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Abstract 

In recent years, a new complex group of medicinal products known as Advanced 

Therapy Medicinal Products (ATMPs), has attracted increasing attention. Based 

on genes, cells or tissues, these products offer new treatment options for serious 

diseases such as hereditary diseases and blood cancers and they can also serve 

as a tissue replacement. However, due to the high complexity of these products, 

which affects their development, production, approval and quality control, their 

translation into clinical practice remains a challenge. This thesis presents solutions 

for addressing these hurdles. An important element in ensuring the safety and 

functionality of ATMPs is the non-destructive and non-invasive monitoring of their 

quality. As part of this thesis, a possibility for a non-invasive quality control of stem 

cells based on DNA methylation was developed. I successfully demonstrated that 

Raman microspectroscopy in combination with multivariate data analysis is 

capable of distinguishing between lower and higher global DNA methylation states 

indicating the pluripotency of stem cells. In the second part of this thesis, I 

fabricated an electrospun vascular graft with mechanical properties comparable to 

those of a native blood vessel. The surface of the graft was biofunctionalized with 

two different extracellular matrix proteins, decorin and fibronectin, of which the 

latter promoted the adherence and proliferation of primarily isolated vascular 

endothelial cells and endothelial progenitor cells in vitro. Due to the characteristics 

of the graft, it can be considered for future use in in-situ tissue engineering. In this 

case, a cell-free construct can be implanted, reducing biological complexity and 

simplifying production and storage, thus saving costs. Finally, I focused on 

investigating fibronectin adsorption on polyurethane surfaces with different 

chemical and topographic properties. I successfully demonstrated that surface 

roughness and chemistry influence the orientation and conformation of the 

adsorbed protein and thus its bioactivity. Using two different endothelial cell 

phenotypes, I was able to show that the adsorbed fibronectin on the different 

surfaces alters the cell response in terms of cell-cell and cell-material interaction. 

These findings can help to design surfaces that direct cell response by modulating 

protein adsorption, thereby improving the biocompatibility of biomaterials for the 

fabrication of ATMPs.
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Zusammenfassung 

In den letzten Jahren hat eine neue komplexe Gruppe von Arzneimitteln an 

zunehmender Aufmerksamkeit gewonnen, die als Arzneimittel für neuartige 

Therapien (Advanced Therapy Medicinal Products, ATMPs) bezeichnet wird. 

Basierend auf Genen, Zellen oder Geweben bieten diese Produkte neue 

Behandlungsmöglichkeiten für schwerwiegende Krankheiten wie Erbkrankheiten 

und Blutkrebs oder dienen auch als Gewebeersatz. Durch die hohe Komplexität 

der Produkte, was sich auf die Entwicklung, Herstellung, Zulassung und 

Qualitätskontrolle auswirkt, ist die Übertragung in die klinische Praxis jedoch eine 

Herausforderung. Diese Arbeit zeigt Lösungen auf, wie diesen Hürden begegnet 

werden kann. Ein wichtiges Element zur Gewährleistung der Sicherheit und 

Funktionalität von ATMPs ist die zerstörungsfreie und nicht-invasive Überwachung 

der Qualität. In einem Teil dieser Arbeit wird eine Möglichkeit für eine nicht-invasive 

Qualitätskontrolle von Stammzellen auf der Basis von DNA-Methylierung 

vorgestellt. Ich konnte erfolgreich nachweisen, dass die Raman-

Mikrospektroskopie in Kombination mit multivariater Datenanalyse die 

Unterscheidung zwischen niedrigeren und höheren globale DNA-

Methylierungszuständen ermöglicht, was auf die Pluripotenz der Zellen hinweist. 

Im zweiten Teil dieser Arbeit habe ich ein elektrogesponnenes Gefäßtransplantat 

hergestellt, dessen mechanische Eigenschaften mit denen eines nativen 

Blutgefäßes vergleichbar sind. Die Oberfläche des Transplantats wurde mit zwei 

verschiedenen Proteinen aus der extrazellulären Matrix biofunktionalisiert, Decorin 

und Fibronektin, wobei letzteres insbesondere die Adhärenz und Proliferation 

primär isolierter vaskulärer Endothelzellen und endothelialer Vorläuferzellen in 

vitro förderte. Aufgrund der Eigenschaften des Transplantats kann dieses zukünftig 

für die Verwendung im in-situ Tissue Engineering in Betracht gezogen werden. In 

diesem Fall kann ein zellfreies Konstrukt implantiert werden, welches die 

biologische Komplexität reduziert sowie die Herstellung und Lagerung vereinfacht. 

Durch die Einsparung dieser Kosten kann ein massiver wirtschaftlicher Vorteil 

gezogen werden.  Ein weiterer Fokus dieser Arbeit lag in der Untersuchung der 

Adsorption von Fibronektin auf Polyurethan-Oberflächen, die unterschiedliche 

chemische und topographische Eigenschaften besitzen. Ich konnte erfolgreich 

zeigen, dass die Oberflächenrauheit und -chemie die Orientierung und 
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Konformation des adsorbierten Proteins und damit seine Bioaktivität beeinflusst. 

Anhand von zwei verschiedenen Endothelzell-Phänotypen konnte ich nachweisen, 

dass durch das adsorbierte Fibronektin auf den verschiedenen Oberflächen die 

Zellantwort in Bezug auf die Zell-Zell- und Zell-Material-Interaktion verändert wird. 

Diese Erkenntnisse können dazu beitragen, Oberflächen zu entwerfen, welche die 

Zellantwort durch Modulation der Proteinadsorption steuern und dadurch die 

Biokompatibilität von Biomaterialien für die Herstellung von ATMPs verbessern.
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1. Introduction 

Preface 

Over the last few decades, the complexity of medicinal products has steadily 

increased. Until the late 1960s, most patented medications were based on 

chemical synthesis, but from the 1970s onwards, a new class of pharmaceuticals 

appeared: the biopharmaceuticals 1. These protein-based drugs, produced from 

microbial cells or mammalian cell lines, were already far more complex in their 

composition and production compared to previous chemical medicaments. In 

recent years, a new, even more complex group of pharmaceuticals has been 

emerging, based on genes, cells or tissues. In 2007, the European Medicines 

Agency designated them for the first time as Advanced Therapy Medicinal 

Products (ATMPs) 2. This new class of therapies offers new possibilities for the 

treatment of diseases and injuries, including hereditary diseases, blood cancers or 

the replacement, repair or regeneration of tissue 3,4. The latter, referred to as 

tissue-engineered products (TEPs), are attracting increasing attention in the 

treatment of vascular diseases (CVDs) 5. One example in the field of vascular and 

cardiac surgery are tissue-engineered vascular grafts (TEVGs), for which several 

clinical studies have been successfully conducted in recent years 6–8. However, 

TEVGs are not widely clinically used at this time 7. The translation of these 

medicinal products into clinical practice remains a challenge due to their high 

complexity, which affects their development, manufacturing, approval and quality 

control. Some of these hurdles can be addressed by biofunctionalizing the material 

surface in order to improve endothelialization. 

In addition, non-destructive and non-invasive methods for monitoring the quality of 

ATMPs can be an important step towards the industrialisation of these products. 

Moreover, quality criteria must be identified and defined. An interesting and 

promising quality criterion in the case of stem cell-based medicinal products could 

be epigenetic hallmarks such as DNA methylation. 

 

1.1 DNA Methylation in Early Development, Disease and Aging 

Cell identity and function is partly maintained by epigenetic mechanisms. The term 

epigenetic, which was first mentioned in the early 1940s, describes changes in 
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gene function that are mitotically and meiotically heritable but do not entail a 

change in the deoxyribonucleic acid (DNA) sequence 9,10. This is achieved by semi-

reversible covalent chemical modifications on nucleic acids and proteins with which 

the DNA is associated in the cell’s nucleus. A major epigenetic mechanism that 

plays a critical role in the regulation of gene expression is DNA methylation. About 

80 % of DNA methylations are found on the cytosine of 5’-C-phosphate-G-

3’dinucleotides (CpG) 11. By covalently binding a methyl group to the 5'-carbon of 

cytosine mainly to CpG dinucleotide sequences catalyzed by DNA 

methyltransferases (DNMTs), DNA methylation influences chromatin structure 

and, in promoter regions, the binding of transcription factors resulting in the 

silencing of genes 12,13. This relatively stable epigenetic marker is inheritable by 

cell division, and therefore an important component of the cellular memory 

mechanisms that maintain cell identity 14.  
Early embryogenesis is characterized by dramatic DNA methylation changes 

(Fig. 1). During early embryonic development, DNA methylation is reprogrammed 

into a totipotent state for the production of the next generation. This is achieved by 

removing the sex-specific germ cell methylation patterns in preimplantation 

embryos, with the maternal genome mainly undergoing passive demethylation and 

the paternal genome undergoing active demethylation 14. Upon implantation, de 

novo methylation establishes the embryonic methylation pattern within a few days 
14,15. From the blastocyst stage onwards, global DNA methylation levels remain 

constant 16–18. During embryogenesis, a genome-wide redistribution of DNA 

methylation occurs. For example, the pluripotency markers Nanog and Oct4 are 

initially unmethylated and undergo methylation during differentiation 19.  

Throughout life, environmental and lifestyle factors such as diet, smoking, physical 

activity, psychological stress and air pollution influence DNA methylation 20. Some 

of these DNA methylation modifications are associated with several diseases. 

Aberrant DNA methylation of promoter regions and global DNA methylation 

changes leads to altered gene expression as well as genomic instability 21. In most 

cancers, a site-specific DNA hypermethylation and a global DNA hypomethylation 

takes place 22–24. When promotors of tumor suppressor genes get 

hypermethylated, the genes are then switched off 25,26. Global hypomethylation in 

turn leads to the activation of transposable elements and oncogenes 25. It is still 
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not clear to what extent these epigenetic changes influence the tumour initiation, 

but it is very likely that they are involved carcinogenesis 27,28. 

