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ABSTRACT 

The significant role of fibrinogen in relevant biological processes within the blood coagulation 

and wound healing cascade has led to its widespread utilization as novel biological materials 

for tissue engineering and wound treatment. The conversion of fibrinogen to fibrin by thrombin 

serves as a fundamental step, initiating the creation of a 3D-nanofibrous matrix that acts as a 

provisional extracellular matrix for subsequent tissue repair.  

Inspired by this process, the current work explores the fabrication of fibrinogen nanofibers in 

vitro in enzyme-free environments, without addition of thrombin. Although various techniques 

have been devised to generate fibrin-like networks of fibrinogen, the primary factors 

influencing in vitro fibrinogen fiber formation remain unclear. Salt-induced fibrinogen self-

assembly has gained especial attention recently since fibrous fibrinogen can be generated with 

a good yield and without using any organic solvent that could affect fibrinogen conformation, 

however a comprehensive mechanism for this phenomenon is yet to be completely understood. 

Therefore, the aim of this thesis is to understand the fibrinogen-salt interactions during 

fibrinogen self-assembly under in vitro conditions in order to fabricate nanofiber scaffolds with 

reproducible topography and composition for later applications in tissue engineering. To 

achieve this purpose, five studies have been conducted with four of them to investigate the 

principal influences on the self-assembly of fibrinogen in vitro and to propose a mechanism to 

help explaining the salt induced fibrinogen self-assembly. Additionally, a fifth study on the 

interaction with blood cells is presented that demonstrates the application of nanofibrous 

fibrinogen derived from highly saline solutions as a scaffold biomaterial. 

The first study in this thesis provides an overview and identifies the primary factors influencing 

the formation of fibrinogen nanofibers in vitro. Numerous experimental conditions and 

parameters were identified to have an influence on fiber formation, which were categorized into 

three main groups: substrate interactions, denaturing, and non-denaturing buffer conditions. 

Results suggest that salts in the non-denaturing buffers category play an important role in fiber 

formation, since they are used to dissolve fibrinogen and are always present in many of the 

techniques used to prepare fibrinogen fibers. Therefore, the second and third study of this 

dissertation focused on investigating the influence of divalent and monovalent metal salts when 

drying fibrinogen in the presence of those varying salts. 
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Divalent and monovalent ions are involved in numerous essential biological reactions. Calcium 

ions as divalent ions, for instance, are fundamental to the initial stages of clot formation, leading 

to the hypothesis that calcium and other divalent ions would induce fibrinogen self-assembly 

in vitro. Still, none of the divalent salts tested, including those containing Ca2+, Mg2+, Zn2+, or 

Cu2+ ions, resulted in the formation of fibrous fibrinogen layers. On the contrary, only smooth 

fibrinogen layers were obtained after drying fibrinogen in the presence of divalent chlorides, 

independently on their concentration. On the other hand, as shown previously in other studies, 

monovalent salts present in phosphate buffered saline (PBS) were able to trigger fibrinogen 

self-assembly in vitro after a drying step.  

Hence, the third study in this PhD thesis explored the impact of various monovalent cations 

combined with different anions on fibrinogen fibrillogenesis. A range of monovalent salts 

underwent testing to assess their capability to form fibrous fibrinogen layers. Depending on the 

specific combination of cation and anion, diverse fibrinogen morphologies leading with varied 

topographies were observed. Furthermore, a direct correlation emerged between the surface 

composition of fibrinogen layers, post-washing to remove salt crystals, and the resulting 

morphologies. The varied fibrinogen layer morphologies obtained were explained by 

considering two dimensional Hofmeister effects and protein-salt interactions. The best cation-

anion combination of salts to form fibrinogen nanofibers were the ones containing a 

kosmotropic cation (e.g. Na+) with a kosmotropic anion (e.g. H2PO4
-). 

During the course of this thesis, it was observed that salts exert an influence on fibrinogen 

precipitation and morphology just as much as fibrinogen impacts salts. Thus, the fourth study 

investigated how fibrinogen, and for comparison, other proteins, affect the precipitation and 

morphology of sodium chloride crystals. The examination of crystal shape variations based on 

the added protein highlighted the complexity and significance of this dual interaction between 

proteins and salts. A clear transition from cubic halite crystals to dendrites was noted when 

proteins as fibrinogen or collagen were added during the precipitation of sodium chloride 

crystals.  

The fifth study of this thesis explored the biocompatibility of the fibrinogen nanofibers obtained 

from drying fibrinogen in the presence of highly saline solutions. Specifically, the response of 

blood platelets to different fibrinogen topographies was studied. The results revealed that 

increased topography, caused for instance by nanofibers, more prominently activated blood 

platelets compared to smooth fibrinogen layers.  
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The findings of this thesis are summarized in a final discussion chapter. In conclusion, the 

results obtained provide insights into the fundamental mechanism of fibrinogen precipitation in 

different topographies and nanofiber formation, suggesting a dependence on specific ion 

binding, enhancement of the hydrophobic effect during the drying process and the influence of 

ions on the hydration shell of the fibrinogen molecule. Moreover, through this research, the 

ability to modulate the structure of fibrinogen nanofibers using various salt solutions was 

demonstrated, laying the foundation for the development of more stable supramolecular 

nanofibers with potential applications in tissue engineering and wound healing in the future. 

 

Keywords: Fibrinogen; Nanofibers; Biomaterials; Hofmeister series; Protein-salt interactions; 

Wound healing 
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ZUSAMMENFASSUNG 

Die wichtige Rolle von Fibrinogen bei verschiedenen kritischen biologischen Prozessen 

innerhalb der Blutgerinnungskaskade und der Wundheilung hat dazu geführt, dass dieses 

Protein bei der Entwicklung neuer biologischer Materialien für das Tissue Engineering und die 

Wundbehandlung weit verbreitet ist. Die enzymatische Umwandlung von Fibrinogen zu Fibrin 

durch Thrombin ist ein grundlegender Schritt, der die Bildung einer 3D-Nanofasermatrix 

einleitet, die als provisorische extrazelluläre Matrix für die anschließende Gewebereparatur 

dient. 

Inspiriert von diesem natürlichen Prozess wird in der aktuellen Arbeit die Herstellung von 

Fibrinogen-Nanofasern in vitro in einer enzymfreien Umgebung ohne Zugabe von Thrombin 

untersucht. Obwohl verschiedene Techniken entwickelt wurden, um solch fibrinähnliche 

Netzwerke aus Fibrinogen zu erzeugen, sind die wichtigsten Faktoren, die die Bildung von 

Fibrinogen fasern in vitro beeinflussen, noch unklar. 

Die salzinduzierte Selbstorganisation von Fibrinogen hat in letzter Zeit besondere 

Aufmerksamkeit erregt, da so Nanofasergerüste aus Fibrinogen ohne die Verwendung von 

organischen Lösungsmitteln, die die Fibrinogenkonformation beeinträchtigen könnten, 

hergestellt werden können. Obwohl viele Parameter in diesem Prozess bereits reproduzierbar 

eingestellt werden können, ist der grundlegende Mechanismus für dieses Phänomen jedoch 

noch nicht vollständig geklärt. 

Ziel der vorliegenden Arbeit ist es daher, zu untersuchen, welche Faktoren zur Bildung von 

Fibrinogen-Nanofasern in vitro beitragen und welche Protein-Salz-Wechselwirkungen diesen 

Prozess unterstützen. Zu diesem Zweck wurden vier Studien durchgeführt, um die wichtigsten 

Einflüsse auf die Selbstorganisation von Fibrinogen in vitro zu untersuchen und einen 

Mechanismus zur Erklärung der salzinduzierten Selbstassemblierung von Fibrinogen 

vorzuschlagen. Darauf aufbauend wurde eine fünfte Studie durchgeführt, die die Anwendung 

von Fibrinogen aus stark salzhaltigen Lösungen als Biomaterial für Scaffolds zeigt. 

Die erste Studie gibt einen Überblick und identifiziert die wichtigsten Faktoren, die die Bildung 

von Fibrinogen-Nanofasern in vitro beeinflussen. Es wurden zahlreiche experimentelle 

Bedingungen und Parameter identifiziert, die einen Einfluss auf die Faserbildung haben und die 

in drei Hauptgruppen eingeteilt wurden: Substratinteraktionen, denaturierende und nicht 

denaturierende Pufferbedingungen. Die Ergebnisse deuten darauf hin, dass Salze in der 

Kategorie der nicht-denaturierenden Puffer eine wichtige Rolle bei der Faserbildung spielen, 

da sie zum Lösen von Fibrinogen verwendet werden und bei vielen der Techniken zur 
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Herstellung von Fibrinogenfasern immer vorhanden sind. Daher wurde in der zweiten und 

dritten Studie dieser Dissertation der Einfluss von zwei- und einwertigen Metallionen beim 

Trocknen von Fibrinogen in Gegenwart unterschiedlicher Salze untersucht. 

Zweiwertige und einwertige Ionen sind an zahlreichen wichtigen biologischen Reaktionen 

beteiligt. Vor allem zweiwertige Ionen, wie z. B. Kalzium-Ionen, sind für die Anfangsphase der 

Blutgerinnung von grundlegender Bedeutung, was zu der Hypothese führte, dass Kalzium und 

andere zweiwertige Ionen die Selbstorganisation von Fibrinogen in vitro fördern könnten. Doch 

keines der untersuchten zweiwertigen Salze, einschließlich der Ca2+-, Mg2+-, Zn2+- oder Cu2+-

Ionen, führte zur Bildung von faserigen Fibrinogenschichten. Im Gegensatz dazu wurden nach 

dem Trocknen von Fibrinogen in Gegenwart von zweiwertigen Chloriden unabhängig von 

deren Konzentration nur glatte Fibrinogenschichten gebildet. Andererseits konnten einwertige 

Salze in phosphatgepufferter Kochsalzlösung (PBS), wie bereits in anderen Studien gezeigt, die 

Fibrinogen-Selbstorganisation in vitro nach einem Trocknungsschritt auslösen.  

In der dritten Studie dieser Doktorarbeit wurde daher die Wirkung verschiedener einwertiger 

Kationen in Kombination mit verschiedenen Anionen untersucht. Eine Reihe von einwertigen 

Salzen wurde getestet, um ihre Fähigkeit zur Bildung faseriger Fibrinogenschichten zu 

beurteilen. Je nach der spezifischen Kombination aus Kation und Anion wurden verschiedene 

Fibrinogenmorphologien beobachtet, die zu unterschiedlichen Topografien führten. Außerdem 

zeigte sich ein direkter Zusammenhang zwischen der Oberflächenzusammensetzung der 

Fibrinogenschichten nach dem Waschen zur Entfernung von Salzkristallen und den daraus 

resultierenden Morphologien. Die unterschiedliche Morphologie der Fibrinogenschichten 

wurden durch die Berücksichtigung von Hofmeister-Effekten und Protein-Salz-

Wechselwirkungen erklärt. Die beste Kationen-Anionen-Kombination von Salzen zur Bildung 

von Fibrinogen-Nanofasern waren solche, die ein kosmotropes Kation (z. B. Na+) mit einem 

kosmotropen Anion (z. B. H2PO4-) enthalten. 

Im Laufe dieser Arbeit wurde festgestellt, dass Salze die von Fibrinogen Ausfällung und die 

resultierende Morphologie genauso beeinflussen wie das Fibrinogen die vorhandenen Salze. 

Daher wurde in der vierten Studie untersucht, wie Fibrinogen und zum Vergleich auch andere 

Proteine die Ausfällung und Morphologie von Natriumchloridkristallen beeinflussen. Die 

Untersuchung der Veränderungen der Kristallform in Abhängigkeit vom zugegebenen Protein 

verdeutlichte die Komplexität und Bedeutung dieser doppelten Wechselwirkung zwischen 

Proteinen und Salzen. Es wurde ein deutlicher Übergang von kubischen Halitkristallen zu 

Dendriten festgestellt, wenn Proteine wie Fibrinogen oder Kollagen während der Ausfällung 

von Natriumchloridkristallen zugesetzt wurden.  
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Die fünfte Studie dieser Arbeit widmet sich der Untersuchung der Biokompatibilität von 

Fibrinogen-Nanofasern, die durch Trocknen von Fibrinogen in Gegenwart von stark 

salzhaltigen Lösungen hergestellt wurden. Insbesondere wurde die Reaktion von Blutplättchen 

auf verschiedene Fibrinogentopografien untersucht. Die Ergebnisse zeigen, dass eine erhöhte 

Topografie, z. B. durch Nanofasern, die Blutplättchen stärker aktiviert als glatte 

Fibrinogenschichten.  

Die Forschungsergebnisse wurden in einem abschließenden Diskussionskapitel 

zusammengefasst. Insgesamt bieten die erzielten Ergebnisse Einblicke in den grundlegenden 

Mechanismus der Bildung von Fibrinogen-Nanofasern in verschiedenen Topografien durch die 

Anwesenheit von Salzen. Sie deuten auf eine Abhängigkeit von der Bindung spezifischer Ionen, 

die Verstärkung des hydrophoben Effekts während des Trocknungsprozesses und den Einfluss 

der Ionen auf die Hydrathülle des Fibrinogenmoleküls hin. Darüber hinaus konnten wir zeigen, 

dass sich die Struktur von Fibrinogen-Nanofasern mit Hilfe verschiedener Salzlösungen 

modulieren lässt. Dies ebnet den Weg für die Entwicklung stabilerer supramolekularer 

Nanofasern, die in Zukunft in der Gewebezüchtung und Wundheilung eingesetzt werden 

könnten. 

 

 

Stichwörter: Fibrinogen; Nanofasern; Biomaterialien; Hofmeister-Reihe; Protein-Salz-

Wechselwirkungen; Wundheilung 
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1. INTRODUCTION & RESEARCH AIM 

1.1. BACKGROUND  

Fibrinogen is a protein naturally found in the body and intrinsically involved in blood 

coagulation giving support to the blood clot and stopping bleeding. During the wound healing, 

fibrin (originated from fibrinogen) and fibronectin-rich extracellular matrix, or provisional 

matrix, emerge creating binding sites and topographic cues for cell adhesion (Barker & Engler, 

2017; Pereira et al., 2002). 

With the development of tissue engineering techniques, fibrinogen and its ability to form fibers 

has found a growing application as a biomaterial, especially on scaffolding, as a mimicquing 

device of the extra-cellular matrix. Despite many fabrication techniques for fibrinogen 

nanofibers being available, the majority of them either involve the use of solvents (e.g. 

electrospinning, which impact functionality) or have a low yield (e.g. freeze drying, which 

impact feasibility).  

In recent years, the salt-induced self-assembly of fibrinogen has emerged as a method, which 

provides high yield, whilst keeping the conformation and functionality of the protein. 

Moreover, to ensure the use of fibrinogen as a biomaterial for scaffold applications, it is critical 

to understand how cells behave in contact with the nanofibrous structure of self-assembled 

fibrinogen. Nonetheless, the mechanisms behind the salt-fibrinogen interactions leading to the 

formation of fibrinogen nanofibers are not yet fully elucidated.  

In the following sections the fundamentals of the concepts related to this topic will be discussed 

and detailed: tissues (Section 1.2), extracellular matrix (Section 1.3), would healing (Section 

1.4), fibrinogen and the blood coagulation cascade (Section 1.5), fibrinogen as a building block 

for biomaterials (Section 1.6), and fibrinogen-salt-interactions in vitro (Section 1.7). Finally, 

the research aim and respective objectives of this doctoral thesis are given in Section 1.8.  

1.2. TISSUES  

In biology, the structural formation of the body follows a hierarchical level of complexity across 

different length scales: from molecular via nano- and microscopic organization to macroscopic 

levels (as in whole organs) (Cowin, 2000). A tissue can be defined as a term used in biology to 

describe a group or collection of cells that work together to perform a specific function within 

an organism (Cowin, 2000). A tissue is composed of a group of similar cells and their 

intercellular material, the so-called extracellular matrix (ECM) (Theocharis et al., 2016). As a 

next organization level, the grouping of multiple tissues form organs. Organs are also 
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systematised into organ systems as, for example, the circulatory system, which consists of the 

heart and blood vessels. Finally, organ systems come together to create an entire organism. 

Animal tissues are commonly classified into four basic types (Verma et al., 2020):  

▪ Epithelial tissue lines the surfaces of organs, cavities, and structures both internally and 

externally. It serves as protective barriers with specialized functions such as absorption, 

secretion, or sensory reception. Examples of epithelial tissue include the epithelial lining 

of the respiratory tract, skin, and digestive system. 

▪ Connective tissue provides support, structure, and connection between different tissues 

and organs. It consists of cells embedded in an extracellular matrix composed of fibers 

and ground substance. Examples of connective tissue include bone, cartilage, blood, and 

adipose tissue. 

▪ Muscle tissue is responsible for force transmission and enabling movement. The muscle 

tissue is further divided into three types, namely skeletal muscle, which is involved in 

voluntary movement; smooth muscle, found in the walls of organs and blood vessels; 

and cardiac muscle, which is specific to the heart. 

▪ Nervous tissue comprises neurons and supporting cells called glial cells. It forms the 

basis of the nervous system, whilst being responsible for transmitting and processing 

information. It is involved in functions such as sensation, coordination, and control of 

body activities. 

In this regard, the ECM is present in various tissues throughout the body, providing tissue 

connection, and influencing cell adhesion, proliferation, and differentiation. The ECM is 

intimately linked to the structure, function, and regulation of tissues (Theocharis et al., 2016). 

Its composition and properties vary across the different tissues, as further discussed in the next 

section. 

1.3. EXTRA-CELLULAR MATRIX  

The extracellular matrix is the non-cellular and vital component of all tissues and organs (Frantz 

et al., 2010). The ECM is a unique dynamic and tissue specific complex three-dimensional 

structure formed by water, proteins, glycoproteins, and proteoglycans (Badylak, 2002; Frantz 

et al., 2010). The cells that forms the tissues interact with the ECM and are embedded in this 

macromolecular network (Theocharis et al., 2016). The main functions of the ECM are to offer 

structural support, biomechanical and biochemical cues for its cells constituents. It is therefore 
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innately involved in numerous cellular processes as cellular migration, proliferation, 

differentiation, morphogenesis and homeostasis (Frantz et al., 2010; Theocharis et al., 2016). 

Figure 1-1 shows an example of a normal ECM function and structure with its major cellular 

and non-cellular components. The ECM is composed of numerous components to hold the cells 

together. The composition of the ECM varies tremendously from tissue to tissue and with age 

(Frantz et al., 2010; Kular et al., 2014). Fibrous proteins as collagen, elastin, fibronectin and 

laminin are known to give not only physical support to the ECM, but also have an active role 

in many cells processes. Complementary, proteoglycans fill the ECM with a hydrogel that 

resists to compression and interact with a variety of ligands (Frantz et al., 2010; Varki et al., 

1999).  

 

Figure 1-1: Example of a normal ECM function and structure with its basic components. BM stands for basement membrane 
(reproduced with permission from (Frantz et al., 2010). Copyright Journal of Cell Science 2010) 

Collagen, which forms the main structural component of the ECM, is also the most abundant 

protein of the ECM. It is composed of a triple-stranded helix that can assemble into fibers and 

networks, depending on the type of collagen (Frantz et al., 2010). To date, more than 20 

collagen types were identified and reported in literature. Collagen is present as fibrils in tissues 

that need to resist to mechanical stresses (shear, tension or pressure) as bones, cartilage, tendons 

and skin. Only collagen types I, II, III, V and XI can form fibers, while types IV, VIII and X 

can form networks (Badylak, 2002; Bosman & Stamenkovic, 2003). Each different collagen 



Chapter 1 – Introduction & Research Aim 

4 

contributes to distinct structural and regulatory functions of the ECM. Collagen type I, for 

instance, is the primary structural collagen and is universally present in the body, except in 

cartilage (Bosman & Stamenkovic, 2003; Kular et al., 2014). Type IV collagen is incorporated 

into the basal membrane of all vascular structures and is a substantial ligand for endothelial 

cells (Badylak, 2002; Frantz et al., 2010). 

Elastin, is another important fibrous protein of the ECM and it is closely connected to collagens 

(Kular et al., 2014). This protein provides elasticity to tissues that undergo repeated stretch as 

connective tissues, blood vessels and skin. Elastin is formed from tropoelastin precursors , 

which assembles and crosslinks via its lysine residues by lysine oxidase (K. Wang et al., 2021). 

Due to its extensive cross-linked structures, elastin is a resilient protein that degrades slowly, 

with a half-life of 70 years (K. Wang et al., 2021).  

One more important fibrous component of the ECM is fibronectin. It is a glycoprotein with a 

complex structure consisting of two almost identical subunits, that are each composed of three 

modules with distinct structures (Theocharis et al., 2016). The modules are arranged to form 

binding domains for a variety of proteins and carbohydrates (Badylak, 2002; Pankov & 

Yamada, 2002). Fibronectin has a dual function in ECM. The fibers formed by fibronectin help 

with the structural support to the cells and the complex and specific molecular structure gives 

unique modulating effects upon cell behavior (Badylak, 2002). Fibronectin is also related to the 

phenomenon of mechanosensing, which is the ability of cells and tissues to sense mechanical 

forces in their environment and convert these mechanical cues into biochemical signals that 

influence cellular responses (Scott et al., 2015; Vogel, 2018). 

Fibronectin is fundamentally involved in cell adhesion, growth, migration, and differentiation. 

The principal region of fibronectin to bind to integrins of the cells is the RGD (tripeptide 

sequence of Arg-Gly-Asp) (Kular et al., 2014). The importance of fibronectin is not restricted 

to cell binding and support, but fibronectin plays a key role in wound healing and embryonic 

development as a direct binding partner of fibrinogen and fibrin (Kular et al., 2014; 

Makogonenko et al., 2002; Theocharis et al., 2016).  

Proteoglycans (PGs) are complex molecules essential for the ECM function. They are formed 

from a protein core with one or more covalently attached glycosaminoglycan (GAG) chains. 

GAGs are long polysaccharides containing repeating disaccharide units (Frantz et al., 2010; 

Theocharis et al., 2016). PGs can be found in the ECM, but also inside or at the surface of the 

cells. Proteoglycans are, therefore, classified in three main families according to its protein, 
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localization and GAG composition: small leucine-rich proteoglycans (SLRPs), modular 

proteoglycans and cell-surface proteoglycans (Frantz et al., 2010; Theocharis et al., 2016).  

As a consequence of their unique and varying structures, PGs have numerous functions in the 

ECM. Some proteoglycans are essential for hydration, as well as gel formation to resist 

compressive forces, while others can interact with many growth factors, cytokines, chemokines, 

cell surface receptors and ECM proteins, contributing to modulate cell adhesion, migration and 

proliferation, as well as wound repair (Bosman & Stamenkovic, 2003; Frantz et al., 2010; 

Theocharis et al., 2016).  

With its extraordinary structure and functions, the ECM serves as the main inspiration of 

engineered-tissue scaffolds for tissue reconstruction. As noted above, the ECM is actively 

involved in wound healing and tissue reconstruction.  

1.4.  WOUND HEALING 

When an injury occurs and tissue is ruptured, blood gets in contact with collagen, which rapidly 

activates blood platelets starting the blood coagulation cascade. As a first step to avoid 

excessive bleeding and to protect the underlying tissue, a fibrin blood clot is formed at the site 

of the injury (Broughton et al., 2006). Tissue repair is a series of overlapping events and it is 

usually divided in four phases: haemostasis, inflammation, proliferation and remodelling (S. 

Guo & Dipietro, 2010; Midwood et al., 2004).  

Haemostasis is the first stage in wound healing and starts immediately after tissue damage. The 

activated platelets start to aggregate while fibrin polymerizes and form a network that helps to 

stabilize the blood clot and stop bleeding. The insoluble fibrin is formed by the enzymatic 

cleavage of the soluble fibrinogen by action of thrombin. The clot acts as a provisional matrix 

being a scaffold for the recruitment of tissue cells in the wounded area. The migration of 

inflammatory cells to this matrix, starts the next phase of wound healing (S. Guo & Dipietro, 

2010; Laurens & deMaat, 2006). During the inflammation phase, neutrophils and macrophages 

migrate and infiltrate into the clot to remove cellular debris and pathogens of the wound. 

Moreover, macrophages release cytokines which stimulates fibroblasts and promote 

angiogenesis (Broughton et al., 2006). 

The third stage of wound healing is the proliferation. This phase overlaps with the inflammation 

and is characterized by the proliferation of epithelial cells and fibroblasts in the wound site. The 

provisional matrix starts to be substituted with granulation tissue composed of collagen and 

fibronectin (Midwood et al., 2004). Following the proliferation phase and collagen deposition, 
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wound healing enters the remodelling phase. This final stage can take months to years and 

consists on the deposition of fibronectin and collagen in an organized network (Broughton et 

al., 2006) and ECM remodelling (S. Guo & Dipietro, 2010). 

Clearly blood coagulation is a crucial step in wound healing and the provisional matrix serves 

as another inspiration for tissue engineering. Fibrinogen plays a key role at this early stage of 

wound healing. More details on this complex pathway to stop bleeding and how fibrinogen is 

involved in the blood coagulation cascade will be presented in the next section. 

1.5. FIBRINOGEN AND THE BLOOD COAGULATION CASCADE  

Fibrinogen (Fg), also known as Factor I, is a soluble glyco-protein found in blood plasma and 

is one of the key components involved in wound healing and blood clotting processes 

(Rajangam & An, 2013). The typical concentration of fibrinogen in the human blood plasma 

ranges between 150 and 400 mg/dl (Asselta et al., 2006). Structurally, as shown in Figure 1-2, 

fibrinogen is a 340 kDa large, complex molecule composed of three pairs of polypeptide chains, 

referred to as Aα, B³, and ´ chains. The structure of fibrinogen consists of a length of 

approximately 45 nm, featuring two globular domains known as D-domains at each end. These 

D-domains are connected in the middle by helical coiled-coil rods (the E-domain). The 

fibrinogen molecule is composed of six chains, and these chains are held together by a total of 

29 disulfide bonds, resulting in the formation of two half molecules. Within the structure, the 

αC region, which represents the C-terminal segment of the Aα chain, as well as the N-terminal 

parts of both the Aα and B³ chains, are primarily disordered (Medved & Weisel, 2009; 

Mosesson, 2005; Weisel & Litvinov, 2017). 

