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Abstract 

The fundamental understanding of cell-material interactions plays a central role in the 

development of future biomaterials for tissue engineering. The current state of knowledge 

about cell interactions with various biomaterials has mainly been obtained from smooth 2D-

cell culture systems like petri dishes. However, many of the established materials are not 

suitable for mimicking the nanofibrous three-dimensional (3D) topography, the biochemical 

and mechanical environment of the extracellular matrix (ECM). This raises the challenge of 

transferring cell culture results from established smooth/planar test systems into the 

development of novel 3D microenvironments that mimic the nanoarchitecture of the ECM.  

Therefore, in this Ph.D. thesis, a new approach for the fabrication of binary protein scaffolds 

with spatially controlled areas of smooth and nanofibrous topography was introduced. In the 

first step, the ECM protein collagen was used as a model system to establish the new 

method. Polymer patterning was combined with pH-induced self-assembly and crosslinking 

of collagen to produce binary scaffolds with spatially controlled smooth nanofibrous 

topographies. When studying the interaction of NIH 3T3 fibroblasts with the new binary 

scaffolds, a direct influence of the underlying topography on cell morphology, cell size, 

filopodia growth and cell migration was observed. Fluorescence microscopy analysis showed 

that the morphology of fibroblasts changed from small spindle-like shape with long 

lamellipodia on collagen nanofibers to large, flat cells with many short filopodia on smooth 

collagen. These topography-dependent trends in fibroblast morphology were confirmed by 

confocal and scanning electron microscopy.  

To further investigate the influence of biochemical cues on cells, the novel method of 

preparing binary collagen scaffolds was subsequently transferred to the fabrication of 

fibrinogen scaffolds with binary topography. The new fabrication process was successfully 

combined with the newly introduced salt-induced self-assembly of fibrinogen. When 

investigating the interaction of NIH 3T3 fibroblasts with binary fibrinogen scaffolds, a direct 

influence of the underlying topography on cell morphology was also observed. Fluorescence 

microscopy analysis revealed that the morphology of fibroblasts changed from small spindle-

like shape with diffuse actin expression on fibrinogen nanofibers to large, flat cells with 

pronounced stress fibers on planar fibrinogen. Again, these topography-dependent trends in 

fibroblast morphology were confirmed by confocal and scanning electron microscopy. 

Moreover, viability studies of fibroblasts on fibrinogen showed increased proliferation rates 

on both, nanofibrous and planar, fibrinogen scaffolds. 

Subsequently, the two protein systems and topographies were combined in one scaffold 

system. By spatially tailoring of the biochemical and topographical features in these protein 

scaffolds, it will be possible to investigate topography- and time-dependent cell recognition 



 

 
 

processes on a single scaffold. In the future, this could make it possible to transfer in vitro 

results from cell cultures on smooth/planar surfaces directly into the development of 

nanofibrous protein scaffolds.  



 

 

Zusammenfassung 

Das grundlegende Verständnis von Zell-Material-Interaktionen spielt eine zentrale Rolle bei 

der Entwicklung zukünftiger Biomaterialien für das Tissue Engineering. Der aktuelle 

Wissensstand über Zellinteraktionen mit verschiedenen Biomaterialien wurde hauptsächlich 

aus glatten / flachen 2D-Zellkultursystemen gewonnen, wie z.B. Petrischalen. Viele der 

etablierten Substratmaterialien sind allerdings nicht dafür geeignet, die nanofaserige 

dreidimensionale (3D) Topographie, die biochemische und die mechanische Umgebung der 

extrazellulären Matrix (ECM) zu imitieren. 

Daraus ergibt sich die Herausforderung, die Ergebnisse aus flachen Zellkultursystemen in 

die Entwicklung neuartiger 3D-Mikroumgebungen zu übertragen, die die Nanoarchitektur der 

ECM imitieren.  

Daher wurde in dieser Dissertation zunächst eine neue Methode zur Herstellung von binären 

Proteingerüsten mit räumlich kontrollierten Bereichen aus glatter und nanofaseriger 

Topographie entwickelt. In einem ersten Schritt wurde das ECM-Protein Kollagen als 

Modellsystem zur Etablierung der neuen Methode genutzt. Polymerdruck wurde mit der 

Selbstassemblierung und Vernetzung von Kollagen kombiniert, um binäre Scaffolds mit 

räumlich kontrollierten Bereichen aus glatter und nanofaseriger Topographie herzustellen. 

Bei der Untersuchung der Interaktion von NIH 3T3-Fibroblasten mit den neuen binären 

Scaffolds wurde ein direkter Einfluss der Topographie auf die Zellmorphologie, die Zellgröße, 

das Filopodienwachstum und Zellmigration beobachtet. Fluoreszenzmikroskopische 

Untersuchungen haben gezeigt, dass sich die Morphologie der Fibroblasten von kleinen 

Spindelformen mit langen Lamellipodien auf Kollagen-Nanofasern zu großen, flachen Zellen 

mit vielen kurzen Filopodien auf glattem Kollagen veränderte. Diese topographieabhängigen 

Trends in der Morphologie der Fibroblasten wurden durch Konfokal- und 

Rasterelektronenmikroskopie bestätigt.  

Mit dem Modelsystem Kollagen wurde eine Plattform etabliert, die es erlaubt, die 

Substrattopographie gezielt zu beeinflussen. Um weiter die biochemischen Einflüsse auf 

Zellen zu untersuchen, wurde die neue Methode zur Herstellung von binären 

Proteingerüsten weiter auf die salz-induzierte Selbstassemblierung von Fibrinogen 

übertragen. Bei der Untersuchung der Interaktion von NIH 3T3-Fibroblasten mit Fibrinogen 

Scaffolds mit binärer Topographie wurde ebenfalls ein direkter Einfluss der 

Substrattopographie auf die Zellmorphologie, Zellgröße und das Filopodienwachstum 

beobachtet. Fluoreszenzmikroskopische Aufnahmen haben gezeigt, dass sich die 

Morphologie der Fibroblasten von kleinen Spindelformen mit diffuser Aktinausprägung auf 



 

 
 

Fibrinogen-Nanofasern zu großen, flachen Zellen mit ausgeprägten Stressfasern auf glattem 

Fibrinogen veränderte. Diese topographieabhängigen Trends in der Morphologie der 

Fibroblasten wurden wiederum durch Konfokal- und Rasterelektronenmikroskopie bestätigt. 

Viabilitätsuntersuchungen der Fibroblasten auf den Fibrinogen-Scaffolds zeigten zudem 

erhöhte Proliferationsraten sowohl auf nanofaserigen als auch auf glatten Fibrinogen-

Scaffolds.  

Aufbauend auf diesen Ergebnissen konnten außerdem in ersten Versuchen die beiden 

Proteinsysteme miteinander kombiniert werden. Mit dieser binären Scaffold-Plattform wird es 

in Zukunft möglich sein, topographie- und zeitabhängige Zellerkennungsprozesse in einem 

einzigen Substrat zu untersuchen. Damit könnten in Zukunft in vitro-Ergebnisse aus 

Zellkulturen auf glatten/planaren Oberflächen direkt in die Entwicklung von nanofaserigen 

Protein-Gerüsten übertragen werden. 
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Motivation 

Diseased tissues and organs and the related trauma potentially lead to degeneration and 

damage of tissues in the human body. Therefore, facilitating their replacement, 

regeneration, or repair is a current scientific and medical challenge (Ikada 2006; O'Brien 

2011). The classical treatment typically focusses on autografts or transplants/allografts. 

Autografts require the transplantation of tissue from one site to another in the same 

patient, while an allograft is transplanted from one individual to another of the same 

species (O'Brien 2011). Although these treatments have been revolutionary and 

lifesaving, these surgical therapies have been facing several challenges (O'Brien 2011; 

Ikada 2006). The production of autografts is painful, expensive, constrained by anatomical 

limitations, and can cause infections and hematoma (O'Brien 2011). Correspondingly, 

allografts encounter a variety of serious constraints. A major risk is rejections by the 

patient’s immune system along with the possibility of introducing infections or diseases 

from the donor to the patient (O'Brien 2011). Further problems in current organ 

transplantation include the shortage of donated organs and immune rejection, although 

immunosuppressive therapy has much advanced (Ikada 2006).  

Approximately four decades ago a new alternative approach to tissue and organ 

reconstruction emerged (Ikada 2006). The interdisciplinary field of tissue engineering aims 

to regenerate damaged tissues, instead of replacing them, by developing biological 

substitutes that restore, maintain or improve the original tissue function (Langer 2000; 

Atala 2004; Ma 2004; Rice et al. 2005; O'Brien 2011; Ma 2008). The term ‘tissue 

engineering’ was officially introduced at a National Science Foundation workshop in 1988 

and describes the following research area: “the application of principles and methods of 

engineering and life sciences towards the fundamental understanding of structure-function 

relationships in normal and pathological mammalian tissues and the development of 

biological substitutes to restore, maintain or improve tissue function” (O'Brien 2011). The 

earliest application of human cells in tissue engineering was reported around 1980 for skin 

repair using fibroblasts (Ikada 2006). 

The field of tissue engineering is very multidisciplinary and includes disciplines like clinical 

medicine, mechanical engineering, materials science, genetics biophysics, and related 

disciplines from both engineering and the life sciences (O'Brien 2011). Fundamental 

understanding of physics, biology, material science, chemistry, and engineering strategies 
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together with the convergence of these disciplines drove the progress of tissue 

engineering (Khademhosseini and Langer 2016). 

In the field of tissue engineering, the materials used are called biomaterials. However, 

over the last decades, various definitions of the term ‘biomaterial’ were introduced in the 

literature. Very recently, a concise definition of a biomaterial was derived by describing 

biomaterials as “any substance or combination of substances, other than drugs, synthetic 

or natural in origin, which can be used for any period, which augments or replaces 

partially or totally, any tissue, organ or function of the body, to maintain or improve the 

quality of life of the individual” (Bianchera, A., et al. 2020). Usually, three different groups 

of biomaterials such as ceramics, metals or metal composites, synthetic polymers, and 

natural polymers are used in the fabrication of scaffolds for tissue engineering (O'Brien 

2011; Catledge et al. 2004).  

A central dilemma of tissue engineering is the question of how various biomaterials 

influence cell behavior since these scaffolding materials carry complex information, which 

is intrinsically coded in their physical, chemical and topographical properties (Place et al. 

2009). Metals, for instance, have shown to be an excellent choice for bone or dental 

implants due to their superior mechanical properties (Ma 2008; Catledge et al. 2004). The 

lack of degradability in a biological environment, however, is the major disadvantage of 

metals for scaffold applications (Ma 2008; Liu and Ma 2004).  

Other inorganic/ceramic materials, e.g. hydroxyapatite (HAP) or calcium phosphates, 

have shown to have a good osteoconductivity and were studied for mineralized tissue 

engineering (Ma 2008). Yet, they are also limited due to poor processability into highly 

porous structures and the brittleness (Ma 2008). In contrast, polymers offer freedom in 

designing because the composition and structure can be tailored and thus they have been 

studied in different tissue engineering applications, like for example vascular replacement 

(Ma 2008; Rice et al. 2005; Liu and Ma 2004; Meinel et al. 2005; Huang et al. 2007).  

Natural biomaterials, which are for instance derived from animal sources, often offer an 

intrinsic variety of water affinity, biocompatibility, and biological activity and can mimic 

natural supporting structures of the body, like the connective tissue and the extracellular 

matrix (Bianchera, A., et al. 2020). An advantage of natural biopolymers, especially if not 

cross-linked, is that they are generally well tolerated by the target organism (Bianchera, 

A., et al. 2020). The downside of natural polymers, however, is the difficult control of the 
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degradation process, which often leads to stability problems for these scaffolds under in 

vivo conditions (Bianchera, A., et al. 2020; Fishman et al. 2015).  

The general strategy of tissue engineering is to develop a scaffold, a structural device that 

defines the geometry of the replacement tissue and provides environmental cues that 

promote tissue regeneration (Place et al. 2009). For tissue engineering approaches, to 

control tissue formation in three dimensions (3D), highly porous scaffolds are critical for 

successful cell seeding and mimicking the three dimensional ECM (O'Brien 2011; Ma 

2008). The scaffolds not only define the 3D geometry but also provide the 

microenvironment for regenerative cells and function as synthetic temporary extracellular 

matrix (Ma 2008). They support cell attachment, differentiation, proliferation, and new 

tissue formation (Ma 2008, 2004; Liu and Ma 2004). Thus, the chemical composition and 

the physical structure including topographical and mechanical features are important 

attributes to biomaterials for tissue engineering (Ma 2008). These scaffolds act as 

templates for tissue formation and are usually seeded with cells and sometimes growth 

factors are embedded as well (O'Brien 2011). These scaffolds are used in two different 

ways. Either they are pre-seeded with cells and cultured in vitro to synthesize artificial 

tissues, which then are implanted into an injured site. Or they are implanted directly into 

the injured site, using the body’s surrounding cells to induce regeneration of tissues or 

organs in vivo (O'Brien 2011). For scaffolds to serve as a temporary extracellular matrix 

for regenerative cell growth, it would be beneficial to mimic the three distinctive features of 

the natural extracellular matrix (Ma 2008). Cell behavior is modulated by the biochemical, 

topographical, and mechanical signals in the extracellular environment. The ECM 

constitutes of protein nanofibers and polysaccharides (Lukashev 1998). Collagen 

represents the most abundant protein in the ECM (Kadler et al. 2007). Therefore, the 

design of future biomaterials requires the engineering of new tools and substrate designs 

to comprehend how filopodia probe complex 3D environments and how cell motility is 

regulated in 3D matrices. 

To further improve biomaterials for various tissue engineering applications, a better 

understanding of cell-cell and cell-material interaction is needed. Understanding this could 

improve current approaches to control cell behavior with biomaterials. To understand the 

individual role of the different aspects in cell-material interaction scaffold designs 

mimicking selected aspects of the native tissue environment is required. 
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1. Introduction 

To study the environmental influences of materials on cell behavior a basic understanding 

of cell and extracellular matrix interaction is needed. In the present study, a systematic 

study of cellular interaction with protein nanofibers was conducted. As a model system, 

NIH 3T3 fibroblasts were used. Fibroblasts are the key cells of connective tissues 

(desJardins-Park et al. 2018) and deposit the protein network which embeds and provides 

a matrix for other cell types, the extracellular matrix (ECM) (Murray et al. 2009). In this 

chapter, a general introduction of the function and role of the extracellular matrix will be 

given. Moreover, fibroblasts and their characters will be introduced and cellular functions 

such as migration and actin expression will be presented. An overview of the state of the 

art of approaches to mimic the ECM will be given and the cellular interaction with synthetic 

ECM model systems will be presented. Lastly, the aim of this work will be defined together 

with a working hypothesis.  

1.1 The extracellular matrix 
All eukaryotic cells are embedded and make close contact with a three-dimensional 

nanofibrous environment called the extracellular matrix. The ECM is the non-cellular 

component in all tissues and organs, mainly composed of proteins and polysaccharides 

(Frantz et al. 2010; Theocharis et al. 2016). Cells are either in contact with these 

components continuously or at important phases of their lives, for example, as stem or 

progenitor cells or during cell migration and invasion (Hynes 2009). Structural and 

metabolic alterations of ECM can lead to the development or progression of diseases, 

therefore ECM molecules can serve as important targets for pharmacotherapy. The wide 

range of diseases caused by alterations in the ECM through genetic abnormalities 

illustrates the importance of the ECM (Järveläinen et al. 2009; Frantz et al. 2010). 

Recently, the focus of cancer research has also shifted towards the importance of ECM in 

tumorigenesis (Theocharis et al. 2016).  

Biophysical properties and the ability to convey specific signals to cells encountering or 

navigating through it, both are determined by the different structural forms and 

biochemical compositions of the ECM (Hallmann et al. 2015). The ECM mediates cell 

growth by three different aspects such as topographical cues, biochemical and 

mechanical cues (Vogel 2018). The complex three-dimensional network is composed of 

macromolecular protein nanofibers as well as non-fibrous proteoglycans. Depending on 

the respective tissue, the ECM does not only vary in composition, but also physical 
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parameters such as elasticity and topography (Trappmann et al. 2012). Typical fiber 

diameters found in the ECM vary from 50 to 500 nm (Ma and Zhang 1999). 

Topographical, biochemical, and biomechanical, protective, and organizational properties 

of the ECM in a given tissue can vary immensely from one tissue to another (normal vs 

cancerous) (Frantz et al. 2010). The biochemical and mechanical properties of each 

organ, such as tensile and comprehensive strength and elasticity, are generated through 

the topographical and biochemical characteristics of the ECM. Moreover, it mediates 

protection by maintaining extracellular homeostasis and water retention (Frantz et al. 

2010).  

Essentially, the ECM is composed of water, proteins like collagens, trace cell engaging 

proteins like fibronectin, elastin, laminins, proteoglycans/glycosaminoglycans (GAGs) and 

polysaccharides and growth factors (see Fig. 1) (Theocharis et al. 2016; Aamodt and 

Grainger 2016). Polysaccharides that provide ECM structure are glycosaminoglycans and 

proteoglycans, which form a hydrated gel-like substance, which resists compressive 

forces and allows rapid diffusion. Fibrous proteins like collagens give strength and 

resilience to the matrix (Erler and Weaver 2009). In the ECM the fiber-forming proteins 

collagens and elastins serve as primary structural elements (Aamodt and Grainger 2016; 

Järveläinen et al. 2009). Collagen is the most abundant protein in the body (Kadler et al. 

2007). Collagens provide strength and have space-filling functions (Hynes and Naba 

2012) and are mainly synthesized and secreted by fibroblasts (Theocharis et al. 2016). 

Elastin fibers, provide recoil to tissues undergoing repeating stretching forces, such as 

among other blood vessels, lung as well as the heart (Theocharis et al. 2016).  

Glycoproteins allow ECM assembly, promote cell adhesion, and also signaling into cells 

and other domains that bind growth factors (Hynes and Naba 2012). The bound growth 

factors can be released or be presented as solid-phase ligands by the ECM proteins 

(Hynes 2009). One of the best-studied glycoproteins are the fibronectins (Hynes and 

Naba 2012). Fibronectin interacts with various ECM components to connect the cell to the 

ECM (Mouw et al. 2014). Fibronectin also forms a fibrillar network (Schwarzbauer and 

DeSimone 2011). Due to its various binding sites for other ECM proteins fibronectin has 

been implicated in several functions, including binding sites to collagen, fibrin, and a role 

in collagen type 1 assembly (Walker et al. 2018).  

Proteoglycans are amongst the most important structural and functional macromolecules 

in tissues (Theocharis et al. 2016). They interact with growth factors, cytokines and 

chemokines, cell surface receptors, and ECM molecules (Theocharis et al. 2010). 
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Proteoglycans are involved in cell signaling, proliferation, migration, differentiation, and 

adhesion (Theocharis et al. 2010; Iozzo and Sanderson 2011; Iozzo and Schaefer 2015). 

Moreover, proteoglycans like for instance hyaluronic acid provide maintenance of 

viscoelastic properties of liquid connective tissues, control of tissue hydration and water 

storage, and transport in tissues (Iozzo and Schaefer 2015).  

During tissue formation and repair the ECM undergoes constant remodeling. The main 

group of enzymes responsible for the degradation of collagen and other ECM proteins is 

matrix metalloproteinases (MMPs). The MMP family constitutes of six groups: 

collagenases, gelatinases, stromelysins, matrilysins, membrane-type MMPs, and other 

not classified MMPs (Jabłońska-Trypuć et al. 2016).  

 

 

Figure 1. Schematic overview of the extracellular matrix (Aamodt and Grainger 2016). ECM 
Composition and Architecture ECM-specific components include collagens, elastins, 
trace cell-engaging proteins (fibronectin, vitronectin, osteopontin, glycosaminoglycans 
(GAGs), and growth factors. The ECM is anchored via integrins in the lipid membrane 
and the integrins build the linkage to the cytoskeleton.  

 

The ECM initiates crucial topographical, biochemical, and biomechanical cues required for 

tissue morphogenesis, differentiation, and homeostasis (Frantz et al. 2010). Proteins and 

other components of the ECM have a large impact on the differentiation, determination, 

survival, proliferation, polarity, and migration of cells. Besides soluble signals, ECM 

signals are probably at least as important in governing these processes (Hynes 2009; 
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Hallmann et al. 2015; Theocharis et al. 2016). The ECM provides structural support for 

organs and tissues, for cell layers in the form of basement membranes and individual cells 

as substrates for migration (Hynes 2009). The ECM directs essential morphological 

organization by binding growth factors (GFs) and interacting with cell-surface receptors to 

elicit signal transduction and regulate gene transcription (Frantz et al. 2010). 

Traditionally, the influence of tension and mechanical strength constituted by the ECM on 

cell migration have been investigated independently of individual ECM molecules and 

therefore the biochemical component was often not included in previous studies 

(Hallmann et al. 2015). Furthermore, the role of the ECM in cell adhesion and signaling to 

cells through adhesion receptors, such as integrins, has received major attention in the 

last decades (Hynes 2002; Berrier and Yamada 2007; Legate et al. 2009). Mechanical 

characteristics of the ECM, such as stiffness and deformability, have also been 

documented to contribute to cell behavior (Discher et al. 2009; Geiger et al. 2009; Hynes 

2009). The mechanical characteristics of the ECM have a direct impact on the mechanical 

properties of cells. Cells bind to the ECM via transmembrane integrins and sense the 

mechanics of the ECM (Galbraith et al. 2007). Integrins are bound to the actin filaments in 

the cytoskeleton (Galbraith et al. 2007). Thereby, the ECM and cell are in constant 

crosstalk and the ECM has a direct influence on the actin formation inside the cell.  

The actin cytoskeleton is composed of double-helical filaments (F-actin), which are 

assembled of globular actin (G-actin). To fulfill the diverse actin functions, the generation 

and disassembly of F-actin is a very dynamic process. Due to the relative instability of the 

actin dimer or trimer, spontaneous polymerization of G-actin into filaments is prevented 

(Rottner et al. 2017). The actin skeleton is involved in different cell functions, such as 

proliferation, adhesion, and migration (Rottner et al. 2017). The integrin-mediated cell 

adhesion depends on the nanotopography of the ECM. Hence, a diversity of cellular 

processes is influenced through changes in the actin cytoskeleton and cell shape, which 

are significantly influenced by the ECM (Trappmann et al. 2012; Storm et al. 2005).  

The ECM is constantly in a highly dynamic state and undergoes remodeling by different 

matrix-degrading enzymes under normal conditions or during inflammation, wound repair, 

and tumor invasion (Theocharis et al. 2016). Cells embedded in connective tissue, 

especially fibroblasts, synthesize structural proteins like MMPs and urokinase-type 

plasminogen activators (uPAs), which are key enzymes that remodel the ECM. The 

basement membrane is a thin ECM found in the connective tissue of mammals, which 

separates the lining of the internal or external body surface. Components of the basement 
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membrane, as well as proteins and proteoglycans of connective tissue, are degraded by 

these enzymes. Moreover, they liberate latent growth factors from their storage sites in 

the ECM (Kierszenbaum and Tres 2012). Factors, that are activated in this manner, are 

for example fibroblast growth factors (FGFs), transforming growth factors (TGFβs), and 

hepatocyte growth factor (HGF) (Walker et al. 2018).  

1.1.1 Collagen 
Collagen is the most abundant protein within the ECM (Halper and Kjaer 2014; 

Theocharis et al. 2016; Walker et al. 2018). Fibroblasts synthesize and secrete collagen in 

the ECM where it constitutes up to 30% of the total proteins in mammals. Twenty-eight 

different collagens build the collagen superfamily, together with a large group of collagen-

like proteins, such as acetylcholinesterase, adiponectin, macrophage receptor, and 

surfactant protein (Kadler et al. 2007). 

The archetypal collagen, collagen type 1, is widespread and abundantly expressed among 

tissues such as bone, tendon, and dermis (Theocharis et al. 2016; Heino 2007). Collagen 

type 1 plays a major role in processes such as wound repair and organ development 

(Walker et al. 2018). Different studies have shown that, besides its function as the key 

tensile element of tissues, collagen scaffolds offer signals to cells affecting various cellular 

functions such as cell adhesion, migration, tissue development and repair (Frantz et al. 

2010; Kadler et al. 2007; Theocharis et al. 2016).  

As collagen type 1 (see Fig. 2) is the most abundant of all collagens, it was chosen as a 

model system in this thesis to develop protein scaffolds with nanofibrous and smooth 

topography to study the topography-dependent interaction with fibroblasts.  

 

 

Figure 2. Schematic of a collagen triple helix. (Bella et al. 1994) 
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Collagen type 1 has a predominant structural role in many tissues and is composed of a 

triple helix, assembling into fibrils (see Fig. 2) (Kadler et al. 2007). In the endoplasmic 

reticulum, collagen undergoes extensive posttranslational modification before triple helix 

formation through glycosylation, hydroxylation, and formation of disulfide bridges 

(Myllyharju and Kivirikko 2004; Theocharis et al. 2016). Lysine and proline are 

hydroxylated and the molecule is glycosylated to initiate the formation of the triple helical 

structure (Myllyharju and Kivirikko 2004). In vivo, collagen typically assembles into fibrils 

with a 67 nm D-periodic spacing (see Fig. 3) (Kadler et al. 1996). Depending on the stage 

of development and tissue, the nanofibers are indeterminate in length while diameters 

range from 12 nm to >500 nm (Kadler et al. 2007; Huxley-Jones et al. 2007).  

Collagen type 1 is heterotrimeric and contains two identical α chains and a third chain that 

differs, [α1(I)]2 α2(I)] (Kadler et al. 2007). Three α chains display a polyproline II-type 

helical conformation and coil with each other with a one-residue stagger forming finally a 

right-handed triple helix (Shoulders and Raines 2009). In each α chain, a repeating Gly-X-

Y triplet is found where X and Y positions are regularly occupied by proline and 4-

hydroxyproline, respectively. 

Due to the high content of proline, 4-hydroxyproline, and glycine without any formation of 

intrachain hydrogen bonds, α chains tend to form left-handed helices spontaneously. 

Lastly, α chains are held together by interchain hydrogen bonds (Shoulders and Raines 

2009).  
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Figure 3. Schematic view of some of the hierarchical features of collagen(Zhu et al. 2018). 
The procollagen triple helix assembles to tropocollagen triple helix after cleavage of N- 
and C- terminal propeptides. Tropocollagens have an estimated diameter of 1.5 nm. 
Tropocollagens then assemble to collagen fibrils with a diameter of 5 nm via aldol cross-
links creating a characteristic D-spacing (D=67 nm). These collagen fibrils further 
assemble to collagen fibers via aldimine cross-links. Length of D-periods in collagen 
fibrils from discoidin domain receptor 1 (DDR1) knock-out (KO) mice examined by 
scanning electron microscopy (SEM), and transmission electron microscopy (TEM). 
Representative SEM and TEM images of adventitial collagen fibrils from DDR1 KO and 
wild-type (WT) aortas are displayed. Higher magnification images are shown as insets. 
Scale bar is 225nm (inset scale bars are 100 nm). (Tonniges et al. 2016) 

 

In every third residue within the α chains, there are small hydrogen atom side chains of 

glycine allowing tight packing of α chains in a triple helix with this residue in the interior of 
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the helix and the rings of the proline and 4-hydroxyproline pointing outward (Shoulders 

and Raines 2009). Moreover, collagens have non-collagenous (NC) non-triple helical 

domains at both C and N-termini that are numbered from the C-terminus (NC1, NC2, 

NC3, etc) (Kadler et al. 2007; Theocharis et al. 2016).  

Fibril-forming collagen type 1 is synthesized as procollagen containing N- and C- 

propeptides at each end of the triple-helical domain. For fibrillogenesis, the cleavage of 

the C propeptides is required. The C-propeptides are cleaved off by procollagen C-

proteinases, which are identical to the BMP-1/tolloid proteinases (Greenspan 2005; Kadler 

et al. 2007). Telopeptide sequences, that are short non-triple helical extensions of the 

polypeptide chains, are exposed by the cleavage of the propeptides. The fibrillar collagens 

are stabilized by non-reducible covalent crosslinks that evolve residues in the triple helix 

and telopeptides (Eyre et al., 1984). The crosslinks are crucial for the mechanical 

properties of collagen-containing tissues. Tropocollagen (TC) triple helices have 

diameters of 1.5 nm and approximately 300 nm in length (see Fig. 3). They undergo self-

assembly and are packaged to form collagen fibrils with diameters of 5 nm and up to 

several µm in length, which assemble into larger fibers (see Fig. 3) (Shoulders and Raines 

2009; Theocharis et al. 2016) 

The procollagen is then brought to the Golgi apparatus where it is prepared for cellular 

export. Processing of the procollagen occurs either during or after secretion in the ECM 

(Birk et al. 1989; Canty et al. 2004; Kalson et al. 2013; Starborg et al. 2013; Walker et al. 

2018). The overall enhanced mechanical properties are achieved by the supramolecular 

assembly of collagen, which is further stabilized by lysyl oxidase (LOX). The tensile 

strength of collagen is largely based on the N-terminal and C-terminal ends of individual 

collagen molecules being covalently cross-linked by LOX both inter- and intrafibrillar 

(Molnar et al. 2003; Fratzl and Misof, Klaus and Zizak, Ivo 1998, 1998; Walker et al. 

2018). LOX and LOX-like enzymes increase collagen crosslinking and promote signaling 

through collagen-binding cell surface receptors, such as integrins (Theocharis et al. 2016; 

Bonnans et al. 2014). 

In vivo, degradation of collagen and gelatin (unfolded or denatured collagen) can be 

mediated by MMPs, cysteine proteinases (e.g. cathepsins B, K, and L), and serine 

proteinases (e.g. plasmin and plasminogen activator) (Kadler et al. 2007). According to 

Kadler et al. the C-terminal propeptide is cleaved off by specific matrix metalloproteinases 

(MMPs) and if it is not removed, it leads to high solubility of collagen that prevents it from 

forming fibrils (Kadler et al. 1996). Moreover, collagen plays a crucial role for cell adhesion 
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with its αA-domain containing important binding sites for the different integrins like βI 

integrins α10β1, α2β1, α1β1, αIIβ1 (Humphries et al. 2006). For in vitro fibrillogenesis and 

biomedical applications it is crucial to be aware of the degradability of collagen substrates 

(Davison et al. 2015). The collagen triple helix is resistant to proteolytic cleavage by 

pepsin, trypsin, and papain. Clostridium histolyticum produces collagenases that cleave 

triple helices at numerous sites. The capability of collagens to resist cleavage by pepsin 

and trypsin, and their sensitivity to cleavage by bacterial collagenase, are used as 

research tools to identify and characterize collagens (Kadler et al. 2007).  

1.1.2 Fibrinogen 

Fibrinogen is a glycoprotein that plays a significant role in wound healing (Mosesson 

2005). It is found in the blood plasma in a concentration of 2 – 4 mg ml-1 (Tennent et al. 

2007). In wound healing, fibrinogen plays a key role in the coagulation cascade. It is 

involved in cell-cell adhesion as well as in cell-matrix-interaction (Laurens et al. 2006). In 

particular, fibrinogen plays a crucial role in cell adhesion of fibroblasts and endothelial 

cells with its two RGD binding sites for the blood platelet integrin αIIbβIII and αVβIII and the 

LDV-binding integrins αMβII and αXβII (Humphries et al. 2006). Additionally, fibrinogen has 

a high binding affinity for vascular endothelial growth factor and fibroblast growth factor 

(Sahni et al. 1998; Sahni and Francis 2000). Fibrinogen is of special importance due to its 

manifold biological functions such as in the field of tissue engineering (Gugutkov et al. 

2013). 

Fibrinogen is a dimer composed of two identical subunits with a length of 47.5 nm and a 

molecular weight of 340 kDa (Doolittle 1984). The subunits consist of three different 

polypeptide chains: Aα, Bβ, and γ. Disulfide bridges connect the amino ends of those 

polypeptide chains and build the E-domain of the fibrinogen molecule (Mosesson 2005). 

The carboxyl ends of the polypeptide chains each represent an own domain. The carboxyl 

ends of the Bβ- and γ- chains are found in the D-domain in two separate smaller domains. 

The Aα-chains are longer, and their carboxyl ends build the globular αC-domain near the 

E-region. The D-regions are connected with the E-region by coiled-coil structures 

consisting of three α-helices (Cacciafesta et al. 2000; Zhang et al. 2017). Additionally, A 

and B (knobs) binding sites can be found near the E-domain. The fibrinopeptides A and B 

(FpA and FpB) are bound to them. The complementary binding sites a and b (holes) are 

located at the D-domain of adjacent fibrinogen molecules (see Fig. 4).  

 



 1. Introduction 

13 
 

 

Figure 4. Schematic overview of fibrinogen molecule. Two outer D-domains (D) are connected 
with a central E-domain (E) with coiled-coil structures. Attached to the E-domain are the 
fibrinopeptides FpA (light blue) and FpB (dark blue) connected with A and B binding sites. 
Complementary to the binding site (A) and (B), each D-domain has pocket-like binding 
sites (a) and (b).  

 

During hemostasis, the dissolved fibrinogen is transformed into insoluble fibrin by 

enzymatic cleavage with thrombin. Fibrin then forms stable nanofibers which function as a 

preliminary matrix in tissue regeneration while wound healing (Laurens et al. 2006). The 

cleavage of the FpA and FpB by thrombin and the transformation of fibrinogen to a fibrin 

monomer is the first step in fibrin fibrillogenesis. By cleaving FpA and FpB the binding 

sites A and B of the E-domain are presented. In a second step, the fibrin monomers 

polymerize into protofibrils (Doolittle 1984). The neighboring monomers bind via non-

covalent bindings in a knob-hole-interaction binding the complementary binding sites A 

and a. In the last step fibrin nanofibers are formed by binding of several protofibrils at the 

C-domains (see Fig. 5). Finally, fibrin is assembled into a nanofibrous network to form a 

provisional ECM where thrombocytes aggregate (Blanco and Blanco 2017). In the 

resultant blood clot with fiber diameters of approximately 100 to 130 nm, which enables 

wound closure (Li et al. 2016; Siebenlist et al. 2005). Fibroblasts can migrate along with 

this temporary matrix and start replacing fibrinogen and fibrin with ECM fibers, mainly 

fibronectin, and collagen. They bind to fibrin and get stimulated to produce collagen, 

glycosaminoglycans, and proteoglycans (Laurens et al. 2006). 
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Figure 5. Fibrinogen fibrillogenesis in vivo. When fibrinogen polymerizes to fibrin fibrinogen 
molecules (A) are transformed. The fibrino-peptides FpA and FpB are cleaved off (B) 
exposing the binding sites A and B. The binding sites A and B of the E-domain fit the 
binding sites at the D-domains a and b and several molecules can polymerize to fibrin 
fibers (D).  

 

1.2 Fibroblasts and cell migration 

The connective tissue is composed of a variety of different cell types. Bone cells, cartilage 

cells, fat cells, and fibroblasts represent the family of connective tissue cells (Alberts et al. 

2002). These cells secrete collagenous ECM and provide mechanical strength to the 

tissue, which is based on the supporting nanofibrous structure to the ECM itself (Alberts et 

al. 2002). In repair mechanisms, connective tissue cells play a key role. Fibroblasts are a 

major key player in wound healing and tissue repair and are, for instance, involved in the 

inflammatory response and immune-mediated diseases (Darby et al. 2014). (Murray et al. 

2009) 

Fibroblasts are typically found in the interstitial space of organs and are spindle-shaped 

cells with an oval flat nucleus (Murray et al. 2009). Fibroblasts are the main source for 

ECM protein expression, which provides a scaffold for cells and plays a major role in the 

determination of cell phenotype and function (Murray et al. 2009). Fibroblasts are 
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metabolically active cells. They synthesize, secrete and degrade ECM components like, 

collagens, laminin, proteoglycans, and fibronectin (MacKenna 2000). Additionally, they 

produce MMPs and their inhibitors and thereby control matrix turnover rates and the 

overall tissue architecture (Distler et al. 2005). Thus, fibroblasts are involved in injury 

responses as well in the initiation and the resolution phases. Furthermore, they play a vital 

role in normal tissue function. Fibroblast proliferation, migration, differentiation, and 

collagen synthesis are promoted by numerous mediators produced by different cell types 

and proteases of the blood coagulation cascade. (Murray et al. 2009) 

The earliest reaction in wound healing is the formation of a fibrin clot consisting of a 

network of insoluble fibrin fibers. The fibrin clot functions as a provisional matrix, to which 

growth factors bind and which promotes cell migration into the wound, where fibroblasts 

start depositing ECM (Shaw and Martin 2009). During wound healing and subsequent 

tissue regeneration, endothelial cells, thrombocytes, fibroblasts, and macrophages 

migrate through tissues and the ECM. Migration of fibroblasts, for example, is a crucial 

step in wound healing (Velnar et al. 2009).  

Filopodia play a key role in cell-substrate recognition and contact guidance and have 

typical diameters of 60 to 200 nm (Bettinger et al. 2009; Biggs et al. 2010; Albuschies and 

Vogel 2013). They are responsible for cell sensing, forming of focal adhesions 

(Jacquemet et al. 2015), and sensing nanostructures down to a height of 8 nm (Dalby et 

al. 2004). Thus, nanotopographic patterns are of major importance for studying the 

adhesion and differentiation of different cell types (Biggs et al. 2010; McNamara et al. 

2010; Dalby et al. 2014; Kim et al. 2012). Dalby and co-workers showed that fibroblasts 

grown on polystyrene with islands of 95 nm height reduced cell spreading and the 

formation of confluent cell layers. They postulated that these effects were caused by the 

material that mediates changes in fibroblast morphology after 24 h of culture (Dalby et al. 

2003).  

The process of cell migration or locomotion can be divided into four steps: protrusion, 

attachment, translocation, and release (see Fig. 6). In the first step, the protrusion, cells 

extend actin-rich projections outward from its current location. Cells can express different 

types of projections (Alberts et al. 2002). The two most important are lamellipodia and 

filopodia. Lamellipodia are flat, broad, veil-like extensions containing highly branched actin 

networks at the leading edge of the moving cell. Filopodia are finger-like extensions 

containing cross-linked actin bundles. In the first step of the migration, cells use filopodia 

and lamellipodia to explore their environment and determine the direction of their motion. 
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The environmental sensing is one of the main functions of filopodia (Schäfer et al. 2011). 

The chemical composition and mechanical properties of the ECM are sensed by integrin-

associated complexes called focal adhesions (FAs). In this regard, transmembrane 

proteins, such as integrins, cadherins, and other receptors are essential in cell-cell and 

cell-matrix interactions. Additionally, they are involved in the cross-talk of external and 

internal guiding cues (Millard and Martin 2008; Bentley and Toroian-Raymond 1986; Dent 

and Gertler 2003; Partridge and Marcantonio 2006). In filopodia, receptors for a variety of 

signaling molecules and ECM molecules are found (Mattila and Lappalainen 2008). This 

correlates with the role of filopodia in sensing the extracellular environment and acting as 

sites for signal transduction (Mattila and Lappalainen 2008). The cell adhesion molecules, 

integrins and cadherins, are often found in the tips of filopodia (Galbraith et al. 2007; 

Partridge and Marcantonio 2006; Steketee and Tosney 2002; Vasioukhin et al. 2000). The 

integrins in filopodia are essential to probe the matrix, creating “sticky fingers” along the 

leading edge that promotes cell adhesion and migration (Galbraith et al. 2007; Mattila and 

Lappalainen 2008). With that mechanism, cells can sense the density and distribution of 

ECM molecules by means of individual integrin proteins and integrin-containing focal 

adhesions complexes within the cells (Oria et al. 2017). Mechanosensitive ion-channels, 

for example, detect changes in plasma membrane tension (Anishkin et al. 2014; Arnadóttir 

and Chalfie 2010; Leckband and Rooij 2014).  

In the second step, the attachment, these cellular extensions form stable adhesions with 

the surface, which can then be used as anchorage for the following motion of the cell. 

Generally, adhesions are stable; still, they are often removed after the third step, the 

translocation. In the third step, cells move in the direction of the attachment built afore. As 

this process involves a large degree of movement it necessitates substantial actin-myosin 

contractile activity. The fourth step, release or detachment, describes the detachment of 

the trailing end of the cell. This step also includes the withdrawal of adhesions formed 

during attachment. If the cell motion is faster than the release of the focal adhesion, parts 

of the cell can be pulled off and left behind. It is important to note that cells can undergo 

more than one of the four steps at any given time (Jacobs et al. 2013). In the ECM, cells 

can migrate through LOX-crosslinked collagen fiber networks by proteolytic and non-

proteolytic mechanisms (Bonnans et al. 2014; Wolf and Friedl 2011). Membrane anchored 

MMPs are the major components in cell migration regulation through the ECM (Quaranta 

2000). Most of the MMPs are secreted proteins by for example fibroblasts (Tandara and 

Mustoe 2011). Generally, they require activation for enzymatic activity. Some of the MMPs 
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show collagenolytic activity and can degrade the matrix, creating openings, through which 

individual cells can migrate (Quaranta 2000).  

