of fibrinogen were 

prepared on APTES slides and crosslinked in formaldehyde vapor for 1 h, because 1 h 

crosslinking showed the highest susceptibility to enzymatic degradation in the previous 

experiments. In a second step, fluorescently labeled fibrinogen or heparin solution was 

added upon the samples. After 1 h incubation at room temperature, the concentration of 

labeled fibrinogen or heparin in the supernatant was measured to analyze how much 

fibrinogen or heparin had bound to the sample. The samples were washed and the 

fibrinogen or heparin concentration in the washing fraction was measured to exclude 

unbound fibrinogen or heparin. 

To compare the amount of bound fibrinogen or heparin, the experiment was also carried out 

on APTES surfaces or on BSA surfaces that were prepared in the presence or absence of 

PBS. With these control experiments, the unspecific binding to APTES surfaces and 

unspecific protein interactions of the labeled fibrinogen or heparin was determined. 
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Figure 60: Binding of fibrinogen or heparin to planar or nanofibrous fibrinogen 
Planar fibrinogen layers and nanofibrous fibrinogen scaffolds were prepared on APTES surfaces and 
crosslinked in formaldehyde vapor for 1 h. Similar to planar and nanofibrous fibrinogen, BSA control samples 
were prepared and crosslinked. The binding to APTES surfaces was analyzed without further crosslinking. 
Alexa 488-labeled fibrinogen or heparin were incubated on the samples and after 1 h, the remaining 
concentration in the supernatant was measured using fluorimetry. The samples were washed and the 
concentration of labeled fibrinogen or heparin in the washing fraction was determined. With the remaining 
concentration and the concentration redissolved into the supernatant the concentration of bound 
fibrinogen was calculated. 
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The binding experiments revealed that most of the labeled fibrinogen (60 to 90 %) 

remained in the incubation supernatant and was not bound to any of the substrates. In 

addition, 10 to 15% of the labeled fibrinogen, which had not bound to the substrates, was 

observed in the washing fraction. Only 22, 18, 17, 11 or 6 % of the labeled fibrinogen had 

bound to APTES, BSA, BSA and PBS, planar fibrinogen scaffolds or fibrous fibrinogen 

scaffolds, respectively.  

In addition, the binding of heparin to the substrates was low. The majority of the labeled 

heparin was detected in the incubation supernatant (50 to 95 %) and roughly 10% were 

additionally found in the washing fraction. This resulted in a percentage of fibrinogen 

bound to APTES, BSA, BSA and PBS, planar fibrinogen scaffolds or fibrous fibrinogen of 

18, 9, 36, 0 or 13 %, respectively. 

Overall, planar and nanofibrous fibrinogen scaffolds showed the lowest binding of labeled 

fibrinogen and of labeled heparin, while the unspecific binding to APTES or to BSA 

substrates was higher. 
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6. Discussion 

6.1. Morphology of self-assembled fibrinogen scaffolds  

When fibrinogen solutions were dried in the presence of citrate, phosphate buffer or PBS 

the SEM analysis revealed that networks of fibrinogen nanofibers had formed. The fiber 

networks had similar fiber diameters and showed a characteristic star-shaped morphology. 

However, when fibrinogen was dried in the presence of NH4HCO3 solution without any 

additions only planar fibrinogen layers were observed. 

The possibility to prepare planar fibrinogen layers is one major advantage of the newly 

discovered fibrinogen self-assembly. This allows to prepare planar 2D fibrinogen controls 

in addition to the 3D fibrinogen fiber scaffolds. The preparation of planar fibrinogen layers 

as reference samples has been neglected by other methods described for fabrication of 

fibrinogen nanofibers (Koo et al., 2010; Wei et al., 2008b; Wnek et al., 2003). Planar 

control samples are a useful tool to design experiments, which investigate and distinguish 

the effects of fibrinogen biochemistry and the morphology of the fibrinogen substrate, 

especially concerning cellular interactions. Moreover, planar samples might also prove 

useful for an application as a biomaterial because they have different structural properties 

and therefore provide a different interface for biological interactions. 

During the drying, the NH4HCO3 solution completely evaporated in the form of ammonia 

carbon dioxide and water. In contrast, citrate, phosphate buffer or PBS contain ions that do 

not evaporate during the drying process. Apparently, the combination of drying and the 

presence of ions are crucial for the self-assembly of the fibrinogen into fiber scaffolds. 

Fibrinogen fiber formation due to drying in the presence of ions has not been described 

before. However, Reichert and coworkers, who investigated fibrinogen assembly on 

hydrophobic surfaces, discussed that the presence of positively charged potassium and 

sodium ions might have an additional effect on fiber formation (Reichert et al., 2009). 

However, Reichert and coworkers considered the exposure of fibrinogen to hydrophobic 

surfaces as the main driving force of fiber formation and did not further investigate their 

hypothesis about the effect of ions. In contrast, the presence of ions during drying seems to 

be the main driving force for the self-assembly mechanism discovered in this thesis.  
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Planar fibrinogen prepared by drying in the presence of NH4HCO3 solution was 

transparent, while the fibrinogen fiber formation during the drying in the presence of ions 

was accompanied by a change in turbidity. A change of turbidity is also observed during 

the formation of fibrin fibers and is frequently used to quantify the thrombin catalyzed 

conversion of fibrinogen into fibrin (Davis et al., 2011) as well as the formation of other 

fibrous protein networks, like for example collagen (Zhu and Kaufman, 2014). However, 

these changes in turbidity already occur in solution. Nevertheless, the change in turbidity 

observed during late stages of fibrinogen self-assembly raises one of the main initial 

questions about the newly found mechanism of fibrinogen fiber formation; if the fibrous 

scaffolds consist of fibrinogen fibers or if they are actual fibrin fibers formed by the 

reaction of fibrinogen and some thrombin contamination.  

Although the fibrinogen used in this thesis had a purity of 99%, it is important to prove that 

the observed fiber formation is not due to some trace contaminations of thrombin. A first 

indication that the fibers prepared by drying in the presence of ions are no fibrin fibers, are 

the morphological differences. Although the fibers prepared by drying in the presence of 

ions had diameters in the range of fibrin fiber diameters, the overall morphology of the 

fibrinogen scaffolds was different compared to fibrin. While fibrin fibers show a 

homogenous network, the fibrinogen fibers prepared by drying formed a fibrous network 

with local star-shaped center points of a higher fibrinogen density (Figure 26). A further 

strong indicator that the fiber formation relied on an unknown and thrombin-independent 

mechanism is the fact that planar fibrinogen layers can be prepared by drying fibrinogen in 

NH4HCO3 solution. A trace contamination of thrombin in the fibrinogen stock would have 

induced fiber formation in all samples including those where fibrinogen was dried in 

NH4HCO3 solution without additional ions present. 

To fully exclude any possible involvement of thrombin residues in the fiber formation, 

fibrinogen was dried in the presence of PBS with an addition of 4-(2-

aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF). AEBSF is a strong inhibitor 

for serine proteases, which covalently binds to the active center and thereby inactivates any 

potential trace amounts of thrombin (Markwardt et al., 1973).  
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The self-assembly studies with the thrombin inhibitor AEBSF showed that fiber formation 

still occurred even when high concentrations of AEBSF were present. Therefore, it can be 

concluded that thrombin is not involved in the formation of fibrinogen fibers and that the 

salt-induced self-assembly is based on an enzyme-independent mechanism.  

An additional indication that the fibrinogen fiber scaffolds are not fibrin is the fact that 

fibrin is stable in solution while the fibrinogen fibers prepared by drying in the presence of 

ions were not stable without further crosslinking treatment. 

The findings of this thesis show that drying of fibrinogen in the presence of PBS induces 

fiber formation. Since PBS contains different salts, fibrinogen was also dried in the 

presence of the single components of PBS. Drying with high concentrations of NaCl or KCl 

was sufficient to induce fibrinogen fiber formation, but with less abundant fibers and a less 

distinct fiber morphology as compared to drying with PBS. With a low concentration of 

KCl no fiber formation was observed, which could indicate that KCl has a lower potential 

to initiate self-assembly and that a KCl concentration threshold has to be overcome obtain 

fibrinogen fiber networks.  

Interestingly, a recent study by Hämisch and coworkers investigated the aggregation of 

fibrinogen in solutions of with different ion compositions and different ionic strengths and 

found an opposite effect of the fiber formation observed in this thesis. Hämisch and 

coworkers observed an aggregation of fibrinogen when the concentration of ions was 

diluted, which was confirmed by an increase in hydrodynamic diameter. This was 

interpreted as a form of self-assembly, although it is unclear if this assembly leads to 

fibrinogen fibers. AFM images presented by Hämisch rather indicate an assembly into 

globular aggregates (Hämisch et al., 2019).  

In contrast, the fibrinogen self-assembly of fibrinogen observed in this thesis resulted in 

aggregation of fibrinogen into fibers and was initiated by an increasing ion concentration 

during the drying process. 

High concentrations of certain salts can be used to precipitate proteins by salting them out. 

The potential of ions to precipitate proteins has been described in the Hofmeister series, 

which categorizes ions as chaotropic or kosmotropic. Chaotropic ions disrupt hydrogen 
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bridges and therefore have a low potential to precipitate proteins. Strong chaotropic ions 

can even denature protein structures by reducing the order in of hydrogen bridges. 

Kosmotropic ions, on the other hand, stabilize hydrogen bridges and have a great potential 

to precipitate proteins (Baldwin, 1996; Zhang and Cremer, 2006).  

All ion species used for the preparation of fibrinogen networks are classified somewhere in 

the middle of the Hofmeister series. Remarkable is the fact that KCl, which showed less 

potential to form fibrinogen fibers, has a slightly higher potential to precipitate proteins 

compared to NaCl. Even more remarkable, the NH4HCO3 solution, which resulted in planar 

fibrinogen layers, has an even higher potential for protein aggregation, since NH4
+ ions and 

CO3
- ions are even less chaotropic than NaCl or KCl (Baldwin, 1996; Zhang and Cremer, 

2006).  