 

Figure 1-2: Schematic representation of the fibrinogen molecule with: three pairs of polypeptide chains, referred to as Aα 
(blue), B³ (red), and ´ (green) chains. Fibrinogen structure features two globular domains, known as D-domains, at each end. 
The D-domains are connected in the middle by the helical coiled E-domain. Adapted from Köhler et al. (Köhler et al., 2015). 
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In its normal state, fibrinogen remains soluble in the blood. However, in the case of a tissue 

injury, the blood coagulation is triggered and fibrinogen is cleaved by the enzyme thrombin 

(Kattula S et al., 2017). During the process of fibrin polymerization, thrombin acts to cleave the 

two pairs of fibrinopeptides (FbA and FbB) located at the central domain of fibrinogen. 

Subsequently, the exposed A- and B knobs on the fibrinogen molecules bind to the 

corresponding a- and b-holes present on adjacent fibrinogen molecules. This binding interaction 

initiates the transformation of fibrinogen from its soluble form into insoluble fibrin, resulting 

in the formation of a fibrin network. More details and an image depicting this mechanism of 

fibrinogen cleaved to fibrin and subsequently fibrin polymerization can be seen in Chapter 2, 

Figure 4. 

The blood coagulation is a complex process dealing with several interactions, transformations 

and factors. The main factors involved in blood coagulation are listed in Table 1-1. The factors 

are identified by roman numerals with the activated form of the factor being represented with 

an <a=, e.g. XIIa. Fibrinogen and the other coagulation factors (except factors II, IV and VIII) 

are produced in the liver (Palta et al., 2014).  

Table 1-1: Nomenclature of the coagulation proteins/clotting factors. Adapted from Palta et al. (Palta et al., 2014)  

Clotting Factor # Clotting Factor Name Function 

I Fibrinogen Clot formation (soluble) 
Ia Fibrin Clot formation (insoluble) 
II Prothrombin Activation of I, V, VII, VIII, XI, XIII, platelets 
IIa Thrombin Active form of prothrombin 
III TF Co-factor of VIIa 
IV Calcium Facilitates coagulation factor binding to phospholids 
V Proacclerin, labie factor Co-factor of X-prothrombinase complex 

VII Stable factor, 
proconvertin Activates factors IX, X 

VIII Antihaemophilic factor A Co-factor of IX-tenase complex 
IX Antihaemophilic factor B Activates X: Forms tenase complex with factor VIII 

X Stuart-Prower factor Prothrombinase complex with factor V, activates factor 
II 

XI Plasma thromboplastin 
antecedent Activates factor IX 

XII Hageman factor Activates factor XI, VII and prekallikrein 
XIII Fibrin-stabilising factor Crosslinks fibrin 

 

The blood coagulation cascade contains three pathways: the extrinsic, the intrinsic and the 

common (see Figure 1-3). The first two are relatively independent of each other, but converging 

into the common pathway, which in both cases ends with thrombin activation and fibrin 
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formation (Monroe et al., 2002). These pathways involve a series of enzymatic reactions and 

the activation of various clotting factors in a tightly regulated manner to achieve haemostasis, 

i.e. the process of maintaining blood flow and preventing excessive bleeding (Palta et al., 2014). 

 

Figure 1-3: Schematic representation of the blood coagulation cascade that involves a series of enzymatic reactions based on 
different clotting factor. The cascade contains three pathways: intrinsic, extrinsic, and common. Thrombin (Factor IIa) acts on 
the common pathway leading to the formation fibrin from fibrinogen. 

The extrinsic pathway is initiated by tissue damage. It starts with the release of tissue factor 

(TF), also known as factor III, from damaged cells or tissues. TF forms a complex with 

circulating factor VII (factor VIIa). This TF-VIIa complex activates factor X (respectively 

factor Xa). The extrinsic pathway provides a rapid response to tissue injury, and it plays a major 

role in initiating the clotting process. 

The intrinsic pathway is triggered by factors present within the blood itself. It begins with the 

activation of factor XII (factor XIIa) by contact with exposed to proteins such as collagen, 

kininogen or negatively charged surfaces (Stavrou & Schmaier, 2010). Factor XIIa activates 

factor XI (factor XIa), which, in turn, activates factor IX (factor IXa). Factor IXa then combines 

with factor VIII (factor VIIIa) to form a complex that activates factor X (factor Xa). In this 

regard, the intrinsic pathway amplifies the clotting response and provides a means of 

coagulation in the absence of tissue damage. Regardless of intrinsic or extrinsic nature, both 

pathways converge to the common pathway by activating the factor X. Once activated, factor 
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Xa combines with factor V (factor Va), calcium ions (Ca+2), and phospholipids on the surface 

of platelets to form a complex known as the prothrombinase complex (Tracy & Mann, 1983). 

The prothrombinase complex then converts prothrombin (factor II) into its active form, 

thrombin (factor IIa). Thrombin, in turn, converts soluble fibrinogen (factor I) into insoluble 

fibrin (factor Ia) strands, leading to the formation of a blood clot. The final stage of the blood 

coagulation is ended with the activation of the fibrin-stabilizing factor (factor XIIIa), which 

crosslinks fibrin forming a stable fibrin clot. 

The extrinsic, intrinsic, and common pathways of blood coagulation work in ensemble to ensure 

proper clot formation while maintaining a fine equilibrium to prevent both haemorrhage and 

uncontrolled clotting. During the cascading process of blood coagulation (BENNETT, 2006), 

fibrinogen interacts with several proteins (e.g. thrombin, integrin, Von Willebrand factor), cells 

(e.g. platelets, leucocytes), as well as salts (e.g. K+, Na+, Mg+2,Ca+2, Cl-) (Giavarina, 2017). Due 

to its versatility, fibrinogen is finding a growing application as a biomaterial in tissue 

engineering, which will be further discussed in the next section. 

1.6. FIBRINOGEN AS A BUILDING BLOCK FOR BIOMATERIALS  

Fibrinogen, as a natural protein, offers many advantages to be applied as a biomaterial. It has a 

pronounced adsorption tendency (Cieśla et al., 2013; Tsapikouni & Missirlis, 2007; 

Wasilewska & Adamczyk, 2011), can be assembled into fibrous or porous structures via 

different techniques (Joo et al., 2015; Rajangam & An, 2013) and therefore exhibits a high 

surface-to-volume ratio, so that its 3D fibrous structure with textured surface can induce ECM 

production. Moreover, fibrinogen has excellent properties with regards to tissue engineering, 

especially as a scaffold, such as (Mosesson, 2005; Nikolova & Chavali, 2019): 

▪ Biocompatibility: as a naturally occurring protein in the body, it has a reduced risk of 

adverse reactions. In this regard, the possibility of the use from autologous scaffolds, 

i.e. tissue engineering constructs created using a person's own cells and tissues. The 

autologous approach for regenerative medicine can minimize the risk of immune 

rejection. 

▪ Biodegradability: it can be gradually broken down and metabolized by the body over 

time, which is advantageous as it allows the scaffold to be replaced by newly formed 

tissue as the regeneration process progresses. 

▪ Cell attachment support: based on integrin-mediated adhesion cells can adhere to 

fibrinogen-coated surfaces and begin to grow and divide, a crucial step in tissue 

formation. 
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▪ Cell signaling driver: it can be functionalized with various biochemical cues, such as 

growth factors or peptides, to provide signals that direct cell behavior and encourage 

specific cell differentiation into the desired tissue type. 

In recent years, several studies have demonstrated the suitability of fibrinogen-based scaffolds 

for skin grafting (Solovieva et al., 2018), wound healing (Soleimanpour et al., 2022), bone 

regeneration (Vasconcelos et al., 2016), guiding endothelial cell behavior (Gugutkov et al., 

2013) and support for differentiation of stem cells and cartilage production (Forget et al., 2016). 

As a versatile biomaterial, fibrinogen allows for the fabrication of scaffolds in various 

geometries, such as microspheres, micro-fibers, micro-tubes, nanoparticles, nanofibers, and 

hydrogels (Joo et al., 2015; Rajangam & An, 2013). 

More recently, the use of biomaterials in the context of 3D-printing has widened the horizon of 

potential geometries for fibrinogen-based structures (de Melo et al., 2020), including porous , 

fibrous, microspheres, and solid free-form scaffolds (Mao et al., 2020). However, a main 

limitation of the 3D-printing approach is that fibrin (cross-linked form) is too viscous, which 

hinders proper ink extrusion, whilst fibrinogen, is not capable to maintain shape geometry 

(Nikolova & Chavali, 2019). 

Despite being one of the most common applications of fibrinogen, scaffolding is not the only 

method to employ fibrinogen as a biomaterial. While fibrinogen-based scaffolds are widely 

used in tissue engineering, fibrinogen has several other important uses, such as an adhesive 

(Draf, 1986; Silberstein et al., 1988). In this latter case, fibrinogen-based adhesives are 

beneficial in surgeries where conventional methods of achieving hemostasis, such as sutures or 

staples, are not effective or practical. 

Due to its characteristics of biocompatibility and biodegradability, another promising 

application of fibrinogen in regenerative medicine is a drug-delivery system (Sreerenganathan 

et al., 2014). In this regard, protein-based drug carriers exhibit reduced immunogenicity and are 

easily degraded and eliminated from the human body after serving as a drug vehicle (Joo et al., 

2015). Due to its ability to form hydrogel-like structures, fibrinogen can construct a matrix that 

encapsulates drugs, leading to a gradual release over an extended period. This sustained release 

characteristic allows for less frequent drug administration, which helps maintain therapeutic 

levels for longer durations (Feng et al., 2022; Spicer & Mikos, 2010). 

Regardless of its application, a main form of fibrinogen application is as a nanofibrous 

biomaterial (Gupta et al., 2014). Nanofibers offer a wide array of advantages due to their unique 
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properties and structures, which can mimic native blood clots and the ECM, making them 

highly relevant in tissue engineering applications. One significant advantage is their remarkably 

high surface area to volume ratio, which enhances surface for cell adhesion. Additionally, 

nanofibers exhibit high permeability and flexibility, which are highly desirable properties, for 

instance, for tissue engineering (Babitha et al., 2017). Another key benefit is their fine 

tunability, as properties like porosity, diameter, and surface chemistry can be controlled during 

fabrication, tailoring nanofibers to suit specific applications (Patel & Gundloori, 2023). In this 

regard, the selection of an appropriate fabrication technique of fibrinogen nanofibers depends 

on various factors, including costs, complexity, fiber yield and size, usage of hazardous 

materials, and the suitability of materials. 

Electrospinning is a fabrication technique that involves using an electric field to produce 

protein-based nanofibers. In the electrospinning process, a syringe containing the fibrinogen 

solution is connected to a high-voltage power supply. When a high electric field is applied, the 

surface tension of the solution is overcome, and a thin jet of the solution is ejected from the 

syringe tip. As the jet travels towards a collector (usually a grounded plate), it undergoes rapid 

stretching and whipping due to the electric field, leading to the solidification of the fibrinogen 

fibers into nanofibers as the solvent evaporates (Huang et al., 2003). 

This method allows for the fabrication of fibrinogen nanofibers with diameters of 3 nm up to 

10 mm, resembling the architecture of natural extracellular matrices in tissues (Wnek et al., 

2003). The electrospun fibrinogen nanofibers can be further cross-linked or functionalized to 

enhance their mechanical properties, biocompatibility, and potential for various applications in 

tissue engineering, wound healing, drug delivery, and regenerative medicine (Mcmanus et al., 

2007; McManus et al., 2006). 

Wnek et al. (Wnek et al., 2003) were among the first to electrospin 3D-fibrinogen nanofibrous 

structures with controlled pore sizes. Subsequently, researchers have successfully produced 

fibers ranging from approximately 80 to 700 nm and scaffold structures of up to 36 cm², 

depending on the fibrinogen concentration (S. Sell et al., 2008; S. A. Sell et al., 2010; Wnek et 

al., 2003). Furthermore, the biological activity of electrospun fibrinogen scaffolds has been 

investigated in various studies, showing the biocompatibility of the fibers with human bladder 

cells (Mcmanus et al., 2007), cardiac fibroblasts (McManus et al., 2007), endothelial cells 

(Gugutkov et al., 2013), and human mesenchymal stem cells (Forget et al., 2016). 
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Nonetheless, electrospinning still presents several disadvantages in the context of biomaterials, 

for instance, the reliance on high voltage and organic solvents (Mirzaei-Parsa et al., 2018), 

which might impact the biofunctionality of proteins (Kumbar et al., 2008; Raoufi et al., 2015), 

as well as, the high concentration of fibrinogen (100- 200 mg/mL) required for the fabrication 

of nanofibers (Carlisle et al., 2009; Wnek et al., 2003). 

The process of freeze-drying, a thermal phase separation technique commonly used in scaffold 

fabrication, allows for the creation of various scaffold structures by manipulating separation 

conditions (Mottaghitalab et al., 2013; Samitsu et al., 2013). Despite its versatility, freeze-

drying is characterized by time-consuming procedures, limited fiber yield, and constraints to a 

few polymeric materials. Furthermore, uniform fiber distribution and scalability remain 

challenging aspects (Rajangam & An, 2013; Raoufi et al., 2016). 

The extrusion of protein-based nanofibers (as seen in Figure 1-4) is a fabrication technique that 

involves pushing a protein solution through a nanoporous alumina membrane to produce 

nanofibers of controlled dimensions (P. Guo et al., 2018). In this process, the protein solution 

is pressurized and extruded through a small opening, typically with the aid of a syringe or a 

specialized extrusion device. The extruded solution undergoes rapid stretching, resulting in the 

formation of nanofibers (P. Guo et al., 2018; Raoufi et al., 2016).  

 

Figure 1-4: Fiber extrusion process of protein-based nanofibers. In this process, a biopolymer feed solution is pressed against 
a anodic aluminum oxide (AAO) membrane leading to the extrusion of protein-based nanofibers. Adapted from (Raoufi et 
al., 2015). 

This technique is well-established for several protein-based biomaterials, such as fibronectin 

(Raoufi et al., 2015), fibrinogen, elastin, laminin and others (Raoufi et al., 2016). However, the 
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composition of the feed solution could potentially impact the fibrillogenesis of the proteins 

during nanofiber extrusion. Moreover, a limitation of this method is the inability to generate 

dense fibrinogen networks via extrusion, which hinders the large-scale production of fibrinogen 

scaffolds for tissue engineering applications (Stapelfeldt, Stamboroski, Mednikova, et al., 

2019). 

As naturally occurring in the human body, the process of fibrin polymerization is induced by 

thrombin (Weisel, 2005). However, due to its cost and potential adverse immune reactions (as 

well as thrombosis risk), the use of thrombin as raw material in large-scale can be inadequate 

(Strukova, 2006; Vasconcelos et al., 2016). This has prompted research into thrombin-free 

fabrication methods aiming to replicate the natural features of the ECM. The technique of self-

assembly of protein nanofibers is based on the spontaneous formation of 3D nanostructures 

through non-covalent interactions, such as hydrogen bonds, van der Waals forces, hydrophobic 

interactions, and electrostatic interactions (Holzwarth & Ma, 2011; Palchesko et al., 2013). 

The self-assembly technique, owing to its molecular nature and resemblance to the natural ECM 

formation, is capable of producing nanofibers with diameters as small as 5 to 8 nm, 

corresponding to the lowest scale of the ECM (Vasita & Katti, 2006). Practically, nanofiber 

fabrication through self-assembly relies on hydrophobic and ionic interactions (Liao et al., 

2016). During self-assembly, nanofibers can be assembled on a surface or in solution 

(Palchesko et al., 2013), which offers two benefits (Vasita & Katti, 2006): (i) cells can readily 

adhere to the nanofiber during its formation, and (ii) the solution containing the nanofibers can 

be minimally invasively injected into the body. 

In the context of fibrinogen, Chen et al. (G. Chen et al., 2011) demonstrated the possibility of 

thrombin-free fibrinogen self-assembly by controlling surface chemistry on a gold surface. 

Similarly, Koo et al. (Jaseung Koo et al., 2012) and Zhang et al (L. Zhang et al., 2017) applied 

a analogous principle to reveal the self-assembly of fibrinogen on polymeric and metallic 

surfaces. Wei et al (Wei, Reichert, & Jandt, 2008) were also able to produce fibrinogen 

nanofibrils in the absence of thrombin based on fibrinogen self-assembly in solution by 

denaturation of fibrinogen with ethanol (Wei, Reichert, & Jandt, 2008) or HCl (Wei, Reichert, 

Bossert, et al., 2008). 

Hence, the self-assembly technique holds great potential for designing nanofibrous fibrinogen 

structures with improved mechanical properties, high biocompatibility and fiber sizes closely 

resembling the ECM (Holzwarth & Ma, 2011). Nevertheless, current self-assembly techniques, 

primarily surface-induced, have resulted in low fiber yield (G. Chen et al., 2011; J. Koo et al., 
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2010; Jaseung Koo et al., 2012; Reichert et al., 2009; Wei, Reichert, & Jandt, 2008), which 

hinders the development of 3D structures to be used as scaffolds. 

In order to address this issue, several authors have demonstrated the possibility of triggering 

fibrinogen self-assembly by salt-interactions (Hämisch et al., 2019; Hense et al., 2021; Hense 

& Strube, 2023b, 2023a; Reichert et al., 2009; Stapelfeldt, Stamboroski, Mednikova, et al., 

2019; Stapelfeldt, Stamboroski, Walter, et al., 2019). However, very limited focus has been 

given to the understanding of the fundamental mechanisms leading to salt-induced 

fibrillogenesis. The knowledge about these mechanisms can provide a key understanding on 

the molecular interaction of fibrinogen with other molecules and ions involved during the blood 

coagulation cascade, as well as during tissue repair where fibrinogen interactions with ECM 

proteins and integrins are highly salt-dependent. Moreover, it can help to better understand 

other relevant physiological activities such as the interaction of fibrinogen with blood cells (Hu 

et al., 2016; Kenny et al., 2022), and fibrinogen amyloid formation (Chapman & Dogan, 2019; 

Cortes-Canteli et al., 2010; Jin et al., 2021; Page et al., 2019). Additionally, understanding the 

mechanism behind salt-induced fibrinogen fiber formation is needed for crafting tissue 

engineering scaffolds and biomaterial surfaces in personalized medicine that do not provoke 

pathogenic or thrombogenic reactions. 

1.7. FIBRINOGEN-SALT INTERACTIONS IN VITRO 

In its physiological state, fibrinogen exists in blood plasma as a soluble protein, which is under 

interaction with many salts available in the blood plasma, such as calcium chloride (CaCl2), 

sodium chloride (NaCl), potassium chloride (KCl), as well magnesium chloride (MgCl2), 

among others (Covington & Robinson, 1975; Nezafati et al., 2012; Weisel & Litvinov, 2017). 

For instance, the binding of calcium ions (Ca2+) to fibrinogen plays a critical role in the 

coagulation cascade, as they act as a co-factor for the enzyme thrombin, which catalyses the 

conversion of fibrinogen into fibrin (Weisel & Litvinov, 2017).  

The interaction of proteins (such as fibrinogen) with salts can be traced to the pioneering work 

of Hofmeister, which as early as 1888, discovered that the solubility of the protein from egg 

whites could be altered by the introduction of salts (Hofmeister, 1888). 

The <Hofmeister series=, also commonly referred to as the lyotropic sequence, ranks ions based 

on their ability to affect protein solubility and stability. This behaviour is also discussed in the 

literature as <specific ion effect, SIE=, or lyotropic sequence. Several investigation have 

demonstrated the relevance of the Hofmeister series, which postulates an explanation for the 



Chapter 1 – Introduction & Research Aim 

15 

behaviour of many protein-related mechanisms such as enzyme activity, protein stability, 

protein3protein interactions, protein crystallization, and even bacterial growth (Y. Zhang & 

Cremer, 2006). 

As shown in Figure 1-5, in historical perspective, the Hofmeister series classifies ions into two 

groups (Gregory et al., 2022; Kang et al., 2020): 

▪ Chaotropic ions (<water structure breaker=): these ions have a disruptive effect on the 

structure and stability of fibrinogen and other proteins. They decrease water surface 

tension, whilst increasing protein solubility. They can promote protein denaturation, 

unfolding, and hydrophobicity.  

▪ Kosmotropic ions (<water structure maker=): these ions have a stabilizing effect on the 

structure of fibrinogen and other proteins. They increase water surface tension, whilst 

decreasing protein solubility. They maintain protein folding and promote protein-

protein interactions. The presence of kosmotropic ions can help to maintain the stability 

and functionality of fibrinogen. 

As reported in the early works related to ion-protein interactions, the <ion-protein= behaviour 

can be correlated with the phenomena of salting-in and salting-out (Hyde et al., 2017). Salting-

out occurs when the solubility of a protein in an aqueous environment decreases with increasing 

salt concentration. On the other hand, salting-in is defined as situation in which the solubility 

of a protein in an aqueous environment increases with increasing salt concentration. The salting 

(in or out) is a driven mechanism for the aggregation or solubilisation of proteins (such as 

fibrinogen). 

Concerning the influence of cations or anions on a salt, it is recognized that anions have a 

stronger influence on the protein behavior (e.g. protein solubility) than cations (Schwartz et al., 

2010). In recent years, several authors have postulated that specific ion effects are counterion-

dependent, i.e. in the presence of salt, the cation-anion combination influences protein behavior 

in a solution.  
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Figure 1-5: Hofmeister series: on the left side (blue) are located more kosmotropic ions, which are characterized by the salting-
out (aggregation) of proteins; on the right side (yellow) are located more chaotropic ions, which induce the salting-in 
(solubilization) of proteins. The kosmotropic and chaotropic ions possess opposing characteristics in terms of water surface 
tension, protein solubility, protein denaturation, protein stability and protein hydrophobicity.| Adapted from Kang et al and 
Nihonyanagi et al. (Kang et al., 2020; Nihonyanagi et al., 2014). 

Using bovine fibrinogen, Hense et al. (Hense et al., 2021) investigated the self-assembly of 

fibrinogen into hydro- and aerogels with fibrin-like structures. The authors postulate that the 

self-assembly is anion-induced in the presence of kosmotropic anions. The limitation of their 

approach is the requirement of relatively low temperatures (5-8 °C) for the formation of fibers. 

In the follow-up investigation (Hense & Strube, 2023a), the same group demonstrated a calcium 

(Ca+2)-induced fibrinogen hydrogel formation. However, to be able to form fibers at 

physiological temperatures, it was necessary the addition of a high concentration of fibrinogen 

(20-40 g/L), as well as NaCl (100 mM). More recently, Hense et al. (Hense & Strube, 2023b), 

based on the investigation of thrombin-free fibrillogenesis triggered by magnesium (Mg+2), 

demonstrated that the fiber formation is only possible in the presence of kosmotropic anions. 

For this reason, it has been suggested that separation of the Hofmeister effects into cationic and 

anionic contributions might be limiting, as the electroneutrality conditions requires the 

consideration of both (Okur et al., 2017). In this regard, specific counterions are known to be 

able of causing deviations in the Hofmeister series (Gregory et al., 2022; Murdoch et al., 2016; 

Okur et al., 2017; Y. Zhang et al., 2005). 
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The ion-protein (or salt-protein) relationship is very complex and specific, with a strong 

dependence on factors such as salt concentration, pH, protein conformation, surface, and 

temperature. Investigations have provided insights into the understanding of <specific ion 

effects= by correlating it to ion-macromolecules interactions intermediated by the solvation 

shell (or hydration shell when the solvent is water) (Andreev et al., 2017; Y. Zhang & Cremer, 

2006). Moreover, it was suggested in the literature that the specific ion effect could also be 

understood in form of specific interactions between salt ions and the backbone and charged side 

chain groups at the protein surface (Okur et al., 2017). 

Not only the chemical composition of salts, but also the secondary/tertiary structure of 

biomolecules, hydrophobic regions, as well as location of charged groups can impact the 

solvation shell leading to different functionality and structures (Laage et al., 2017). The 

hydration of ions such as Na+, K+, Mg2+, Ca2+ and Cl- in salt solutions can vary according to the 

cation-anions combination (monovalent or divalent), which in turn, can influence the ion-

protein behavior (Houyang Chen & Ruckenstein, 2015). 

Protein-salt interactions directly impact protein-protein interactions by, for instance, protein 

metal-directed self-assembly (Salgado et al., 2010; Zhao et al., 2016). The so-called <protein-

protein-interactions= are involved in many biological phenomena, such as crystallization, 

gelation, and amorphous precipitation (J. Zhang, 2012). Moreover, recent studies have shown 

that neurodegenerative diseases, such as Alzheimer and Parkinson, can be driven by protein 

aggregation (Irvine et al., 2008; Kepchia et al., 2020). 

Protein-protein interactions in salt solutions are quite complex due to the fact that proteins 

contain both positively and negatively charged regions, as well as, polar and apolar groups in 

their composition (Kastelic et al., 2015). The law of matching water affinities (LMWA) 

provides a template to explain the interaction strength between salt ions and proteins from a 

thermodynamic perspective. Here, protein-protein interactions are more favourable (and stable) 

when the water affinities of the interacting ion-protein are compatible (Collins, 1997). This is 

related to both the hydration level and size of both ions and protein structures on its surface. 