 

 

Figure 6. Cell migration steps. Schematic overview of the four steps of cell migration. The cell in 
this figure is migrating towards the right. In the first step, the cell releases focal 
adhesions. In step 2, the translocation, actin, and myosin produce contractile forces to 
induce movement. In step 3 new focal adhesions are expressed. In step 4 actin is 
polymerized and the cells explore their environment. These four steps are not static, and 
single cells are undergoing several steps simultaneously (modified from (Jacobs et al. 
2013)). 

 

Stress fibers are bundles of approximately 10-30 actin filaments. The stress fibers in 

fibroblasts can be classified into three types based on their subcellular location: ventral 

stress fibers, dorsal stress fibers and transverse arcs (see Fig. 7) (Small et al. 1998; 

Tojkander et al. 2012).  
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Figure 7. Three types of actin stress fibers. In the immunofluorescence image, anti-
phosphotyrosine was used as a marker for focal adhesions (red), phalloidin was used 
for F-actin SFs (green), and the nucleus (blue) was detected by DAPI. The three main 
types of actin stress fibers are visible in the depicted cell: (transverse) arcs, dorsal 
SFs, and ventral SFs. (inset) Schematic drawing depicting the stress fiber subtypes. 
(taken from Burridge and Wittchen 2013).  

 

The most commonly observed structures are ventral stress fibers. They lie along the base 

of the cell and are attached to integrin-rich focal adhesions. Dorsal stress fibers are 

tethered to the base of the cell and attached to a focal adhesion at one end only. The 

remaining structure reaches towards the dorsal surface and terminates in a loose matrix 

of actin filaments. Bundles of actin, that form beneath the dorsal surface of migrating cells 

behind the protrusive lamella, form the transverse arcs (Pellegrin and Mellor 2007). It has 

long been assumed that fibroblasts in normal connective tissue do not contain stress 

fibers (Ehrlich and Hembry 1984). However, it has later been reported that cells entering a 

wound environment experience tension, causing them to assemble stress fibers (Pellegrin 

and Mellor 2007). By culturing fibroblasts on rigid substrates, such as cell culture dishes, 

this effect can be mimicked in vitro, while the loss of substrate rigidity causes loss of 

stress fibers (Pellegrin and Mellor 2007).  
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It has also been shown that cells do respond to nanometric cues in vitro (Cerrai et al. 

1999; Du et al. 1999; Curtis and Riehle 2001; Curtis and Wilkinson 2001). As mentioned 

above fibroblasts probe their environment with filopodia (Dalby et al. 2003). They detect 

suitable sites for adhesions and form focal adhesion and mature actin fibers (O'Connor et 

al. 1990). In respect to biomaterials, this particular behavior can be used for biomaterial 

development as a substrate can promote the formation of focal contacts and thereby 

influence the subsequent development of the cytoskeleton (Dalby et al. 2003). Integrins 

located in focal adhesion and actin filaments linked to integrins are in a constant cross-talk 

and are involved in signal transduction pathways (Burridge and Chrzanowska-Wodnicka 

1996). These events can affect the long-term cell differentiation and migration and thus 

the formation of tissue (Juliano and Haskill 1993; Vuori 1998; Cary and Guan 1999).  

It was hypothesized that stress fibers might provide contractile forces for migration. At the 

same time, other studies reported that stress fibers were more prominent in stationary 

cells (Pellegrin and Mellor 2007; Tojkander et al. 2012). Moreover, it was shown that 

various animal cell types display thick stress fibers on rigid and flat substrates, such as 

cell culture dishes or glass. However, when grown on soft substrates the same cells 

typically exhibited thin stress fibers or no stress fibers were detected (Tojkander et al. 

2012). The lack of stress fibers in cells that were cultured in a three-dimensional 

environment (see Fig. 8) together with the aforementioned observations led to the 

conclusion that stress fibers are not vital for cell migration (Tojkander et al. 2012). 
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Figure 8. Cellular mechanics in three steps: mechanosensing, mechanotransduction, and 
mechanoresponse. As an example, the difference in morphology that the same cells 
will assume after only 4 h in different matrices is shown. Fibroblasts exhibited dendritic 
networks of extensions in 3D-collagen matrices but not on collagen-coated coverslips. 
Fibroblasts grown on a two-dimensional surface exhibited more distinct stress fibers as 
compared to cells grown on the 3-dimensional floating collagen matrix (taken from 
(Vogel and Sheetz 2006). 

 

Based on these findings, Castella and co-workers reported that the physiological 

significance of stress fibers in cell migration might consequently be linked to their role in 

contracting and deforming the substrate through the generation of tension (Castella et al. 

2010). It was shown that fibroblasts grown on topographies with a height of 90 nm 

exhibited reduced cell spreading with diffuse actin and fewer stress fibers (Dalby et al. 

2002d; Yang et al. 2017). Still, many aspects of stress fibers and their connection to focal 

adhesions remain unclear or are not in agreement with experimental results (Livne and 

Geiger 2016).  
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 1.3 Cell-substrate interactions 

Cells are in constant cross-talk with their environment. Not only do cells build ECM but the 

ECM also has an impact on the influence on cell growth. As aforementioned, the ECM 

regulates cellular processes like migration, differentiation, growth, survival, and 

morphogenesis (Theocharis et al. 2016). Variations in the composition and structure of the 

ECM affect the overall properties of the extracellular environment and thereby also induce 

signals that are transmitted to cells, hence modulating the cellular response (Lukashev 

1998). The loss of ECM functions like mutations and modifications of ECM molecules are 

associated with various pathologies (Theocharis et al. 2016). A more profound 

understanding of the various biological activities and properties of ECM components will 

help to improve treatments for diseases. Therefore, understanding of each ECM 

characteristic, mainly the topographical features, biochemical and biomechanical cues, 

and its influence on cell growth is a key challenge. Understanding of the cross-talk 

between cells and their extracellular environment is important to control the interaction of 

cells with scaffold materials in tissue engineering (Ventre and Netti 2016). In this section it 

will first be described how cells sense and respond to substrates, secondly, it will be 

introduced how different biophysical cues affect cells (Yang et al. 2017).  

Cell adhesion is controlled by topographical features at both nano- and microscale with 

nanotopographies leading to subcellular sensing mechanisms (Nguyen et al. 2016). At 

sites of cell-matrix and cell-cell contacts, several proteins form aggregates. The spacing of 

the extracellular ligands, to which the proteins bind, influences the size and shape of 

those aggregates. To form cell-adhesion sites, RGD peptide clusters are required, where 

the distance between the peptides is less than 73 nm (Arnold et al. 2004; Vogel and 

Sheetz 2006). Heterodimeric integrin receptors, containing one α- and one β-subunit (see 

Fig. 1), bind to the RGD peptide of ECM proteins with their extracellular domain and link to 

cytoskeletal adaptor proteins with their cytoplasmic tail, successively recruiting scaffolding 

proteins that connect the integrins to the actin cytoskeleton (Hynes 2002; Yang et al. 

2017).  

Throughout cell migration and cell spreading, cells frequently encounter new ligands. In a 

tissue, cells stabilize over time and become less dynamic. Yet, they undergo constant 

turnover of contact and cytoskeletal proteins on the timescale of minutes or less (see 

Fig. 9). (Zaidel-Bar et al. 2004; Machacek and Danuser 2006; Vogel and Sheetz 2006). 

Cellular contacts are continually renewed, whereby some contacts are also maintained for 
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days and possibly longer. By the frequent renewal of contacts, cells can constantly 

sample the rigidity of their environment. Giannone and co-workers reported that cells, 

while migration and spreading, generate periodic contractions of their lamellipodia on rigid 

substrates, but do not show this behavior on soft substrates (Giannone et al. 2004). 

Moreover, it has been shown that once cells come into contact with other cells, they lose 

their shape sensitivity to substrate rigidity (Yeung et al. 2005; Vogel and Sheetz 2006). 

 

 

Figure 9. The cellular process of mechanosensing and responses. This schematic overview 
displays the steps in mechanosensing over time that involve periodic testing of the 
substrate, substrate modification, and changes in cellular protein content. Rapid motility 
and signaling responses are caused by cells sensing the mechanical features of their 
environment. Cells modify the ECM and create new signals, such as those originated 
from fibronectin unfolding. Expression patterns of cells are altered by intracellular 
signals. Over time, the cell shape will be changed by cellular forces, and cellularly 
generated matrices. Extracellular signals, such as hormones or external mechanical 
stimuli, can cause acute changes, that set off a further round cell and matrix 
modifications (adapted from Vogel and Sheetz 2006). 

 

Cell phenotype and function can be transmitted by biophysical signals being transmitted 

from integrins, through focal adhesions and the actin cytoskeleton to the nucleus (Yang et 

al. 2017). In particular, substrate nanotopography and stiffness can mediate the 

distribution and size of focal adhesions and, consequently, cytoskeletal organization and 
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tension. These mechanisms can regulate cell morphology and, eventually, the overall cell 

function (Yang et al. 2017). Thereby, focal adhesion kinase (FAK) functions as a primary 

regulator of focal adhesion signaling, that regulates proliferation (Cary et al. 1996) and 

differentiation (Xu et al. 2012; Salasznyk et al. 2007). Upon mechanical strain its 

activation increases (Wang et al. 2001). Through FAK and non-receptor tyrosine kinases 

Src –mediated phosphorylation of paxillin, vinculin can be recruited to focal adhesions 

through myosin-dependent tension and promotes the stabilization of adhesions (Pasapera 

et al. 2010).  

Therefore, together with biochemical signals, biophysical cues like mechanics and 

topography have previously been applied to control almost all aspects of cell behavior in 

vitro (see Fig. 10) (Yang et al. 2017). As shown in Fig. 10 the extracellular environment is 

in a constant cross-talk with cellular responses and functions. Topographical cues can be 

induced by porosity and roughness, the architecture of the cellular environment, and on 

2 dimensional as well as on three-dimensional scales. Biochemical cues for example are 

induced by growth factors, cytokines, and adhesion ligands. Biomechanical cues include 

elasticity/stiffness of the extracellular environment or cytoskeletal forces.  
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Figure 10. Cell response control. Cellular response control is a cross-talk of biochemical, 
biomechanical, and topographical cues. The extracellular environment is in a constant 
cross-talk with cellular responses and functions. Biochemical cues are induced by 
growth factors, cytokines, and adhesion ligands. Topographical cues can be induced by 
porosity and roughness. Biomechanical cues include elasticity/stiffness of the 
extracellular environment or cytoskeletal forces.  

 

Since, there are variations in cell source, substrate preparation, and differentiation 

protocols, the ideal substrate stiffness is not the same through different studies (Yang et 

al. 2017). Current studies have stated that cells can preserve stiffness information from 

past culture environments and that the previous mechanical history or mechanical 

treatment influences future cell fate decisions (Gilbert et al. 2010; Balestrini et al. 2012; 

Yang et al. 2017, 2017; Yang et al. 2014a; Lee et al. 2014; Li et al. 2017). Skeletal muscle 

stem cells, for instance, lose their in vivo regenerative potential on stiff cell culture dishes. 

Nevertheless, they sustain their self-renewal and regenerative capacity on soft hydrogels 

of physiological stiffness (Gilbert et al. 2010). 
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Biochemical cues 

One of the three main signaling cues between the ECM and cells are the biochemical 

cues. The ECM constitutes of different molecules which can be flexible and extendable 

(Kim et al. 2011b). Mechanical tension can expose their cryptic sites, allowing further 

interaction with growth factors or their receptors (Kim et al. 2011b). Collagen is the most 

abundant protein in the body and secreted by for example fibroblasts(Kim et al. 2011b). 

Collagens not only act as structural support but also as binding partners for other ECM 

proteins (Kim et al. 2011b). The different ECM proteins support various biological 

functions, through their ability to bind multiple interacting partners like other ECM proteins, 

growth factors, signal receptors, and adhesion molecules (Kim et al. 2011b). Fibronectin 

for instance, like other ECM proteins, is produced by fibroblasts among other cell types 

(Kim et al. 2011b). It can bind to collagens and heparin sulfate proteoglycans (Ruoslahti 

1988). They thus contribute to the structural framework for many cell surface receptor 

systems (Kim et al. 2011b).  

Moreover, the ECM serves as a reservoir for growth factors. ECM-bound growth factors 

can be released locally and bind to their receptors (Kim et al. 2011b). Many ECM proteins 

have binding sites for both growth factors and cell adhesion (Kim et al. 2011b). This 

allows the local concentration of growth factors near to cell surface receptors and cell 

adhesion sites (Kim et al. 2011b). ECM bound growth factors do not necessarily have to 

be released in soluble form to function (Kim et al. 2011b). Fibroblast growth factors for 

example bind to their receptors with heparin sulfate as a cofactor, while the heparan 

sulfate proteoglycans present these ligands during signaling (Kim et al. 2011b). Mediators 

like cytokines can influence cell behavior in distinct ways (Schönherr and Hausser 2000). 

A group which interacts closely with cytokines and growth factors are the proteoglycans 

(Schönherr and Hausser 2000). Proteoglycans interact with their core proteins. Moreover, 

with their glycosaminoglycan chains, they interact with cytokines (Schönherr and Hausser 

2000). The binding of cytokines to their cell surface receptors can be modified by these 

interactions (Schönherr and Hausser 2000). Also, they can induce the storage of the 

soluble factors in the matrix (Schönherr and Hausser 2000).  

The ECM undergoes a constant interaction of biochemical and mechanical changes. Cells 

respond to these changes through the crosstalk between integrins and the actin 

cytoskeleton (Kim et al. 2011b). Integrins are transmembrane receptors with receptors for 

different ECM molecules (Kim et al. 2011b; Alam et al. 2007). The specific integrin 

expression pattern of a cell dictates which ECM substrate the cell can bind to (Hemler and 
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Lobb 1995). The composition of integrin adhesomes on the other side, determine 

signaling events, thus cell behavior and fate (Kim et al. 2011b). The interactions of 

integrins with the actin cytoskeleton involve actin polymerizing and actin linking molecules 

(Mitra et al. 2005). These interactions are regulated and regulate the associated adhesion 

signaling molecules (Mitra et al. 2005). Several pathways can be activated independently 

by integrins (Assoian and Schwartz 2001). They also act synergistically with other growth 

factor receptors (Alam et al. 2007). An example includes the insulin receptor (Schneller 

1997).  

Mechanical cues  

 

 

Figure 11. Biophysical characteristics of human tissues. Nanoscale structures displayed in 
different tissues from stiff tissues (bone) on the right and soft tissues alveolar 
interstitium (left) (a). A range of tissue stiffness is displayed below (b). The fibrotic 
tissues become stiffer than those in normal conditions. (taken from (Yang et al. 2017) 

 

In general, findings on cellular responses to substrate stiffness cues are not consistent, 

and are sometimes even contradictory (Yang et al. 2017). Moreover, cells can sense the 

stiffness of underlying hydrogels, and even the stiffness of the supporting material, if the 

underlying gel is very thin (Lovett et al. 2013; Maloney et al. 2008; Merkel et al. 2007). 

Buxboim and co-workers estimated that cells can sense the underlying substrate stiffness 

at a depth of approximately 5 µm (Buxboim et al. 2010). Under certain conditions, cells 

can even deform a substrate to a depth of 20 µm (Franck et al. 2011). Hydrogels have the 
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advantage that they provide three-dimensional, porous structures. Simultaneously, their 

structures both in lateral and vertical dimensions make it challenging to dissect the 

influence of substrate stiffness and topography in 2D and 3D during cell regulation (Yang 

et al. 2017).  

Topographical cues 

Not only biochemical and mechanical cues control cell behavior but also the underlying 

scaffold topography on different length scales (Ventre and Netti 2016; Nguyen et al. 2016; 

Bettinger et al. 2009). Cell behavior can be guided physically by nanotopography and 

further modulated by stiffness via mechanical feedback upon cells deforming the 

surrounding nanostructures (Yang et al. 2017). Not only nanostructures but also 

hierarchical structures composed of microscale and nanoscale components are of interest 

(Tan et al. 2015; Zhao et al. 2010; Yang et al. 2014b). While this interaction depends on 

the cell type some general correlations have been established for micro- and 

nanotopographic patterns and their influence on cell behavior (Nguyen et al. 2016). 

Microtopographies are known to affect cell morphogenesis (Nguyen et al. 2016) and can 

specifically influence macrophage morphology, hence modulating the immune response to 

a biomaterial (Sridharan et al. 2015; McWhorter et al. 2015). Lately, both micro- and 

nanostructured biomaterials were found to control cell reprogramming (Long et al. 2017). 

While microtopographies considerably enhance the reprogramming efficiency (Downing et 

al. 2013), such as when fibroblasts or pluripotent stem cells are converted into neurons 

(López-Fagundo et al. 2013; Bruder et al. 2006). Fibronectin and vitronectin coated 

smooth and nanostructured materials had shown to have an impact on human coronary 

artery endothelial cells, human osteosarcoma cells and human skin fibroblasts growth. All 

cells in this study adapted their surface area to chemistry and topography of the surface 

(Sales et al. 2019). Moreover, they showed higher circularity on micro grooved than on 

smooth surfaces, independently of the coating (Sales et al. 2019). Also did cells seeded 

on smooth surfaces exhibit larger cell areas as cell on micropatterned surfaces (Sales et 

al. 2019). 

Principles of cell regulation with substrate stiffness and topographical cues are often 

studied in 2D in vitro systems. These studies lack the recapitulation of the complexity 

found in a 3D environment. The transfer from cell studies on 2D substrates into the 

development of biomimetic 3D-scaffolds remains a challenge in the scaffold development 

in tissue engineering (Jacquemet et al. 2015; Tawfick et al. 2012; Matthews et al. 2002). 

Consequently, biophysical cues need to be translated into 3D-systems and nanofibrous 
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systems to provide better mimicking of the natural extracellular environment (Huebsch et 

al. 2010). In different studies, it has been shown that cells show different cell morphology 

(Fouchard et al. 2014), cell adhesion (Bryant et al. 2004), proliferation, and differentiation 

in a 3D (Huebsch et al. 2010; Hogrebe and Gooch 2016). Whereas, smooth substrates 

lead to a higher proliferation of stem cells (Gerecht et al. 2007; Yim et al. 2007). Neurite 

outgrowth in neuronal cell cultures was found to be stimulated by different topographical 

size ranges (Nguyen et al. 2016).  

It was reported that the arrangement of nanoscale features can have a profound impact 

on cell phenotype and function, which makes them potent regulators of cell behavior. 

Fibroblast-substrate interactions can be altered by topography to strengthen or weaken 

cell adhesion, thus affecting cellular processes (Yang et al. 2017). On the other hand, 

shape (e.g, gratings, pits and pillars), dimensions (feature size, spacing, and height), and 

arrangement of nanoscale features all have distinct effects on cell behavior from cell 

adhesion and spreading to proliferation and differentiation, which is cell-type-specific 

(Yang et al. 2017). Likewise, nanotopography height can effectively control cell behavior 

(Wang et al. 2016). A variety of cell types exhibited more pronounced focal adhesions and 

actin stress fibers highly spread morphology and larger cell area on shallow (11 – 13 nm 

height) randomly distributed nanoislands produced by polymer demixing, in contrast to the 

flat control surface (Lim et al. 2005b; Lim et al. 2005a; Dalby et al. 2002a; Dalby et al. 

2002c). Increasing the height to approximately 90 nm cells like human fetal osteoblastic 

cells (Lim et al. 2005b), human bone marrow cells (Frey et al. 2006), and human 

fibroblasts (Dalby et al. 2002d) exhibited a reduced cell spreading morphology with diffuse 

actin and fewer stress fibers (Yang et al. 2017). Different from that, human endothelial 

cells displayed larger lamellae and have increased numbers of stress fibers on 95 nm 

nanoislands (Dalby et al. 2002a). Cell-type-specific responses to nanotopography have 

been reported in various cell types (Csaderova et al. 2010; Chen et al. 2012; Stylianou et 

al. 2013). For instance, Chen and Co-workers found that human embryonic stem cells 

(hESCs) display long self-renewal and enhanced proliferation on smooth surfaces, 

nonetheless they tend to differentiate on nano rough glass surfaces. However, nano rough 

glass surfaces stimulated the adhesion of NIH 3T3 fibroblasts compared with smooth 

surfaces (Chen et al. 2012). Cell surface area can be limited by small spacing, whereas 

large spacing may reduce the increase in the apparent surface area. It is hence 

suggested that the aspect ratio of height to spacing of nanotopography provides a more 

comprehensive characterization of nanotopography than a single-dimensional parameter 
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(Moe et al. 2012; Nguyen et al. 2016; Crouch et al. 2009; Hu et al. 2005; Fraser et al. 

2008; Uttayarat et al. 2005).  

Overall, many insights into cell-topography dependence on mainly synthetic materials 

have been gained. The natural environment of the cell, the ECM is composed of 

nanofibrous proteins. To study the cell-material interaction, nanostructured protein 

scaffolds are needed. Furthermore, to understand topography influences independently of 

mechanics and biochemistry, the mechanics must be kept the same. New biophysical 

model systems based on protein scaffolds to be closer to the in vivo environment are 

needed, where the influence of topographies on cell growth can be studied independently 

from other factors like biochemical and mechanical stimuli. It would be ideal if mechanics 

and biochemical stimuli could later also be specifically adapted.  

1.3 Synthetic ECM systems 

Many of the above findings of cell interactions with their extracellular environment were 

obtained on synthetic hard materials. Furthermore, most of the in vitro systems were 

reduced to two dimensional properties. In order to mimic the in vivo cell responses to 

topographic, biochemical and biomechanical stimuli in vitro, several approaches were 

used to produce synthetic ECMs. The most important are presented in the following. 

1.4.1 Manufacturing methods for nanofibrous and porous scaffolds 
Since the ECM plays a significant role in cell adhesion, migration, and proliferation it has 

been widely studied to promote biomaterials design and construction, especially for the 

possible application in tissue engineering as cell culture scaffold and in drug delivery 

(Lutolf and Hubbell 2005). In tissue engineering, the strategies for tissue and organ 

reconstruction vary. In general, they can be classified into two categories involving either 

in vitro or in vivo use of so-called scaffold materials to support cell growth and tissue 

regeneration (Costa et al. 2017). Such scaffolds can be composed of synthetic materials 

or naturally occurring materials that are native components of the ECM, such as collagen, 

fibrin, and fibronectin (Costa et al. 2017). Biological scaffold materials composed of 

natural ECM components have been shown to facilitate the constructive remodeling of 

many different tissues in both preclinical animal studies and human clinical applications 

(Badylak et al. 2009). A large variety of polymers, biopolymers, and composites were 

used to create artificial ECM-mimicking biomaterials. Collagen, fibronectin, and elastin, 

three dominant fibrous proteins in natural ECM, received major attention because they 
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can form nano-scaled fibrous synthetic matrices to provide tensile strength and elasticity 

for tissues (Ma et al. 2005).  

As introduced in chapter 1.1.2 another important biopolymer, which forms nanofibers in 

vivo, is the blood plasma protein fibrinogen. Fibrinogen has also been considered as an 

artificial substratum to mimic the temporary matrix during wound repair for cell migration 

(Pereira et al. 2002). Thus, fibrinogen nanofibers are also suitable for various biomedical 

applications such as tissue engineering scaffolds, wound dressings, coatings, or drug 

delivery vehicles (Carlisle et al. 2009; Shepherd et al. 2017). As stated above, fibrinogen 

and collagen have a close interaction through binding sites and fibronectin as a direct 

linker between collagen and fibrinogen (Balian et al. 1980; Makogonenko et al. 2002). 

Moreover, both proteins are involved in cellular interactions during wound repair and 

tissue regeneration (Shaw and Martin 2009).  

As collagen represents the most abundant protein in the ECM and is a well-established 

model system, in the past two decades interests in collagen-based nanobiomaterials kept 

increasing. Over the years different approaches to create collagen-based 

nanobiomaterials have evolved. Collagen is considered one of the most important 

biomaterials in connective tissue regeneration because of the intrinsic biocompatibility, 

flexibility, and hydrophilicity. Due to their manifold possible application fields, extensive 

attention was brought to collagen nanobiomaterials (see Fig. 12). A key objective, 

therefore, is to recreate an in vitro culture system of some of the essential factors in the 

cellular microenvironment, which control and regulate cell function (Lia et al. 2005). In 

literature, various techniques have been reported for the fabrication of collagen 

nanobiomaterials. These include template-assisted synthesis, self-assembly, solvent 

casting, phase separation, and electrospinning techniques (Haider et al. 2015). Collagen 

can provide a biomimetic environment, which is beneficial for promoting cellular adhesion, 

migration, and proliferation (Lin et al. 2019). Thus collagen-based nanobiomaterials are 

becoming essential in both, basic research and clinical applications. Many different 

approaches were developed to create new nanobiomaterials, explicitly electrospinning, 

collagen-based hydrogels, freeze-dried collagen scaffolds, wet-spinning, and self-

assembly (Park et al. 2018). 
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Figure 12. Diverse applications of collagen-based nanobiomaterials in the regeneration of 
various tissues. (Lin et al. 2019) 

 

Fibrinogen-based scaffolds have previously been developed in the form of fibrin hydrogels 

and wet-extrusion of fibronectin–fibrinogen cables (Joo et al. 2015; Rajangam and An 

2013). Due to its involvement in blood coagulation and wound healing fibrinogen has 

become increasingly attractive to develop nanofibrous scaffolds for biomedical 

applications. In literature, different approaches can be found to induce in vitro 

fibrillogenesis of fibrinogen and to prepare nanofibrous fibrinogen scaffolds.  

The most common techniques to produce nanofibrous collagen or fibrinogen-based 

nanobiomaterials will be presented in the following paragraphs and advantages as well as 

disadvantages will briefly be discussed (also see Table 2).  
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Lyophilization – Freeze Drying 
Porous protein scaffolds can be formed by freeze-drying. In the freezing phase, the 

polymer solution is frozen and the solvent is crystallized, forming a network with 

interpenetrating ice crystals. In the second phase, the solvent is removed under pressure. 

If the solvent is completely sublimed and polymeric crosslinked pores are formed (Lin et 

al. 2019). Freeze drying is regarded to be amongst the most commonly used method to 

fabricate collagen scaffolds. It is stated to maintain the natural structural form and 

biological properties of collagen (Lin et al. 2019). Whereas it does not lead to the fibrillary 

structure that collagen usually has in the natural ECM. (Shepherd et al. 2017) developed a 

composite material by freeze-drying combining collagen and fibrinogen in one scaffold 

(Shepherd et al. 2017). Vasconcelos et al. introduced three-dimensional fibrinogen based 

scaffold prepared by freeze-drying to promote bone healing and homeostasis 

(Vasconcelos et al. 2016).  

Besides the positive properties of this technique, significant disadvantages are the long 

fabrication time and high energy consumption, limiting its expansion to the industrial scale 

(Lin et al. 2019). 

Hydrogels 

Zou and Co-workers defined hydrogels as 3D cross-linked networks which can absorb a 

large amount of water without dissolving (Zou et al. 2018). Another definition of (Nikolova 

and Chavali 2019) state hydrogels as compared to hydrophilic chains either covalently or 

non-covalently (hold by intermolecular attractions) bonded (Nikolova and Chavali 2019). 

The methods used for the fabrication of hydrogel scaffolds include solvent 

casting/leaching, gas foaming, photo-lithography, electrospinning, 3D printing, etc. 

(Nikolova and Chavali 2019). Hydrogels can be prepared by natural polymers (i.e. 

collagen, gelatin, fibrin, or hyaluronate) and synthetic polymers like polyacrylic acid (PAA), 

polyethylene oxide (PEO) and polyvinyl alcohol (PVA) after extensively swelling with 

water. They are not only structural like the ECM but also diffuse into hydrophilic nutrients 

and metabolites rapidly as well (Zou et al. 2018; Lin et al. 2019).  

Physical hydrogels are formed by the transient crosslinking between polymer chains via 

various kinds of physical bone is exposed to aqueous conditions with water-soluble 

interactions. In contrast, chemical hydrogels generally possess networks formed by cross-

linked covalent bonds, besides their mechanical properties can be easily tuned via 

controlling the crosslinking density (Zou et al. 2018). Crosslinking of hydrogels allows 
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them to retain 3D shape and to swell without dissolving. Generally, it can be stated that 

the higher the crosslinking extent, the lower the swelling (Nikolova and Chavali 2019).  

An advantage is that hydrogel scaffolds are useful in supporting the growth of new cells 

and tissues due to their rubber elasticity, high water content and solute transportation (Lin 

et al. 2019; Zou et al. 2018). They can be derived from natural polymers and therefore 

exhibit high hydrophilicity, biocompatibility, flexibility, and degradability. Hydrogel scaffolds 

derived from natural polymers like collagen and fibrinogen, up to date have certain 

limitations such as limited mechanical properties, the difficulty of purification, and 

sometimes pathogenic transmission and immunogenicity, depending on the source 

(Nikolova and Chavali 2019). Collagen hydrogels have extensively been seeded with cells 

(Elsdale and Bard 1972; Bell et al. 1979; Grinnell et al. 2003; Busby et al. 2013). Collagen 

hydrogels have been as attempts to develop dermal substitutes (Helary et al. 2010), for 

support for bone formation (Yamamoto et al. 2003) or induce pre-differentiation of human 

mesenchymal stem cells (Fensky et al. 2014). Other studies for instance focused on the 

responses of fibroblasts to plastically compressed fibrillary collagen hydrogels (Ghezzi et 

al. 2011). Fibrinogen gels for instance are formed as modified PEG-fibrinogen hydrogels 

(Dikovsky et al. 2006).  

Phase Separation 

Munir and Callanan reported that increasing attention for phase separation techniques 

awakened due to its ability to produce scaffolds with high porosity, interconnecting 

networks, and desirable mechanical properties (Munir and Callanan 2018; Budyanto et al. 

2009).  

In the phase separation technique, a polymer solution is disintegrated and passes through 

the liquid-liquid phase separation. The polymer solution then forms two phases, a 

polymer-rich phase, and a polymer degraded phase. The polymer enriched phase 

solidifies and the phase with a smaller proportion of polymer is removed, creating a highly 

porous polymer network. The process is carried out at low temperatures which are 

beneficial for the incorporation of bioactive molecules in the construct (Ghalia and 

Dahman 2016). By using the phase separation technique, a nanofibrous structure is 

created that mimics the ECM architecture and provides a better environment for cell 

attachment. However, others state that this technique offers little control over the diameter 

and orientation of fibers, limited material selection, and an inadequate resolution (Nikolova 

and Chavali 2019).  
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Electrospinning 

Electrospinning is the most common technique to prepare (bio-)polymer nanofibers to 

manufacture in vitro fibrous scaffolds for tissue engineering application with a fiber 

diameter ranging from less than 100 nm to a few microns (Zeugolis et al. 2008). 

Electrospun nanofibers scaffolds are, for example, already used as a drug delivery carrier 

and bone regeneration model (Francis et al. 2016).  

The basic electrospinning setup is mainly comprised of four main parts: a polymer 

solution, a glass syringe containing a metallic needle, a power supply, and a metallic 

collector. The electrospinning source solution is prepared with the polymer of interest in a 

solvent (Palchesko et al. 2013b). An electric field is applied leading charges to move into 

the polymer solution via the metallic needle. The collector has a different charge as the 

needle whereby an electric field is created. The reciprocal repulsion of charges produces 

a force that opposes the surface tension, and ultimately the polymer solution flows in the 

direction of the electric field. The solvent evaporates, and polymer fibrils form (Palchesko 

et al. 2013b). Fibers emerge and are collected on the metallic collector (see Fig. 13) 

(Haider et al. 2013; Bae et al. 2013; Haider et al. 2015).  
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Figure 13. Electrospinning process. Schematic of a typical electrospinning system. A high 
voltage applied between the spinneret tip and the collector creates an electrified fluid jet, 
which is accelerated toward the grounded collector, forming continuous fibers (A). 
(adapted from Li and Bou-Akl 2016). SEM images of electrospun collagen nanofibers (B) 
(taken from Liu et al. 2012) and fibrinogen (B) (McManus et al. 2007b). 

 

Electrospinning of collagen and fibrinogen has become a common procedure in the tissue 

engineering community. The first study reporting on the electrospinning of collagen was 

presented by Huang and co-workers (Huang et al. 2001a; Huang et al. 2001b). Other 

groups followed the electrospinning of collagen like, for instance, Matthews in 2002, 

Boland et al in 2004, and Rho et al in 2006 (Matthews et al. 2002; Boland et al. 2004; Rho 

et al. 2006). With this technique, fiber diameters in the nanometer range up the 

micrometer range can be achieved (Boland et al. 2004). The collagen fiber mats can be 

produced up to a size of several cm2 (Boland et al. 2004). The high porosity and high 

surface-area-to-volume ratio as well as features required for cell adhesion, growth, and 

proliferation can be achieved with electrospinning (Miguel et al. 2018). Different studies 

investigating cell behavior on electrospun collagen have been published. Shih et al. 

studied the influence of collagen fiber diameter on cell growth, proliferation, and adhesion 

of mesenchymal stem cells (Shih et al. 2006). I wide range of studies to investigate the 

influence of electrospun collagen on cell growth was conducted. Several studies found a 
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positive impact of electrospun collagen nanofibers on osteoblast adhesion, proliferation, 

and spreading (Casper et al. 2007; Iafiscol et al. 2013; Torres-Giner et al. 2009). Powell et 

al. investigated the influence of electrospun collagen on wound contraction of engineered 

skin substitutes (Powell et al. 2008). They observed the positive influence of electrospun 

collagen on the proliferation and distribution of fibroblasts (Powell et al. 2008).  

Fibrinogen also has been electrospun since the early 2000nds and is a protein of interest 

up to date. Numerous groups focused on the electrospinning of fibrinogen like Wnek et al. 

2003, McManus et al. 2007, and Gugutkov et al. 2017 (Gugutkov et al. 2017; Wnek et al. 

2003; McManus et al. 2007b; Sell et al. 2008a; Sell et al. 2008b). For electrospun 

fibrinogen nanofibers, diameters ranging from 0.5 to 1.04 µm were reported (Sell et al. 

2008a). Dried fibrinogen scaffolds exhibited distinct pores in SEM analysis. It was 

observed that the same scaffolds were densely packed leaving little room for pores when 

being hydrated (Sell et al. 2008a). The average pore diameters reported in this study 

ranged from 0.57 to 3.7 mm, with hydrated pores being significantly smaller than their dry 

counterparts (Sell et al. 2008a). The fibrinogen fiber mats can be produced up to a size of 

several cm2 (Sell et al. 2008a). Sell et al. studied the influence of different cross-linkers on 

cell growth on electrospun fibrinogen scaffolds (Sell et al. 2008b). They found that 

crosslinking with EDC and genipin slowed the degradation of fibrinogen by fibroblasts but 

at the time had negative effects on the bioactivity of the scaffolds as it slowed the cell 

migration (Sell et al. 2008b). A different study electrospun fibrinogen was found to support 

osteogenic differentiation of mesenchymal stem cells (Francis et al. 2016). McManus and 

Co-Workers observed that fibroblasts migrated into electrospun fibrinogen scaffolds and 

deposited collagen, thus indicating that electrospun fibrinogen had a big potential as a 

tissue engineering scaffold (McManus et al. 2007b).  

Moreover, studies have shown that up to 45% of collagen was lost during electrospinning 

(Zeugolis et al. 2008). However, solvents for proteins used in electrospinning are often 

fluoro alcohols, which not only denature the native structure but also lower the 

denaturation temperature (Barnes et al. 2007). Zeugolis et al. 2008 report that the electro-

spinning of collagen out of fluoro alcohols denatures collagen to gelatin (Zeugolis et al. 

2008).  

Self-assembly  

Another approach to induce fibrillogenesis of different proteins in vitro is the self-

assembly. Self-assembly of nanofibers occurs when molecular systems spontaneously 
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undergo organization into nanofibers under specific conditions (Palchesko et al. 2013a). 

This process only works for specific peptides/proteins (Palchesko et al. 2013a). Self-

assembly of ECM proteins can be induced by different approaches, such as pH driven 

self-assembly, surface-induced self-assembly, or temperature-induced self-assembly 

(Palchesko et al. 2013a). In vivo self-assembly requires cell-derived forces to unfold 

protein subunits and expose their cryptic self-binding domains (Palchesko et al. 2013a). 

Mimicking this process in vitro normally requires denaturants or reducing agents 

(Palchesko et al. 2013a). In the following, an overview of common self-assembly 

techniques of collagen will be presented followed by techniques for fibrinogen self-

assembly.  

Over more than the past four decades, the in vitro fibrillogenesis of collagen type I, based 

on pH-shift and ionic strength, has been extensively studied (Harris et al. 2013; Elsdale 

and Bard 1972). Hence, today several reproducible procedures for the production of 

collagen fibrils are available. The resulting fibers are to a large extent comparable to the 

fibers found in native biological tissues (Harris et al. 2013).  

PH-induced self-assembly is a common method for in vitro fibrillogenesis. Together with 

ionic strength, collagen molecules can reproducibly assemble into fibers. PH of 6 to pH 8 

along with the presence of chloride anions enable the formation of collagen fibers with the 

characteristic D-banded patterns (67 nm) (Zhu et al. 2018). The dimension of the fibers 

and the D-spacings can vary depending on the pH conditions (Harris and Reiber 2007). 

Depending on the pH conditions, such collagen nanofibers exhibit typical diameters 

between 80 and 200 nm (Li et al. 2009). On the other hand, pH values of 6 or pH 4.8 or 

the absence of chloride anions fail to induce the D-banded of native-like collagen. Instead, 

those fibrils tend to gather together to form sub-fibrils (Zhu et al. 2018). The increase rate 

and final pH of the solutions also affect the kinetics and fibrils morphology and collagen 

self-assembly (Ramírez-Rodríguez et al. 2014). The formation of collagen fibers increases 

with a gradual increase in pH and the lateral aggregation between fibrils gets promoted. A 

rapid increase in pH induces the formation of thin fibers (Zhu et al. 2018).  

Yet, it often included non-physiological pH possibly affecting the biological activity of ECM 

proteins (Maas et al. 2011). Harris et al. 2013 stated that most research on in vitro self-

assembly was conducted on either varying pH conditions or ionic strength. They tried to 

overcome this gap by bringing together these two parameters and induced collagen type I 

fibrillogenesis under varying pH and ionic conditions. They stated that early/sub-fibers and 

mature fibers formed in the presence of physiological ionic strength, namely 150 mM NaCl 



1. Introduction 

38 
 

and the time-dependent dynamic progression towards mature fibers occurring at neutral 

pH (Harris et al. 2013). Therefore, collagen nanofibers have already been used in cell 

culture studies with fibroblasts and endothelial cells, often using smooth collagen as 

reference substrates (Hakkinen et al. 2011; Jiang and Grinnell 2005; Stylianou et al. 2013; 

Huang et al. 2013).  

Flow Processing 

Lately, a flow processing technique combined with pH-shift from acidic to neutral pH was 

presented to produce collagen nanofiber scaffolds which could be either aligned or 

randomly deposited and had a diameter of approximately 20 to 45 nm (Lai et al. 2012a; 

Lai et al. 2011). Yet, the hierarchical fiber assembly was limited to dense fibril matrices 

with low porosity. Maas and Co-workers established a method to create composite fibrils 

made from collagen and calcium phosphate by pH-driven self-assembly through track-

etched polycarbonate nanopores in a gradient of pH 3 to pH 11. The resulting fibers were 

tens of micrometers long and exhibited diameters between 120 and 760 nm depending on 

the pore geometry (Maas et al. 2011). Nonetheless, they used non-physiological pH-

values possibly affecting the biological activity of different proteins. Raoufi and co-Workers 

recently presented an extrusion process using biocompatible aluminum oxide nanopores 

as a template to prepare nanofibers from proteins like collagen and fibrinogen (Raoufi et 

al. 2016; Raoufi et al. 2015). This method provides control over fiber diameter, yet does 

not yield high amounts of fibers, therefore not allowing creating three-dimensional 

scaffolds for cell culture applications.  

Surface-induced self-assembly as well as pH driven self-assembly have also been used 

for in vitro fibrillogenesis of fibrinogen. In blood coagulation, fibrinogen is formed by the 

enzymatic cleavage of fibrinopeptides by thrombin. Surface driven assembly of fibrinogen 

fibers was successfully performed with hydrophobic surfaces like silica (SiO2) (Wigren et 

al. 1991), graphite (Marchin and Berrie 2003; Reichert et al. 2009), different polymers 

(Feinberg and Parker 2010; Koo et al. 2012; Zhang et al. 2017) as well as hydrophilic gold 

(1,1,1) (Chen et al. 2010) and mica surfaces, a group of sheet silicate minerals 

(Wasilewska and Adamczyk 2011). When fibrinogen adsorbs to surfaces like graphite the 

molecule unfolds and aggregate to fibers (Dubrovin et al. 2019). Helbing et al. showed 

that fibrinogen molecules could align on chemically homogeneous surface topographies 

(polyethylene crystals) one magnitude smaller than the dimension of the protein (Helbing 

et al. 2016). Moreover, acidic pH values and the addition of ethanol were found to induce 

the assembly of fibrinogen molecules into fiber networks (Wei et al. 2008b; Wei et al. 



