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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. | 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, |
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, | focused on
investigating fibronectin adsorption on polyurethane surfaces with different
chemical and topographic properties. | 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, | 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.






Zusammenfassung

In den letzten Jahren hat eine neue komplexe Gruppe von Arzneimitteln an
zunehmender Aufmerksamkeit gewonnen, die als Arzneimittel fur neuartige
Therapien (Advanced Therapy Medicinal Products, ATMPs) bezeichnet wird.
Basierend auf Genen, Zellen oder Geweben bieten diese Produkte neue
Behandlungsmoglichkeiten fur schwerwiegende Krankheiten wie Erbkrankheiten
und Blutkrebs oder dienen auch als Gewebeersatz. Durch die hohe Komplexitat
der Produkte, was sich auf die Entwicklung, Herstellung, Zulassung und
Qualitatskontrolle auswirkt, ist die Ubertragung in die klinische Praxis jedoch eine
Herausforderung. Diese Arbeit zeigt LOosungen auf, wie diesen Hirden begegnet
werden kann. Ein wichtiges Element zur Gewahrleistung der Sicherheit und
Funktionalitat von ATMPs ist die zerstérungsfreie und nicht-invasive Uberwachung
der Qualitat. In einem Teil dieser Arbeit wird eine Moglichkeit fur eine nicht-invasive
Qualitatskontrolle 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 hoheren globale DNA-
Methylierungszustanden ermoglicht, was auf die Pluripotenz der Zellen hinweist.
Im zweiten Teil dieser Arbeit habe ich ein elektrogesponnenes Gefalltransplantat
hergestellt, dessen mechanische Eigenschaften mit denen eines nativen
Blutgefalles vergleichbar sind. Die Oberflache des Transplantats wurde mit zwei
verschiedenen Proteinen aus der extrazellularen Matrix biofunktionalisiert, Decorin
und Fibronektin, wobei letzteres insbesondere die Adharenz und Proliferation
primar isolierter vaskularer Endothelzellen und endothelialer Vorlauferzellen in
vitro forderte. Aufgrund der Eigenschaften des Transplantats kann dieses zukunftig
fur die Verwendung im in-situ Tissue Engineering in Betracht gezogen werden. In
diesem Fall kann ein zellfreies Konstrukt implantiert werden, welches die
biologische Komplexitat 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-Oberflachen, die unterschiedliche
chemische und topographische Eigenschaften besitzen. Ich konnte erfolgreich

zeigen, dass die Oberflachenrauheit und -chemie die Orientierung und



Konformation des adsorbierten Proteins und damit seine Bioaktivitat beeinflusst.
Anhand von zwei verschiedenen Endothelzell-Phanotypen konnte ich nachweisen,
dass durch das adsorbierte Fibronektin auf den verschiedenen Oberflachen die
Zellantwort in Bezug auf die Zell-Zell- und Zell-Material-Interaktion verandert wird.
Diese Erkenntnisse konnen dazu beitragen, Oberflachen zu entwerfen, welche die
Zellantwort durch Modulation der Proteinadsorption steuern und dadurch die
Biokompatibilitat von Biomaterialien fur die Herstellung von ATMPs verbessern.

VI
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1 Introduction

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 '. 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*. The latter, referred to as
tissue-engineered products (TEPs), are attracting increasing attention in the
treatment of vascular diseases (CVDs) °. 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 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

3
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gene function that are mitotically and meiotically heritable but do not entail a
change in the deoxyribonucleic acid (DNA) sequence °'°. 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) ''. 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 '2'3. This relatively stable epigenetic marker is inheritable by
cell division, and therefore an important component of the cellular memory
mechanisms that maintain cell identity 4.

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 . Upon implantation, de
novo methylation establishes the embryonic methylation pattern within a few days
415 From the blastocyst stage onwards, global DNA methylation levels remain
constant '6-'®  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 1°,
Throughout life, environmental and lifestyle factors such as diet, smoking, physical
activity, psychological stress and air pollution influence DNA methylation 2°. 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 2. In most
cancers, a site-specific DNA hypermethylation and a global DNA hypomethylation
takes place 222, When promotors of tumor suppressor genes get
hypermethylated, the genes are then switched off 2526, Global hypomethylation in
turn leads to the activation of transposable elements and oncogenes 2°. 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 2728,
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Figure 1. Dynamic changes in DNA methylation during early embryogenesis,
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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 2°. For example, it has been reported that the DNA in
atherosclerotic aortas from rabbits was hypomethylated compared to normal
arteries 3031,

Aging is accompanied by global DNA hypomethylation. However, most of these
global DNA methylation changes are tissue- or cell-specific 2. 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 .