During drying the concentration of each ion increases up to the point, where fibrinogen 

began to precipitate. It is counterintuitive that the most chaotropic salt NaCl resulted in 

organized fibrinogen fibers, while salts with a better potential to aggregate fibrinogen 

resulted in planar or globular structures. This indicates that planar fibrinogen layers formed 

under drying conditions where fibrinogen has a low solubility, while fibrinogen fibers 

formed during drying under conditions where fibrinogen had a high solubility. Probably 

planar layers prepared in the presence of NH4HCO3 form during an early stage within the 

drying process since the point where the NH4HCO3 concentration is sufficient to precipitate 

is reached quicker in comparison to fibrinogen, which is dried in the presence of ions. Here, 

the point of fibrinogen precipitation will be reached in a very late stage because higher 

concentrations of sodium or potassium ions are needed to precipitate the fibrinogen. 

Nevertheless, the formation of planar and fibrous fibrinogen scaffolds is not directly 

induced and both events happen most likely at the end of the drying process. It also has to 

be taken into account that the NH4HCO3 evaporated during the drying process, which leads 

to a lower potential for protein aggregation. Nevertheless, to fully understand the influence 

of chaotropic agents, the fibrinogen drying experiments should be continued with even 

more chaotropic salts from the Hofmeister series like nitrate or iodide salts. In addition, 

charge effects could be investigated using divalent ions like calcium or magnesium. 

However, this approach would be challenging and the results would be hard to interpret, 

due to two reasons. Calcium and magnesium have a high potential to form complexes with 
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proteins, which might interfere with the fiber formation observed in the presence of 

monovalent cations. Secondly, it has been shown that different ion species of the same 

charge (like sodium or potassium) show a different fibrinogen precipitation behavior. This 

indicates that charge effects are not the main factor during fibrinogen fibrillogenesis and 

that the Hofmeister effects have a stronger influence like describe for other proteins 

(Moreira et al., 2006).  

The precipitation of proteins by different salts is not completely understood. Less 

chaotropic salts are known to stabilize hydrogen bridges between protein molecules thereby 

allowing aggregation. On the other hand, the presence of ions also has an influence on the 

hydration shell of the protein molecules in solution, which is even higher for more 

chaotropic salts. Since more chaotropic salts showed a slightly higher effect on fibrinogen 

fiber formation, it seems likely that the effect on the hydration shell of the protein is 

involved in the formation of fibrinogen fibers. Interactions and even aggregation of 

fibrinogen molecules with a weaker hydration shell, induced by chaotropic salts seems 

plausible. It has been shown that the hydrodynamic diameter of fibrinogen changes 

dependent on the pH and on the ionic strength, which makes a similar effect due to the 

presence of chaotropic salts likely (Wasilewska et al., 2009). 

It also has to be considered that the pH value of pure NaCl and KCl solutions differs from 

the pH value of PBS. The influence of the pH is an important aspect of fiber formation. 

Fiber formation was also observed, when potassium phosphate buffer (pH 7.4) was used 

but with a lower fiber density and less distinct fiber morphology as compared to fibers 

prepared with sodium phosphate buffer. This is an additional indication that buffer 

containing potassium has a lower potential to induce self-assembly of fibrinogen fiber 

because potassium ions are not as chaotropic as sodium ions.  

Overall, the findings show that a high concentration of monovalent ions during drying 

alone is sufficient to induce fibrinogen fiber formation and that the chaotropic potential of 

the used ions has an influence. Nevertheless, the following experiments were conducted 

using PBS and sodium phosphate buffer, because drying in the presence of those buffers 

resulted in the most defined fibrinogen fiber morphology and those buffers allow an 

accurate adjustment of the pH.  
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The thresholds of fibrinogen fiber formation were analyzed with regard to fibrinogen 

concentration, buffer concentration and pH. The determination of conditions under which 

fiber formation does occur or does not occur allows to gain insight into the mechanism of 

fiber formation. 

Formation of fibrinogen fibers was observed with all applied concentrations of phosphate 

buffer or PBS. Apparently, fiber formation during drying is even induced when only low 

concentrations of ions are present. The phosphate buffer or PBS concentration also had no 

effect on the fiber diameter. However, the used buffer concentration was correlated to total 

substrate coverage of the fibrinogen scaffold on the glass slides. With low concentrations of 

phosphate buffer or PBS the fibrinogen fiber scaffolds were only observed in a small part in 

the center of the sample. This indicates that with low buffer concentrations the required 

conditions are reached in a very late stage of the drying process, but are reached due to a 

concentration of the buffer during drying. 

During the drying process, water evaporates and the fibrinogen concentration increases, 

therefore, the concentration independent behavior observed for the buffers should be 

similar for the starting concentration of fibrinogen, but interestingly it is not. The 

experiments, which analyzed the fiber formation with different fibrinogen starting 

concentrations showed that with concentrations lower than 2 mg/ml no fiber formation was 

observed at all in both buffer systems. It is remarkable that the increase in fibrinogen 

concentration during the drying process is not sufficient to induce at least some fiber 

formation when the starting concentration is too low. Interestingly, the useful initial 

concentrations for salt-induced self-assembly of fibrinogen fibers are in the range of the 

concentration of fibrinogen in the blood plasma (Mosesson, 2005; Stein et al., 1978). Other 

investigations of fibrinogen self-assembly, for example on hydrophobic surfaces, observed 

fibrinogen fibers with concentration of even 1 µg/ml (Wei et al., 2008a) or 200 µg/ml (Koo 

et al., 2010). The use of electrospinning for the fabrication of fibrinogen fibers on the other 

hand requires fibrinogen high concentrations of up to 167 g/ml (Wnek et al., 2003).  

The fibrinogen concentration of 2 mg/ml, which is required for salt induced self-assembly 

is an interesting observation, especially since the threshold for fiber formation seems to be 

much lower for the self-assembly of fibrinogen on hydrophobic surfaces. This could 
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indicate that either both self-assembly methods rely on different mechanisms or that the 

presence of a hydrophobic surface strongly enhances the self-assembly of fibrinogen fibers. 

An additional observation of the concentration experiments was the fact that total scaffold 

thickness increased when higher starting concentrations were used. The scaffolds reached 

thicknesses up to 10 µm, while the studies that used low fibrinogen concentrations only 

resulted in single fibers. The findings in this thesis also show that fibrinogen fibers are 

present throughout the whole scaffold thickness. This indicates that none of the used 

fibrinogen concentration was too high and had an inhibitory effect on fibrinogen self-

assembly. It can be presumed that even higher concentrations of fibrinogen or a layer-by-

layer approach could be used to prepare thicker scaffolds. The scaffold thickness will be an 

important factor for wound healing applications of fibrinogen scaffolds, because the 

scaffolds should be thick enough to withstand the blood pressure and the mechanical stress 

of a wound. A thick scaffold is also easier to handle during application. However, the 

thicker the fibrinogen scaffolds the longer the integration time and the replacement of 

fibrinogen with regenerated tissue. Therefore, the suggested layer-by-layer approach might 

be useful to create scaffolds with applicable mechanic and a low scaffold thickness. 

Other approaches like fibrinogen fiber formation on hydrophobic surfaces (Koo et al., 

2010; Reichert et al., 2009), ethanol-induced fibrinogen fiber formation (Wei et al., 2008b), 

acidic fibrinogen denaturation (Wei et al., 2008a) or fibrinogen extrusion (Raoufi et al., 

2016) only yielded in scarce fibrinogen fibers or had a poor reproducibility, which makes 

the application of these methods impractical. The only other reproducible method to 

fabricate self-supporting fibrinogen fiber scaffolds with a high density of fibers and 

dimensions in the centimeter range is electrospinning. However, obtaining an electrospun 

fibrinogen scaffold with similar dimensions requires several ml of a 100 to 167 mg/ml 

fibrinogen solution (Sell et al., 2008a; Wnek et al., 2003), while for salt-induced self-

assembly 200 µl of a 5 mg/ml solution was sufficient. In contrast to the electrospinning, for 

salt-induced fiber formation, no high voltage equipment is necessary and only aqueous 

solutions are required instead of organic solvents. Therefore, salt-induced fiber formation is 

a more gentle process and also more cost efficient. 
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The formation of fibrinogen fibers upon drying in the presence of salt ions was investigated 

with phosphate buffer or PBS prepared with a pH of 5 to 9. A correlation of pH and fiber 

formation was found. For both buffers a pH value of 7 or higher resulted in fibrinogen 

fibers, while at pH values lower than 7 no fiber formation was observed. 

The isoelectric point of fibrinogen is 5.8. Fibrinogen at higher pH is negatively charged, 

while fibrinogen at lower pH is positively charged (Wasilewska et al., 2009). The absence 

of fiber formation with pH values around or under the isoelectric point strongly indicates 

that a negative net charge of the fibrinogen molecule is required for fiber formation. 

However, the pH cannot be considered as the main driving force of fiber formation, 

because fibrinogen in NH4HCO3 buffer did not form fibers even though NH4HCO3 buffer 

has a pH of roughly 8.6, which should be in the pH range required for fiber formation. 

Wei and coworkers used an acidic pH of 2 to induce the formation of fibrinogen fibers 

(Wei et al., 2008b). In this thesis, no fibrinogen fiber formation was observed with pH 

values lower than 7, with pH 5 being the lowest value. It is likely that the fiber formation 

observed by Wei and coworkers was due to a different mechanism than the salt-induced 

fiber formation investigated in this study. Especially since fibrinogen starts to denature at 

pH values lower than 5 (Marguerie, 1977), it is likely that Wei and coworkers observed a 

denaturation-induced aggregation of fibrinogen.  

It also has to be taken into account that phosphate buffer or PBS have a different ionic 

strength when they are prepared with different pH values. With a pH of 5 or 6 the ionic 

strength of both buffers is lower as compared to higher pH. Nevertheless, the ionic strength 

is probably not the reason for the absence of fiber formation at pH 5 or 6, since the 

differences in ionic strength in phosphate buffer and PBS are even larger, but both show the 

same pH threshold for fibrinogen fiber formation (see Table 4). 