Another interesting perspective is that not only proteins are affected by the presence of salt, but 

also salts are affected by the presence of proteins. Several authors have shown that salt 

crystallization takes place in different forms, when salts are crystalized from protein solutions 

(Goto et al., 2016). In this regard, proteins can act as nucleation sites, as crystal growth 

inhibitor/promoter, and also influence crystallisation kinetics (Dutta Choudhury et al., 2015). 
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However, most of the focus has been given to how salts can influence proteins, with limited 

research on the counterpart of this pairing, i.e. how proteins can affect salt behavior in solution.  

1.8. RESEARCH AIM 

Fibrinogen, as demonstrated in the previous sections, is a natural blood protein with outstanding 

properties (e.g. biocompatibility, biodegradability) to be employed as a building block for 

fibrous scaffolds in tissue engineering (Rajangam & An, 2013). Among the fabrication 

techniques for scaffold preparation, the self-assembly is very promising as it relies on molecular 

interactions resembling the natural ECM formation, which allows the formation of nanofibers 

(Vasita & Katti, 2006). In recent years, the salt-induced self-assembly of fibrinogen nanofiber 

has emerged as a simple and reproducible method for high yield, 3D-fabrication of fibrinogen 

scaffolds (Hense et al., 2021; Stapelfeldt, Stamboroski, Mednikova, et al., 2019; Stapelfeldt, 

Stamboroski, Walter, et al., 2019). However, fibrinogen-salt interactions are not fully 

understood as they depend on the cation-anion combination (monovalent, divalent or polyvalent 

ions), the properties of the protein solution (buffer, concentration, pH), as well as the structure 

of fibrinogen (conformation, charge, binding sites) (Gregory et al., 2022; Lendel & Solin, 

2021).  

The understanding of these phenomena is crucial for the fabrication of fibrinogen nanofibers 

through self-assembly in an enzyme-free environment, as protein-protein-interactions can be 

directly influenced (or tailored) to generate specific aggregation behaviour from fibrinogen. 

Moreover, for the implementation of fibrinogen in scaffolding applications, it is important to 

determine how cells interact with fibrinogen nanofibers. Nonetheless, the mechanisms behind 

fibrinogen self-assembly in vitro in the presence of salt leading to nanofiber formation, as well 

as the salt-fibrinogen interaction are not yet fully understood. Therefore, the aim of the present 

doctoral research work is the following: 

<To understand the fibrinogen-salt interactions during fibrinogen self-assembly under 

in vitro conditions in order to fabricate nanofiber scaffolds with reproducible 

topography and composition for later applications in tissue engineering= 

To achieve this aim, the following hypotheses are addressed in five consecutive studies that 

build the core of this work and are presented as already published work or work to be submitted 

in the following chapters. 

• Presence of salt is one of the main factors for fibrinogen fibrillogenesis in vitro under non-

denaturing conditions. 
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→ Chapter 2: Review paper <Principles of fibrinogen fiber assembly in vitro= 

• Divalent cations induce assembly of fibrinogen into nanofibers. 

→ Chapter 3: Research paper <Influence of divalent metal ions on the precipitation of the 

plasma protein fibrinogen= 

• Monovalent ions are a main driving force of fibrinogen fibrillogenesis in an enzyme-free 

environment. 

→ Chapter 4: Research paper (to be submitted) <Influence of highly saline aqueous 

solutions of monovalent alkali metal ions on fibrinogen self-assembly in vitro= 

• Presence of proteins influences the precipitation behavior of the monovalent salt NaCl. 

→ Chapter 5: Research paper <Effect of interface-active polymers on the salt crystal size 

in waterborne hybrid materials= 

• Self-assembled fibrinogen nanofibers influence blood platelet adhesion due to their special 

topography. 

→ Chapter 6: Research paper <Nanofiber topographies enhance platelet-fibrinogen 

scaffold interactions= 

In Chapter 7, the aforementioned studies and respective hypotheses are correlated within an 

overall discussion to present the main findings of the doctoral research work. 
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2. PRINCIPLES OF FIBRINOGEN FIBER ASSEMBLY IN VITRO 

Status: this chapter was published at Macromolecular Bioscience (2021) 

Stamboroski, S., Joshi, A., Noeske, P. L. M., Köppen, S., & Brüggemann, D. (2021). Principles 

of fibrinogen fiber assembly in vitro. Macromolecular Bioscience, 21(5), 2000412. 

DOI: 10.1002/mabi.202000412 

2.1. MOTIVATION & HYPOTHESIS 

Hypothesis addressed: Presence of salt is one of the main factors for fibrinogen fibrillogenesis 

in vitro under non-denaturing conditions. 

The glycoprotein fibrinogen has been the focus of many studies that showed the potential of 

this molecule in forming nanofibers to be applied in wound healing and tissue engineering. As 

presented in Section 1.6, different methods are being used to produce fibrinogen nanofibers. 

Among those methods, one can highlight the self-assembly, due to its simple and fast way to 

produce nanofibers in vitro. Diverse strategies can be used to trigger fibrillogenesis of 

fibrinogen in vitro. However, it is not yet elucidated what are the main factors and experimental 

conditions leading to fibrinogen self-assembly in vitro without the addition of thrombin. 

Therefore, in this review Chapter, an overview of the present research status concerning 

fibrinogen fibrillogenesis and the main process-related driving forces for in vitro fibrinogen 

self-assembly are presented.  

Hypothesis assessment: Confirmed.  

https://doi.org/10.1002/mabi.202000412
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3. INFLUENCE OF DIVALENT CATIONS ON THE PRECIPITATION 

OF THE PLASMA PROTEIN FIBRINOGEN 

Status: Paper published at Biomacromolecules (2021).  

"Reprinted with permission from Biomacromolecules 2021, 22, 11, 464234658. Copyright 

2021 American Chemical Society." 

Stamboroski, S., Boateng, K., Lierath, J., Kowalik, T., Thiel, K., Kࠀ漃ppen, S., Noeske, P. L: M, 

& Brüggemann, D. (2021). Influence of divalent metal ions on the precipitation of the plasma 

protein fibrinogen. Biomacromolecules, 22(11), 4642-4658. 

DOI: 10.1021/acs.biomac.1c00930 

3.1. MOTIVATION & HYPOTHESIS 

Hypothesis addressed: Divalent cations induce assembly of fibrinogen into nanofibers. 

The many factors leading to fibrinogen self-assembly in vitro were presented in Chapter 2. Ionic 

strength, pH and fibrinogen concentration were identified as key parameters in fiber formation. 

In many previous studies the presence of metal ions showed to be an indispensable factor in 

fibrinogen fiber self-assembly. For instance, in the works from Stapelfeldt et al. well defined 

and densely formed nanofibers were observed when fibrinogen was precipitated in the presence 

of high ionic strength solutions of monovalent ions. However, other metal ions with double 

charge have not been tested on their capacity to form the same type of fibrinogen fibers. It is 

known that divalent metal ions as Ca2+, Mg2+, Cu2+, and Zn2+ present in the human body are 

involved in blood coagulation and wound healing, which are also key functions of fibrinogen. 

Chapter 3 presents the study of the influence of selected divalent metal ions on the self-

assembly and precipitation of fibrinogen in in vitro conditions without the addition of the 

enzyme thrombin.  

Hypothesis assessment: Refuted. Findings support the conclusion that under experimental 

conditions of Chapter 2 divalent cations do not induce assembly of fibrinogen into nanofibers. 

 

  

https://doi.org/10.1021/acs.biomac.1c00930
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4. INFLUENCE OF HIGHLY SALINE AQUEOUS SOLUTIONS OF 

MONOVALENT ALKALI METAL IONS ON FIBRINOGEN SELF-

ASSEMBLY IN VITRO  

Status: parts of this chapter were prepared for submission.  

4.1. MOTIVATION & HYPOTHESIS 

Hypothesis addressed: Monovalent ions are a main driving force of fibrinogen fibrillogenesis 

in an enzyme-free environment. 

The self-assembly of fibrinogen into fibers in vitro through drying fibrinogen from highly saline 

solutions seems to be intrinsically related to the composition of the salts. In Chapter 2, the 

review showed how difficult it is to detangle the influence of different metal ions on the fiber 

formation of fibrinogen, since they are always present during fibrinogen dissolution in buffers 

and consequently during fibrinogen precipitation on different surfaces. In Chapter 3 it was 

shown that the use of buffers comprising divalent metal cations resulted in the formation of 

smooth fibrinogen layers when fibrinogen was precipitated in the presence of chlorides 

containing Ca2+, Mg2+, Cu2+, and Zn2+ ions. On the other hand, when fibrinogen was 

precipitated from a PBS solution, which was composed of monovalent salts (NaCl, KCl, 

Na2HPO4, NaH2PO4), rougher and fibrous fibrinogen films were formed. The composition of 

the fibrinogen layers formed from divalent salts revealed the completely washing out of the 

ions, while for layers prepared from PBS, sodium was retained even after rinsing with water 

for 30 min.  

Re-evaluation of the already published results in Chapters 3, 5 and 6 showed that the standard 

concentration to form fibers is optimal at 2.5 mg/ml and not at the reported value of 5 mg/ml. 

In Chapter 4, that reports research work to be submitted, a concentration of 2.5 mg/ml was used 

fibrinogen to conduct a systematic study on the ability of different monovalent salts to induce 

fibrillogenesis of fibrinogen. Different metals ions that are contained in PBS and other 

monovalent salts were investigated in their ability of forming rough and fibrous fibrinogen 

layers and how this behavior can be correlated with the salting-in/salting-out characteristic of 

the salts as well as the fibrinogen layer composition and fibrinogen secondary structure. 

Moreover, a 2D-Hofmeister series revealing the most suitable combinations of cations and 

anions in order to obtain rough and fibrous fibrinogen films was presented.  

Hypothesis assessment: Confirmed.  
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Abstract 

Fibrinogen nanofiber scaffolds have great potential for. tissue engineering and wound healing 

due to their biochemical and topographical similarity to fibrin blood clots. Here, we study the 

influence of alkaline salts (Na+, K+) on the in vitro precipitation of fibrinogen from highly saline 

aqueous dispersions. By monitoring roughness (Aq) in-situ during drying we observed co-

precipitation of monovalent salts and fibrinogen. SEM analysis and Aq-mapping of dried 

fibrinogen precipitates revealed varying fibrinogen morphologies ranging from smooth (KCl) 

and faintly fibrous (NaCl) to highly rough and finely fibrous (Na-PO4 and K-PO4) topographies. 

FTIR analysis showed that changes in the secondary structure do not necessarily lead to fiber 

formation, as has already been established for fibrinogen and divalent salts. XPS analyses 

demonstrated stronger ion uptake by fibrinogen for Na+ than for K+, particularly with salts 

forming fine fibrinogen fibers. With highly saline solutions made of different oxygen-

containing polyvalent anions that have Na+ as a counter ion, we found that SO4
2- as a more 

kosmotropic anion leads to fiber formation, whereas oxalate as a more chaotropic anion leads 

to smooth fibrinogen films. Combining divalent Mg2+ or monovalent K+ with kosmotropic 

SO4
2-, did not lead to fiber formation. Based on these findings, we propose a two-dimensional 

Hofmeister series to tailor fibrinogen fibrillogenesis with monovalent salts based on the 

selection of anion-cation pairs according to their chaotropic/kosmotropic nature. We conclude 

that fibrinogen fiber assembly is salt-driven and tailored by the intentional combination of a 

kosmotropic anion with a kosmotropic cation. 

Keywords: fibrinogen, nanofibers, alkali cation absorption, chlorides, hydrogen phosphates 
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1. Introduction 

The blood glycoprotein fibrinogen plays a crucial role in blood coagulation and wound healing 

contributing to the formation of nanofibrous blood clots 1,2, which makes it predestined to 

prepare fibrous scaffolds for regenerative medicine. Fibrinogen has a molecular weight of 340 

kDa and consists of a central globular E region and two identical D regions, both containing 

three pairs of polypeptide chains (Aα, B³, and ´) that are covalently linked by five disulfide 

bonds in the E region. Fibrinopeptides (FpA and FpB) are located at the ends of the Aα and B³ 

chains within the E region. Flexible αC domains with disordered structure extend from the distal 

coiled-coil region of each Aα chain to the central region, interacting with each other and the 

central region of the molecule 234. 

Fibrinogen is present in blood plasma at concentrations of 1.5 to 4 mg mL-1 3,5 and surrounded 

by numerous ions 6,7. In healthy humans, the major cations in the blood plasma are Na+ (142 

mM), K+ (5 mM), Mg2+ (1.5 mM), Ca2+ (2.5 mM), together with the anions Cl- (103 mM), 

HCO3
- (27 mM), HPO4

2- (1 mM) and SO4
2- (0.5 mM) 7,8. In addition to initiating blood 

coagulation, these ions are important for many biochemical functions, such as buffering the pH 

of blood and maintaining osmotic pressure or muscle activity 3,6,9. Mediated by Ca2+ ions, the 

enzyme thrombin cleaves FpA and FpB from fibrinogen, producing fibrin, the fundamental 

building block of blood clots 3. In vivo, this polymerization initiates the formation of an 

insoluble nanofiber network that serves as scaffold for platelet adhesion, preventing blood loss 

after injury. Numerous in vitro strategies have been developed to reproduce this 3D-

nanostructure that serves as provisional extracellular matrix during tissue repair. 

Fibrinogen molecules themselves, for instance, can assemble into nanofibrous networks 

without the presence of thrombin under various in vitro conditions that we previously grouped 

into three categories: substrate interaction, denaturing buffers and non-denaturing buffers 1. 

Electrospinning, the most common technique, yields fibrinogen nanofibers with good 

biocompatibility 10313. However, high fibrinogen amounts 14,15 are required with this technique. 

Moreover, the use of organic solvents or harsher conditions induces fibrinogen denaturation or 

even amyloid formation 16. Recently, Hense et al. presented fibrin-like fibers that were formed 

from fibrinogen solution without thrombin 17. They used low/moderate concentrations of 

multivalent oxoanions (corresponding to multiply deprotonated acids) such as phosphate and 

citrate at low temperature (5° C) with sodium as a counterion in solution 17. The resulting fibers 

resembled the native fibrin structure. Similarly to Hense et al., Galanakis et al. reported the 

formation of fibrin fibers from solutions enriched with soluble fibrin after precipitating fibrin 

at 4° C and low sodium phosphate concentration 18,19. Non-denaturing buffers, thus, facilitate 

the most promising and cost-effective procedures to prepare fibrin-like fibers from fibrinogen 

without thrombin in vitro.  
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We also introduced a process for fiber formation under non-denaturing buffer conditions and 

achieved nanofiber assembly in highly saline aqueous environments by adding phosphate 

buffered saline (PBS) and a drying step 20,21. Dense nanofibers with dimensions resembling 

native fibrin and the networks prepared by Hense et al. 17 were formed at high salt 

concentrations without thrombin-induced cleavage. Mild secondary structure changes were 

found after salt-induced fibrinogen self-assembly without any amyloid transitions 21. Such 3D-

fibrinogen networks presented good mechanical stability when hydrated, supported the co-

cultivation of fibroblasts and keratinocytes and prevented E. coli infiltration 22,23. They also 

enhanced platelet adhesion while minimizing their procoagulant activity and can therefore be 

used to steer blood-materials interactions 24.  

To understand which other salts may trigger fibrinogen fiber formation, we also studied the 

influence of divalent ions like Ca2+ and Mg2+ on fibrinogen. While various monovalent ions 

drive 17,20 or assist 25 fiber formation, divalent ions did not induce fiber assembly in highly saline 

formulations although they yielded much stronger changes in fibrinogen secondary structure 

than monovalent PBS 26. We showed that fibrinogen self-assembly into nanofibers could be 

induced by monovalent cations in direct contact with the protein while multivalent cations did 

not interact specifically with solvent-exposed moieties of fibrinogen 26. Hence, we hypothesized 

that the primary hydration shell of monovalent cations is coordinated looser than the one of 

divalent cations and that water ligands can be partly detached in contact with certain fibrinogen 

domains 26. So far, nanofibers were observed after drying fibrinogen with sodium or potassium 

phosphate and to some extent with sodium or potassium chloride 20. However, for fibers formed 

with those pristine salts, no further characterizations of their composition or internal structure 

have yet been presented.  

To establish self-assembly of fibrinogen nanofibers as a reproducible process to prepare large-

scale scaffolds for tissue engineering applications with controlled molecular structure, 

nanoarchitecture and cell-binding properties, we understanding how specific monovalent ions 

influence this process is crucial. Integrating these influences into a constituting rule like a 

Hofmeister series for fibrinogen self-assembly is essential. Furthermore, considering the 

biological relevance of monovalent ions, particularly those present in blood plasma, is vital. 

Therefore, this study aims to understand the influence of different monovalent cations, anions 

and polyvalent anions on fibrinogen fiber assembly during drying in highly saline aqueous 

formulations.  

 

2. Materials & Methods 

2.1 Substrate preparation 

Round glass slides (VWR, Darmstadt, Germany) with a diameter of 12 mm were used as 

substrates for fibrinogen self-assembly 26 and cleaned for 5 min by immersion in a mixture of 
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3:1 sulfuric acid (VWR) and 30% hydrogen peroxide solution (VWR). Subsequently, the slides 

were thoroughly rinsed and kept in deionized water from a TKA water purification system 

(Thermo Fisher Scientific, Schwerte, Germany). Before fibrinogen self-assembly, glasses were 

dried with nitrogen. For light scattering and FTIR analysis, cleaned glass slides were coated 

with a gold layer using an EM ACE600 high vacuum sputter coater (Leica Microsystems, 

Wetzlar, Germany). First, an adhesion layer of 5 nm of chromium was applied, followed by 25 

nm of gold. For scanning electron microscopy (SEM) investigations, cleaned glass slides were 

modified by immersion in an ethanolic (Honeywell, VWR) solution containing 5% (3-

aminopropyl)triethoxysilane (APTES, Sigma-Aldrich, Steinheim, Germany). Before 

subsequent modification with fibrinogen, APTES-modified glasses were washed with ethanol 

and dried with N2. 

 

2.2. Buffers and salt solutions 

To directly compare the results obtained for divalent metals with monovalent metals, in the 

current study we used Tris as a background buffer in the current study, as in our previous report 
26. All buffers and salt solutions were prepared using deionized water from the TKA water 

purification system. The pH was monitored and adjusted with a pH meter (Carl Roth GmbH, 

Karlsruhe, Germany) by adding concentrated solutions of HCl (VWR) or NaOH (VWR) 

dropwise, as required. Buffer solutions of Tris (Tris(hydroxymethyl)-aminomethane 

(C4H11NO3, Roth) were prepared with a concentration of 10 mM and pH 7.0. Phosphate 

buffered saline (PBS) (Gibco, Thermo Fisher) solution was used in a concentration of 5x and 

pH of 7.4. Sodium phosphate (Na-PO4) buffer with 300 mM, 200 mM and 100 mM 

concentrations were prepared by mixing NaH2PO4 and Na2HPO4 (Carl Roth GmbH) solutions 

in different ratios to the desired pH of 7.0 in ultrapure water. The same concentrations and pH 

were prepared for potassium phosphate (K-PO4) by mixing KH2PO4 and K2HPO4 (Sigma 

Aldrich). Stock solutions of sodium chloride (NaCl, VWR) and potassium chloride (KCl, Carl 

Roth GmbH) were prepared with concentrations of 750 mM, 1500 mM and 2250 mM in 10 

mM Tris buffer, pH 7.0. Salt solutions of sodium acetate (C2H3O2Na, Honeywell Fluka, 

Beilstein, Germany), sodium sulfate (Na2SO4, Sigma Aldrich), sodium citrate (C6H5O7Na3, 

Sigma Aldrich), magnesium sulfate (MgSO4. 7 H2O, Merck KGaA) and potassium sulfate 

(K2SO4, Merck KGaA) were prepared with concentrations of 200 mM by dissolving the salts in 

ultrapure water. Likewise, disodium oxalate (C2O4Na2, Merck KGaA) solution was prepared 

with a stock concentration of 100 mM.  

 

2.3 Fibrinogen stock solution and fibrinogen self-assembly 

Fibrinogen stock solutions were prepared by dissolving 5 mg/mL of fibrinogen from human 

plasma (Merck KGaA, Darmstadt, Germany) in 10 mM Tris, followed by overnight dialysis 

using a 14 kDa cutoff cellulose membrane dialysis tubing (Sigma Aldrich) to remove low 
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molecular weight compounds 20. Fibrinogen precipitation was carried out pipetting 60 µL of 

the fibrinogen stock solution and 60 µL of the respective salt solution on glass or gold 

substrates, respectively. For planar samples, instead of salt solutions, 60 µL of deionized water 

were added. Sample drying was performed overnight in a home-built humidity chamber at 24°C 

and 30% relative humidity. Subsequently, the dried samples were placed in a petri dish 

containing one microliter of 37% formaldehyde solution (FA, AppliChem GmbH) per cm3 and 

covered with parafilm. Following cross-linking in formaldehyde vapor for 2h, samples were 

aired in the fume-hood for 30 min and rinsed with deionized water for 30-60 min (exchanging 

the water every 5 to 15 min), which removed any residual salt crystals. 

 

2.4 In situ analysis of fibrinogen fiber assembly 

To monitor the drying process of selected fibrinogen samples in real-time, we utilized an optical 

scattering sensor device, the OS 500 from Optosurf (Ettlingen, Germany) in conjunction with 

a Sartorius TE 3102 (Gࠀ漃ttingen, Germany) or a Kern TGD 50-3C Taschenwaage (Kern & Sohn, 

Balingen, Germany) mass balance, as previously described 26. To maintain a consistent 

humidity level during the in-situ measurements, a continuous flow of dry air was introduced 

into the chamber. The light scattering sensor was positioned at a distance of 5 mm from the 

substrate surface, and a light-emitting diode with a wavelength of 676±1 nm was used, 

generating a focused spot with a width of 0.9 mm that was centrally aligned on the substrate. 

By analyzing the light scattering patterns, we obtained data on both the overall intensity and 

the variance of the angle distribution (referred to as Aq roughness) of the detected light for each 

fibrinogen-coated surface. More details on the Aq parameter can be found in our previous report 
26. First, baseline signals were established by characterizing gold samples without any liquid 

deposition. Subsequently, aqueous fibrinogen and salt solutions were applied, and we 

continuously monitored time-dependent changes in intensity, mass and Aq of the fibrinogen 

precipitates until the samples reached a completely dry state. 

 

2.6 Morphological and roughness characterization 

Roughness maps of cross-linked and washed fibrinogen samples were obtained with the same 

light scattering sensor device OS 500 used during in situ analysis at a measuring distance of 

5 mm from the substrate surface, and again a light-emitting diode (wavelength of 676 ± 1 nm) 

was used. Local roughness findings obtained by scanning a 30 µm light spot over the sample 

surface were integrated in an Aq map, i.e. a two-dimensional array of measuring spots, with a 

lateral distance of 50 µm between neighboring measurement regions resulting in a total map 

width of 20 x 20 mm2. Roughness information of fibrinogen precipitates were averaged across 

the 30 µm light spots and several 100 µm wide regions. The overall surface coverage was 

analyzed with macroscopic images taken with a Keyence VHX-7000 digital microscope 
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(Keyence, Neu-Isenburg, Germany). The samples were imaged using 20× magnification in 

overall survey applying stitching for single partial images. 

After cross-linking and washing of the precipitated fibrinogen, the morphology of the samples 

at the nanoscale was examined by SEM following sputter coating with a 7 nm thick gold layer 

using our EM ACE600 high vacuum sputter coater. For SEM imaging we used a Phenom XL 

Desktop SEM (Phenom-World BV, Eindhoven, Netherlands) at acceleration voltages of 10 kV, 

employing the secondary electron detector. Fiber diameters were manually analyzed with 

Image J using a total of 50 measurements equally distributed on selected SEM images with 

15,000 x magnification. The position of each measurement region within a survey image is 

given in the Supporting Information (see Table S1). 

 

2.7 Secondary structure analysis 

To analyze the secondary structure of dried fibrinogen precipitates on gold, we utilized a Bruker 

Vertex 70 infrared spectrometer with IR Scope II following our previous routine 21,26. Fourier-

transform infrared (FTIR) spectra were recorded at 10 to 15 different positions, with a 

resolution of 4 cm⁻¹ and 64 scans per measurement. At least three samples of each fibrinogen-

salt combination were measured. All spectra were processed using the OPUS software package 

provided by Bruker. The positions of the amide bands were determined by peak integration 

using the Origin 2020 software from OriginLab Northampton. The secondary structure, i.e. the 

amount of alpha helices, beta-strands or other structures, was obtained by deconvoluting the 

amide I band using our previous procedure 21,26. 

 

2.8 Chemical composition of fibrinogen precipitates 

The surface composition of dried, cross-linked and washed fibrinogen precipitates underwent 

characterization by X-ray photoelectron spectroscopy (XPS) using a Thermo Scientific™ K-

Alpha™ X-ray Photoelectron Spectrometer with monochromatic Al Kα X-ray irradiation. The 

electron analyzer worked in Constant Analyzer Energy mode (CAE) with 150 eV for overview 

spectra, 40 eV for detailed scans in the Na 1s, K 2p, Cl 2p, S 2p, P 2p spectral regions and 

20 eV for energetic high-resolution line spectra. The applied diameter of the area of analysis 

was 0.4 mm. The achieved sensitivity depended on the respective elements and allowed for 

detecting sodium at concentrations as low as 0.1 at% within the information depth of several 

nanometers. All fibrinogen samples were analyzed after 30 minutes of cross-linking and rinsing 

with ultrapure water. Our previous rinsing procedure 26 was modified by changing the water 

every five minutes to effectively remove salt deposits. To ensure comparability with our 

previous results 26, samples freshly prepared from 2.5x PBS were analyzed after they had been 

rinsed with the modified procedure. 
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All data obtained from the spectra were fitted using the CasaXPS software (Version 

2.3.19PR1.0, Casa Software Ltd.). To compensate for electrostatic charging effects, the C1s 

photoemission line related to hydrocarbonaceous C3C/C3H-species was fixed at 285 eV, and 

all other lines were respectively shifted. Signal areas were obtained by performing a Shirley 

background subtraction. Peak components were adjusted using a Gaussian-Lorentzian line 

shape (GL(30)) for the fitting process. 