 

 
Figure 1. Dynamic changes in DNA methylation during early embryogenesis, 
disease and aging. Schematically shown is the global DNA demethylation and 

remethylation throughout life. After fertilization, the paternal genome undergoes active 

demethylation and the maternal genome undergoes passive demethylation. Upon 

implantation, de novo methylation establishes the embryonic methylation pattern. During 

differentiation, global DNA methylation levels do not dramatically change any more. 

Diseases such as cancer and atherosclerosis or ageing processes are mostly associated 

with cell & tissue specific global DNA hyper- or hypomethylation. Modified from Zeng et al. 
14. 
 

Aberrant DNA methylation is also known to be involved in neurological diseases, 

immunological diseases and age-related diseases such as osteoporosis and 

atherosclerosis 29. For example, it has been reported that the DNA in 

atherosclerotic aortas from rabbits was hypomethylated compared to normal 

arteries 30,31.  

Aging is accompanied by global DNA hypomethylation. However, most of these 

global DNA methylation changes are tissue- or cell-specific 32. Interestingly, age-

related changes in DNA methylation that occur at specific CpG sites in the genome 

have been shown to be quantitative biomarkers of chronological age, leading to 

the theory of the "epigenetic clock" 33. This clock may be useful in predicting 

accelerated biological aging in humans 34. However, it is not yet clear to what extent 
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DNA methylation is responsible for the development of age-related diseases. 

Therefore, further epigenome-wide association studies are needed to help identify 

methylation quantitative trait loci to determine any associations between DNA 

methylation and age-relating diseases such as cardiovascular disease 35.  

 

1.2 Raman Microspectroscopy and Imaging 

Existing methods to study DNA methylation in cells requires sample digestion that 

excludes the investigation of living matter. Raman spectroscopy can overcome this 

issue as it is a non-invasive and non-contact method based on the analysis of 

inelastic scattered light 36. When a material is illuminated with light, most photons 

are scattered back at the same energy as the incident light, which is known as 

elastic or Rayleigh scattering. However, 1 out of 106 – 108 photons is scattered with 

a shift from its original energy 37, described as inelastic or Raman scattering. 

Raman scattering can lead to emitted photons with either higher or lower energy 

levels than the incident photons. In Stokes scattering, the incident photon is 

absorbed by the molecule in its ground state resulting in an excited vibrational 

state. When the molecule returns to its ground state, photons with a lower energy 

level are emitted which leads to a reduction in the frequency of the scattered light. 

In Anti-Stokes scattering, the photon is absorbed by a molecule that is already in 

an excited vibrational state. When the molecule returns to its ground state, it 

releases the energy of the excited molecular mode, resulting in an increased 

frequency of the scattered light (Fig. 2) 38. As these vibrational frequency shifts are 

specific for the chemical bonds and symmetry of a molecule, Raman spectroscopy 

provides specific fingerprint spectra 39. 
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Figure 2. Molecular energy levels according to the type of light scattering. The elastic 

Rayleigh scattering and the inelastic Raman scattering subdivided into Stokes scattering 

and Anti-Stokes scattering. Adapted from Boyaci et al. 40. 

The Raman measurement of biological samples provides signals from proteins, 

lipids, nucleic acids, carbohydrates and inorganic crystals that enables cells and 

tissues to be identified and distinguished based on their individual biochemical 

signature 36. For this reason, Raman spectroscopy has become a popular tool in 

the field of biomedical research 41,42. The analysis of biological processes within 

living cells, such as cell cycle dynamics, cell differentiation and cell death, has 

already been demonstrated with this marker-free technique 43. It has also been 

shown to be useful in tissue diagnostics for the detection of carcinomas 44, the 

analysis of genetic disorders affecting connective tissue 45, and in degenerative 

disease imaging 46. 

In a Raman microspectroscopy setup, the Raman system is coupled with an optical 

microscope, which allows a spatially-resolved analysis of the sample (Fig. 3) 43,47. 

The sample is first focused and then excited with a laser through the microscopic 
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objective. Elastic scattered light is filtered out by a notch filter and the frequency 

shifted Raman scattered light is directed to a charge-coupled device (CCD) 

detector and converted into a Raman spectrum. While classical Raman 

microspectroscopy detects only individual points within the sample, Raman 

imaging is based on scanning an entire surface. Scanning an area with a defined 

pixel resolution allows the generation of a spectral map in which each pixel is 

defined by a separate spectrum. 

 

 
Figure 3. Schematic representation of a Raman microspectroscopy measurement. 
The sample is excited by a laser (green light path). Emitted photons of lower frequency 

(red light path) are separated from Rayleigh or higher frequency scattering by a notch filter 

and detected by the CCD sensor. The microscope is used to target the region of interest 

for Raman acquisition (grey light path). Adapted from Marzi et al. 48 

 

The evaluation of the spectral data is usually performed with multivariate statistical 

analysis tools such as principal component analysis (PCA). PCA reduces the 

dimensionality of the data set, which consists of many coherent variables, while 

preserving as much variation present within the data set as possible 49. By 

resolving variance within the spectral data set, complex spectral peak shifts and 

peak correlations are revealed and can be graphically displayed 16,50. This is 

achieved by projecting the original variables on a smaller set of variables, the 

principal components (PC) 49. The PCs comprise a certain amount of the variance 

from the population. They are ordered so that the first PC explains most of the 
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(Equation 1) 

variation present in all of the original variables. The subsequent PCs, which are 

orthogonal to the previous ones, represent lower variances in descending order, 

respectively. PCA takes into account that variables with large differences are 

attributed to a large amount of information, whereas variables, which exhibit little 

variation are expected to have no important amount of information. The output of 

the PCA can be described with the following equation (Equation 1). The original 

data matrix X forms the score matrix (T) assigning each data point to a new value 

based on its relative distance from the calculated PC. The loading vector PT 

describes the influence of the original value on the modelling of the PC. Scores 

and loadings only provide a simplified approximation. The residues matrix E is 

added to cancel out the mathematical equation 51.  

 

                                                     
 

The spectral data analyzed by PCA are visualized by score plots. Each spectrum 

is displayed as a score value in a two-dimensional scatter defined by two selected 

PCs. The score plot can be used to investigate whether there is a separation 

between two or more data sets. Another output of the PCA is the loading plot. It 

helps to further interpret the data by explaining the spectral differences indicated 

by the corresponding PC. Positive peaks in the loading plot refer to spectral 

information of data points that are predominantly found in spectra with a positive 

score value. Negative loading values represent the spectral information of negative 

score values. 

 

1.3 Therapies for Atherosclerotic Cardiovascular Diseases 

1.3.1 The Classical Therapies for Atherosclerotic Cardiovascular Diseases  

CVDs are the leading cause of death worldwide 52. The World Health Organisation 

estimated that about 31 % of all deaths in 2015 could be attributed to CVDs 53. 

Commonly, CVDs include all medical conditions, where blood flow to organs and 

limbs is reduced due to plaque deposition. The underlying cause is predominantly 

atherosclerosis, which in turn is caused by high blood pressure, smoking, diabetes 

mellitus, obesity and poor nutrition 54. Initial therapies include lifestyle changes and 
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medication. In more severe cases, surgical intervention is required to reopen or 

replace the defective vessel. Usually, the first step is percutaneous transluminal 

angioplasty, in which an inflated balloon attached to a catheter dilates the 

constricted vessel and restores blood flow 55. This therapy is typically combined 

with the placement of a stent at the affected site, to ensure that the vessel remains 

open 56. If the intervention does not satisfactorily and permanently relieve the 

ischemic symptoms, a bypass operation is performed. Today, the standard clinical 

approach for the replacement of blood vessels is the use of autografts and 

homografts, such as the saphenous vein or the mammary artery 57. However, due 

to scarce availability and mechanical or size-related mismatches, alternative graft 

sources are needed 58. For large and medium diameter vessels such as the aorta, 

the iliac or the common femoral artery, synthetic grafts made of polyethylene 

terephthalate (Dacron
"#$) or expanded polytetrafluorethylene (Goretex
"#$) are 

relatively successfully used 59. However, synthetic grafts of small diameter (<6 mm) 

show low patency rates due to their tendency to elicit thrombosis, inflammation or 

the formation of intimal hyperplasia. The main causes of failure are poor 

compliance mismatch and delayed or incomplete re-endothelialization after 

transplantation 60–62. For this reason, further approaches are necessary to address 

the lack of biocompatibility. 

 

1.3.2 The Anatomy of a Blood Vessel  

An understanding of the structure and functions of a native blood vessel is essential 

for the development of a highly biocompatible vascular graft. For this reason, its 

structure is briefly described below. The walls of a native blood vessels can be 

subdivided into three layers (Fig. 4). The innermost layer, called tunica intima, 

consists of a continuous endothelial cell layer, which primarily regulates 

hemostasis. As the initial barrier inside the vessel, the endothelium plays an 

important role in permeability, leucocyte trafficking and regulation of vascular tone 
63. The endothelial cells are anchored to the basement membrane, which itself 

consists of two structures, the basal lamina and an external, fibrillary reticular 

lamina of collagen III 64–66. The basal lamina is a thin dense sheet of self-assembled 

laminin and type IV collagen networks linked by extracellular matrix proteins, 

including nidogen, collagen VII and heparan sulfate proteoglycans such as 
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perlecan. In addition, various combinations of other proteins, glycoproteins and 

proteoglycans such as decorin are present in the lamina, creating biochemically 

and biophysically distinct structures and tethering growth factors 66–70. The 

basement membrane not only provides structural support for the endothelium, but 

also initiates cellular signalling pathways through cell binding, presenting a barrier 

to the transmigration of cells. This in turn effects angiogenesis by storing and 

releasing growth factors 71,72.  

In arteries, an internal elastic membrane separates the intima from the middle 

layer, the tunica media. This layer, which is thicker in arteries than in veins, is 

composed of circumferentially aligned smooth muscle cells (SMCs) and elastic 

fibers. The tunica media predominantly contributes to the mechanical strength of 

the blood vessel wall and is responsible for maintaining blood pressure by 

regulating vasoconstriction and vasodilatation 73. 