The pH also has an influence on the solubility of fibrinogen. It was shown that fibrinogen 

has the lowest solubility in PBS with a pH of 5.8 (Leavis and Rothstein, 1974). The trend 

that fibrinogen forms no fibers at pH values where it has a low solubility is consistent with 

the influence of ions on solubility, which was discussed above. It seems that low fibrinogen 

solubility leads to planar or globular fibrinogen aggregates while a high solubility results in 

the formation of fibrinogen fibers. These findings indicate that the formation of fibrinogen 
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fibers or planar fibrinogen layers might occur at different time points during the drying 

process. It can be presumed that under conditions wherein the pH or the ion composition 

result in a low solubility of fibrinogen, the threshold for fibrinogen precipitation is reached 

quickly during the drying process, which might lead to planar layers or globular aggregates. 

Under conditions where fibrinogen has a high solubility, the threshold of precipitation will 

be reached later. Interestingly, this delayed precipitation of fibrinogen may be the reason 

for the formation of nanofibrous structures. 

A recent study by Helbing and coworkers has shown that fibrinogen forms fibers on a 

polyethylene surface at pH 7.4. However, at a pH of 9.2 no fiber formation was observed. 

This is in contrast to our finding of fiber formation over a brought pH range during self-

assembly (pH 7 to 9). However, Helbing and coworkers used different buffers for the 

experiments. Samples at a pH 7.4 were prepared in a buffer containing Na+-ions, while for 

the preparation of samples at a pH of 9.2 a Ca2+-ion containing buffer was used (Helbing et 

al., 2016). The presence of monovalent or divalent ions possibly had a strong influence on 

the experiment conducted by Helbing and therefore an interpretation of the pH as a solely 

reason for the observed fiber formation seems farfetched. 

During the experiments in the self-made humidity chamber it occurred that fibrinogen dried 

in the presence of PBS at high relative humidities of 50%, showed no fibers in the top view 

SEM analysis. Only a later cross-sectional SEM analysis of the same samples revealed that 

just the topmost layer of the sample was planar while fibrinogen fibers were present 

throughout most of the sample thickness. This shows that the self-assembly of fibrinogen 

by drying in the presence of salts is humidity independent. The reason for the planar top 

layer that occurs when the samples are dried at high humidities is most likely condensation 

of water on top of the sample, which results in a partial redissolving of the top fibrinogen 

layer. Samples that contain fibers but also a planar top layer might not be suited for follow 

up experiments. Therefore, it is advisable to carry out the fibrinogen self-assembly at 

relative humidities of 30% to obtain fibrous scaffolds throughout the whole sample 

thickness. 

Many different publications described surface-induced self-assembly of fibrinogen 

nanofibers, especially on hydrophobic surfaces (Dubrovin et al., 2019; Feinberg and Parker, 
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2010; Koo et al., 2010; Reichert et al., 2009; Zhang et al., 2017). Since the salt-induced 

self-assembly of fibrinogen nanofibers was first discovered on piranha-cleaned glass, which 

in contrast is very hydrophilic, it was of great interest to test the influence of surface 

chemistry on the self-assembly process. 

The self-assembly of fibrinogen on gold substrates resulted in planar or nanofibrous 

scaffolds similar to those observed on glass substrates. Drying of fibrinogen in NH4HCO3 

resulted in planar fibrinogen layers while drying in the presence of PBS resulted in 

scaffolds of fibrinogen fibers. The fibrinogen scaffolds prepared on gold show a similar 

star-shaped morphology as scaffold prepared on glass. Moreover, the threshold 

concentration of fibrinogen and the pH threshold required for fiber formation were the 

same on gold and on glass. These findings show that the self-assembly process of 

fibrinogen self-assembly upon drying is possible on a more hydrophobic surface as well 

and that the mechanism of fiber formation is largely independent of the surface chemistry 

of the substrate. In other studies, the self-assembly of fibrinogen on gold coated substrates 

has been observed as a surface reaction. However, these experiments were conducted in 

solution containing 1 mg/l fibrinogen and the fiber formation was analyzed in solution 

without a further drying step (Chen et al., 2009). The single fibrinogen fibers observed in 

these studies strongly differed from the fibrinogen fiber scaffold prepared by drying on a 

gold-coated surface in this thesis.  

A gold-coated surface is more hydrophobic than a piranha-cleaned glass surfaces. 

Nevertheless, most polymer surfaces are even more hydrophobic. Therefore, in addition to 

glass and gold surfaces the fibrinogen fiber formation upon drying in the presence of PBS 

was also studied on APTES modified glass, PLA, PS, PBAT, on parafilm and on PDMS. 

The wide range of different substrates with distinct surface chemistry and hydrophobicity 

that can be used as a substrate for fibrinogen fiber formation by drying in the presence of 

PBS leads to the conclusion that the discovered fibrinogen self-assembly process is largely 

independent of the used substrate. This is in contrast to many studies that investigated 

fibrinogen self-assembly on hydrophobic surfaces and concluded that the observed fiber 

formation was a surface-induced process (Dubrovin et al., 2019; Koo et al., 2010; Reichert 

et al., 2009). The fibers, which were observed on hydrophobic surfaces in those studies, had 

a low fiber yield and no dense fibrous scaffolds were formed. In contrast, the self-assembly 
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process established in this thesis yielded fibrous scaffolds with overall thicknesses of up to 

10 µm. It seems unlikely that the bulk of fibrinogen assembled into fibers because of a 

surface interaction, although it might be possible that the substrate had an influence in the 

lowermost layer of fibrinogen fibers. 

The possible mechanism of the fibrinogen self-assembly on hydrophobic surfaces is not 

completely understood, like the mechanism studied in this thesis. Although the drying of 

fibrinogen in the presence of PBS worked on all investigated surfaces and the fiber yield is 

much higher than the yield of fibers formed by interaction on hydrophobic surfaces, it has 

to be considered that both self-assembly processes might occur due to a similar or related 

underlying mechanism. For instance, one main driving force of the PBS induced fiber 

formation is the drying process. During drying water is evaporated and the fiber formation 

occurs in an environment, which gradually becomes water free. A hydrophobic surface 

likewise provides a two-dimensional partially water free environment. The exclusion of 

water might be one underlying principle that is crucial for salt-induced self-assembly as 

well as for surface-induced self-assembly of fibrinogen. This could possibly indicate that 

these two ways of self-assembly are actually relying on the same mechanism, but that the 

surface induced self-assembly takes place in a two-dimensional water free environment 

while the salt induced self-assembly takes place in three-dimensional environment, that 

become gradually water free. 

The necessary absence of water for fiber formation is a factor that has not been discussed in 

detail in other publications concerning the self-assembly of fibrinogen, but it seems to be a 

crucial factor since fibrinogen fibers prepared by self-assembly could also easily redissolve 

in water. Only Reichert and coworkers shortly discussed that the change of chemical 

conditions, which occurs during the drying of the sample, might be related to fiber 

formation (Reichert et al., 2009).  

Fibrinogen fiber scaffolds prepared by drying in the presence of ions were not stable upon 

rehydration and rapidly dissolved in aqueous buffers. Therefore, different approaches were 

studied to increase the stability of fibrinogen scaffolds in aqueous environment. A 

stabilization of the fibrinogen scaffolds is required since further research and a potential 

future application will take place in aqueous conditions. Furthermore, an understanding of 
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the rapid redissolving of fibrinogen scaffolds gives some additional insight in the 

mechanism of fiber formation.  

When fibrinogen scaffolds prepared by drying in the presence of PBS were exposed to 

water, NH4HCO3 solution or PBS, the scaffolds were completely dissolved even after 

incubations as short as 5 min. The rapid dissolving of the fibrinogen scaffolds is an 

additional indicator that the scaffolds are actually fibrinogen and not fibrin. Fibrin 

monomers would aggregate due to the knob hole interactions, which makes a fibrin 

scaffold stable in water even without additional crosslinking (Kolehmainen and Willerth, 

2012). Although it has been assumed for a long time that the knob hole interactions of 

fibrin are irreversible, newer studies suggest a slow dissolving and turnover rate even for 

knob hole interactions. However, the dissociation of knob hole interactions is a slow 

process that mostly takes place at the ends of fibrin protofibrils and does not affect the 

overall stability of fibrin in solution (Chernysh et al., 2012).  

The poor stability of fibrinogen scaffolds in water shows that fibrinogen fibers prepared by 

drying in the presence of PBS are not fibrin. Additionally, this is a strong indication that the 

binding of fibrinogen molecules involves different sequences than the knob hole domains 

on the fibrinogen molecules, which results in an aggregation that is strongly susceptible to 

dissolution in water. It seems likely that these unknown noncovalent binding sites of 

fibrinogen include ionic bonds or hydrogen bridges, which are affected by competing water 

molecules. This could also be a possible explanation for the inevitability of the drying step 

for the formation of fibrinogen fibers.  

The fist approaches that were tested to increase the stability of fibrinogen scaffolds were 

UV irradiation and treatment with methanol. UV-irradiation for 1 h was not sufficient to 

stabilize the self-assembled fibrinogen scaffold. This is an interesting observation since UV 

irradiation is commonly used for stabilization of biomaterials and for example has been 

shown to increase the mechanical stability of fibrin threads (Cornwell and Pins, 2007). 

During UV exposure, the irradiation generates radicals, which should crosslink the 

substrate. The process of radical generation can be accelerated by addition of riboflavin, a 

method that is often applied for the crosslinking of collagen. The combination of UV 



 

134 
 

irradiation and riboflavin is also used for cornea crosslinking during some treatments of 

corneal ectatic diseases (Raiskup and Spoerl, 2013). 

Interestingly, the combination of UV light and riboflavin was also not sufficient to 

crosslink the fibrinogen scaffolds prepared by drying in the presence of PBS. It has to be 

considered that the intensity of the used UV lamp might have been too low to efficiently 

crosslink the fibrinogen scaffolds.  

As an alternative to UV irradiation different chemical crosslinking agents were 

investigated. Fibrinogen scaffolds, which were treated with transglutaminase, genipin or 

EDC were not stable upon rehydration. Incubation with glutar- or formaldehyde solution on 

the other hand preserved some of the fibrinogen fibers, but with an overall poor fiber and 

scaffold morphology. It is interesting that no solution-based crosslinking procedure was 

sufficient to completely crosslink the fibrinogen scaffold. Electrospun fibrinogen scaffolds 

can be crosslinked by solutions of EDC or genipin (Sell et al., 2008b), but incubation in 

EDC or genipin solution did not preserve the morphology of self-assembled fibrinogen. 