 1. Introduction 

39 
 

2008a; Wang et al. 2014). The fiber formation induced by mixing fibrinogen with ethanol 

resulted in fiber lengths ranging from several hundred nm to few µm.  

Thus far, these approaches for surface-induced fiber formation only resulted in very low 

fiber yields with fiber diameters of 2–20 nm (Reichert et al. 2009; Koo et al. 2012). Wei 

and co-workers studied self-assembly by pH-dependent procedures at a very low pH of 2, 

which are not physiological. Moreover, they analyzed the influence of ionic strength in 

their self-assembly process by introducing phosphate-buffered saline (PBS) to the self-

assembly – this method leads to a very low fiber yield (Wei et al. 2008a). The approach 

was improved leading to shorter preparation time, longer fibrils, and higher fiber yield, 

whereas still resulting in a comparably low fiber yield (Wei et al. 2008b). Hämisch et al. 

induced fiber formation by a drop pf ionic strength starting with a concentration of 140 mM 

(Hämisch et al. 2019). They showed a dependence of ionic strength to the fiber formation 

kinetics. The lower the final ionic strength was, the faster the self-assembly took place 

(Hämisch et al. 2019). Overall, no dense fibrinogen networks were previously obtained by 

a buffer- or surface-induced assembly. Consequently, these methods are not considered 

suitable for the preparation of 3D-nanofibrous fibrinogen scaffolds on a large scale.  

Recently, Stapelfeldt and co-workers introduced a novel in vitro approach to fabricate 

nanofibrous fibrinogen scaffolds in the absence of cells and thrombin using tailored salt 

conditions (Stapelfeldt et al. 2019a). For the first time, fibrinogen could be assembled into 

dense, three-dimensional nanofibrous scaffolds without the use of high voltages, organic 

solvents, or enzymatic activity. This novel process could be controlled by adjusting the 

fibrinogen and salt concentration as well as the pH range. Remarkably, this process 

enabled the first time preparation of either immobilized or free-standing fibrinogen 

scaffolds depending on the underlying substrate material. This could be realized by 

tailoring the carrier substrate material and by introducing a customized fixation and 

washing procedure after the fiber assembly. (Stapelfeldt et al. 2019a) Fibrinogen fibers 

obtained with this novel self-assembly method showed to be soluble in water (Stapelfeldt 

et al. 2019b). Stapelfeldt et al. found a difference in the secondary structure after the 

addition of PBS. For application in cell culture, fibrinogen fibers need to be stable upon 

rehydration. Therefore, they introduced a crosslinking step with formaldehyde vapor 

(Stapelfeldt et al. 2019b). They found no differences in structural content between none 

crosslinked and crosslinked fibrinogen fibers.  

A summary of the presented techniques with their key advantages and disadvantages is 

given in table 2.  
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Table 2 Comparison of techniques to prepare nanofibrous and nanoporous scaffolds for 
tissue engineering. 

Fabrication technique Advantages Disadvantages 

Freeze drying 
Control over pore size (Lin 

et al. 2019) 

• long fabrication time (Lin et 

al. 2019) 

• high energy 

consumption(Lin et al. 2019) 

Hydrogels 
Mimic ECM architecture (Lin 

et al. 2019; Zou et al. 2018) 

• Limited mechanical 

properties (Nikolova and 

Chavali 2019) 

• difficulty of purification 

Modification of polymers are 

often necessary (Nikolova 

and Chavali 2019)  

Phase separation 

• Simple equipment (Munir 

and Callanan 2018)  

• Convenient fabrication 

process (Palchesko et al. 

2013a) 

• Discontinuous process 

(Palchesko et al. 2013a) 

• Not scalable (Nikolova and 

Chavali 2019) 

• No control on fiber 

dimensions (Nikolova and 

Chavali 2019) 

Electrospinning 

• Continuous process 

(Mussa Farkhani and 

Valizadeh 2014) 

• Cost effective compared 

with other existing methods 

(Mussa Farkhani and 

Valizadeh 2014) 

• Scalable (Huang et al. 

2003) 

• fiber diameter control 

(Boland et al. 2004) 

• Jet instability (Zuo et al. 

2005) 

• Toxic solvents (Barnes et 

al. 2007; Zeugolis et al. 

2008) 

• high electric fields(Shin et 

al. 2001) 
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Continuation Table 2 Comparison of techniques to prepare nanofibrous and nanoporous 
scaffolds for tissue engineering. 

Fabrication technique Advantages Disadvantages 

Molecular 

self-assembly 

• Complex functional 

structures (Palchesko et al. 

2013a) 

• Only smaller nanofibers of 

a few nanometers in 

diameter and few 

micrometers in length can 

be realized (Reichert et al. 

2009) 

• Complex process involving 

intermolecular forces 

(Palchesko et al. 2013a) 

• Not scalable (Palchesko et 

al. 2013a) 

• possible weak interactions 

(Galeotti et al. 2018) 

Flow processing 
Control over fiber diameter 

(Raoufi et al. 2016) 

• does not yield high 

amounts of fibers (Raoufi et 

al. 2016) 

 

1.4.2 Cell interaction with synthetic nanotopographies 
At a sub-cellular level sensing of geometry is a key factor of the cellular sensing of two-

dimensional versus three-dimensional (Vogel and Sheetz 2006). The same matrix protein 

can stimulate different cell responses when it is organized in filaments, as when it is 

displayed on a flat surface (Grinnell et al. 2003; Vogel and Sheetz 2006). It is known that 

nanotopographies increase the specific surface area, thereby often enhancing the surface 

area accessible for cell adhesion. Nevertheless, the surface that cells can identify is 

determined by the particular shape and dimensions of the nanoscale features. 

Nanotopography can also reduce the surface that cells can identify, thereby restricting 

focal adhesions and weakening cell adhesion and facilitating cell migration (Frey et al. 

2006). 

Though nanotopography provides a potent control of cell growth and differentiation by 

modulating the cell shape (Chen et al. 1997; McBeath et al. 2004), the underlying 

mechanisms remain unclear. Consequently, it was suggested that a combination of nano- 

and microtopographies should be considered in new biomimetic strategies to control 

neuron behavior (López-Fagundo et al. 2013; Bruder et al. 2006). A multi-scale 

combination of topographical cues could offer novel insight into the immunomodulation 

properties of biomaterials (Sridharan et al. 2015).  
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To further study the role of microtopographies and nanotopographies novel techniques 

like multiple nanoimprint lithography (NIL) were developed, to fabricate defined 

nanotopography on micropatterns (Hu et al. 2005; Bao et al. 2002; Eliason et al. 2007). 

Still, NIL involves expertise and expensive equipment. Hence, reproducible and cost-

effective techniques remain desirable (Yang et al. 2017). Techniques like lithography, 

microcontact printing, or nanoimprint lithography allow the precise preparation of nano- 

and microstructure biomaterials, whereby various cell functions can already be controlled 

(Tawfick et al. 2012; Ermis, M., Antmen, E., & Hasirci, V. 2018). With these techniques 

mostly two-dimensional topographies, often involving the use of synthetic substrate 

materials, are fabricated (Tawfick et al. 2012; Ermis, M., Antmen, E., & Hasirci, V. 2018). 

To more accurately mimic the ECM in the native cell environment, new strategies to 

control cell behavior on different length scales necessitate 3D hierarchical scaffolds 

(Tawfick et al. 2012). 

Many of the presented techniques either involve non-physiological conditions or are 

applicable for the production of two-dimensional networks (Monroe et al. 2009). Still, in 

their native environment cells are embedded into the nanofibrous network of the ECM 

(Halper and Kjaer 2014). Thus, processes to regulate cell behavior on different length 

scales require 3D hierarchical scaffolds, which mimic the cell environment more 

accurately including the topography, mechanics, and biomechanics (Tawfick et al. 2012). 

Up to now, smooth collagen was also processed into micropatterns on substrate materials 

like glass, agarose, PDMS, or self-assembled monolayers (SAMs) (Monroe et al. 2009; 

Desai et al. 2011; Kwak et al. 2015; Kim et al. 2007, 2007). In 2007, Kim et al used SAMs 

to design a complex two-dimensional pattern of co-localized cells that preferentially 

assume two alternative fates, paving the way for the design and construction of more 

complex tissue constructs with various potential biomedical applications (Kim et al. 2007). 

Their results suggest that human mesenchymal stem cells (hMSC) can respond to the 

varying density of nanotopographic signals by regulating their internal cytoskeletal 

network and using these mechanical changes to guide them to make decisions about cell 

fate (Kim et al. 2007). In a later study, fibroblasts were examined on SAMs made from 

collagen type 1. Using this manufacturing technique, they were able to show that collagen 

patterns could influence the orientation and morphology of fibroblast growth as a function 

of pattern spacing (Kwak et al. 2015). To study cellular functions, synthetic 3D-collagen 

matrices have been used as ECM model systems, still, no scaffolds combining 2D and 

3D-topography in the same scaffold were presented (Sheehy et al. 2018; Parenteau-

Bareil et al. 2010). Even though synthetic 3D-collagen matrices have been broadly used 
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as ECM model systems to study cellular functions, scaffolds combining 2D- and 3D-

topography in the same scaffold were not presented to date (Sheehy et al. 2018; 

Parenteau-Bareil et al. 2010). In contrast to electrospinning, the presented self-assembly 

methods provide physiological buffer conditions and do not require the use of high electric 

fields, which can impede the biological scaffolds activity (Palchesko et al. 2013b; Barnes 

et al. 2007).  

Up to now, there have been mainly cell studies on electrospun fibrinogen fibers. In one 

study, for example, the biocompatibility of fibroblasts on fibrinogen fibers was assessed 

using a WST-1 cell proliferation test. Post culture scaffolds were examined by scanning 

electron microscopy and histology. Cell culture showed that fibroblasts easily migrate into 

electrospun fibrinogen scaffolds and remodel them under the deposition of native collagen 

(McManus et al. 2007b). Furthermore, fibrinogen was used as a model for early-stage 

bone regeneration. In this model, the ability of electrospun fibrinogen (Fg) nanofibers to 

regulate osteoblastogenesis between different mesenchymal stem cell populations was 

investigated (Francis et al. 2016). Fibrinogen has been further proposed in tissue 

engineering applications for smooth muscle remodeling (McManus et al. 2007b; Gugutkov 

et al. 2013). 

Different surface topographies have been introduced in a variety of studies. To date, the 

most common cell culture topography is a smooth or planar surface, which does not 

resemble the natural environment of cells. To further understand the distinct influence of 

surface topography on cellular growth three different categories of surface roughness 

were introduced and the respective cell responses of fibroblasts were studied in this Ph.D. 

thesis. To produce nanofibrous scaffolds, established self-assembly procedures were 

used for the ECM protein collagen and the blood plasma protein fibrinogen. The 

categories of the three different surface topographies are presented in table 3. 

  

Table 3. Surface description based on surface roughness in rehydrated conditions. This 
table gives an overview of different surface roughness in liquid, resembling cell culture 
condition and the nomenclature throughout this Ph.D. thesis.  

Surface description Roughness (rq) 

Nanofibrous ≥ 30 nm 

Smooth 20 to 30 nm 

Planar  ≤10 nm 
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Throughout this study, the surface classification presented in table 3 will be used. All 

scaffolds with a roughness above 30 nm will be classified as nanofibrous topographies. 

This applies to both, collagen and fibrinogen, nanofibers. Collagen surfaces with a surface 

roughness between 20 and 30 nm were categorized as smooth topographies. Non-fibrous 

fibrinogen surfaces with roughness below 10 nm were classified as planar. 

Previously, very thin collagen patterns combining fibrillar and smooth regions in a single 

scaffold, have been prepared by introducing a pre-patterning with hydrophilic and 

hydrophobic self-assembled monolayers (SAMs) on the carrier substrate (Elliott et al. 

2007). Nevertheless, this SAM-assisted patterning process only led to film thickness in the 

range of 2 to 47 nm. Therefore, these thin films were not suited to be used as three-

dimensional cell scaffolds, into which cells could migrate.  
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1.5 Aim 

This work aims to establish a biophysical platform, which combines smooth and 

nanofibrous topographies in a single protein scaffold to study the influence of 

topographical cues on cell growth independent of biochemical and mechanical signals. To 

disentangle these factors from the influence of topographical cues, a protein scaffold will 

be developed, which offers different topographies while maintaining the same mechanical 

and biochemical properties. 

Collagen and fibrinogen scaffolds were used as model proteins since collagen is the most 

abundant protein in the ECM and fibrinogen is a key protein in wound healing, thus 

contributing to the assembly of ECM during tissue repair in vivo. Fibroblasts were used as 

a model cell line to study cell interaction with protein scaffolds with different topographies 

since it is a well-established model system for wound healing and tissue repair. Therefore, 

in this Ph.D. thesis study of fibroblast growth on topographically patterned collagen and 

fibrinogen scaffolds provided a representative model system to study fundamental 

principles of cell response to topographical cues.  

 

The key question of this study consequently is:  

How do cells respond to different topographies when biochemical and 
biomechanical cues remain the same? 

Based on this question and the state-of-the-art in cell-material interactions three 
hypotheses were developed, which will be investigated in this work.  

1. Nanofibrous protein scaffolds lead to morphological changes of cells: It is expected 

that cells grown on nanofibers exhibit smaller cell areas than on smooth scaffolds 

due to different topographical cues. 
2. Cell proliferation is reduced on nanofibrous protein scaffolds due to a higher 

surface area and fewer cell-cell-contacts as compared to smooth substrates.  
3. An increase in migration velocity is expected on nanofibrous protein scaffolds due 

to higher surface roughness in comparison to smooth scaffolds.  
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2. Materials and methods 

In the following chapter, the preparation of protein scaffolds will be introduced, and cell 

culture procedures like viability assays, cell mechanical analysis, and live-cell tracking will 

be presented. Moreover, microscopy techniques including fluorescence microscopy, 

confocal fluorescence microscopy, scanning electron microscopy, and atomic force 

microscopy will be introduced.  

2.1 Scaffold preparation 
Surface modification was an essential tool to assemble collagen and fibrinogen scaffolds 

on the respective carrier substrates. The different surface modifications used in this work 

are presented in the following chapter.  

2.1.1 Substrate preparation 

Glass cover slides (VWR, Darmstadt, Germany) with a diameter of 15 mm were used to 

assemble nanofibrous protein scaffolds. To activate the surface and to remove all organic 

residues all glass slides were treated with piranha acid. Piranha acid was prepared in a 

ratio of 3:1 with 95% sulfuric acid (VWR) and 30% hydrogen peroxide (Sigma-Aldrich, 

Steinheim, Germany). The glass slides were immersed with the acidic solution for 5 min 

and subsequently washed with deionized water three times. The cover slides were stored 

in deionized water at 4 °C until further usage. Before protein assembly, all glass slides 

were dried with a nitrogen flow. 

2.1.2 Collagen scaffolds 

Collagen stock solutions with 5 mg ml-1 and 1 mg ml-1 were prepared by dissolving 

collagen type 1 from calfskin (Sigma-Aldrich) in a 5% acetic acid (VWR) solution. 

For the preparation of smooth collagen scaffolds, 100 µl of 0.5% acetic acid solution was 

placed on piranha-cleaned glasses before 100 µl collagen stock solution was added. 

Collagen nanofibers were obtained by self-assembly induced by a pH shift (see Fig. 16). 

First, 10x PBS (pH 7.4) was added to the glass, followed by a 100 µl collagen solution in 

acetic acid (pH 3). During fiber assembly, the samples were placed in an ultrasound bath 

at room temperature and with a power of 42 kHz (Branson, USA) for 20 min to increase 

the surface coverage (Jiang et al. 2016).  
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To preserve fiber morphology and to stabilize the smooth collagen scaffold for subsequent 

cell culture studies the protein layers needed to be cross-linked. Crosslinking should 

preserve the substrate morphology but also not negatively influence the substrate 

biocompatibility. Different crosslinking methods were tested to establish a standard 

procedure for all substrates in this work.  

Aldehydes 

Aldehydes can be created wherever oxidizable sugar groups (also called reducing sugars) 

exist, (McIntosh 2018). However, they do not naturally occur in proteins or other 

macromolecules in typical biological samples. Reducing sugars are common monomer 

constituents of polysaccharides or carbohydrates in the post-translational glycosylation of 

many proteins. Furthermore, the ribose of RNA is a reducing sugar. A well-known mild 

agent for effectively oxidizing vicinal diols in carbohydrate sugars is periodic acid (HIO4) 

from dissolved sodium periodate (NalO4), which yields reactive aldehyde groups. The 

carbon-carbon bonds are cleaved between adjacent hydroxyl groups (Customer Service 

Thermo Scientific). 

Aldehydes are well known crosslinking agents that can inactivate, stabilize, or immobilize 

proteins (Metz et al. 2004). Formaldehyde, for example, is used for isotope labeling of 

proteins (Gold et al. 1996) or for studying protein-protein interactions and for fixations of 

cells and tissues (Metz et al. 2004). Likewise, glutaraldehyde is utilized for the fixation of 

cells and tissues (Tian et al. 2016). It was shown that aldehydes react first with the amino 

and thiol groups of amino acids and form methylol derivates (see Fig. 14). The methylol 

groups partially undergo condensation to an imine, also called a Schiff-base. 

Successively, the imine can cross-link with asparagine, glutamine, tryptophan, arginine, 

histidine, cysteine, and tyrosine residues, leading to a methylene bridge (Metz et al. 

2004).  
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Figure 14. Aldehyde reaction mechanisms with proteins. The reaction of aldehydes with 
amines (A) result in methylene bridges. The reaction of aldehydes with thiols leading to 
thiazolidine (B) (Chen et al. 2016).  

 

Glutaraldehyde crosslinking 

Glutaraldehyde is a well-established cross-linker for proteins and cells (Peng et al. 2017). 

For crosslinking of collagen fibers and smooth collagen films the substrates were 

immersed with 400 µL of 2 % (v/v) glutaraldehyde in 1x PBS for 30 min. Substrates were 

washed with deionized water to remove excessive glutaraldehyde.  

EDC 

As aldehydes have shown to have cytotoxic potential, 1-ethyl-3-(3-dimethyl aminopropyl) 

carbodiimide hydrochloride (EDC) was explored as an alternative cross-linker for proteins 

(Powell and Boyce 2006; Gough et al. 2002). Firstly, EDC reacts with a carboxyl group 

and forms an amine-reactive O-acyl isourea intermediate that reacts with an amino group 

to form an amide bond and release of an isourea by-product. Carboxyl-to-amine 

crosslinking with the carbodiimide, EDC Molecules (1), and (2) can be peptides, proteins, 

or any chemicals that have respective carboxylate and primary amine groups (see Fig. 15) 

(URL 1).  
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Figure 15. EDC crosslinking mechanism. One step EDC reaction with carboxyl and amine-
containing molecules. Carboxylic acid reacts with EDC to o-acylisourea active ester. 
This reaction leaves the cross-linked proteins with primary amines and Isourea as a 
product. (URL 1) 

 

For the crosslinking of collagen nanofibers, the scaffolds were incubated with a 50 mM 

EDC (Sigma-Aldrich) (Lai et al. 2018) in ethanol solution for 30 min and washed with 

200 mM NH4HCO3 for 10 minutes. This procedure was carried out three times before the 

protein scaffolds were dried overnight.  

Ultraviolet radiation crosslinking 

Physical crosslinking methods for proteins result in non-covalent bonds (Reddy et al. 

2015). For ultraviolet radiation crosslinking substrates were exposed to UV light of a 

laminar flow cabinet (ESI Flufrance, France) for 30 minutes. All samples were washed 

with 200 mM NH4HCO3 for 10 min three times and subsequently dried overnight.  

Methanol crosslinking 

Methanol is a coagulant fixative. Examples of coagulant fixatives are acetone and alcohol 

such as ethanol and methanol (MeOH). Alcohols fixate through coagulation without 

forming additive compounds, thus, they permit good antibody penetration while they do 

not block immunoreactive determinants (Yamanushi et al. 2015). 

For methanol crosslinking collagen nanofibers were incubated with methanol in a sealed 

container at 4 °C for 30 min and subsequently washed with 200 mM NH4HCO3
 for 10 min 

three times and subsequently dried overnight. After studying the influence of these 

different crosslinking methods on the nanofibrous topography glutaraldehyde crosslinking 

was chosen as the standard preparation procedure for collagen nanofibers. Collagen 



2. Materials and methods 

50 
 

samples were dried overnight under ambient conditions and were then crosslinked for 

30 minutes using 2 % glutaraldehyde (GA) (AppliChem GmbH, Germany) in 1x PBS. 

Aldehyde residues were removed by three successive washing steps with 200 mM 

NH4HCO3 (Carl Roth GmbH, Germany). Before further analysis collagen scaffolds were 

dried under ambient conditions. A schematic overview of the established standard 

procedure for collagen nanofiber assembly is shown in Fig. 16. 

 

 

Figure 16. Collagen self-assembly process. The collagen fiber assembly is a four-step 
procedure. First, fiber assembly is initiated by a mixture of 10 x PBS with the collagen 
solution on an activated glass surface. To achieve high surface coverage the samples 
are exposed to ultra-sonication and subsequently dried under ambient conditions. The 
scaffolds are cross-linked with a 2% glutaraldehyde solution for 30 min and finally 
washed with 200 mM NH4HCO3 three times.  

 

To determine, if the nanofiber assembly was independent of the carrier substrate, different 

substrates commonly used in cell culture were used as carrier substrates, such as 

polycarbonate, Lumox® Foil (Sarstedt, Nümbrecht, Germany) and glass, which was used 

in the standard protocol. Additionally, the biocompatible anodized aluminum oxide (AAO) 

membranes (Whatman, Sigma Aldrich, Taufkirchen, Germany) were tested as carrier 

substrates.  

2.1.3 Fibrinogen scaffolds 

Fibrinogen scaffolds were also assembled on transparent glass slides to facilitate 

subsequent microscopy analysis during cell culture studies. Nevertheless, to immobilize 

the fibrinogen scaffolds on the underlying glass a surface functionalization with amino 

groups was necessary, which was obtained by silanization with (3-Aminopropyl) 

triethoxysilane (APTES) (Seed 2001). The silanization process is displayed in Figure 17.  
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Figure 17. Scheme representing the silanization of glass surfaces with APTES (Taglietti et 
al. 2014) 

 

To assemble and immobilize fibrinogen scaffolds on the underlying substrate piranha-

cleaned glass slides were functionalized via silanization using APTES (Sigma Aldrich) 

(Butruk-Raszeja et al. 2016; Stapelfeldt et al. 2019a). First, a solution in a ratio of 5:95 of 

APTES with 100% ethanol was prepared. The glass slides were incubated in the APTES-

ethanol solution for 16 h. Next, the glass slides were washed three times with 100% 

ethanol. The APTES coated glass slides were stored in dry ambient conditions.  

Fibrinogen stock solutions were prepared by dissolving 10 mg ml−1 fibrinogen (Merck, 

Darmstadt, Germany) in a 10 mM ammonium carbonate (Carl Roth GmbH) solution. The 

fibrinogen stock solution was dialyzed against 10 mM ammonium carbonate solution 

overnight using cellulose membrane dialysis tubing with 14 kDa cut-off (Sigma) to remove 

low molecular weight compounds (Stapelfeldt et al. 2019a). 

Nanofibrous fibrinogen scaffolds were fabricated by the recently introduced salt-induced 

self-assembly process (Stapelfeldt et al. 2019a). Smooth fibrinogen layers were prepared 

by incubation in an aqueous fibrinogen solution. All solutions were prepared with 

deionized water from a TKA water purification system (Thermo Fisher Scientific, 

Schwerte, Germany). Planar fibrinogen (Merck) layers were prepared by drying a final 

concentration of 5 mg ml-1 fibrinogen in 5 mM NH4HCO3 for 12 h using a self-built climate 

chamber at a relative humidity of 30 %. Fibrinogen nanofiber scaffolds were prepared in 

the presence of 2.5x PBS (pH 7.4) during the 12 h drying process (see Fig. 18).  
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Figure 18. Fibrinogen fiber self-assembly process. The fibrinogen fiber assembly is a four-step 
procedure. First, the fiber assembly is initiated by the mixture of 5X PBS with the 
fibrinogen solution on an activated and silanized glass surface, followed by drying 
under controlled temperature and humidity. The scaffolds are then cross-linked with 
37% formaldehyde vapor for 2 h and subsequently washed with deionized water four 
times for 15 min.  

 

Formaldehyde is a well-established cross-linker for proteins and cells (Gold et al. 1996). 

Fibrinogen scaffolds were cross-linked in formaldehyde vapor, as they are soluble in an 

aqueous environment (Stapelfeldt et al. 2019a). For this procedure the samples were 

placed in a sealed beaker for 2 h. 1 µl of a 37% formaldehyde solution per cm3 was added 

into the beaker and allowed to evaporate. After crosslinking the samples were washed 

with deionized water (Stapelfeldt et al. 2019b). 

2.1.4 Protein scaffolds with nanofibrous and smooth topography 

To prepare collagen and fibrinogen patterns with nanofibrous and smooth topographies in 

the same scaffold, one-half of the glass slides was initially covered with a polymer mask 

consisting of Fixogum (Marabu GmbH + Co. KG, Germany) (see Fig. 19). 

Collagen nanofibers were assembled with PBS on the accessible glass surface and dried 

overnight. Subsequently, the protein fibers were crosslinked, washed, according to their 

respective standard protocol described before, and the mask was removed. Next, the 

other half of the glass surface was manually coated with collagen in acetic acid to prepare 

a smooth collagen film and dried overnight. 

Fibrinogen nanofibers were assembled as described in chapter “2.3.3 Fibrinogen”. 

Subsequently, the protein fibers were crosslinked, washed, according to their respective 

standard protocol described before, and the mask was removed. Smooth fibrinogen areas 
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were assembled by mixing fibrinogen and water and dried under controlled conditions. 

Another fixation and washing step were carried out until the patterned samples were 

finally dried overnight (see Fig. 19).  

 

 

Figure 19. Schematic overview of binary protein scaffold assembly process. The shown 
scheme shows the standard procedure used throughout this study. In a first step, a 
polymer mask was added on the substrate covering half of the carrier substrate. In the 
second step, protein fibers were assembled and cross-linked. In the third step, the 
polymer mask was removed and the samples were washed. In the fourth step, a smooth 
protein layer was assembled, fixated, washed, and finally dried.  

 

In the further development of topographically patterned protein scaffolds, different 

variations of the above-mentioned protocol were exemplarily explored with collagen to 

improve the reproducibility. 

a) The Fixogum mask was replaced with a Polydimethylsiloxane (PDMS) mask 

(Distrelec, Bremen, Germany).  

b) In a second approach, nanofibers were assembled as described above, then 

cross-linked and washed before the PDMS mask was transferred onto the fibrous 

region while the smooth protein layer was prepared. The smooth collagen film was 

prepared, and after drying and crosslinking of the smooth region the PDMS mask 

was removed from the nanofibers.  

c) The smooth protein film was prepared in a first step on the accessible side of the 

glass, dried and subsequently crosslinked and washed. Subsequently, a PDMS 

mask was used to cover the smooth collagen film. Collagen nanofibers were then 

assembled on the accessible side of the glass and dried overnight, crosslinked 

washed and dried overnight.  
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The binary patterned scaffolds allow control over topographical cues in selected scaffold 

regions. The tailoring of biochemical cues with different ECM proteins during 

topographical patterning would provide an important addition in the introduced model 

system. To establish such binary patterned scaffolds, which are composed of two different 

proteins and exhibit different topographical cues, three different approaches were 

conducted to combine smooth and fibrous topographies. Exemplarily, collagen, and 

fibrinogen were used in these experiments. To assure the immobilization of fibrinogen 

scaffolds, both proteins were assembled on APTES-coated glass cover slides.  

I) In the first approach samples combining nanofibrous collagen and nanofibrous 

fibrinogen were prepared (see Fig. 20). In the first step, one half of the cover 

slide was covered with a PDMS mask and nanofibrous collagen prepared with 

2.5 mg ml-1 collagen was assembled according to the standard protocol 

described above. After a drying step the collagen fibers were cross-linked with 

glutaraldehyde and washed according to the standard protocol. In a second 

step, the PDMS mask was removed and fibrinogen nanofibers were assembled 

with 5 mg ml-1, cross-linked with formaldehyde vapor, and washed according to 

the standard procedure. The collagen nanofibers were not covered during this 

process.  

 

 

Figure 20. Schematic overview of binary type 1 (collagen fibers and fibrinogen fibers) 
protein scaffold assembly process. In the first step, the glass substrate was half-
covered with a PDMS mask. In the second step, collagen nanofibers were assembled 
according to the standard protocol on the free-standing substrate and subsequently 
cross-linked with 2% GA. In the third step, the collagen fibers were washed and the 
PDMS mask was removed after a drying step. In a third step, fibrinogen nanofibers 
were assembled on the other half of the substrate according to the standard protocol, 
fixated with FA vapor, washed, and lastly dried under ambient conditions.  
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II) The second scaffold type combined collagen nanofibers prepared with 2.5 mg ml-1 and 

smooth fibrinogen prepared with 5 mg ml-1 (see Fig. 21). In the first step, one half of the 

cover slide was covered with a PDMS mask and smooth fibrinogen prepared with 

5 mg ml-1 fibrinogen was assembled, cross-linked, and washed according to the standard 

protocol described above. In a second step, the PDMS mask was removed and the 

smooth fibrinogen layer was covered with a PDMS mask. Collagen nanofibers prepared 

with 2.5 mg ml-1 were assembled, cross-linked, and washed according to the standard 

procedure. After a drying step the polymer mask was removed.  

 

 

Figure 21. Schematic overview of binary type 2 (smooth fibrinogen and collagen fibers) 
protein scaffold assembly process. In the first step, the glass substrate was half-
covered with a PDMS mask. In the second step, the free-standing substrate was coated 
with smooth fibrinogen and subsequently cross-linked FA vapor. In the third step, the 
smooth fibrinogen was washed and dried. In a third step, the PDMS mask was removed 
and the smooth fibrinogen was covered with a PDMS mask. Collagen nanofibers were 
assembled on the now free-standing substrate area according to the standard protocol, 
fixated with 2% GA, washed and lastly dried under ambient conditions after removing 
the PDMS mask.  

 

III) The third sample type combined fibrinogen nanofibers prepared with 5 mg ml-1 and 

smooth collagen prepared with 2.5 mg ml-1 in a single scaffold (see Fig. 22). In the first 

step, one half of the cover slide was covered with a PDMS mask and smooth collagen 

prepared with 2.5 mg ml-1 collagen was assembled, cross-linked, and washed according to 

the standard protocol described above. In a second step, the PDMS mask was removed 

and the smooth collagen layer was covered with a PDMS mask. Fibrinogen nanofibers 

prepared with 5 mg ml-1 were assembled, cross-linked, and washed according to the 

standard procedure. After a drying step, the PDMS mask was removed.  
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Figure 22. Schematic overview of binary type 3 (smooth collagen and fibrinogen fibers) 
protein scaffold assembly process. In the first step, the glass substrate was half-
covered with a PDMS mask. In the second step, the free-standing substrate was coated 
with smooth collagen and subsequently cross-linked with 2% GA. In the third step, the 
smooth collagen was washed and the PDMS mask was removed after a drying step. In 
a third step, the smooth collagen was covered with a PDMS mask. Fibrinogen 
nanofibers were assembled on the now free-standing substrate area according to the 
standard protocol, fixated with FA vapor, washed, and lastly dried under ambient 
conditions after removing the PDMS mask. 
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 2.2 Characterization of scaffolds 

All microscopy techniques used for the characterization of protein scaffolds with a focus 

on the substrate topography and subsequent cell culture studies are presented in the 

following subchapters.  

2.4.1 Scanning electron microscopy 

To analyze collagen and fibrinogen scaffold topography on a nanometer length scale 

scanning electron microscopy (SEM) was performed.  

SEM analysis of collagen substrates, fibrinogen scaffolds was conducted with a Zeiss 

Auriga field emission device (Zeiss, Oberkochen, Germany). Dried collagen or fibrinogen 

samples were sputter-coated with 7 nm of gold in a Bal-tec SCD 005 sputter system 

(Leica Microsystems GmbH, Wetzlar, Germany). All SEM measurements were performed 

with an operating voltage of 3 kV.  

Fiber diameters of collagen and fibrinogen fibers obtained from SEM images were 

analyzed with the BoneJ plugin for the open-source software ImageJ provided by the NIH 

(Rueden et al. 2017). Three different samples were analyzed (n=3). Five images for each 

respective sample were analyzed. Results are shown means ± standard deviation.  

2.4.2 Atomic force microscopy 

To analyze the topography of collagen and fibrinogen scaffolds in dry and wet conditions 

an MFP3D atomic force microscope (AFM, Asylum Research, Santa Barbara, CA, USA) 

was used. An optical light microscope was combined with the AFM to control the scanning 

process. Surface topography analysis of dried collagen and fibrinogen scaffolds was 

conducted in ambient air. Topographical analysis in the wet environment was carried out 

after rehydration in Dulbecco's Modified Eagle's Medium (DMEM) (Merck). Silicon nitride 

cantilevers (MLCT Bio, Bruker, Wissembourg, France) with average nominal resonant 

frequencies of 38 kHz and a nominal spring constant of 0.1 N m-1 were used. Height 

profiles were measured in contact mode with a scan rate of 1 Hz and 256 scanning lines. 

For roughness analysis height profiles of 5 µm x 5 µm were analyzed with an ROI of 1 µm 

scanning the complete image (25 measurements). Three independent samples were 

analyzed; three height profiles for each sample and 25 measurements on each height 

profile image were conducted. The given values represent the average roughness with 

standard deviations.  
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The analysis of the mechanical properties of fibrous and smooth collagen or fibrinogen 

was carried out with the same device. First, the spring constant of the cantilever was 

calibrated by using a thermal tune method (Hutter and Bechhoefer 1993). Successively, 

force curves were recorded in random positions of the substrates. Typically, a scan rate of 

1 Hz was used, which corresponds to a maximum loading rate of 1 nN s-1 and a maximum 

force of 1 nN. The used indentation depth was 100 nm. At least 3 independent samples 

were measured for each substrate type with an indentation depth of 100 nm. A minimum 

of 100 force curves was acquired over an area of 5 × 5 μm in the form of grids, called 

force maps or volumes. 

A schematic of an indentation of a cantilever in a biological sample is given in Figure 23. 

 

 

Figure 23. Schematic of indentation: indentation of a thin biological sample by a triangle 
probe (Zhu et al. 2011).  

 

Typical force curves for hard and soft substrates are depicted in Figure 24. Hard 

substrates result in force-distance curves with a slope of approximately 1, whereas, force-

distance curves on soft substrates are flat and show a slope smaller than 1 (Fig. 24 A). 

The retract curve in Figure 24 B shows an adhesion on a stiff substrate. This could 

happen on sticky substrates such as protein layers. Molecule–molecule and cell–surface 

detachment process with three unbinding events are visible in the retract curve in Figure 

24 C. 
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Figure 24. Typical force-distance curves for hard (green) and soft (blue) materials (A). Adhesion 
on a hard surface (B). Molecule–molecule and cell–surface detachment process with 
three unbinding events (C). (Variola 2015) 

 

The statistical analysis of AFM experiments was conducted with the data analysis 

package IGOR (Wavemetrics, Lake Oswego, OR, USA).  

2.3 Cell interaction with protein scaffolds 

To study the response of cells to protein scaffolds with different topographies viability 

assays, morphology analysis, cell mechanical characterization, and live-cell tracking were 

conducted.  

2.6.1 Cultivation 

Adherent NIH 3T3 mouse fibroblasts (ATCC CRL1658, a kind gift from Louis Lim, Institute 

of Molecular and Cell Biology ASTAR Singapore) were used as a model system to study 

the interaction with topographically patterned collagen scaffolds. Fibroblasts were 

cultivated using DMEM cell culture medium (Biochrom GmbH, Germany) with an 

additional 1 % (v/v) penicillin and streptomycin and 5 % (v/v) fetal bovine serum (FBS) 

(Sigma-Aldrich). 
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Adherent NIH 3T3 mouse fibroblasts (CLS Cell Lines Service, Eppelheim, Germany) were 

used as a model system to study the interaction with topographically patterned fibrinogen 

scaffolds. Fibroblasts were cultivated using DMEM cell culture medium (Merck) with an 

additional 2 % (v/v) penicillin and streptomycin and 10 % (v/v) fetal bovine serum (FBS) 

(Sigma-Aldrich). The cells were subcultured at a confluence of approximately 80 % and 

transferred into a fresh 25 cm2 cell culture flask (Sarstedt) for further cultivation under 

physiological conditions. For splitting, the cell medium was aspirated, and the cell layer 

was washed carefully with phosphate-buffered saline (PBS) followed by incubation with 1 

mL trypsin/EDTA solution (1 % (v/v), diluted in PBS) for 3 minutes at 37 °C. The 

enzymatic reaction was stopped through dilution with DMEM medium, followed by 

centrifugation at 1300 rpm min-1 for 3 min. For further cultivation, approximately 1.2 x 105 

cells were seeded in cell culture flasks with 25 cm2. 

Before cell seeding, collagen and fibrinogen scaffolds were sterilized in the UV light of a 

laminar flow cabinet (ESI Flufrance) for 30 minutes.  

For proliferation and morphology studies, collagen and fibrinogen scaffolds were paced in 

12-well-plates (Greiner-Bio-One, Germany) and fibroblasts were seeded with a density of 

7500 cells cm-2. Fibroblasts were incubated on the different scaffolds for 24 h, 48 h, and 

72 h, respectively, at 37 °C with 5 % CO2. For AFM analysis of cell mechanics on 

collagen, cell migration tracking, and morphological analysis with SEM after 36 h on 

collagen and fibrinogen scaffolds a density of 12,500 cells cm-2 was used. Cell mechanics 

were measured between 24 h and 33 h incubation time. Cell migration analysis was 

carried out between 24 h and 40 h.  

2.6.2 Viability assays 

To study the cell viability on different protein scaffolds two different methods were used. A 

LIVE/DEAD® staining was conducted on collagen scaffolds with different topographies. 

The metabolic WST-1 viability assay was performed to study the metabolic activity of 

fibroblasts on collagen and fibrinogen scaffolds. The experimental details will be described 

in the following paragraphs. 

LIVE/DEAD® staining 

To determine the cell viability a calcein assay was initially conducted. Living cells can be 

distinguished by the presence of ubiquitous intracellular esterase activity, which can be 

determined by the enzymatic conversion of the nonfluorescent cell-permeant calcein AM 
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(Affymetrix, Thermo Fisher Scientific, Germany) to the strongly fluorescent calcein 

emitting green fluorescence (ex/em ~495 nm/~515 nm) (Bratosin et al. 2005). Ethidium 

Homodimer-1 (EthD-1, Promokine, PromoCell GmbH, Heidelberg, Germany) only enters 

cells with disrupted membranes and undergoes a 40-fold enhancement of fluorescence 

when binding to nucleic acids, thus emitting a red fluorescence in dead cells (ex/em 

~495 nm/~635 nm). The intact plasma membrane of viable cells excludes EdthD-1 

(Kummrow et al. 2013).  

Dead cells were used as a positive control (PC), which were killed by incubating them with 

1 % 100 X Triton (v/v) (Carl Roth GmbH) in 1 x PBS for 30 min at 37 °C. All samples were 

washed with pre-heated 1 x PBS once, before immersing them with 2 µM calcein-AM and 

4 µM EthD-1 in 1x PBS (Siriwardane et al. 2014). After 1 h incubation at 37 °C, cells on 

collagen scaffolds were imaged with 20 x magnification.  

A Nikon Eclipse Ti-E –V5.30 inverted fluorescence microscope (Nikon, Tokyo, Japan) was 

used for phase contrast and fluorescence imaging of substrates and cell samples. For 

LIVE/DEAD® staining ten images with 20x magnification were taken. Dead cells were 

imaged at an emission wavelength of 617 nm and living cells were imaged at an emission 

wavelength of 395 nm. 