 

3. Results and discussion 

In our previous studies, drying saline fibrinogen formulations in the presence of PBS or sodium 

phosphate solutions reproducibly resulted in well-defined fibrous structures on substrates from 

different materials 20,21,26. Minimum starting concentrations of 0.5x PBS or 5 mM Na-PO4 were 

necessary to induce self-assembly of fibrinogen nanofibers 20 with lower salt concentrations 

leading to a lower surface coverage with nanofibers. So far, the best fiber coverage was 

achieved with 50 mM Na-PO4 and 2.5x PBS, equivalent to 375 mM NaCl 20. Therefore, we 

have now used these concentrations as starting point to investigate fibrinogen precipitation in 

the presence of, respectively, NaCl, KCl, Na-PO4 and K-PO4 and also studied the influence of 

higher starting concentrations of monovalent salts on fibrinogen fibrillogenesis. 

 

3.1 Precipitation of fibrinogen is altered in the presence of different monovalent salts  

As we established for divalent salts and PBS, 26 we used angle-resolved light scattering to 

monitor Aq roughness of the solid below the droplet as a dynamic indicator of surface 

topography during fibrinogen precipitation until complete evaporation of water (see Figure 1). 

The time-dependent Aq roughness curves were obtained at the center position in a 0.9 mm wide 

spot while drying fibrinogen with different monovalent salts at varying concentrations. We used 

2.5 mg/mL fibrinogen with varying concentrations of sodium or potassium chloride (375, 750, 

1125 mM) and sodium or potassium phosphates (50, 100, 150 mM) before drying. In Figure 1 

low Aq values indicate a very smooth surface and small roughness while higher Aq values 

correspond to higher roughness. At 0 hours, the initial roughness corresponds to the underlying 

gold substrate before adding fibrinogen and salt solution. After depositing a transparent droplet 

composed of salt, Tris and fibrinogen, a 30 min initial equilibration phase of relative humidity 

was observed, followed by an ongoing mass loss, which was attributed to water evaporation 

during drying (see Figure S1 in the Supporting Information).  

Based on the mass variation and calculated solution concentration, arrows in Figure 1 indicate 

when the fibrinogen-containing droplets achieved salt solubility, expected to get saturated and 

to precipitate. Moreover, we marked when the maximum fibrinogen solubility of 10 mg/mL in 

Tris buffer would be reached, based on mass and water evaporation. Salt solubility was typically 

reached after 80% of the water evaporated. Overall, we observed variations in the drying time 
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that ranged from 3 to 5.5 hours, depending on the salt type and concentration. Fibrinogen 

solutions with phosphates dried faster than those with chloride, although chlorides were less 

hygroscopic.  

 

Figure 1: In situ monitoring of the surface roughness of dried fibrinogen precipitates. Aq versus time curves were obtained 

from light scattering analysis of fibrinogen (Fg) precipitation on gold in the presence of different monovalent salts. In each 

plot, the round dots represent data points measured until sample drying and indicate the change in Aq surface roughness during 

the drying of droplets containing 2.5 mg/mL fibrinogen in 5 mM Tris and varying concentrations of (A-C) NaCl, (D-F) KCl, 

(G-I) Na-PO4, and (J-L) K-PO4. The initial Aq values at 0 h represent the roughness of the underlying gold substrate before the 

fibrinogen and salt solutions were added. The different arrows flag up the time point when the respective salts are expected to 

reach saturation (following concomitant gravimetrical assessment) and precipitate.  

Generally, higher salt concentrations increased the drying times due to a reduction in water 

vapor pressure. In the first two hours, significant mass loss occurred with minimal change in 
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Aq values (around 5 or below), indicating no precipitation or a very smooth layer. After two 

hours, Aq values rose, and solutions became turbid, which coincided with the start of the rise 

in Aq values. The shape of the Aq curves varied depending on the salt concentration and type, 

with chloride and phosphate salts showing similar features within their groups. 

As shown in Figure 1, the overall change in Aq during drying (Δ(Aq)total drying) was mostly above 

40, reaching up to 90 for fibrinogen with various monovalent salts, except for lower 

concentrations of K-PO4 (50 mM) which only reached an Aq of 26. Aq vs. time curves for 

fibrinogen-free salt solutions only showed minor increases in Aq during drying, with overall 

Δ(Aq)total drying values between 2 and 17 and for Na-PO4 and K-PO4 even below 10 (see Figure 

S2), indicating smoother surfaces without fibrinogen. This is in contrast to divalent chlorides 

that previously exhibited a (Aq)total_drying between 20 and 70 when dried without fibrinogen 26. 

The low Aq values for monovalent salts in the sample center also correlate well with optical 

microscopy images of NaCl and KCl precipitates, which showed that the sample center was 

mostly free of large salt crystals (see Figure S3).  

To understand whether fiber formation occurred at a threshold salt concentration or near 

complete sample drying, we subsequently increased the initial salt concentration and analyzed 

the slope in the Aq vs. time plots and roughening inset time related to the first Aq increase. This 

salt increase allowed us to separate the respective onset times of fibrinogen and salt 

precipitation during our in-situ analysis.  

In our reference measurements of both chlorides with 375 mM and both phosphates with 50 

mM we did not observe any notable Aq increase during drying (see Supplementary Information, 

Figure S2). For fibrinogen with 375 mM NaCl or KCl, the Aq roughness showed two steep 

slopes: the first coinciding with salt saturation and the second with Tris saturation (see Figure 

1A and D). Initially, Aq was below 10 and constant until 2.5-3.0 hours, before it sharply 

increased to around 80 for both salts. With 750 mM chlorides, a less steep two-step Aq rise 

occurred, reaching final values of 70 for NaCl and 55 for KCl (see Figure 1B and E). For both 

lower concentrations, the saturation of the salts was reached during the initial changes of the 

Aq values. At 1125 mM, an additional step appeared between the two already present at lower 

chloride concentrations, with final Aq values around 85 for NaCl and 55 for KCl (see Figure 

1C and F). KCl showed a continuous three-step increase, while NaCl had a decrease between 

the salt and Tris saturation events.  

For fibrinogen and alkali phosphate salts, Aq changes were similar to those for chlorides but 

with narrower curves. Na-PO4 and K-PO4 solutions contain mixtures of phosphates with 

different solubilities (NaH2PO4 and Na2HPO4 or KH2PO4 and K2HPO4) with differently 

protonated anions and their hydrates showing different solubilities 37,38, causing salts to 

precipitate at different drying times (see arrows in Figure 1G to L). At 50 mM, Na-PO4 and    

K-PO4 with fibrinogen showed distinct Aq vs. time curves. Initially, Aq was low and constant 
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until a sharp increase at 2.0-2.5 hours occurred in less than 30 minutes. For Na-PO4, Aq 

increased when NaH2PO4 started precipitating, while Na2HPO4 precipitation caused no change. 

However, we did not observe any corresponding change in the Aq value. This may be attributed 

to the presence of a pH-dependent mixture of different salts in sub-saturation concentrations. 

For K-PO4, the Aq increased earlier than expected and did not coincide with the expected 

precipitation of any of the phosphate salts. It decreased in two steps, likely due to less soluble 

hydrates of K2HPO4 and KH2PO4. 

At 100 and 150 mM, both fibrinogen-phosphate mixtures had similar Aq curves. A small 

shoulder appeared at the initial Aq rise for 100 mM, followed by a steep rise, reaching Aq 

values of 80 during 1 hour, then decreasing to 75 at the final drying point for both phosphates. 

At 150 mM, another shoulder appeared, and the curve was less steep, taking 1.5 hours to reach 

a final Aq of 65. For Na-PO4, Na2HPO4 precipitation was expected before the Aq rise, with 

NaH2PO4 precipitation coinciding with the Aq increase. However, higher concentrations of K-

PO4 showed Aq changes correlating well with the expected precipitation of K2HPO4 and 

KH2PO4.  

Overall, in-situ monitoring of drying fibrinogen solutions revealed that mutual interactions are 

present during salt and fibrinogen co-precipitation that influence the roughness of the dried 

precipitates. Comparing all graphs in Figure 1, Aq further increased at the end for NaCl and 

KCl, when Tris was expected to precipitate, but decreased for the phosphates. This is because 

Tris forms tris-hydrochlorides with chlorides that have a rough texture, as we reported 

previously 39, causing Aq profiles to increase. With phosphates, Tris-HCl did not precipitate, 

resulting in decreased roughness. Since fibrinogen saturation was expected before salt 

saturation 3 apart from the mixture of 2.5 mg/mL fibrinogen with 150 mM Na-PO4 3 our 

findings suggest that at lower salt concentrations, major changes in Aq roughness are linked to 

the onset of salt precipitation. Increasing turbidity during drying indicates protein aggregation 

and precipitation 20,40, possibly due to a lower solubility threshold of fibrinogen that might 

correspond to salting out in a high-saline environment. This could mean more salt decreases 

fibrinogen solubility, bringing the Aq increase event closer to the 10 mg/mL saturation limit, 

suggesting early co-precipitation with salts.  

However, increasing salt concentration showed changes in Aq profiles not directly related to 

salt precipitation, indicating fibrinogen precipitation before the salts. In a nutshell, our time-

dependent combined assessment of the Aq roughness of the deposits and the mass loss of the 

droplet during drying suggest that not only the final phase, but rather an essential period of the 

solidification process after the onset of a roughness increase is dominated by coprecipitation of 

fibrinogen and the respective salts. These hypotheses require further analysis of salt-dependent 

fibrinogen precipitation, including turbidity measurements, as saturation levels may vary with 

solution composition.  
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3.2 Variations in fibrinogen morphology and roughness depend on the monovalent salts present 
during drying 

To study whether high surface roughness correlates with fiber formation, as we previously 

observed for fibrinogen drying with PBS in comparison to divalent salts or Tris 26, we now 

combined Aq mapping with optical microscopy and SEM analysis of cross-linked and washed 

fibrinogen precipitates with different monovalent salts (see Figure 2). The macroscopic features 

found in optical microscopy images of all fibrinogen precipitates correlated precisely with the 

roughness information in the Aq maps where high Aq values (red) indicate high surface 

roughness, while low Aq values (blue) indicate smooth regions. 

Fibrinogen precipitated with 375 mM NaCl showed dendritic features of 0.1 to 0.2 mm width 

with high roughness and an average Aq value around 75 (see Figure 2A-B and Figure S4). 

Similar dendrites were previously observed when fibrinogen, collagen or BSA were 

precipitated in the presence of NaCl 39,41. SEM analysis of fibrinogen with 375 mM NaCl now 

revealed nanofibrous deposits only in a few distinguished sample regions (see Figure 2C and 

Figure S5A-D). Remarkably, those regions were surrounded by elevated areas that appeared 

rough but did not show a nanofibrous morphology. Detailed analysis revealed domains with 

flat and apparently smooth fibrinogen layers (see Figure S5A, blue arrow) and domains with 

rough but not fibrous structures (see Figure S5C, D) were also observed. Comparing our 

previous SEM analysis of unrinsed fibrinogen-NaCl precipitates (see Figure S6A 39) with the 

SEM images of washed fibrinogen precipitates where Tris and NaCl crystals had been dissolved 

(see Figures S5A and S6B), we conclude that fibers had formed underneath the largest branches 

of the salt dendrites, which consist of crystallites with a width of around 200 µm.  

Planar fibrinogen regions were associated with areas between the NaCl dendrites. Interestingly, 

below small NaCl crystals, fibrinogen showed a rough but not fibrous morphology, contrasting 

with previous findings where PBS or Na-PO4 precipitates yielded fibers around and on top of 

salt crystals 20. Fibrinogen layers formed with 375 mM KCl were shaped by simultaneous salt 

dendrite formation (see Figure 2D) with an average Aq roughness 40 that was much lower than 

with NaCl (c.f. Figures 2E and 2B). The highest Aq roughness was detected in the central 

sample region with the lowest KCl dendrite density. These fibrinogen-KCl precipitates had a 

thickness of at least 0.1 mm following cross-sectional analysis with 3D-optical microscopy (see 

Figure S7). Interestingly, no fibers were found with KCl 3 neither around nor under KCl crystals 

(see Figure 2F). Detailed SEM analysis revealed both smooth and clumpy domains (see Figure 

S5G-H), which matches Aq mapping results, showing a less rough surface than fibrinogen films 

formed from saturated NaCl solutions. Notably, in our previous study we reported fiber 

formation with 375 mM KCl, but fibers were less defined than those from PBS salt solutions 

and distributed differently 20. The previous study used NH4HCO3 instead of Tris for dialyzing 

fibrinogen. NH4HCO3 decomposes into volatile gases and water during drying 42, while Tris is 

non-volatile with a lower pH 43 and therefore still present at the end of drying. These differences 
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could indicate an influence of the pH value and the ions in the background buffer on the course 

and completion of fiber formation upon drying of the fibrinogen solutions. Further studies are 

required to confirm this hypothesis. 

 

Figure 2: Morphology and roughness of fibrinogen dried in the presence of different monovalent salts. Optical light 

microscopy (OM), Aq-based survey images and SEM-based local detail images of samples prepared after drying 2.5 mg/mL 

fibrinogen in the presence of different salts: (A, B, C) 375 mM NaCl, (D, E, F) 375 mM KCl, (G, H, I) 100 mM Na-PO4, (J, K, 

L) 100 mM K-PO4. For SEM analysis, all precipitates were prepared on APTES-modified glass, while for Aq mapping, 

fibrinogen films were prepared on gold. Light microscopy views correspond to Aq-mapping, with rougher areas (red color) 

being an indication of fiber formation. SEM-images reveal (C) low density fiber formation for NaCl, (F) no fiber assembly for 

KCl, (I) high density fiber assembly for Na-PO4 and (L) assembly of partly coalesced fibers with high density for K-PO4. 
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Figures 2G-I show that fibrinogen precipitated with 100 mM Na-PO4 had rough, homogeneous 

surfaces with Aq values up to 100, correlating well with microscopic details. Light microscopy 

showed a flat surface without large salt crystals, but Aq mapping revealed high roughness. SEM 

analysis after rinsing linked this roughness to dense fibrinogen nanofibers, evenly spread over 

the surface (see Figures S5E-F). Similar results were seen with 100 mM K-PO4, but these fibers 

appeared more coalesced (see Figure 2J-L and S5I-J). Overall, Na-PO4 resulted in the highest 

fiber formation and coverage, with no large salt crystals or gaps observed. Our combined 

analysis suggests that higher roughness (Aqmax g 80) indicates fiber assembly, especially 
compared to previous findings with divalent salts, where low Aq values (Aqmax f 80) 
corresponded to no fiber formation 26.  

To analyze the contribution of salt crystals to film roughness, we additionally compared Aq 

values of droplets directly after drying with those after crosslinking and dissolving salts and 

Tris by washing. Before cross-linking and rinsing, Aq values were 80.8 for NaCl, 77.3 for KCl, 

74.2 for Na-PO4, and 72.3 for K-PO4, matching the average Aq roughness in 1 mm regions 

around the center of cross-linked and washed fibrinogen precipitates (see Figure S4). Aq values 

slightly decreased for NaCl and KCl after washing, while they slightly increased for Na-PO4 

and K-PO4. This suggests chloride crystals add roughness on top of fibrinogen (see Figures S3 

and S4), while phosphate crystals fill valleys in the undulated fibrinogen topography 22,24. 

Differences in Aq values before and after rinsing were within the standard deviation, indicating 

the roughness is mainly due to fibrinogen content. Apparently, the mobile anions and 

monovalent cations of the fibrinogen-salt solutions shape the fibrinogen microstructure, while 

precipitated salt crystals act as a template for the dried macroscopic fibrinogen films. 

For future applications in tissue engineering, lateral scaffold homogeneity is crucial. Therefore, 

we analyzed the average <Aq> value and standard deviation of the Aq roughness in a 1 mm 

wide central region of cross-linked and washed fibrinogen films presented in the center column 

of Figure 2 (see Figure S4). The lowest <Aq> values were found for KCl (68.2) and NaCl 

(77.9). Na-PO4 and K-PO4 had higher, similar <Aq> values (81.7 and 81.3). The highest 

standard deviations in the central region were observed for NaCl and KCl, indicating the highest 

variation in Aq mapping. This lower homogeneity for chloride salts is attributed to their larger 

crystal size and potential gaps in water-rinsed films (c.f. Figures 2, S5, and S6). Moreover, KCl 

yielded no fibers, and NaCl fibers were not uniformly distributed, with gaps filled by salt 

crystals before rinsing (see Figure S6). Hence, monovalent salts with phosphates will be best 

suited in future to produce nanofibrous fibrinogen scaffolds for regenerative medicine in the 

future. 

An important parameter to steer cell-scaffold interactions is the diameter of individual fibers in 

the scaffold. Therefore, we analyzed average fiber diameters from SEM images (see Figure S8 

and Table S1) and found the lowest diameter of 228 ± 49 nm for fibrinogen with 100 mM Na-

PO4, followed by 233 ± 67 nm for 100 mM K-PO4 and 301 ± 76 nm for 2.5x PBS. With 375 mM 
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NaCl only few regions with fibers were found that yielded an average diameter of 371 ± 131 

nm. These results show that more fibrinogen was converted into persistently thin fibers with 

phosphates than with chlorides (c.f. Figure 2). For K-PO4 in particular, the coalesced fibers 

indicate that self-assembled fibrinogen fibers were also prone to some ripening effect as it is 

known from the Ostwald ripening of intersecting fibers 44. We suggest that material exchange 

between neighboring fibers is ruled by a salt-dependent transport-related barrier that 

counteracts coalesce with the following order: KCl < NaCl < K-PO4 < Na-PO4. This barrier, 

effective in highly saline environments, is likely influenced by attractive hydrophobic and 

repulsive hydrophilic Lifshitz3van der Waals interactions rather than electrostatic effects 45. 

Recently, Hense et al. studied the effect of different salts on fibrinogen fiber formation at lower 

concentrations (15 mM) than we used 17. Interestingly, in their study NaCl was considered to 

hinder fiber formation, while Na-PO4 promoted fiber formation, similar to our findings with 

protonated phosphates using sodium or potassium alkali counterions. They focused on sodium 

salts at pH 7.0, concluding that oxygen-containing, multivalent anions like phosphate or citrate 

best support fiber formation. Wei et al. previously also also observed how ions in PBS influence 

fibrinogen aggregation and fiber assembly under when acidic conditions at pH 2, noting 

increased fiber yield with PBS present and they observed an increased fiber yield when PBS 

was present 25. Based on our findings, we conclude that fibrinogen precipitates into different 

fibrous or non-fibrous morphologies under varying environmental conditions, indicating that 

specific ion-protein interactions initiate and promote fibrinogen aggregation and consequently 

fiber assembly. Moreover, we studied the effect of higher salt starting concentrations on 

fibrinogen precipitation. We obtained Aq maps and SEM images similar to those with lower 

salt concentrations for all salts (c.f. Figure S9 and S10 with Figure 2). Higher NaCl and KCl 

concentrations did not increase surface roughness or coverage, nor did they produce fibers for 

KCl. For phosphates, fibrinogen coverage increased from 50 to 100 mM but remained 

unchanged at 150 mM, with no change in fiber morphology. Therefore, we focused our further 

analyses of ion uptake and secondary structure on the lowest salt concentrations providing 

sufficient coverage: 375 mM for KCl and NaCl, and 100 mM for K-PO4 and Na-PO4.  

 

3.3 Ion uptake is stronger for Na+ and only observed for fibrous fibrinogen  

Previously, we observed for fibrinogen dried with PBS that sodium cations were present in 

washed fibrinogen fibers while divalent cations were completely rinsed away 26. Hence, we 

hypothesized that ion-protein interactions may be affected by the hydration shells of both the 

ions and the protein and that sodium ions were bound to anionic sites within fibrinogen 26. To 

confirm this hypothesis, we now analyzed the elemental surface composition of cross-linked 

and rinsed fibrinogen precipitates that were dried with different monovalent salts (375 mM of 

NaCl or KCl and 100 mM of Na-PO4 or K-PO4) using XPS.  
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The atomic surface concentrations from XPS inspection are presented in Table 1. The nitrogen 

surface concentration [N] remained around 17 at% for all samples, similar to our previous study 
26. In the presence of NaCl and KCl, no metallic cation or Cl-based moieties were detected, 

suggesting that chloride salts macroscopically shaped the fibrinogen films but were 

subsequently washed away. Fibrinogen samples prepared with PBS showed some scattering 

and lower [Na]/[N] concentration ratios between 1.3 % and 2.6 % compared to the previously 

detected 4.9 %, i.e. 0.049 26. Although the modified rinsing process not only dissolved salt 

deposits, but also dissolved sodium cations from the fibrinogen, the sodium was not completely 

rinsed out. We attribute the decrease in [Na]/[N] concentration ratio to the shorter washing steps 

in which we now exchanged water every 5 min instead of every 15 min 26. When we rinsed one 

of the samples that had a [Na]/[N] ratio of 0.026 after 30 minutes of rinsing for additional 15 

minutes (see Table 1, second row), we found that the concentration decreased by slightly more 

than half. This confirmed our hypothesis that Na+ can be leached from sodium-fibrinogen 

compounds. We attribute this partial and incremental leaching effect to the interface regions of 

fibrinogen deposits and to the formation of a complete hydration shell around Na+ cations in 

diluted aqueous solutions. Moreover, we suppose that Na+ ions were replaced by (originally 

hydrated) H+ ions from water following an ion exchange process. Although PBS also contains 

KCl and K-PO4 in its formulation, we did not detect potassium species in either of the rinsed 

samples, agreeing well with our previous results 26. Moreover, XPS results showed no Tris 

residues on the surface, neither in overall nitrogen surface concentration [N] nor in the 

contribution of C*-O species to the C1s signal. This agrees well with the Aq maps and SEM 

images (see Figure 2), which showed no clear indication of Tris salts after rinsing cross-linked 

and dried fibrinogen films.  

Since fibrinogen precipitates prepared with NaCl did not show any Na+ after washing, we 

presume that for PBS samples, exchangeable sodium-fibrinogen moieties originated from 

dissolved sodium phosphate salt. Remarkably, XPS analysis of fibrinogen layers prepared with 

Na-PO4 showed a [Na]/[N] concentration ratio of about 1.2 %, with no detectable phosphate 

species. This confirms our hypothesis that Na+ in fibrinogen-PBS samples originated from Na+ 

counterbalanced by (protonated) phosphate ions. Since K+ was not detected in fibrinogen-PBS 

samples, we did not expect any potassium in fibrinogen-K-PO4 either, which was confirmed by 

our XPS findings.  

With these results we hypothesize that nanofibrous fibrinogen preferentially captures Na+ rather 

than K+, preferentially in the presence of O-containing counterions in solution, like (protonated) 

phosphates. Presumably, this preference is due to the smaller van der Waals radius of Na+ 

(227 pm) compared to K+ (275 pm) 46. The preferential sorption of sodium over potassium on 

protein surfaces was studied by Vrbka et al. 47 via molecular dynamics simulations for actin, 

bovine pancreatic trypsin inhibitor, ubiquitin and ribonuclease. They suggested that interactions 

between the carbonyl oxygen of the amide group and Na+ are responsible for this preference.  
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Table 1: Composition of fibrinogen-salt precipitates on APTES-coated glass slides after crosslinking fibrinogen with FA vapor 

and rinsing with pure water for 30 min obtained from XPS analysis and given in atomic % (at%) in case of [N] and in % in 

case of ratios normalized to [N].  __/__ represents one position of one measurement per sample. 

Sample 

Metal ion in 

starting 

solution 

Rinsing 

time 

(min) 

[N] [Metal]/[N] [Cl]/[N] [S]/[N] [P]/[N] 

 Na+, K+              Metal = Na    

Fg &  

2.5× PBS 

 pH 7 

Morphology: 

highly 

fibrous 

30 min 

14.7/ 

17.5/ 

17.2 

4.9*/ 

1.3/ 

2.4 

0.9/ 

0/  

0 

2.5/ 

2.8/  

3 

-/ 

0.1/ 

0.08 

Time series rinsing 

for PBS 

(Na+ leaching) 

Morphology: 

highly 

fibrous 

30 min  

30 + 15 

min 

16.5/ 

17.06 

2.6 

1.1 

0/ 

0 

3.1/ 

3.2 

0.07/ 

0.04 

 Na+   Metal = Na    

Fg &  

375 mM NaCl,  

pH 7 

Morphology: 

low 

fibrous 

30 min 

17.5/ 

 17.7/ 

17.3/ 

17.3 

0/ 

0/  

0/  

0 

0/ 

0/  

0/  

0 

2.9/ 

2.6/  

2.8/ 

2.4 

0.1/ 

0.2/ 

0.08/  

0.1 

 Na+   Metal = Na    

Fg &  

100 mM Na-PO4, 

pH 7 

Morphology: 

highly 

fibrous 

30 min 

17.2/ 

17.0/ 

17.6 

1.2/ 

1.0/ 

1.1 

0/ 

0/ 

0 

3.1/ 

2.7/ 

2.7 

0.09/ 

0.2/ 

0.06 

 K+   Metal = K    

Fg &  

375 mM KCl,  

pH 7 

Morphology: 

rough with 

smooth 

domains. No 

fibers. 