This shows that the dissolving of the fibrinogen scaffold is a rapid process. The water 

molecules in the respective crosslinking solution dissolved the fibrinogen with a higher rate 

than the rate covalent bonds were formed between fibrinogen molecules by the 

crosslinkers. This effect is especially visible for transglutaminase, genipin and EDC. These 

crosslinkers were used in concentrations, which have been reported to have a low toxicity 

and no negative effect on the biocompatibility of the crosslinked product (Azeredo and 

Waldron, 2016). However, this treatment also resulted in a very slow crosslinking, which is 

apparently completely outcompeted by the dissolution of fibrinogen fibers in water. 

Especially the failure of the transglutaminase treatment to maintain the fibrinogen fiber 

scaffold is an interesting observation. Transglutaminase is the enzyme that covalently 

crosslinks the fibrin monomers of the fibrin clot in vivo (Ariëns et al., 2002). Therefore, one 

would expect transglutaminase to be an optimal crosslinker for fibrinogen fibers that 

consist of fibrinogen molecules with the same groups for binding. In addition to the 

rehydration and dissolving that is introduced during the transglutaminase crosslinking, the 

unsuccessful transglutaminase incubation might also indicate that the fibrinogen molecules 

in the self-assembled fibrinogen fibers are ordered in an arrangement that differs from the 
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arrangement of the fibrin monomers in fibrin fibers. In fibrin fibers, the fibrin monomers 

are oriented in a half staggered arrangement, which allows the close contact of the D-

domains of two adjacent monomers. At this position, the first crosslink between two fibrin 

monomers is catalyzed by transglutaminase. Only in later stages other domains of the 

molecule especially the α-C domains are crosslinked (Ariëns et al., 2002). If the fibrinogen 

molecules in self-assembled fibrinogen fibers have a different orientation, transglutaminase 

crosslinking of the D-domains would not be possible, which could explain the inefficiency 

of transglutaminase incubation observed for self-assembled fibrinogen. 

In contrast to the three rather mild crosslinkers the harsher treatments with glutar- or 

formaldehyde were more successful. Although aldehyde crosslinking is not ideal for 

biomaterials, because aldehydes show high toxicity and change the mechanics of 

biomaterials (Heck et al., 1990), glutar- or formaldehyde solution were able to preserve 

some of the fibrinogen fibers upon rehydration. However, the aldehyde crosslinked 

scaffolds still showed a less defined morphology. Since the dissolving of the scaffolds even 

outcompeted the aldehyde solution crosslinking, glutar- or formaldehyde vapor treatment 

was investigated afterwards. Crosslinking with aldehyde vapor was also used in studies that 

crosslinked electrospun fibrinogen scaffolds. By applying glutar- or formalaldehyde as a 

vapor an additional exposure to water during the crosslinking procedure was circumvented. 

Both, crosslinking with glutar- and formaldehyde vapor preserved the fibrinogen fiber 

morphology and stabilized self-assembled fibrinogen scaffolds completely. Even after 

multiple washing steps, the fibrinogen scaffolds maintained their fiber structure. Although 

aldehyde treatment is harsh, it was the most efficient way to stabilize self-assembled 

fibrinogen scaffolds. When aldehyde vapor crosslinking will be used to crosslink scaffolds 

for applications involving cells or living tissue, a prolonged washing procedure has to be 

considered, since formaldehyde is cytotoxic and mutagenic (Heck et al., 1990). With 

extensive washing and shorter time for the vapor incubation, it should be possible to lower 

the concentration of unbound aldehyde in the samples to a non-toxic level. Eukaryotic cells 

have mechanisms to metabolize aldehydes and for example have been shown to endure 

formaldehyde concentrations of up to 1 mM without a loss in cellular viability (Heck et al., 

1990; Nilsson et al., 1998). 
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An additional surprising observation that was made during the washing of aldehyde 

crosslinked fibrinogen scaffolds was the partial detachment of fibrinogen scaffolds from the 

underlying glass. With some agitation, the crosslinked scaffolds completely detached and 

floated on top of the washing solution. The freestanding scaffolds prepared that way could 

be removed with forceps and dried without damage of the scaffold. The possibility to 

prepare freestanding scaffolds is especially promising for a future biomaterial application 

of the self-assembled fibrinogen scaffolds. As a biomaterial, the fibrinogen should be 

applied without other materials that might have different effects on the living tissue or have 

mechanical properties that complicate the handling. It was possible to detach intact 

scaffolds with a size of several cm2, although only a few µm in thickness. These 

freestanding scaffolds could be easily handled and for example be applied to a wound. 

After removal from the surface and handling with forceps, the fibrinogen scaffold still 

showed its original fiber morphology. In addition, crosslinking planar fibrinogen scaffold 

could be detached from piranha cleaned substrate, but the washing had to be even more 

vigorously and took longer to detach planar scaffolds completely.  

The only other described method that was able to produce freestanding fibrinogen fiber 

scaffolds so far is electrospinning (Wnek et al., 2003). However, the scaffolds produced by 

electrospinning had thicknesses of several hundred µm and required lager amounts of 

fibrinogen. 

The detachment of fibrinogen is promising for future applications of self-assembled 

fibrinogen scaffolds. However, for the in vitro studies that have to precede a future 

application of fibrinogen scaffolds, a freestanding scaffold might be hard to handle. 

Therefore, fibrinogen scaffolds were prepared on APTES-modified substrate and 

immobilized by crosslinking in formaldehyde vapor. Scaffolds crosslinked on APTES did 

not detach even after vigorous washing. Since the modification with APTES introduces 

amino groups on the glass surface, the aldehyde treatment does not only crosslink amino 

groups of different fibrinogen molecules but also crosslinks the fibrinogen fibers with the 

amino groups of the APTES substrate. It can be assumed that the fibrinogen scaffolds were 

immobilized to the APTES modified surface after crosslinking, because the fibrinogen was 

covalently bound to the amino groups of the APTES. The immobilized fibrinogen scaffolds 

on APTES are a useful additional class of fibrinogen scaffolds, especially for research 



 Changes of secondary structure accompanying fibrinogen self-assembly 

137 
 

purposes like for example cell compatibility experiments or degradation studies. An 

immobilization of crosslinked fibrinogen samples has also been observed on gold substrates 

(Stamboroski, personal communications). However since a gold substrate lacks amino 

groups it can be assumed that the immobilization on gold is due to a different mechanism. 

It was also possible to prepare fibrinogen scaffolds by drying in the presence of PBS on a 

24 x 24 mm glass slide. The resulting fibrinogen scaffolds of several cm2 showed that an 

upscaling of the fibrinogen self-assembly process is possible by adjusting the volume of the 

fibrinogen and the salt solution.  

6.2. Changes of secondary structure accompanying fibrinogen self-

assembly 

In many other studies investigating fibrinogen assembly in vitro, changes in the secondary 

structure of fibrinogen are used as an hypothesis to explain fiber formation (Feinberg and 

Parker, 2010; Koo et al., 2012; Wei et al., 2008a). The idea that a conformational change 

makes binding sites of the fibrinogen molecule available, which are blocked in a native 

conformation, seems plausible. Nevertheless, none of the aforementioned publications 

included detailed investigation of the changes in fibrinogen secondary structure that could 

confirm this hypothesis. Therefore, it is an interesting question whether and to what extent 

conformational changes play a role during fiber formation by salt-induced self-assembly.  

The secondary structure of planar and nanofibrous fibrinogen layers was analyzed using 

solid state circular dichroism and the content of different secondary structure components 

was calculated using the BeStSel server (Micsonai et al., 2018). The results discussed in 

this section are one main part of the publication (Stapelfeldt et al., 2019b), in which the 

structural data acquired using circular dichroism spectroscopy were additionally validated 

by Fourier transformed infrared spectroscopy. Overall, the changes of the secondary 

structure analyzed with both methods were in good accordance. However, the absolute 

content of different secondary structure motives derived from these methods sometimes 

differed.  

Fibrinogen in solution and fibrin sowed a similar content of α-helical and β-sheet 

structures. This is in agreement with other studies that reported no change in secondary 
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structure during the conversion of fibrinogen into fibrin (Dutta et al., 2018). Moreover, the 

structural data obtained for fibrinogen solution and fibrin are in good agreement with the 

BeStSel analyses of the x-ray crystallography structure reported for fibrinogen (Kollman et 

al., 2009). In planar fibrinogen scaffolds prepared by drying in the presence of NH4HCO3 

without additional ions, the content of α-helical and β-sheet structures was similar to the 

ones determined for fibrinogen in solution and fibrin. This indicates that during the drying 

and the formation of the planar fibrinogen layer no change of fibrinogen secondary 

structure occurred. Furthermore, this shows that none of the experimental conditions like 

the drying or the used surface material affected the fibrinogen conformation per se.  

Interestingly, the circular dichroism spectra of the dried planar and nanofibrous fibrinogen 

scaffolds differed, which resulted in a difference in the secondary structure content 

calculated by the BeStSel server. Fibrinogen nanofiber scaffolds showed an increased 

content of β-sheet structures while a lower content of α-helical structures was observed. 

This finding shows that the formation of fibrinogen fibers is accompanied by a 

conformational change of the fibrinogen molecule. It is unclear if this conformational 

change is responsible for fiber formation or just a side effect of fiber formation by salt-

induced self-assembly. However, since the conformational change is rather small (4%), it 

can be concluded that the overall structure of fibrinogen is maintained during fiber 

formation and no major denaturation is occurring. Other studies investigating structural 

changes of fibrinogen during fiber formation are scarce, but one circular dichroism study 

was carried out on the changes of fibrinogen when it is prepared in the organic solvent for 

electrospinning (Carlisle et al., 2009). In this study a 30% change of secondary structure 

was observed upon dissolving fibrinogen in hexafluoropropanol, unfortunately the 

secondary structure was not analyzed after the fibrinogen had been spun into fibers. 