WST-1 assay  

(2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium sodium salt 

(WST-1) is a colorant, which is used in common proliferation assays to determine cell 

viability. The WST-1 is cleaved to a soluble formazan by a complex cellular mechanism 

that occurs primarily at the cell surface (Berridge et al. 2005). This bioreduction is largely 

dependent on the glycolytic production of NAD(P)H in viable cells. Hence, the amount of 

formazan dye formed directly correlates to the number of metabolically active cells in 

culture. Cell proliferation and viability assays are of particular importance for routine 

applications in cell biology. Tetrazolium salts (e.g. WST-1) are predominantly useful for 

this type of analysis. Tetrazolium salts are cleaved to formazan by the succinate-

tetrazolium reductase system (EC 1.3.99.1), which belongs to the respiratory chain of the 

mitochondria, and is only active in metabolically intact cells (see Figure 25).  

In this study, tetrazolium salt (WST-1) (Roche Diagnostics, Germany) was diluted in 

incubation buffer at a ratio of 1:50 to measure the cell proliferation on collagen and 

fibrinogen scaffolds after 24 h, 48 h, and 72 h. After removing the cell culture medium 
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cells were incubated with 1 mL WST-1 solution for 2 h. The absorption of the supernatant 

was photometrically measured in a Cecil CE 1021 device (Cecil, Cambridge, UK) at 

450 nm. All shown results represent three independent experiments (n=3) for collagen 

substrates and four independent experiments (n=4) for fibrinogen scaffolds with triplicates 

for each substrate type.  

 

Figure 25. Cleavage of tetrazolium salts to formazan. The WST-1 is cleaved to a soluble 
formazan by a complex cellular mechanism that occurs primarily at the cell surface (EC 
= electron coupling reagent; RS = mitochondrial succinate-tetrazolium reductase 
system) (URL 2) 

 

For the quantification of cell viability, the negative control was assigned to 100 % viability 

(Khalilpour et al. 2010). The data analysis was performed according to DIN EN ISO 

10993-5 which suggested that the cytotoxic potential of a sample is given at viability 

values below 70 % of the negative control (EN ISO 10993-5:2009). Consequently, the 

lower the viability of the cells, the higher the cytotoxic effect of the test sample. For the 

calculation of the cell viability of sample extracts in comparison to the negative control the 

following equation was used (Equation 1): 
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𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 ( %) =
100 ∗ 𝑂𝐷450 𝑠𝑎𝑚𝑝𝑙𝑒

𝑂𝐷450 𝑛𝑐
 

Equation 1: Equation for the calculation of the cell viability. The cell viability of the negative 

control (nc) was assigned to represent 100 % viability. OD450nc describes the optical 

density of the mean value of the negative control, while the optical density of the mean 

value of the sample is defined by the OD450sample. 

The results of cell viability data were analyzed using one-way ANOVA and t-test analysis 

for simple linear regression. P-values less than or equal to 0.05 were considered 

statistically significant. Statistical analyses were done with Graphpad Prism software. The 

data of these experiments are presented as mean ± standard deviation. Statistical 

parameters including the standard deviation, linearity, and normal distribution were 

determined.  

2.6.3 Morphological analysis  
As mentioned above the cell morphology can differ dependent on the extracellular 

environment. To analyze the influence of collagen and fibrinogen scaffold topography on 

cell growth the fibroblast morphology was analyzed using different methods like 

fluorescence microscopy, confocal microscopy, and scanning electron microscopy. Each 

method will be described in more detail in the following subchapters.  

2.6.5 Fluorescence microscopy 
To analyze the cell morphology and to examine the cell area on collagen and fibrinogen 

scaffolds double fluorescence staining of actin (phalloidin) and nuclei (DAPI) was 

performed. The fluorescence staining was used for different purposes in this study. The 

fluorescence staining in combination with the fluorescence microscopy allows visualizing 

the cells on most surfaces, other than the light microscopy.  

4′,6-Diamidin-2-phenylindol (DAPI) is a nuclear counterstain for fixed cells that emits blue 

fluorescence when bound to DNA (Wilson et al. 1990). Actin was stained with Actin RedTM 

(Actin Red™ 555 ReadyProbes® Reagent). Actin RedTM is a selective, high-affinity F-actin 

probe conjugated to, photostable, red-orange-fluorescent Alexa Fluor® 555 dye (URL 3). 

Phalloidin is a bicyclic peptide that belongs to a family of toxins isolated from the deadly 

Amanita phalloides “death cap” mushroom (Lengsfeld et al. 1974). It is commonly used in 

imaging applications to selectively label F-actin in fixed cells, permeabilized cells, and cell-

free experiments. Labeled phalloidin conjugates have a similar affinity for both large and 

small filaments and bind in a stoichiometric ratio of about one phallotoxin per actin subunit 
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in both muscle and non-muscle cells; they reportedly do not bind to monomeric G-actin, 

unlike some antibodies against actin (DesMarais et al. 2019).  

In the present study, cells were fixed in 2 % (v/v) glutaraldehyde (GA) in PBS for 

30 minutes and washed in PBS one time for 10 min. Subsequently, actin was stained with 

Actin RedTM (Actin RedTM™ ReadyProbes® Reagent) (Life Technologies Europe BV, 

Netherlands) for 30 min, followed by nuclei staining with DAPI (NucBlue® Live 

ReadyProbesTM Reagent (R37605)) (Life Technologies Europe BV) for 30 min. After 

washing in PBS the stained samples were mounted to glass slides with ProlongTM Gold 

antifade mounting medium (Thermo Fisher Scientific). Subsequently, fibroblasts were 

imaged at 40x and 60x magnification using an inverted fluorescence microscope (Ti-E–

V5.30, Nikon) and appropriate filter settings (λex = 549 nm; λem = 565 nm for Actin Red and 

λex = 330-380 nm; λem = 435-485nm for DAPI). Phase-contrast images and fluorescence 

images in the red and blue channels were then analyzed using the open-source software 

ImageJ. 

A Nikon Eclipse Ti inverted fluorescence microscope was used for phase contrast and 

fluorescence imaging of substrates and cell samples. For cell shape index (CSI) analysis 

10 to 15 images with 40x magnification were taken per sample. Actin was imaged at an 

emission wavelength of 565 nm and Dapi labeled nuclei were imaged at an emission 

wavelength of 461 nm.  

2.6.5.1 Cell shape 
Fluorescence images of 3T3 fibroblasts on scaffolds prepared with 0.5 mg ml-1 collagen 

were analyzed with the ImageJ function “analyze particles” by setting a threshold in the 

images taken with the 40 x objective. Particles – in this case, each particle represents a 

single cell – were analyzed to obtain information about the fibroblast morphology. Area (A) 

and perimeter (P) of 20 single cells per sample were measured. Only fibroblasts cultured 

on samples prepared with 0.5 mg ml-1 collagen were used for quantitative cell analysis to 

minimize the autofluorescence of collagen crosslinked with glutaraldehyde (Lee et al. 

2013). Furthermore, the cell shape index (CSI) was obtained by analyzing fluorescence 

images with ImageJ, using the following equation as previously described by 

Muthusubramaniam et al. (Muthusubramaniam et al., 2012): 
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CSI =
4 ∗ π ∗ A

𝑃2
 

Equation 2: Equation for the calculation of the CSI. The CSI was represented as the circularity 

of the cells. The area (A) and perimeter (P) were determined with image J. A CSI 

value of 1 stands for a perfect circle and a CSI of 0 would represent a line.  

 

Equation 2 describes the calculation of the CSI with A being the area and P is the 

perimeter of the cell. With this equation, a value between 0 and 1 is calculated in 

reference to the circularity of the cell. The closer the value to 0, the more elongated the 

cell. If the CSI reaches 1, the cell is completely circular (Gruschwitz et al., 2010). 

Furthermore, the total area of cells was measured by ImageJ and used to calculate the 

coverage of the samples in percent. An exemplary CSI analysis is shown in Fig. 26.  

 

 

Figure 26. Exemplary steps of CSI analysis. Original fluorescence image of the fibroblast actin 
channel Alexa 555 (A), inverse image converted to 8-Bit image (B), the same image 
with adjusted grey values (C), and the edges of the actin cytoskeleton recognized by 
ImageJ (D). Scale bars represent 40 µm.  

 

The area covered by cells was analyzed by only considering the actin channel (red). After 

adjusting the threshold settings it was possible to determine the covered area with the 

“particle analyze” function. The distribution of cell size, perimeter, CSI, and cell covered 

area was displayed using the software GraphPad Prism (GraphPad, San Diego, CA). The 

results of cell area, perimeter, CSI, and cell-covered scaffold area analysis were analyzed 

using one-way ANOVA and t-test analysis for simple linear regression. P-values less than 

or equal to 0.05 were considered statistically significant. Statistical analyses were done 

with Graphpad Prism software. Four independent experiments (n=4) with triplicates were 

conducted. For each sample, 20 cells were analyzed. The data of these experiments are 
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presented as mean ± standard deviation. Statistical parameters including the standard 

deviation, linearity, and normal distribution were determined.  

2.4.4 Confocal microscopy 
To study the cell morphology on collagen and fibrinogen scaffolds with a higher resolution 

confocal microscopy was performed using an LSM880 system with Airyscan (Carl Zeiss). 

All shown images were taken with a 40 x magnification. Actin was imaged at an emission 

wavelength of 565 nm and Dapi labeled nuclei were imaged at an emission wavelength of 

461 nm. All samples were bleached for 10 min at a wavelength of 565 nm before imaging 

with confocal microscopy to reduce the autofluorescence of collagen and fibrinogen 

scaffolds.  

2.6.3.1 Scanning electron microscopy 
To analyze cells cultivated on collagen and fibrinogen scaffolds in the SEM, samples were 

cross-linked and dried using an ethanol exchange approach, whereby the samples were 

dried in small steps and preserved their shape. After 24 h, 36 h, 48 h, and 72 h, 

respectively, the samples were crosslinked with 2 % (v/v) GA in 1x PBS for 2 h, followed 

by three rinsing steps with 200 mM NH4HCO3 for 5 min to remove remaining salt crystals. 

The samples were kept in a volume of 2 mL 200 mM NH4HCO3. For rehydration, 50 % of 

the volume was replaced by ethanol absolute (VWR International) to reach an ethanol 

concentration of 50 % in the first step. The samples were incubated with 50 % ethanol for 

2.5 h. The step was repeated and the samples were incubated at an ethanol 

concentration of 75 % and 4 °C overnight. The ethanol concentration was increased 

successively with 4 more exchange steps with incubation times of 15 min resulting in a 

final ethanol concentration of 98.4 % (Brüggemann, 2010). Finally, the remaining liquid 

was removed and the samples were dried at room temperature. Cell samples were fixated 

with 2 % glutaraldehyde (GA) solution and cells grown on fibrinogen scaffolds were fixated 

with 4 % formaldehyde (FA) vapor. Subsequently, all samples were dried by ethanol 

exchange before they were sputter-coated with gold. 

The cell morphology and cell interaction with the respective substrates were analyzed with 

SEM. SEM analysis of fixated cells was conducted with a Zeiss Auriga field emission 

device (Carl Zeiss). The samples were sputter-coated with 7 nm of gold in a Bal-tec SCD 

005 sputter system (Leica Microsystems GmbH). All SEM measurements were performed 

with an operating voltage of 3 kV.  
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2.6.4 Cell mechanics 
To analyze the mechanical characteristics of 3T3 fibroblasts on collagen scaffolds an 

MFP3D atomic force microscope (AFM, Asylum Research) was used. An optical light 

microscope was combined with the AFM to control the scanning process. Following, the 

fibroblast stiffness on different collagen scaffolds was measured with MLCT-BIO 

cantilevers. To average the stiffness over a large contact area, the indentation depths 

were always between 200 nm and 500 nm giving values that do not depend on local 

variations of the cytoskeleton structure (Pogoda et al. 2012). After 24 h growth time on the 

respective substrate types cell samples were transferred to the AFM and constantly 

supplied with CO2. The AFM tip was approached to each fibroblast in an area close to the 

cell nucleus (see Fig. 27), where the cell reaches its maximum height. This process can 

be seen in the approach and retract curves showing the deflection of the cantilever (see 

Fig. 27 B). A minimum of 17 cells per substrate type was analyzed. A minimum of 100 

force curves was acquired over an area of 5 × 5 μm in the form of grids, called force maps 

or volumes. 

 

 

Figure 27. AFM force curve on a cell. Schematic representation of cantilever and cell (A); the 
cantilever is first free in air (1), then in contact with the cell (2), indenting the sample (3), 
and finally retracted (4). AFM approach and retract force curves (B). Numbers 1 to 4 
correspond to those of the sketch in (A), the blue curve represents the Hertz fit. 
(adapted from Rianna and Radmacher 2016). 
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Subsequently, the data analysis package IGOR (Wavemetrics) was used to obtain the 

Young’s modulus of 3T3 fibroblasts. The Hertzian model for pyramidal tips was used to 

calculate the Young’s modulus for each force curve within a force map (Guz et al. 2014).  

 

𝐹 =
1

√2
𝑡𝑎𝑛 ∝

𝐸

1 − 𝜗2
𝛿2 

Equation 3: The Hertzian model for pyramidal tips. Where F is the loading force, δ is the 

indentation depth, ν is the Poisson’s ratio that depends on the material (for cells is 

generally set to 0.5, since the volume is conserved during compression). α is the 

semi-opening angle of the pyramidal face angle. (Rianna and Radmacher 2016) 

 

The median of these values was considered as a representative modulus of a force 

volume, hence of each cell region. An average of three independent experiments (n=3) 

was analyzed. The statistical analysis of AFM experiments was conducted with the data 

analysis package IGOR (Wavemetrics). The data presented for cell stiffness are 

presented as median ± standard deviation. 

 

2.6.4 Cell Tracking (DiI) 

1,1-Dioctadecyl-3,3,3,3-tetramethylindocarbocyanine perchlorate (DiI) (see Fig. 28) is a 

fluorescent lipophilic cationic indocarbocyanine dye, which is usually available as a 

perchlorate salt. As DiI is retained in the lipid bilayers, it is mostly used for scientific 

staining purposes, such as single-molecule imaging, fate mapping, and neuronal tracing 

(Jensen and Berg 2016).  

 

 

Figure 28. DiI molecular structure. DiI is a fluorescent lipophilic cationic indocarbocyanine dye, 
which is usually made as a perchlorate salt. (URL 4) 
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DiI Vybrant TM cell-labeling solutions (Fisher Scientific) were used to stain the lipid 

membrane of 3T3 fibroblasts on different substrates during live-cell tracking. DiI was 

prepared in DMEM medium with 5 µl DiI of 1 mM in ethanol DiI solution in 9995 µl DMEM. 

3T3 fibroblasts on different substrates were cultivated for 24 h before adding 1 ml DiI 

solution to each sample and incubated for 30 minutes at 37 °C. Cells were tracked over 

20 h in the fluorescence microscope with 20x magnification using the Quadband filter.  

A Nikon Eclipse Ti inverted fluorescence microscope was used for phase contrast and 

fluorescence imaging of cell samples during live-cell tracking. The membrane lipids in live 

imaging were imaged at an emission wavelength of 565nm. For live-cell imaging cells 

were kept under a humidified atmosphere, 37 °C and 5 % CO2. Cells were seeded on 

each substrate type in 12-well-plates using triplicates for each sample type. Columns were 

used for one substrate type and the replicates were organized in rows (see Fig. 29). The 

imaging scheme was kept the same in all experiments. Each row was imaged after the 

other as shown in Fig. 29 highlighted with red arrows. Fibroblasts on collagen scaffolds 

were imaged every 2 min. Cells grown on fibrinogen were imaged every 5 min. 

 

 

Figure 29. Schematic overview of a typical 12-well-plate for live-cell tracking. Triplicates of 
each substrate type like fibers, smooth and binary patterned protein scaffolds, and glass 
as control were seeded in columns. No 1, No 2, and No3 show the number of each 
triplicate in rows. The red arrows highlight the imaging way while live-cell tracking. All 
collagen and fibrinogen cell tracking experiments were set-ups as depicted in this figure.  
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Cell migration velocity and distance were determined with the Nikon NIS-Elements AR 

tracking module. All shown results represent four independent experiments (n=4) with 

triplicates for each substrate type. An exemplary image of DiI-stained fibroblasts is shown 

in Figure 30 A. The Nikon tracking tool recognizes the characteristic shape and 

automatically tracks every cell over the defined time. The dislocation of each cell is 

recognized by the software and displayed as individual paths (see Fig. 30B).  

 

 

Figure 30. Fluorescence image of 3T3 fibroblasts grown on glass stained with DiI. Cells were 
grown on different substrates. (A) The dye accumulates around the nucleus forming 
fluorescent sickle-shapes, which can be recognized by the tracking software. (B) The 
tracking software tool recognizes each cell and tracks the movement of each cell. Scale 
bar represents 100 µm.  

 

Over 20 h, images were collected with a pco.edge 4.2 LT CMOS camera (PCO, Kelheim, 

Germany) at 2 min intervals using the Nikon NIS-Elements AR tracking module. Live cell 

tracking was conducted in four independent experiments (n = 4) with triplicates for each 

substrate type. To ensure statistical relevance, videos with less than 20 tracks were 

excluded from the velocity analysis. Tracking data (position data) were imported in the 

data analysis package IGOR (Wavemetrics) for further analysis. Velocities were 

calculated in a 20 min window (i.e. from 10 or 4 position data depending on the frame rate 

of the video), where the window is sliding over the entire video sequence by shifting it by 

10 minutes. These velocity data (typically 10.000 to 50.000 data points per sample type) 

were investigated for differences between the different collagen topographies. Since 
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velocity data showed a log-normal distribution, the logarithm of the velocity was 

considered here, which showed a normal (Gaussian) distribution. Since case numbers 

were very high, even the tiniest differences would show up as statistically significant. 

Thus, a measure for the size of differences by using Cohen’s d was calculated first. 

Cohen's d was the difference between two statistical samples (here two different 

topography types) normalized by the combined standard deviation, i.e. by the geometrical 

mean of the two standard deviations. Since the velocity histograms showed a main peak 

at around 50…100 nm min-1 and a secondary peak at very low velocities (at around 1...10 

nm min-1), which corresponds to non-mobile cells and reflects the accuracy of our position 

data, the mean and standard deviations values used for calculating Cohen's d were 

obtained from a Gaussian fit to the main peak of the histogram. Only Cohen’s d > 0.2 was 

considered as a significant or large effect (Cohen 2013). In these cases, significance 

values obtained from a Student's t-test (on the log v data) were always considered as 

highly significant (i.e. < 10-6). All velocity data were plotted as peak values of log (v) (from 

the Gaussian fit to the histograms) and subsequently displayed as v ± standard deviation 

using the software Graphpad Prism (GraphPad). 
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3. Results 

This work aimed to establish a biophysical platform, which combines smooth and 

nanofibrous topographies in a single protein scaffold to study the influence of 

topographical cues on cell growth. The results of this study will be presented in the 

following subchapters. To establish a new scaffold type, which provides a combination of 

nanofibrous and smooth topographies, collagen was initially used as a model system 

before this concept was transferred to the plasma protein fibrinogen. First, results of 

collagen scaffold development will be presented, including characterization, and 

improvement including the stability of nanofibers for cell culture and substrate thickness of 

the nanofibrous scaffold. Subsequently, the results of cellular interaction with nanofibrous 

and smooth collagen scaffolds will be presented. In the second part of this chapter, the 

morphological analysis of a novel class of nanofibrous fibrinogen scaffolds will be 

introduced, and the results of the cellular interaction with this new scaffold type will be 

presented. Finally, a new binary biomaterial will be introduced, which combines smooth 

and nanofibrous topographies of different proteins in a single scaffold.  

3.1 Collagen scaffolds 

In the following chapter, the development and improvement of collagen scaffolds prepared 

by self-assembly will be described. The results from morphological scaffold analysis with 

SEM, AFM, and phase-contrast microscopy will be presented.  

3.1.1 Self-assembly and Crosslinking 

The addition of salt to collagen resulted in nanofiber formation. For the application of the 

collagen scaffolds in cell culture the smooth collagen needed to be cross-linked to prevent 

fiber formation. Due to the ionic strength in the cell culture medium, non-cross-linked 

collagen would form fibers. To assure, that the biochemistry for both smooth and 

nanofibrous collagen would remain the same, the collagen nanofibers were also cross-

linked with 2% GA. An image of non-cross-linked collagen nanofibers is shown in 

Figure 31. A suitable cross-linker should preserve the fiber morphology. Planar collagen 

did not show any fibrous structures (see Fig. 31B).  
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Figure 31. SEM image of not cross-linked collagen nanofibers (A) and planar collagen (B) 
prepared with 0.5 mg ml-1. A dense network of collagen fibers with different diameters 
and fiber bundles was found. 

 

To provide a reproducible protein scaffold for subsequent cell culture experiments, 

different crosslinking techniques were explored. The high ionic strength in the cell culture 

medium may lead to fiber formation on smooth collagen samples under cell culture 

conditions. Therefore, to reproducibly compare collagen scaffolds with different 

topographies, i.e. nanofibers versus smooth surfaces, the scaffolds needed to be cross-

linked. To preserve the respective morphology, different crosslinking methods were 

studied. Chemical cross-linkers, like EDC, methanol, glutaraldehyde, and formaldehyde, 

were used, as well as a physical crosslinking method with ultraviolet irradiation. 

Comparative SEM images of collagen nanofibers and smooth collagen samples cross-

linked with these different approaches are shown in Figure 32. Crosslinking with EDC led 

to blurred fiber morphology (A) and an uneven surface for the smooth scaffold (B). UV-

radiation exhibited a more distinct fiber morphology (C) but a rough appearing smooth 

surface (D).  

Nanofibers cross-linked with liquid formaldehyde (E) and methanol (G) did not preserve 

the fibrous topography prepared by self-assembly so that the topography of smooth and 

fibrous samples did not vary significantly from each other (see smooth formaldehyde 

sample in (F) and smooth methanol sample in (H)). For collagen nanofibers cross-linked 

with liquid glutaraldehyde, the distinct fiber morphology was well preserved (I), while 

smooth collagen cross-linked with glutaraldehyde depicted a smooth surface. In summary, 

both collagen topographies were best preserved by the glutaraldehyde crosslinking 

procedure. Thus, it was used as a standard operating procedure during subsequent cell 

culture studies.  
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Figure 32. SEM images of dried collagen scaffolds prepared with 0.5 mg ml-1 were cross-
linked with different crosslinking methods. Collagen nanofibers (A) and smooth 
collagen (B) cross-linked with EDC. Collagen nanofibers (C) and smooth collagen (D) 
cross-linked with 30 min UV-radiation. Collagen nanofibers (E) and smooth collagen (F) 
cross-linked with 4% FA. Collagen nanofibers (G) and smooth collagen (H) cross-linked 
with methanol. Collagen nanofibers (I) and smooth collagen (J) cross-linked with 2% 
GA. Scale bars represent 2 µm. 
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In preparation for later cell culture studies, it was also analyzed on which different 

substrate materials collagen could be assembled into nanofibers. Therefore, collagen 

nanofiber assembly was carried out on polycarbonate (see Fig. 33A), Lumox® Foil (see 

Fig. 33B), anodized aluminum oxide (see Fig. 33C) and piranha-cleaned glass slides (see 

Fig. 33D). It can be seen that nanofibers prepared with 0.5 mg ml-1 exhibited well-defined 

fiber morphologies on all these surfaces. Self-assembly of collagen nanofibers on AAO 

yielded the lowest surface coverage. Overall, the collagen fiber assembly was found to be 

independent of the underlying substrate material. In the following cell, culture studies all 

experiments were conducted on the glass to facilitate reproducible settings for 

microscopic analysis of cell cultures on collagen scaffolds.  

 

Figure 33. SEM images of Collagen fibers prepared with 0.5 mg ml-1 collagen. Fiber assembly 
was successful on different surfaces like polycarbonate (A), Lumox® Foil (B), anodized 
aluminum oxide (C), and piranha-cleaned glass (D). Scale bars represent 1 µm.  

 

3.1.2 Surface coverage  

A homogeneous and complete coverage with the protein scaffold was required to carry 

out cell culture studies on protein scaffolds with different topographies. Self-assembly of 

collagen by simple drying overnight led to an irregular surface coverage where only 

approximately 50% of the carrier substrate was covered with collagen nanofibers (see 

Figure 34 (A)). In particular, for low collagen concentrations in the self-assembly solution, 

a full surface coverage on glass cover slides could not be achieved. To assure good 

overall coverage independent of the protein concentration we studied how the surface 

coverage could be increased, using 0.5 mg ml-1 as exemplary collagen concentration. For 

this purpose, an ultrasonication step was added to the preparation procedure. While 

assembling collagen nanofibers, the samples were exposed to ultrasonication for 30 min 

(Spurlin et al. 2010). Introducing this step allowed us to reproducibly achieve a surface 

coverage of approximately 100% in comparison to 50% without using self-assembly 

(Figure 34B).  
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Figure 34. SEM image of collagen nanofibers prepared with 0.5 mg ml-1. Self-assembly without 
ultrasonication (A) and surface coverage after introducing 30 min of ultrasonication (B). 
Dark grey areas represent confluent protein layers and lighter grey areas represent the 
glass where no fibers could be assembled.  

 

3.1.3 Collagen nanofiber morphology 

With the preparation of self-assembled collagen scaffolds using a simultaneous ultra-

sonication step, porous networks of nanofibrous collagen were reproducibly obtained (see 

Fig. 35). Collagen nanofibers prepared with 0.5 mg ml-1 displayed distinct fiber 

morphology with fiber diameters of 136 ± 5 nm (see Fig. 35A). Higher collagen 

concentrations of 2.5 mg ml-1 yielded less porous nanofiber networks with fiber diameters 

of 149 ± 12 nm and single nanofibers assembling into fiber bundles (see Fig. 35D). Using 

cross-sectional SEM analysis scaffold thicknesses between 200 and 600 nm were found 

for collagen scaffolds prepared with 0.5 mg ml-1 (see Fig 35 B), and scaffolds prepared 

with 2.5 mg ml-1 displayed thicknesses between 4 and 7 µm (see Fig. 35E).  
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Figure 35. Nanotopography of nanofibrous collagen scaffolds prepared with 0.5 mg ml-1 
collagen (A to C) and prepared with 2.5 mg ml-1 collagen (D to F). (A) and (D) show 
SEM images of dried scaffolds. (B) and (E) show AFM scans (deflection error) of dried 
scaffolds. (C) and (F) show AFM images of collagen scaffolds rehydrated in DMEM. 

 

To evaluate the influence of aqueous cell culture environment on the nanotopographical 

features collagen scaffolds were rehydrated in DMEM cell culture medium. AFM analysis 

showed that the fiber morphology was preserved for both protein concentrations in DMEM 

(see Fig. 35C and 35F).  

Smooth collagen scaffolds exhibited a very smooth surface in the dried state for both 

concentrations of 0.5 mg ml-1 and 2.5 mg ml-1 (see Figure 36A and 36B). Scaffolds 

prepared with 0.5 mg ml-1 were approximately 400 nm thick, whereas smooth samples 

prepared with 2.5 mg ml-1 ranged approximately from 8 to 10 µm (see Fig 36B and 36E). 

Smooth scaffolds prepared with 0.5 mg ml-1 rehydrated with DMEM exhibited more 

pronounced topographical features than scaffolds prepared with 2.5 mg ml- (see Fig. 36C 

and 36F).  
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Figure 36. Nanotopography of smooth collagen scaffolds prepared with 0.5 mg ml-1 collagen 
(A to C) and prepared with 2.5 mg ml-1 collagen (D to F). (A) and (D) show SEM images 
of dried scaffolds. (B) and (E) show AFM scans of dried scaffolds. (C) and (F) show 
AFM images of collagen scaffolds rehydrated in DMEM.  

 

To characterize the surface roughness of collagen scaffolds AFM height images were 

analyzed and height profiles were obtained (see Fig. 37). Exemplary height variations in 

the profiles are shown in Figure 37 for collagen scaffolds prepared with 0.5 mg ml-1. These 

profiles were in the range of several nanometers for both, fibrous and smooth, scaffolds 

rehydrated in DMEM (see Fig 37 A, B, and C, D). The difference between smooth and 

fibrous collagen scaffolds was more evident for collagen scaffolds prepared with 2.5 mg 

ml-1 (see Fig. 37 E to H). Height profiles of fibrous scaffolds showed variations around 100 

nanometers while the height profiles of smooth collagen scaffolds were in the lower 

nanometer range. 

For both concentrations, fibrous scaffolds exhibited stronger variations of height profiles 

than smooth scaffolds. To analyze the roughness of the height images an ROI of 1 µm 

was chosen and moved over the entire image.  
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Figure 37. AFM height images of collagen scaffolds prepared with 0.5 mg ml-1 (A and B) and 
2.5 mg ml-1 (E and G) and height profiles of fibrous collagen scaffolds (B) and 
smooth collagen (D) prepared with 0.5 mg ml-1 and fibrous collagen scaffolds (F) 
and smooth collagen (H) prepared with 0.5 mg ml-1. AFM scans display height 
images of the respective collagen scaffolds. The offset was subtracted from the height 
images. White lines show the location of the height profiles displayed in (B), (D), (F), 
and (H). All collagen scaffolds were rehydrated with DMEM cell culture medium.  

 

AFM analysis showed that overall, dry and rehydrated nanofibers prepared with 

0.5 mg ml-1 collagen displayed a lower roughness than the respective scaffolds fabricated 

with 2.5 mg ml-1 (see Table 4). Scaffolds rehydrated in DMEM in comparison to dried 
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scaffolds showed increased roughness values for both collagen concentrations. 

Interestingly, the roughness values for smooth collagen scaffolds prepared with 

2.5 mg ml-1 were found to be lower after rehydration. Smooth collagen scaffolds prepared 

with 0.5 mg ml-1 exhibited the lowest roughness value. After rehydration, the roughness of 

smooth collagen prepared with 0.5 mg ml-1 was comparable to smooth collagen scaffolds 

prepared with 2.5 mg ml-1.  

 

Table 4. Root mean square roughness (Rq) of dried and rehydrated collagen scaffolds. For 
roughness analysis, three independent samples were analyzed. Three images of 5x5 
µm were scanned with an ROI of 1 µm (25 ROIs). The values given in the table 
represent mean Rq-values with standard deviation. 

 0.5 mg ml-1 2.5 mg ml-1 

Rq dried (nm) 
Rq rehydrated 

(nm) 
Rq dried (nm) 

Rq rehydrated 

(nm) 

Collagen fibers 39.9 ± 1.2 43.2 ± 3.8  46 ± 5.7  114.8 ± 87.5  

Smooth 
collagen 

8.8 ± 4.3  29 ± 5.4  27.3 ± 3.2  22.6 ± 6.6  

 

To analyze the swelling behavior of collagen nanofibers prepared with 0.5 mg ml-1 and 

2.5 mg ml-1 after incubation in the cell culture medium, additional fiber diameter analysis 

was carried out with SEM for dry samples and with AFM for dry and rehydrated scaffolds 

(see Table 5).  

SEM analysis of dried collagen nanofibers resulted in comparable diameters of 

approximately 140 nm independently of the collagen concentration. With diameters of 

approximately 230 nm AFM analysis of dried collagen fibers resulted in higher fiber 

diameters than the previous SEM analysis. After rehydration in DMEM cell culture, 

medium AFM analysis yielded fiber diameters of approximately 400 nm, independently of 

the collagen concentration. This result shows that collagen scaffolds prepared with 0.5 mg 

ml-1 collagen have a swelling factor of approximately 1.9 and scaffolds prepared with 

2.5 mg ml-1 had a swelling factor of approximately 1.67.  

 

 



 3. Results 

81 
 

Table 5. Fiber diameters (FD) of dried and rehydrated collagen fibers. Diameters of dried 
collagen fibers were measured with SEM and AFM. Diameters of collagen fibers 
rehydrated in DMEM were measured with AFM.  

 SEM AFM 

 FD dried (nm) FD dried (nm) FD rehydrated (nm) 

0.5 mg ml-1 
Collagen 

137 ± 5 228 ± 21  435 ± 34  

2.5 mg ml-1 
Collagen 

149 ± 12 232 ± 5 388 ± 22 

 

3.1.4 Collagen scaffold mechanics 

To characterize the stiffness of nanofibrous and smooth collagen scaffolds, AFM 

measurements were performed. Thereby, force curves were obtained, which appeared 

infinitely stiff for both, nanofibrous and smooth collagen scaffolds independent of the 

collagen concentration. Exemplary force curves for nanofibrous and smooth collagen 

scaffolds prepared with 0.5 mg ml-1 collagen are shown in Figure 38. The slope of 

approximately 1 in these diagrams is typical for stiff substrates. Stiff hydrogels have been 

reported with values of 30–40 kPa (Rianna and Radmacher 2017). In other studies, glass 

controls were reported to be nearly infinitely stiff (Bhana et al. 2010). While glass has 

young’s moduli of 40 – 90 kPa (Kuchling 2011). Since only such steep force curves were 

obtained the Young’s moduli of nanofibrous or smooth collagen scaffolds could not be 

calculated, as they appear infinitely stiff for the MLCT Bio cantilevers used in this study.  
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Figure 38. Exemplary force-distance curves on nanofibrous collagen scaffolds (A) and 
smooth collagen scaffolds (B) prepared with 0.5 mg ml-1 collagen. Force-distance 
curves with a slope of approximately 1 are typical for very stiff substrates 

 

Representative force curves for nanofibrous and smooth collagen scaffolds prepared with 

2.5 mg ml-1 collagen are shown in Figure 39. Again, the slope of approximately 1 is typical 

for stiff substrates. Despite the higher collagen scaffold thickness, these force curves were 

not suited either to obtain the Young’s modulus, since these thicker scaffolds also 

appeared infinitely stiff.  
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Figure 39. Exemplary force-distance curves on nanofibrous collagen scaffolds (A) and 
smooth collagen scaffolds (B) prepared with 2.5 mg ml-1 collagen. Force-distance 
curves resemble typical curves for stiff substrates like glass.  

 

3.1.5 Collagen scaffolds with binary surface topography  
To study the influence of surface topography on cellular interactions without altering 

biochemical or mechanical cues a new protein scaffold platform was established based on 

the results presented in sections 3.1.1 to 3.1.4. A new process was developed, which 

facilitated the preparation of protein scaffolds with nanofibrous and smooth topographies 

in the same scaffold. The workflow to prepare these topographically patterned scaffolds is 

based on the self-assembly of collagen into nanofibers, and the technical details were 

described in chapter 2.3.4 Binary Substrates.  

For cell culture applications a visible boundary between smooth and nanofibrous areas is 

important to facilitate time-critical cell culture studies in dependence of the underlying 

scaffold topography. When the patterning process, shown in Fig. 19, was carried out 

phase-contrast microscopy of dried collagen scaffolds revealed a defined boundary 

between the different topographies for both collagen concentrations (see Fig. 40). Smooth 

and nanofibrous areas were distinguishable via phase-contrast microscopy, thus enabling 

further cell culture studies. 
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Figure 40. Phase-contrast images of dried collagen scaffolds prepared with 0.5 mg ml-1 
collagen (A) and 2.5 mg ml-1 collagen (B) with binary topography patterns. The 
boundary between smooth and fibrous areas is visible in phase-contrast images.  

 

Subsequent SEM analysis showed that the different topographies were successfully 

established in the different scaffold regions (see Fig. 41B and C). For the first time, a 

scaffold made from one protein with two different topographies was introduced with this 

process (see Fig. 41A). First, the novel patterning routine was established with thin binary 

collagen scaffolds prepared from 0.5 mg ml-1 (see Fig. 41B) and subsequently with thick 

scaffolds fabricated with 2.5 mg ml-1 collagen (see Fig. 41C). SEM analysis showed that 

the differences in surface topography were more pronounced for thick than for thin 

collagen patterns. Moreover, SEM analysis confirmed that the border between both 

topographies was clearly defined for both concentrations. With this new procedure, the 

first-time preparation of binary collagen scaffolds with spatially controlled variations of the 

nanotopography in the same scaffold was achieved. Overall, this novel preparation 

method was highly reproducible, thus facilitating subsequent cell culture experiments, 

which will be presented in the following chapters.  
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Figure 41. Preparation of collagen scaffolds with patterned nanofiber and smooth 
topographies. Schematic of the preparation process by combining collagen self-
assembly with polymer mask patterning (A). The shown scheme shows the standard 
procedure used throughout this study. In a first step, a polymer mask was added on the 
substrate covering half of the carrier substrate. In the second step, protein fibers were 
assembled and cross-linked. In the third step, the polymer mask was removed and the 
samples were washed. In the fourth step, a smooth protein layer was assembled, 
fixated, washed, and finally dried. SEM images of topographically patterned protein 
scaffolds prepared with 0.5 mg ml-1 (B) and with 2.5 mg ml-1 collagen(C). 
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3.1.6 Cellular response to nanostructured collagen scaffolds 
In this subchapter, the results on the cellular response to self-assembled collagen 

scaffolds will be presented. First, results on the cell viability obtained with a LIVE/DEAD® 

staining and the metabolic WST-1 assay will be shown. Later, the results of cell 

morphology analysis by fluorescence and confocal microscopy as well as SEM results 

and the analysis by live-cell tracking will be presented.  

3.1.6.1 Cell viability 

To measure the viability of 3T3 fibroblasts on collagen scaffolds Calcein-EthD-1 staining 

was performed in initial experiments. Living cells were stained in green and dead cells 

were stained in red. Phase-contrast images were used to visualize the cell shape. An 

exemplary selection of cell images on different collagen substrates prepared with 0.5 mg 

ml-1 and control substrates after a growth time of 72 h is shown in Fig. 42. Fluorescence 

microscopy analysis revealed that almost all cells on the different substrates were alive 

after this time. Except for the dead cell control, only a few dead cells were detected on 

collagen nanofibers, smooth collagen, and glass. In phase-contrast mode, it could be 

shown that dead cells were much smaller and rounder while live cells exhibited a spindle-

like shape, which is typical for fibroblasts. 
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Figure 42. Fluorescence images of 3T3 fibroblasts on different substrates after 72 h 
cultivation time. Living cells were stained with Calcein (green) on collagen fibers 
prepared with 0.5 mg ml-1 (A), smooth collagen prepared with 0.5 mg ml-1 (E), glass 
control (I), and dead cells (M). Dead cells on collagen fibers (B), smooth collagen (F), 
glass control (J) and dead cells (N) were stained with EthD-1 (red). Phase-contrast 
images of 3T3 fibroblasts on collagen fibers (C), smooth collagen (G), glass control (K), 
and dead cells on glass (O). An overlay of all channels is shown for 3T3 fibroblasts on 
collagen fibers (D), smooth collagen (H), glass control (L), and dead cells on glass (P). 
Scale bars represent 100 µm  

 

As a reference substrate, glass substrates were used. One positive control (PC) on glass 

was included per experiment, where all cells were killed incubation in Triton. The 

percentage of live cells per sample was calculated using the following equation: 
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𝐿𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 [%] =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠

(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑣𝑒 + 𝑑𝑒𝑎𝑑 𝑐𝑒𝑙𝑙𝑠) 
∗ 100 

Equation 4: Percentage of the viability of the CalceinAM assay. 

 

As shown in Fig. 43, the average percentage of viable cells was over 80 % for all 

substrates. On smooth collagen after 24 h of growth time, 84 ± 7 % viable cells were 

found, which was significantly lower than 89 ± 5 % viable cells on collagen nanofibers 

(p ≤ 0.01). On glass 91 ± 4 % viable cells were found, which was significantly more than 

on smooth collagen (p ≤ 0.01).  

From 24 h to 48 h the percentage of viable cells on collagen nanofibers increased 

significantly from 89.5 ± 5 % to 94 ± 3 % (p ≤ 0.01) and to 98 ± 1 after 72 h (p ≤ 0.0001). 

The same trend was observed for cells grown on smooth collagen, where the percentage 

of viable cells increased from 84 ± 7 % after 24 h to 93 ± 4 % after 48 h and to 72 h of 

growth time (p ≤ 0.0001). After 72 h growth time 98 ± 1 % viable cells were found on 

collagen nanofibers, which was significantly more than on smooth collagen displaying 

93 ± 4 % viable cells (p ≤ 0.01). All positive controls showed 100 % of dead cells. 

The assay was performed on collagen scaffolds prepared with 0.5 mg ml-1 collagen 

because scaffolds prepared with 2.5 mg ml-1 collagen exhibited a strong autofluorescence 

signal, which impeded the analysis of the assay. Since the LIVE/DEAD staining was 

limited to analyzing only scaffolds prepared with 0.5 mg ml-1 collagen WST-1 assay was 

introduced as an alternative viability assay. The WST-1 assay allowed the analysis of cell 

viability independent of the substrate since the readout was not conducted by 

fluorescence microscopy. Instead, the supernatant containing the formazan was 

measured photometrically.  
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Figure 43. Percentage of viable 3T3 fibroblasts on different substrates (LIVE/DEAD® 
staining). Percentage of viable fibroblasts grown on 0.5 mg mL-1 smooth collagen, 
0.5 mg mL-1 collagen nanofibers, and glass for 24 h, 48 h, and 72 h. Positive control 
represents dead cells on glass. As all cells died on this sample the percentage of living 
cells was too small to be displayed. n = 4 experiments were conducted. Data are 
presented with average ± standard deviation of replicates. PC is excluded from ANOVA-
test. Significant differences indicated by * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** 
p ≤ 0.0001 (data for 24 h were collected by Sophie Stebel as part of her BSc thesis 
(Stebel 2018)). 