30 min 
17.7/ 

16.5 

0 / 

0 

0/ 

0 

2.8/ 

2.5 

0.1/  

0.1 

 K+   Metal = K    

Fg &  

100 mM K-PO4,  

pH 7 

Morphology: 

highly 

fibrous 

30 min 
17.2/ 

17.3 

0/ 

0 

0/ 

0 

2.7/ 

3.3 

0.2/ 

0.2 

* result from previous publication 26 
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We previously hypothesized that sodium ions can disrupt their hydration layer to establish 

direct protein contact to integrate into the protein structure 26. As the concentration of peptide 

groups exceeds the maximum detected Na+ concentration by more than one order of magnitude 

we suggested carboxylate groups in fibrinogen side-chains as potential binding sites for 

monovalent cations 26. Based on our results, we now suggest that such integration can induce 

structural changes and promote fibrinogen fiber assembly.  

However, our SEM findings reveal fiber formation with K-PO4, even though K+ was not 

detected on thoroughly washed fibrinogen films. A possible explanation, that would still allow 

for considerable potassium-fibrinogen interactions, could be that monovalent cations as Na+ 

and K+ can indeed interact directly with the protein in solution, but that Na+, due to its 

preference for a cation-fibrinogen interaction, may not as easily be fully hydrated and 

exchanged by the H+ ions when dried fibrinogen precipitates are rinsed with water after drying. 

This higher affinity might be due to thermodynamic effects like a stronger cation-carboxylate 

interaction or kinetic effects like a three-dimensional complexation that exceeds a single cation-

carboxylate interaction 48. As a more pronounced 3D complexation might be associated with 

changes in intramolecular or intermolecular protein-protein interactions, we subsequently also 

analyzed fibrinogen films by vibrational spectroscopy. 

 

3.4 Secondary structure of fibrinogen precipitates does not indicate fiber formation 

To study whether specific ion-protein interactions are associated with conformational changes, 

we conducted FTIR analysis of cross-linked and washed fibrinogen precipitates that were dried 

with NaCl, KCl, Na-PO4 and K-PO4 (see Figure 3).  

The resulting FTIR histograms were ordered following the SEM-based structural 

characteristics, starting from non-fibrous fibrinogen films prepared in Tris (left) to the most 

nanofibrous films with Na-PO4 (right).The α-helix content decreased from smooth fibrinogen 

with Tris (21% ± 4%) via fibrinogen with KCl (18% ± 3%) and NaCl (17% ± 1%), which did 

not necessarily result in fiber assembly to fibrinogen fibers with PBS (17% ± 0%). The α-helix 

content was highest for K-PO4 (19% ± 1%), and Na-PO4 (22% ± 4%), the most fibrous 

fibrinogen precipitates. ³-strand content was lowest for Tris (33% ± 5%) and both phosphate 

samples (Na-PO4: 37% ± 1% and K-PO4: 35% ± 3%) and highest for PBS (42 % ± 1%) and 

both chlorides (NaCl: 43% ± 4%, KCl: 42% ± 4%), all showing more ³-strand than the smooth 

samples prepared with Tris. Despite the strong differences in morphology, fibrinogen with Tris 

and K-PO4 had the highest amounts of other structures around 46%, while for all other salts the 

percentage of other structures was between 40% and 41%. Overall, more fibrous fibrinogen 

precipitates assembled with phosphates had less ³-strand and more α-helix content than the less 

fibrous chloride precipitates (c.f. Figure 3 and 4). PBS, which contains 10 times as much NaCl 

as phosphates, had a secondary structure that resembled NaCl rather than phosphates. This 
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conformational similarity is also reflected by the similar fiber diameters obtained from SEM 

analysis (see Figure S8). 

   

Figure 3: Secondary structure of fibrinogen precipitates. 2.5 mg/mL fibrinogen were dried with different monovalent salts, 

cross-linked and washed. The histogram presents the results from the deconvolution applied to the amide I bands of the FTIR 

spectra (average of n=3 independently prepared samples). For comparison, the results for fibers assembled with PBS from our 

previous study 26 are also shown. No clear correlation between ³-strand and fiber formation was observed. Non-fibrous 

fibrinogen samples (KCl) yielded a higher amount of ³-strands than dense fiber networks of fibrinogen (Na-PO4).  

Overall, the secondary structure profiles show that both chlorides are similar to the addition of 

PBS to fibrinogen, for which we had previously reported a decrease in α-helix and an increase 

in ³-strand content 20,21. We had suggested that the increase in ³-strand structures in fibrous 

fibrinogen layers prepared with PBS correlated with a transition from smooth to fibrous layers 
21. However, further studies with divalent ions had showed that an increase in ³-strand content 

does not necessarily result in fibrinogen fiber assembly 26. This finding is corroborated here, 

since although there was an increase in ³-strands for NaCl and KCl, the assembly of fibrinogen 

into fibers was limited or even suppressed.  

For fibrinogen with both phosphates, we also obtained similar conformational trends. 

Interestingly, these secondary structure profiles were close to that of native fibrinogen in 

aqueous solution as we had previously measured by CD spectroscopy (26% α-helices, 27% ³-

strands, and 47% other structures) 21. With serine and threonine located in the Aα chain, native 
fibrinogen contains many phosphorylation sites that play an important role in vivo during ageing 

or surgery 49. Therefore, we hypothesize that these phosphorylation sites are involved during in 

vitro fiber assembly with K-PO4 or Na-PO4 by supporting the attachment of phosphate, which 

presumably promotes the disruption of the hydration shell. In particular, for Na-PO4 with the 

smaller van der Waals radius of Na+, this disruption may lead to direct contact between the Na+ 

ions and the fibrinogen molecule, allowing the Na+ ions to be captured during fiber assembly. 
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Further atomistic studies are needed to confirm these hypotheses and to understand whether 

binding of Na+ is a prerequisite for or a consequence of fiber assembly. 

Comparing results from divalent salts with monovalent salts, the ³-strand content for 

phosphates matched that of divalent chlorides 26. This reinforces that secondary structure 

changes alone cannot explain why fibrinogen assembles into fibers with phosphate salts during 

drying, or why fibers form inconsistently with monovalent chlorides. Additionally, it does not 

explain why monovalent chlorides yield some roughness while divalent chlorides result in 

smooth layers. However, as discussed previously 26, FTIR findings can indicate or exclude 

fibrinogen denaturation during fiber assembly, which is important for the future use of these 

scaffolds in regenerative medicine. With our previous results 21,26 and current findings, we 

confirm that fibrinogen probably assembles into fibers in the presence of certain monovalent 

salts only when its tertiary or quaternary structure - rather than its secondary structure - changes, 

similar to fibrin50,51.  

 

3.5 Fiber conversion with polyvalent anions depends on cation/anion pairing 

So far, we did not detail why more fibrinogen is converted into fibers or potentially why its 

tertiary and quaternary structures change more with monovalent cations and (protonated) 

phosphates instead of chlorides. The most defined fibers were observed with hydrogen 

phosphates ([HPO4]2− and [H2PO4]−), which are polyvalent and amphoteric anions that act as 

both acid or base and can form several hydrogen bonds and salt bridges 52. With reference to 

the Hofmeister series, several polyvalent anions, classified as kosmotropic, may have similar 

effects. To further understand fibrinogen fiber assembly with phosphates and the reaction of 

the monovalent cations Na+ and K+ with other kosmotropic anions, we therefore studied the 

capability of different polyvalent anions to promote fibrinogen fiber formation.  

First, we tested Na+ with different polyvalent anions using sodium sulfate and three different 

sodium carboxylates, namely the monocarboxylate anion acetate, the dicarboxylate anion 

oxalate, and the tricarboxylate anion citrate as ordered in the sequence of increasing steric 

demand and efficiency for multidentate chelation of (partially) hydrated cations. Then, sulfate 

was paired with K+ to establish a comparison with its smaller homologue Na+. Finally, we 

combined sulfate with the divalent cation Mg2+ to verify the hypothesis that the observed 

inhibiting effect of divalent chloride salts on the formation of nanofibers in highly saline 

aqueous environment 26 is not only due to the presence of chloride anions but also affected by 

the presence of divalent cations. Figure 4 shows SEM images of the six salt-fibrinogen 

precipitates mentioned.  

Fibrinogen films formed with 50 mM Na-oxalate (see Figure 4A) and 100 mM Na-acetate 

(Figure 4B) resulted in rough precipitates. For Na-acetate, the fibrinogen morphology showed 

some porosity, suggesting seamless coalescence of previously formed and precipitated fibers. 
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On the other hand, films with 100 mM of Na-citrate (see Figure 4C) displayed localized fiber-

like structures between elevated smooth, potentially coalescent domains, indicating citrate’s 

greater tendency to induce fibrinogen fiber assembly compared to acetate, as observed by Hense 

et al. 17. 

 

Figure 4: Morphology of fibrinogen precipitates dried with different polyvalent anions. SEM images of samples prepared 

after drying 2.5 mg/mL fibrinogen with different salts using the following starting concentrations: (A) 50 mM Na-oxalate, 

rough without fibers; (B) 100 mM Na-acetate, rough without fibers; (C) 100 mM Na-citrate, fiber-like structures between 

smooth domains; (D) 100 mM Na2SO4, fiber-like structure with star-shaped profile; (E) 100 mM MgSO4, rough without fibers; 

(F) K2SO4, smooth. Salts with Na+ are more favorable to form fibers than the ones with K+. 

Further investigations, e.g., applying sodium soaps53, might reveal if the length of terminal alkyl 

chains in acetate-homologue mono-carboxylates affects the shape of co-precipitated fibrinogen 

deposits. In contrast to the tested sodium salts of carboxylic acids, 100 mM sodium sulfate 

induced fiber formation with a star-shaped fibrinogen morphology (see Figure 4D), similar to 

that reported for PBS 20,21. Previously, we showed that divalent salts form smooth films when 

the counterion was chloride 26. However, when we combined with the divalent cation Mg2+ with 

sulfate at 100 mM concentration, a rough fibrinogen surface without nanofibrous regions was 

found (see Figure 4E). Finally, 100 mM of potassium sulfate also created rough fibrinogen 

structures (see Figure 4F), similar to those of 375 mM KCl. These results suggest that the alkali 

metal ions Na+ and K+ and the divalent cation Mg2+ in combination with sulfate lead to rough 
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fibrinogen structures, differing from smooth films. Hence, we speculate that varying cation 

exchanges influence the size and structure of fibrinogen-based precipitates. They might also 

affect the surface mobility of fibrinogen growth units attaching to the forming film, as seen in 

halite growth models and exemplarily expressed by a Damköhler number 39. 

Our SEM-based morphology analysis of dried fibrinogen precipitates shows the following 

pattern for sodium salts (c.f. Figure 2 and Figure 4): 

• Na-PO4 and Na2SO4: full coverage with dense fibers; 

• NaCl: fiber formation only below crystals; 

• Na-citrate: fiber formation at localized spots surrounded by confluent regions; 

• Na-acetate: rough regions with coarsely fibrous features; 

• Na-oxalate: rough regions without defined fibers. 

We conclude that SO4
2- anions lead to denser and more defined fiber networks than Cl- anions 

as seen in Figure 2C for NaCl and Figure 4D for Na2SO4. Previously, Dumetz et al. showed 

that sulfate increases attractive interactions of proteins in concentrated salt solutions more than 

chloride, attributing this to water-mediated effects 54. Similarly, Metrick II and MacDonald 

showed that SO4
2- ions decrease protein solvation, increasing protein stability and favoring 

salting-out effects (i.e. protein aggregation) while Cl- ions enhance protein solvation and 

decrease protein stability in solution 55. These reports agree well with the trends in fiber 

assembly we observed for fibrinogen in the presence of SO4
2- and Cl-. 

Our findings suggest that not all polyvalent anions with sodium induce fiber formation. Neither 

Na+ or K+ cations nor SO4
-2 anions alone can fully explain the formation or absence of 

fibrinogen nanofibers. Comparing Na2 SO4 to K2 SO4, we found that the latter results in a much 

flatter fibrinogen film, despite both cations sharing the same counter anion. This may be due to 

sodium’s higher affinity for protein surfaces 47, and its more ordered hydration shell compared 

to potassium 56. This might indicate that sodium provides a more kosmotropic environment for 

fibrinogen than potassium and promotes nanofiber formation by altering protein self-assembly. 

 

3.6 Mechanism of salt-induced fiber assembly from highly saline fibrinogen solutions  

In our recent review, we showed that ions play a more significant role than substrate surface 

properties during in vitro fiber assembly of fibrinogen 1. Although many studies previously 

included metal ions during different fiber assembly routines, their effect on fiber formation 

remained unclear and no classification of fibrinogen solidification based on the Hofmeister 

series has yet been presented. Therefore, we investigated the fundamental role of monovalent 

ions, commonly present in aqueous fibrinogen solutions during fiber formation 20,21,25,57366. 

Thereby, we found that the sole consideration of cations or anions, as they would occur in a 

one-dimensional Hofmeister series, is not sufficient to explain the relevant driving forces for 
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fibrinogen fibrillogenesis. These findings and our earlier work on the influence of divalent ions 

on fibrinogen precipitation 26 now led to a two-dimensional Hofmeister series that summarizes 

the tendency of fibrinogen to form fibers based on the anions and cations present during drying 

(see Figure 5). Ordinate and abcissa order anions and cations by their kosmotropic and 

chaotropic effects, respectively. Exemplary SEM images included in the 2D-Hofmeister series 

illustrate fibrinogen morphology when precipitated from various salt solutions. Thus, the two 

axes also arrange the impact of different an- or cations on forming distinct, thin and dense 

fibers. Moreover, the ordinate arranges the cation retention tendency after rinsing fibrinogen 

films assembled with various salts and their secondary structure. Thus, it can be seen that the 

appropriate combination of monovalent cations with anions is key to fiber formation during 

fibrinogen drying and to controlling the three-dimensional structure and roughness of 

fibrinogen precipitates from highly saline aqueous solutions.  

 

Figure 5: Two-dimensional Hofmeister series describing the influence of different ions on the morphology of fibrinogen 

precipitates. The abscissa ranges from chaotropic cations on the left to kosmotropic cations on the right, the ordinate ranges 

from chaotropic anions at the bottom to kosmotropic anions on the top. The combination of a kosmotropic cation with a 

kosmotropic anion (e.g. Na-PO4) leads to very dense fiber networks as shown in the green shaded quadrant at the top right, 

whereas a chaotropic cation combined with a chaotropic anion (e.g. MgCl2) yields a very smooth structure as indicated by red 

shading at the bottom left. An intermediate state with the combination of a kosmotropic cation with a chaotropic anion (e.g. 

KCl) leads to a rough surface with no clear fiber formation. Image of fibrinogen dried in presence of MgCl2 is modified and 

reproduced with permission from 26 Copyright © 2021, American Chemical Society. 

Kosmotropic ions stabilize and salt out proteins, while chaotropic ions have a salting-in effect 
67. Here, we correlate kosmotropic/chaotropic ions with their capacity to assemble or inhibit 

fibrinogen fibers. Sulfate and (protonated) phosphate exhibit a more pronounced salting-out 

effect than chlorides 68. In our study, this is reflected by the higher molar concentrations of 

alkali chlorides needed to precipitate fibrinogen compared to Na-PO4 and K-PO4 (see Figure 
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1). Monovalent kosmotropic cations like Na+ can form fibers with slightly kosmotropic anions 

like Cl-, while monovalent chaotropic cations like K+ only form fibers with strongly 

kosmotropic anions like HPO4
2-. Divalent salts do not form fibers regardless of the anion, even 

if highly kosmotropic (e.g. SO4
2-). Therefore, fibrinogen forms a dense, hihgly defined fiber 

network only when both cations and anions have kosmotropic characteristics. These results 

underline the importance of both cations and anions in fibrinogen fiber formation, countering 

previous studies that suggested anions alone 17,67,69,70 or cations alone 25 are more relevant. In 

this way, our results complement those of Hense et al. 17, who studied the influence of different 

Hofmeister salts on fibrinogen fiber formation by varying the anions while using only Na+ 

cations. Morover, they did not study highly saline fibrinogen formulations where salting-out 

effects may dominate. This may explain why, unlike our findings, Hense et al. observed that 

more chaotropic anions like acetate resulted in fewer and thinner fibers. In contrast, we found 

that the chaotropic nature of Cl- resulted in thicker and more coalesced fibers due to a ripening 

effect. This highlights how important it is to consider the ion pairs during fibrinogen 

precipitation and not just variations of the cation or anion alone.  

In contrast to our previous study 26, Hense et al. recently demonstrated fibrinogen fiber 

formation with CaCl2 and MgSO4 at low temperature (5°C) without external triggers (e.g. water 

evaporation) allowing long aggregation times 71,72. Although Na2SO4 was initially reported as 

a strong fiber former 17, this later study showed more defined fibrinogen fibers when Na2SO4 

was used with MgCl2 72. Similarly, spontaneous self-assembly of protofibrils and fibers at 4°C 

was reported for fibrin-rich fibrinogen solutions with low sodium phosphate concentration 18,19. 

Conversely, at 37°C Hense et al. could only assemble fibrinogen fibers when NaCl was added 

to CaCl2 to increase fibrinogen solubility and reach concentrations of 40 mg/mL. This suggests 

two regimes of salt-induced fibrinogen fiber assembly: one at low salt concentration and low 

temperature with slow kinetics that also works with divalent salts and is triggered by soluble 

fibrin that is also present in the blood 19 and another faster regime, requiring higher monovalent 

salt and fibrinogen concentrations to significantly shorten fiber formation time.  

Many authors have studied how Hofmeister salts influence self-assembly systems, proposing 

various explanations 67,69,70,73, but recent evidence shows that this complex phenomenon cannot 

be explained by a single theory 67,70. Understanding the hydration properties of ions in salt 

solutions, their interactions with protein surfaces (here fibrinogen) and the effects on protein-

protein interactions is essential for a comprehensive understanding of fibrinogen solidification 

based on the Hofmeister series. Thereby, it needs to be considered that the observed phase 

transitions were studied in vitro and not in vivo and that solute3solute, water3water, and solute3
water interactions need to be considered 70 to explain salt-induced fibrinogen fiber formation. 

For example, divalent chlorides were not detected in our previous XPS or EDX studies because 

divalent salts have higher binding forces to water than for monovalent salts 26,74. However, this 

does not explain why potassium was undetected, although fibrous structures formed with 
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potassium phosphate. This suggests specific interactions between ions and fibrinogen must be 

considered. Sodium has a higher affinity to proteins than potassium 47 but was only detected 

when phosphate was present during fiber formation, indicating the role of counter-ions is 

crucial. Furthermore, fibers were more defined and denser with phosphate and sulfate salts, 

especially with monovalent Na+ cations, but not with K+. Therefore, the equilibrium between 

ion and counter-ion pairing in water significantly influences their interaction with fibrinogen.  

We suppose that during weak ion pairing in solution, such as sodium with more chaotropic 

anions or sulfate with more chaotropic cations 70, the ions are facilitated to interact with 

fibrinogen. This interaction results in a more pronounced salting-in effect, affecting the 

intramolecular and intermolecular interactions between protein moieties and preventing 

protein-protein contact through attractive hydrophobic interactions. In contrast, for salts with 

strong ion pairing in solution, salting-out predominates and fibrinogen-fibrinogen interaction 

becomes effective. Considering all these aspects and our recent results on the targeted 

fibrinogen fiber formation from highly saline aqueous formulations, we believe that sodium 

phosphate at higher concentrations provides the best ion/counter-ion combination for 

fibrinogen fiber assembly, as it favors all possible interactions of the water-fibrinogen-salt triad 

in a synergic way for self-assembly. Therefore, our study offers insight into optimal selection 

of monovalent salts for the assembly of fibrinogen nanofibers scaffolds for tissue engineering 

by considering for the first time the two-dimensional relationship between fibrinogen and salt 

based on their chao-/kosmotropic nature. 

 

4. Conclusions  

When studying the influence of monovalent salts with Na+ and K+ as cations on the salt-induced 

fibrillogenesis of fibrinogen, in situ analysis of the Aq surface roughness indicated a co-

precipitation of salts and fibrinogen. By combining fibrinogen with four different salts with 

monovalent cations (NaCl, KCl, Na-PO4, and K-PO4), SEM-imaging and Aq-mapping analysis 

revealed varying fibrinogen morphologies ranging from smooth (KCl), rough and locally 

fibrous (NaCl), to highly and ubiquitously rough/fibrous (Na-PO4 and K-PO4) topography, with 

the latter forming the densest network with the smallest fiber diameters. FTIR analysis of 

fibrinogen precipitates assembled with various monovalent salts showed that conformational 

changes are not always associated with fiber assembly. Unlike divalent salts, which were rinsed 

out of the fibrinogen precipitates upon washing, XPS analysis for monovalent salts showed that 

ion uptake by fibrinogen is only detectable for samples with clear fiber formation and more 

persistent for Na+ than for K+. Fibrinogen fibrillogenesis was more pronounced for polyvalent 

partly protonated phosphate anions (i.e., H-PO4) than for unmixed chloride anions. Using Na+ 

with the kosmotropic anion SO4
2- led to fiber formation, while the more chaotropic anion 

oxalate yielded a rough surface without fibers. However, combining divalent Mg2+ or 

monovalent K+ cations with the kosmotropic anion (SO4
2-) did not produce fibers. We conclude 
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that fibrinogen salts out of solution at neutral pH and high ionic strength to form fibers, 

depending on the kosmotropic or chaotropic nature of the cations and anions present during 

drying. We conclude that fibrinogen forms fibres in the presence of monovalent salts at neutral 

pH and high ionic strength, which depends on the cosmotropic or chaotropic nature of the 

cations and anions present during drying. Based on our findings, we propose a two-dimensional 

Hofmeister series to summarize the fibrinogen fibrillogenesis with monovalent and divalent 

salts, where fiber formation is obtained by combining kosmotropic anions and kosmotropic 

cations, revealing that the driver for fibrillogenesis essentially is the composition of the salt.  
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Table S1:  

Table S1: Details of fiber diameter analysis from representative SEM images. Fibrinogen fibers were prepared 
by drying mixtures of 2.5 mg/mL fibrinogen with (A) 375 mM NaCl, (B) 2.5x PBS, (C) 100 mM Na-PO4 and (D) 
100 mM K-PO4. Average fiber diameter measurements were conducted by measuring 50 randomized positions 
per SEM image (indicated by red lines) with the ImageJ Software. The thinnest average fiber diameters were 
obtained with Na-PO4, followed by K-PO4, PBS and NaCl. For 375 mM KCl no fiber diameters were obtained 
because no fibers had formed during fibrinogen precipitation. 