Interestingly, the change observed when fibrinogen was dissolved in the 

hexafluoropropanol was an increase of α-helical structures. In contrast, the structural 

change observed during self-assembly of fibrinogen was a conversation of α-helical into 

β-sheet structures, which seems to be minor in comparison. 

Recent studies investigating self-assembly of peptides or proteins into fibers found 

increased content of β-sheets linked to the formation of β-amyloid structures (Wei et al., 

2017). To investigate if the observed increase in β-sheet structures was due to the formation 
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of β-amyloid structures during the self-assembly, fibrinogen scaffolds were prepared in the 

presence of thioflavin T (ThT). ThT changes its emission spectrum to 480 nm when it is 

bound to β-amyloid structures. (Biancalana and Koide, 2010). Since the ThT staining 

showed no emission at 480 nm, it was concluded that the observed change in secondary 

structure was not correlated with a transition into β-amyloid structures. This was also 

indicated by the low stability of fibrinogen scaffolds in aqueous environment without 

additional crosslinking. In contrast, protein fibers, which form due to the aggregation of β-

amyloids were reported to have a high stability (Makin et al., 2005; Toyama and 

Weissman, 2011). 

β-amyloid structures have been attributed to various protein misfolding diseases (Chiti and 

Dobson, 2006). A genetic mutation of fibrinogen can result in a pathogenic misfolding of 

fibrinogen into β-amyloid structures. The misfolded fibrinogen can accumulate in the liver 

and other organs, which leads to a condition called fibrinogen amyloidosis (Picken, 2010). 

However, this change in secondary structure requires a mutation of the primary amino acid 

sequence of fibrinogen, which makes such transitions highly unlikely for samples prepared 

with native fibrinogen. In accordance with this the absence of β-amyloid transitions during 

the fibrinogen self-assembly was confirmed in the ThT staining, which makes a misfolding 

related pathogenicity of the fibrinogen scaffolds unlikely. 

The formation of fibrinogen fibers shows a clear fibrinogen concentration threshold. When 

2 mg/ml or higher fibrinogen concentrations were dried in the presence of PBS, fiber 

formation was observed while with 1 mg/l or lower fibrinogen no fiber formation was 

observed. Remarkably, the analysis of secondary structure and the analysis of morphology 

revealed the same fibrinogen concentration threshold for fiber formation. 

An increase in β-sheet structures accompanied by a decrease of α-helical structures was 

only observed when fibrinogen concentrations were used, which were sufficient to induce 

fiber formation. When fibrinogen was present in concentrations too low to induce fiber 

formation, the secondary structure was similar to the conformation of planar fibrinogen, 

even though PBS was present during the drying process. This shows that only fiber 

formation is accompanied by a conformational change and that the presence of PBS alone 

is not sufficient to induce a conformational change of fibrinogen. These results show that 
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the observed conformational change is not the driving force but rather a result of fiber 

formation. The conformational change only seems to occur in the presence of PBS and a 

fibrinogen concentration sufficient for fiber formation. A PBS induced conformational 

change that leads to the formation of fibers was not confirmed since such a change in 

secondary structure would also be measurable with low fibrinogen concentrations. An 

additional mechanism seems to be the reason for the observed conformational change when 

the fibrinogen concentration is sufficient for fiber formation. 

Other studies that hypothesized about an involvement of changes in secondary structure, 

were carried out using fibrinogen concentrations that were substantially lower than the 

lowest concentration used in this thesis (Koo et al., 2010; Wei et al., 2008b). However, in 

this thesis no structural changes where observed when low concentrations of fibrinogen 

were used, which makes the structural changes postulated by Koo or Wei seem unlikely. 

Another observed threshold of fiber formation is a pH threshold. While fibers are formed, 

when fibrinogen was dried in the presence of PBS with a pH of 7 or higher, with a pH 

below 7 no fiber formation is observed. The pH threshold of fiber formation is also a 

threshold for the transition of secondary structure. 

When the PBS had a pH higher than 7 during the drying of fibrinogen solution, a transition 

of α-helical structures to β-sheets was observed. However, with pH 7 or lower fibrinogen 

showed a conformation similar to the one observed for planar fibrinogen. The isoelectric 

point of fibrinogen is 5.8. At a pH higher than 7 fibrinogen will be negatively charged 

(Wasilewska et al., 2009). It seems likely that the negative net charge due to deprotonated 

glutamic or aspartic acid residues of the fibrinogen is required for fibrinogen fiber 

formation and that ionic interactions are involved in the assembly of fibrinogen molecules.  

For the protein serum albumin it has been shown that changes in the pH resulted in changes 

in the protonation state of glutamic and aspartic acid residues. The protonated acids can 

form additional hydrogen bonds, which disrupted some α-helical structures in the albumin 

molecule. However, the experiments on pH induced changes of secondary structure were 

carried out in solution (Murayama et al., 2001). The conformational changes observed in 

this thesis do not necessarily indicate that the observed conformational change is pH 

dependent or even is a driving force of the fiber formation process. It seems likely that no 
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fibrinogen fibers form at low pH because acidic residues are protonated and inhibit fiber 

formation. The observed conformational change does not necessarily have to be a result of 

the pH. It could also be due to the drying process of the fibers that formed under certain pH 

conditions. 

In addition to the fibrinogen concentration and to the pH, the effects of the humidity during 

the drying process were analyzed. It was shown that the planar layer of fibrinogen, which 

forms on top of the scaffold when the drying process is carried out at high relative 

humidities only affects the topmost layer of fibrinogen while the bulk scaffold underneath 

stays in its fibrous form. Therefore, it is not surprising, that all circular dichroism spectra of 

fibrinogen scaffolds prepared at different humidities were similar to the spectra of fibrous 

fibrinogen prepared with a standard humidity of 30%. Apparently, the planar top layer, 

which forms while drying at a humidity of 50% has no observable effect on the circular 

dichroism spectrum of the fibrinogen scaffold, which becomes clear when morphological 

cross-sections are analyzed. Only a thin layer at the top has planar appearance, while the 

majority of fibrinogen contributing to the pathway is fibrous. Since the contribution of 

fibrous fibrinogen is higher to the CD signal, the resulting spectrum is characteristic for 

self-assembled fibrinogen fibers. 

When fibrinogen scaffolds prepared by drying in the presence of PBS were crosslinked in 

formaldehyde vapor, the secondary structure remained the same. The increased content of 

β-sheet structures and the decreased content of α-helical structures were still observable. 

The crosslinking treatment alone did not affect the conformation of the fibrinogen 

molecules. However, the secondary structure of crosslinked fibrinogen scaffold changed 

when they were rehydrated. 

The secondary structure analysis revealed that rehydration of fibrinogen nanofibers 

reversed the transition of α-helical structures into β-sheets. After rehydration, the 

crosslinked fibers showed a secondary structure composition, which was closer to native 

fibrinogen solution or even fibrin as to the structure observed for dried fibers. The content 

of α-helical and β-sheet structures after rehydration was in the range that was reported for 

fibrinogen (Kollman et al., 2009) or even fibrin fibers (Dutta et al., 2018). Apparently, the 

change in secondary structure that was observed after drying of fibrinogen fibers was not 
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permanent. This result strongly supports the hypothesis that the changes in secondary 

structure observed in fibrinogen, which was dried in the presence of high ion concentration, 

are a result of the drying process. The return to an almost native structure after rehydration 

shows that the conformational changes were not permanent and therefore a crucial role in 

the self-assembly process seems most unlikely. 

For the point of cell experiments or even a future biomedical application, the results are 

promising. The structural analysis showed no indications of any pathogenic β-amyloid 

transitions during the fibrinogen self-assembly process. Furthermore, crosslinked and 

rehydrated fibrinogen showed a conformation close to native fibrinogen solution or even 

fibrin. Hence, it can be assumed that the crosslinked fibrinogen fibers prepared by salt-

induced self-assembly mostly contain fibrinogen with correctly folded secondary structure, 

which is a promising indication that the fibrinogen fibers maintained their bio-activity and -

compatibility during the self-assembly process.  

6.3. Bioactivity of self-assembled fibrinogen scaffolds 

In the application of biomaterials, the persistence of the material which is introduced into 

the living organism has to be considered. While for some applications, like for example 

bone replacements or artificial heart valves a long durability is desired, other applications 

like soft tissue engineering or wound healing materials are aiming for a temporary 

persistence of the material. A biomaterial applied for wound healing purposes should be 

able to disintegrate on its own or to be degraded by cellular enzymes during later stages of 

the regeneration process. 

The natural mechanism for the degradation of the fibrin clot during later stages of wound 

healing relies on the serum protease plasmin, which is able to cleave fibrin (Rijken and 

Sakharov, 2001; Walker and Nesheim, 1999) as well as fibrinogen (Pizzo et al., 1972). 

Plasmin can be activated from its precursor plasminogen by the enzyme urokinase (Blasi et 

al., 1987). If a fibrinogen-based biomaterial is applied in tissue engineering, especially as a 

wound healing material it will be exposed to the same plasmin-based degradation 

mechanism. On the other hand, a fibrinogen-based biomaterial in such a scenario would 

also be exposed to the present thrombin, which might even have a stabilizing effect by 
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converting the fibrinogen material into fibrin. To assess whether fibrinogen scaffolds 

prepared by salt-induced self-assembly are suitable substrates for those enzymes and will 

be integrated in the enzymatic in vivo processes, enzyme experiments were performed. The 

potential of plasmin or urokinase to degrade fibrinogen was tested in soulton in the first 

experiment. In the second long-term experiment crosslinked fibrinogen scaffolds were 

exposed thrombin, plasmin and a combination of plasmin and urokinase. In addition, the 

capacity of fibrinogen scaffolds to bind other fibrinogen molecules or heparin molecules 

was studied to assess if the fibrinogen scaffolds were able to bind to in vivo interaction 

partners of fibrin. 

The fibrinogen degradation was analyzed in DMEM or HEPES buffer, both solutions did 

not affect the outcome of the enzymatic degradation experiments. Without any enzymes 

present, fibrinogen was not degraded overnight and maintained the native molecular weight 

of approximately 340 kDa. In the presence of plasmin, however, fibrinogen was digested 

into three large fragments with molecular weights of approximately 260, 160 and 80 kDa. 