The outer layer, the tunica adventitia, consists primarily of fibroblasts and fibrillary 

collagens anchoring the vessel to its surroundings 74. In addition, it contains 

perivascular nerves, nervi vasorum, which innervate SMCs and thereby regulate 

local blood pressure 75. In large vessels, the vasa vasorum, supplies the vessel’s 

wall with nutrients 76. In larger arteries, an external elastic membrane separates 

the tunica adventitia from the tunica media. 

 
Figure 4. Three-layered structure of an artery. Shown are the three blood vessel layers, 

tunica intima, tunica media and tunica externa. Modified from Marieb and Hoehn 77. 
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1.3.3 In Vitro and In Situ Tissue-Engineered Vascular Grafts  

The emerging field of tissue engineering has aimed to overcome the limitations of 

synthetic small diameter vascular grafts by creating highly biocompatible, 

autologous, living replacement structures, that reflect the functionality and 

structure of a native blood vessel 78. The classical tissue engineering approach 

consists of designing and culturing a TEVG in vitro until it meets the biological and 

biomechanical requirements for implantation. To this end, four important factors 

must be considered: the cell source, the supporting structures, bioactive 

substances such as growth factors and physical and mechanical forces influencing 

cell differentiation and maturation. 

Cell sources for in vitro vascular tissue engineering can be divided into three 

categories: mature somatic cells, adult multipotent progenitor cells and pluripotent 

stem cells 79. The mature cells are usually primary endothelial cells and smooth 

muscle cells. Ideally, autologous, patient-derived cells are used, as this prevents 

an immune reaction or cell rejection during implantation 80. A disadvantage of this 

cell source is the limited proliferation and thus expansion capacity of these 

terminally differentiated cells 80. An alternative to this are adult multipotent stem 

cells, which have a greater proliferative potential and higher plasticity to 

differentiate in a particular lineage such as endothelial progenitor cells (EPCs) and 

mesenchymal stem cells 79,81. A particular population of EPCs are endothelial 

colony forming cells (ECFCs), also known as late outgrowth endothelial cells. This 

cell population, which rarely circulates in peripheral blood, represents the most 

potent reparative cell type among all EPCs, as it has a robust clonal proliferative 

potential and the ability to form colonies and a capillary network in vivo 82,83. 

However, the isolation and expansion of these cells from peripheral blood or bone 

marrow can be time consuming and expensive 84. A further challenge of adult stem 

cells is the reduced proliferation and differentiation potential with increasing donor 

age 81. Pluripotent stem cells circumvent this limitation through their unlimited 

capacity for self-renewal and their ability to differentiate into all three germ layers 
79,85. Whereas access to embryonic stem cells is again limited, induced pluripotent 

stem cells proved to be an attractive cell source for vascular tissue engineering 
86,87.  
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Another important factor for in vitro vascular tissue engineering is the tubular three-

dimensional scaffold that serves as a supporting structure to anchor and spatially 

distribute the different cell types. An essential feature of the scaffold is its porous 

structure, which mimics the in vivo cellular microenvironment to support cell 

adhesion, migration, proliferation and differentiation 80. The most popular 

techniques to fabricate these structures are elelectrospinning, molding, 3D printing, 

cell sheet rolling and decellularization 88. Electrospinning in particular proved to be 

a very promising and widespread method, which will be discussed in more detail 

later. Various materials have already been used for vessel engineering, including 

natural polymers, such as collagen or elastin, synthetic biostable and 

biodegradable polymers and decellularized vessels 80. The advantages of synthetic 

materials to natural biomaterials are their reproducibility due to their defined 

chemical composition and their controllable mechanical properties. In this 

category, polycarbonate-based elastomeric polyurethanes proved to be very 

attractive materials as they offer ideal elastic properties and good biocompatibility 

for vascular grafts 89,90. Synthetic polymers, however, lack the bioactivity of natural 

biopolymers, such as sites for cell adhesion. Possibilities to address this problem 

are the use of a blend of synthetic and natural polymers or the surface 

functionalization with cell-adhesive peptides such as the RGD or CAG sequence 
91,92.  

The creation and physical conditioning of TEVGs requires an environment, which 

simulates the physiological conditions in the human body 93. For this purpose, 

vascular perfusion bioreactors are constructed, which usually consist of a pump, 

tubes, a medium reservoir and a flow chamber, in which the TEVG is placed 

(Fig. 5). Depending on the approach, the lumen and the outer surface of the TEVG 

are perfused separately, which enables the cultivation of different cells 94. Perfusion 

of the luminal side not only provides fresh medium and nutrients and removes 

waste products, but it also exerts shear forces on the endothelial cells and mimics 

the natural blood flow. Thereby, the hemodynamic forces modulate the phenotype 

and gene expression of the cells. In this context, a correct flow is of great 

importance for the formation of a well-functioning endothelium 95. 

TEGVs offer several advantages when compared to synthetic grafts as they allow 

growth, tissue modelling and self-repair. However, there is still limited use of 
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TEVGs clinically due to poor mechanical properties, the long in vitro production 

time and the high regulatory hurdle 7,96. 

 

 
Figure 5. Schematic representation of a simplified bioreactor set-up for culturing a 
tissue engineering vascular graft. The vascular graft is clamped into the culturing 

chamber and perfused by an extraluminal and intraluminal circulation. Adapted from Daum 

et al. 97. 

 

An attractive alternative is the use of an acellular synthetic graft that enables the 

targeted adhesion, migration and proliferation of specific cells in situ 98. In this 

approach, the porous scaffold has to provide the mechanical strength comparable 

to that of a native blood vessel. In addition to the mechanical properties, the surface 

chemistry of the scaffold is crucial for the success of this strategy 96. To achieve 

rapid and complete endothelialization of the lumen after implantation, the surface 

is biofunctionalized with bioactive substances that promote the attraction, 

adhesion, proliferation and differentiation of mature endothelial cells and 

endothelial progenitor cells. Strategies to address this issue are the immobilization 

of antibodies against specific endothelial cell markers and the modification with 

growth factors, aptamers and phospholipids 99–102. In addition, extracellular matrix 

(ECM) proteins such as collagen or fibronectin, are attractive candidates, since 

they not only mediate cell interaction, but can also store growth factors and interact 

with other ECM proteins 103,104.  
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1.3.4 Scaffolds for Tissue Engineering Produced by Electrospinning 

Electrospinning is a method for the facile production of continuous, ultra-thin fibers 

with diameters ranging from a few nanometers to several micrometers, enabling 

the manufacture of non-woven, fibrous scaffolds for tissue engineering 105. The 

principle of electrospinning is based on the use of a high voltage to electrify a 

polymer followed by the ejection of liquid jets. The basic electrospinning setup is 

shown below (Fig. 6).  

 

 

Figure 6. Electrospinning of a tubular scaffold. A polymer solution is pumped through 

the syringe to the needle where a droplet is formed. When an electric field is applied, the 

polymer droplet at the tip of the needle gets charged, a Taylor cone is formed, from which 

a jet is ejected. In the electric field, the jet is accelerated towards the grounded collector. 

The solvent evaporates and the solid fiber is deposited on the rotating, tubular collector. 

Modified from Gonzales et al. 106. 

 

It requires a high-voltage power supply, a syringe pump, a syringe with a metal 

needle and a conductive grounded collector. During electrospinning, a polymer 

solution is pumped through the needle to produce a droplet as a result of surface 

tension on the tip. When an electric field is applied, the polymer droplet gets 

electrified and deforms into a Taylor cone. As soon as the electrical force exceeds 

the surface tension of the polymer droplet, a charged jet is ejected. The jet initially 

extends in a straight line and is then accelerated towards the collector undergoing 

whipping motions because of bending instabilities. The polymer jet is stretched, 
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thinned and the solvent evaporates, resulting in the deposition of solid fibers on the 

grounded collector 105.  

The electrospinning process relies on an intricate interplay of a variety of 

parameters, which can be classified in solution properties, process parameters and 

environmental conditions (Table 1) 107. Varying these parameters modulate both 

the electrospinning process as well as the morphology and size of the electrospun 

fibers. Consequently, it is necessary to optimize all process parameters to control 

an electrospinning process.  
 

Table 1: Electrospinning parameters that affect the fiber size. Adapted from Vlachou 
et al. 107 

Electrospinning parameters Effect on fiber size 

Solution properties  
Polymer concentration ↑ ↑ 
Viscosity ↑ ↑ 
Solution conductivity ↑ ↓ 

Process parameters  
Flow rate ↑ ↑ 
Applied voltage ↑ ↓ 
Needle size↑ ↓ 
Needle tip to collector distance ↑ ↓ 

Environmental conditions  
Relative humidity - 
Temperature ↑ ↓ 

 

Electrospun scaffolds have found use in a variety of biomedical applications as 

they mimic the highly porous structure and physical properties of the extracellular 

matrix (ECM) of the native tissue. Due to their high porosity and large surface area, 

the fibrous scaffolds have been shown to promote cell adhesion, cell migration and 

cell alignment 108–111. A variety of biostable and biodegradable polymers, including 

both natural polymers such as collagen or gelatine and synthetic polymers such as 

poly (lactic acid), polyurethane and polycaprolactone, to name only a few, have 

been successfully electrospun into nanofibers 105,112,113. Depending on the collector 

type, the electrospun scaffold shape also can be varied. For example for 

cardiovascular applications, in addition to flat collectors for the production of heart 

patches and rotating thorns for the production of vascular grafts, the use of heart 

valve-shaped collectors  is also described 108,114. 
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1.4 Biological Interactions with Cardiovascular Implants 

1.4.1 Protein Adsorption on Biomaterial Surfaces  

Immediately after the implantation of a cardiovascular graft, its surface comes into 

contact with blood, which leads to the adsorption of a whole range of blood 

components, particularly plasma proteins 115. The main driving force for the protein 

adsorption process is an entropy gain, which results from the release of water 

molecules and salt ions adsorbed on the surface and from structural 

rearrangements inside the protein 116,117. However, the affinity, composition and 

bioactivity of the adsorbed protein layer is influenced by numerous additional 

factors such as external parameters, surface properties and protein properties 

(Fig. 7). Once adsorbed, the proteins further determine the cellular and subsequent 

host response 118. Understanding the underlying mechanisms of protein adsorption 

could enable the targeted deposition of proteins in vitro to influence subsequent 

biological processes such as cell interaction and immune response in vivo. 