(A) 375 mM NaCl: 371 ± 131 nm 

 

(B) 2.5x PBS: 301 ± 76 nm  

 

(C) 100 mM Na-PO4: 228 ± 49 nm 

 

(D) 100 mM K-PO4: 233 ± 67 nm  
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Figure S1: 

 

 

Figure S1: Mass loss correlation with Aq roughness during fibrinogen drying. Example of the linear mass 
decrease during drying (water evaporation) and in situ measurement of the Aq roughness as a function of time of 
one droplet containing a mixture of 2.5 mg/mL fibrinogen (Fg) and 750 mM KCl applied on the surface of a gold 
substrate. The first increase in Aq roughness happened when 75-80% of the water had evaporated, and the last 
increase was observed when most of the water had evaporated (95%) 
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Figure S2: 

 

Figure S2: Aq curve profiles from light scattering analysis of monovalent salt precipitation on gold. In each 
plot, the round dots represent the change in Aq surface roughness during the drying of droplets containing (A) 
375 mM NaCl (in Tris), (B) 375 mM KCl (in Tris), (C) 50 mM Na-PO4, and (D) 50 mM K-PO4. The initial Aq 
values at 0 h represent the roughness of the underlying gold substrate before the salt solutions were added. For all 
tested salts, no significant change in the Aq roughness was observed during drying. The final Aq roughness values 
around 1-2 indicate very smooth surfaces. When compared to Figure S3, we can infer that at the center of the 
samples no bigger salt crystals were formed and therefore no high Aq roughness was recorded. 
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Figure S3: 

 

Figure S3: Surface features of dried salt crystals on gold substrates. (A) Aq based survey images and (B) 
optical light microscopy (OM) images of 375 mM NaCl, (C) Aq based survey images and (B) OM images of 375 
mM KCl. For both salts, light microscopy images correspond to Aq-mapping with red color being an indication 
of rougher and more elevated areas. Salt crystals precipitated at the outer edges of the droplet, i.e., at the pinning 
line while the center was free of bigger salt crystals, revealing a very low Aq value at the center of both samples, 
corresponding well with the data obtained for in situ analysis of drying of salts alone without fibrinogen as 
presented in Figure S2.  
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Figure S4: 

 

Figure S4: Average Aq roughness for 2.5 mg/mL fibrinogen dried in the presence of different monovalent 

salts after cross-linking and washing. The average Aq roughness was recorded in a 1 mm wide central regions 
of the samples presented in Figure 2. A smooth surface morphology (375 mM KCl, no fibers) led to the lowest Aq 
value, low density fiber (375 mM NaCl) yielded the second lowest Aq values, whereas more dense fibers (Na-PO4 
and K-PO4) were associated with the highest Aq values and the lowest standard deviations.  
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Figure S5: 

 

Figure S5: SEM-based local detail images of fibrinogen samples after drying, crosslinking and washing 

mixtures of 2.5 mg/mL fibrinogen and different salts. (A, B, C, D) 375 mM NaCl, (E, F) 100 mM Na-PO4, (G, 

H) 375 mM KCl and (I, J) 100 mM K-PO4. Image on the left show bigger regions of the samples at 1 kx 

magnification, while images on the right side show detailed parts at 10 kx magnification of a zoomed area of the 

same region. For NaCl, two different regions are presented to show the different morphologies observed along the 

same sample. The blue arrow in A indicates the elevated smooth region and the orange one shows the fibrous 

region, which is then shown in detail in B. For Na-PO4 and K-PO4, the fibers were distributed evenly across the 

sample. For KCl, the orange arrow in G points to the zoomed region presented in H.  
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Figure S6:  

 

Figure S6: Fibrinogen precipitation in the presence of NaCl. (A) Optical microscopy image of 2.5 mg/mL 
fibrinogen with NaCl after drying and crosslinking (adapted from (Stamboroski et al., 2021), licensed under a 
Creative Commons Attribution 4.0 International License), (B) Back scattered SEM image of 2.5 mg/mL fibrinogen 
with NaCl after drying, crosslinking and an additional rinsing step. The optical microcopy image in (A) shows the 
NaCl dendrites crystals formed during drying, and the SEM image in (B) shows the morphology of the fibrinogen 
layer below the NaCl dendrite crystals after washing, which preserved the fibrinogen nanofibers that had formed 
below the salt crystals. Morphological details of the fibrinogen sample shown in (B) are shown in Figure S5A-D. 
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Figure S7:  

 

Figure S7: Surface topography of 2.5 mg/mL fibrinogen dried with 375 mM KCl in 5 mM Tris. Sample 

height profiles obtained from 3D optical microscopy after drying a mixture of 2.5 mg/mL fibrinogen and 375 mM 

KCl (in 10 mM Tris) showed how the thickness and salt crystal size varied along a representative horizontal line 

across the sample. The precipitated fibrinogen film has a thickness of at least a 100 µm.  
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Figure S8:  

 

Figure S8: Average diameter of fibrinogen fibers assembled with varying monovalent salts. Average fiber 
diameters of samples prepared after drying 2.5 mg/mL fibrinogen in the presence of different salts were obtained 
from manual measurements with the Image J software at 50 distinct positions of SEM images (see Table S1). 
Fibrinogen precipitated from Na-PO4 had the densest fiber network with the smallest average fiber diameter and 
lowest standard deviation, K-PO4 resulted in the second densest fiber network with the second smallest fiber 
diameter, while PBS showed the third densest fiber network and second thicker fiber diameter, and NaCl yielded 
the least dense fiber network with the largest average fiber diameter and highest standard deviation. 
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Figure S9:  

 

Figure S9: Influence of increased salt concentration on the surface roughness. Aq-based survey images of 

samples prepared after drying 2.5 mg/mL fibrinogen in the presence of (A) 750 mM and (B) 1125 mM NaCl, (C) 

750 mM and (D) 1125 mM KCl, (E) 50 mM and (F) 150 mM Na-PO4, (G) 50 mM and (H) 150 mM K-PO4. For 

NaCl, no significant increase in the Aq value at the center of the sample could be observed when increasing the 

salt concentration. For KCl, the increase in salt concentration seemed to slightly increase the Aq value at the center 

of the sample. For Na-PO4 and K-PO4, the sample coverage was clearly increased, and the Aq value increased 

significantly when increasing the salt concentration.   
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Figure S10:  

 

Figure S10: Effect of increased salt concentration on the surface roughness. SEM-based local detail images 

of fibrinogen samples after drying, crosslinking and washing mixtures of 2.5 mg/mL fibrinogen and different 

monovalent salts: (A, B) 750 mM NaCl, (C, D) 750 mM KCl, (E, F) 1125 mM NaCl, (G, H) 1125 mM KCl, (I ,J) 

50 mM Na-PO4, (K, L) 50 mM K-PO4, (M ,N) 150 mM Na-PO4 and (O, P) 150 mM K-PO4. All left images of the 

same salt show bigger regions of the samples at 1 kx magnification, while right side images show detailed parts of 

a zoomed area of the same region with 15 kx magnification. In general, the increase in salt concentration did not 

increase or suddenly trigger fibrinogen fiber formation. Similar structures/morphologies are seen for all samples 

prepared with the same salt, independently of the used salt concentration. 750 mM and 1125 mM NaCl yielded 

fibrous and planar regions comparable to the 375 mM NaCl sample presented in Figure S5. For KCl, no fiber 

formation was observed even by increasing the salt concentration, and the morphology of the fibrinogen layers 

was similar to the ones obtained for 375 mM KCl. Both concentrations of Na-PO4 and K-PO4 samples induced 

fiber formation with dense fiber networks.  
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5. EFFECT OF INTERFACE-ACTIVE POLYMERS ON THE SALT 

CRYSTAL SIZE IN WATERBORNE HYBRID MATERIALS  

Status: Paper published at Applied Adhesion Science (2021) 

Stamboroski, S., Boateng, K., Leite Cavalcanti, W., Noeske, M., Beber, V. C., Thiel, K., 

Grundwald, I., Schiffels, P., & Brüggemann, D. (2021). Effect of interface-active proteins on 

the salt crystal size in waterborne hybrid materials. Applied Adhesion Science, 9(1), 1-22 

DOI: https://doi.org/10.1186/s40563-021-00137-8  

5.1. MOTIVATION & HYPOTHESIS 

Hypothesis addressed: Presence of proteins influences the precipitation behavior of the 

monovalent salt NaCl.  

Previous studies showed that polymers and proteins can affect the shape of sodium chloride 

crystals. Goto et al. (Goto et al., 2016) observed a variety of dendritic morphologies of NaCl 

crystallization from a gel matrix containing gelatin. In Chapter 4, it was shown that salt crystals 

leave holes on the fibrinogen layer when dissolved again in water, during rinsing. Interestingly, 

during the study of fibrinogen precipitation from solutions containing high concentrations of 

NaCl or KCl, a completely different salt crystal pattern than the salts crystalized from only 

water solutions was observed. This behavior shows that not only fibrinogen is affected by the 

presence of salt, but that this is a mutual influence and fibrinogen also affects the behavior of 

the crystallization of salts. In Chapter 5 the variation on the crystallization morphology of the 

alkali metal salt sodium chloride upon drying protein-containing saline water is presented. 

Bearing in mind that under high NaCl concentration fibrinogen can form fibers, a globular 

protein (BSA) and another fibrous protein (collagen) were also studied on their influence on 

sodium chloride precipitation for comparison.  

Hypothesis assessment: Confirmed. 
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6. NANOFIBER TOPOGRAPHIES ENHANCE PLATELET-

FIBRINOGEN SCAFFOLD INTERACTIONS  

▪ Status: Paper published at Advanced Healthcare Materials (2022) 

Kenny, M., Stamboroski, S., Taher, R., Brüggemann, D., & Schoen, I. (2022). Nanofiber 

Topographies Enhance Platelet‐Fibrinogen Scaffold Interactions. Advanced Healthcare 

Materials, 11(14), 2200249 

DOI: 10.1002/adhm.202200249 

6.1. MOTIVATION & HYPOTHESIS 

Hypothesis addressed: Self-assembled fibrinogen nanofibers influence blood platelet adhesion 

due to their special topography. 

Fibrinogen nanofibers have already shown good biocompatibility with human bladder cells 

(Mcmanus et al., 2007), cardiac fibroblasts (McManus et al., 2007), endothelial cells (Gugutkov 

et al., 2013) and human mesenchymal stem cells (Forget et al., 2016). The salt-induced 

fibrinogen nanofibers presented in the previous chapters have also demonstrated good support 

to dermal fibroblasts and keratinocytes growth (Joshi et al., 2023; Suter et al., 2021). Aiming 

at using the developed in vitro salt-induced fibrinogen nanofibers as a scaffold material for in 

vivo future tissue engineering or wound dressing applications, Chapter 6 presents the results of 

the interaction of blood platelets with nanofibers produced from the precipitation of fibrinogen 

in the presence of 2.5x PBS. For comparison, also smooth fibrinogen scaffolds were exposed 

to platelets. The influence of the different fibrinogen topographies/morphologies were assessed 

in terms of promoting or hindering cell adhesion.  

Hypothesis assessment: Confirmed. 

https://doi.org/10.1002/adhm.202200249
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7. SUMMARIZING DISCUSSION & FUTURE PERSPECTIVES 

The involvement of fibrinogen in many key biological functions as the blood coagulation 

cascade makes it widely used in the development of new biological materials for tissue 

engineering and regeneration. The thrombin-induced transformation of fibrinogen into fibrin, 

initiating the formation of a 3D-nanofibrous matrix that serves as a provisional ECM, has been 

investigated many times in laboratories around the world.  

In existing literature, fibrinogen fiber formation in vitro without the addition of thrombin has 

also been studied, and different methods to form fibrin-like networks of fibrinogen have been 

developed to date. However, the underlying principles of salt-induced fibrinogen fiber 

formation in vitro and a general mechanism for this phenomenon are still to be elucidated. In 

this thesis, four studies were conducted to understand the fibrinogen-salt interactions during 

fibrinogen self-assembly under in vitro conditions and to bring new insights into the driving 

mechanism of fibrinogen fiber formation under non-denaturing conditions. An additional study 

aiming to demonstrate the application of fibrous fibrinogen formed from highly saline solutions 

as a scaffold biomaterial was also presented. A schematic representation with the main findings 

of all thesis chapters is presented in Figure 7-1. 

 

Figure 7-1: Schematic representation of the main findings from this PhD thesis according to their Chapters 
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The main objective of understanding the molecular interactions of fibrinogen with salt ions 

under in vitro conditions to produce salt-induced fibrinogen nanofibers was evaluated in a 

literature review in combination with experimental studies. The first study (Chapter 2) intended 

to determine which are the major factors influencing fibrinogen fiber formation and whether 

there is a predominant factor in fibrinogen self-assembly in vitro. There are many experimental 

conditions and parameters found to influence fibrinogen self-assembly. The main factors were 

divided into three main categories:  

▪ substrate interaction; 

▪ denaturing buffer conditions; 

▪ non-denaturing buffer conditions.  

Among those, the importance of salts in the non-denaturing buffers category can be highlighted. 

Salts are important factors to dissolve fibrinogen and are always present in many of the 

techniques used to prepare fibrinogen fibers. The evaluation made in the review showed that 

monovalent metal ions play a major role when fibrinogen fibers assemble upon drying. 

Nonetheless, the particular role of divalent ions in comparison to monovalent ions is also of 

fundamental importance to be investigated, since they are all involved in many biological 

processes.  

Therefore, the second study (Chapter 3) focused on the influence of metal divalent ions into 

fibrinogen precipitation and fiber formation. Divalent ions mediate various biological reactions 

and are therefore essential to the body function. Calcium ions, for instance, are involved at the 

initial stage of clot formation and therefore it was believed that calcium and other divalent ions 

could also mediate fibrinogen self-assembly in vitro. On the contrary of what was expected, 

none of the divalent salts tested containing Ca2+, Mg2+, Zn2+ or Cu2+ ions formed fibrous 

fibrinogen layers. In summary, this second study reinforced the conclusion drawn from the 

review in Chapter 2, that monovalent ions are especially important for the assembly of 

fibrinogen fibers.  

Thus, the influence of different monovalent cations in combination with different anions was 

investigated in the third study of this PhD thesis (Chapter 4). Similarly to divalent ions, 

monovalent ions are also key electrolytes to maintain well-balanced body functions. A diversity 

of monovalent salts was tested in their capacity of forming fibrous fibrinogen layers. Depending 

on the combination between cation and anion, various fibrinogen morphologies, consequently 

resulting in varying topographies, could be observed. Additionally, a direct correlation between 
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the surface composition of the fibrinogen layers after washing and removing salt crystals and 

the formed morphologies could be drawn. Hofmeister effects and protein-salt interactions were 

taken into account to explain the different fibrinogen layers obtained. 

Up to now, it was shown how different salts affect fibrinogen morphology. However, protein-

salt interaction is a reciprocal interaction. Salts influence fibrinogen as much as fibrinogen 

influences the surrounding salts. For this reason, the fourth study (Chapter 5) focused on 

investigating how fibrinogen and, for comparison, other proteins influence the precipitation and 

morphology of sodium chloride crystals. The examination of the change in crystal shape of the 

salt depending on the added protein showed how important and complex this dual interaction 

between proteins and salts is.  

The fifth and final study of this thesis (Chapter 6), is related to the response of blood platelets 

to different fibrinogen topographies. Here, it is shown that increased topography by, for 

instance, fiber formation, activates blood platelets more prominently than smooth fibrinogen 

layers. The study on how blood platelets interact with fibrinogen nanofibers formed from highly 

saline solutions opens up the opportunity to employ self-assembled fibrinogen nanofibers for 

tissue engineering and wound healing applications. 

The next sections present a summary discussion and the correlation between the chapters 

presented in this thesis. 

7.1. IN VITRO FIBRILLOGENESIS OF FIBRINOGEN 

7.1.1. Main factors contributing to fibrinogen fibrillogenesis in vitro 

Protein nanofibers have been long studied as a strategy to mimic the microenvironment of the 

ECM and therefore as a possible solution for the development of tissue engineering scaffolds 

and wound repair (Barnes et al., 2007). Fibrinogen especially is a protein circulating in blood 

of all vertebrates and closely involved in the blood coagulation cascade and other biological 

functions (Weisel, 2005; Weisel & Litvinov, 2017) as presented in Chapter 1. Additionally, 

fibrinogen molecules possess important binding sites for cell adhesion (Weisel, 2005) and are 

able to form fibers even without the addition of thrombin (as presented in the review paper in 

Chapter 2). In this way, fibrinogen nanofibers combine two essential characteristics for a 

scaffold: biochemical cues for normal cell growth and differentiation and a three-dimensional 

orientation and space for the cells (Barnes et al., 2007; Rajangam & An, 2013). Similarly to a 

fibrin clot formed in vivo (described in detail in Chapter 2, Section 2.3), fibrinogen nanofibers 
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formed in vitro can act as a provisional ECM to cells and support cell growth and tissue 

regeneration.  

Diverse strategies to produce fibrinogen nanofibers were presented in Chapter 1, Section 1.6. 

Among them, undoubtedly electrospinning is the most used technique since it allows high 

nanofiber yield for the production of 3D-fibrous matrices (McManus et al., 2006; S. A. Sell et 

al., 2008; Wnek et al., 2003). Other techniques as extrusion (Raoufi et al., 2016) and self-

assembly (G. Chen et al., 2011; Jaseung Koo et al., 2012; Wei, Reichert, & Jandt, 2008) usually 

deliver comparably lower fiber yield, which can be used for surface coatings, however 

impeding the formation of 3D-scaffolds. Only recently, (Stapelfeldt, Stamboroski, Mednikova, 

et al., 2019) and (Hense et al., 2021) demonstrated the feasibility of self-assembly involving 

high salt concentrations to produce 3D fibrous scaffolds of fibrinogen.  

Considering this variety of approaches used to prepare fibrinogen nanofibers under in vitro 

conditions, it is clear that many factors can trigger fiber formation. The literature analyzed and 

compared in the review paper (Chapter 2) showed how scattered the available data on this topic 

are. Various conditions were found to induce intermolecular interaction of fibrinogen in an 

enzyme- and cell-free environment (Stamboroski, Joshi, et al., 2021). Many studies focused on 

the role of the interaction between fibrinogen molecules and substrates to initiate fiber 

formation. The majority of substrates claimed to induce fibrinogen fibrillogenesis have a 

hydrophobic character. Table 1 of Chapter 2, Section 3.1, summarizes the properties of 

substrate surfaces and associated buffer conditions found to drive fibrinogen assembly and the 

respective fiber morphology (Stamboroski, Joshi, et al., 2021). Since fiber dimensions and 

morphology varied a lot among the different studies, the fiber morphology was categorized into 

protofibrils (small aggregates of fibrinogen molecules), single nanofibers, nanofiber bundles 

and nanofiber network (fibrin-like structure) as exemplified in Figure 5 of Chapter 2.  

In Table 2, Chapter 2 the studies of fibrinogen fiber formation that focus on the role of buffers 

for fiber formation were gathered and separated between denaturing and non-denaturing buffer 

conditions. The substrates used for those studies are also mentioned and interestingly many 

fibers were assembled in the presence of hydrophilic surfaces. Since it is not possible to 

decipher the role of other parameters as ionic strength, presence of metals, pH and fibrinogen 

concentration, it is also likely that factors other than surface interaction play a major role, 

allowing fibrinogen fiber formation also on hydrophilic substrates.  

When it comes to buffer conditions that are able to induce fibrinogen fibers self-assembly, most 

of the literature available uses denaturing buffers conditions as organic solvents, low pH and/or 



Chapter 7 – Summarizing discussion & Future perspectives 

159 

heating to induce protein aggregation. The use of organic solvents is often used for preparation 

of fibers via electrospinning. However, the use of ethanol has also been used to produce 

insoluble fibrinogen fibers only by mixing fibrinogen solution with different percentage of 

ethanol (J. Wang et al., 2014; Wei, Reichert, & Jandt, 2008). Similarly, self-assembly of 

fibrinogen could also be triggered by decreasing the pH of fibrinogen solutions (Rieu et al., 

2020; Wei, Reichert, Bossert, et al., 2008) or elevating the temperature (Barinov et al., 2016). 

This strategy of using harsher conditions to prepare fibrinogen nanofibers relies on partial 

denaturation and changes on the conformation of the protein to initiate self-assembly. This is 

also used, for example, with many proteins to prepare amyloid fibers (Lendel & Solin, 2021) 

and in general does not promote a high yield of fibrinogen fiber formation (see example of 

fibers formed from acidic conditions in Figure 7 A-B, Chapter 2).  

A good fiber yield with a fibrin-like structure is though possible to be achieved using non-

denaturing buffer conditions (e.g. Figure 7 C-D, Chapter 2). 3D-fibrous fibrinogen layers were 

obtained when fibrinogen was mixed with highly concentrated PBS or sodium phosphate 

solutions at physiological pH (not exclusively) and room temperature (Stapelfeldt, 

Stamboroski, Mednikova, et al., 2019) or at lower concentrations of sodium phosphate buffer, 

but lower temperature (5°C) (Hense et al., 2021). Those fibers are formed independently from 

the underlying substrate, which shows that buffer conditions may be more relevant than surface 

interaction during fibrillogenesis of fibrinogen. Therefore, non-denaturing buffers offer a 

highly promising and cost-effective way to prepare fibrin or fibrin-like fibers in vitro, without 

the need for thrombin. In this way, the evaluation presented in the review paper confirms the 

first hypothesis showed in Section 1.8, that the presence of salt is one of the main factors for 

fibrinogen fibrillogenesis in vitro under non-denaturing conditions. 

Overall, the results of the literature review in Chapter 2 showed that when the different studies 

used aqueous solution during fiber assembly, metal ions (mostly monovalent) were present. 

However, only the studies from Jandt and co-workers and Brüggemann and co-workers 

discussed a possible influence of the presence of those metal ions on fibrinogen self-assembly. 

Based on the evaluation of the Tables 1 and 2 presented in Chapter 2, most studies used pH 

values between 7 and 9, which are above the isoelectric point of fibrinogen, resulting in a more 

negatively charged character of the molecule.  

Moreover, an increase in fibrinogen concentration was reported to increase fiber density in 

many of the works (Jaseung Koo et al., 2012; Reichert et al., 2009; Stapelfeldt, Stamboroski, 

Mednikova, et al., 2019; Wei, Reichert, Bossert, et al., 2008), showing to be also a parameter 
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that is key to fiber formation and growth. All those aforementioned parameters shall be 

considered and analyzed together in order to understand fibrinogen self-assembly. For this 

reason, Chapters 3, 4 and 5 focused on understanding the impact and interaction of different 

salts (and respective ions) with fibrinogen under in vitro conditions.  

 

7.1.2. Fibrinogen precipitates prepared from highly saline solutions 

After elucidating the main trigger factors for fibrinogen fiber formation under in vitro 

conditions, this thesis continued and expanded the work started by Stapelfeldt et al. on the self-

assembly of fibrinogen in vitro induced by addition of highly saline solutions. The synthesis of 

fibrinogen nanofibers was based on salt-induced fibrinogen precipitation published earlier 

(Stapelfeldt, Stamboroski, Mednikova, et al., 2019; Stapelfeldt, Stamboroski, Walter, et al., 

2019). 

The fibrinogen layers presented in this thesis focused on a simple and straightforward technique 

of fibrinogen self-assembly triggered by non-denaturing buffer conditions, combining exactly 

the three factors showed in the upper left of Figure 8, Chapter 2: high ionic strength, drying and 

high fibrinogen concentration.  

For Chapters 3, 4, 5 and 6, fibrinogen layers were prepared by mixing a fibrinogen solution 

with salt solutions. Figure 7-2 presents a sketch showing how the samples were prepared. First, 

fibrinogen stock solutions of 10 mg/ml were prepared by dissolving human fibrinogen powder 

in 10 mM Tris buffer (pH 7.4) and dialyzed overnight with 14 kDa cutoff cellulose membrane 

dialysis tubing. This step was performed to remove low molecular weight compounds as, for 

example, traces of sodium citrate that can influence fibrinogen fiber formation (see results of 

Figure 4C in Chapter 4 and (Hense et al., 2021)).  

Different salt solutions (with varying concentrations) were prepared by dissolving salts in 

10 mM Tris buffer (pH 7) or in ultrapure water. The details of each salt used and its 

concentration for each study are detailed in the experimental section of the respective Chapters. 

After mixing the salt solutions with the fibrinogen solution, the mixtures were left to dry in a 

home-built humidity chamber. Humidity and temperature were controlled and set according to 

the salt used to prepare the precipitates. For instance, fibrinogen layers prepared from mixtures 

containing more hygroscopic salts like MgCl2 and CaCl2 had to be dried at lower humidity 

(5%), while for non-hygroscopic salts like NaCl, the samples were dried at 30% relative 

humidity.  
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Figure 7-2: Sketch of the standard operating procedure for fibrinogen nanofiber assembly and scaffold post-treatment used in 
this thesis. Fibrinogen solutions were prepared in Tris buffer. Reference planar samples were prepared by drying fibrinogen 
solution in Tris. Fibrous samples were prepared by mixing the fibrinogen solution with different salts. After mixing both 
solutions, the samples were placed in a chamber where temperature and humidity were controlled and left overnight for drying. 
The precipitated fibrinogen layers were then cross-linked with formaldehyde vapor and subsequently washed.  

For Chapter 5, after the drying step the samples were already characterized. In Chapters 3, 4 

and 6, however, for fixation the fibrinogen layers were submitted to a cross-linking step using 

formaldehyde vapor, followed by rinsing off of the salts in ultrapure water.  

The drying step was in most cases accompanied by a light scattering technique (on Chapters 3 

and 4) and the samples were subsequently characterized with regard to their macroscopic 

morphology using light optical microscopy. Their nano-morphology was characterized using 

Scanning Electron Microscopy (SEM). The secondary structure of fibrinogen precipitates was 

determined using Fourier-Transform Infrared spectroscopy (FTIR) and the surface composition 

of the fibrinogen layers was studied using X-ray Photoelectron spectroscopy (XPS) and Energy 

Dispersive X-ray spectroscopy (EDX).  

The results presented in the different chapters showed how the morphology, the secondary 

structure and the composition of the fibrinogen precipitates varied tremendously depending on 

the salt composition used to assemble them. All combined, those studies presented in Chapters 

3-5, start to unravel how important the triad of high ionic strength, fibrinogen concentration and 

drying is to reproducibly produce fibrinogen nanofibers with tailored topography in vitro. 

Moreover, they highlight the importance of the already known, yet complex interaction between 

proteins and salts.  

The next sections will therefore focus on discussing this interaction of fibrinogen with salts to 

propose a mechanism of fiber formation initiated by salt addition and drying. 

 

7.2. THE COMPLEX MUTUAL INTERACTIONS BETWEEN FIBRINOGEN AND 

VARIOUS SALTS 
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7.2.1. Fibrinogen precipitates formed from divalent and monovalent salts 

The ability of fibrinogen to self-assemble into nanofibrous structures in vitro by salt addition 

has been reported previously (Stapelfeldt, Stamboroski, Mednikova, et al., 2019; Stapelfeldt, 

Stamboroski, Walter, et al., 2019) and was described in the procedure to prepare fibrinogen 

fibers in Section 7.1.2. To some extend, fibers were also observed when fibrinogen was dried 

in the presence of NaCl and KCl. Moreover, this process of fiber formation was dependent on 

the fibrinogen concentration and solution pH. Fibers could only be formed with a minimum 

starting concentration of 2 mg/ml of fibrinogen and at pH g 7. The coverage of the samples 

with fibers increased with increasing salt concentration (Stapelfeldt, Stamboroski, Mednikova, 

et al., 2019). In a subsequent work, investigation on the secondary structure of fibrinogen using 

circular dichroism (CD) and FTIR showed an increase in the ³-strand content of fibrous 

fibrinogen prepared from PBS when compared to smooth films prepared with NH4HCO3 

(Stapelfeldt, Stamboroski, Walter, et al., 2019).  

Since salts were found to be the key to fibrinogen fiber formation, in this thesis, a direct 

comparison between monovalent (Chapter 3 and 4) and divalent salts (Chapter 3) and their 

influence on fibrinogen layer roughness, morphology and capacity to trigger fiber formation 

was done. This comparison revealed that depending on the salt and their characteristics on 

salting in or salting out proteins, different fibrinogen morphologies and roughness could be 

obtained. Figure 7-3 summarizes the salts tested in this thesis and the resulted fibrinogen 

morphologies obtained from precipitating fibrinogen in the presence of different salts. In 

general, divalent salts hamper fibrinogen fiber formation and form mostly very smooth 

fibrinogen layers, while monovalent salts can form a variety of rough morphologies, network-

like structures, and well defined and distinct fibrinogen fibers.  

It was expected that divalent cations such as Ca2+ would trigger fibrinogen fibrillogenesis, since 

it is directly involved in the coagulation cascade (Weisel & Litvinov, 2017). For comparison, 

other divalent cations (all in combination with chloride as anion) involved in other biological 

process were also tested: Mg2+, Zn2+ and Cu2+. This was the second hypothesis formulated (see 

Section 1.8), which was refuted by the study presented in Chapter 3. Neither the presence of 

low concentration (10 mM) nor higher concentrations (187 mM and 375 mM) of divalent 

chlorides could trigger fibrinogen fibrillogenesis with the drying method used to prepare fibers. 