 

Using the WST-1 proliferation assay, comparable results for the proliferation of 3T3 

fibroblasts on nanofibrous and smooth collagen scaffolds were obtained over a time 

period of 72 h in culture. These observations were independent of the collagen 

concentration (see Fig. 44). The proliferation rate of fibroblasts grown on smooth collagen 

prepared with 2.5 mg ml-1 was significantly lower than on glass (p ≤ 0.05) after 48 h 

growth time. For both collagen concentrations, the cell proliferation rate was highest on 

glass controls after 72 h cultivation. After 72 h in culture the proliferation rate of fibroblasts 

on fibrous and smooth collagen scaffolds prepared with 0.5 mg ml-1 was significantly lower 

than on glass (p ≤ 0.0001) (see Fig. 44A). The proliferation rate of fibroblasts on smooth 

collagen scaffolds prepared with 2.5 mg ml-1 and 0.5 mg ml-1 collagen was significantly 

lower than the proliferation rate on glass controls (p ≤ 0.0001). After 72 h, proliferation 

rates on fibrous and smooth collagen scaffolds were significantly lower than on glass 

(p ≤ 0.0001) (see Fig. 44B).  
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Figure 44. The proliferation of 3T3 fibroblasts on collagen scaffolds prepared from 0.5 mg-1 
(A) and 2.5 mg ml-1 (B) obtained with WST-1. Cell proliferation was plotted for time 
points of 24, 48, and 72 h. n = 4 experiments were conducted. Data are presented with 
average ± standard deviation of replicates. PC excluded from ANOVA-test. Significant 
differences indicated by * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 

 

Using the WST-1 proliferation assay comparable viabilities were obtained for 3T3 

fibroblasts on nanofibrous and smooth collagen scaffolds until 72 h in culture. These 

observations were independent of the protein concentration (see Fig. 45). The dashed 

lines between 100 % and 70 % define the “biocompatible viability range” for biomaterials 

according to the norm (EN ISO 10993-5:2009). The viability was plotted in relation to the 

metabolic activity of 3T3 fibroblasts on the glass control. After 24 h the viability of cells on 

all substrate types prepared with 2.5 mg ml-1 collagen decreased below 70 %. The 

decrease of cell viability did not result in a significant difference between different 

substrates prepared from 0.5 mg ml-1.  

For cells grown on fibrous collagen scaffolds prepared with 2.5 mg ml-1 the viability 

decreased significantly after 72 h (p ≤ 0.05). Cell viability on smooth collagen scaffolds 

decreased after 48 h (p ≤ 0.05) and 72 h (p ≤ 0.01).  
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Figure 45. Relative viability of 3T3 fibroblasts on collagen scaffolds prepared with 
0.5 mg ml 1 (A) and 2.5 mg ml-1 (B) obtained from WST-1. Dashed lines represent 
100 % and 70 % of the glass control. Cell viability was plotted for time points of 24, 48, 
and 72 h. n = 4 experiments were conducted. Data are presented with average ± 
standard deviation of replicates. PC is excluded from ANOVA-test. Significant 
differences indicated by * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 

 

3.1.6.2 Cell morphology 
NIH 3T3 fibroblasts were cultivated on collagen scaffolds prepared with two different 

concentrations, consisting of either nanofibrous or smooth topography. To analyze the cell 

morphology over a time of 72 h the cytoskeletal actin filaments were stained with 

phalloidin and imaged with fluorescence microscopy (see Fig. 46). 3T3 fibroblasts showed 

a trend towards a spindle-like and more elongated morphology with long filopodia, on 

collagen nanofibers independent of the protein concentration (Fig. 46A to 46F). In 

contrast, fibroblasts, which were cultivated on smooth collagen, displayed a more flat 

morphology and larger cell areas than cells on collagen nanofibers (Fig. 46G to 46L). 

Morphological differences were found to be most pronounced after 48 h in culture.  
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Figure 46. Fluorescence microscopy images of 3T3 fibroblasts on nanofibrous collagen 
prepared with 0.5 mg ml-1 (A to C) and with 2.5 mg ml-1 concentration (D to F) and on 
smooth collagen substrates prepared with 0.5 mg ml-1 (G to I) and with 2.5 mg ml-1 
concentration (J to L). Nuclei were stained with Dapi (blue) and actin filaments with 
phalloidin (red). Scaffolds prepared with 2.5 mg ml-1 express higher autofluorescence 
due to higher protein concentration. Scale bars represent 20 µm. 

 

Using fluorescence microscopy images, the average single-cell area and single-cell 

perimeter were analyzed to characterize the morphological differences in more detail. Due 

to the strong autofluorescence of collagen, this analysis could only be performed on thin 

collagen scaffolds prepared with 0.5 mg ml-1. Moreover, the circularity of the cells and the 

total substrate coverage were calculated. The area of the respective microscope images 
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was defined as Aimage. The total area covered with actin was determined with ImageJ as 

described in section 3.1.6.2 Cell morphology and defined as total cell area A(total cell area) 

was determined with ImageJ. The relative cell-covered area Acovered was determined by 

the following equation:  

 

𝐴𝑐𝑜𝑣𝑒𝑟𝑒𝑑 [%] =  
𝐴𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑎𝑟𝑒𝑎 

𝐴𝑖𝑚𝑎𝑔𝑒
∗ 100 

Equation 5: Percentage of the total area covered with cells. The relative cell covered 

area was determined by calculating the percentage of actin covered area for 

each image.  

 

As presented in Figure 47 and summarized in Table 6, the average area of fibroblasts on 

different substrates after a growth time of 24 h was the largest on smooth collagen films 

with 1796 ± 6 µm2, differing significantly from collagen nanofibers (p ≤ 0.001) and glass (p 

≤ 0.0001). Cells on collagen nanofibers had an average cell area of 1233 ± 3 µm2; 

however, cells on glass had an area of 901 ± 3 µm2. These trends remain after 48 h 

growth time, while the significance levels decrease. The cell area decreased to 

926 ± 2 µm2 on collagen nanofibers in contrast to an average cell area of 1378 ± 3 µm2 on 

smooth collagen, still being significantly different (p ≤ 0.01). In comparison to smooth 

collagen films, cells on glass displayed an increased average cell area of 1033 ± 3 µm2 (p 

≤ 0.05). After 72 h the differences in cell area were less pronounced. Cells on nanofibrous 

collagen exhibited a cell area of 959 ± 214 µm2 in contrast to cells on smooth collagen 

films with an area of 1497 ± 3 µm2 (p ≤ 0.01). 
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Figure 47. Single-cell area of 3T3 fibroblasts grown on fibrous collagen, nanofibrous 
collagen prepared with 0.5 mg ml-1 collagen and glass for 24 h, 48 h, and 72 h. n = 
4 experiments were conducted. Data are presented with average ± standard deviation 
of replicates. Significant differences indicated by * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, 
**** p ≤ 0.0001. (data for 24 h acquired by (Stebel 2018)) 

 

As an additional parameter for differences in cell shape the perimeter of fibroblasts on the 

different substrates was analyzed. As shown in Figure 48 the cell perimeter was largest 

on smooth collagen after 24 h growth time, with an average perimeter of 543 ± 1 µm, a 

significantly higher value (p ≤ 0.01) than for fibroblasts on collagen nanofibers with a 

perimeter of 433 ± 9 µm. With a perimeter of 282 ± 6 µm fibroblasts on glass had a 

significantly smaller perimeter than cells on nanofibrous collagen (p ≤ 0.0001) and smooth 

collagen (p ≤ 0.001). Overall, the perimeter of cells grown on collagen nanofibers, and 

smooth collagen decreased significantly between 24 h and 48 h growth time. Over the 

growth time of 72 h, this trend was stable. Fibroblasts grown on smooth collagen showed 

the largest perimeter, while cells on glass exhibited the smallest perimeter, and fibroblasts 

on collagen nanofibers showed an intermediate perimeter between smooth collagen and 

glass for all examined time points. With increasing growth time, the significance 

decreased.  
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Figure 48. Cell perimeter of 3T3 fibroblasts grown on smooth collagen and fibrous collagen 
prepared with 0.5 mg ml-1 collagen for 24 h, 48 h, and 72 h. n = 4 experiments were 
conducted. Data are presented with average ± standard deviation of replicates. PC 
excluded from ANOVA-test. Significant differences indicated by * p ≤ 0.05, ** p ≤ 0.01, 
*** p ≤ 0.001, **** p ≤ 0.0001. (data for 24 h acquired by (Stebel 2018)) 

 

To calculate the cell shape index the data of the cell area and perimeter were used in 

Equation 6. The CSI was calculated with the results for cell area A and perimeter P 

obtained from Figure 47 and Figure 48.  

 

CSI =
4 ∗ π ∗ A

𝑃2
 

Equation 6: Equation for the calculation of the CSI. The CSI was represented as the circularity 

of the cells. The area (A) and perimeter (P) were determined with image J. A CSI 

value of 1 stands for a perfect circle and a CSI of 0 would represent a line.  

 

As shown in Figure 49 the CSI was largest on glass after 24 h growth time, with an 

average CSI of 0.204 ± 0.1, a significantly higher value (p ≤ 0.001) than for fibroblasts on 

smooth collagen with a CSI of 0.142 ± 0.1 and on collagen nanofibers (p ≤ 0.0001) with an 
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average CSI of 0.131 ± 0.03. The CSI remained largest on glass after 48 h growth time, 

with an average CSI of 0.226 ± 0.03, a significantly higher value (p ≤ 0.0001) than for 

fibroblasts on smooth collagen with a CSI of 0.137 ± 0.02 and collagen nanofibers 

(p ≤ 0.01) with an average CSI of 0.1730 ± 0.05. After 72 h growth time, the CSI on glass 

with a CSI of 0.25 ± 0.051 was still significantly higher than the smallest CSI found for 

fibroblasts on smooth collagen (p ≤ 0.0001) with a CSI of 0.142 ± 0.27 in comparison to 

fibroblasts on collagen nanofibers (p ≤ 0.001), which exhibited an intermediate CSI of 

0.177 ± 0.04.  

CSI analysis revealed that for all time points cells on nanofibrous collagen and smooth 

collagen were significantly more elongated than cells on glass, which exhibited a higher 

circularity (see Fig. 49). While average cell areas and perimeters were comparable for 

fibroblasts on collagen nanofibers and glass, the CSI did not differ significantly for 

fibroblasts on nanofibrous and smooth collagen. In contrast to the aforementioned trends 

for cell area and perimeter, the CSI of cells did not converge over time.  

 

 

Figure 49. CSI analysis of 3T3 fibroblasts grown on smooth collagen and fibrous collagen 
prepared with 0.5 mg ml-1 collagen for 24 h, 48 h, and 72 h. n = 4 experiments were 
conducted. Data are presented with average ± standard deviation of replicates. PC 
excluded from ANOVA-test. Significant differences indicated by * p ≤ 0.05, ** p ≤ 0.01, 
*** p ≤ 0.001, **** p ≤ 0.0001 (data for 24 h collected by (Stebel 2018)). 
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To elucidate the differences in cell growth on the different substrates even further the total 

substrate area covered with fibroblasts was analyzed (see Fig. 50). Interestingly, the 

percentage area covered by cells was not significantly different between the respective 

substrates. This observation was independent of the growth time (see Fig. 50). Over the 

cultivation time of 72 h, the percentage of the substrate area covered by cells increased 

significantly and was found to be independent of the substrate type (p ≤ 0.0001).  

 

 

Figure 50. Cell covered area [%] of 3T3 fibroblasts grown on smooth collagen and fibrous 
collagen prepared with 0.5 mg ml-1 collagen for 24 h, 48 h, and 72 h. n = 4 
experiments were conducted. Data are presented with average ± standard deviation of 
replicates. PC excluded from ANOVA-test. Significant differences indicated by * p ≤ 
0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. (data for 24 h collected by (Stebel 
2018)) 
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The results of the cell studies on collagen substrates prepared with 0.5 mg ml-1 can be 
summarized as follows:  

Between 84% and 98% living cells were found on all substrates over all time points. The 

largest cells and perimeter were found on smooth collagen. The relative viability was 

between 41% and 79% on collagen prepared with 0.5 mg ml-1 and between 25% and 61% 

on collagen prepared with 2.5 mg ml-1. The CSI of cells was highest on glass, while the 

CSI of cells on nanofibrous and smooth collagen were comparable. The cell covered area 

on the substrates was comparable independent of the substrate and increased with 

cultivation time. The quantitative results of the morphological analysis of 3T3 fibroblasts 

on thin collagen scaffolds are summarized in table 6.  
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Table 6. 3T3 fibroblasts on collagen fibers and smooth collagen prepared with 0.5 mg ml-1 

collagen. Relative viability for collagen prepared with 0.5 mg ml-1 and 2.5 mg ml-1. 

 Fibers Smooth Glass 

24 h  48 h 72 h 24 h  48 h 72 h 24 h  48 h 72 h 

% living 
cells 

89 ± 5 94 ± 3 98 ± 1 84 ± 7 93 ± 4 93 ± 4 
91 ± 4 

7 
96 ± 2 98 ± 1 

Relative 
viability 
0.5 mg 

ml-1 

collagen 

79% 43% 35% 80% 41% 45% 100% 100% 100% 

Relative 
viability 
2.5 mg 

ml-1 

collagen 

61% 43% 30% 65% 33% 25% 100% 100% 100% 

Cell size 
[µm] 

1233 

± 344 

926 ± 

241 

959 ± 

214 

1796 

± 581 

1378 

± 317 

1497 

± 288 

901 ± 

288 

1033 

± 257 

1151 

± 309 

Cell 
perimeter 

[µm] 

433 ± 

92 

318 ± 

77 

312 ± 

57 

543 ± 

135 

413 ± 

53 

424 ± 

67 

282 ± 

65 

272 ± 

34 

265 ± 

49 

Cell 
shape 
index 

0.131 

± 0.03 

0.173 

± 0.04 

0.177 

± 0.04 

0.142 

± 0.06 

0.137 

± 0.01 

0.142 

± 0.03 

0.204 

± 0.04 

0.226 

± 0.03 

0.249 

± 0.05 

Covered 
area [%] 

3.03 ± 

1.3 

5.65 ± 

1.6 

10.01 

± 1.9 

3.09 ± 

1.0 

6.31 ± 

1.2 

11.18 

± 1.1 

2.49 ± 

0.8 

6.16 ± 

1.1 

10.00 

± 2.2 

 

To study the observed trends in fibroblast morphology in dependence of the underlying 

topography in more detail, additional confocal microscopy and SEM analysis were 

conducted (see Fig. 51). Nanofibrous and smooth collagen scaffolds prepared with 

2.5 mg ml-1 with several micrometers in thickness were also used for this analysis since 

the collagen autofluorescence did not interfere with these experimental procedures (see 

Fig. 51). Thereby, thick collagen scaffolds prepared with 2.5 mg ml-1 collagen were of 

particular interest to study whether fibroblasts protruded into the nanofibrous collagen 

scaffolds. The trends regarding fibroblast size and morphology, which were previously 
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found for 3T3 fibroblasts using fluorescence microscopy (see Fig. 46), were confirmed in 

confocal microscopy and SEM analysis (see Fig. 51). In addition to the aforementioned 

trends, it was observed that fibroblasts grown on collagen nanofibers displayed only a few 

long filopodia, while fibroblasts on smooth collagen exhibited more but shorter filopodia.  

 

 

Figure 51. SEM images of 3T3 fibroblasts on nanofibrous collagen prepared with 2.5 mg ml-1 
(A to C) and confocal microscopy images (D to F) and SEM images of 3T3 fibroblasts 
on smooth collagen substrates (G to I) and confocal microscopy images (J to L). Scale 
bars represent 20 µm.  

 

To study whether fibroblasts protruded into the porous network of nanofibrous collagen 

scaffolds additional z-stack images of 3T3 fibroblasts grown on collagen scaffolds 

prepared with 2.5 mg ml-1 collagen were recorded via confocal microscopy (see Fig. 52). 

The z-stack was conducted over a z-height of 1734 nm with a step size of 289 nm. It can 

be seen that 3T3 fibroblasts on collagen nanofibers did not grow into the porous scaffolds. 
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No ingrowth of filopodia into the collagen scaffolds was observed, while most of the actin 

skeleton remained in one focal plane.  

 

 

Figure 52. Confocal images from z-stack of 3T3 fibroblasts on collagen (2.5 mg ml-1) with a 
step size of 289 nm and o total z-height of 1734 nm. Actin stained with phalloidin in red 
imaged at a wavelength of 555 and nuclei stained with DAPI in blue. Image 1 starting 
point in the substrate and every image 289 nm higher. The z-stack was taken after a 
growth time of 72 h. Scale bars represent 20 µm.  

 

3.1.6.3 Cell mechanics 
The morphological differences were most pronounced until 48 h cultivation time. To study, 

if the observed differences in fibroblast morphology may result in differences of the cell 

stiffness atomic force microscopy analysis of the cell mechanics was carried out after 24 h 

growth time. In these experiments, 3T3 fibroblasts on scaffolds prepared with 0.5 mg ml-1 

and 2.5 mg ml-1 collagen were compared to study whether the substrate thickness 

affected the cell stiffness (see Fig. 53). Three independent experiments were conducted 

and 17 individual cells per sample were measured. The Young’s modulus for cells grown 

on collagen nanofibers, smooth collagen was measured (see Fig. 53) and ranged from 

1.5 kPa to approximately 2.5 kPa. It can be seen in Fig. 53 that the standard deviations 

were larger than the median values. Overall, no significant differences in the Young’s 
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moduli of fibroblasts were observed for the different substrate types or scaffold 

thicknesses.  

 

 

Figure 53. Young’s moduli of 3T3 fibroblasts on nanofibrous and smooth collagen scaffolds. 
Young’s moduli of fibroblasts grown on collagen nanofibers (checkered) and smooth 
collagen (grey) prepared with 0.5 mg ml-1 and 2.5 mg ml-1 were measured. Young’s 
moduli of fibroblasts grown on glass (white) were measured as a control. Fibroblasts 
grown on glass were measured as a control group. n=3 experiments were conducted. 
Data are presented with median and standard deviation of replicates.  

 

3.1.6.4 Cellular response to binary patterned collagen scaffolds 
Fixation of fibroblasts on binary collagen scaffolds was analyzed by SEM after 36 h, it was 

shown that the previously observed differences in cell morphology also occurred when the 

fibroblasts migrated from one topography region to the other (see Fig. 54(A) and 54(B)). 

For both scaffold thicknesses fibroblasts, which grew directly on the boundary between 

nanofibrous and smooth collagen, were analyzed. It can be seen clearly that cells on the 

boundary grew short but many filopodia on the smooth scaffold part while few and long 

filopodia protruded from the cell on the nanofibrous region. These observations show that 

fibroblasts dynamically react to spatial changes in the underlying topography while they 

migrate over the binary scaffolds.  
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Figure 54. SEM images of fibroblasts on binary collagen scaffolds after 36 h in culture. (A) 
Thin binary scaffolds were prepared with 0.5 mg ml-1 collagen. (B) Thick scaffolds were 
assembled with 2.5 mg ml-1 collagen. For both concentrations, fibroblasts growing on 
the border between nanofibrous and smooth collagen exhibited many short filopodia on 
the smooth area while longer filopodia were observed on the nanofibrous scaffold 
region. Scale bars represent 10 µm. 

 

To analyze how the migration of 3T3 fibroblasts is influenced by the underlying 

topography, live-cell tracking was performed. The cells adhered to the scaffolds for 24 h. 

The velocity of individual cells on collagen nanofibers, smooth collagen, and patterned 

substrates prepared with 0.5 mg ml-1 and 2.5 mg ml-1 collagen was tracked for 20 h, 

respectively. An exemplary track with x- and y coordinates for a single cell on glass is 

plotted in Fig. 55. A typical cell trace followed a certain direction but a random movement 

was visible (see Fig. 55). The cell velocity was calculated over the displacement of the cell 

over time. The fast random movement is probably a random walk, whether it is an error in 

the algorithm or a (random) trembling movement of the cell. This is diffusive behavior, i.e. 

mean square displacement ~ t (MSD). The drift is linear transport, i.e. distance (= 

sqrt(MSD)) ~ t. The migration with x- and y-coordinates was tracked with imaging frames 

of every 2 min. An imaging window of 2 min was on the lower resolution limit for cell 

movement. To calculate the velocities over a larger time, windows over 10, 20 and 50 

frames or 20 min, 40 min and 100 min were calculated.  
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Figure 55. Exemplary track of a fibroblast migrating on glass. The track is plotted over the 
entire migration time of the cell. X- and y-axes represent x- and y coordinates.  

 

The distance (d) was calculated as sqrt(MSD(t)) and a straight line fit following the 

equation  

f(x) = a + b *x with a = 0 was applied. To exclude possible random walk and algorithm 

artifacts from the Nikon tracking tool the cell velocities for single cells were calculated with 

a rolling average. The median velocity over 10, 20, and 50 individual time frames was 

calculated as described above. The frames were then shifted by half the frame size and 

the median value was calculated again. The trends of the median velocity of a single cell 

over time showed the same trend for all frame sizes (see Fig. 56). A frame size of 10 

frames showed many peaks (green line). The frame size of 20 frames followed the trend 

but was less sensitive to random movements (yellow line) while the frame size of 50 

frames showed the same trend (blue line). However, the setting of 50 frames was less 

sensitive to fluctuations in cell migration velocities. Therefore, for further cell migration 

velocity analysis, a frame size of 20 frames was used, which corresponds to 40 min 

intervals.  
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Figure 56. Median velocities of a single fibroblast migrating on glass over time displayed 
with different frame sizes. Median velocities were calculated with different frame sizes 
of 10 (green), 20 (yellow), and 50 (blue). A frame size of 10 frames showed many peaks 
(green line). The frame size of 20 frames followed the trend but was less sensitive to 
random movements (yellow line) while the frame size of 50 frames showed the same 
trend (blue line). 

 

To show that the migration behavior of fibroblasts was reproducible, pooled median 

velocities of each triplicate were plotted in an organized manner to compare the velocity 

trends between independent experiments. Overall, the triplicates and independent 

experiments showed comparable migration velocities. After analyzing the velocities of 

single cells over time, the median velocities of all cells on one sample were summarized in 

histograms. An exemplary graph for cell migration velocities on nanofibrous collagen 

prepared with 2.5 mg ml-1 collagen is shown in Fig. 57. Deviations between the histogram 

groups from independent experiments were smaller than between triplicates. Thus, 

allowing pooling the median velocities of all experiments, displayed as a black histogram 

(see Fig. 57).  
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Figure 57. Normalized pooled histograms of migration velocities of 3T3 fibroblasts on 
nanofibrous collagen prepared with 2.5 mg ml-1 collagen. This graph displays the 
median velocities of cells on single samples. For better visualization, the velocities are 
plotted on a logarithmic axis. Median velocities of cells on the same dependent 
triplicates are shown in the same color. Different independent experiments are shown in 
different colors: n=1 (light blue), n=2 (green), n=3 (purple) and n=4 (dark blue). Vertical 
black lines in the histograms represent the corresponding median velocity. Horizontal 
black lines in the histograms represent the standard deviations. The black histogram 
represents the pooled median migration velocity of cells on glass (all experiments 
pooled). Overall, all histograms are very similar indicating reproducible results for the 
four independent experiments. 

 

Migration velocities of 3T3 fibroblasts on nanofibrous and smooth collagen prepared with 

0.5 mg ml-1 collagen were comparable. Velocities fibroblasts on nanofibrous and smooth 

collagen were approximately 600 nm min-1 being faster than cells on glass with a median 

peak of approximately 300 nm min-1 (see Fig. 58). On binary scaffolds, significantly fewer 

tracks were analyzed than on scaffolds with a single topography. Overall, migration 

velocities on binary substrates showed lower values than on scaffolds with a single 

topography. Remarkably, when fibroblast velocities on patterned scaffolds were analyzed 

both topographical areas showed a second shoulder at very low migration velocities 
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(dashed black and red line), which was not observed on scaffolds exhibiting a single 

topography (full black and red line). On binary scaffolds, significantly fewer tracks were 

analyzed than on scaffolds with a single topography. Thus, single lower values have 

stronger effects on the distribution. Migration velocities on binary substrates have lower 

values as on scaffolds with a single topography. Both topographical areas show a second 

shoulder at very low migration velocities. 

 

Figure 58. Histograms of median migration velocities of 3T3 fibroblasts on collagen 
scaffolds prepared with 0.5 mg ml-1 collagen. Histograms are plotted for cell velocity 
on nanofibrous collagen, smooth collagen, nanofibrous areas on binary patterned, and 
smooth areas on binary patterned scaffolds. Cell migration velocities on the glass are 
shown as a control. Velocities are plotted on a logarithmic scale. Cells grown on 
nanofibrous and smooth collagen scaffolds have a comparable peak showing a similar 
median velocity. Median velocities of cells on nanofibrous and smooth collagen are 
higher than on glass. On binary scaffolds, significantly fewer tracks were analyzed than 
on scaffolds with a single topography. Migration velocities on binary substrates have 
lower values than on scaffolds with a single topography. Both topographical areas show 
a second shoulder at very low migration velocities.  
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Migration velocities of 3T3 fibroblasts on nanofibrous and smooth collagen prepared with 

2.5 mg ml-1 collagen were comparable. Velocities of cells on nanofibrous and smooth 

collagen were approximately 500 nm min-1 and faster than cells on glass with a median 

peak at approximately 300 nm min-1 (see Fig. 59). On binary scaffolds, significantly fewer 

tracks were analyzed than on scaffolds with a single topography. Again, migration 

velocities of fibroblasts on binary substrates exhibited lower values than on scaffolds with 

a single topography. Both topographical areas showed a second shoulder at very low 

migration velocities. 

In comparison, the migration velocities of cells grown on collagen scaffolds prepared with 

2.5 mg ml-1 collagen were lower than on scaffolds prepared with 0.5 mg ml-1. The 

distribution of cell velocities on collagen scaffolds with a single topography was 

comparable to the distribution of cells grown on glass independent of the protein 

concentration.  
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Figure 59. Histograms of median migration velocities of 3T3 fibroblasts on collagen 
scaffolds prepared with 2.5 mg ml-1 collagen. Histograms are plotted for cell velocity 
on nanofibrous collagen, smooth collagen, nanofibrous areas on binary patterned, and 
smooth areas on binary patterned scaffolds. Cell migration velocities on glass are 
shown as a control. Velocities are plotted on a logarithmic scale. Cells grown on 
nanofibrous and smooth collagen scaffolds have a comparable peak showing a similar 
median velocity. Median velocities of cells on nanofibrous and smooth collagen are 
higher than on glass. On binary scaffolds, significantly fewer tracks were analyzed than 
on scaffolds with a single topography. Migration velocities on binary substrates have 
lower values than on scaffolds with a single topography. Both topographical areas show 
a second shoulder at very low migration velocities. 

 

For both concentrations, shoulders were observed at low migration velocities. Those are 

almost stationary tracks or cells. Further analysis focused on migrating cells. Therefore for 

further analysis, the (linear) histogram of log(v) was used (see Fig. 60). The procedure is 

shown exemplarily for scaffolds prepared with 2.5 mg ml-1 collagen and later applied to all 

migration data. As the binary patterned only had few tracks the analyzing procedure was 

established with data from 3T3 cells on nanofibers and smooth collagen and glass as a 

control. A gauss fit conducted for the migration velocities of nanofibrous and smooth 
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collagen as well as for glass (see Fig 60). This position of the maximum is different from 

the mean value of the entire histogram, because of the shoulders at low speeds. 

 

 

Figure 60. Normalized Histograms of cell velocities of 3T3 fibroblasts on nanofibrous 
collagen (red) and smooth collagen (blue) prepared with 2.5 mg ml-1 collagen and 
glass as control (black). The logarithm of migration velocities plotted on a linear axis. 
The black circle highlights the shoulders of the histograms at low migration velocities. 
The thinner lines are shown gauss fit near the maximum to determine the height and 
width of the Gauss peak. The maxima of the fitted curves are shifted compared to the 
original histograms.  

 

The graph in Fig. 61 shows the mean values of the entire data set (vertical lines) versus 

the positions of the maximum obtained by local gauss-fit (dashed lines). Not only the 

values shift, but also the order of the samples. So Cohen's d should be calculated based 

on the gauss-fit. This takes into account only the data in the main peak, i.e. values from 

100 nm min-1 to 10 µm min-1. 
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Figure 61. Zoom in to normalized Histograms of cell velocities of 3T3 fibroblasts on 
nanofibrous collagen (red) and smooth collagen (blue) prepared with 2.5 mg ml-1 
collagen and glass as control (black). The logarithm of migration velocities plotted on 
a linear axis. The thinner lines are shown gauss fit near the maximum to determine the 
height and width of the Gauss peak. The maxima of the fitted curves are shifted 
compared to the original histograms. The mean values of the entire data set (vertical 
lines) versus the positions of the maximum obtained by local gauss-fit (dashed 
lines).Not only the values shift, but also the order of the samples. 

 

Overall, migration velocities between 180 nm min-1 and 430 nm min-1 were found (see Fig. 

62A). Cells on nanofibrous scaffolds prepared with 0.5 mg ml-1 collagen migrated with a 

velocity of approximately 430 ± 28 nm min-1 showing a small effect size (* Cohens d ≥ 0.2) 

compared to cell migration velocity of approximately 342 ± 29 nm min-1 on smooth 
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collagen prepared with 0.5 mg ml-1 collagen and 267 ± 20 nm min-1 on glass and medium 

effect size (** Cohens d ≥ 0.5) compared to the migration speed of 181 ± 21 nm min-1 on 

smooth areas of binary patterned scaffolds with the same collagen concentration. 

Migration velocities on smooth collagen prepared with 0.5 mg ml-1 collagen showed small 

effects sizes (* Cohens d ≥ 0.2) compared to velocities of 267 ± 20 nm min-1 on glass and 

smooth areas of binary patterned scaffolds.  

Cells on nanofibrous scaffolds prepared with 2.5 mg ml-1 collagen migrated with a velocity 

of approximately 286 ± 21.1 nm min-1 showing a small effect size (* Cohens d ≥ 0.2) 

compared to cell migration velocity of approximately 285 ± 24 nm min-1 on smooth 

collagen prepared with 2.5 mg ml-1 collagen, 222 ± 16 nm min-1 on glass and 189 ± 21 nm 

min-1 on smooth areas of binary patterned scaffolds with the same collagen concentration. 

Migration velocities on smooth collagen prepared with 2.5 mg ml-1 collagen showed small 

effects sizes (* Cohens d ≥ 0.2) compared to velocities of 222 ± 16 nm min-1 on glass, 

nanofibrous areas of binary scaffolds with migration velocities of 200 ± 23 nm min-1 and 

189 ± 21 nm min-1 on smooth areas of binary patterned scaffolds.  

However, fibroblasts displayed a trend towards faster migration on nanofibrous collagen 

than on smooth scaffolds. Compared to collagen scaffolds exhibiting only one topography, 

the migration velocity on binary patterns was marginally lower. Cell migration velocities of 

fibroblasts on patterned collagen scaffolds did not vary significantly between the two 

topographies, either. (For an overview of all mean velocities and Cohens d see Table 14 

and 15 in Appendix). 
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Figure 62. Migration velocities of 3T3 fibroblasts on different collagen scaffolds. (A) Median 
velocities of fibroblasts on nanofibrous and smooth collagen scaffolds, which exhibited 
the respective topography on the whole surface, in comparison to glass references. 
Migration analysis was performed on thin and thick collagen scaffolds prepared with 
0.5 mg ml-1 or 2.5 mg ml-1 collagen, respectively. (B) Median velocities of fibroblasts 
on binary collagen scaffolds with nanofibrous and smooth topography in comparison 
to bare glass references. All velocity data are presented with an average ± standard 
deviation of n=4 independent experiments. Small effect sizes are indicated by * 
Cohen’s d ≥ 0.2.  
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3.2 Fibrinogen scaffolds 

In this chapter, the results on our novel scaffolds composed of self-assembled fibrinogen 

nanofibers will be summarized. To analyze the substrate characteristics, like surface 

roughness and thickness, SEM analysis of cross-linked fibrinogen scaffolds was carried 

out. Additionally, AFM analysis was performed to determine the swelling properties of 

fibrinogen scaffolds under cell culture conditions.  

3.2.1 Fibrinogen nanofiber morphology 

After establishing a new class of collagen scaffolds with binary topography the aim was to 

apply the new patterning process to other proteins. By broadening the biochemical range 

of patterned protein scaffolds it could then become possible to study the response of 

different cell types to topographical differences. Therefore, it was investigated whether the 

patterning process could be combined with the preparation of self-assembled fibrinogen 

scaffolds as it was recently introduced by Stapelfeldt et. al. (Stapelfeldt et al. 2019a).  

First, the individual topographies were prepared from fibrinogen and characterized with 

regard to their morphology using SEM and AFM analysis (see Fig. 63). Dried fibrinogen 

nanofibers prepared with 5 mg ml-1 fibrinogen and 2.5x PBS displayed a distinct fiber 

morphology with fiber diameters in the range of 100 nm to 300 nm (see Fig. 63A). Planar 

fibrinogen scaffolds prepared with the same protein concentration and 5 nM NH4HCO3 

exhibited a very planar surface. Using cross-sectional SEM analysis, scaffold thicknesses 

between 1.7 ± 0.4 µm were found for these planar fibrinogen scaffolds while nanofibrous 

scaffolds displayed thicknesses of 2.8 ± 0.4 µm (see Fig. 63B and 63E).  

Crosslinking of the scaffolds in FA vapor was found to preserve the respective 

topography. It has been shown before that fibrinogen fibers dissolve upon rehydration 

(Stapelfeldt et al. 2019a). Consequently, all results shown here represent crosslinked 

scaffolds.  

To evaluate the influence of aqueous cell culture environment on the nanotopographical 

features in preparation for subsequent cell culture studies the FA vapor cross-linked 

fibrinogen scaffolds were rehydrated in DMEM cell culture medium. AFM analysis showed 

that the fiber morphology was preserved in DMEM (see Fig. 63C). Planar fibrinogen 

scaffolds displayed a very planar surface even after rehydration with DMEM.  
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Figure 63. SEM images of crosslinked nanofibrous and planar fibrinogen scaffolds prepared 
with 5 mg ml-1 fibrinogen and AFM images of rehydrated scaffolds. SEM images of 
nanofibrous fibrinogen (A) and planar fibrinogen (D) and cross-sections of fibrinogen 
nanofibers (B) and planar fibrinogen scaffolds (E). AFM images of fibrinogen nanofibers 
(C) and planar fibrinogen (F) rehydrated in cell culture medium DMEM.  

 

To analyze the roughness of nanofibrous and planar fibrinogen scaffolds, height images 

were taken with an AFM. Height profiles were derived from these height images. Fibrous 

fibrinogen scaffolds displayed more height changes over a shorter distance than planar 

scaffolds as can be seen in Fig. 64A to D. The height of fibrous scaffolds differed over the 

entire sample surface, whereas the height of planar scaffolds decreased. The height 

profile of the planar scaffolds did not show any peaks as they were observed for 

nanofibrous fibrinogen.  
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Figure 64. AFM height images of fibrinogen scaffolds prepared with 5 mg ml-1 (A and C) and 
height profiles of fibrous fibrinogen scaffolds (B) and planar fibrinogen (D). AFM 
scans display height images of the respective scaffold. The offset was subtracted from 
the height images. White lines show the location of the displayed height profiles (B), (D). 
All images display fibrinogen scaffolds rehydrated with DMEM. 

 

Subsequent AFM roughness analysis showed a roughness of 118 ± 16 nm for dried 

fibrinogen fibers and distinct lower roughness of only 7.2 ± 1.7 nm for dried planar 

fibrinogen scaffolds. After rehydration, the fibrinogen nanofiber roughness showed a 

roughness of 121.3 ± 29.37 nm and 9.2 ± 5.2 nm for planar fibrinogen scaffolds. AFM 

analysis revealed that cross-linked fibrous fibrinogen scaffolds rehydrated in DMEM did 

not increase in roughness (see Table 7). Overall, planar scaffolds exhibited a considerably 

lower surface roughness than nanofibrous fibrinogen scaffolds. 

Table 7. Roughness Rq values of fibrinogen scaffolds obtained by AFM analysis. Roughness 
was measured for nanofibrous and planar fibrinogen scaffolds prepared with 5 mg ml-1 
fibrinogen. Values are given for dried scaffolds and rehydrated scaffolds in cell culture 
medium DMEM.  

 5 mg ml-1 

Rq dried (nm) Rq rehydrated (nm) 

Fibrinogen 
fibers 

118 ± 16  121.3 ± 29.37  

Planar 
Fibrinogen 

7.12 ± 1.7 9.2 ± 5.2  
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To analyze the swelling behavior of fibrinogen nanofibers prepared with 5 mg ml-1 after 

exposure to the cell culture medium, the fiber diameters were also analyzed with AFM 

(see Table 8). AFM analysis of dried, cross-linked fibrinogen nanofibers resulted in 

diameters of approximately 230 nm. After rehydration in cell culture medium DMEM, the 

diameter of fibrinogen nanofibers increased to an average value of 337 nm.  

 

Table 8. Fiber diameters (FD) of fibrinogen nanofibers prepared with 5 mg ml-1. Diameters of 
dried, crosslinked fibers and diameters of rehydrated fibers in cell culture medium DMEM.  

 AFM 

 FD dried (nm) FD rehydrated (nm) 

5 mg ml-1 
Fibrinogen 

230 ± 7.7 337 ± 21 

 

3.2.2 Fibrinogen nanofiber mechanics 

To determine the mechanical properties of nanofibrous and planar fibrinogen scaffolds 

exemplary AFM measurements were performed. In this analysis, force curves, which 

appeared infinitely stiff for both, nanofibrous and planar fibrinogen scaffolds, were 

obtained. Representative force curves are shown in Figure 65. The data shown below 

display force curves for nanofibrous and planar fibrinogen scaffolds prepared with 

5 mg ml-1 fibrinogen. The steep slope of approximately 1 of the approach curve is typical 

for stiff substrates. With these curves, Young’s moduli could not be calculated, as they 

appear infinitely stiff.  
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Figure 65. Exemplary force-distance curves of nanofibrous fibrinogen scaffolds (A) and 
planar collagen scaffolds (B) prepared with 5 mg ml-1 fibrinogen. Force-distance 
curves with a slope of approximately 1 are typical for very stiff substrates.  

 

3.2.3 Fibrinogen scaffolds with binary surface topography for cell culture  
Building up on the patterning process to prepare protein scaffolds with selected areas of 

nanofibrous and planar topography, which we established with collagen as a model 

system (see section 3.2), this routine was now adapted for the blood plasma protein 

fibrinogen. Analogous to the process established for collagen, for fibrinogen the ability of 

this protein to self-assemble into nanofibrous scaffolds was exploited to prepare 

topographically patterned scaffolds. The technical details of this procedure were described 

in 2.1.4 before. 

To achieve a stable fibrinogen scaffold with a binary topography for subsequent cell 

culture studies the fibrinogen scaffolds were prepared on APTES-modified glass slides. 

By combining the method of salt-induced self-assembly with the new patterning process 

introduced in chapter 2.1.4 fibrinogen scaffolds with nanofibrous and planar topographies 

could be prepared for the first time. Phase-contrast microscopy images showed that a 

distinct boundary between planar and nanofibrous area could be achieved (see Fig. 66). 

This allows good visual control in cell culture applications of this novel scaffold type.  
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Figure 66. Phase-contrast image of a fibrinogen scaffold prepared with 5 mg ml-1 fibrinogen 
with binary topographical features. The boundary between planar and nanofibrous 
areas is clearly defined.  

 

To gain further insight into the nanoscale topographical features of binary fibrinogen 

scaffolds SEM analysis of dried scaffolds was carried out. SEM analysis of these scaffolds 

showed that a clearly defined border between the highly porous fibrinogen nanofibers and 

the planar fibrinogen was obtained in the pattering process (see Fig. 67).  