This finding is consistent with the data reported for in vitro fibrinogen digestion by plasmin 

(Pizzo et al., 1972). Fibrinogen was not degraded by incubation in the presence of 

urokinase and only the native 340 kDa band was observed. However, the combination of 

plasmin and urokinase showed a stronger band at 80 kDa than the incubation with plasmin 

alone, and hardly any band of a higher molecular weight was observed. This observation 

indicates an acceleration of the plasmin activity by urokinase, which is remarkable, since 

urokinase was originally reported to convert the precursor plasminogen into active plasmin 

(Blasi et al., 1987). The acceleration of the plasmin activity could indicate that not all of the 

used plasmin was actually in its active form. Gel electrophoresis could elucidate if some 

plasminogen of larger molecular weight is present in the plasmin stock. 

For a long-term investigation planar or nanofibrous fibrinogen scaffolds were crosslinked 

in formaldehyde vapor and incubated in the presence of different enzymes for 35 days. 

Fibrinogen scaffolds, which were crosslinked for 1 h, showed degradation over time when 

incubated in HEPES buffer. When scaffolds were crosslinked for 2 h, only slow 

degradation was observed in HEPES buffer. Apparently, a long crosslinking time resulted 

in a scaffold stable in solution, while after 1 h crosslinking a slow hydrolysis of the 

fibrinogen scaffold was still possible. 
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A similar hydrolysation behavior in solution was shown for the in vitro degradation of 

fibrin. Fibrin gels prepared with high fibrinogen and calcium concentrations only showed 

slow degradation over a time course of three weeks. However, fibrin gels prepared with a 

low fibrinogen concentration or a low content of calcium almost completely dissolved 

within three weeks (Eyrich et al., 2007).  

Some studies have been carried out on the degradation behavior of electrospun fibrinogen 

scaffolds, but those studies investigated the degradation of fibrinogen by cells and failed to 

analyze a potential hydrolization of the scaffold in the solvent alone. Furthermore, these 

studies did not investigate a degradation of the scaffold by single enzymes without the 

presence of cells (McManus et al., 2007b; McManus et al., 2007a).  

In contrast, the self-assembled fibrinogen scaffolds prepared in this thesis were analyzed to 

potentially degrading or stabilizing enzymes. Interestingly, the presence of thrombin had no 

effect on the stability of the scaffold. If thrombin still cleaves off the fibrinopeptides of the 

fibrinogen molecules in the crosslinked scaffolds, an additional stabilization should occur 

via the possible knob hole interactions (Mosesson, 2005). However, no indication of such a 

thrombin stabilization was observed in this thesis. Interestingly SEM analysis revealed that 

a thrombin treatment influenced the surface morphology especially visible on fibrous 

scaffolds. After 35 days of thrombin incubation, the samples showed a poorer fiber 

morphology, which could indicate some degradation of fibrin fibers by thrombin. Another 

possible explanation would be a binding of thrombin molecules, which covers the fiber 

scaffold by a layer of thrombin molecules. 

Even more remarkably, the presence of plasmin during the 35 days of incubation had no 

effect on the fibrinogen scaffold stability, even though the previous experiments had 

confirmed the activity of plasmin in the HEPES buffer system. After 35 days of incubation 

in the presence of plasmin the fibrinogen content in the supernatant of 1 or 2 h crosslinked 

scaffolds was similar to the one measured from samples exposed to buffer without any 

enzyme. Either the activity of plasmin was not high enough to degrade the crosslinked 

fibrinogen or the targeted amino acid sequence, which is cleaved by plasmin, was modified 

by the crosslinking procedure.  
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It was shown for collagen fibers that a scaffold, which was exposed to high concentrations 

of a crosslinking agent, could not be degraded by collagenase anymore. A collagen fiber 

scaffold, which was crosslinked using low concentrations of crosslinking agent, on the 

other hand was still susceptible to enzymatic degradation and was completely degraded 

after four weeks. Also in this study the crosslinking density was correlated to a resistance 

against enzymatic degradation and with the highest crosslinking density tested no 

degradation was observed during the four week experiment (Kishan et al., 2015). It seems 

likely that even when fibrinogen scaffolds are crosslinked for 1 h, the resulting crosslinking 

density is too high for efficient plasmin degradation. This idea is supported by SEM 

observation of almost intact fiber scaffold after plasmin treatment of 2 h crosslinked 

scaffolds. However, the scaffolds crosslinked for only 1 h showed a poorer fiber 

morphology, which indicates that at least some effect of plasmin. 

The combination of plasmin with the plasmin activator urokinase resulted in an accelerated 

degradation under all tested conditions during both experimental trials. In contrast to all 

other enzymes or buffer controls, which showed that 90 % of the 1 h crosslinked and 100 % 

of the 2 h crosslinked fibrinogen scaffolds were still intact after 35 days, a treatment with 

plasmin and urokinase resulted in a degradation, which only left roughly 40% of the 1 and 

2 h crosslinked scaffolds intact. The strong degradation by plasmin and urokinase was also 

confirmed by SEM analysis of the samples, which in contrast to the other tested buffers or 

enzymes showed only a few patchy scaffold remains after 35 days. The accelerated 

degradation of the scaffold by plasmin and urokinase is an interesting observation, which 

like the accelerated degradation in solution is hard to explain. 

Urokinase was originally described as an activator of the plasmin precursor plasminogen, 

but no effect of urokinase on the already active plasmin was described (Blasi et al., 1987). 

The findings of this thesis indicate that the capacity of plasmin to degrade crosslinked 

fibrinogen fibers is strongly increased when urokinase is present. An older publication 

discussed some combined effect of urokinase and plasmin during fibrin degradation, but 

this effect was not observed when fibrinogen was used (Müllertz, 1974). One possible 

explanation for the additional effect of urokinase is the digestion of fibrinogen by urokinase 

itself. It was shown that urokinase itself has a direct catalytic activity towards fibrinogen 

and is able to cleave of fibrinopeptide B (Weitz and Leslie, 1990). The degradation 
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experiment using urokinase and fibrinogen in solution in this thesis did not indicate a 

cleavage of fibrinopeptide B, however fibrinopeptide B is only a 12 amino acid fragment, 

which would not have been detected by the used gel electrophoresis (Mosesson, 2005). 

If fibrinopeptide B was cleaved during the incubation with urokinase and plasmin, two 

explanations of the accelerated degradation are possible. The cleavage of fibrinopeptide B 

from the crosslinked fibrinogen fibers would make those fibers at least partially fibrin, 

therefore a combined effect of plasmin and urokinase like described above is maybe 

possible, since the scaffolds present a fibrin-like substrate. 

Another possible explanation would be an initial cleavage of the fibrinogen by urokinase 

and a subsequent cleavage by plasmin. If the cleavage of fibrinopeptide B by urokinase 

makes additional plasmin cleavage sites available that are usually blocked in the 

crosslinked fibrinogen, this could result in a plasmin degradation. That would not be 

possible in fibrinogen scaffolds that still contain fibrinopeptide B. In this hypothesis, an 

initial cleavage of the small fibrinopeptide B is needed to allow the subsequent main 

degradation by plasmin. One simple way to test this hypothesis would be an experiment 

where crosslinked fibrinogen fibers are incubated in a combination of plasmin and 

thrombin. Since thrombin should also cleave of fibrinopeptide B, a combination of 

thrombin and plasmin should also result in an accelerated degradation of the fibrin scaffold. 

Overall, single enzymes had hardly any effect on the degradation kinetics of crosslinked 

scaffolds, while combinations of enzymes were able to accelerate the degradation. In an in 

vivo system the fibrinogen scaffolds will be exposed to a variety of enzymes and other 

factors at the same time, therefore more experiments with combinations of different 

enzyme are needed to make a profound assessment of the stability of fibrinogen scaffolds. 

Based on the degradation experiments, future cell culture experiments will be the next 

important step to study further, whether, for instance, fibroblasts will be able to degrade 

and remodel the fibrinogen scaffolds under in vitro conditions. Moreover, the degradation 

experiments are an additional indicator that the structure and bioactivity of fibrinogen were 

maintained during salt-induced fiber formation and that the binding sites and activity of the 

fibrinogen degrading in vivo enzymes was not compromised. 
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When the interaction of fluorescently labeled ligands with self-assembled fibrinogen was 

studied it was observed that neither fibrinogen nor heparin bind to the fibrinogen scaffolds. 

It was shown that fibrinogen had a stronger affinity towards control samples prepared with 

BSA or even bare APTES surfaces than to fibrinogen scaffolds. This observation shows 

that even the unspecific binding to BSA or APTES was higher than the fibrinogen-

fibrinogen interaction. Apparently, no further fibrinogen is able to attach to the crosslinked 

fibrinogen scaffolds, as they were prepared in this study. This could indicate that an 

incorporation of the crosslinked fibrinogen scaffold into a living tissue might be difficult. 

However, in vivo there are more binding partners like for example fibronectin, which 

bridges fibrin with other ECM molecules during wound healing (Laurens et al., 2006). 

Furthermore, it has to be considered that the used methods in this study might not elucidate 

the dynamic binging and unbinding that occurs in vivo. 

Interestingly, also heparin showed a much lower affinity towards fibrinogen scaffolds than 

to BSA samples or to bare APTES surface. This is surprising since fibrinogen was expected 

to bind to heparin. Heparin is a known binding partner of fibrin that binds to the central E-

domain and partially to the α-C-domains (Fredenburgh et al., 2013). The lack of heparin 

binding to crosslinked fibrinogen fibers could be explained by the fact that the main 

binding site, to which heparin binds to fibrin, is located at the central E domain close to the 

site where fibrinopeptide A and B are cleaved off during fibrin formation. This binding site 

is not accessible without cleavage of the fibrinopeptides (Odrljin et al., 1996b). Since the 

fibrinogen scaffolds prepared in this study most likely still comprise both fibrinopeptides, 

the main heparin binding site is not available. Some heparin binding also has been reported 

to occur at the α-C domains of fibrinogen (Fredenburgh et al., 2013). This could indicate 

that also the α-C domains in self-assembled fibrinogen are not accessible for binding. 