On the contrary, roughness maps obtained from light scattering, top morphology and cross 

sections obtained from SEM imaging, revealed compact and smooth fibrinogen layer 

precipitates (Stamboroski, Boateng, et al., 2021). Fibrinogen precipitates obtained from the 
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drying of fibrinogen with PBS, NaCl, Na-PO4 and K-PO4, however, presented a high roughness 

in the roughness maps that could be directly correlated with fibrous morphology (Chapter 4). 

Together with the results presented in Chapter 3 and the outcome depicted in Figure 7-3, this 

already shows that monovalent ions are a main driving force of fibrinogen fibrillogenesis in an 

enzyme-free environment, confirming the third hypothesis formulated in Section 1.8 of this 

thesis.  

 

Figure 7-3: Comparison of monovalent and divalent salts in terms of fibrillogenesis and roughness obtained after drying 
fibrinogen solutions with different salts and varying ion combinations. Images of fibrinogen dried in presence of divalent salts 
were modified and reproduced with permission from (Stamboroski, Boateng, et al., 2021). Copyright © 2021, American 
Chemical Society. 

Important to highlight is that for NaCl, fibers were formed only below the areas where bigger 

sodium chloride crystals precipitated and not completely spread along the whole sample as for 

the other cited salts. For samples prepared with KCl, a rougher morphology than the ones 

obtained for divalent chlorides was observed; however, no fibrous structures were found. This 

last observation contradicts the observations by Stapelfeldt et al. and therefore the different 
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buffers used to prepare the fibrinogen solutions (Tris in this work versus NH4HCO3 for 

Stapelfeldt) could explain the different observed morphologies for fibrinogen precipitates 

prepared from KCl. Kurniawan et al, for instance, have already shown that buffers strongly 

affect fibrin self-assembly (Kurniawan et al., 2017). It was found that Tris can supress the lateral 

association of fibrin protofibrils in a concentration-dependent manner. In this regard, future 

studies comparing the use of different background buffers on the behaviour of the fibrinogen 

precipitation are recommended.  

The FTIR investigations on the secondary structure of the fibrinogen layers formed from 

divalent chlorides showed strong variations on the amide I band shape and intensity suggesting 

a conformational diversity within each sample. Moreover, the deconvolution of the averaged 

amide I band revealed a similar trend than the one obtained by Stapelfeldt et al: there was an 

increase in ³-strand structures accompanied by a decrease in the α-helical content, when the 

reference planar sample prepared in Tris is compared to fibrinogen layers prepared with PBS, 

divalent chlorides or even denaturing agents as urea and guanidine hydrochloride. For 

monovalent salts the FTIR results showed a more coherent spectra and again an increase in ³-

strand structures when compared to the planar layers prepared with only Tris and no additional 

salt. Therefore, only by comparing the secondary structure of fibrinogen layers prepared with 

mono- or divalent salts it was not possible to directly correlate changes in secondary structure 

with changes in the roughness and morphology of the fibrinogen precipitates, since many 

smooth as well as rough and fibrous fibrinogen layers both showed an increase in the ³-strand 

content.  

Since ions can have direct contact with proteins it was analyzed with XPS and EDX whether 

the surface composition of fibrinogen layers could also be an indication of the presence or 

absence of fibers. The analysis of the surface composition of rinsed fibrinogen layers prepared 

with divalent chlorides showed that even after 5 min rinsing, the salts can be completely washed 

out and there was no ion uptake of any of the divalent cations within the fibrinogen layers. On 

the other hand, for fibrous fibrinogen layers prepared with sodium phosphate or PBS, the salts 

could also be washed away, however there was uptake of the cation (Na+), which was detected 

even after rinsing the samples for 30 min. Interestingly, there was no cation uptake for fibrous 

samples prepared with potassium phosphate. Moreover, for monovalent chlorides as NaCl and 

KCl, the salts could also be easily washed, and no cation uptake was found. Those results 

indicate a preference of sodium over potassium to fibrinogen, but only when phosphate was the 

counterion and rough, clearly fibrous layers were formed.  
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Although sodium and potassium own the same charge and differ slightly in size, many 

biological processes depend on discrimination between these two ions, such as sodium-

potassium membrane pump (Jagoda-Cwiklik et al., 2007). Vrbka et al have shown that sodium 

binds at least twice as strongly to protein surfaces than potassium (Vrbka et al., 2006). This 

preference comes primarily from local cation-specific interactions with the anionic carboxylate 

group in glutamate and aspartate side chains (Vrbka et al., 2006). Ion pairing could also help to 

explain this preference of sodium over potassium and why sodium is detected only when 

sodium phosphate was used and not sodium chloride. At higher salt concentrations, the pairing 

of cations and anions can become notably prevalent (Bruce et al., 2020). For instance, Jagoda-

Cwiklik et al performed calculations using a combination of molecular dynamics simulations 

and ab initio methods showing that smaller anions as HCOO- (which mimic the negatively 

charged amino acid side chains of glutamate and aspartate) prefer sodium over potassium. 

Moreover, they showed that for sodium, ion pairing is stronger with chloride anions than with 

phosphate, which could explain why sodium was more <free= to interact with fibrinogen 

nanofibers and bind to its carboxylate groups when the anion used was phosphate instead of 

chloride (Jagoda-Cwiklik et al., 2007). Another possible explanation for not detecting sodium 

when fibers were formed from NaCl is that due to the lower amount of fiber formation, 

consequently there are less points for sodium adsorption, and consequently the sodium 

concentration on those samples would be below the detection limit of XPS.  

Based on the aforementioned discussions and considering that sodium was detected only on 

clearly fibrous fibrinogen layers, it is likely that the uptake of Na+ on fibrous fibrinogen layers 

takes place after the fiber formation and in particular at high salt concentrations. To test this 

hypothesis, in future works, fibrous fibrinogen layers prepared from potassium phosphate or 

other salts, shall be exposed to sodium phosphate and sodium chloride solutions.  

When comparing the results obtained in Chapter 3 and Chapter 4, the Hofmeister effect seems 

to be key to understand fibrinogen self-assembly in vitro. Moreover, the presence of phosphate 

anions was crucial for the formation of denser and more distinct fibers. Therefore, in Chapter 

4, other polyvalent anions with kosmotropic characteristics as phosphate and sulfate were 

tested. The results revealed that denser and distinct fibers were formed with the right 

combination of a kosmotropic anion and a kosmotropic cation (Figure 7-3), showing that 

although Hofmeister effects are stronger for anions, cations play an important role when it 

comes to fibrinogen self-assembly in vitro. Figure 5 in Chapter 4 illustrates a two-dimensional 

Hofmeister series for fibrinogen fiber formation considering both anions and cations.  
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As mentioned before, divalent cations in combination with chloride anions only formed smooth 

fibrinogen layers. However, when fibrinogen was precipitated with MgSO4 a rather rough 

structure was observed. Interestingly, Hense and Strube could form fibrinogen fibers by adding 

MgSO4 to their procedure of fiber preparation, yet using a salt concentration lower than what 

was used in Chapter 4 and temperatures below room temperature (Hense & Strube, 2023b). In 

this thesis, for potassium, clearly dense and distinct fibers were only observed with K-PO4, 

while sodium in combination with phosphate and sulfate was able to trigger fibrinogen self-

assembly and to form distinct and dense fibrinogen fibers.  

To summarize the results relating Hofmeister salts with fibrinogen self-assembly, the 

Hofmeister series depicted in Figure 7-4 is proposed. This series differs from the one depicted 

in Figure 1-5 because it is specifically for fibrinogen, while Figure 1-5 summarizes salt 

interactions with various proteins in general.  

 

Figure 7-4: Hofmeister Series obtained for the formation of fibrinogen nanofibers based on the studies presented in Chapters 
3 and 4. Left side (blue) of the image shows kosmotropic anions and cations, which have a higher tendency to salting out and 
form fibrinogen nanofibers. Right side (yellow) shows the more chaotropic cations and anions with the tendency of salting in 
and form smooth layers.  

The > signal in the image implies a stronger ability to precipitate the protein (salting-out) and 

form fibrinogen nanofibers. This order can be considered a direct Hofmeister series for both 

cations and anions (Gregory et al., 2022; Hyde et al., 2017; Okur et al., 2017). Chloride anions 

seem to have a greater kosmotropic effect than citrate for fibrinogen fiber formation when 

considering this ion in combination with Na+ as counterion. However, further experiments with 

potassium citrate or different concentrations with NaCl and Na-citrate, are necessary to properly 

rank these two anions. Therefore, they appear side by side in the proposed Hofmeister series. 

Additionally, to better distinguish between the divalent cations other divalent salts with other 

counter ions than Cl- shall be studied in future as well to understand their effect on fibrinogen 

fibrillogenesis. Another contribution of this PhD thesis is related to the importance of 
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considering both kosmotropic cations and kosmotropic anions for the formation of fibrinogen 

nanofibers in vitro, which was highlight by a two-dimensional Hoffmeister series (Figure 5, 

Chapter 2). 

The Hofmeister effect has been used for many years to explain why some salts have a greater 

tendency for salting in (increasing the solubility of proteins) and others for salting out 

(promoting protein aggregation and precipitation) of proteins (Baldwin, 1996; Iscen & Schatz, 

2019; Okur et al., 2017). In a simplistic way, the ionic species generated by the salts in water 

with a tendency to salt out the solute are called kosmotropes because of their capacity in 

bringing <order= to the solution by organizing several layers of water molecules around 

themselves and in this way <stealing= water from the solute (Okur et al., 2017). On the other 

hand, the ionic species with a salting in characteristic are called chaotropes because they rather 

disrupt the water layers and bring <chaos= to the system (Gibb, 2011; Okur et al., 2017). 

Although this rationalization can be made for anions, it fails for cations, and there are still strong 

debates in literature regarding the ability of salts to influence the bulk properties of water (Gibb, 

2011; Okur et al., 2017). Certain studies have, for instance, shown that ions do not influence 

hydrogen bonding of water beyond their first solvation shell (Salis & Ninham, 2014). 

Therefore, to understand why some salts support fibrinogen fiber formation and others do not, 

it is important to consider all important interactions in aqueous supramolecular systems, as 

depicted in Figure 7-5. Not only the interactions between the ions of a salt, interactions between 

these and water, and interactions between these and the solute are important, but also solute-

solute, water-water and solute-water interactions need to be considered for a holistic 

understanding of fibrinogen fibrillogenesis in vitro.  

 

Figure 7-5: The important entities and their interactions in aqueous supramolecular chemistry. Grey lines indicate non-covalent 
interactions between the three components water, salt, and solute, as well as the interactions between solutes, between ions, 
and between waters. Reproduced with permission ((Gibb, 2011) Copyright 2011 Wiley-VCH Verlag GmbH&Co. KGaA, 
Weinheim). 



Chapter 7 – Summarizing discussion & Future perspectives 

168 

All these interactions and effects show how complex interactions of proteins and salts in 

aqueous solutions are in general. Depending on protein structure and amino acid sequence, the 

overall charge of proteins in water varies strongly and this will directly dictate the interactions 

with surrounding salts. Moreover, it is not possible to completely separate the effects of cations 

and anions because they are both present in solution, and thus the interaction of a cation with 

its counter ion must be considered. 

For the different parameters/factors presented in Chapter 2 that can trigger fibrinogen nanofiber 

assembly in vitro, some authors have already suggested mechanisms based on fibrinogen 

aggregation and fiber formation/elongation. The next section will therefore focus on presenting 

the suggested mechanisms so far. Additionally, considering all the effects and interactions 

depicted in Figure 7-5, a possible mechanism based on the Hofmeister series for the salt-

induced self-assembly of fibrinogen into nanofibers is provided.  

 

7.2.2. New insights into the mechanism of fibrinogen self-assembly in vitro 

The dynamics of the self-assembly process is not completely understood. For fiber formation, 

experimental reports suggest that self-assembly follows a multi-stage process characterized by 

distinct intermediate structures (S. Zhang et al., 2002). In general, it is accepted that protein 

nanofibers are formed through an aggregation process, where initial fibrillar aggregates 

elongate by addition of other units at the protofilament ends (Lendel & Solin, 2021). This occurs 

naturally with fibrin when fibrinogen is cleaved by thrombin (more details on this process is 

described in Chapter 2 and depicted in Figure 4 of same). For fibrinogen self-assembly in vitro, 

however, different mechanisms of fiber nucleation and elongation have been proposed, 

depending on the environmental conditions involved in the process.  

For fibrinogen fiber formation on hydrophobic substrates, many authors have hypothesized that 

the direct interaction of fibrinogen molecules with hydrophobic surfaces occurs via the D and 

E domains of fibrinogen, which have a more hydrophobic character. This direct interaction 

between the D and E domains with hydrophobic surfaces distorts the fibrinogen molecule 

liberating the αC regions that can then interact and bind other fibrinogen molecules in solution, 

initiating fibrillogenesis in vitro (Hu et al., 2016; Jaseung Koo et al., 2012; Marchin & Berrie, 

2003; Ta et al., 1998; L. Zhang et al., 2017). Figure 7-6 shows this mechanism proposed by 

Koo et al. of fibrinogen fiber self-assembly by interaction with hydrophobic surfaces (Jaseung 

Koo et al., 2012).  
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The conformation that fibrinogen assumes when adsorbed to a hydrophobic surface is sketched 

in Figure 6A of Chapter 2. When the αC domains are not present in the fibrinogen molecule, as 

it is the case for des-αC fibrinogen, fiber formation upon interaction with hydrophobic surfaces 

is suppressed (Jaseung Koo et al., 2012). Interestingly, the fiber assembly of fibrin in vivo 

(Figure 4, Chapter 2), also releases the αC regions when thrombin cuts off the fibrinopeptides. 

The αC regions are then available for intermolecular interactions and contribute to the 

enhancement of lateral aggregation during fibrin polymerization (McPherson et al., 2021; 

Weisel & Medved, 2001). These findings show that an involvement of the αC domains during 

fibrillogenesis of fibrinogen seems key to fiber formation.  

 

Figure 7-6: Sketch of the proposed mechanism by Koo et al. of surface-induced fibrinogen self-assembly. (A) Adsorption of 
the initial layer directly onto the surface where the hydrophobic D and E regions are preferentially adsorbed, and the hydrophilic 
αC regions remain free to interact with other molecules. (B) Once the surface is coated with individual fibrinogen molecules 
(represented by the image of a trinodular structure), subsequent molecules can migrate and self-assemble into protofibrils. (C) 
Attractive forces between the αC domains on the exterior of the protofibrils induce further coalescence of the fibers into 
increasingly larger ones, which remain anchored onto the surface. Reproduced with permission (Jaseung Koo et al., 2012). 
Copyright © 2012 American Chemical Society. 

On hydrophilic surfaces, on the other hand, the adsorption of fibrinogen takes place through the 

αC regions, which have a more hydrophilic characteristic (refer to Fig. 6B, Chapter 2). In this 

case the αC regions are not available for interaction with other fibrinogen molecules, since they 

are in direct contact with the surface, which would in principle impede fiber formation. Despite 

that, fibrinogen fiber formation was also observed on hydrophilic surfaces (Table 1, Chapter 2). 

In these circumstances, the mechanism for fiber formation must be analyzed case by case, 

considering not only the surface energy of the surface, i.e. its hydrophilicity, but also other 

aspects of the nature of the surface or of the surface-fibrinogen interaction. For instance, fiber 

formation through the interaction and extrusion of fibrinogen molecules through hydrophilic 

alumina nanopores, can be explained by the occurrence of shear forces in the confined pores 

(Raoufi et al., 2016). On gold substrates, an additional factor leading to fiber assembly of 

fibrinogen could be the interaction of the sulfur containing regions, i.e. the cysteines of the 

fibrinogen molecule, with gold, forming a stable Au-S bond that breaks the disulfide bonds in 

the E domain of fibrinogen and releases the αC regions for interaction with other fibrinogen 

molecules to propagate fiber formation (G. Chen et al., 2011). 
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Fibrinogen self-assembly can also take place using denaturing buffer conditions, such as low 

pH and organic solvents (Stamboroski, Joshi, et al., 2021). In this case, the mechanism of 

fibrinogen self-assembly proposed by Wei and co-workers starts with a change in fibrinogen 

conformation to an extended shape with the αC domains opened and consequently denaturation 

caused by the harsh conditions. Due to these changes in the fibrinogen molecule, the 

aggregation starts via its αC domains, and fibrinogen grows to protofibrils and subsequently to 

nanofibers (Reichert et al., 2009; Wei, Reichert, & Jandt, 2008). Rieu et al. also proposed a 

similar mechanism for protofibril formation triggered by denaturation of fibrinogen after 

acidifying fibrinogen solutions to pH = 3.6 (Rieu et al., 2020). Differential Scanning 

Calorimetry (DSC) and Dynamic Light Scattering (DLS) studies revealed that during 

acidification fibrinogen undergoes a reversible change in structure that corresponds to a 

destabilization of its thermolabile D domain and αCs interaction. Therefore, they proposed that 

the fibrinogen aggregation started with the interaction via the D-domains of two adjacent 

fibrinogen molecules (Rieu et al., 2020).  

As presented in Chapter 2, when using non-denaturing buffers to produce fibrinogen nanofibers, 

different parameters were proven to unleash fibrinogen self-assembly (Stamboroski, Joshi, et 

al., 2021). Here, again, there is no single/common mechanism to explain fibrinogen 

fibrillogenesis. The studies from Hense et al, for instance, showed that different parameters led 

to the formation of fibrinogen nanofibers. In a first study, nanofibers were produced by adding 

oxygen-containing, preferably multivalent acid anions like phosphate or citrate (5 to 20 mM) 

to a fibrinogen solution at slightly acidic pH and low temperatures around 5°C (Hense et al., 

2021). For that, no mechanism was proposed. Interestingly, Galanakis et al reported the 

formation of fibrinogen nanofibers also at low temperature (4°C), slightly acidic pH and 50 mM 

sodium phosphate (Galanakis et al., 2021, 2022). According to Galanakis et al, nanofibers 

prepared under these conditions can be generated because soluble fibrin is a substantial 

component of isolated fibrinogen, which spontaneously self-assembles into protofibrils 

progressing to fibers at sub-physiologic temperatures (Galanakis et al., 2022).  

In a second study, Hense and Strube produced fibrinogen nanofibers by adding up to 50 mM 

CaCl2 to fibrinogen solution at 5°C at neutral to basic pH. Moreover, fibers could be produced 

with higher fibrinogen concentrations of 40 mg/mL at physiological temperature by adding 

100 mM of NaCl to increase fibrinogen solubility (Hense & Strube, 2023a). With other divalent 

salts like MgCl2, SrCl2 and BaCl2 rough morphologies or limited fiber quantities were obtained. 

They proposed that those nanofibers were produced based on the occupancy of the binding sites 

for divalent cations. Additionally, they suggested that fibrinogen undergoes changes in its 
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secondary structure upon Ca2+ addition into a conformation which potentially favors a more 

orientated aggregation and consequently assembly into fibers (Hense & Strube, 2023a).  

Finally, in a third study, Hense and Strube presented fibrinogen fiber formation by addition of 

MgSO4 (Hense & Strube, 2023b). Fibers were formed again at low temperature. When the 

temperature was increased to 37°C, the formed fibrous gel dissolved. They hypothesized that 

Mg2+ electrostatically binds to fibrinogen and acts as <bridge= between the molecules. Suited 

kosmotropic anions, such as sulfate and (hydrogen)phosphate, on the other hand are then 

responsible for the actual fiber formation. However, how exactly kosmotropic anions could 

align the fibrinogen molecules it is yet to be understood (Hense & Strube, 2023b).  

For the fibrinogen nanofibers prepared by Stapelfeldt et al. and in this PhD thesis, highly saline 

solutions were used at room temperature. There is evidence that a change in the secondary 

structure of fibrinogen towards increased amounts of ³-strand content could be a trigger to fiber 

formation (Stapelfeldt, Stamboroski, Walter, et al., 2019). However, this change in secondary 

structure of fibrinogen was also observed for divalent salts and for monovalent salts (see 

Chapter 3 and 4) that did not completely convert soluble fibrinogen into fibers (Stamboroski, 

Boateng, et al., 2021). Therefore, the observed change in secondary structure is not sufficient 

to explain the fibrinogen self-assembly at room temperature triggered by salt and increase in 

concentration via evaporation of water. Another hypothesis to explain fiber formation under 

these in vitro conditions could be the observed differences in cation uptake after washing out 

residual salts from crosslinked fibrinogen nanofibers (Stamboroski, Boateng, et al., 2021).  

In Chapter 3 it was discussed that divalent ions were not detected in any of the fibrinogen 

precipitates after rinsing because they have weaker interactions with the molecule than 

monovalent ions due to a greater interaction of the divalent cations with the water, making it 

more difficult to break their hydration shell and to get closer to facilitate direct binding to 

fibrinogen (Stamboroski, Boateng, et al., 2021). This explanation can be expanded together 

with the more recent results obtained in Chapter 4 and the last publications from Hense and 

Strube that showed fibrinogen fiber formation with CaCl2 (Hense & Strube, 2023a) and MgSO4 

(Hense & Strube, 2023b). Although Hense et al. used different parameters to induce 

fibrillogenesis with salt solutions, the following similarities can be identified.  

Hense and Strube observed fiber formation when the fibrinogen solution was getting turbid 

(Hense et al., 2021; Hense & Strube, 2023a). Similarly, in the current work, turbidity has been 

seen in solution when monitoring the drying process with light scattering for PBS, NaCl, Na-

PO4 and K-PO4. Moreover, when the divalent salts CuCl2 and ZnCl2 were added to the 
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fibrinogen solution and during the drying with CaCl2, turbidity as manifested by higher Aq 

values was observed at the beginning, which disappeared over time (Stamboroski, Boateng, et 

al., 2021). The initial turbidity observed when adding divalent salts (Chapter 3) could be the 

same phenomenon observed by Hense and Strube.  

Therefore, for divalent salts the following rationale could be made: when the concentration of 

divalent salts in a fibrinogen solution is not so high, the affinity of the divalent ions for water 

is greater than the affinity for the protein and there is a salting out effect. This effect is stronger 

at 5°C because fibrinogen seems to be less soluble at this temperature since turbidity caused by 

fibrinogen aggregation is then observed. However, when the salt concentration increased even 

further during the drying, fibrinogen was dissolved again by its interaction with the divalent 

salts via a salting in effect, so that the initial turbidity disappeared again.  

In this thesis, when preparing fibrinogen precipitates with monovalent salts, turbidity was 

detected at the end of the drying process after at least 80% of water had evaporated, and 

simultaneously the Aq value of the light scattering measurements started to increase (Chapter 

4). Therefore, during drying of fibrinogen at room temperature with monovalent salts it was 

assumed to see a salting out effect. When adding monovalent salts to the fibrinogen solution, 

the solution stayed transparent showing that fibrinogen was well dissolved. Over time when 

water evaporated, there was an increase of both fibrinogen and salt concentration in solution, 

and a salting out effects take place.  

For anions, the most accepted mechanism for salting out is that strongly hydrated anions (SO4
2-

, HPO4
2-/H2PO4

-, Cl-) precipitate proteins due to a combination of electrostatic repulsion and 

enhancement of the hydrophobic effect (Hyde et al., 2017). For instance, there is evidence that 

Hofmeister ions alter protein solvation (A Metrick II & Macdonald, 2015). With experiments 

measuring deuterium (1H/2H) exchange, A Metrick II & Macdonald showed that the presence 

of strongly hydrated, kosmotropic anions decreases deuterium exchange, suggesting less free 

water and decreased protein solvation correlated with increased protein stability. On the other 

hand, increased deuterium exchange was found in the presence of weakly hydrated, chaotropic 

anions like Cl- and ClO4
-, correlating with increased protein solvation and decreased protein 

thermal stability (A Metrick II & Macdonald, 2015).  

Moreover, at higher salt concentrations, specific ion effects can be observed (Hyde et al., 2017; 

Okur et al., 2017) and local interactions between the protein surface and ions have to be 

considered. Important regions of the protein surface interacting with ions are its backbone and 

charged side chains (Okur et al., 2017). Depending on the local charge distribution, anions and 
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cations from solution will interact differently at different regions of the protein. In general, the 

protein backbone attracts more of weakly hydrated anions (e.g. I-, NO3
-, ClO4

-)) and strongly 

hydrated cations (e.g. Mg2+, Ca2+, Li1+) (Okur et al., 2017). At negatively charged chains of 

glutamates and aspartates, cations follow a direct Hofmeister series and, again, strongly 

hydrated cations interact more than weakly hydrated cations (e.g. K+, NH4
+), and these 

interactions are stronger than the ones with the backbone (Okur et al., 2017; Vrbka et al., 2006). 

However, at positively charged chains of arginine, lysine, and histidine, anions follow an 

indirect Hofmeister order, with strongly hydrated anions (F-, SO4
2-, HPO4

2-) interacting more 

than weakly hydrated anions (Okur et al., 2017). In this way, cations adhere to the direct 

Hofmeister series concerning protein salting-out behavior. In contrast, this pattern holds true 

for anions only in proteins where the influence of the backbone surpasses that of positively 

charged side chains. This is likely what happens to fibrinogen for pH values above 5.8, which 

is the isoelectric point of fibrinogen, the molecule has an overall negative charge (Stamboroski, 

Joshi, et al., 2021). 