 

 
Figure 7. Protein adsorption process on a solid surface. Through diffusion, the protein 

initially comes into contact with the surface, followed by the spreading of the protein. These 

steps are influenced by external parameters, protein properties and surface properties. 

Modified from Andrew White 119. 
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External parameters influencing protein adsorption are temperature, pH, ionic 

strength and buffer composition. Higher temperature and a pH value equal to the 

isoelectric point of the protein generally increases the amount of adsorbed protein 

on the surface 120,121. The ionic strength can influence the protein adsorption in 

such a way that a high ionic strength reduces the adsorption of proteins to 

oppositely charged substrates, while the adsorption to equally charged substrates 

is increased 122. 

Each protein has a unique molecular signature consisting of long, individual 

polypeptide chains that fold into unique 3D structures, which usually undergo 

additional post-translational modification 123. For this reason, the adsorption 

behaviour of each protein must be examined individually. A simplified classification 

regarding its interfacial behaviour can be achieved by considering the size, 

structural stability and composition of the protein 124. These properties affect the 

orientation and conformation of the protein during adsorption, which ultimately 

determines its bioactivity (Fig. 7). Small, rigid proteins are generally considered as 

“hard” and have a low tendency for structural changes upon surface contact 125. 

Intermediate size proteins such as the majority of the abundant plasma proteins 

like Albumin and high molecular weight proteins like fibronectin are usually able to 

undergo conformational reorientations when adsorbed on the surface 124. While for 

smaller proteins the properties of the outer protein domains determine the initial 

adsorption, for larger lipoproteins or glycoproteins it is dominated by the lipid layer 

and glycans 123,126. When a material comes into contact with a complex protein 

mixture such as blood, the composition of the adsorbed proteins can change over 

time, which is described by the Vroman effect 127. Smaller, highly mobile proteins 

like albumin are the dominating species in the early adsorption stage. Larger 

proteins such as fibronectin are less mobile, but bind more strongly to the surface 

due to a larger contact area. Over time, these high-affinity proteins replace the pre-

adsorbed lower-affinity proteins 124. The competitive protein adsorption is a key 

determinant of the subsequent cell response to the surface 128. 

In this context, the ultimate composition of the adsorbed proteins is closely related 

to the chemical and physical properties of the surface 129. In particular, surface 

energy, polarity, charge and roughness have been characterized as key 

determinants 130. Regarding the wettability, which mainly depends on the surface 

energy, it is reported that hydrophobic surfaces generally adsorb more protein than 
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hydrophilic surfaces, which can be explained by an entropy gain of the system 
131,132. However, this is not a universal result, as it also depends on the protein’s 

properties. In comparison to hydrophilic surfaces, adsorption on hydrophobic 

surfaces is usually accompanied by strong conformational changes of the protein, 

which to a certain extent can lead to an activation of the protein, as in the case of 

fibronectin. In most cases, however, it rather leads to an impairment of its 

functionality 128. While on hydrophobic surfaces mainly conformational changes are 

the driving force for protein adsorption, on hydrophilic surfaces it is mainly driven 

electrostatically by global charges on proteins and surfaces 128,133. Thereby, it was 

shown that both positively and negatively charged surfaces are able to bind 

adhesion proteins 128.  

 
1.4.2 Influence of Adsorbed Proteins on Endothelialization 

Early endothelialization of the blood contact surfaces of a cardiovascular implant 

is crucial for a long-term graft performance. In this context, the surface properties 

of the biomaterial play a decisive role. Random protein adsorption can lead to 

platelet adhesion, thrombosis, intimal hyperplasia and occlusion 134. However, 

targeted biofunctionalization of the surface can promote the adhesion of 

endothelial cells and thus enable the early formation of a functional endothelium. 

Cell-adhesive structures are necessary for the anastomotic ingrowth of endothelial 

cells from the adjacent blood vessel and for the homing of EPCs 135. EPC adhesion 

in vivo is mainly mediated by specific transmembrane receptors called integrins, 

specifically integrin β1, β2, αvβ3 and αvβ5. Defined by the integrin subunits, they 

bind to various ECM proteins such as laminins, collagens and fibronectin 134,135. 

The functionalization of a biomaterial surface with these proteins or derived 

peptides has been shown to promote the adhesion of endothelial cells while 

inhibiting platelet adhesion and smooth muscle cell proliferation 134. Minutes after 

binding to the ligands, the integrin receptors cluster together and form focal 

complexes, which can mature into more stable focal adhesions (FA) 136,137. These 

macromolecular complexes, which consist of many additional proteins, transmit 

mechanical force and regulatory signals between the ECM and the cell. The FA 

architecture can be represented in four functional layers (Fig. 8). The extracellular 

integrin domains form the matrix-receptor binding outside the cell. The integrin 
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signalling layer, which is located on the intracellular side of the cell membrane, 

consists of intracellular integrin domains, paxillin, the focal adhesion kinase (FAK) 

and many other proteins that mediate cell signalling. Above this, a force 

transduction layer, consisting of proteins such as talin and vinculin, connects the 

integrins with the actin filaments. Finally, the actin regulatory layer, which consists 

of actin stress fibers cross-linked by α-actinin and myosin, is involved in focal 

adhesion strengthening 138,139. Integrin-mediated cell-ECM adhesion has profound 

effects on cells by regulating the downstream signalling pathways that regulate 

proliferation, differentiation and survival 137. The functionalization of a suitable 

surface with promising proteins thus enables not only the adhesion of endothelial 

cells but also the rapid formation of a functional endothelium. 

 

 
Figure 8. Schematic model of a mature focal adhesion complex. The architecture can 

be classified in several functional layers that transmit mechanical strength and regulatory 

signals. Modified from Kanchanawong et al. 138.
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Objectives of the Thesis 
 

This thesis has two main focuses, the application of Raman microspectroscopy for 

the non-invasive assessment of epigenetic states in human cells, and the 

development of a highly biocompatible TEGV. In the first study, Raman 

microspectroscopy and imaging were used to detect altered global DNA 

methylation states in carcinoma and pluripotent stem cells by identifying specific 

DNA methylation markers. Immunofluorescence staining and 5mC ELISA served 

as references in order to verify the results from the Raman measurements. The 

aim of the study was to establish a non-invasive method for tracking epigenetic 

changes in living cells, which could serve as a quality control tool for further 

applications in stem cell research or diagnostics.  

The aim of the second study was to develop an electrospun vascular graft with 

mechanical properties that are comparable to native vascular tissues and a 

bioactive surface that attracts endothelial progenitor cells or promotes 

endothelialization. For this approach, a newly developed biostable polyurethane 

elastomer was used to biofunctionalize planar and tubular electrospun scaffolds 

with FN, DCN, or both in combination. First, the simulation of endothelial cell 

homing in vitro by attracting endothelial colony forming cells was addressed. 

Secondly, in vitro endothelialisation was investigated with a classical TEGV 

approach, in which primarily isolated endothelial cells were cultivated in a custom-

made bioreactor to create an ATMP. From this work, the study of FN adsorption 

on polyurethane films with different surface chemistry and roughness was further 

examined. The aim of the study was to investigate the conformation and orientation 

of the adsorbed FN and the FN-cell interaction. For this purpose, polyurethane 

surfaces with different wettabilities were coated with FN and seeded with human 

umbilical vascular endothelial cells and human microvascular endothelial cells. The 

study aimed to provide a deeper understanding of how the surface properties of a 

biomaterial influence protein adsorption and cell behaviour, which may help to 

design surfaces in order to control the bioactivity of the adsorbed protein and thus 

direct cell response. 
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The contents of this chapter are based on 

Daum, R., Brauchle, E., Berrio, D.A.C. et al. Non-invasive detection of DNA methylation 

states in carcinoma and pluripotent stem cells using Raman microspectroscopy and 

imaging. Scientific Reports 9, 7014 (2019). 
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3 Results I: Non-invasive Detection of DNA Methylation States 

Early embryogenesis is characterized by massive changes in DNA methylation. 

After fertilization, DNA methylation in the genome is initially erased before later 

increasing around implantation 140,141. After the blastocyst stage, the global DNA 

methylation levels remain almost the same. However, during carcinogenesis,  a 

global DNA hypomethylation takes place 23. Tracking these dramatic changes in 

global DNA methylation could provide new insights into early embryogenesis and 

provide evidence of cancerous tissue. 

There are various approaches to study global DNA methylation such as 

immunofluorescence (IF) staining, bisulfite conversion or liquid chromatography-

mass spectrometry 142,143. However, these methods are based on cell fixation, cell 

lysis and DNA isolation, which excludes the examination of living cells. To track 

DNA methylation levels in living cells, Raman microspectroscopy is a promising 

tool, as it is a non-invasive and marker-independent technique based on light 

scattering of the illuminated material 36. 

This study aimed to detect DNA methylation states in mouse pluripotent stem cells 

and human colon cancer cells in situ using Raman microspectroscopy and imaging 

(Fig. 9). To identify relevant DNA methylation Raman shifts, principal component 

analysis was applied. IF staining and 5mC enzyme-linked immunosorbent assay 

(ELISA) were used as reference methods to verify the results from the Raman 

measurements.  
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Figure 9. Non-invasive detection of DNA methylation states. Raman imaging and 

Raman microspectroscopy with subsequent PCA analysis was performed to detect DNA 

methylation states in carcinoma and pluripotent stem cells. DNA methylation was 

confirmed by anti-5 methylcytosine immunofluorescence staining. 

 

3.1 Raman Microspectroscopy of Methylated DNA 

Initially, relevant Raman bands related to DNA methylation had to be identified. For 

this purpose, cytidine and 5-Methylcytidine as well as methylated and non-

methylated DNA were investigated by Raman microspectroscopy (Daum et al., 

Appendix I, Suppl. Fig. 1). All substances were analysed in a crystalline state. 