The observed differences in fibrinogen or heparin binding might also be due to the use of 

fluorimetry as an endpoint-based method. Like for most biological molecules the binding of 

fibrinogen to the crosslinked fibrinogen scaffolds will occur with certain on and off rates 

like for example the binding of intergins to fibrinogen (Litvinov et al., 2012b). However, 

the approach used in this study only detected the final concentration of bound fibrinogen 

and was not suited to determine the kinetics of binding or unbinding. A much more detailed 

investigation of the binding characteristics would be possible with other techniques, for 
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example, a quartz crystal microbalance based approach, which would allow kinetic studies 

of the binding processes. The dynamics of the formation of fibrin for example have been 

studied using a quartz crystal microbalance approach. In the same study the influence and 

the kinetics of heparin binding during the fibrin formation have been studied (Vikinge et 

al., 2000). In addition to quartz crystal microbalance this study also used surface plasmon 

resonance, which shows that both methods are useful to study dynamic binding events 

(Vikinge et al., 2000). Therefore, it is to assume that the methods hold the potential for an 

in depth investigation of the binding events occurring on self-assembled fibrinogen as well. 

6.4. Mechanism of fibrinogen self-assembly 

When all the analyzed factors that were found to influence the fibrinogen self-assembly in 

the first main experimental part of this thesis are taken into consideration, it is possible to 

formulate some conclusions about the potential mechanism of fibrinogen fiber formation. 

Additionally, the results of the second main experimental part give some indication on the 

structural changes and their role in the mechanism of fibrinogen self-assembly.  

The binding sites, which facilitate the assembly of fibrinogen molecules into fibrin, so 

called knob hole interactions, are normally blocked by the fibrinopeptides, which in vivo 

are cleaved off by the enzyme thrombin (Mosesson, 2005). The results of this thesis clearly 

show that the self-assembled fibers do not consist of fibrin and that thrombin is not 

involved in the fiber formation process. This is strongly supported by the results, which 

showed that fibrinogen fibers also formed in the presence of the thrombin inhibitor AEBSF. 

However, fiber formation might also involve the same knob hole interactions without the 

presence of thrombin and lead to fibrinogen molecules oriented in a half staggered way 

with interactions between the D-domains and the E-domains like in fibrin. Other studies on 

self-assembly of fibrinogen, for example by fibrinogen denaturation in ethanol (Wei et al., 

2008b) or by surface induced self-assembly (Koo et al., 2012), also discussed that an 

interaction of D-and E-domains plays a major role in the investigated assembly processes. 

Nevertheless, they avoided to declare the same knob hole interactions, which occur after 

thrombin activation as the single mechanism. 
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In the case of the self-assembly mechanism an involvement of the knob hole interactions 

seems unlikely for two reasons. First of all, the knob hole interactions are blocked by the 

fibrinopeptides and there is no indication that the drying or the presence of ions could 

hydrolyze the fibrinopeptides or change the conformation of the molecules to make them 

available. An antibody staining of the fibrinopeptides could reveal if they are still present in 

a self-assembled fibrinogen scaffold. 

Second, the fibrinogen fibers formed by self-assembly were not stable in aqueous solution. 

The noncovalent knob hole interactions are a combination of an ionic bond between a 

positively charged arginine residue at the knob domain and a negatively charged hole 

domain, which are surrounded by hydrophobic interactions (Mosesson, 2005). This makes 

the knob hole interactions highly resistant to redissolving in water and is the reason why 

fibrin does not dissolve in water. Therefore, it seems unlikely that the fibrinogen fiber 

formation during drying in the presence of ions relies on knob hole interactions. The 

binding during self-assembly possibly occurs via a different binding mechanism which is 

weaker and water sensitive. 

One additional experiment to prove that self-assembly of fibrinogen does not involve knob 

hole interactions and is not similar to fibrin, would be the use of fibrinogen including point 

mutations at the knob or hole binding sites. If fibrinogen molecules without the knob hole 

binding site would still self-assemble into fibers upon drying in the presence of salts, this 

would confirm other cryptic binding sites, which are responsible for self-assembly. Some 

mutations of knob hole sequences are known to result in impaired fibrin formation and 

could be utilized for such an experiment (Bowley and Lord, 2009; Hogan et al., 2001).  

The fibrinogen domain with the highest conformational flexibility is the α-C domain 

(Protopopova et al., 2015; Weisel and Medved, 2001). The flexible α-C domain was 

associated with accumulation and self-assembly of fibrinogen in many publications (Collet 

et al., 2005; Weisel and MEDVED, 2001; Williamson, 1994; Zuev et al., 2017). It might be 

possible that the salt-induced self-assembly takes place in the α-C domains and allows the 

organization of fibrinogen molecules. The flexible poly-proline helix of the α-C domain is 

stabilized by hydrogen bridges involving adjacent water molecules (Weisel and MEDVED, 
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2001). Therefore, it is to assume that the α-C domain is strongly affected by the drying 

process and the effects that ions have on the hydration shell of the molecule. 

The removal of water is one of the main driving forces of the fibrinogen self-assembly. It 

would be interesting to investigate, if other approaches, which remove the water instantly, 

would also result in fiber formation. Possible approaches would be to mix an aqueous 

fibrinogen solution with an organic solvent or to even overlay an organic phase with an 

aqueous phase of fibrinogen solution. At the interface of the two phases the fibrinogen 

should be converted from a hydrated to a dehydrated state instantly, which might also lead 

to self-assembly. Similar approaches have been described for the extraction of proteins 

from an aqueous phase into an organic solvent (Chin et al., 1994).  

The second main driving force of fibrinogen fiber formation is the presence of salts. During 

drying, bulk waters evaporate until the fibrinogen starts to precipitate. However, for fiber 

formation the additional presence of ions is required, since without the presence of ions 

only planar fibrinogen layers are formed. If high concentrations of ions are present, surface 

charges of the fibrinogen molecules will be compensated. Moreover, the presence of high 

ion concentrations has direct influence on the first hydration shell of the fibrinogen 

molecules (Zhang and Cremer, 2006). During the drying in solutions with high ion 

concentrations the point where the hydration shells are weakened and the fibrinogen starts 

to precipitate, will be reached faster as in solutions with low ion concentrations. This 

allows Van der Waals forces, hydrogen bridges and possibly ionic interactions between 

molecules of fibrinogen, which might allow a self-organization of adjacent fibrinogen 

molecules into fibers (Baldwin, 1996). During drying without the presence of high ion 

concentrations the hydration shell of fibrinogen will be maintained until the very end of the 

drying process and interactions of fibrinogen molecules will be prohibited by repulsion of 

the hydration shells (Baldwin, 1996). Therefore, only planar layers will form under those 

conditions. 

The fiber formation during drying in the presence of salts relies on noncovalent interactions 

between fibrinogen molecules, which can be interfered by the presence of water. Although 

hydrogen bridges and ionic interactions seem to be possible candidates to enable the 

assembly of fibrinogen into nanofibers, most likely, both kinds of interactions contribute to 
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the fibrinogen assembly. Based on the results of this thesis, there is a strong indication that 

ionic interactions are crucial for the self-assembly of fibrinogen fibers. A correlation of pH 

and fiber formation was observed. A pH value of 7 or higher resulted in fibrinogen fibers, 

while at pH values lower than 7 no fiber formation was observed. This indicates that the 

charge of fibrinogen side chains plays a role in fiber assembly. Presumably charged amino 

acids of fibrinogen molecules form ionic bonds during the fiber formation process.  

The isoelectric point of fibrinogen is 5.8. Fibrinogen at higher pH is negatively charged, 

while fibrinogen at lower pH is positively charged (Wasilewska et al., 2009). The absence 

of fiber formation with pH values around or under the isoelectric point strongly indicates 

that a negative net charge of the fibrinogen molecule is required for fiber formation. Most 

likely aspartic and glutamic acid resides are involved in this ionic interaction since they 

have a negative charge at physiological and high pH and are not charged at low pH. 

However, the pH cannot be considered as the main driving force of fiber formation, 

because fibrinogen in NH4HCO3 buffer did not form fibers even though NH4HCO3 buffer 

has a pH of roughly 8.6, which should be in the pH range required for fiber formation. It is 

also possible that the negative net charge of the fibrinogen is required for the interaction 

with positively charged ions in the solution. A contribution of the presence of positively 

charged ions was also discussed for other observed mechanism of fibrinogen self-assembly 

but was not identified as one of the main driving forces (Reichert et al., 2009) . 

The fibrinogen fiber self-assembly relies on a water removal during drying and on the 

presence of ions. During precipitation, noncovalent interactions, which are most likely 

ionic bonds, between single fibrinogen molecules allow an arrangement into fibers. This 

arrangement is reversible, and the ionic bonds can be disrupted by introducing water again. 

Interestingly, this proposed mechanism relies on the arrangement of fibrinogen molecules 

and the modification of the fibrinogen hydration shell. A change of secondary structure of 

the fibrinogen molecules is not necessarily involved in the self-assembly.  

It was hypothesized in many publications that fibrinogen self-assembly is based on a 

change in the fibrinogen secondary structure, which makes cryptic binding sites accessible 

(Feinberg and Parker, 2010; Koo et al., 2012; Wei et al., 2008a). In these publications, it is 

assumed that a change in secondary structure is the driving force of fiber formation, which 
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allows fibrinogen to aggregate and form fibers. Although a minor change in conformation 

was observed for fibrinogen fibers prepared by drying in the presence of PBS, the results 

obtained using circular dichroism spectroscopy show that this change in secondary 

structure is rather a result of the drying process of the fibers than a crucial driving force of 

the self-assembly. The formation and aggregation of fibrinogen in fiber form allow the 

small change in secondary structure. Two of the main findings support this interpretation: 

The absence of conformational changes when low fibrinogen concentrations are used and 

the reversibility of the conformational change when crosslinked fibers were rehydrated. 

The observed conversion of α-helical into β-sheet structures only occurred under conditions 

that allowed fiber formation. If this conformational change of fibrinogen molecules would 

be a prerequisite for fiber formation, it would occur even at low fibrinogen concentrations. 