Another important effect that needs to be taken into account is that phosphates are classified as 

both polyvalent and amphoteric anions, which can form several hydrogen bonds and salt bridges 

in proteins either intra- or intermolecularly (Hunter, 2012). Protein phosphates can act either 

sterically or ionically to regulate the function or interaction of other proteins or small molecules, 

or more commonly to elicit a conformational change within a protein molecule. The distinct 

size and charge properties of covalently attached phosphates also enable specific protein-

protein interactions (Hunter, 2012). It is known since long that fibrinogen can be 

phosphorylated and that phosphorylation of fibrinogen in vitro can change its conformation and 

affect its behavior (De Vries et al., 2020; Martin et al., 1992; Martin & Björk, 1990). The 

phosphorylation in fibrinogen mainly occurs on serine and threonine located in the Aα chain 

(αC region) (De Vries et al., 2020). Martin and Björk, therefore, proposed that by 

phosphorylation leads to an increase in the ordered structure of fibrinogen in this region (Martin 

& Björk, 1990). 

The temperature seems to play a role here too, because Hense and Strube observed dissolution 

of fibers when gels formed at 5°C were heated to 37°C (Hense & Strube, 2023b). For the 

process used in this PhD thesis, after drying at room temperature, if the samples were not fixated 

with vapor formaldehyde, the fibers dissolved again when in contact with water. As for other 

proteins, the solubility of fibrinogen varies with temperature and composition of the 

salt/fibrinogen mixture. Based on the results obtained in this thesis and the ones reported by 

Hense et al, fibrinogen seems to be more soluble at room temperature and less soluble at 5°C. 
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Interestingly, the fibers produced by Hense et al. were spontaneously formed with time, without 

any other change in the system like the evaporation of water (i.e. drying), which increases both 

the fibrinogen and salt concentration. Since in this PhD thesis fibrinogen fibers were only 

obtained after drying, it is likely that for Hense et al., the increase in fibrinogen concentration 

happened by lowering the temperature. Moreover, Hense et al. associated the formation of a gel 

in solution with nanofiber formation, but for performing SEM to verify whether fibers were 

actually formed, they always had to dry their fibrinogen samples (Hense et al., 2021).  

Taking into account all the above discussed mechanisms for the Hofmeister effect, the results 

presented from Chapter 2 to Chapter 4 of this thesis and the discussion in Section 7.2.1, a sketch 

proposing different mechanisms for salt-induced fibrinogen aggregation in vitro is presented in 

Figure 7-7. The take-home-message of this graphical summary is that fibrinogen precipitation 

in the presence of salts can follow different scenarios and that only a fine equilibrium between 

cation/anion/fibrinogen allows the formation of fibrinogen nanofibers.  

The first scenario in Figure 7-7 proposes a mechanism for the precipitation of fibrinogen with 

salts composed of two chaotropic ions, which are in this case the divalent salts presented in 

Chapter 3: divalent cations with chlorides. As mentioned above, the chaotropic anion Cl- 

increases the protein water solvation and therefore decreases its stability. Moreover, during 

drying at room temperature and consequently evaporation of water, the solution gets more 

concentrated and hard polyvalent cations like the divalent ions can get closer to the fibrinogen 

molecule, interacting with Lewis basic sites in the protein (Hyde et al., 2017; Okur et al., 2017). 

This promotes a salting in effect by increasing the protein solubility as indicated by a decrease 

in turbidity and consequently leads to more denaturation of the protein, as the FTIR results in 

Chapter 3 indicate. This sequence of events leads to disorganized fibrinogen aggregation and 

precipitation, without alignment of the fibrinogen molecules and therefore generating only 

smooth fibrinogen layers. After fixation of the fibrinogen layers and when water was removed 

during rinsing of the fibrinogen layers, the divalent salts could be easily washed away due to 

their high affinity with water (Kiyohara & Kawai, 2019) in comparison to monovalent salts.  

The second scenario in Figure 7-7 proposes a mechanism for the precipitation of fibrinogen 

with salts composed of a combination of a chaotropic ion with a kosmotropic ion, which are in 

this case salts presented in Chapter 4: monovalent cations with chloride, acetate, oxalate or 

citrate and divalent cations with sulfate. In this case a competition between salting in and salting 

out effects occurs that dominates the precipitation of fibrinogen. For instance, there is increased 

water solvation with chlorides, leading to salting in, but less specific binding with monovalent 
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cations favoring salting out effects. Another scenario with sulfate is characterized by a 

decreased water solvation around the protein favoring salting out, while still enough specific 

binding sites are present that enable salting in. Therefore, the fibrinogen molecules are 

presented partially unfolded or with a change in the tertiary structure where the α-C domains 

are released. This molecular arrangement can favor some degree of organized aggregation, 

resulting in limited fiber formation or rough fibrinogen layers upon drying. 

Finally, the third scenario in Figure 7-7 proposes a mechanism for the assembly of fibrinogen 

nanofibers in the presence of highly saline solutions with kosmotropic ions. When salts with a 

combination of two kosmotropic ions are mixed with fibrinogen solutions for drying, distinct 

and dense nanofibers can be formed. The salts capable of inducing fibrinogen nanofibers are 

presented in Chapter 4: monovalent cations with small anions with high charge density as the 

oxygen containing polyvalent phosphates and sulfate. Here, once again a combination of effects 

must be considered during nanofiber formation. Taking into account the Hofmeister series and 

the ion-specific interactions for cations, sodium and potassium ions are indeed expected to have 

a more salting out characteristic than divalent salts as magnesium and calcium (Gregory et al., 

2022; Okur et al., 2017). For the anions the salting out effect can be explained by a combination 

of electrostatic repulsion and enhancement of the hydrophobic effect (Gibb, 2011; Hyde et al., 

2017). Strongly hydrated anions (SO4
2-, HPO4

2− and H2PO4
−) decrease water solvation, which 

increases the protein stability (A Metrick II & Macdonald, 2015). Adding the fact that 

phosphate can act as a bridge between two protein molecules and even change fibrinogen 

tertiary structure at its αC domains (De Vries et al., 2020; Hunter, 2012), an ordered 

precipitation of fibrinogen can be expected in this scenario. During drying, the increase in salt 

and protein concentration amplifies all the above-mentioned effects, that can act synergistically 

to trigger fibrinogen aggregation and the formation of protofibrils that subsequently assemble 

into nanofibers.  
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Figure 7-7: Summarizing sketch of the proposed mechanisms for fibrinogen precipitation by drying fibrinogen with highly saline solutions of different salts. The first scenario presents what happens 
during precipitation of fibrinogen in the presence of salts that contain a combination of chaotropic ions, e.g. the divalent salts studied in Chapter 3 (CaCl2, MgCl2 and others) that resulted in smooth 
fibrinogen layers upon drying. The second scenario illustrates fibrinogen aggregation in the presence of salts that contain chaotropic and kosmotropic ions, e.g. monovalent cations with chlorides or 
divalent cations with sulfates as presented in Chapter 4, that resulted in rough fibrinogen layers or partial nanofiber formation. The third scenario proposes a mechanism for fibrinogen nanofiber 
formation when fibrinogen is dried with salts composed of kosmotropic ions, such as monovalent cations with phosphate or sulfate anions, that were also presented in Chapter 4. 
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7.2.3. The co-influence of proteins and salt precipitation 

Another key finding of the current PhD research work is that not only salt can influence the 

self-assembly of fibrinogen, but also fibrinogen (and other proteins, such as BSA and collagen) 

can influence the crystallization of salts, which was the focus of the study in Chapter 5. During 

the investigations of fibrinogen precipitation with NaCl, KCl and PBS (Chapters 3 and 4), it 

was observed that NaCl and KCl crystals obtained after drying the fibrinogen-salt-mixtures had 

a different shape than when those salts were dried without the presence of fibrinogen, for 

instance with only Tris or water (see Figure S3 in the Supporting Information of Chapter 4 and 

Figure 2 of same). 

When dried in the presence of a Tris-HCl buffer solution without any protein, as shown in 

Chapter 5 3 Figure 2A by light microscopy, NaCl crystals were formed in nearly squared shape 

as halite crystals with a gap between each <tabular= salt crystal. NaCl salt dried in the absence 

of proteins showed no dendritic-like shape. In the presence of BSA (Chapter 5 3 Figure 6A by 

light microscopy), NaCl crystals still presented a nearly squared shape characteristic for halite 

crystals. However, dendritic NaCl crystallites were observed further away from the halite 

crystals, suggesting an influence of BSA on the crystallization of the salt.  

The salt crystallization in the presence of fibrinogen (Chapter 5 3 Figure 10A) or collagen 

(Chapter 5 3 Figure 13A), on the other hand, yielded polycrystalline large cross-shaped 

dendritic salts with no large squared crystals. It was hypothesized that proteins can act as 

nucleation sites, as crystal growth promoters, thus influencing crystallization kinetics (Dutta 

Choudhury et al., 2015). In Chapter 4, such dendritic cross-shaped salt crystals in the presence 

of fibrinogen are visible for other monovalent salt like KCl as well (see Chapter 4 3 Figure 2D).  

Moreover, when KCl was dried without fibrinogen, cubic salt crystals instead of dendritic ones 

were obtained (Figure S3C-D of Chapter 4). With regard to the distinction between BSA and 

fibrinogen/collagen, the first is a globular protein, while the later are fibrillar proteins. This can 

lead to differences in the respective salt-protein interactions. BSA has affected less significantly 

the crystallization of NaCl when compared to fibrinogen and collagen. In this way, in Chapter 

5, it was suggested that the specific protein3salt interactions are guided by the behavior of the 

respective protein at the salt/liquid interphase, with the topology and relative abundance of 

apolar and polar side chains in the amino acids, that make up the proteins, influencing the drying 

behavior of the salts. 
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The influence of fibrinogen on the crystallization of salts is perceivable not only with 

morphological analysis by light microscopy, but also by the Aq profiles from light scattering 

and Aq mappings. As shown in Chapter 3, when divalent salts were dried without fibrinogen 

much higher Aq values were obtained during drying. In Chapter 3 3 Figure 2, this <smoothing 

effect= of fibrinogen on salt precipitation is clearly visible (Stamboroski, Boateng, et al., 2021) 

as demonstrated also by Dutta et al. (Dutta Choudhury et al., 2015). Besides smoothing, 

fibrinogen also had a <delaying effect= on the salt precipitation, as demonstrated by the light 

scattering measurements presented in Figure 2F in Chapter 3 and Figure 1 in Chapter 4. This 

interaction was, however, not present for every salt investigated in Chapter 3. In the presence 

of Tris, the Aq roughness was kept low with or without fibrinogen (Chapter 3 3 Figure 2E). On 

the other hand, for salts which induced fiber formation, in this case PBS and NaCl, the effect 

of fibrinogen on salt precipitation was clearly observable by an increase in Aq roughness during 

drying (Chapter 3 3 Figure 2F and Chapter 4- Figure 1A-C) and in the dried precipitates (see 

Aq mappings in Chapter 4, Figures 2B, S3A and S6). The same trend was obtained for KCl, 

which yielded an increase in the Aq roughness when fibrinogen was present during drying 

(Chapter 4, Figures 1D-F) and in the dried precipitates (Aq mappings Chapter 4, Figures 2E, 

S3C and S9). 

In summary, the fourth hypothesis formulated in Section 1.8 was confirmed: proteins can 

influence the morphology of crystallized salts ranging from nearly cubic halites (with a globular 

protein, such as BSA) to polycrystalline dendrites (with fibrillar proteins, such as fibrinogen 

and collagen). In the specific case of fibrinogen, this protein can also influence salt precipitation 

acting as smoothing and delaying factor on the precipitation. This shows that the material 

transportation within the liquid and the exchange of materials between the solid and liquid 

phases could be governed by the formed interphase between the advancing salt phase and the 

densely viscous saline aqueous jelly phase, encompassing proteins. 

 

7.3. BIOFUNCTIONALITY OF FIBRINOGEN SCAFFOLDS 

In tissue engineering, the aim of designing protein-based scaffolds with tailored topographies 

that are similar to the ECM is to control and stimulate the growth and proliferation of cells in a 

physiological environment. In this regard, Suter et al. created a collagen scaffold structure 

combining smooth/planar and nanofibrous topographies in a single substrate (Suter et al., 2020). 

The investigation using collagen scaffolds revealed that 3T3 fibroblasts exhibited different 
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morphologies according to the topography of the substrate. Small, elongated fibroblasts with 

few, long filopodia were found on collagen nanofibers. On the other hand, large, flat fibroblasts 

with many short filopodia were observed on smooth scaffolds (Suter et al., 2020). In another 

study, Suter et al. explored the biocompatibility of smooth and nanofibrous fibrinogen layers 

prepared from highly saline mixtures as the ones studied in this thesis, but in separate substrates 

using 3T3 fibroblasts as model cells for wound healing (Suter et al., 2021). The 3T3 fibroblasts 

adhered and proliferated well on both fibrinogen topographies. As for collagen topographies, 

fibroblasts on nanofibers were smaller than on planar films, however many short filopodia were 

present on nanofibers while few long filopodia were found on planar fibrinogen (Suter et al., 

2021). Joshi et al. further studied the co-cultivation of human dermal fibroblasts (HDFs) and 

HaCaT keratinocytes on the same type of self-assembled fibrinogen scaffolds with nanofibrous 

and flat/planar topographies. Both nanofibrous and flat fibrinogen topographies were able to 

support cell adhesion and long-term viability with the expression of cell-specific marker 

proteins (Joshi et al., 2023).  

This capacity of fibrinogen scaffolds prepared by salt-induced self-assembly to promote cell 

growth on both flat and fibrous topographies opens up a large potential for future applications 

of this biomaterial in regenerative medicine. It is well known that variations in the topography 

can tune the interaction with cells, for instance promoting adhesion, migration, differentiation, 

and morphology, therefore, improving the biocompatibility and bioactivity of a biomaterial 

(Nitti et al., 2023). For this reason, the possibility to precisely control the fibrinogen topography 

during salt-induced self-assembly, as it was studied in this thesis in Chapters 3 to 5, is very 

important for tissue engineering applications (Nitti et al., 2023). To further explore the potential 

of self-assembled fibrinogen nanofibers as a novel scaffold material for the treatment of both 

acute and chronic wounds, Chapter 6 presents an evaluation of the interaction between different 

fibrinogen topographies and human blood platelets. This study was conducted under in vitro 

conditions both with and without the presence of plasma proteins. 

The interaction of blood platelets with physisorbed, planar and nanofibers of fibrinogen was 

investigated in Chapter 6. Compared to planar and physisorbed fibrinogen, fibrinogen 

nanofibers improved platelet adhesion and spreading when plasma proteins were present (see 

Chapter 6, Section 2.1). The surface area covered by platelets was significantly larger on 

nanofibers compared to both flat fibrinogen topographies. Moreover, the adhesion morphology 

of the platelets varied among the three substrates: most of the platelets appeared partially or 

fully spread on nanofibers, whereas on both flat surfaces they remained round or were round 
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with filopodia (see Figure 1 in Chapter 6). Since no differences were found between both flat 

topographies it was concluded that the crosslinking did not have an effect on the interaction 

with blood platelets. When incubating washed platelets instead of plasma rich platelets (PRP) 

on the fibrinogen scaffolds though, the platelets behaved similar on all three fibrinogen 

topographies, adhering and spreading normally.  

In order to investigate if the differences in platelet adhesion between the fibrinogen scaffolds 

could be caused by the different surface topographies, as it was reported previously by 

Kämmerer et al. (Kämmerer et al., 2012) and Kikuchi et al. (Kikuchi et al., 2005), images from 

confocal microscopy analysis of fibrous fibrinogen with and without adhered platelets were 

analyzed. Due to three-dimensional undulated microarchitecture that overlaid the nanofibrous 

topography, fibrinogen nanofibers were found to considerably increase the available surface 

area by a factor of 15 in comparison to planar scaffolds (Kenny et al., 2022; Suter et al., 2021). 

This 3D-morphology could consequently offer more fibrinogen molecules to be bound by 

platelet integrins. Blood platelets were even found forming a bridge between two peaks on the 

nanofibers (Figure 4a in Chapter 6). This finding confirms the fifth and last hypothesis 

addressed in Section 1.8, showing that self-assembled fibrinogen nanofibers truly influence 

blood platelet adhesion due to their special topography. 

Since there was a difference between the platelet adhesion when using PRP or washed platelets, 

the influence of the plasma proteins on platelet adhesion was also considered and investigated. 

For that, the planar and fibrous fibrinogen scaffolds were pre-exposed to platelet poor plasma 

before seeding of washed platelets. This pre-exposure to plasma reduced platelet adhesion and 

spreading especially for the planar scaffolds. This shows again the importance of the 

nanotopography offered by fibrinogen nanofibers, which provided a stronger stimulus to 

platelet adhesion. 

Furthermore, resembling a more physiological environment, planar and nanofibrous fibrinogen 

topographies were investigated under shear flow conditions ranging from low to elevated 

venous shear rate as it is present in the blood stream (Chapter 6, Section 2.6). As a result, platelet 

interactions with planar scaffolds were usually sparse, whereas platelets adhered on nanofiber 

scaffolds with microaggregate formation, with the latter presenting a tendency for extended 

platelet-surface interaction. These findings were in alignment with a previous study from Chen 

et al., which showed increased platelet adhesion from whole blood on patterned 

poly(dimethylsiloxane) surfaces in comparison to flat ones (Hong Chen et al., 2009).  
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Therefore, the results presented in Chapter 6 reinforce the importance of fibrinogen scaffolds 

in platelet adhesion. Here, the particular potential lies on the biofunctionalization of substrates 

with fibrinogen nanofibers prepared by salt-induced self-assembly and in the control of the 

morphology/topography of the fibrinogen layers. It has been shown also by other authors that 

the conformation (Chiumiento et al., 2007) and surface topography (Hong Chen et al., 2009) of 

fibrinogen can affect platelet activation and adhesion. In this way, by choosing the suitable 

parameters for salt-induced self-assembly, such as the salt type and, salt and fibrinogen 

concentration, nanofibrous scaffolds with tailored fiber diameter, density and scaffold porosity 

can be achieved. In this way, scaffolds with topographical properties can be developed to 

specifically improve or suppress platelet adhesion. 

In the current PhD thesis, it was demonstrated that the proper selection of the salt-fibrinogen 

pairing could lead to different morphologies and consequently topographies ranging from 

smooth/flat surface (with divalent salts, see Chapter 3, Figure 1) to rough fibrinogen precipitates 

(with chaotropic monovalent salts, see Chapter 4, Figure 2F) and nanofibrous scaffolds (with 

kosmotropic monovalent salts, see Chapter 4, Figure 2I). This provides the opportunity to use 

the technique of salt-induced fibrinogen self-assembly to tailor the surface topography, i.e. to 

create customized fibrinogen scaffolds that support the growth of different cell types involved 

in wound healing. Moreover, it was demonstrated that the surface/crystallization of salts can 

also be controlled by the selection of the protein present during the salt-protein interaction 

(Chapter 5). In Chapter 6, it was shown that the topography of nanofibrous fibrinogen obtained 

by salt-induced self-assembly has a direct influence on the interaction with blood platelets, with 

the nanofibrous topography enhancing platelet adhesion. These finding opens up a large field 

for future studies and applications, as outlined in the next section. 

 

7.4. FUTURE PERSPECTIVES 

As demonstrated in Sections 7.1 to 7.3, this PhD work dealt with the fibrinogen-salt interactions 

and how these interactions influence the precipitation and self-assembly of fibrinogen during 

drying. By tailoring synthesis parameters such as the type of salt, the salt and protein 

concentration, it was possible to obtain diverse fibrinogen morphologies and surface 

topographies, which can potentially be employed in a broad spectrum of tissue engineering 

applications. 
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To deepen the fundamental understanding of how salts and fibrinogen interact, further 

investigations need to focus on these interactions at a molecular level by computational 

chemistry (e.g., molecular dynamics). These simulations could provide important insights into 

the kinetics, thermodynamics and pathways of salt-induced fibrinogen self-assembly. 

Addressing individual parts of the protein in a highly saline environment can provide a 

fundamental understanding of how the salts affect the fibrinogen conformation and 

complexation. Part of these consecutive investigations, which will help to elucidate the 

underlying mechanism behind salt-induced self-assembly process is already underway (Sai 

Malisetty et al., 2023). Moreover, investigating the protein as a whole, as it was done with 

molecular dynamics by Zuev et al. (Zuev et al., 2017), could reveal the molecular flexibility 

and conformation to shed light on fibrinogen self-association from individual molecules to 

nanofibers under highly saline and high fibrinogen concentrations.  

As explained in Section 7.2, salt-water-protein interactions are very complex relying on cross-

effects from ion-hydration (salt-water), surface-related phenomena (salt-protein), ion pairing 

(salt-salt), protein hydration (protein-water), intra- and inter-molecular forces (protein-protein), 

and hydrogen bonding (water-water) interactions (Gibb, 2011). Therefore, since there is so far 

not a single explanation of the Hofmeister effect for the fibrinogen self-assembly in highly 

saline environment without the presence of thrombin and many aspects on the interaction of 

fibrinogen-water-salt must be considered, future experimental and simulation studies assessing 

the interaction of sodium phosphate and sulfate with water and with fibrinogen are necessary. 

Dynamic light scattering, circular dichroism spectroscopy and in situ atomic force microscopy 

(AFM) analysis will be well suited to understand at which point and at which salt concentration 

fibrinogen actually starts to self-assemble into fibers in solution during drying. Further FTIR 

investigations associated with 1H/2H exchange could also support the understanding of 

fibrinogen solvation in the presence of different salts. Further investigations using salt mixtures 

with both a fiber-forming salt (e.g. sodium phosphate) and a smooth forming (e.g. calcium 

chloride), during the drying of fibrinogen, could contribute to a better understanding of how ion 

specific interactions and ion pairing can influence the self-assembly of fibrinogen and how they 

compete with each other. Based on the self-assembly mechanism proposed in Figure 7-7 and 

described in literature (Galanakis et al., 2022; J. Koo et al., 2010; Rieu et al., 2020), recombinant 

constructs lacking specific regions of the fibrinogen molecule (e.g. the αC domain) could be 

used to study their particular involvement in fibrillogenesis. Moreover, the exposure of self-

assembled fibrinogen nanofibers to other ions than sodium followed by XPS and EDX surface 

analysis could be used to better understand the retention of cations by fibrinogen nanofibers.  
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Since buffer solutions also have an influence on the fibrous structure of fibrin (Kurniawan et 

al., 2017), it would also be interesting to study whether salt-induced fibrinogen nanofibers are 

also affected by the background buffer. Considering the recent results obtained by Hense et al. 

(Hense & Strube, 2023a), other important parameters whose influence on the self-organization 

process needs to be studied are the temperature during the drying procedure, the pH and the 

speed of drying, for instance, by varying the relative humidity.  

In terms of expanding applications, using self-assembled fibrinogen scaffolds as 

biofunctionalization for biomaterials and implant surfaces could provide a great path for future 

investigations. The integration of further bioactive molecules and components, such as proteins, 

peptides, growth factors, nanoparticles, or drugs, into self-assembled fibrinogen scaffolds could 

potentially enhance the capability of these scaffolds to improve cell adhesion and differentiation 

even further or could provide new properties, such as anti-bacterial properties and the reduction 

of immune reactions. The latter aspect is essential to prevent the host immune system from 

rejecting a scaffold. 

Considering the results on the interaction of fibrinogen nanofibers with blood platelets and how 

plasma and plasma molecules affect platelet adhesion, further investigations with other plasma 

components are necessary to clarify the ability of fibrinogen nanofibers to modulate interactions 

with platelets and other blood components. Additionally, another important step will be to 

understand how fibrinogen nanofibers interact with different molecules involved in blood 

clotting and wound healing, for which, AFM and quartz crystal microbalance analysis will be 

very valuable tools.   

In the framework of the current PhD thesis, cell-fibrinogen scaffold interactions were 

exemplarily studied with blood platelets. Due to the complexity and diversity of human cells 

and their physiology, future research works focusing on different cell types will certainly 

broaden the range of biomedical applications of fibrinogen scaffolds prepared by salt-induced 

self-assembly. Given the variety of structures obtained in the current work (from smooth via 

rough to nanofibrous), future investigations need to involve theses various topographies to 

allow a systematic analysis of the resulting cell interactions. 

After achieving a basic understanding of the underlying principles of salt-induced self-assembly 

of fibrinogen nanofibers and cell-scaffold interactions, another important step will be to scale 

up the self-assembly process to provide nanofibrous fibrinogen scaffolds that offer the potential 

for later in-vivo applications. In this regard, the mechanical characterization of self-assembled 

fibrinogen scaffolds is also very important. As they should mimic the native ECM, fibrinogen 
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scaffolds should closely match the mechanical characteristics of the native tissue they are 

intended to replace or regenerate. Research works on mechanical characterization could thus 

ensure that fibrinogen scaffolds mimic the required stiffness, elasticity, and strength, allowing 

it to effectively support cell growth in the target tissue. 

The understanding of the long-term behavior of self-assembled scaffolds in vivo is another 

important focus for future studies. This category for instance requires degradation studies, 

which could be used to evaluate the chemical and physical stability of fibrinogen scaffolds 

when exposed to various types of environmental conditions that resemble the physiological 

conditions. Moreover, it will be important to understand whether self-assembled fibrinogen 

scaffolds prepared with varying self-assembly parameters degrade at rates consistent with tissue 

formation. On the other hand, long-term studies could investigate how well fibrinogen scaffolds 

integrate into the host tissue by specific binding to various molecules involved in tissue 

regeneration. These studies could also focus on factors such as cell infiltration, vascularization, 

and the formation of functional tissue structures over time. Lately, the inflammatory response 

of the host tissue is of vital importance to ensure the long-term biocompatibility of fibrinogen 

scaffolds obtained through salt-induced self-assembly.  

In summary, the current work already addressed several important aspects of salt-induced 

fibrillogenesis of fibrinogen, which allowed the optimization of the self-assembly synthesis by 

the selection of suitable salts and their parameters. With its focus on in vitro self-assembly of 

fibrinogen into nanofibers, this PhD thesis brought nanofibrous fibrinogen scaffolds an 

important step closer to in vivo applications, whilst laying the foundation for future 

investigation on the topic. 
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