When compared to the Raman spectra of 5-Methylcytidine, the Raman spectra of  

cytidine revealed a notably increased Raman band at 1335 cm-1, which can be 

assigned to CH3CH2 deformation vibrations 144. In addition, increased signals were 

found at 788 cm-1 and 1248 cm-1. Both peaks were previously described as 

characteristic Raman bands for cytosine 145,146.  

Similar to 5-Methylcytidine, the Raman spectra of methylated DNA showed at 1335 

cm-1 increased intensities compared to non-methylated DNA. In addition, 

significantly higher Raman bands were found at 1379 cm-1 (p<0.05) and 1579 cm-

1 (p<0.01), which are correlated to the CH3 group and the pyrimidine ring, 

respectively (Daum et al., Appendix I, Suppl. Fig. 1) 145,147. Another prominent 

difference was detected at 1257 cm-1 (p=0.106) indicating nucleic acids 146. These 
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results demonstrated that Raman spectroscopy enables the discrimination of 

methylated and non-methylated cytidine and DNA in a cell-free environment. 

Based on this data, Raman microspectroscopy and imaging was applied to 

pluripotent stem cells and carcinoma cells.  

 

3.2 Raman Microspectrosopy and Imaging of Pluripotent Stem Cells and 

Carcinoma Cells 

Mouse embryonic stem cells (mESCs) were used as a model system to study 

global DNA methylation changes in early embryogenesis. When cultured in serum-

free medium, supplemented with leukemia inhibitory factor and the inhibitors 

GSK3β and Mek 1/2 (2i medium), the cells return to a "naïve pluripotent ground 

state", which is associated with a genome-wide DNA hypomethylation due to a 

reduced expression of the DNA methyltransferase 3 family 148–150. After two weeks 

of 2i medium adaption, the cells revealed an increased gene and protein 

expression of the pluripotency markers Nanog and Oct4, confirming the pluripotent 

ground state (Daum et al., Appendix I, Suppl. Fig. 2). DNA methylation was first 

investigated by IF staining and 5mC ELISA. Exposure to 2i medium revealed a 

significant reduction in global DNA methylation. More precisely, a decrease from 

4 % to 1 % methylated cytosines was observed. In addition, significant less 5mC-

foci were found in the nuclei of the 2i mESCs compared to control. 

Subsequently, using Raman microspectroscopy and imaging, the DNA methylation 

levels of mESCs cultured in serum-containing (control) and serum-free 2i medium 

(2i mESCs) were compared. First, high resolution Raman imaging of control and 

2i mESCs was performed in order to obtain laterally resolved spectral information 

of the 5mC-foci within the cell nuclei. For this purpose, cells were fixed with 

paraformaldehyde. The acquisition time was one hour per cell. The Raman images 

were then analysed by creating a heat map with the sum of the intensities at 

1257 cm-1, 1331 cm-1 and 1579 cm-1 (Daum et al., Appendix I, Fig. 6 e-h), since 

these regions were found to exhibit major differences between methylated and 

non-methylated DNA, as previously shown. The heat maps of the control mESC 

Raman images revealed specific structures within the cell nuclei that were similar 

to those of the anti-5mC staining. By comparing the average spectra of these 

structures (“highly methylated”) with average spectra of the lower intensity regions 
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(“background”), increased Raman peaks were found for the “highly methylated” 

structures in the entire spectral range from 1250 cm-1 to 1390 cm-1. This region is 

characterized by several Raman bands, which can be assigned to nucleic acids 

and CH3CH2 bonds 151. When comparing the heat maps of the Raman images from 

the control and the 2i mESCs, the semi-quantitative pixel intensity analysis showed 

a significantly lower intensity per cell for the 2i mESCs compared to the control 

(Daum et al., Appendix I, Fig. 6 h; p<0.05). 

For the analysis of living cells, the acquisition time of the Raman measurement 

was reduced to 100 seconds per cell. In this setup, the whole living cell was 

measured, showing a Raman spectrum with complex overlapping signals from 

lipids, proteins, carbohydrates and nucleic acids (Daum et al., Appendix I, Fig. 4) 
151. As a result, the spectral information of DNA methylation was much less 

apparent in the Raman spectrum. Nevertheless, some minor but significant 

changes were found at 1257 cm-1 (p<0.01), 1331 cm-1 (p<0.001) and 1575 cm-1 

(p<0.001). Principal component analysis showed separate clusters for control and 

2i mESCs in PC 4, which explain 3 % of the total spectral variance. Peaks in PC 4 

loadings plot were found at 786 cm-1, 896 cm-1, 1257 cm-1 and 1331 cm-1 that 

correlated to nucleic acids, phosphodiester and deoxyribose 151. 

In order to exclude cell-type specific factors, the same study was carried out with 

carcinoma cells. For this purpose, WT cells of the human colon cancer cell line 

HCT116 and their DNMT1-hypomorph progeny (DNMT1-/- cells) were used. A 

decreased global DNA methylation in DNMT1-/- cells was confirmed by anti-5mC 

IF staining and 5mC ELISA, showing a relative global DNA methylation difference 

of 0.6 % between the samples (Daum et al., Appendix I, Fig. 1). Similar to the 

results of mESCs Raman imaging, the heat maps of the WT cells, considering the 

same spectral regions at 1257 cm-1, 1331 cm-1 and 1579 cm-1, specific structures 

were found within the cell nucleus that were comparable to the structures seen 

when performing the 5mC IF staining (Daum et al., Appendix I, Fig. 6 a-d). The 

comparison of average spectra from highly methylated and background regions 

showed increased Raman bands in the range from 1250 cm-1 to 1390 cm-1, but the 

difference was not as pronounced as with the mESCs. Nevertheless, the semi-

quantitative pixel intensity analysis of the heat maps exhibited significant lower 

values for the HCT116 DNMT1-/- cells compared to the WT cells (p<0.05).  The 

Raman spectral signature of living HCT116 WT and DNMT1-/- cells displayed 
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slightly but significant changes in intensity at 1257 cm-1 (p<0.001), 1330 cm-1 

(p<0.01) and 1579 cm-1 (p<0.001). In the PC 4 scores plot of the PCA, which 

describes 3% of the total spectral variances, WT cells and DNMT1-/- cells showed 

a separation tendency (Daum et al., Appendix I, Fig. 2). Peaks described by the 

loadings plot of PC 3 correlated to 786 cm-1, 1257 cm-1, 1330 cm-1 and 1579 cm-1 

referring to nucleic acids. 

Finally, in order to investigate whether the differences in Raman spectra of the low 

and high global DNA methylation status are independent of species and cell types, 

PCA was performed on the data sets from both, the mESCs (control and 2i mESCs) 

and human colon cancer (HCT116 WT and DNMT1-/-) cells. While the separation 

observed in PC 2 (12 %) and PC 4 (3 %) primarily explained cell type-specific 

differences, PC 5 (2 %) revealed a separation tendency between high-methylated 

and low-methylated cells (Daum et al., Appendix I, Fig. 5). 

These results demonstrate that Raman microspectroscopy in combination with 

PCA possesses the required sensitivity to detect changes in the DNA methylation 

status of living cells, independent of the cell type. Furthermore, the data shows that 

Raman imaging can resolve DNA methylation patterns on a nano- and microscale 

within the cell nuclei. The non-invasive technology can be used to track epigenetic 

changes in living cells which may allow scientists to further investigate and 

understand epigenetic dynamics in early human embryogenesis and diseases. In 

addition, Raman spectroscopy has the potential to be used in the future as a tool 

for quality assessment in stem cell research or as a diagnostic tool for determining 

cancer tissue or cells.
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The contents of this chapter are based on 

Daum, R., Visser, D., Wild, C. et al. Fibronectin Adsorption on Electrospun Synthetic 

Vascular Grafts Attracts Endothelial Progenitor Cells and Promotes Endothelialization in 

Dynamic In Vitro Culture. Cells 9, 778 (2020). 
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4 Results II: Engineering of a Biofunctionalized Synthetic 

Vascular Graft 

Large-diameter synthetic vascular grafts made of non-biodegradable polymers 

proved to be effective when replacing defective vessels 152. However, small 

diameter grafts (<6 mm) show low patency rates due to their tendency to form 

thromboses and intimal hyperplasia 60–62. Reasons for this include mechanical 

mismatches and too slow and insufficient endothelialization after implantation. 

Therefore, in addition to possessing the appropriate mechanical properties, the 

design of the vascular graft is crucial. Electrospinning enables the production of 

fibrous scaffolds that imitate not only the porous structure but also the physical 

properties of a native tissue, which improves the performance of the vascular graft. 

In order to induce a targeted reaction of the body after implantation, in our case a 

rapid endothelialization, the surface of the graft must be bioactivated. Immobilized 

decorin (DCN), a small-leucine-rich proteoglycan, has been shown to attract 

endothelial progenitor cells in vitro 153. In addition, the protein is strongly involved 

in angiogenesis due to its binding to VEGFR2 68. Another highly relevant ECM 

protein is fibronectin (FN) as it is involved in wound healing 154,155. Both proteins 

are therefore promising candidates to promote the attraction, adherence and 

proliferation of endothelial cells. A further challenge in the development and 

especially testing of medical devices is to replace, refine and reduce in vivo studies. 

For this purpose, appropriate in vitro test systems are required to mimic in vivo 

conditions as closely as possible.   

The aim of this study was the fabrication of a small diameter electrospun vascular 

graft with mechanical properties comparable with those of a native blood vessel. 

For this purpose, a newly developed thermoplastic polycarbonate urethane 

(TPCU) was used, which combines softness with elasticity 156,157. The electrospun 

graft was biofunctionalized with DCN and FN in order to promote endothelialization. 

Subsequently, the functionality of the electrospun scaffold was investigated in vitro. 

First, endothelial progenitor homing was simulated by attracting ECFCs. 