 

 

Figure 67. Patterned fibrinogen substrates prepared with 5 mg ml-1 planar and nanofibrous 
fibrinogen on APTES coated glass slides. An overview of a binary fibrinogen scaffold is 
given in (A), and subfigure (B) shows a clearly defined border between planar and 
nanofibrous areas with a higher magnification. The planar area shows few surface 
topography, while the fibrinogen fibers are well defined (B).  
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3.2.4 Cellular response to nanostructured fibrinogen scaffolds 
Since the self-assembly process of fibrinogen into nanofibers has only recently been 

established (Stapelfeldt et al. 2019a; Stapelfeldt et al. 2019b), nothing is known about the 

interaction of cells with this novel scaffold type. Therefore, to analyze the interaction of 

cells with this new biomaterial class of nanofibrous and planar fibrinogen scaffolds 3T3 

fibroblasts were used as a model system in analogy to the previous studies with different 

collagen topographies. The results of the cell interaction studies are presented in the 

following subsections starting with the results of cell viability assays, which are followed by 

the analysis of fibroblast morphology and live cell tracking.  

3.2.4.1 Cell viability 
To measure the metabolic activity of 3T3 fibroblasts a WST-1 assay was conducted. The 

supernatant was measured photometrically at a wavelength of 450 nm. The viability was 

measured for the time points of 24 h, 48 h, and 72 h. Four independent experiments with 

triplicates were performed with glass as control substrates. Moreover, APTES was 

introduced as a second control, because all fibrinogen scaffolds were assembled on 

APTES-modified glass.  

Using the WST-1 proliferation assay, comparable proliferation rates were obtained for 3T3 

fibroblasts on nanofibrous fibrinogen, on planar fibrinogen scaffolds, and APTES until 72 h 

in culture (see Fig. 68). No significant differences in fibroblast proliferation were found 

between the respective substrates at all time points. Nanofibrous and planar fibrinogen 

scaffolds as well as APTES yielded proliferation rates, which were comparable to 

fibroblasts cultivated on glass throughout all cultivation times. Furthermore, a trend 

towards higher proliferation rates with increasing cultivation time was observed for 

nanofibrous fibrinogen, planar fibrinogen, and APTES.  
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Figure 68. Proliferation rates of fibroblasts on fibrinogen scaffolds. Measurements were 
taken after 24 h, 48 h, and 72 h. Cells proliferated in a comparable range over 72 
h. n = 4 experiments with triplicates were conducted. Data are presented with average ± 
standard deviation of replicates.  

 

Subsequently, the viability of 3T3 fibroblasts was analyzed in relation to the metabolic 

activity of 3T3 fibroblasts on the glass control (see Fig.69). The dashed lines between 

100 % and 70 % define the “biocompatible viability range” for biomaterials according to 

the norm (EN ISO 10993-5:2009). Overall, the viability of fibroblasts on different 

substrates can be classified as biocompatible throughout all time points of the cultivation, 

i.e. the viability was above 70 % of the glass control at all time points. After 24 h 

cultivation time cells on APTES exhibited significantly higher viability (164%) in 

comparison to cells on nanofibrous (106%) and planar fibrinogen (116%) (p ≤ 0.05). After 

48 h the viability of cells decreased to approximately 73% on nanofibrous fibrinogen and 

145% on APTES while the viability on planar fibrinogen was around 112%. At 48 h 

significantly lower cell viability on nanofibrous fibrinogen in comparison to APTES 

substrates (p ≤ 0.01) was observed. At 72 h cultivation time, fibroblast viability on 

nanofibrous fibrinogen and APTES increased again to 102% and 142%, respectively, 

while fibroblast viability on planar fibrinogen was around 126%. Overall, after 72 h the cell 

viability on all substrate types was 100 % or higher and no significant differences in cell 

viability on the different substrate types were found anymore.  
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Figure 69. Cell viability of 3T3 fibroblasts on fibrinogen scaffolds. Dashed lines represent 
the biocompatibility range defined as 70 % to 100% of cells grown on glass. 
Viability was measured after 24 h, 48 h, and 72 h. n = 4 experiments with triplicates 
for each substrate type were conducted. Data are presented with average ± standard 
deviation of replicates. PC excluded from ANOVA-test. Significant differences indicated 
by * p ≤ 0.05, ** p ≤ 0.01  
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3.2.4.2 Cell morphology 
For the morphological analysis, NIH 3T3 fibroblasts were cultivated on nanofibrous and 

planar fibrinogen scaffolds prepared with 5 mg ml-1, respectively. The cell morphology was 

analyzed with fluorescence microscopy over 72 h cultivation time by staining cytoskeletal 

actin filaments with phalloidin, and nuclei were stained with DAPI (see Fig. 70). 

Nanofibrous fibrinogen scaffolds exhibited a strong autofluorescence, which was caused 

by the crosslinking in formaldehyde vapor (see Fig. 70A to 70C) in comparison to planar 

fibrinogen scaffolds (see 70D to F). The autofluorescence of nanofibrous fibrinogen was 

probably stronger than for planar fibrinogen because of the topographical features in the 

nanofibrous scaffolds. Moreover, the scaffolds were thicker. More protein led to more 

autofluorescence. The nanofibers increase the surface topography and therefore the 

accessible area for aldehyde groups. Due to the higher porosity aldehyde groups can bind 

deeper in the scaffolds, thus increasing the autofluorescence. Despite the strong 

autofluorescence, it can be seen that 3T3 fibroblasts proliferated well on nanofibrous 

fibrinogen scaffolds at all time points. The fibroblast morphology on nanofibrous fibrinogen 

could only be investigated to a limited extent with the help of fluorescence microscopy. On 

nanofibrous fibrinogen (Fig. 70A to 70C) more nuclei were visible. The nuclei closer to 

each other than on planar fibrinogen, indicating smaller cell sizes on these respective 

samples. The morphology of fibroblasts on planar fibrinogen could be analyzed without 

any significant autofluorescence of the underlying scaffold. In Fig. 70D to 70F it can be 

seen that the actin filaments in 3T3 fibroblasts on planar fibrinogen were spread out 

through individual cells and that fibroblasts exhibited large cell areas (see Fig. 70D to 

70F). 
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Figure 70. Fluorescence microscopy images of 3T3 fibroblasts on fibrinogen scaffolds. 3T3 
fibroblasts grown on nanofibrous fibrinogen prepared with 5 mg ml-1 (A) to (C) and 
planar fibrinogen (D) to (F). Nuclei were stained with Dapi (blue) and actin filaments with 
phalloidin (red). Scale bars represent 20 µm. 

 

To further study the observed trends in fibroblast morphology in dependence of the 

underlying fibrinogen topography, confocal microscopy, and SEM analysis were 

conducted (see Fig. 71). In particular, these techniques could overcome the previous 

limitations of fluorescence microscopy, thus allowing us to analyze the cell morphology on 

nanofibrous fibrinogen scaffolds without any or with reduced autofluorescence.  

It can be seen in Fig. 71 that 3T3 fibroblasts on planar fibrinogen exhibited larger cell 

areas than on planar fibrinogen. Confocal microscopy and SEM analysis both confirmed 

this observation.  

Moreover, it can be seen in the confocal images (see Fig. 71A-C), that fibroblasts on 

nanofibrous fibrinogen expressed much fewer stress fibers than fibroblasts on planar 

fibrinogen. On planar fibrinogen, distinct stress fibers were found in most cells, which were 

most pronounced at 48 and 72 h in culture (see Fig. 71G to 71L). The observed stress 

fibers are mostly dorsal and ventral. The confocal images of fibroblasts on planar 

fibrinogen (see Fig. 71 G-I) revealed a flatter and more spread morphology than on 

nanofibrous fibrinogen (see Fig. 71 A-C). 

SEM analysis revealed that cells on nanofibrous fibrinogen were smaller but grew flat (see 

Fig. 71D-F) than on planar fibrinogen (see Fig. 71J-L). In contrast to that, some spindle-
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like cells along with well spread and large morphology grown on planar fibrinogen (see 

Fig. 71J-L) could be found in the SEM images. Overall, it can be seen that cells on planar 

fibrinogen were larger and seem to express more actin filaments than on nanofibrous 

fibrinogen.  

 

 

Figure 71. SEM images of 3T3 fibroblasts on nanofibrous fibrinogen prepared with 5 mg ml-1 
fibrinogen (A) to (C) and confocal microscopy images (D) to (F) and SEM images of 
3T3 fibroblasts on planar fibrinogen substrates (G) to (I) and confocal microscopy 
images (J) to (L). Actin filaments were stained with phalloidin (red) and nuclei stained 
with DAPI (blue). All samples were bleached for 10 min at a wavelength of 565 nm to 
reduce the autofluorescence of the fibrinogen scaffolds. Scale bars represent 20 µm. 

 

To study whether 3T3 fibroblasts protrude into fibrinogen nanofibers, z-stack images with 

a total thickness of 1650 nm and step size of 275 nm were obtained with confocal 

microscopy (see Fig. 72). In this z-stack, it can be seen that the cells were in close contact 

with the underlying nanofibers. Single filopodia grew into the scaffold. Overall, it is difficult 
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to distinguish between the fluorescent signals of actin filaments and the surrounding 

autofluorescent fibrinogen nanofibers. The surface was sufficiently bleached by the 

bleaching procedure, but focusing deeper into the fibrinogen scaffolds was challenging 

because of the autofluorescence.  

 

 

Figure 72. Confocal microscopy z-stack images of 3T3 fibroblasts on nanofibrous fibrinogen 
(5 mg ml-1) after 72 h cultivation with a step size of 275 nm and a total thickness of 
1650 nm. Actin stained with phalloidin in red imaged at a wavelength of 565 and nuclei 
stained with DAPI in blue at a wavelength of 461 nm. Image 1 starting point in the 
scaffold and subsequent images were recorded with a step size of 275 nm. Patches 
with red fluorescence represent autofluorescence of the nanofibrous fibrinogen scaffold. 
Scale bars represent 20 µm. 
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3.2.4.3 Cellular response to binary patterned fibrinogen patterns 
To analyze whether fibroblasts would dynamically adapt their morphology on binary 

substrates SEM analyzes were carried out. Fibroblasts were fixated on binary collagen 

scaffolds were analyzed by SEM after 36 h. Fibroblasts, which grew directly on the 

boundary between nanofibrous and planar fibrinogen, were analyzed with regard to their 

morphology. Thus, it could be shown that the observed differences in cell morphology 

occurred when the fibroblasts migrated from one topography region to the other (see Fig. 

73). Fibroblasts on the boundary grew well spread and with pronounced stress fibers on 

the planar scaffold part while the cell bodies were less flat on the nanofibrous region 

without visible actin fibers. The white lines outline the spread cell on the planar area of the 

binary patterned scaffold. Cells on the planar part exhibited stronger pronounced stress 

fibers whereas cell parts grown on fibers were less spread. 

 

 

Figure 73. SEM image of 3T3 fibroblasts grown on the boundary between two topographies 
left planar and right side nanofibrous. SEM analysis of fibroblasts grown on the border 
between fibrous and planar areas revealed that cells adapt their actin skeleton to their 
underlying surface topography. The white lines outline the spread cell on the planar 
area of the binary patterned scaffold. Cells on the planar part exhibited stronger 
pronounced stress fibers whereas cell parts grown on fibers were less spread. 

 

To analyze how the migration velocity of 3T3 fibroblasts was influenced by the underlying 

topography a live cell tracking was performed. The velocity of individual cells on fibrinogen 

nanofibers, planar fibrinogen, and patterned substrates prepared with 5 mg ml-1 fibrinogen 

was tracked for 20 hours. Overall, migration velocities between 33 nm min-1 and 

91 nm min-1 were found (see Fig. 74). Migration velocities of 3T3 fibroblasts on 
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nanofibrous fibrinogen prepared with 5 mg ml-1 were approximately 80 nm min-1. Mean 

velocities found on planar fibrinogen were approximately 56 nm min-1. Mean velocities of 

fibroblasts on glass were approximately 91 nm min-1. Cells on nanofibrous areas of binary 

fibrinogen scaffolds showed velocities of approximately 42 nm min-1, while cells on planar 

areas migrated with a velocity of approximately 33 nm min-1.  

The velocity distribution of cell migration on nanofibrous fibrinogen was comparable to the 

velocity distribution of cells on glass samples (see Fig. 74). The distribution of cell 

velocities on planar fibrinogen was comparable while the mean velocity on planar 

scaffolds was lower than on nanofibrous scaffolds and glass. Median velocities for 

fibroblasts on nanofibrous areas of fibrinogen scaffolds with binary topography lower than 

on nanofibrous fibrinogen scaffolds with a single topography. Cells on nanofibrous areas 

on binary patterned scaffolds were slower than on planar areas. The same trend was 

observed for cells on planar areas on binary patterned scaffolds. Cells on nanofibrous 

areas on binary patterned scaffolds were faster than on planar areas on binary patterned 

scaffolds, confirming the trend observed on scaffolds with a single topography. Overall all 

migration velocities have a similar distribution.  
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Figure 74. Histograms of median migration velocities of 3T3 fibroblasts on fibrinogen 
scaffolds prepared with 5 mg ml-1 fibrinogen. Histograms are plotted for cell velocity 
on nanofibrous fibrinogen, planar fibrinogen, nanofibrous areas on binary patterned, 
and planar areas on binary patterned scaffolds. Cell migration velocities on glass are 
shown as a control. Velocities are plotted on a logarithmic scale. Cells grown on 
nanofibrous scaffolds and glass have a comparable peak showing a similar median 
velocity. Median velocities of cells on nanofibrous and planar collagen are higher than 
on glass. Cells on planar fibrinogen were slower than on nanofibrous fibrinogen and 
glass. On binary scaffolds, significantly fewer tracks were analyzed than on scaffolds 
with a single topography. Migration velocities on binary substrates have lower values 
than on scaffolds with a single topography. On binary patterned substrates, the same 
trends as on substrates with a single topography were observed.  

 

Cells on nanofibrous scaffolds prepared with 5 mg ml-1 fibrinogen migrated with a velocity 

of approximately 80 ± 8 nm min-1 which was significantly slower than the median cell 

migration velocity of 56 ± 6 nm min-1 for fibroblasts on planar fibrinogen (* Cohens d ≥ 0.2) 

(see Fig. 75). Fibroblasts on glass migrated with a velocity of approximately 

91 ± 8 nm min-1, which is significantly faster than on planar fibrinogen (* Cohens d ≥ 0.2).  
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On nanofibrous areas of binary fibrinogen scaffolds, cells migrated with a velocity of 

42 ± 5 nm min-1. On planar areas, cells migrated with a mean velocity of 33 ± 4 nm min-1. 

Cells on glass migrated with velocities of 91 ± 8 nm min-1 being significantly faster than on 

nanofibrous areas (* Cohen’s d ≥ 0.2) and on planar areas (** Cohen’s d ≥ 0.5)(for an 

overview of all mean velocities and Cohens d see Table. 16 in Appendix).  

However, fibroblasts displayed a trend towards faster migration on nanofibrous fibrinogen 

than on planar scaffolds. Altogether, fibroblasts on binary protein scaffolds showed a 

tendency towards lower migration speeds than on untreated glass and substrates with 

only one topography. Compared to fibrinogen scaffolds exhibiting only one topography, 

migration velocities on binary patterns were marginally lower. Cell migration velocities of 

fibroblasts on patterned fibrinogen scaffolds did not vary significantly between the 

topographies, either. Yet, on the planar regions of binary fibrinogen scaffolds, cell 

velocities were observed, which were significantly lower than on scaffolds, which 

consisted only of fibrinogen nanofibers (* Cohens d ≥ 0.2).  

 

 

Figure 75. Cell migration of 3T3 fibroblasts on nanofibrous fibrinogen (A) and planar 
fibrinogen (B). n = 4 experiments were conducted. Data are presented with average ± 
standard deviation of replicates. Cohens effect size d indicated by * d ≥ 0.2, ** d ≥ 0.5.  
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3.3 Scaffolds with binary surface topography and biochemistry for cell 
culture 

The results presented in section 3.1 and 3.2 show that the combination of different surface 

topographies in a single protein scaffold could be successfully established. With this 

scaffold platform, it was possible to control one of the cues, which is known to influence 

cell response during cell-biomaterial interactions besides mechanical cues and 

biochemical signals. Since binary topographical scaffolds could be established with 

collagen and fibrinogen, the next aim was to combine these topography variations with 

different biochemical stimuli to provide a multiparametric biophysical scaffold platform to 

study individual aspects in cell-scaffold interactions in a controlled model system. 

Therefore, it was studied how the new patterning process could be applied to binary 

topography scaffolds, which contained two different proteins. The presented results were 

a proof of concept, thus all results represent n=1 experiments with triplicates.  

Three different experimental designs were investigated to combine different topographical 

cues in scaffolds comprising two different proteins by choosing the two proteins collagen 

and fibrinogen: 

- Binary scaffold type 1 consisted of the combination of collagen nanofibers and fibrinogen 

nanofibers.  

- Binary scaffold type 2 consisted of the combination of collagen fibers and planar 

fibrinogen.  

- Binary scaffold type 3 consisted of a combination of fibrinogen nanofibers and smooth 

collagen.  

The first sample type binary type 1 included the combination of the techniques to prepare 

fibrous collagen and nanofibrous fibrinogen in selected scaffold areas (see Fig. 76). 
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Figure 76. Schematic of a binary type 1 scaffold. In the patterning process, the routines to 
prepare nanofibrous collagen regions and nanofibrous fibrinogen were combined.  

 

SEM analysis of sample type 1 revealed the border between both proteins was not clearly 

defined, a smooth boundary region between the two fibrous areas was observed (see Fig. 

77A). On both protein boundaries a well-defined line separated protein fibers and the 

boundary region (see Fig. 77A). Fibrinogen fibers were well defined. The distribution of 

fibrinogen fibers followed a pattern with round areas between fibers bundles (see Fig. 

77B). A distinct boundary to the boundary area was observed. Fibrinogen fibers exhibited 

typical morphology as it has been previously reported for scaffolds with one topography 

only. Collagen fibers exhibited distinct fiber morphology (see Fig. 77C). A dense uniform 

collagen network was assembled. The boundary to the boundary region was well defined 

on a smaller length scale (see Fig. 77C). Collagen fibers exhibit light grey or white 

regions, which can be due to charging effects of organic substrates in SEM analysis. 

Therefore, it can be summarized that the fiber assembly of both proteins could be 

transferred to this scaffold designed with combined biochemical cues. However, it remains 

unclear why a smooth region between the two protein nanofiber regions was obtained and 

which protein this smooth part was composed of.  
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Figure 77. SEM images of binary scaffolds type 1 prepared with nanofibrous fibrinogen 
(5 mg ml-1) fibrinogen and nanofibrous collagen (2.5 mg ml-1). Fibrinogen on the 
left and collagen on the right. This figure shows a first explanatory experiment to 
combine topographical features and biochemical cues in the same protein scaffold. The 
different nanofibrous areas did not form a defined border. Fibrinogen fiber assembly 
was successful with a defined border (A). Collagen nanofiber assembly was successful 
and also depicted a defined border (B). A layer of planar protein defined the border 
between the two different proteins (C). The white line represents where the border 
between fibrinogen and collagen fibers should have been.  

 

For binary scaffold type 2, the process for planar fibrinogen was combined with the 

approach to prepare nanofibrous collagen in selected scaffold regions (see Fig. 78). First, 

the planar fibrinogen area was coated fixated and washed. After that, the collagen 

nanofibers were assembled while the planar fibrinogen area was covered with a PDMS 

mask (see Fig. 22). 

 

 

Figure 78. Schematic of a binary type 2 scaffold. The patterning approach was designed to 
combine planar fibrinogen with nanofibrous collagen areas.  
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The morphology of the different topographical regions in scaffold type 2 was analyzed by 

SEM (see Fig. 79). The border between the different topographies was not found to be 

clearly defined (highlighted as a white dashed line in the SEM image in Fig. 79A). The 

SEM image shows an intensity gradient of the greyscale from the upper left to the lower 

right of the image, indicating charging effects. On the very left a darker area was visible. In 

the middle, a lighter area was observed. On the right of the dashed white line, a lighter 

area was observed (see Fig. 79A). The lighter area showed a different surface structure 

compared to the darker area (planar fibrinogen). However, the nanofibrous collagen 

regions did not show the typical nanofiber morphology (see Fig. 79A) and were found to 

be partly removed from the underlying glass substrate. SEM analysis with higher 

magnification showed that the assembly of collagen nanofibers was not successful in this 

combined patterning procedure (see Fig. 79B and 79C). Whereas, the planar fibrinogen 

region exhibited few light spots (see Fig. 79B). No collagen fibers were found on any of 

the triplicates prepared with the procedure shown in Fig. 78. The area coated with 

collagen exhibited crystalline structures (see Fig. 79C). Nevertheless, planar fibrinogen 

regions exhibited the typically flat surface topography (see Fig. 79).  

 

 

Figure 79. SEM images of binary scaffold type 2 prepared with planar fibrinogen (A left side) 
prepared with 5 mg ml-1 and nanofibrous collagen (A right side) prepared with 
2.5 mg ml-1. This figure shows the attempt to assemble planar fibrinogen with 
nanofibrous collagen (A). (B) shows only collagen but no fibers could be found. The 
assembly of planar fibrinogen was successful (C left), while the assembly of collagen 
nanofiber was not (B).  

 

The third binary scaffold type no. 3 was prepared to combine nanofibrous fibrinogen with 

smooth collagen areas (see Fig. 80). The results represent n=1 experiment with 

triplicates.  
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Figure 80. Schematic of a binary type 3 scaffold. The patterning process was adapted to 
combine smooth collagen regions with nanofibrous fibrinogen areas. 

 

Sample type 3 combined smooth collagen with nanofibrous fibrinogen by first assembling 

smooth collagen, crosslinking it, and subsequently covering it with a PDMS mask. With 

the smooth collagen being covered the fibrinogen nanofibers were assembled, cross-

linked, and washed (as described in section 2.1.4) (see Fig. 22). Finally, the PDMS mask 

was removed from the smooth collagen.  

With this set-up, the nanofibrous fibrinogen scaffold attached to the PDMS mask and parts 

of the scaffold were detached (see Fig. 80A). Thus, the boundary between the areas 

coated with two different proteins was not clearly defined (see Fig. 80A). The region 

coated with planar collagen is darker than the area coated with fibrinogen fibers. On the 

planar collagen area, white spots were observed (see Fig. 80A and Fig. 80B). SEM 

analysis of scaffolds prepared with this routine revealed that the assembly of smooth 

collagen and fibrous fibrinogen areas in a single scaffold was successful (see Fig. 81B). 

The fibrinogen fibers were well defined (see Fig. 81 B and Fig. 81C). The fibrinogen fibers 

formed a dense network (see Fig. 81C). Despite the technical problems, the fibrinogen 

fibers showed the typical fiber morphology in those areas where the fibers were not 

detached by the PDMS mask. The planar collagen areas were very flat (see Fig. 81B). In 

Fig. 81 white spots can be seen.  
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Figure 81. SEM images of binary scaffold type 3 prepared with smooth collagen (A, left) 
prepared with 2.5 mg ml-1 and nanofibrous fibrinogen (A, right) prepared with 5 
mg ml-1. The border was well defined, yet parts of the fibrinogen scaffold were 
detached by the removal of the polymer mask (A). The assembly of a smooth collagen 
layer was successful (B, left) and the assembly of fibrinogen scaffold exhibited well-
defined nanofibers (B, C).   
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 4. Discussion 

To create a biophysical platform combining smooth/planar and nanofibrous topographies 

in a single protein scaffold, collagen was used as a model protein. First, the results for 

substrate characterization are discussed, followed by cellular interaction with collagen 

scaffolds. In the following subchapters, the transfer of the established method from 

collagen to the model platform fibrinogen is discussed and the cellular interaction with this 

novel biomaterial will be discussed. Subsequently, the results for both protein platforms 

are discussed in direct comparison. Finally, the preliminary results of combining 

biochemical and topographic cues in a single protein scaffold are discussed.  

4.1 Collagen 
In this thesis, a novel biophysical model system was presented to study the interaction of 

cells with different topographies in a single scaffold. A pH shift can induce the self-

assembly of collagen into fibers (Harris et al. 2013). Therefore, collagen was presented as 

a model system to manufacture protein scaffolds with nanofibrous and smooth 

topographies in selected scaffolding regions. To develop this new biophysical platform, 

nanofibrous and smooth scaffolds were first produced and characterized. These were also 

used as a reference for the later developed scaffolds with binary topography properties. 

4.1.1 Collagen scaffolds 
In the present study, it was shown that collagen nanofibers can be self-assembled on 

surfaces such as polycarbonate, Lumox® film, and aluminum oxide membranes (see Fig. 

33). In comparison, collagen fibers have already been assembled in previous studies on 

various substrates such as titanium, hydroxyapatite (He et al. 2014), magnesium (Zhao 

and Zhu 2014), phlogopite and muscovite mica (Fang et al. 2013). Smooth collagen has 

so far been processed on substrate materials such as glass, agarose, 

polydimethylsiloxane (PDMS) or self-assembled monolayers (SAMs) to form 

micropatterns (Kim et al. 2007; Kwak et al. 2015; Desai et al. 2011; Monroe et al. 2009). 

These earlier findings together with the here presented results show the wide variety of 

possible substrates for collagen scaffold assembly. With regard to possible future 

applications of binary collagen scaffolds in tissue engineering, the structuring process 

could also be carried out on other material surfaces so that there is the freedom to tailor 

binary collagen scaffolds independently of the carrier substrate. For handling reasons, like 

piranha cleaning and sterilization for cell culture, all further protein scaffolds in this work 

were assembled on glass.  
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The introduction of ultra-sonication during fiber assembly reproducibly improved the 

surface coverage to approximately 100% (see Fig. 34), which was much higher than 

reported fiber coverages of 45 % on PDMS surfaces, where collagen self-assembly was 

carried out in a microfluidic device (Spurlin et al. 2010). 

To achieve optimal preservation of the fiber morphology for future cell culture application, 

different chemical and physical crosslinking methods were investigated. The crosslinking 

method that best preserved the morphology of the collagen nanofibers was crosslinking 

with liquid GA (see Figs. 31 and 32). Crosslinking with UV irradiation, EDC, methanol, and 

FA did not preserve the fiber morphology as well as glutaraldehyde. In the future, a 

combination of crosslinking with EDC and N-hydroxysuccinimide (NHS) could improve the 

crosslinking of collagen (Yang 2012). EDC forms amine-reactive O-acylisourea 

intermediates, which then react with primary amines to form an amine bond and an Isorea 

by-product (Hermanson 2013). The O-acylisourea intermediates are unstable in aqueous 

solutions which can lead to failure for further reaction steps (Hermanson 2013). NHS is 

coupled by EDC to carboxyls, which form an NHS ester that is more stable than the O-

acylisourea intermediate, allowing more effective conjugation to primary amines at 

physiological pH (Staros et al. 1986). It remains unclear why FA crosslinking has not 

preserved the morphology of collagen fibers. It has been shown that FA crosslinking has 

worked earlier in collagen (Côté and Doillon 1992; Levy et al. 1986). Methanol is a more 

common method for cell fixation and has been suggested to be a good fixative for nucleic 

acid components of cells (Hobro and Smith 2017). However, the fixation with methanol 

may not be suitable for pure protein samples, because it can denature proteins 

(Fernández and Sinanoǧlu 1985). So far, UV crosslinking for corneal collagen has been 

combined with riboflavin, which could improve the crosslinking approach with UV 

(Mazzotta et al. 2012). Crosslinking with FA vapor instead of liquid FA could possibly also 

improve fiber conservation. It has been shown to work well with electrospun collagen 

nanofibers (Yang et al. 2008). Since the developed scaffolds were used in cell culture with 

cell culture medium with high salt concentration, non-fixed collagen scaffolds would form 

fibers, which has been shown in the literature before (Gobeaux et al. 2008). It was 

therefore important to preserve the smooth regions. Glutaraldehyde is a common 

crosslinker for collagen in biomedical applications and was therefore used for all further 

experiments in the present work (Reddy et al. 2015).  

The analysis of dry collagen scaffolds with the SEM revealed fiber diameters of about 

140 nm. In contrast, measurements of the same samples with the AFM yielded fiber 
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diameters of about 230 nm (see Table 5). This discrepancy between the two measuring 

methods could be due to the limitations of the respective method. SEM analysis only 

allows 2D analysis of gray values, while AFM analysis contains 3D information. For SEM 

analysis, collagen frameworks had to be sputtered with gold, which artificially increased 

the fiber diameter. However, when measuring fiber diameters with AFM images, tip 

artifacts can occur, which can be influenced by the aperture angle of the AFM tip and the 

geometry of the imaged substrate (Schwarz et al. 1994). Overall, AFM analyses showed a 

comparable swelling behavior of collagen nanofibers after rehydration with DMEM cell 

culture medium, independent of protein concentration. The AFM results of dried and 

rehydrated scaffolds could be compared since tip artifacts would occur in both 

measurements. After rehydration, collagen nanofibers had diameters of about 400 nm, 

which is in good agreement with literature values describing native collagen fibers 

(Huxley-Jones et al. 2007; Kadler et al. 2007). In other studies where collagen nanofibers 

were prepared by electrospinning, fiber diameters of 100-730 nm were reported for dry 

fibers (Matthews et al. 2002). After rehydration, these fibers would have larger diameters 

than the fibers presented in this study. In another study, fiber diameters of 150-450 nm 

were reported for electrospun dry GA-crosslinked collagen. After immersion with PBS 

diameters of 210-425 nm were measured for these fibers (Yang et al. 2008), which is 

much closer to the results presented in this study. 

By adjusting the protein concentration, the scaffold thickness of the collagen nanofibers 

could be adjusted between 200 nm and 7 µm and between 400 nm and 10 µm for smooth 

collagen (see Fig. 34 and Fig. 35). In contrast, collagen patterns combining fibrillar and 

smooth regions in a single scaffold have so far been produced by introducing a pre-

patterning with hydrophilic and hydrophobic self-assembled monolayers (SAMs) on the 

carrier substrate (Elliott et al. 2007). However, the introduction of tailored surface 

chemistry with SAMs only resulted in collagen thickness in the range of 2 to 47 nm (Elliott 

et al. 2007). The scaffolds prepared in the present work exceed this range by far and have 

the potential to be further tailored towards three-dimensional scaffolds (Walters and 

Stegemann 2014). 

The analysis of the nanofibrous collagen scaffold roughness using AFM revealed 

roughness values of approx. 40 to 115 nm after rehydration and approx. 9 to 30 nm for 

smooth scaffolds (see Table 4), which is in good agreement with collagen scaffold 

roughness values from previous studies (Johanes et al. 2011; Stylianou et al. 2013). For 



4. Discussion 

140 
 

collagen-coated PDMS, for example, roughness values of about 90 nm have previously 

been reported for non-crosslinked collagen (Razafiarison et al. 2016). 

In the present study it was found that nanofibrous and smooth collagen scaffolds 

appeared to have an unlimited stiffness independent of the respective topography (see 

Figs. 38 and 39). Therefore, the mechanical properties of collagen scaffolds were 

considered comparable to glass for subsequent cell culture studies. To determine the real 

elastic modulus of the respective substrates, the elastic moduli of the scaffolds would 

have to be measured with stiffer cantilevers (Suriano et al. 2014). It has been reported 

earlier that crosslinking of cell culture collagen gels leads to increased stiffness with 

Young's moduli between 20 and 100 kPa (Spurlin et al. 2010). Others reported a 20-fold 

increase in collagen film stiffness after crosslinking (Bigi et al. 2001). It can, therefore, be 

assumed that the mechanics of the nanofibrous and smooth collagen scaffolds used in the 

present studies are probably mainly influenced by the crosslinking process. In previous 

studies, it was shown that the mechanical properties of the collagen scaffolds can be 

controlled by the degree of crosslinking. The degree of crosslinking can be adjusted by 

the glutaraldehyde concentration and the crosslinking time (Bigi et al. 2001). A further 

possibility for adjusting the elastic modulus of collagen gels was presented by Tirella et al. 

They successfully adjusted the elasticity modules of collagen gels by crosslinking with 

riboflavin and UV irradiation (Tirella et al. 2012).  

Combining two topographies in one scaffold: 

To produce scaffolds with spatially controlled topographies, in vitro self-assembly was 

combined with polymer printing. Using glass substrates, smooth and fibrous topographies 

with high reproducibility were achieved in the respective scaffold areas. This method 

allows the fabrication of protein scaffolds with different topography regions (nanofiber vs. 

smooth). For the first time, a new biophysical model system was introduced for the 

simultaneous investigation of cell cultures on nanofibrous and smooth collagen 

topographies in a single scaffold (see Fig. 40 and 41). The results of collagen scaffolds 

with a single topography were used to establish the model platform on which two 

topographies were combined into a single protein scaffold. In the scaffold design 

presented, the topography was the only feature of the collagen substrates that was 

modified in the different scaffold regions, while the mechanical and biochemical cues 

remained the same in both regions. This scaffold design opens the possibility to 

disentangle the influence of mechanical cues and nanotopography in the cell environment 
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to understand the independent role of topographic cues during cell growth (Yang et al. 

2017). 

In the past, different substrate materials were used to obtain structured samples, while the 

combination of fibrous and smooth collagen regions in a single substrate was only 

performed by one group (Elliott et al. 2007). The results in the present study are in 

contrast to this previous study in which nanofibrous and smooth collagen regions were 

combined in a single surface due to interaction with hydrophobic and hydrophilic SAMs 

(Elliott et al. 2007). Contrary to the results presented here, their patterned collagen 

substrates only had a substrate thickness in the lower nanometer range (Elliott et al. 

2007). The structuring of collagen on the nano- and microscale was performed in different 

studies using different techniques. For example, silanized Si wafers pre-patterned with 

hydrophilic and hydrophobic SAMs were used to subsequently prepare topographic 

patterns of collagen on the SAM films. Due to this substrate modification, the structuring of 

the collagen is more time and cost-intensive than the structuring process established in 

this thesis. Furthermore, the different collagen patterns could only be achieved if a layer of 

self-assembled monolayers (SAMs) was applied underneath the binary collagen pattern. 

Therefore, it has not been possible so far to modify other biomaterial surfaces such as 

glass, polymers, or metals with nanofibrous and smooth collagen patterns. The procedure 

presented in the present work can be performed independently of the underlying 

substrate, which is a major advantage over the studies just mentioned. Such thin collagen 

layers would not be suitable for the future preparation of binary 2D/3D scaffolds into which 

cells can migrate. To increase the scaffold thickness in future experiments, an increase in 

protein concentration would be necessary, as demonstrated in this work. 

With other techniques for the production of protein nanofibers, such as electrospinning or 

extrusion through nanoporous ceramics, the combination with polymer structuring would 

not be feasible as presented here, since in these processes the fiber deposition takes 

place successively on a substrate. Furthermore, in contrast to electrospinning, which uses 

high electric fields and organic solvents (Barnes et al. 2007), self-assembly offers the 

important advantage of physiological process parameters to prepare structured protein 

scaffolds for subsequent cell culture studies (Matthews et al. 2002; Barnes et al. 2007). 

Furthermore, to achieve a higher spatial resolution of the binary pattern, the proof-of-

concept patterning method presented in this work was combined with the use of 

established PDMS masks for future application in cell cultures (Bernard et al. 2000; Shen 

et al. 2008; Filipponi et al. 2016). This combination of processes facilitated the production 



4. Discussion 

142 
 

of micro-patterns with nanofibrous and smooth areas with higher throughput and 

potentially allows for a variety of geometries. 

 4.1.2 Cell interaction with collagen scaffolds 
A new method to produce protein scaffolds, which allow studies of the cell response to 

different topographical cues, was successfully established and characterized. In the next 

step the cellular response to collagen scaffolds with spatially different topographies was 

studied using fibroblasts as model system.  

LIVE/DEAD® staining of NIH 3T3 fibroblasts on collagen scaffolds prepared with 

0.5 mg ml-1 showed predominantly vital cells (see Fig. 42). This assay was only performed 

on scaffolds with one topography. The analysis of living cells showed between approx. 

84% and 98% living cells independent of growth time and underlying substrate (see Fig. 

43). A disadvantage of this assay is that it is only sensitive to cytotoxic effects that affect 

membrane integrity (Crocini et al. 2019). Furthermore, the autofluorescence of the 

collagen scaffolds made the evaluation of the assay difficult. Therefore, the analyses for 

this assay were only performed on substrates prepared with 0.5 mg ml-1 collagen and only 

one topography, which is why the metabolic WST-1 assay was performed as an 

alternative method. This assay also allowed the analysis of cell viability of fibroblasts on 

thick collagen scaffolds prepared with 2.5 mg ml-1. Extinction of 3T3 fibroblasts grown on 

collagen showed that the cells proliferated over time. Fibroblasts grown on glass showed 

the highest proliferation rate (see Figure 44). Further repetition of these experiments 

would be necessary to ensure this trend and reduce the standard deviation. 

Overall, the relative viability of fibroblasts grown on nanofibrous and smooth collagen 

scaffolds obtained by the WST assay showed relative viabilities below 70%, which is not 

considered biocompatible according to DIN EN ISO 10993-5 (see Fig. 45) (EN ISO 

10993-5:2009). This viability was different from the results obtained with the LIVE/DEAD® 

staining. A possible reason for this discrepancy could be the high proliferation on glass. 

Besides, initial variations in cell density during seeding could influence the results of 

WST-1 assays. A possible reason for different extinction values could be randomly 

different initial seeding densities. These would lead to inconsistent cell densities and thus 

to more or fewer mitochondria, which could have been caused by handling errors. More 

mitochondria would convert more WST-1 to formazan and finally to a higher optical 

density. Poor resuspension or pipetting could lead to this effect. Also, glutaraldehyde 

fixation leads to residues of aldehyde groups which could reduce the viability of the cells 

on these scaffolds. It has been shown that aldehyde residues have cytotoxic effects in 
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vitro (Naahidi et al. 2017). In addition, it has been reported that the number of free amino 

groups of cross-linked collagen decreased largely from 100% to 32.76% (Tian et al. 

2014). It has been shown that amino groups increase cell adhesion and consequently cell 

viability (Okada et al. 2006). These effects could influence cell adhesion and thus reduce 

cell proliferation. An adaptation of the crosslinking process could improve cell viability on 

collagen scaffolds in future studies. In some cases, the collagen scaffolds detached from 

the carrier substrate when the WST-1 assay was performed. This could have significantly 

influenced the results of the assay. Cells may have been detached by this effect or may 

not have been in contact with the reagent when floating on the liquid. 

The WST-1 assay was performed with relatively low cell counts to compare the results 

with those obtained in morphology studies. The low cell densities used in WST-1 assays, 

together with the increased surface area on nanofibrous collagen scaffolds, could result in 

few cell-cell contacts and thus reduce proliferation. Nevertheless, the LIVE/DEAD staining 

showed good overall fibroblast viability on nanofibrous and smooth collagen scaffolds. 

Therefore, an additional viability assay could help to gain a better insight into fibroblast 

viability on collagen scaffolds. Dead cells with a lost membrane integrity can be detected 

by measuring markers leaking from the cytoplasm into the cell culture medium (Riss et al. 

2019). The most common marker is lactate dehydrogenase (LDH) (Korzeniewski and 

Callewaert 1983; Decker and Lohmann-Matthes 1988). In order to gain a better insight 

into cell viability on collagen substrates, an LDH assay could be a suitable complement to 

cell viability studies in future. 

4.1.2.3 Cell morphology 
Collagen scaffolds with one topography: 

In this study, the quantitative analysis of fluorescence microscopic images of fibroblasts 

on nanofibrous and smooth collagen scaffolds prepared with 0.5 mg ml-1 revealed cell 

sizes (see Fig. 47) between 901 and 1796 µm2. The largest cells were found on smooth 

collagen substrates and smaller cells on collagen fibers and bare glass. Together with the 

cell size, the perimeter was largest on smooth collagen and comparatively smaller on 

nanofibrous collagen and glass (see Fig. 48). Cell area and cell perimeter showed the 

same trends on all corresponding substrates. Cells on nanofibrous collagen surfaces had 

a spindle-like morphology with long filopodia, while cells grown on smooth scaffolds had 

large contact areas (see Fig. 46). This is in contrast to the results of previous studies 

where randomly organized nanofibers did not seem to have any influence on the cell 

morphology. Numerous studies have found that aligned collagen nanofibers influence cell 
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morphology and induce differences in cell alignment and migration (Gruschwitz et al. 

2010; Lai et al. 2011; Lai et al. 2012b, 2012a; Huang et al. 2013; Stylianou et al. 2013; 

Zhong et al. 2006; Bao et al. 2002; Muthusubramaniam et al. 2012). To determine the 

cell-covered area, the area covered by actin was quantified (see Fig. 50). In contrast to 

the observation from the WST-1 assay, the cell-covered area increased over time 

independently of the underlying substrate. This indicates a similar proliferation of 3T3 

fibroblasts on all substrates. Further cell viability studies are required to ensure good cell 

viability on all substrates. 

In other studies it was reported that fibroblasts and endothelial cells grown on collagen 

fibers exhibited an elongated morphology in the alignment direction of aligned fibers, 

whereas no cell orientation was found on randomly oriented fibers (Gruschwitz et al. 