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 3. 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 10® — 108 photons is scattered with
a shift from its original energy %, 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) *8. As these vibrational frequency shifts are
specific for the chemical bonds and symmetry of a molecule, Raman spectroscopy

provides specific fingerprint spectra 3°.
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vibrational state

$ v L 4 3

ground state

Rayleigh
Stokes scattering
scattering Anti-Stokes
scattering

Intensity

Frequency

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. *°.

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 3. For this reason, Raman spectroscopy has become a popular tool in
the field of biomedical research 442, 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 3. 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 #°, and in degenerative
disease imaging 6.

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) 4347,
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
shiffed 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.

Microscope

CCD Sensor o

Beam Splitter ‘ l
[% Raman Spectrum
'}_ W,
.

Notch Filter

Josen

Raman Image

Sample

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. *®

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 4°. By
resolving variance within the spectral data set, complex spectral peak shifts and
peak correlations are revealed and can be graphically displayed 650, This is
achieved by projecting the original variables on a smaller set of variables, the
principal components (PC) #°. 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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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 .

X=T-PT+E (Equation 1)

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 2. The World Health Organisation
estimated that about 31 % of all deaths in 2015 could be attributed to CVDs .
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 4. 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 °°. This therapy is typically combined
with the placement of a stent at the affected site, to ensure that the vessel remains
open 6. 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 °’. However, due
to scarce availability and mechanical or size-related mismatches, alternative graft
sources are needed %8. 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 °°. 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 89-%2, 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 |11 6468, 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

10
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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 %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 7172,

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 3.

The outer layer, the tunica adventitia, consists primarily of fibroblasts and fibrillary
collagens anchoring the vessel to its surroundings 4. In addition, it contains
perivascular nerves, nervi vasorum, which innervate SMCs and thereby regulate
local blood pressure 7°. In large vessels, the vasa vasorum, supplies the vessel's
wall with nutrients 7. In larger arteries, an external elastic membrane separates

the tunica adventitia from the tunica media.

Tunica intima
Endothelium
Basement membrane

Internal elastic membrane

Tunica media

Smooth muscle cells, elastic fibers

External elastic membrane

Tunica externa

Collagen fibers, fibroblasts,
vasa vasorum, nervi vasorum

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 ”.
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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 8. 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 7°. 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 8. A disadvantage of this
cell source is the limited proliferation and thus expansion capacity of these
terminally differentiated cells 8. 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 7981, 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 8283,
However, the isolation and expansion of these cells from peripheral blood or bone
marrow can be time consuming and expensive 8. A further challenge of adult stem
cells is the reduced proliferation and differentiation potential with increasing donor
age 8'. Pluripotent stem cells circumvent this limitation through their unlimited
capacity for self-renewal and their ability to differentiate into all three germ layers
7985 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 8. The most popular
techniques to fabricate these structures are elelectrospinning, molding, 3D printing,
cell sheet rolling and decellularization 8. 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 &. 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%, 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 °. 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 ®. 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 5.

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%,

intraluminal medium reservoir

extraluminal
medium reservoir

—
pressure buffer

———L— vascular graft

s+ culturing chamber

- -

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

etal. ¥.

An attractive alternative is the use of an acellular synthetic graft that enables the
targeted adhesion, migration and proliferation of specific cells in situ %. 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 °. 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 %-1°2, 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 103104,
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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 '%. 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).

Taylor Cone
AHigh Voltage

L
r

m ! I Needle

Syringe Polymer
Solution

Grounded
Collector

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. %,

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 1%.

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) %7, 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 Viachou

etal. '

Electrospinning parameters Effect on fiber size

Solution properties
Polymer concentration 1
Viscosity 1

Solution conductivity 1

“—— —

Process parameters

Flow rate 1

Applied voltage 1

Needle size?

Needle tip to collector distance 1

Environmental conditions
Relative humidity -
Temperature 1 !

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 98111 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 195112113 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 108114,
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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 ''°. 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 '6117. 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 8. 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.

External parameters

temperature, pH,
ionic strength

Protein properties

size, structural stability,
composition

Surface properties \

surface energy, polarity,
charge, morphology

Diffusion Initial Contact Spreading

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 "°.
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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 129121, 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 22,

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 3. 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 '>4. 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 2.
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 '24. 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 '23126_ 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 '27. 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 2. The competitive protein adsorption is a key
determinant of the subsequent cell response to the surface '28.