Subsequently, a tissue-engineering approach was performed by culturing primary-

isolated vascular endothelial cells (vECs) in a custom-made bioreactor (Fig. 10).  
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Figure 10. Fabrication and evaluation of a tissue-engineered vascular graft. A newly 

developed polyurethane is used to produce electrospun vascular grafts, which are 

biofunctionalized with fibronectin and decorin. Besides investigating the attraction of 

endothelial progenitor cells, endothelialization was investigated in dynamic in vitro culture. 

 

4.1 Characterization of the Biofunctionalized Tubular Electrospun Scaffolds 

Tubular scaffolds with a length of 110 mm, an inner diameter of 5 mm and a 

thickness of 0.40 ± 0.06 mm were produced by electrospinning 6 mL of 0.1 g/mL 

TPCU dissolved in 1,1,1,3,3,3 hexafluoro-2-propanol. The scaffolds were 

biofunctionalized with FN or DCN individually or in combination via protein 

adsorption. Subsequently, the influence of the biofunctionalization on the 

morphological and mechanical properties of the material was investigated. The 

electrospun TPCU scaffolds were examined by scanning electron microscopy 

(SEM) followed by the analysis of the pore and fiber sizes 

(Daum et al., Appendix II, Fig. 3). Both fiber and pore size, were not altered due 

to protein adsorption. The fiber sizes of our constructs ranged from 699 ± 61 nm to 

776 ± 163 nm, which is much larger compared to collagen type IV fibers (20 to 52 

nm). However, other studies that developed electrospun vascular grafts reported 

comparable or even larger fiber sizes on which a functional endothelium was 

formed. The pore sizes ranged between 0.08 ± 0.01 µm² and 0.12 ± 0.05 µm², 

which was comparable to the pore sizes of the extracellular matrix in native vessels 

(5 nm to 8 µm) 158–163.  
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A closer examination of the electrospun fiber surface showed a net-like deposition 

of FN in the nanometer range (Daum et al., Appendix II, Fig. 3). This phenomenon 

can be described as material-driven fibrillogenesis 164. Depending on surface 

properties such as wettability, the adhesion of FN molecules can lead to 

spontaneous organization into FN networks. It has been reported, that the FN 

network influences cell growth, cell differentiation, and cell-cell interaction 165. 

However, whether the FN network in our study significantly influences the cell 

behaviour compared to globularly deposited FN would need further investigation. 

The coated DCN formed randomly distributed aggregates on the TPCU scaffold. 

In combination with FN, even larger aggregates were observed, deposited on the 

FN network. In addition to these observations, FN and DCN biofunctionalization 

was successfully confirmed by IF staining.  

For the investigation of the mechanical properties of the TPCU scaffolds, a ring 

tensile test was performed based on a method previously described 166. Based on 

this data, the elastic modulus, the ultimate tensile strength and burst pressure were 

determined. The mechanical properties were not significantly influenced by the 

biofunctionalization. The elastic modulus was in the range from 3.7 ± 0.5 MPa to 

5.6 ± 0.9 MPa, the ultimate tensile strength was between 21.1 ± 3.5 MPa and 22.1 

± 3.7 MPa. Burst pressures ranged from 3124 ± 466 mmHg to 3326 ± 78 mmHg. 

Most importantly, the mechanical properties were comparable to those of native 

vessels. Comparing our constructs with that of autologous grafts, which are the 

gold standard for vascular bypass surgery, the elastic modulus lied within the range 

of saphenous veins (2.25–4.2 MPa) and were similar to iliofemoral veins (3.11 

MPa) and arteries (1.54 MPa), internal mammary arteries (8 MPa) and femoral 

arteries (10.5 MPa) (Daum et al., Appendix II, Table 2). The burst pressure of our 

constructed grafts was comparable to those of the saphenous vein (1250-3900 

mmHg) and the internal mammary artery (2000-3196 mmHg). These results 

demonstrate that our construct has suitable morphological and mechanical 

properties to serve as a vascular graft.  

 

4.2 In Vitro Simulation of Endothelial Progenitor Cell Homing 

A crucial step for the in vivo endothelialization of an artificial vascular graft is the 

ability of the implanted material to attract endothelial progenitor cells. In our study, 



4 Results II: Engineering of a Biofunctionalized Synthetic Vascular Graft 
_________________________________________________________________________________________________ 
 

38 
 

we simulated this process in vitro under static and dynamic conditions. Briefly, 

ECFCs were cultured for 24 hours on planar (static) and tubular (dynamic) 

biofunctionalized scaffolds. Dynamic conditions were simulated by rotating the 

tubular scaffolds on a roller mixer. For both conditions, FN-coating and FN + DCN-

coated samples showed a significantly increased number of adherent cells 

compare with controls and DCN-coated samples (Daum et al., Appendix II, Fig. 5 

+ Fig. 6). Under dynamic conditions, slightly but not significantly more cells were 

found on the FN + DCN coating compared to the FN coating. Under static 

conditions this tendency was not observed. For both conditions, the cell 

morphology differed significantly on the different protein coated surfaces. The 

ECFCs on the TPCU scaffolds that were coated with FN- and FN + DCN showed 

a stretched morphology, whereas the cells on the control and DCN-coated TPCU 

scaffold had a spherical shape. These findings indicate a cell-repellent effect of the 

control and DCN-coated scaffolds. Since cells prefer to adhere to hydrophilic 

surfaces, we assume that the hydrophobic surface of the TPCU scaffold impeded 

the adhesion of cells 167. In our study, DCN-coating was not able to reduce this 

effect. Interestingly, it has been reported that DCN coated on a blend of 

polyethylene glycol dimethacrylate and polylactide favoured the adhesion of 

ECFCs 153. Since the orientation and conformation and thus the bioactivity of an 

adsorbed protein can be influenced by the underlying surface properties, one can 

assume that the functionality of the adsorbed DCN is also influenced by the 

material surface 168–170. FN-coating reversed the cell-repellent effect of the TCPU, 

both with and without DCN. IF staining of the statically cultured ECFCs showed a 

significantly higher VEGFR2 expression and a significantly lower PECAM-1 

expression in the cells on the FN+DCN coated samples compared to the ECFCs 

grown on the FN coating (Daum et al., Appendix II, Fig. 5). These observations 

suggest that both DCN and FN in combination may have a different bioactivity 171. 

Overall, we can conclude that the ECFC attraction was supported by FN but not 

affected by DCN. 

 

4.3 In Vitro Endothelialization under Static and Dynamic Conditions 

The formation of an endothelial cell layer on the electrospun TPCU scaffold was 

investigated with primary isolated vascular endothelial cells (vECs). Under static 
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conditions, the cells were cultured for seven days on planar scaffolds 

biofunctionalized with FN, DCN and FN+DCN. An almost confluent endothelial cell 

layer was formed on the FN and FN+DCN-coated scaffolds after one week (Daum 

et al., Appendix II, Fig. 7). IF staining confirmed the expression of the specific 

endothelial cell type marker VE-cadherin and PECAM-1 in the vECs on both 

coatings, indicating a functional endothelium. Vinculin expression showing cell-

material interaction, was found in vECs on both coatings. In contrast, the vECs 

cultured on the DCN-coating and control did not form a confluent endothelial cell 

layer. Similar to the results obtained with the ECFCs, the cells on the control and 

DCN coating showed a spherical shape, while on the FN and FN+DCN-coated 

scaffolds, vECs were stretched. These findings demonstrated that the DCN coating 

on the TPCU scaffolds did not have a substantial advantage in the intended 

endothelialization.  

Because of this, under dynamic conditions only FN-biofunctionalized TPCU 

scaffolds were used. For this purpose, a bioreactor system previously designed for 

this study was further developed and optimized (Daum et al., Appendix II, Fig. 2). 

In brief, the system consisted of a 250 mL glass bottle as culture chamber 

enclosing a removable previously custom-designed graft frame that holds the 

vascular graft. The graft frame was connected to a medium reservoir and a bubble 

trap via flexible silicone tubes. Gas exchange was provided by sterile filters, which 

were connected to the medium reservoir and the culture chamber. A multi-channel 

roller pump was used to circulate the cell culture medium through the system. The 

vECs were seeded into the tubular FN-functionalized TPCU scaffolds, and after an 

initial culture for three days under static conditions to allow cell attachment, a flow 

was employed that was stepwise increased to 25 mL/min within one and a half 

days. Under this flow, which caused a shear stress of about 0.03 Pa, the vEC-

seeded FN-biofunctionalized scaffolds were cultured for seven days. Using IF 

staining and SEM, we successfully showed that after one week, a layer of confluent 

vECs with a unidirectional cell orientation in the direction of the flow was formed 

(Daum et al., Appendix II, Fig. 8). Curiously, the F-actin staining revealed a rather 

fibroblast-like cell morphology. As endothelial cells are highly plastic, it can be 

assumed that culturing the cells in vitro in an artificial environment can lead to 

cellular dedifferentiation 172,173. These findings highlight the importance of fine-

tuning the parameters for in vitro testing and tissue engineering. 
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This work showed that FN-coated on TPCU scaffolds promotes endothelialization. 

In contrast, DCN-biofunctionalized TPCU scaffolds showed a cell-repellent effect, 

most likely due to the high hydrophobic properties of the TPCU. Overall, we have 

successfully engineered a TPCU electrospun vascular graft with mechanical 

properties comparable to those of a native blood vessel. In addition, in vitro test 

systems were established which allow the culturing of endothelial cells under static 

and dynamic conditions. 
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5 Results III: Modulation of Fibronectin Adsorption to Direct 

Endothelial Cell Fate 

The functionalization of cardiovascular implants with peptides and proteins 

bioactivates the surface of the implant 174. Depending on the molecule, it enables 

specific reactions in the body, such as reducing blood clotting, attracting certain 

cells or inducing a specific immune response 153,175,176. An attractive candidate in 

this context is FN, a well-studied glycoprotein of the extracellular matrix, which is 

known to promote cell adhesion, proliferation and migration 177, while also being 

involved in wound healing 154,155. Functionalization of the protein via physical 

adsorption has already been reported to support endothelialization 178,179. 