2010). In contrast, the CSI in the present study differed from the trends observed for 

perimeter and cell size (see Figure 49). The lowest circularity was observed in collagen 

fibers prepared with 0.5 mg ml-1 with a CSI of about 0.131, and the highest circularity was 

observed in glass with a CSI of 0.249. Cells on collagen substrates regardless of 

topography were more elongated than cells on glass. In contrast to the size and perimeter 

of the cells, these differences were independent of the cultivation time. The differences 

between cell area and cell perimeter on different substrates became less pronounced 

during the course of the cultivation time. On both collagen topographies the cell size and 

cell perimeter decreased between 24 and 72 h, while the fibroblast area on glass 

increased slightly. NIH 3T3 fibroblasts typically assemble their own ECM in vitro up to 

72 h in culture (Franco-Barraza et al. 2016; Kubow et al. 2009). It can therefore be 

assumed that fibroblasts on untreated glass initially deposited their own ECM during the 

first cell culture period, which probably led to smaller cell sizes than fibroblasts on both 

collagen scaffolds. Overall, the analysis of CSI only allows an analysis of possible trends, 

since the resolution limit of the inverted fluorescence microscope in combination with the 

autofluorescence of the collagen scaffolds in this study did not facilitate the detailed 

recognition of smaller cell parts such as thin filopodia. Another cross-linking method that 

causes less autofluorescence could improve fluorescence imaging, since glutaraldehyde 

is known to induce autofluorescence (Baschong et al. 2016; Davis et al. 2014). 

Furthermore, 2D images only consider one focal plane. Cells projecting into a 3D 

substrate would appear smaller with this method. Together with another crosslinking 

agent, the use of a high-resolution imaging technique of cell morphology on nanofiber 

scaffolds could penetrate further into the interior and overcome the limitations of the 
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methods used here, e.g. by improving confocal microscopy protocols or using Stimulated 

Emission Depletion Microscopy (Vicidomini et al. 2018).  

The observed differences in fibroblast morphology were most pronounced in culture up to 

48 h. It can be assumed that the influence of the underlying collagen topographies is 

compensated by the deposition of own fibroblast ECM. It has already been shown that in 

vitro cultivated fibroblasts deposit their own ECM up to 72 h cultivation time (Beacham et 

al. 2007; Kubow et al. 2009). This time window could explain why cells cultivated on glass 

showed larger areas after 48 h and 72 h. It suggests that cell attachment increases over 

time along with ECM deposition. Additionally, this could explain that the morphological 

differences in nanofibrous and smooth collagen scaffolds are less pronounced throughout 

the cultivation period. 

Since the detailed morphological analysis with fluorescence microscopy could only be 

performed with collagen scaffolds prepared with 0.5 mg ml-1, further analyses were 

performed with SEM and confocal microscopy, and including thick collagen scaffolds (see 

Fig. 51). The trends observed for fibroblasts on collagen scaffolds prepared with 

0.5 mg ml-1 were confirmed for collagen scaffolds prepared with SEM and confocal 

microscopy independent of protein concentration. In addition to the trends mentioned 

above, it was observed that fibroblasts grown on collagen nanofibers had few long 

filopodia, while fibroblasts grown on smooth collagen had more but shorter filopodia. This 

could be an indicator that cells grown on nanofibers explore their environment by filopodial 

scanning (Schäfer et al. 2011). It was shown that the different collagen topographies had 

the strongest influence on fibroblast morphology and filopodia formation. Cells on smooth 

scaffold regions had large contact areas, many short filopodia, and pronounced actin 

filaments. In contrast, nanofibrous collagen induced a spindle-like fibroblast morphology 

with smaller cell sizes, few long cell extensions, and significantly reduced actin stress 

fibers. These results are in good agreement with previous reports on fibroblast growth on 

randomly oriented collagen nanofibers (Hakkinen et al. 2011; Jiang and Grinnell 2005; 

Stylianou et al. 2013). In previous studies, it was found that the amount of focal adhesion 

proteins differs between 2D and 3D scaffolds (Cukierman et al. 2002). The limited 

available surface area of nanotopographies has been associated with the reduction of the 

formation of focal adhesion proteins (Frey et al. 2006). These correlations were confirmed 

in this work by the observation of reduced actin fiber formation on nanofibrous collagen 

surfaces. Since it is not yet fully understood which mechanisms are responsible for their 

multiple functions during filopodia scanning (Gupton and Gertler 2007; Jacquemet et al. 
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2015), it will be highly interesting to further develop the current scaffolds with binary 

topography towards thicker 3D matrices to allow studies of topography-dependent cell 

adhesion and migration processes in real-time. 

Z-stack images (see Fig. 52) showed no protrusion into nanofibrous collagen scaffolds 

and consequently no fibroblast growth into the deeper regions of the nanofibrous collagen 

scaffolds. In the native ECM, cells can migrate through LOX-crosslinked collagen fiber 

networks via proteolytic and non-proteolytic mechanisms (Bonnans et al. 2014; Wolf and 

Friedl 2011). Since the collagen scaffolds used in this study were chemically crosslinked 

with glutaraldehyde, the fibroblasts were probably not able to migrate into the network via 

their native migration mechanisms. Therefore, it will be important to adapt the crosslinking 

procedure in the patterning process to investigate whether cells can migrate into fibrous 

scaffold regions. Other crosslinking strategies could include riboflavin UV treatment, 1-

ethyl-3-(3-dimethylaminopropyl)-carbodiimide or transglutaminase, which are known to 

maintain the topography of collagen nanofibers in cell culture studies (Gruschwitz et al. 

2010; Lai et al. 2011; Spurlin et al. 2010; Spurlin et al. 2009). 

AFM analysis of fibroblasts on nanofibrous and smooth collagen scaffolds yielded Young’s 

moduli that ranged from approximately 1.5 kPa to approximately 2.5 kPa (see Fig. 53). 

Overall, no significant differences for Young’s moduli of fibroblasts were observed 

independent of the collagen topography or the scaffold thickness. The standard deviations 

were larger than the median values. A possible explanation for this observation might be 

that the fibroblast stiffness was mainly influenced by the crosslinking routine and 

independent of the collagen topography. It is known in the literature that cells on 

topographies, on rigid substrates, which cells cannot deform, react only to topographic 

signals. While cells were grown on soft substrates, they can also deform, perceive, and 

respond to both stiffness and topographic signals (Yang et al. 2017). This phenomenon 

was also observed in the present study. It is known that fibroblasts adapt their mechanical 

properties when they are seeded on substrates with different rigidity (Rianna and 

Radmacher 2016). The measured Young’s moduli in the present study are in good 

agreement with values measured for NIH 3T3 fibroblasts on stiff polyacrylamide gels 

(Rianna and Radmacher 2016). It was found that the stiffer the gels were the higher the 

Young’s moduli of the fibroblasts were (Rianna and Radmacher 2016).  
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Collagen scaffolds with binary topography: 

The most significant morphological differences on scaffolds with on toporaphy were 

observed between 24 h and 48h. Therefore, fibroblasts were fixed on samples with binary 

topographies after 36 h and examined for their morphology by SEM. Fibroblasts that 

migrated from one topography to another dynamically adapted their morphology (see Fig. 

62). Cells growing directly on the border between nanofibers and smooth collagen 

topography showed short but many filopodia on the smooth scaffold area, while few and 

long filopodia protruded from the cell bodies on the nanofiber scaffold region. These 

observations show that fibroblasts reacted dynamically to the topographic differences in 

their environment while migrating on the binary collagen scaffolds. The morphological 

trends found on scaffolds with only one topography were also confirmed on scaffolds with 

binary topographies. Cells grown at the borders of two topographies showed spread 

morphology on smooth areas and spindle-shaped forms on nanofibrous areas, indicating 

that the cells dynamically adapted their morphology. There is consensus in the literature 

that topography can influence cell morphology (Yang et al. 2017). It has been shown that 

fibroblasts growing on polystyrene with nanotopographic features reduce their spread 

(Dalby et al. 2003). This trend was confirmed in the present study when fibroblasts 

migrated across the border from smooth to nanofibrous collagen regions. 

With the new model system presented in this thesis, it will be possible in the future to 

directly investigate the participation of different focal adhesion proteins in the formation of 

adhesion sites as a function of the underlying topography. Topographic preferences in cell 

growth are controlled by filopodia (Albuschies and Vogel 2013). The novel topographic 

scaffold design developed in this work could, therefore, allow the analysis of topography-

dependent processes during filopodial scanning in real-time. This is an advantage over 

current systems where cell culture results had to be transferred from conventional 2D 

substrates, such as Petri dishes, to soft protein scaffolds with nanofiber topography. Also, 

the new structuring technique introduced in this study revealed nanofibrous and smooth 

collagen regions in the same scaffold that exhibited the same stiffness. This scaffold 

design will allow future studies of cell adhesion and contact guidance independent of 

variations in mechanical or biochemical signals (Yang et al. 2017; Cukierman et al. 2002; 

Frey et al. 2006).  
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Migration on binary patterned collagen scaffolds: 

Since it is known that the topographic properties of the ECM can also influence the 

migration behavior of cells (Frey et al. 2006), a live cell tracking was used to investigate 

whether the different collagen topographies also influence the migration behavior of 3T3 

fibroblasts. For this purpose, cells were tracked over a total time of 20 h and imaged in 

time windows of two minutes each. The analysis of the cell migration traces showed that 

the distance the cells migrated during 2 min was at the lower limit of the microscopic 

resolution. Therefore, larger time windows should be used for future experiments. 

Logarithmically plotted histograms of the mean velocities of 3T3 fibroblasts per sample 

type showed a second peak for smooth and nanofibrous regions of binary patterned 

collagen scaffolds prepared with 0.5 mg ml-1 collagen at low migration rates (see Fig. 57). 

These second peaks indicate populations of almost stationary cells that were visible in the 

videos and tracks. The same trends were observed in scaffolds prepared with 2.5 mg ml-1 

collagen. In these scaffolds, the histogram for cells on fibers also showed a second peak. 

On a linear axis, these effects would not be visible. The corresponding adjustments, in 

which the mean velocities with and without the second peaks were compared, showed 

that the second peaks influence the mean values for the velocities (see Figs. 56 and 61). 

Therefore, a cut-off was set at velocities below 0.1 µm min-1, since the focus of this assay 

was on the mean velocities of the migrating cells. The cut-off was possible because they 

represented only a minority of the data population and therefore did not represent the 

overall behavior of the cells. 

Overall, fibroblasts on collagen scaffolds showed migration velocities of 180 nm min-1 to 

430 nm min-1, which is in good agreement with the literature (Yang et al. 2017). In a 

different study mean cell migration velocities of 416 nm min-1 were reported for 3T3 

fibroblasts on 3D collagen nanofiber matrices (Hakkinen et al. 2011). Other studies have 

shown that, when primary adult human dermal fibroblasts were grown on poly(ethylene 

glycol) (PEG) hydrogels, the average cell migration velocity decreased from 810 nm min-1 

on soft gels (95 Pa) to 380 nm min-1 on stiff gels (4.3 kPa) (Ghosh et al. 2007; Yang et al. 

2017). The rather stiff collagen scaffolds used in this study yielded average velocities, 

which resemble the values previously found for stiff PEG gels so that the migration 

velocity might primarily have been influenced by the collagen stiffness. In summary, 

fibroblasts displayed a trend towards faster migration on nanofibrous collagen than on 

smooth scaffolds.  
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Compared to collagen scaffolds with only one topography, the migration rate on binary 

patterns was lower. Cell migration on binary scaffolds prepared with 0.5 mg ml-1 collagen 

was significantly faster on nanofibrous areas than on smooth areas. The observations are 

in good agreement with the literature, showing that cells migrated faster on 

nanotopographies than on smooth topographies (Hakkinen et al. 2011). For fibroblasts on 

scaffolds prepared with 2.5 mg ml-1 collagen, no significant difference in cell migration 

speed was observed. The thicker collagen scaffolds also showed higher roughness values 

than the thin scaffolds. Nanotopographies may also reduce the surface area that can be 

identified by the cells, thereby limiting focal adhesions and weakening cell adhesion and 

facilitating cell migration (Frey et al. 2006). This observation of fibroblasts on nanofibrous 

collagen scaffolds could be the reason for the similar migration rates found in the present 

work. In the first step of the migration, cells use filopodia and lamellipodia to explore their 

environment and control cell migration (Schäfer et al. 2011; Alberts et al. 2002). In the 

morphology studies presented here, a stronger expression of lamellipodia on nanofibrous 

areas was observed. This is a further indication that cells on nanofibers migrated more 

frequently. 

In general, cells on scaffolds with binary topographies showed slower migration rates than 

on scaffolds with only one topography. Overall, the results of binary scaffolds had fewer 

traces because the boundary was recorded during tracking and therefore only half the 

image area per topography was evaluated compared to samples with only one 

topography. For methodological reasons, this led to a lower number of evaluated cell 

tracks on the binary samples. For a better comparison of cell behavior on samples with 

binary and a single topography, proliferation assays on binary scaffolds would be required 

in future studies. Also, the imaging routine could be adapted to track cell migration in 

similar areas as on scaffolds with a single topography. Recent studies have shown that 

NIH 3T3 fibroblasts migrate preferentially towards the topographically denser areas and 

away from the sparser ones (Kim et al. 2009). These findings may indicate that cells may 

migrate preferentially towards the denser fibrous scaffold areas on the binary substrates 

presented here. To further investigate whether the results of Kim et al. can be reproduced 

on our binary substrates, a single cell tracking could be performed. To further investigate 

the correlation of fibroblast migration rates with the underlying topography and roughness 

(see Table 8); thicker protein scaffolds would be required. This could be achieved by 

scaffold preparation with higher collagen concentrations in future studies. 
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The results of cell cultivation on collagen scaffolds were in good agreement with the first 

hypothesis from the current work. It was hypothesized that cells on nanofibrous protein 

scaffolds would have smaller cell areas than on smooth scaffolds. For collagen scaffolds, 

this hypothesis was confirmed as it was observed that the fibroblast size on collagen 

fibers was smaller than on smooth collagen. On binary substrates, a dynamic reduction of 

cell area was observed when cells migrated from smooth collagen to collagen nanofibers. 

These results confirmed the hypothesis that topographic changes while maintaining the 

same biochemistry and mechanics induced changes in fibroblast morphogenesis. 

The second hypothesis that cell proliferation would be reduced on nanofibrous protein 

scaffolds due to the higher surface area and lower cell-to-cell contact compared to smooth 

substrates was confirmed by the WST-1 assay. In contrast to this finding, the results of 

the LIVE/DEAD staining showed good general fibroblast viability independent of the 

underlying topography. For a better insight into cell proliferation on collagen scaffolds with 

different topography, further studies with alternative methods to assess cell viability, such 

as LDH assays, would be necessary.  

The third hypothesis, which states that the migration speed of cells on nanofibrous 

collagen would be increased compared to smooth scaffolds, was also confirmed by the 

experimental data of this study. 

4.2 Fibrinogen 
To investigate basic biophysical principles, not only differences in topography but also 

biochemical stimuli should be studied. For future applications in tissue engineering and, 

for example, for wound dressings, it would, therefore, be very advantageous to transfer 

this new structuring method to other fibrillar proteins, which can be processed into 

nanofibrous scaffolds with the aid of a self-assembly routine. Due to its key role in wound 

healing and its ability to induce fibrillogenesis by salt-induced self-assembly (Stapelfeldt et 

al. 2019a; Stapelfeldt et al. 2019b), the blood plasma protein fibrinogen was selected as 

the second candidate for the production of topographically structured protein scaffolds. 

The self-assembly method established in this study was modified to produce nanofibrous 

fibrinogen scaffolds and to use them for subsequent cell culture studies. 

4.2.1 Fibrinogen scaffolds 

The diameter of the fibrinogen nanofibers was about 230 nm for dry fibers (see Table 8) 

and increased to 340 nm after rehydration (see Table 8). These findings are in good 
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agreement with diameters measured for electrospun fibrinogen nanofibers, where 

diameters of approximately 250 nm have been reported (Mirzaei-Parsa et al. 2018). The 

measured fiber diameters are also in good agreement with the diameters measured for 

fibrin fibers prepared in vitro, which had fiber diameters between 20 nm and 400 nm 

depending on the preparation method (Li et al. 2016). Moreover, Li et al. stated that the 

fiber diameter of fibrin strongly influenced the mechanical properties of fibrin fibers and 

fiber networks. It would be interesting for a follow-up study to investigate, whether this 

dependence also applies to the fibrinogen nanofibers analyzed in this work. For this 

purpose, fiber diameters would have to be varied, for example by adjusting the drying 

step. 

The scaffold thickness determined by means of cross-section SEM was between 

2.8 ± 0.4 µm for fibrinogen nanofibers and 1.7 ± 0.4 µm for smooth fibrinogen (see Fig. 

63). Since Stapelfeldt et al. were the first to produce fibrinogen scaffolds using their self-

assembly method, the fibrinogen fibers had never before been used as a cell culture 

substrate. Electrospun fibrinogen scaffolds prepared with much higher protein 

concentrations reached scaffold thicknesses of about 0.7 mm (Wnek et al. 2003; 

McManus et al. 2006). With regard to a future application in 3D cell culture, it will be 

interesting to increase the thickness of self-assembled fibrinogen scaffolds, e.g. by 

adjusting the protein concentration or other parameters in the self-assembly process. 

AFM analyses of surface roughness showed that dried fibers had surface roughness 

values of about 120 nm (see Table 7). In contrast, the surface roughness of dried planar 

fibrinogen scaffolds was about 7 nm. Rehydrated fibers showed surface roughness values 

of about 120 nm (see Table 7). In comparison, the surface roughness of planar fibrinogen 

scaffolds during rehydration was about 9 nm. In a previous study, planar fibrinogen was 

adsorbed on silica surfaces with a roughness of 10 to 15 nm (Lord et al. 2014). Overall, 

the surface roughness of fibrinogen scaffolds did not increase significantly during 

rehydration.  

Previous studies have shown that crosslinking with formaldehyde vapor preserves the 

fiber morphology of fibrinogen nanofibers in aqueous environments (Stapelfeldt et al. 

2019a). With this crosslinking method, the fiber morphology remained stable in dry fibers 

and after rehydration in cell culture medium (see Fig. 63). Furthermore, the conservation 

of planar 2D scaffolds was successful. In contrast to the scaffold thickness of 3 to 5 µm 

made of non-crosslinked fibrinogen presented by Stapelfeldt et al., fibrinogen scaffolds 
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prepared for cell culture applications and crosslinked with FA steam had a reduced 

thickness of only 1.7 to 2.75 µm. This could be due to the washing steps following the 

crosslinking process, which may have led to the removal of the salt from the fibrinogen 

scaffolds.  

Using AFM analyses, it was determined in the present study that nanofibrous and planar 

fibrinogen scaffolds have unlimited stiffness regardless of the respective topography (see 

Fig. 65). Thus, they provide the cells with mechanical properties comparable to glass. Sell 

et al. reported a stiffening of electrospun fibrinogen fibers during crosslinking (Sell et al. 

2008b). This suggests that the mechanics of the presented nanofibrous and planar 

fibrinogen scaffolds could probably also be mainly influenced by the crosslinking process. 

To determine the real elastic modulus of the respective substrates, the elastic moduli of 

the scaffolds would have to be measured with stiffer cantilevers (Suriano et al. 2014). 

The successful transfer of the new patterning process to fibrinogen now allowed another 

protein scaffold type (see Fig. 66 and 67). So far, little research has been done to control 

the formation of fibrinogen nanofibers on surfaces (Reichert et al. 2009). Different studies 

patterned fibrinogen in different ways. In an earlier study, thin fibrillary fibrinogen fibers 

were aligned on patterned carrier substrates (Reichert et al. 2009). Particle lithography 

was used to pattern fibrinogen in a PEG-silane matrix (Englade-Franklin et al. 2013). 

Microcontact printing was used to directly stamp patterns of fibrinogen for studies of 

platelet adhesion and activation (Corum and Hlady 2012). In contrast to the results in the 

present work, all these earlier studies often either assemble fibers on an underlying 

topography or use smooth protein films. To the knowledge of the author, the combination 

of two different fibrinogen topographies in a single scaffold was not reported up to now. 

The results presented here could be a further step towards the development of effective 

biological scaffold materials for tissue engineering and regenerative applications in 

medicine. These depend on the ability to provide specific cell populations with precise 

cues from the environment to direct their position and function (Alsberg et al. 2006). 

 4.2.1 Cell interaction with fibrinogen scaffolds 

In this study, the interaction of cells with fibrinogen scaffolds produced by salt-induced 

self-assembly was investigated for the first time, using NIH 3T3 fibroblasts as a model 

system. The results on cell viability and cell morphology on substrates with a single 

topography followed by cell morphology and cell motility on topographically patterned 

fibrinogen scaffolds are discussed below. 
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Cell interaction on single topographies: 

The WST-1 assay showed a good proliferation rate for fibroblasts over a growth time of 

72 h, which was independent of the underlying substrate and fibrinogen topography (see 

Fig. 68). The WST-1 assay yielded higher extinction values with increasing cultivation 

time, which confirmed that the cells proliferated on all substrates (Berridge et al. 2005). 

These results are in good agreement with previous studies on fibrinogen fibers. McManus 

and co-workers performed a WST-1 assay and have shown that electrospun fibrinogen 

fibers supported the proliferation of cardiac fibroblasts from neonatal rats (McManus et al. 

2007a). In a different study, human umbilical vein endothelial cells (HUVECs) were 

cultured on electrospun fibrinogen nanofibers for up to 7 days (Gugutkov et al. 2013). 

Based on the adhesion, morphology, and motility data in their study electrospun fibrinogen 

nanofibers were considered to be bioactive, although no viability assays were conducted 

(Gugutkov et al. 2013). 

To analyze the relative viability the proliferation rates were plotted relative to the glass 

control. Overall, NIH 3T3 fibroblasts exhibited higher proliferation rates on planar 

fibrinogen and APTES than on glass (see Fig. 69), which explains viability higher than 

100% since the viability of glass was used as the 100% reference value. That is in good 

agreement with previous studies where it has been reported, that functionalization with 

APTES increases the number of amino groups and thus enhances cell spreading and 

proliferation (Kuddannaya et al. 2013). Interestingly, the relative viability of NIH 3T3 

fibroblasts grown on fibrinogen nanofibers displayed a different trend. The measured 

metabolic activity decreased after 48 h growth time to a value of approximately 70 %, 

which is still considered biocompatible (EN ISO 10993-5:2009), and increased to 

approximately 100 % of the glass control after 72 h. This trend on fibrinogen nanofibers 

could presumably have been induced by the topography. The higher specific surface area 

caused by the surface roughness initially led to fewer cell-cell contacts compared to 

planar fibrinogen (Nelson and Chen 2002). Only after 48h at higher cell density more 

contacts were established, which in turn accelerated proliferation. Moreover, it was stated 

before that fibroblasts decrease proliferation rates with increasing surface roughness 

which is consistent with the finding from this thesis (Kunzler et al. 2007). Since fibroblasts 

normally start depositing ECM between 48 h and 72 h in vitro, the increase of fibroblast 

viability on nanofibrous fibrinogen after 48 h could also be correlated with ECM deposition 

(Franco-Barraza et al. 2016; Kubow et al. 2009).  
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Overall, not many in vitro studies of cells on fibrinogen nanofibers have been presented to 

date, which could provide reference data for cell viability on fibrinogen nanofibers. The 

results of 3T3 fibroblasts on self-assembled fibrinogen nanofibers in the study are in good 

agreement with the few available comparative studies. Further investigation of cell viability 

between 24 h and 48 h could provide better insight into these observed trends. More 

repetitions of WST-assays could give higher statistical relevance. In future studies, an 

LDH-assay could also give further insight into cell viability on this novel scaffolds type.  

To evaluate the cell morphology, fibroblasts were stained with phalloidin and DAPI and 

imaged with fluorescence microscopy. The imaging with optical fluorescence microscopy 

was challenging since cells were difficult to recognize due to the strong autofluorescence 

of the underlying fibrinogen nanofibers. It has been shown previously, that several 

crosslinking methods including FA vapor induced autofluorescence (Smith et al. 2015). 

Sodium borohydride and glycine can reduce the fluorescing aldehydes by reducing the 

aldehyde and ketone active groups to alcohols (Baschong et al. 2016). Overall, fibroblasts 

on nanofibers appeared to be smaller than on planar fibrinogen with fewer stress fibers 

being visible on nanofibers than on planar scaffolds (see Fig. 70). However, cells on 

planar fibrinogen showed well spread actin cytoskeletons with distinct stress fibers and 

few short filopodia. To further study this morphological trend in more detail SEM and 

confocal microscopy analysis were conducted (see Fig. 71).  

In confocal microscopy images, fibroblasts on nanofibrous fibrinogen did not show many 

stress fibers, while fibroblasts on planar fibrinogen showed pronounced stress fibers 

(mostly dorsal and ventral stress fibers). Dorsal and ventral stress fibers are associated 

with focal adhesions, indicating good cell adhesion on planar fibrinogen substrates 

(Burridge and Wittchen 2013). This trend intensified with increasing growth time and was 

in good agreement with previous fluorescence microscopic data. Previously, this trend 

was observed in fibroblasts grown on polybromostyrene and polystyrene with different 

topographies (Dalby et al. 2002b). Fibroblasts grown on rough surfaces showed smaller 

cell areas and expressed less actin than cells on the smooth controls (Dalby et al. 2002b). 

Analyses on the nanoscale confirmed the trends observed in fluorescence microscopy. 

SEM images confirmed that cells grown on fibrinogen nanofibers were smaller than cells 

grown on planar fibrinogen. 

To further analyze whether fibroblasts on fibrinogen nanofibers protrude into the 3D 

scaffolds, confocal microscopic z-stack images were obtained. Cells on fibrinogen 

nanofibers showed partly few but long filopodia. The cells protruded slightly with their 
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filopodia into the cavities of the nanofibrous fibrinogen scaffolds. This result indicates a 

close interaction between fibroblasts and fibrinogen scaffolds, as they are responsible for 

cell perception and the formation of focal adhesions (Jacquemet et al. 2015), which are 

desirable for applications in the biomedical context (see Figure 72) (Dalby et al. 2003). In 

future studies, the staining of integrins and focal adhesion proteins such as vinculin and 

paxillin could provide further insights into cell-material interaction. The porosity of protein 

scaffolds is crucial for the possible migration of cells in three-dimensional scaffolds 

(Harley et al. 2008). Therefore, the porosity of fibrinogen scaffolds would be of interest in 

future studies. 

Cell interaction on binary topographies: 

To investigate the dynamic influence of binary patterned surfaces on the cell morphology, 

fibroblasts were fixed after 36 h cultivation time and examined by SEM. Cells cultivated on 

the border between nanofibrous and planar regions dynamically adapted their 

morphology. In cells on the border, the part grown on the planar area showed pronounced 

stress fibers. The cytoskeleton on the nanofibrous area showed a reduced cell area and 

stress fibers were not visible or less pronounced than on the planar area (see Fig. 73). 

These observations are in good agreement with earlier studies showing that different 

surface roughness dynamically influenced Vascular smooth muscle cell morphology 

(Kiang et al. 2013). Dynamic morphology changes have also been reported for 3T3 

fibroblasts (Pholpabu et al. 2015).  

After establishing the patterning and tracking procedures as well as the analysis 

procedures for collagen scaffolds, the experimental procedures were applied to fibrinogen 

scaffolds. The migration rates of fibroblasts on nanofibrous fibrinogen scaffolds were 

80 ± 8 nm min-1. On planar fibrinogen scaffolds, fibroblasts migrated at a rate of 

56 ± 6 nm min-1, while the cell migration rate on glass was 91 ± 8 nm min-1. The average 

speeds on nanofibrous fibrinogen scaffolds were higher than on planar scaffolds, which is 

in good agreement with the observations in confocal microscopy images where cells on 

planar fibrinogen scaffolds showed pronounced dorsal stress fibers. These are attached to 

focal adhesions and indicate stationary cells (Pellegrin and Mellor 2007). This suggests 

that fibroblasts were better attached to planar fibrinogen. Furthermore, fibroblasts on 

planar fibrinogen showed higher proliferation rates than cells on fibrinogen nanofibers. 

These two factors may explain the lower migration rates compared to cells grown on 

fibrinogen fibers. For fibroblasts on fibrin, speeds of about 167 nm min-1 have already 

been reported, which is significantly faster than the speeds reported in the present study 
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(Hakkinen et al. 2011). Proliferation studies in the present work showed high proliferation 

rates for fibroblasts on both fibrinogen topographies. High cell densities can lead to many 

cell-cell contacts and consequently to cell clusters (Matsiaka et al. 2019). Previously it 

was observed that the cell migration behavior in cell clusters was different from that of 

single cells (Painter et al. 2010). This could be a possible explanation for the 

comparatively low migration velocities on fibrinogen scaffolds in the present study.  

The results of migration rates on binary substrates must be interpreted with caution since 

the number of tracks on these scaffolds was lower than on scaffolds with only one 

topography. The cells migrated much slower on binary substrates than on substrates with 

only one topography. On nanofibrous regions, the cells migrated at speeds of 42 ± 5 nm 

min-1 and on planar regions more slowly at 33 ± 4 nm min-1 (see Fig. 74). This confirmed 

the trend observed in samples with only one topography, where the cells migrated faster 

on fibers than on planar surfaces. Furthermore, the nanofiber areas had to be crosslinked 

twice due to the structuring process. Attempts were made to prevent the influence on the 

areas that were already assembled. However, there is no guarantee that a second 

crosslinking step could also influence the already assembled areas of the binary scaffolds. 

Thus, more aldehyde residues could be present on the scaffolds and possibly impede cell 

migration. To prove this hypothesis, it would be useful to carry out control experiments 

with double crosslinked substrates - possibly also with regard to their mechanics. It has 

been reported that the crosslinking of fibrinogen leads to a stiffening of such substrates 

(Sell et al. 2008b). Various studies have observed increased migration rates on and 

towards stiffer substrates such as for tumor cells or for fibroblasts (Pathak and Kumar 

2012; Lange and Fabry 2013; Kai et al. 2016). According to this, a possible double 

crosslinking of the fibrous areas could have additionally increased the migration speed. In 

future studies, imaging routines should be made more comparable to samples with only 

one topography so that the same area and consequently a comparable number of cells 

can be examined. This would give the data on binary substrates a higher statistical 

relevance (Tanaka 1987). Furthermore, proliferation and viability studies on binary 

substrates should be carried out in the future to, among other things, better classify the 

migration data. 

Concluding the experimental section on fibrinogen scaffolds it can be summarized, that 

the first working hypothesis in this work was confirmed. Fibroblasts grown on nanofibrous 

fibrinogen appeared to be smaller than cells grown on planar fibrinogen, where cells were 

well spread and large. It was reported that various cell types display thick stress fibers on 
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rigid and flat substrates (Tojkander et al. 2012). For cells grown in a three-dimensional 

environment, a lack of stress fibers was reported (Tojkander et al. 2012). Yet, aspects of 

stress fibers and their connection to focal adhesion remain unclear or are often not in 

agreement with experimental results (Livne and Geiger 2016). Thus, the platform 

presented in this work could help to gain further insight into the dependence of topography 

and stress fiber expression, as the same cell can be observed on two topographies 

simultaneously. Moreover, it would be interesting to stain focal adhesion proteins, for 

instance, vinculin, to further elucidate cell-substrate interactions on binary protein 

scaffolds.  

The second hypothesis that fibroblasts grown on nanofibrous scaffolds would reduce their 

proliferation due to higher surface area and less cell-cell contacts was confirmed. The 

viability did not differ significantly between nanofibrous and planar fibrinogen scaffolds. 

Yet, a trend towards lower viability on nanofibers fibrinogen was visible. Fibroblast viability 

on nanofibrous fibrinogen was always lowest compared to planar fibrinogen and glass 

over all time points.  

Finally, the experimental analysis of migration velocities on different fibrinogen 

topographies confirmed the hypothesis that cells on nanofibrous scaffolds would migrate 

faster than on planar fibrinogen scaffolds.  

4.3 Collagen vs Fibrinogen 
The novel combination of protein self-assembly and polymer patterning enabled us to 

prepare a new type of protein scaffolds, which combine nanofibrous and planar 

topographies in the same scaffold. Using the ECM protein collagen as a proof-of-concept, 

the patterning approach was later transferred to the blood plasma protein fibrinogen, 

where the novel method of salt-induced self-assembly was used to prepare the 

nanofibrous scaffold regions. Both scaffold types showed to be very stiff. To estimate the 

correct Young’s moduli of the respective substrates additional measurements with stiffer 

cantilevers would be needed.  

4.3.1 Scaffold characteristics 
In principle, both proteins presented in this thesis can built up binary topographies in a 

scaffold on different substrate materials, which will be advantageous for future 

applications on different biomaterial surfaces. The scaffold roughness of dried nanofibrous 

collagen scaffolds was about 40 nm for collagen scaffolds prepared with 0.5 mg ml-1 and 

about 46 nm for collagen scaffolds prepared with 2.5 mg ml-1. Dried nanofibrous fibrinogen 



4. Discussion 

158 
 

scaffolds had a higher surface roughness of about 118 nm and thus had a much higher 

specific surface area than collagen nanofibers. Dried smooth collagen prepared with 

0.5 mg ml-1 collagen showed a surface roughness of about 9 nm, which was comparable 

to the surface roughness of about 7 nm measured for dried planar fibrinogen.  

Nanofibrous collagen scaffolds prepared with 2.5 mg ml-1 protein showed a surface 

roughness of about 114 nm upon rehydration, which was in a comparable range to the 

surface roughness of rehydrated nanofibrous fibrinogen scaffolds with a surface 

roughness of about 120 nm. On the other hand, nanofibrous collagen scaffolds prepared 

with 0.5 mg ml-1 showed a lower surface roughness of about 43 nm during rehydration. 

Smooth collagen scaffolds showed surface roughness in the range of 20 to 30 nm after 

rehydration, whereas the roughness of rehydrated planar fibrinogen was much lower with 

a value of about 9 nm. Overall, for both fibrinogen topographies, no influence of 

rehydration on roughness was found, which was different from collagen scaffolds, which 

showed swelling effects leading to higher roughness values during rehydration. 

With AFM analysis of dried collagen and fibrinogen nanofibers, fiber diameters in the 

range of 230 nm were found. Collagen nanofibers had diameters of approximately 400 nm 

upon rehydration. Fibrinogen fibers had smaller fiber diameters of approximately 340 nm 

upon rehydration. These results show that fibrinogen fibers swell less than collagen 

nanofibers. Rehydrated collagen fibers were in the range of electrospun collagen 

nanofibers rehydrated in PBS (Luo et al. 2018). For collagen nanofibers produced by wet 

spinning and cross-linked with glutaraldehyde solution a significant decrease of swelling 

ability was reported (Siriwardane et al. 2014). For electrospun non-cross-linked fibrinogen, 

it was previously reported, that fibers did not swell upon rehydration with PBS or water, 

which is in good agreement with the results obtained in this present study (Kim et al. 

2011a). Fibrinogen fiber diameters found in the present study are in good agreement with 

earlier studies were fibrinogen fiber diameter has been found to be between 10 nm and 

10 µm depending on spinning conditions (Kim et al. 2011a).  

With the proteins, collagen and fibrinogen the assembly of smooth/planar and nanofibrous 

areas into a binary scaffold topography could be realized for the first time. With this 

topography combination in a single protein scaffold, a biophysical model system was 

established, which offers versatile possibilities for future in vitro cell culture studies. In 

recent studies, both proteins were combined in hydrogels or matrices (Schneider-Barthold 

et al. 2016; Nedrelow et al. 2018).  
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4.3.2 Comparison of fibroblast interaction with collagen and fibrinogen scaffolds 
The viability of 3T3 fibroblasts differed between cells on fibrinogen and collagen. While the 

WST-1 analysis showed a decrease in the viability of fibroblasts on collagen scaffolds 

after 24 h, the viability of cells on fibrinogen remained high throughout the growth period 

of 72 h. It should be noted that the fibroblasts used on collagen and fibrinogen scaffolds 

were the same cell line but from different suppliers. Furthermore, cells on collagen 

scaffolds were cultivated with 10% FBS and cells on fibrinogen with only 5% FBS - 

according to the recommendations of the respective suppliers. Therefore the results from 

both parts can only be discussed very carefully. As the serum contains hormones, growth 

factors, vitamins, amino acids and several other vital components (van der Valk et al. 

2010), the difference in FBS content may have had an impact on the cell proliferation and 

migration observed in this study. Thus, higher concentrations would lead to higher 

proliferation rates. The opposite was observed in this study. The cells cultivated on 

collagen with a higher concentration of FBS had lower proliferation rates. In addition, the 

collagen and fibrinogen scaffolds were cross-linked by different methods and different 

aldehydes, respectively. Collagen was crosslinked with liquid glutaraldehyde, in contrast 

to the formaldehyde vapor crosslinking method used for fibrinogen scaffolds. Cell viability 

was higher in fibrinogen than on collagen. Since it has been reported earlier that FA 

crosslinking is a gentler treatment than GA crosslinking, this difference may possibly 

explain the higher proliferation rates on fibrinogen scaffolds (Kiernan 2000). Crosslinking 

of proteins with FA vapor is less hard than crosslinking with liquid glutaraldehyde, which 

leads to fewer free aldehyde groups (Peng et al. 2017). Zhu et al. cultivated human stem 

cells of the placenta decidua parietalis on GA vapor cross-linked electrospun collagen 

fibers. They reported cell viabilities of about 100% after 24-hour cultivation (Zhu et al. 

2017). Vapor crosslinking of the collagen nanofibers presented here could possibly 

increase cell viability. Although the fiber diameters of collagen and fibrinogen nanofibers 

were in a comparable range, the overall topography was different, which was confirmed 

by the different roughness values. The different topographies could additionally influence 

cell viability. The difference in viability between collagen and fibrinogen could be mainly 

influenced by the different substrate roughness, the different crosslinking, and the different 

cultivation medium as well as by the synergy effects. For future comparative studies of 

collagen and fibrinogen scaffolds, it would be important to use the same cultivation 

conditions, i.e. cells of the same origin and the same crosslinking methods, to be able to 

directly compare the results obtained for different protein scaffolds.  
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For both proteins, fibroblasts reacted with altered morphology depending on the 

roughness on which they were cultivated. Interestingly, cells on collagen substrates 

showed spindle-like morphologies and the most pronounced differences in filopodia 

expression. In contrast, fibroblasts expressed a spread morphology with the most 

pronounced differences in stress fiber formation when grown on fibrinogen scaffolds. On 

both proteins, fibroblasts showed a reduced cell area when grown on fibrous surfaces, 

which is in good agreement with earlier studies (Sales et al. 2019). Cells on nanofibrous 

collagen expressed few but long filopodia, while fibroblasts on smooth collagen showed 

more but short filopodia. In contrast to these observations, fibroblasts on both fibrinogen 

topographies expressed fewer filopodia and lamellipodia than on collagen. Nevertheless, 

a direct comparison would only be possible under the same cultivation conditions. In 

contrast to the trend on collagen, cells on fibrinogen had a higher tendency to express 

longer filopodia and lamellipodia on planar fibrinogen scaffolds. These different reactions 

of 3T3 fibroblasts on collagen and fibrinogen scaffolds might be a reaction to the different 

topography and roughness of the different protein scaffolds at the same cell densities. 

Furthermore, the different cellular reactions could be induced by the biochemical signals 

of the different proteins. SEM images showed that collagen nanofibers were randomly 

organized, while the fibrinogen scaffolds had randomly organized fibers with islands. The 

main difference between the two proteins was roughness. Furthermore, the different 

proliferation behavior could also influence the morphogenesis of the fibroblasts. 3T3 

fibroblasts grown on fibrinogen proliferated more than on collagen, regardless of the 

topography.  

It may be possible that cells on collagen express more filopodia and lamellipodia because 

the scaffolds cross-linked with GA hinder correct adhesion and thus lead to more 

pronounced migration. The slower migration rates on fibrinogen compared to collagen 

scaffolds would be in good agreement with this hypothesis. An increase in the migration 

rate of fibroblasts on GA cross-linked fibronectin fibers has been reported in the literature 

(Missirlis et al. 2017). They postulated that the increase in migration speed on GA-

crosslinked protein fibers might be related to changes in ligand accessibility of the 

crosslinked protein scaffold. In the present study, the cell migration speed of fibroblasts on 

fibrinogen scaffolds was about four times slower than on collagen scaffolds. It might be 

possible that cells with higher proliferation rates migrate less, which might explain the 

differences in migration rates on the respective substrates. It was previously postulated 

that there is a compromise between proliferation and migration, in which dividing cells are 

less mobile and mobile cells are less likely to proliferate (Michod and Roze 2001). Since 
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the migration rates of fibroblasts on glass slides were lower in the fibrinogen series than 

on glass slides in the collagen experiments, likely, the difference in migration rate was 

largely related to differences in FBS content in the cell culture media. 