But no conformational change of the fibrinogen was detected when low fibrinogen 

concentrations were exposed to the same concentrations of PBS and the same drying 

process, therefore it seems unlikely that a conformational change is initiated by the initial 

reaction and drying conditions. It is more likely that the conformational change occurs after 

the formation of fibers, possibly due to the shrinking of fibers during the drying. 

The fact that crosslinked fibers returned to an almost native conformation after rehydration 

also indicates that the conformational change is not a driving force of fibrinogen fiber 

formation. If the conformational change would expose some cryptic binding sites that are 

involved in the aggregation of fibrinogen fibers, a reversibility of that change would be 

highly unlikely. The results indicate that the observed small change in secondary structure 

occurs in a domain of the fibrinogen that is of some conformational flexibility but is not 

involved in the fiber formation during self-assembly. 

The domains with the highest content of α-helical motives in the fibrinogen molecule are 

the coiled coil domains, which link the E-domain and the two D-domains (Mosesson, 

2005). It is likely that the observed conversion of α-helical motives into β-sheet takes place 

in these domains.  

Actually, Litvinov and coworkers observed a very similar α-helix to β-sheet transition in 

the coiled coil regions of fibrin monomers in a fibrin gel. If strain was applied to a fibrin 
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gel a transition of α-helical to β-sheet structures was observed, which was interpreted as a 

refolding of the α-helical coiled coil linker domains into β-sheet structures (Litvinov et al., 

2012a). The coiled coil domains function like springs, which elongate by refolding α-

helical domains into β-sheets and thereby give fibrin its high elasticity (Litvinov and 

Weisel, 2017). It seems likely that a similar strain-induced transition of α-helices into β-

sheets could also occur during the drying process of self-assembled fibrinogen fibers, since 

the fibrinogen molecules have a similar structure to the fibrin monomers. A possible 

mechanism would be that during the self-assembly of fibrinogen strain is induced in the 

fibers. During an early stage of the drying process where some water is still present, the 

fibers are in a relaxed state. However, as more water evaporates during the final stage of the 

drying process the fibers might shrink, which creates strain. It is possible that such an 

induced strain in the fibers would be compensated by partially refolding the coiled coil α-

helices into β-sheets as it was shown in fibrin.  

It was shown using atomic force microscopy that crosslinked fibers swell again upon 

rehydration (Stapelfeldt et al., 2019b). This indicates that at least crosslinked fibrinogen 

fibers in a dried state could be under strain due to shrinkage during the drying. The swelling 

upon rehydration results in a relaxation of the fibers, which perfectly explains the observed 

refolding into an almost native state, which was observed for rehydrated fibers. 

Moreover, the idea that fibrinogen fibers change their conformation because of the strain 

created during drying, could also explain why no conformational changes were observed 

when fibrinogen concentrations were not sufficient to form fibers. 

Therefore, it can be concluded that changes in the secondary structure are not a driving 

force of the newly discovered fibrinogen self-assembly. However, a minor conformational 

change occurs in the fibrinogen fibers, which might be due to strain induced in the fibers 

during the drying process. The conformational change most likely occurred in the α-helical 

coiled coil domains and is reversible upon rehydration. This indicates that the formed 

fibrinogen fibers are a conformational flexible material, which was able to refold during 

rehydration similar to the well-understood fibrin. 

Overall the findings of this thesis strongly indicated that the self-assembly of fibrinogen is 

due to noncovalent interaction of fibrinogen, which occur during the drying process in the 
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presence of ions. The potential of ions to interfere with the hydration shell of the fibrinogen 

seems to play an important role for the fiber formation. Since the self-assembly is a 

reversible process it seems likely that the arrangement of fibrinogen occurs due to ionic 

interaction, which is also supported by the fact that the self-assembly only occurs in a 

certain pH regime. Some changes in secondary structure have been observed to result of 

fiber formation, which were possible induced by the drying process. However, the 

presented results do not indicate a direct involvement of conformational changes in the 

mechanism of fibrinogen self-assembly itself.  

 

7. Conclusion and Outlook 

The results of this thesis lead to many conclusions, which imply future experiments. During 

the first main part of this thesis, a novel in vitro self-assembly mechanism of fibrinogen 

into nanofibers was introduced. When fibrinogen solution was dried in the presence of high 

ion concentrations, dense fibrinogen nanofiber networks were obtained. Interestingly, the 

morphological analysis revealed that without high ion concentration no fibrinogen fibers 

had formed. The presence of different ions species during the drying were able to induce 

fibrinogen self-assembly, however, the resulting fiber morphology was dependent on the 

chaotropic potential of the used ions. Crucial factors for the fibrinogen self-assembly seem 

to be the drying process and the influence that chaotropic ions have on the hydration shell 

of the fibrinogen molecule. To gain a better understanding of the relation of hydration shell 

and fibrinogen self-assembly, future experiments with salts from the Hofmeister series are a 

good option. Especially, more chaotropic salts like lithium chloride or even guanidinium 

hydrochloride should have a higher potential to form fibers while salts with a high potential 

to precipitate fibrinogen like ammonium sulfate should result in planar layers. Further 

experiments with divalent cations like calcium or magnesium could bring some additional 

insight into fiber formation upon drying. However, it has to be taken into account that 

fibrinogen binding sites for divalent ions or potential complex formation with divalent ions 

might have some additional influence on the self-assembly process. Closely related to the 

effect of ions is the observed pH threshold of fibrinogen fiber self-assembly. Fibrinogen 

fibers only formed when the pH was higher than the isoelectric point of fibrinogen, which 
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shows that a negative net charge of fibrinogen is required for fiber formation. The pH 

threshold is a major challenge for the design of future experiments because an investigation 

of other factors combined with pH would require a buffer system out of components, which 

allows different pH values, but do not contribute to the formation of fibers themselves. 

In this thesis, it was shown for the first time that fibrinogen self-assembly can occur surface 

independent on different substrate materials. This is contrast to many other publications, 

which identified fibrinogen self-assembly as a surface induced mechanism. It has to be 

clarified if the self-assembly described in this thesis is due to a completely different 

mechanism or if the surface induced self-assembly described by others relies on similar 

factors like for example water exclusion and changes of the fibrinogen hydration, which 

might take place at certain surface materials. 

In the second main part of this thesis it was confirmed that the self-assembly of fibrinogen 

fibers is accompanied by a small change in secondary structure. When the results of the 

morphological analysis were correlated to the investigation of fibrinogen conformation, it 

became clear that the changes in secondary structure are a result of the fiber formation. 

However, a crucial role of changes in secondary structure for the mechanism of fibrinogen 

self-assembly, like it was proposed in many other studies, could not be confirmed. Most 

likely, the observed conversion of α-helical into β-sheet structures was due to strain 

induced in the fibers during the drying process. This is also indicated by the return of those 

secondary structure motives into a native state when fibrinogen fibers were rehydrated. To 

fully understand the conformational changes during fibrinogens self-assembly a real time 

investigation of secondary structure during the drying process would be required. A 

potential method that could yield some structural data in such a challenging setting, which 

includes a transition from a liquid to a dried state, could be nuclear magnetic resonance 

spectroscopy. 

The structural analysis also revealed that no potentially pathogenic formation of β-amyloid 

structures took place during the self-assembly of fibrinogen. This and the reversibility of 

the changes in fibrinogen secondary structure upon rehydration are first indicators that the 

fibrinogen stayed biologically active during the self-assembly process. 
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The biofunctionality of self-assembled fibrinogen scaffolds was confirmed in the final part 

of this thesis. Although an in vitro degradation of crosslinked fibrinogen scaffolds was not 

possible when single enzymes were used, a combination of different enzymes resulted in an 

enzymatic degradation of the scaffolds. Additionally, it was shown that the crosslinking 

time had a strong influence on the scaffold stability in aqueous solution or in the presence 

of enzymes. The findings of the thesis provide a good foundation for future cell culture 

experiments. It can be assumed that the fibrinogen in self-assembled fibers has a high 

biocompatibility and is still a biologically active substrate, they were susceptible to 

degradation by plasmin, the same enzymatic reaction utilized by fibroblasts to remodel 

fibrin. For cell culture experiments, a careful selection of fibrinogen scaffold samples and a 

number of control samples has to be made. To avoid a detachment during cell culture, 

fibrinogen samples crosslinked to APTES should be used. Therefore, a control with cells on 

the bare APTES substrate is inevitable. In addition to salt-induced fibrinogen fibers, the 

process described in this thesis also allows the fabrication of planar fibrinogen scaffolds, 

which for comparison should be analyzed in cell culture as well. With planar reference 

samples, it will be possible to distinguish, if an observed cell behavior is due to the 

biochemical environment presented by crosslinked fibrinogen or a specific result of the 

fibrous three-dimensional morphology of fibrinogen fibers.  

The most important control samples for cell experiments will be fibrin samples, which are 

prepared with the same fibrinogen concentration as the self-assembled scaffolds. It is 

advisable to use non-crosslinked fibrin samples as well as fibrin samples that were 

additionally crosslinked in formaldehyde vapor for comparison with the fibrinogen fibers. 

Although the self-assembly process is not completely understood, it resulted in fibrinogen 

scaffolds with dimensions up to several cm2, which could also be prepared as freestanding 

scaffolds. This holds some potential for an application as a biomaterial, especially as a 

wound dressing material similar to the desired use of electrospun fibrinogen mats or the 

already used fibrin-based materials. With degradation times of roughly one month the self-

assembled fibrinogen would be a suitable wound dressing material, which would provide a 

provisional extracellular matrix and could be absorbed during later stages of the wound 

healing process.  
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With a further investigation of the newly found salt-induced fibrinogen self-assembly in 

combination with cell culture tests, it will be possible to make a concluding assessment for 

the future application of self-assembled fibrinogen scaffolds as a biomaterial. From the 

results obtained in this thesis, self-assembled fibrinogen scaffolds seem to be a promising 

undenatured alternative to electrospun fibrinogen scaffolds. To determine how useful self-

assembled fibrinogen will be in comparison to fibrin is up to future research studies. 
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