However, it has been shown that the conformation and orientation of adsorbed FN 

and thus its bioactivity can change depending on surface properties such as the 

wettability 180–184. This in turn has an effect on cell attachment, proliferation and 

differentiation 185–188. Based on this knowledge, a controllable surface for the 

modulation of FN deposition, which in turn allows to direct endothelial cell 

behaviour, is very attractive.  

The aim of the study was to investigate the conformation and orientation of FN 

adsorbed on surfaces with different surface chemistry and roughness and the FN-

cell interaction (Fig. 11). For this purpose, spin-coated polyurethane surfaces were 

provided, whose surface wettability was finely tuned in the range of 15° to 72° using 

oxygen plasma treatment. The conformation and orientation of the adsorbed FN 

was investigated with anti-FN IF staining. Subsequently, the behaviour of human 

umbilical vascular endothelial cells (HUVECs) and human microvascular 

endothelial cells (HMVECs) on the FN-adsorbed surfaces was analysed with 

respect to cell adhesion and cell morphology as well as cell-cell and cell-material 

interaction. 
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Figure 11. Investigation of fibronectin adsorption and endothelial cell behaviour on 
oxygen plasma-treated polyurethane. Spin-coated polyurethane (Pellethane®) films are 

treated with oxygen plasma using defined parameters to obtain different wettabilities. 

Oxygen plasma-treated samples are coated with 10 µg/ml human plasma fibronectin for 1 

hour at 37°C. The orientation and conformation of adsorbed fibronectin is analyzed. The 

FN-cell interaction is studied using HMVECs and HUVECs seeded on the fibronectin 

coated samples. 

 
5.1 Fibronectin Adsorption on Oxygen plasma-treated Polyurethane 

Surfaces 

The amount of adsorbed FN on the fine-tuned oxygen plasma-treated polyurethane 

surfaces was investigated externally to this work by fluorescent labelling of FN. In 

addition, the coated FN was stained with a polyclonal anti-FN antibody and the 

monoclonal antibody HFN7.1, which is described to bind near the cell binding side 

of the FN 189. The ratio of the results from the polyclonal and monoclonal antibody 

staining to the fluorescently labelled FN indicated the varying conformation and 

orientation of the adsorbed FN on the different surfaces (Daum et al., Appendix 
III, Fig. 3). On surface A and F, strong conformational changes of the adsorbed FN 

are suspected, since the signal of the polyclonal antibody is reduced compared to 

surface B, C, D and E indicating that fewer epitopes are present or accessible to 

the antibody. The surfaces C and D exhibit similar increased signals of the 

polyclonal antibody staining, suggesting only minor conformational changes of the 
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FN. Interestingly, especially on the surfaces A and D, the cell binding side of the 

adsorbed protein is exposed, demonstrated by an increased signal of the 

monoclonal HFN7.1 antibody staining compared to the B, C, E and F surfaces 

(Daum et al., Appendix III, Fig. 3). These observations suggest that the 

accessibility of the cell binding domain is related to both the conformational change 

and the orientation of the adsorbed FN. 

 

5.2 Endothelial Cell Adhesion, Morphology and Cell-Cell Interaction 

The influence of the altered conformation and orientation of the adsorbed FN on 

endothelial cells was investigated with HUVECs and HMVECs. First, the ability of 

the cells to adhere to the surface within 24 hours was investigated. Both cell types 

showed a similar trend regarding the cell count on the different surfaces. 

Significantly more cells were found on the moderate hydrophilic surfaces (B, C, D) 

compared to the most hydrophilic surface A and the less hydrophilic surfaces (E 

and F) (Daum et al., Appendix III, Fig. 4). Interestingly, the curve profile correlated 

with the polyclonal anti-FN staining, except for surface F (Daum et al., Appendix 
III, Fig. 3). It has been previously described that certain domains of FN influence 

cell cycle. Depending on the FN deposition, cell proliferation can be reduced or 

elevated 190–192. Regarding the cell size, no differences were found on all surfaces. 

Only on the B sample, the size of the HUVECs tended to be smaller, although not 

significantly (Daum et al., Appendix III, Suppl. Fig. 7). 

Since the organization of the cytoskeleton provides information about the status of 

the endothelial cell barrier function, the distribution of F-actin in the cells was further 

investigated. HUVECs and HMVECs showed distinct differences in the distribution 

of the microfilaments (Daum et al., Appendix III, Fig. 5). Peripheral F-actin was 

found in the cells on the F samples. Even more prominent cortical actin rings were 

found in both cell types on the A surface. This F-actin distribution is typically found 

in resting endothelium with a functional barrier function. On the other surfaces, 

HUVECs and HMVECs formed F-actin stress fibers, indicating activated and 

migratory endothelial cells 193. The interaction of cells with FN induces the 

formation of focal adhesions complexes 194. Vinculin, which is enriched in focal 

adhesions and mechanically cross-links integrins and other adhesion adaptor 

proteins to the actin cytoskeleton 195, was significantly more highly expressed in 
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HUVECs and HMVECs on the A surface (Daum et al., Appendix III, Fig. 6). In 

addition, the HMVECs showed a significant higher number of vinculin foci per cell 

on the F surface. Since the protein is not required at early stages of adhesions, but 

is mainly associated with mature focal adhesions, it can be assumed that the cells 

on the A and F surface have a stronger and more mature interaction with the 

surface 196. Presumably, the stronger adhesion of the FN to these surfaces (Daum 

et al., Appendix III, Fig. 5) allows a proper transmission of force through the actin 

cytoskeleton allows the maturation of vinculin-associated focal adhesions as well 

as the formation of actin bundles 197,198. Another protein of the focal adhesion 

complex, the FAK, showed different expression levels between the two cell types 

(Daum et al., Appendix III, Fig. 6). For the HUVECs, significant more FAK foci per 

cell were found in the cells on the C surface compared to the F sample. The 

HMVECs revealed the highest numbers of FAK foci on the C and D surfaces. 

Phosphorylated FAK enhances cell proliferation and motility 199–201. In addition, it 

has been reported to enhance actin polymerization. These findings in turn overlap 

with the observations of cytoskeleton data, where increased F-actin stress fibers 

were found in the cells on these surfaces (Daum et al., Appendix III, Fig. 5). 

The permeability of an endothelium is determined by the integrity of intercellular 

junctions 202. Two major components that mediate these endothelial cell-cell 

interactions are VE-cadherin and PECAM-1. IF staining of these two proteins 

showed few differences on the different samples (Daum et al., Appendix III, Fig. 

7). The VE-cadherin expression in the HUVECs was the same on all surfaces. For 

the HMVECs, significant higher expression levels were found on the A and C 

surfaces, which may indicate a more advanced formation of a functional 

endothelium compared to the other samples. The PECAM-1 analysis showed a 

significantly higher expression level in the HUVECs on the A surface, while the 

HMVECs showed no differences.   

In this study, only minor parameter changes in oxygen plasma treatment induced 

large variations in the conformation and orientation of the adsorbed FN, which in 

turn affected both HUVECs and HMVECs in a similar manner with respect to cell 

number, cytoskeletal reorganization, formation of FAs and cell-cell interaction. 

Both the roughness and the surface chemistry affected the material-FN interaction, 

which in turn influenced the cell behaviour. In summary, oxygen plasma treatment 

of PU surfaces is a suitable method for designing surfaces in order to modulate the 
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bioactivity of FN and thus to direct cell adhesion, migration and proliferation. This 

makes it an attractive method with a high application potential in cardiovascular 

tissue engineering.
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General Discussion & Conclusion 

6.1 Non-Invasive Quality Assessment of Advanced Therapy Medicinal 

Products 

Since 2007, when the European Medicines Agency published a joint action plan 

for ATMPs to facilitate their development and authorisation 2, the number of clinical 

trials with ATMPs increased steadily. During the 2014-2018 period, 2.097 new 

clinical trials were initiated 203. The regulatory hurdle for such a product is, among 

other things, to prove the benefit for the patient and to guarantee the consistency 

and reproducibility of the product, which is a major challenge due to its biological 

complexity. A cost-effective, reliable and ideally non-invasive method for quality 

assessment of the ATMP could be a step towards meeting this challenge. Raman 

microspectroscopy is a powerful label-free technique to monitor cell death stages, 

pathological cell states and differentiating pluripotent stem cells 36,204,205. 

Interestingly, 23 % of the industry-driven and 93 % of the academia applied 

ATMPs, which are currently in clinical phase III and IV, are based on stem cells 206. 

An obvious quality criterion of stem cells is their pluripotency. For this reason, 

determining and assessing the pluripotency of these cells ex vivo could be an 

attractive approach to ensure the quality of the product. Brauchle et al. successfully 

demonstrated that Raman spectroscopy is capable to distinguish between 

pluripotent and differentiated cells 205. Most of the observed differences were 

attributed to cholesterol and other lipid molecules. However, epigenetic changes 

have never been considered in this context, although they occur extensively in 

early embryogenesis. As already mentioned earlier, after fertilization, the global 

DNA methylation initially decreases and then increases again around implantation. 

This phenomenon can be observed in vitro by culturing embryonic stem cells in 

serum-free "2i medium". Through this, the cells undergo genome-wide DNA 

hypomethylation, which is described as a return to a "naïve pluripotent ground 

state" 148. If a stem cell-based therapy product must possess this pluripotent state, 

the measurement of global DNA methylation could be a possible quality criterion. 

Our study showed that Raman spectroscopy and Raman imaging in combination 

with PCA is able to detect changes in global DNA methylation status in living 

embryonic stem cells cultured in serum-containing and serum-free 2i medium. 
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Since in the early stages of embryonic development, the global DNA methylation 

level is an indication of cell pluripotency, we believe that this non-invasive 

technique is a promising way to monitor the quality of stem cell-based ATMPs.  