4.4 Combination of biochemical cues and topographical cues  

Fibroblasts grown on two different proteins showed different morphological reactions and 

different migration rates. Cultivation parameters were different, but the different 

biochemical clues could potentially influence the cell response. To investigate basic 

biophysical principles, not only topographical differences but also biochemical stimuli 

should be investigated. For this purpose, the pattern concept was then applied to spatially 

controlled combinations of collagen and fibrinogen scaffolds. In this way, topographical 

and biochemical stimuli could be combined or adjusted independently of each other in 

future studies. The technique of patterned self-assembly established and validated in this 

dissertation could form the basis for a multiparametric biophysical platform that will enable 

future studies of cellular recognition processes.  

The first scaffold type combining fibrinogen and collagen regions was developed to 

combine spatially controlled nanofibrous collagen and nanofibrous fibrinogen regions. In 

SEM analysis, the binary scaffold type 1 (fiber-collagen-fiber-fibrinogen) showed a 

different fiber morphology for both fibrinogen (see Fig. 76B) and collagen (see Fig. 76C) 

scaffolds. Instead of a direct boundary between the two fiber types, a smooth boundary 

area was observed between the two fibrous regions (see Fig. 76A). For future 

applications, the handling of the polymer mask needs to be improved to increase the 

precision of the topographic patterning. It was not clear which protein was present in the 

smooth boundary region. To prove the presence of each protein a immunostaining of both 

proteins could be performed (Maity et al. 2013). Nevertheless, defined biochemistry and 

topography are essential to study the cell response to these cues. Other scaffolds that 

combine collagen and fibrinogen lack spatial control of these biochemical cues and are 

therefore limited in their ability to decouple topographic and biochemical cues (Shepherd 

et al. 2017). Therefore, the technique needs to be improved to ensure a reproducible 

border between the two nanofibrous protein regions. 

For binary scaffold type 2, the combination of planar fibrinogen with nanofibrous collagen 

is shown in Fig. 77. The binary scaffolds type 2 showed very planar fibrinogen regions 

(see Fig. 77B); while the assembly of the collagen fibers was not successful (see Fig. 

77C). No collagen fibers could be found on either triplicate. The cause remains unclear. 
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The same solutions were used to prepare the sample for sample type 1, in which the fiber 

assembly was successful. This assembly should be repeated to exclude possible handling 

errors. It was found that the boundary between the different topographies is visible (see 

Fig. 77A). However, the collagen layer (see Fig. 77A, right) was detached and partially 

removed from the carrier substrate with the PDMS mask. PDMS may not be an optimal 

choice for protein solutions because proteins often adsorb non-specifically on PDMS 

surfaces due to hydrophobic interactions (Gökaltun et al. 2019). This effect might have led 

to the difficulties in removing the PDMS mask after the drying step in the present study. 

Increasing the hydrophilicity of PDMS masks by surface modification could reduce the 

unspecific protein binding in future studies. Other studies reported high-precision 

structuring using nanoimprint lithography (van Truskett and Watts 2006). Recent 

advances in the precise preparation of nano- and microstructured biomaterials have 

already made it possible to control a wide range of cell functions, e.g. by electron beam 

lithography, microcontact printing or nanoimprint lithography (Ermis et al. 2018; Petreaca 

and Martins-Green 2014). These nano- and microfabrication techniques are mainly used 

to produce two-dimensional topographies, often using synthetic substrate materials (Ermis 

et al. 2018; Petreaca and Martins-Green 2014). In contrast to the methods listed above, 

the method presented here still lacks precision in spatial control. Nevertheless, it has the 

potential to produce three-dimensional scaffolds with spatially controlled topographic and 

biochemical signals. This would be a significant advantage over the above methods for 

studying cell-substrate interactions.  

Sample type 3 combined smooth collagen with nanofibrous fibrinogen (see Fig. 80). With 

this set-up as well as with sample Type 2 the nanofibrous scaffold attached to the PDMS 

mask and parts of the scaffold at the boundary were detached (see Fig. 80A). The 

assembly itself of both smooth collagen and fibrous fibrinogen was successful (see Fig. 

80B). The fibrinogen fibers were well defined (see Fig. 80C). Stapelfeldt et al. introduced a 

novel self-assembly method to produce fibrinogen nanofibers (Stapelfeldt et al. 2019a). In 

the present study, this method was successfully transferred and combined with the novel 

patterning method combining two topographies and two proteins.  

Overall, the novel patterning method to prepare protein scaffolds with nanofibrous and 

smooth/planar topographies in selected regions could be partially transferred to scaffolds, 

which combine different proteins. This shows, that if the technical problems have been 

overcome, that the platform could give the freedom to tailor biochemical as well as 

topographical cues. Yet, further improvement in sample preparation needs to be done. 
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The combination of fibrinogen or fibrin and collagen or gelatin in a scaffold was previously 

studied by different groups. Composites of collagen and fibrinogen were mainly prepared 

in the form of gels. The group around Dainik for example presented gelatin-fibrinogen 

cryogels for wound repair (Dainiak et al. 2010). They produced macroporous sponge-like 

scaffolds and cross-linked with GA. Lorusso and co-workers presented a fibrinogen 

coated collagen patch (Lorusso et al. 2011). The mixture of collagen and fibrinogen 

solution for a gel-formation is also a method, which was used by different groups 

(Cummings et al. 2004; Rowe and Stegemann 2006). Shepherd et al presented collagen 

and fibrinogen in a porous scaffold using lyophilization (Shepherd et al. 2017). All these 

methods lack the spatial control of the proteins and the topography of each protein. They 

either present a layered film or sponge-like scaffolds. In contrast to these previous 

studies, which blended the respective protein components without spatial control, the 

patterning approach presented in this study allows to spatially control the deposition of 

different proteins with varying topography. Yet, the combination of varying topographies 

from different proteins in a single scaffold still needs to be improved further to achieve 

reproducible patterns.  

While nanotopographies have a major effect on cell adhesion and differentiation (Biggs et 

al. 2010; McNamara et al. 2010; Dalby et al. 2014; Kim et al. 2012), microtopographies 

are known to affect the cell morphology and can for instance influence macrophage 

morphology, thus modulating the immune response to biomaterials (Nguyen et al. 2016; 

Sridharan et al. 2015; McWhorter et al. 2015). Previously, the combination of nano- and 

microtopographies was found to steer the behavior of neuronal cells (López-Fagundo et 

al. 2013; Bruder et al. 2006). Therefore, in future studies it will be highly interesting to 

selectively integrate nanotopographies into micropatterned protein scaffolds using the 

combination of self-assembly and polymer patterning. It will be interesting to study 

whether such a combination of nano- and microtopograpchical cues can modulate the 

behavior of various cell types in tissue on different length scales (Sridharan et al. 2015; 

López-Fagundo et al. 2013; Metavarayuth et al. 2016; Patel et al. 2018). The method 

presented in this study has the potential to be further developed and help to individually 

study topographical, biochemical, and mechanical cues.  

The control over the mechanical properties of the here presented scaffolds would be 

desirable for future studies. Varying the degree of crosslinking with regard to the 

development of a multiparametric platform could be a possible strategy for future studies. 

Crosslinking techniques such as EDC, methanol, and riboflavin UV crosslinking have 
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already shown to maintain the topography of collagen nanofibers in cell culture studies 

(Hakkinen et al. 2011) and may also be suitable to adjust the stiffness of collagen 

scaffolds in future studies. To further optimize the binary patterns for future cell culture 

studies, it will be advantageous to reduce the scaffold stiffness and thus more closely 

mimic the mechanical indications of the native ECM (Balestrini et al. 2012; Gilbert et al. 

2010; Lovett et al. 2013). Previously, it was shown that the reaction of different cell types 

depends crucially on the substrate stiffness. For example, neurons prefer soft surfaces, 

while fibroblasts grow better on rigid surfaces (Vogel and Sheetz 2006). Therefore, in 

addition to topographical variations, the control of mechanical signals of the collagen 

scaffolds presented in this study will be an important tool to control cell response. 
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5. Conclusion and Outlook 

The ECM-cell interaction is mainly influenced by the three factors biochemistry, 

biomechanics, and topography of the ECM. The complex cross-talk of cells and the ECM 

in a tissue is not fully understood to date. In this interplay, topographical cues have a large 

impact on cellular growth and are known to influence proliferation, cell spreading, and 

migration. To study the particular role of topographical cues of protein scaffolds on cell 

growth this study aimed to establish a biophysical platform, which combines 

smooth/planar and nanofibrous topographies in a single scaffold. Therefore, a new 

scaffold design was established, which allowed disentangling biochemical and mechanical 

cues from topographical variations in the protein scaffold. 

Using collagen as a model system, a new process of structured self-assembly was 

established to prepare protein scaffolds with spatially controlled variations in topography. 

In this new synthetic ECM platform, the surface topography was varied between 

nanofibrous and smooth regions while biochemical and mechanical characteristics 

remained unchanged. Using collagen scaffolds with combined topographies, topography-

induced changes in cell morphology from spindle-shaped fibroblasts on nanofibers to flat 

spread fibroblasts on smooth regions were observed. Fibroblasts showed different 

morphologies when grown on the border of two topographies, showing that the cells 

adapted dynamically to changes in their underlying substrates. In the future, this novel 

topographical platform could allow tracking of topography-dependent cell recognition 

processes on a single scaffold in real-time.  

After the patterning method was established with the model system collagen, the 

production method was successfully transferred to fibrinogen. Cell culture studies on 

nanofibrous and planar scaffolds showed an overall positive cell response to fibrinogen. 

Fibroblasts on fibrinogen substrates showed good proliferation rates. Fibroblasts on 

planar fibrinogen expressed significantly more stress fibers than on nanofibrous scaffolds. 

Similar trends could be observed for single cells on binary substrates growing directly on 

the topographic boundary and showed that fibroblasts dynamically adapt their morphology 

even on fibrinogen.  

Cell culture experiments revealed that the different biochemical cues possibly induced 

different cell responses in fibroblasts. The two protein scaffolds had different surface 

roughness and fiber diameter. For a better insight into these mechanisms, future studies 

with comparable cultivation conditions are required.  
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To investigate a basic understanding of the influence of the three parameters of 

biochemical, biomechanical, and topographical cues on cellular interactions 

independently, this study could form the basis for a future multiparametric synthetic ECM 

platform. As a first step into this direction, after the targeted variation of the topography, 

the different biochemical compositions were explored by using different proteins in the 

same scaffold. Towards three-dimensional scaffolds, the thickness of the here presented 

scaffolds needs to be increased in future studies. The combination of different fibrillary 

proteins in the same 2D/3D scaffolds would be beneficial towards future applications in 

tissue engineering and to address different cell types via integrin-specific adhesion in 

combination with varying topographical cues. Such a scaffold design could serve as a co-

culture system to optimally control the growth of different cell types in future tissue 

engineering scaffolds.  

The results of this Ph.D. thesis have provided fundamental insight into how fibroblast cells 

respond to different topographies in the same protein scaffold. A novel method to combine 

smooth and fibrous topographies was introduced. Overall, this study has the potential to 

provide a model system that allows further explorations of the interaction between cells 

and their extracellular environmental cues such as topography, biochemistry, and 

mechanics individually. If nanotopographies can be selectively integrated into 

microstructured protein scaffolds through the combination of self-organization and 

polymer structuring presented here, it might also be possible to modulate the behavior of 

different cell types in tissue on different length scales. 

In future studies, cell experiments should be performed under comparable conditions to 

achieve comparable results for collagen and fibrinogen scaffolds. As it is currently not 

possible to differentiate whether the observed differences are due to different biochemical 

signals or roughness or whether they are due to different cultivation conditions. To 

compare the migration data of cells on binary substrates with only one topography, the 

evaluation routines for these two sample types should be improved and made 

comparable. In the course of this, further viability studies on binary substrates would be 

important in future studies to analyze whether the new binary substrates influence the 

proliferation of cells. Also, the methodology for combining these two protein systems 

should be further improved, as this offers the possibility to study the same cell population 

in real-time on these different proteins and topographies. To study the third important 

aspect of extracellular properties with the model presented here, it would be important in 

the future to control the substrate mechanics e.g. by other crosslinking methods and to be 
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able to adjust them independently of biochemical and topographic cues. Different cell 

types respond differently to topography, biomechanics, and biochemistry. Therefore, other 

cell types such as osteoblasts should be included in future studies. By co-cultivating 

different cell types, one could, for example, investigate whether the platform presented 

here offers the possibility to grow cell types spatially controlled on the same scaffold. 
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Table 9. Materials 

Material Product description Supplier 

12-well plates Culture Treated polystyrene, 

Nunclon™ Delta Surface 

Treatment 

Nunc Brand Products, 

Thermo Fisher Scientific, 

Germany 

Anodized aluminum oxide 
(AAO) membranes 

 Whatman, Sigma-Aldrich, 

Taufkirchen, Germany 

Cantilevers Silicon nitride cantilevers MLCT Bio, Bruker, 

Wissembourg, France 

Cellulose membranes  Sigma, Steinheim, Germany 

Cell culture flasks  25 cm2 VWR, Darmstadt, Germany 

Glass Coverslips diameter: 15 mm VWR International, Germany 

Object slides REF: 631-1550 VWR, Germany 

Serological pipettes 6133E und 7296K VWR, Darmstadt, Germany 

Petri dishes 7022611 Sarstedt, Nümbrecht, 

Germany 

Petri dishes cell culture 
treated 

7023811 Sarstedt, Nümbrecht, 

Germany 

Petri dishes 60 mm Sarstedt, Nümbrecht, 

Germany 

Polydimethylsiloxane 
(PDMS)  

- Distrelec, Bremen, Germany 

Sample containers 2427239 Licefa, Salzuflen, Germany 

Cuvettes photometer Cat-No. 7590 15 Brand, Wertheim, Germany 
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Table 10. Devices 

Devices Product description Supplier 

Atomic Force Microscope MFP3D 
Asylum Research, Santa 

Barbara, USA 

Confocal Laser Microscope LSM880 system 
Carl Zeiss, Oberkochen, 

Germany 

Fluorescence Microscope 
Eclipse Ti Inverted 

Microscope 

Nikon, Amsterdam, 

Netherland 

Incubator Hera Cell 240 

Thermo Electron 

Corporation, Waltham, 

Massachusetts, USA 

MilliQ water filatration 
device 

TKA 

Wasseraufbereitungssystem 

Thermo Fisher Scientific, 

Schwerte, Germany 

Photometer Ce 1021 Cecil, Cambridge, UK 

Pipettes 
0.5-10μL, 10-100μL, 20-

200μL, 

100-1000μL, 500-5000μL 

Eppendorf AG, Hamburg, 

Germany 

Scanning Electron 
Microscopy 

Zeiss Auriga Zeiss, Oberkochen, Germany 

Sputter System Bal-Tec SCD 005 
Leica Microsystems GmbH, 

Wetzlar, Germany 

Thermomixer Thermomixer C 
Eppendorf AG, Hamburg, 

Germany 

Ultrasonication bath Bransonic Ultrasonic Cleaner Branson, Wessling, Germany 
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Table 11. Chemicals  

Chemicals  Product Descriptions Supplier 

Acetic Acid Glacial ACS CAS: 64-19-7 
VWR International, 

Pennsylvania, USA 

ActinRed 555 ReadyProbes 
reagent 

REF: R37112 

Life Technologies, 

Invitrogen, Thermo Fisher 

Scientific, Schwerte, 

Germany 

Ammoniumbicarbonate 
(Ammonium Hydrogen 

Carbonate) 
CAS: 1066-33-7 

Carl Roth GmbH, Karlsruhe, 

Germany 

APTES SHBJ 6515 
Sigma-Aldrich, Steinheim, 

Germany 

CaCl2 A247872042 
Merck, Darmstadt, 

Germany 

Calcein AM Viability Dye 
(UltraPure Grade) 

REF: 65-0853-39 Stock: 2 

mM in dimethylsulfoxide 

(DMSO) 

eBioscience – affimetrix, 

Thermo Fisher Scientific, 

Dreieich, Germany 

Collagen, from calf skin 
CAS: 9007-345 

Lot#SLBH0446V 

Sigma-Aldrich, Steinheim, 

Germany 

α-D-Glucose  
Jannsen Chimica, Beerse, 

Belgium 

Dimethylsulfoxide 99.5% 
for analytical applications 

REF: 102811000 
FA Grüssing, Filsum, 

Germany 

Disodiumhydrogenphosphate  
Merck, Darmstadt, 

Germany 

Dulbecco's Modified Eagle 
Medium (DMEM) 

REF: FG0435- 

500ml 

Merck, Sigma-Aldrich, 

Steinheim, Germany 

D-Glucose 71185/1 
Janssen Chimica, Beerse, 

Belgium 

Ethanol absolute AnaIaR 
NORMAPUR ACS 

CAS: 64-17-5 
VWR International, 

Pennsylvania, USA 

Ethidium homodimer-1 
CAS: 61926-22-5 

Stock: 4 mM in 

DMSO 

PromoCell GmbH, 

Promokine, Heidelberg, 

Germany 
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Continuation Table 11. Chemicals 

Chemicals  Product Descriptions Supplier 

FBS CAS: 1066-33-7 
Merck, Sigma-Aldrich, 

Steinheim, Germany 

Fibrinogen 3011333 und 2896727 Merck, Darmstadt, Germany 

Fixogum  
Marabu GmbH + Co. KG, 

Germany 

Formaldehyde 37% 8N000092 
AppliChem, Darmstadt, 

Germany 

Glutaraldehyde solution 
50% 

REF: A3166,0100- 

100ml 

Sigma-Aldrich, Steinheim, 

Germany 

HEPES A0233527 Roth, Karlsruhe, Germany 

KCl 502194907 Sigma, Steinheim, Germany 

MgCl2 S36734305 Merck, Darmstadt, Germany 

Na2HPO4 K32176680333 Merck, Darmstadt, Germany 

NaCl 3E010249 
AppliChem, Darmstadt, 

Germany 

NaOH 17L214125 VWR, Darmstadt, Germany 

Hydrogen peroxide 
solution 

CAS: 7722-84-1 
Sigma-Aldrich, Steinheim, 

Germany 

Nitrogen (aerially) CAS: 7727-37-9 AIR LIQUIDE, Paris, France 

Nuclear Blue Live REF: R37605 

Life Technologies, Invitrogen, 

Thermo Fisher Scientific, 

Dreieich, Germany 

PBS Tablets REF: 18912-014 

Gibco, Life Technologies, 

Invitrogen, Thermo Fisher 

Scientific, Dreieich, Germany 

Penicillin/Streptomycin REF: A2212-50ml 
Merck, Sigma-Aldrich, 

Steinheim, Germany 

Potassium chloride  Sigma, Steinheim, Germany 

ProLong Gold antifade 
reagent 

CAS: 56-81-5 

Life Technologies, Invitrogen, 

Thermo Fisher Scientific, 

Dreieich, Germany 

Sulfuric acid 95% CAS: 7664-93-9 VWR, Darmstadt, Germany 

Sodium chloride  
AppliChem, Darmstadt, 

Germany 
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Continuation Table 121. Chemicals 

Chemicals Product Descriptions Supplier 
Sodium hydroxide  VWR, Darmstadt, Germany 

Triton 17676525 Roth, Karlsruhe, Germany 
Trypsin/EDTA 
(0,05%/0.02%) 0222G Biochrom, Berlin, Germany 

Hydrogen peroxide 30% CAS: 7722-84-1 Sigma-Aldrich, Steinheim, 
Germany 

(4-[3-(4-Iodophenyl)-2-(4-
nitrophenyl)-2H-5-

tetrazolio]-1,3-benzene 
disulfonate) WST-1 

32508400 Sigma, Mannheim, Germany 
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Table 13. Solutions 

Solution Components 

Cell culture medium for NIH 3T3 mouse 
fibroblasts (CLS Cell Lines Service GmbH, 

Eppelheim, Germany) 

94% DMEM cell culture medium 

(Biochrom GmbH, Germany) 

5% FBS (Sigma-Aldrich Chemie 

GmbH, Germany) 

1% P/S 

pH 7.4 adjusted with 5% CO2 

Cell culture medium for old NIH 3T3 mouse 
fibroblasts (ATCC CRL1658, a kind gift from 

Louis Lim, Institute of Molecular and Cell 
Biology ASTAR Singapore) 

88% DMEM cell culture medium 

(Biochrom GmbH, Germany) 

10% FBS (Sigma-Aldrich Chemie 

GmbH, Germany) 

2% P/S 

pH 7.4 adjusted with 5% CO2 

Incubation buffer for WST-1 assay 

1.8 mM CaCl2 

1 mM MgCl2 

5.4 mM KCl 

145 mM NaCl 

0.8 mM Na2HPO4 

20 mM HEPES 

20 mM D-Glucose 

1 M NaOH 

pH=7.4 (measured at 37 C) 

Piranha acid 
2 parts 95% sulfuric acid 

1 part 30% hydrogen peroxide 

Phosphate buffered saline (PBS) 
10 mM Potassium phosphate 

150 mM Sodium chloride 

pH 7.3 – 7.5 
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Atomic force microscopy 
Figure 81 shows the mechanical analysis of a collagen scaffold. The slope of the force curve 

was approximately 1. Thus, the software defined the scaffold mechanic infinitely stiff.  

 

Figure 82. Screenshot of approach and retract curves on nanofibrous collagen scaffold 
prepared with 2.5 mg ml-1 collagen. The Cantilevers were too soft to measure the stiff 
collagen substrates. The HertzFit window shows the Young’s Modulus as infinitely stiff.  
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Live Cell tracking  
All histograms of all samples for live-cell tracking are shown in this section. For each sample 

type, all histograms for each independent experiment (n=1 to n=4) are shown in a different 

color. The triplicates are shown in the same color for each n. The lowest black histogram 

always represents the pooled migration velocities for all experiments for each respective 

sample type.  

Velocity analysis of fibroblasts on collagen 
Histograms for migration velocities on collagen scaffolds prepared with 0.5 mg ml_1: 

Collagen Nanonfibers (0.5 mg ml_1) 

 

Figure 83. Normalized pooled histograms of migration velocities of 3T3 fibroblasts on 
nanofibrous collagen prepared with 0.5 mg ml-1 collagen. This graph displays the 
median velocities. The velocities are plotted on a logarithmic axis. Median velocities of cells 
on the same dependent triplicates are shown in the same color. Different independent 
experiments are shown in different colors n=1 (light blue), n=2 (green), n=3 (purple) and 
n=4 (dark blue). Vertical black lines in the histograms represent the median velocity. 
Horizontal black lines in the histograms represent the standard deviation. The black 
histogram represents the pooled median migration velocity of cells on glass (all 
experiments pooled). Overall, all histograms are very similar indicating reproducible results 
for independent experiments.  
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0.5 mg ml_1 smooth collagen (0.5 mg ml_1) 

 

Figure 84. Normalized pooled histograms of migration velocities of 3T3 fibroblasts on smooth 
collagen prepared with 0.5 mg ml-1 collagen. This graph displays the median velocities. 
The velocities are plotted on a logarithmic axis. Median velocities of cells on the same 
dependent triplicates are shown in the same color. Different independent experiments are 
shown in different colors n=1 (light blue), n=2 (green), n=3 (purple) and n=4 (dark blue). 
Vertical black lines in the histograms represent the median velocity. Horizontal black lines 
in the histograms represent the standard deviation. The black histogram represents the 
pooled median migration velocity of cells on glass (all experiments pooled).  
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Collagen nanofibrous are of binary scaffolds (0.5 mg ml_1) 

 

Figure 85. Normalized pooled histograms of migration velocities of 3T3 fibroblasts on 
nanofibrous areas of binary patterned collagen prepared with 0.5 mg ml-1 collagen. 
This graph displays the median velocities. The velocities are plotted on a logarithmic axis. 
Median velocities of cells on the same dependent triplicates are shown in the same color. 
Different independent experiments are shown in different colors n=1 (light blue), n=2 
(green), n=3 (purple) and n=4 (dark blue). Vertical black lines in the histograms represent 
the median velocity. Horizontal black lines in the histograms represent the standard 
deviation. The black histogram represents the pooled median migration velocity of cells on 
glass (all experiments pooled). Overall, all histograms are very similar indicating 
reproducible results for independent experiments.  
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Smooth area of binary scaffolds (0.5 mg ml_1) 

 

Figure 86. Normalized pooled histograms of migration velocities of 3T3 fibroblasts on smooth 
areas of binary patterned collagen prepared with 0.5 mg ml-1 collagen. This graph 
displays the median velocities. The velocities are plotted on a logarithmic axis. Median 
velocities of cells on the same dependent triplicates are shown in the same color. Different 
independent experiments are shown in different colors n=1 (light blue), n=2 (green), n=3 
(purple) and n=4 (dark blue). Vertical black lines in the histograms represent the median 
velocity. Horizontal black lines in the histograms represent the standard deviation. The 
black histogram represents the pooled median migration velocity of cells on glass (all 
experiments pooled). Overall all histograms are very similar indicating reproducible results 
for independent experiments. The distribution is very broad and two peaks are visible.  
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Glass (0.5 mg ml_1) 

 

Figure 87. Normalized pooled histograms of migration velocities of 3T3 fibroblasts on glass, 
which was used as a reference in the collagen experiments with 0.5 mg ml-1 
collagen. This graph displays the median velocities. The velocities are plotted on a 
logarithmic axis. Median velocities of cells on the same dependent triplicates are shown in 
the same color. Different independent experiments are shown in different colors n=1 (light 
blue), n=2 (green), n=3 (purple) and n=4 (dark blue). Vertical black lines in the histograms 
represent the median velocity. Horizontal black lines in the histograms represent the 
standard deviation. The black histogram represents the pooled median migration velocity of 
cells on glass (all experiments pooled). Overall all histograms are very similar, indicating 
reproducible results for independent experiments. 
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Histograms for migration velocities on collagen scaffolds prepared with 2.5 mg ml_1: 

Collagen Nanonfibers (2.5 mg ml_1) 

 

Figure 88. Normalized pooled histograms of migration velocities of 3T3 fibroblasts on 
nanofibrous collagen prepared with 2.5 mg ml-1 collagen. This graph displays the 
median velocities. The velocities are plotted on a logarithmic axis. Median velocities of cells 
on the same dependent triplicates are shown in the same color. Different independent 
experiments are shown in different colors n=1 (light blue), n=2 (green), n=3 (purple) and 
n=4 (dark blue). Vertical black lines in the histograms represent the median velocity. 
Horizontal black lines in the histograms represent the standard deviation. The black 
histogram represents the pooled median migration velocity of cells on glass (all 
experiments pooled). Overall all histograms are very similar indicating reproducible results 
for independent experiments. 
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Smooth Collagen (2.5 mg ml_1) 

 

Figure 89. Normalized pooled histograms of migration velocities of 3T3 fibroblasts on smooth 
collagen prepared with 2.5 mg ml-1 collagen. This graph displays the median velocities. 
The velocities are plotted on a logarithmic axis. Median velocities of cells on the same 
dependent triplicates are shown in the same color. Different independent experiments are 
shown in different colors n=1 (light blue), n=2 (green), n=3 (purple) and n=4 (dark blue). 
Vertical black lines in the histograms represent the median velocity. Horizontal black lines 
in the histograms represent the standard deviation. The black histogram represents the 
pooled median migration velocity of cells on glass (all experiments pooled). Overall all 
histograms are very similar indicating reproducible results for independent experiments. 
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Nanofibrous are of binary Scaffolds (2.5 mg ml_1) 

 

Figure 90. Normalized pooled histograms of migration velocities of 3T3 fibroblasts on 
nanofibrous areas of binary patterned collagen prepared with 2.5 mg ml-1 collagen. 
This graph displays the median velocities. The velocities are plotted on a logarithmic axis. 
Median velocities of cells on the same dependent triplicates are shown in the same color. 
Different independent experiments are shown in different colors n=1 (light blue), n=2 
(green), n=3 (purple) and n=4 (dark blue). Vertical black lines in the histograms represent 
the median velocity. Horizontal black lines in the histograms represent the standard 
deviation. The black histogram represents the pooled median migration velocity of cells on 
glass (all experiments pooled). 
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Smooth area of binary scaffolds (2.5 mg ml_1) 

 

 

Figure 91. Normalized pooled histograms of migration velocities of 3T3 fibroblasts on smooth 
areas of binary patterned collagen prepared with 2.5 mg ml-1 collagen. This graph 
displays the median velocities. The velocities are plotted on a logarithmic axis. Median 
velocities of cells on the same dependent triplicates are shown in the same color. Different 
independent experiments are shown in different colors n=1 (light blue), n=2 (green), n=3 
(purple) and n=4 (dark blue). Vertical black lines in the histograms represent the median 
velocity. Horizontal black lines in the histograms represent the standard deviation. The 
black histogram represents the pooled median migration velocity of cells on glass (all 
experiments pooled). The distribution is very broad and two peaks are visible. 
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Glass (2.5 mg ml_1) 

 

Figure 92. Normalized pooled histograms of migration velocities of 3T3 fibroblasts on glass, 
which was used as a reference substrate in the collagen series with 2.5 mg ml-1. This 
graph displays the median velocities. The velocities are plotted on a logarithmic axis. 
Median velocities of cells on the same dependent triplicates are shown in the same color. 
Different independent experiments are shown in different colors n=1 (light blue), n=2 
(green), n=3 (purple) and n=4 (dark blue). Vertical black lines in the histograms represent 
the median velocity. Horizontal black lines in the histograms represent the standard 
deviation. The black histogram represents the pooled median migration velocity of cells on 
glass (all experiments pooled). Overall all histograms are very similar, indicating 
reproducible results for independent experiments. 
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Table 14. Overview cell velocities (nm min-1) with standard deviation and Cohens’s d of 3T3 fibroblasts on collagen scaffolds prepared with 
0.5 mg ml-1 collagen.  

 N 1 N2 Sample type 1 Sample type 2 avg1  stdv1  avg2  stdv2  Cohen's d 
Without fit   65509  44152 Glass Smooth 239.8832919 -13.5450717 122.4616199 -13.4987714 0.5195  

With fit     267.3006409 -19.5727671 341.9794425 -28.4489239 -0.212  
Without fit   65509  58777 Glass Fibers 239.8832919 -13.5450717 349.945167 -20.5544001 -0.4355  

With fit     267.3006409 -19.5727671 429.5364268 -27.6597982 -0.4592  
Without fit   65509  8213 Glass Binary- 

Smooth 
239.8832919 -13.5450717 79.43282347 -7.90076901 1.132  

With fit     267.3006409 -19.5727671 180.7174126 -20.8348979 0.3246  
Without fit   65509  7423 Glass Binary- 

Fibers 
239.8832919 -13.5450717 180.3017741 -14.5973856 0.3141  

With fit     267.3006409 -19.5727671 273.5268726 -24.2685811 -0.02046  
Without fit   44152  58777 Smooth Fibers 122.4616199 -13.4987714 349.945167 -20.5544001 -0.7933  

With fit     341.9794425 -28.4489239 429.5364268 -27.6597982 -0.2114  
Without fit   44152  8213 Smooth Binary- 

Smooth 
122.4616199 -13.4987714 79.43282347 -7.90076901 0.2487  

With fit     341.9794425 -28.4489239 180.7174126 -20.8348979 0.4753  
Without fit   44152  7423 Smooth Binary- 

Fibers 
122.4616199 -13.4987714 180.3017741 -14.5973856 -0.2295  

With fit     341.9794425 -28.4489239 273.5268726 -24.2685811 0.178  
Without fit   58777  8213 Fibers Binary- 

Smooth 
349.945167 -20.5544001 79.43282347 -7.90076901 1.488  

With fit     429.5364268 -27.6597982 180.7174126 -20.8348979 0.7983  
Without fit   58777  7423 Fibers Binary- 

Fibers 
349.945167 -20.5544001 180.3017741 -14.5973856 0.7173  

With fit     429.5364268 -27.6597982 273.5268726 -24.2685811 0.4531  
Without fit   8213  7423 Binary- lanar Binary-Fibers 79.43282347 -7.90076901 180.3017741 -14.5973856 -0.5605  

With fit     180.7174126 -20.8348979 273.5268726 -24.2685811 -0.2598  
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Table 15. Overview cell velocities (nm min-1) with standard deviation and Cohens’s d of 3T3 fibroblasts on collagen scaffolds prepared with 
2.5 mg ml-1 collagen. 

 N 1 N2 Sample type 1 Sample type 2 avg1  stdv1  avg2  stdv2  Cohen's d 
Without fit  109425 69995 Glass Smooth 199.5262315 -10.7803725 157.3982864 -14.2683409 0.2155  

With fit     222.3309891 -15.8502312 285.1018268 -23.9799168 -0.2141  

Without fit  109425 73242 Glass Fibers 199.5262315 -10.7803725 220.8004733 -15.1568113 -0.1083  

With fit     222.3309891 -15.8502312 286.417797 -21.112533 -0.2318  

Without fit  109425 11049 Glass Binary-Smooth 199.5262315 -10.7803725 64.71426157 -6.39851122 1.203  

With fit     222.3309891 -15.8502312 188.7991349 -20.533731 0.141  

Without fit  109425 8681 Glass Binary-Fibers 199.5262315 -10.7803725 122.7439231 -10.5391758 0.5507  

With fit     222.3309891 -15.8502312 199.5262315 -22.8948906 0.09336  

Without fit  69995 73242 Smooth Fibers 157.3982864 -14.2683409 220.8004733 -15.1568113 -0.271  

With fit     285.1018268 -23.9799168 286.417797 -21.112533 -0.004756 
Without fit  69995 11049 Smooth Binary-Smooth 157.3982864 -14.2683409 64.71426157 -6.39851122 0.6125  

With fit     285.1018268 -23.9799168 188.7991349 -20.533731 0.3098  
Without fit  69995 8681 Smooth Binary-Fibers 157.3982864 -14.2683409 122.7439231 -10.5391758 0.1765  

With fit     285.1018268 -23.9799168 199.5262315 -22.8948906 0.268  
Without fit  73242 11049 Fibers Binary-Smooth 220.8004733 -15.1568113 64.71426157 -6.39851122 1.07  

With fit     286.417797 -21.112533 188.7991349 -20.533731 0.3481  
Without fit  73242 8681 Fibers Binary-Fibers 220.8004733 -15.1568113 122.7439231 -10.5391758 0.5388  

With fit     286.417797 -21.112533 199.5262315 -22.8948906 0.3028  
Without fit  11049 8681 Binary- 

smooth 
Binary-Fibers 64.71426157 -6.39851122 122.7439231 -10.5391758 -0.4196  

With fit     188.7991349 -20.533731 199.5262315 -22.8948906 -0.03223  
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Velocity analysis of fibroblasts on fibrinogen 
Fibrinogen Nanofibers 

 

Figure 93. Normalized pooled histograms of migration velocities of 3T3 fibroblasts on 
nanofibrous fibrinogen prepared with 5 mg ml-1 fibrinogen. This graph displays the 
median velocities. The velocities are plotted on a logarithmic axis. Median velocities of cells 
on the same dependent triplicates are shown in the same color. Different independent 
experiments are shown in different colors n=1 (light blue), n=2 (green), n=3 (purple) and 
n=4 (dark blue). Vertical black lines in the histograms represent the median velocity. 
Horizontal black lines in the histograms represent the standard deviation. The black 
histogram represents the pooled median migration velocity of cells on glass (all 
experiments pooled). Overall, the histograms are very similar indicating reproducible 
results for independent experiments. 
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Planar Fibrinogen 

 

Figure 94. Normalized pooled histograms of migration velocities of 3T3 fibroblasts on planar 
fibrinogen prepared with 5 mg ml-1 fibrinogen. This graph displays the median 
velocities. The velocities are plotted on a logarithmic axis. Median velocities of cells on the 
same dependent triplicates are shown in the same color. Different independent 
experiments are shown in different colors n=1 (light blue), n=2 (green), n=3 (purple) and 
n=4 (dark blue). Vertical black lines in the histograms represent the median velocity. 
Horizontal black lines in the histograms represent the standard deviation. The black 
histogram represents the pooled median migration velocity of cells on glass (all 
experiments pooled). Overall, all histograms are very similar indicating reproducible results 
for independent experiments. 
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Nanofibrous area of binary fibrinogen scaffolds  

 

 

Figure 95. Normalized pooled histograms of migration velocities of 3T3 fibroblasts on the 
nanofibrous area of binary patterned fibrinogen prepared with 5 mg ml-1 fibrinogen. 
This graph displays the median velocities. The velocities are plotted on a logarithmic axis. 
Median velocities of cells on the same dependent triplicates are shown in the same color. 
Different independent experiments are shown in different colors n=1 (light blue), n=2 
(green), n=3 (purple) and n=4 (dark blue). Vertical black lines in the histograms represent 
the median velocity. Horizontal black lines in the histograms represent the standard 
deviation. The black histogram represents the pooled median migration velocity of cells on 
glass (all experiments pooled).  
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Planar area of binary fibrinogen scaffolds  

 

 

Figure 96. Normalized pooled histograms of migration velocities of 3T3 fibroblasts on the 
planar area of binary patterned fibrinogen prepared with 5 mg ml-1 fibrinogen. This 
graph displays the median velocities. The velocities are plotted on a logarithmic axis. 
Median velocities of cells on the same dependent triplicates are shown in the same color. 
Different independent experiments are shown in different colors n=1 (light blue), n=2 
(green), n=3 (purple) and n=4 (dark blue). Vertical black lines in the histograms represent 
the median velocity. Horizontal black lines in the histograms represent the standard 
deviation. The black histogram represents the pooled median migration velocity of cells on 
glass (all experiments pooled).  

 

 



  Appendix 

XXIV 
 

Glass 

 

Figure 97. Normalized pooled histograms of migration velocities of 3T3 fibroblasts on glass, 
which was used as a reference in the cell tracking experiments on different 
fibrinogen scaffolds. This graph displays the median velocities. The velocities are plotted 
on a logarithmic axis. Median velocities of cells on the same dependent triplicates are 
shown in the same color. Different independent experiments are shown in different colors 
n=1 (light blue), n=2 (green), n=3 (purple) and n=4 (dark blue). Vertical black lines in the 
histograms represent the median velocity. Horizontal black lines in the histograms 
represent the standard deviation. The black histogram represents the pooled median 
migration velocity of cells on glass (all experiments pooled). Overall, all histograms are 
very similar, indicating reproducible results for independent experiments. 
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Table 16. Overview cell velocities (nm min-1) with standard deviation and Cohens’s d of 3T3 fibroblasts on fibrinogen scaffolds prepared with 
5 mg ml-1 fibrinogen.  

 N 1 N2 Sample type 1 Sample type 2 avg1  stdv1  avg2  stdv2  Cohen's d 
Without fit   50588  50220 Glass Planar 62.08690342 -4.75623413 49.20395357 -3.63104709 0.1859  

With fit     90.78205302 -8.40526819 55.84701947 -5.75101873 0.3009  
Without fit   50588 61024 Glass Fibers 62.08690342 -4.75623413 56.88529308 -4.34668023 0.0697  

With fit     90.78205302 -8.40526819 79.9834255 -7.82365704 0.08166  
Without fit   50588 14929 Glass Binary-Planar 62.08690342 -4.75623413 36.39150361 -2.82659105 0.4164  

With fit     90.78205302 -8.40526819 33.34264128 -3.80695638 0.6188  

Without fit   50588  13133 Glass Binary-Fibers 62.08690342 -4.75623413 41.59106105 -3.46094428 0.3089  

With fit     90.78205302 -8.40526819 42.26686143 -4.7133225 0.4806  

Without fit   50220 61024 Planar Fibers 49.20395357 -3.63104709 56.88529308 -4.34668023 -0.1149  

With fit     55.84701947 -5.75101873 79.9834255 -7.82365704 -0.2168  
Without fit   50220 14929 Planar Binary-Planar 49.20395357 -3.63104709 36.39150361 -2.82659105 0.2388  

With fit     55.84701947 -5.75101873 33.34264128 -3.80695638 0.2901  
Without fit   50220  13133 Planar Binary-Fibers 49.20395357 -3.63104709 41.59106105 -3.46094428 0.1318  

With fit     55.84701947 -5.75101873 42.26686143 -4.7133225 0.1586  
Without fit  61024 14929 Fibers Binary-Planar 56.88529308 -4.34668023 36.39150361 -2.82659105 0.3471  

With fit     79.9834255 -7.82365704 33.34264128 -3.80695638 0.5216  
Without fit  61024  13133 Fibers Binary-Fibers 56.88529308 -4.34668023 41.59106105 -3.46094428 0.241  

With fit     79.9834255 -7.82365704 42.26686143 -4.7133225 0.3852  
Without fit  14929  13133 Binary- Planar Binary-Fibers 36.39150361 -2.82659105 41.59106105 -3.46094428 -0.09694  

With fit     33.34264128 -3.80695638 42.26686143 -4.7133225 -0.1229  
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