In this context, the ultimate composition of the adsorbed proteins is closely related
to the chemical and physical properties of the surface '°. In particular, surface
energy, polarity, charge and roughness have been characterized as key
determinants 39, 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
131132 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 2. 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 28133, Thereby, it was
shown that both positively and negatively charged surfaces are able to bind
adhesion proteins %,

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 '3*. 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 '3%, EPC adhesion
in vivo is mainly mediated by specific transmembrane receptors called integrins,
specifically integrin 81, B2, avpB3 and avp5. Defined by the integrin subunits, they
bind to various ECM proteins such as laminins, collagens and fibronectin 134135,
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 3. Minutes after
binding to the ligands, the integrin receptors cluster together and form focal
complexes, which can mature into more stable focal adhesions (FA) 136137 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 a-actinin and myosin, is involved in focal
adhesion strengthening '38.13°_ Integrin-mediated cell-ECM adhesion has profound
effects on cells by regulating the downstream signalling pathways that regulate
proliferation, differentiation and survival '¥’. 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.

Actin regulatory layer

Force transduction layer

Integrin signaling layer

Matrix-receptor binding

\ Integrin ea FAK ¢ Paxillin Talm

L Vinculin '\9 Myosin / a-actinin / F-actin

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. .
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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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Non-invasive Detection of DNA Methylation States

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 140141 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 42143, 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 6.

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™', which can be
assigned to CH3CH2 deformation vibrations '#4. In addition, increased signals were
found at 788 cm™ and 1248 cm™'. Both peaks were previously described as
characteristic Raman bands for cytosine 145146,

Similar to 5-Methylcytidine, the Raman spectra of methylated DNA showed at 1335
cm™ increased intensities compared to non-methylated DNA. In addition,
significantly higher Raman bands were found at 1379 cm™' (p<0.05) and 1579 cm-
' (p<0.01), which are correlated to the CHs group and the pyrimidine ring,
respectively (Daum et al., Appendix I, Suppl. Fig. 1) '4%47_ Another prominent

difference was detected at 1257 cm™ (p=0.106) indicating nucleic acids '#6. 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
GSK3B and Mek 1/2 (2i medium), the cells return to a "naive pluripotent ground
state", which is associated with a genome-wide DNA hypomethylation due to a
reduced expression of the DNA methyltransferase 3 family '48-150, 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 mMESCs compared to control.

Subsequently, using Raman microspectroscopy and imaging, the DNA methylation
levels of mMESCs 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', 1331 cm™ and 1579 cm™ (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-6mC 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™" to 1390 cm-". This region is
characterized by several Raman bands, which can be assigned to nucleic acids
and CH3CH2 bonds '*'. 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™ (p<0.01), 1331 cm™ (p<0.001) and 1575 cm™’
(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™, 896 cm™', 1257 cm™ and 1331 cm™ that
correlated to nucleic acids, phosphodiester and deoxyribose 5.

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 mMESCs Raman imaging, the heat maps of the WT cells, considering the
same spectral regions at 1257 cm™, 1331 cm™ and 1579 cm™, 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 to 1390 cm’", 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™ (p<0.001), 1330 cm™’
(p<0.01) and 1579 cm™ (p<0.001). In the PC 4 scores plot of the PCA, which
describes 3% of the total spectral variances, WT cells and DNMT 1~ 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™, 1257 cm™, 1330 cm™" and 1579 cm’
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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4 Results lI: 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 '%2. However, small
diameter grafts (<6 mm) show low patency rates due to their tendency to form
thromboses and intimal hyperplasia 6%-%2. 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 '%3. In addition, the protein is strongly involved
in angiogenesis due to its binding to VEGFR2 %8. Another highly relevant ECM
protein is fibronectin (FN) as it is involved in wound healing %4155, 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 56157, 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 I, 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 1V 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 ym? and 0.12 + 0.05 pm?,
which was comparable to the pore sizes of the extracellular matrix in native vessels