Interestingly, slight global DNA methylation changes occur also in most cancers, 

cardiovascular diseases such as arteriosclerosis and during ageing 22,30–32. Our 

study examined altered global DNA methylation levels in cancer cells caused by 

decreased activity of DNMT1 revealing similar altered Raman bands as with the 

embryonic stem cells. These observations show that Raman spectroscopy might 

also be applicable as a tool for screening somatic cell therapy products with regard 

to their epigenetic stability. 

However, one of the challenges is the duration of the analysis with Raman 

spectroscopy, which so far has been within minutes per cell. The step into 

applicability requires the measurement to be performed in a few seconds, which 

makes it necessary to further develop the devices. Furthermore, data analysis 

could be further optimized through the use of improved machine learning tools, 

making measurement not only faster but also more reliable.  

 

6.2 Raman Spectroscopy as a Diagnostic Tool for Cardiovascular Diseases 

Raman spectroscopy is not only convenient for the non-invasive quality 

assessment of cells but can also be used as diagnostic tool for diseases. For 

example, there are numerous studies describing Raman spectroscopy as a method 

to detect cancerous tissue 44,207,208. While most of these studies focus on the 

analysis of tissue biopsies in vitro, researchers are also developing systems for in 

situ analysis, such as coherent Raman endoscopes 209. This technique not only 

enables the analysis of cancer but could also serve as a diagnostic tool for 

cardiovascular diseases such as atherosclerosis. Classed as a disease of aging, 

atherosclerosis is accompanied by epigenetic changes such as global DNA 

hypomethylation 210. In our study, genetically modified carcinoma cells were 

examined with regard to global DNA methylation states, which allowed the 

identification of distinct DNA methylation markers. Using these markers, 

atherosclerotic tissue could be identified and diagnosed in situ, based on the 

detection of DNA methylation by Raman spectroscopy.  
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Nevertheless, not only epigenetic markers, but also changes in ECM composition 

and in especially the calcification of the tissue could serve as promising 

biomarkers, since calcium salts reveal distinct Raman signals in biological tissues 
151,211,212. The non-destructive in situ observation of calcified tissue could be helpful 

in determining suitable therapies for treating the disease. Furthermore, monitoring 

disease progression could provide further insights into the formation and 

progression of atherosclerosis and thus lead to new therapeutic approaches. 

 

6.3 From In Vitro to In Situ Tissue Engineering  

In our study, a TEGV was fabricated, which could serve as an ATMP for vascular 

repair. Considering the current development of ATMPs, more marketing 

authorization applications can be expected in the next few years 203,213. However 

since 2007, only 10 ATMPs approved in the European Union through a centralized 

procedure have been commercially available 214. Reasons for this are the slow 

translation of new therapeutic approaches from research into clinical trials due to 

the inherent complexity of these products, especially with regard to quality. Besides 

the regulatory challenge of demonstrating the efficacy and safety of ATMPs, the 

costs of developing and producing these complex products can be quite high 215. 

Opportunities to address these challenges include advisory services and 

incentives from the European Medicines Agency, cost reductions through "value-

based payment systems" and simplification of the regulatory framework 216,217. But 

what are the possibilities on the developer side? Regarding TEVGs, the classical 

in vitro tissue engineering approach is expensive, time-consuming and associated 

with high authorization hurdles due to the high complexity of the product 7. An 

attractive way to meet these challenges is to use the regenerative capacity of the 

body to engineer the blood vessel in situ 218. In this case, a highly biocompatible 

tubular scaffold without cells would be implanted and then remodeled and replaced 

by the body's own substances. In this approach, the role of the scaffold is to resist 

the stresses upon implantation and to control tissue development by providing a 

suitable microenvironment for the cells. The latter is pursued by bioactivating the 

material surface that comes into contact with blood to trigger a targeted reaction in 

the body, such as an anti-inflammatory response and a rapid endothelialization. 

This includes the initial protein adsorption, the immune response and the adhesion 
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of certain cells such as EPCs  219. In our study, we functionalized the electrospun 

scaffold with a combination of the ECM proteins FN and DCN. FN in particular, 

enabled the adhesion and proliferation of ECFCs in vitro. By contrast, DCN led to 

an increased expression of VEGFR2 in the ECFCs, although this did not show any 

advantages with respect to ECFC adhesion. Even if DCN did not fulfil the 

expectation of supporting EPC homing, it could still be a promising protein for the 

functionalization of vascular grafts as it has been shown to inhibit the proliferation 

and migration of vascular smooth muscle and the formation of intimal hyperplasia 
220,221.  

The challenge of generating TEGVs in situ remains to elicit the desired response 

in the body by functionalizing the surface of the implant with promising bioactive 

substances such as ECM proteins, while keeping the complexity of 

biofunctionalization as low as possible. By further deepening our understanding of 

vascular regeneration mechanisms, in situ vascular tissue engineering will have 

great potential for vascular medicine by minimizing the risks and costs associated 

with cell handling and possibly enabling the availability of an "off-the-shelf" product. 

 

6.4 Modulating Protein Adsorption on Biomaterial Surfaces 

The biocompatibility of a vascular implant is determined not only by the material 

and its mechanical properties, but also by its surface properties. After implantation, 

the biomaterial is immediately coated with proteins from blood and interstitial fluids 

to which the cells first react and through which they can sense the foreign surface 
128. It is well known that the composition, conformation and orientation of the 

adsorbed proteins has a huge impact on cell adhesion, activation and wound 

healing responses. Albumin, the most abundant blood protein, promotes platelet 

adhesion if it denatures on a surface beyond a critical level 222. The conformation 

of adsorbed fibrinogen is also a critical determinant of platelet adhesion, since the 

polymerization of fibrin is affected by the surface chemistry 223,224. For this reason, 

some researchers advocate on creating materials with surface properties that show 

reduced protein adsorption. However, with regard to in situ tissue engineering, 

surface chemistries and topographies must be designed that affect the composition 

of the protein layers as well as the orientation and conformation of the proteins in 

order to evoke a desired tissue response 184,225. In our study, FN was adsorbed on 
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electrospun PU scaffolds and on spin-coated PU surfaces. On both substrates, a 

material-driven FN fibrillogenesis was observed, which has already been shown to 

elicit beneficial biological signals 164,226. Although the in vitro studies showed the 

adhesion and proliferation of endothelial cells on both substrates using different 

endothelial cell phenotypes, it remains to be proven whether the fibrillary structure 

of the adsorbed FN has any significant beneficial effect on endothelialization in 

vivo. To further investigate FN adsorption, the surface chemistry and topography 

of the spin-coated PU surfaces were modified by oxygen plasma treatment, which 

in turn influenced the amount, orientation and conformation of the adsorbed FN 

(Figure 11). The altered orientation and conformation of the FN on the different 

surfaces significantly affected the endothelial cells with regard to the amount of 

adherent cells, the cytoskeletal organization and the formation of focal adhesions. 

With this study, we demonstrated that the surface properties of a biomaterial are 

crucial as they determine the bioactivity of the adsorbed protein and thus the cell 

behavior. Using oxygen plasma treatment of the PU surfaces, we have established 

a simple and robust method that allows us to induce large variations in affinity, 

conformation and orientation of the adsorbed FN. By minor changes of the plasma 

treatment parameters, a finely tuned gradation of the surface wettability can be 

achieved, which in turn allows a systematic investigation of the relationship of 

surface chemistry and surface roughness to protein adsorption. Investigating the 

influence of the adsorbed protein or protein mixture on blood, immune cells and 

other cell types such as endothelial cells can provide important insights for the 

design of a material that evokes the required wound healing and tissue responses. 

The ultimate goal is to improve the quality of life of patients by creating implants 

that are rapidly integrated and successfully remodeled. To achieve this, further 

development of the biomaterial surface in order to direct protein adsorption is 

required. 

 

6.4 Conclusion 

The use of ATMPs for therapeutic purposes is an increasingly attractive alternative 

to traditional treatments as it offers great potential in terms of new therapeutic 

options, personalized medicine and the possibility of a one-time cure. However, 

ATMPs are still facing economic, regulatory and scientific challenges. This work 



6 General Discussion & Conclusion 
_________________________________________________________________________________________________ 
 

56 
 

presents perspectives for addressing these hurdles. Monitoring the biological 

complexity in a non-destructive and non-invasive way to allow quality assessment 

of ATMPs is an important component to ensure their safety and functionality. In 

this thesis, a possibility for a non-invasive quality control of stem cells is presented, 

which is based on epigenetic patterns, more precisely DNA methylation states. We 

successfully demonstrated that Raman microspectroscopy in combination with 

multivariate data analysis is capable to distinguish between lower and higher global 

DNA methylation states indicating the pluripotency of the cell 150,227. Further 

optimisation of the methodology could enable the rapid and accurate quality 

assessment of ATMPs, thereby facilitating their transition towards industrialization. 

Another challenge for ATMPs, especially TEPs, are their biological complexity and 

the high costs of development, production and storage, which make them very 

expensive 228. To this end, an electrospun vascular graft was fabricated, on which 

primary-isolated vascular endothelial cells were cultured using an in-house 

designed simplified bioreactor system. Using this system to produce TEVGs could 

enable a more cost-effective production of vascular TEPs. In addition, the designed 

electrospun vascular graft, which possesses mechanical properties comparable to 

those of a native vascular graft and a surface biofunctionalization with two different 

ECM proteins, has been shown to promote the adherence and proliferation of 

endothelial progenitor cells in vitro. These properties have the potential to make 

the graft suitable for in situ tissue engineering. Following this approach in the future 

enables the fabrication of a cell-free construct, which reduces the biological 

complexity and simplifies the production and storage of the vascular graft, thus 

saving costs. 

Finally, the influence of PU surfaces with different chemical and topographic 

properties on the bioactivity of adsorbed FN was investigated. We successfully 

demonstrated that surface roughness and chemistry influences the orientation and 

conformation of the adsorbed protein and thus its bioactivity. In addition, we 

showed that the adsorbed FN on the different surfaces altered the cell response of 

two different endothelial cell phenotypes regarding cell-cell and cell-material 

interaction. The findings can help design surfaces that control cell response by 

modulating protein adsorption and thus improve endothelialization. 
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