(5 nm to 8 um) 158163,
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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 Il, Fig. 3). This phenomenon
can be described as material-driven fibrillogenesis 4. 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 5.
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 '%6. 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 Il, 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,
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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 Il, 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 '®”. 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 "33, 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 %8170, 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 Il, Fig. 5). These observations
suggest that both DCN and FN in combination may have a different bioactivity '"*.
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 Il, 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 I, 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 Il, 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 172173, 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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The functionalization of cardiovascular implants with peptides and proteins
bioactivates the surface of the implant 4. 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 153175176 - 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 77, while also being
involved in wound healing 54155, Functionalization of the protein via physical
adsorption has already been reported to support endothelialization 78179,
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 '8-184, This in turn has an effect on cell attachment, proliferation and
differentiation '8-188, 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 ug/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 8. 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
lll, 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 lll, 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 lll, Fig. 4). Interestingly, the curve profile correlated
with the polyclonal anti-FN staining, except for surface F (Daum et al., Appendix
lll, 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 HUVECSs tended to be smaller, although not
significantly (Daum et al., Appendix Ill, 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 lll, 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 '®3. The interaction of cells with FN induces the
formation of focal adhesions complexes '%4. Vinculin, which is enriched in focal
adhesions and mechanically cross-links integrins and other adhesion adaptor

proteins to the actin cytoskeleton %5, was significantly more highly expressed in
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HUVECs and HMVECs on the A surface (Daum et al., Appendix lll, 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 '%. Presumably, the stronger adhesion of the FN to these surfaces (Daum
et al., Appendix lll, 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 19798 Another protein of the focal adhesion
complex, the FAK, showed different expression levels between the two cell types
(Daum et al., Appendix lll, 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 19%-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 lll, Fig. 5).

The permeability of an endothelium is determined by the integrity of intercellular
junctions 2%2, 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 I, 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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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 2°3. 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 36204205
Interestingly, 23 % of the industry-driven and 93 % of the academia applied
ATMPs, which are currently in clinical phase lll and IV, are based on stem cells 2%,
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 2°5. 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 "naive 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 2230-32_ QOur
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 44207208 \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 2°°. 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 2'°. 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 293213 However
since 2007, only 10 ATMPs approved in the European Union through a centralized
procedure have been commercially available 2'*. 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 2.
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 26217 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 2'8. 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

53



6 General Discussion & Conclusion

of certain cells such as EPCs 2'°. 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 1t 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 223224, 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 '84225_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 64226, 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
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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 199227, 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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Appendix I: 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, 2019, 9, 1
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DNA methylation plays a critical role in the regulation of gene expression. Global DNA methylation

. changes occur in carcinogenesis as well as early embryonic development. However, the current

: methods for studying global DNA methylation levels are invasive and require sample preparation.
The present study was designed to investigate the potential of Raman microspectroscopy and Raman

. imaging as non-invasive, marker-independent and non-destructive tools for the detection of DNA
methylation in living cells. To investigate global DNA methylation changes, human colon carcinoma
HCT116 cells, which were hypomorphic for DNA methyltransferase 1, therefore showing a lower global
DNA methylation (DNMT1~/~ cells), were compared to HCT116 wildtype cells. As a model system for
early embryogenesis, murine embryonic stem cells were adapted to serum-free 2i medium, leading to

. asignificant decrease in DNA methylation. Subsequently, 2i medium -adapted cells were compared to

. cells cultured in serum-containing medium. Raman microspectroscopy and imaging revealed significant
differences between high- and low-methylated cell types. Higher methylated cells demonstrated higher

. relative intensities of Raman peaks, which can be assigned to the nucleobases and 5-methylcytosine.

. Principal component analysis detected distinguishable populations of high- and low-methylated
samples. Based on the provided data we conclude that Raman microspectroscopy and imaging are

. suitable tools for the real-time, marker-independent and artefact-free investigation of the DNA
methylation states in living cells.

DNA methylation and de-methylation are involved in gene expression, disease mechanisms and reactions to
environmental substances. It is assumed that the cellular memory is mainly inherited by DNA methylation'.
. In the DNA methylation process, methyl groups are added to cytosine within CpG dinucleotides. The reaction
is catalyzed by DNA methyltransferases (DNMT)?>?. There are three catalytically active DNMTs in mammali-
ans. DNMT1 maintains methylation patterns by methylating the newly synthesized DNA strand. DNMT3a and
: DNMT3b are required for de novo DNA methylation*-®. As methylation of promotor regions typically represses
gene transcription, most of the DNA methylation-related consequences are genomic imprinting and inactivation
. of the X chromosome in female mammals’. Early embryogenesis is marked by dramatic changes in DNA meth-
. ylation. After fertilization, DNA methylation in the genome becomes erased over several DNA replication cycles
: involving both active and passive demethylation®. Around implantation, DNMT3a and DNMT3Db are expressed
at high levels to form the normal embryonic methylation patterns’. In the blastocyst stage, high global levels of
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DNA methylation are detected'’. Tracking of these massive changes in global DNA methylation could provide
new insights about early embryogenesis. After the blastocyst status, the global DNA methylation levels do not
dramatically change any more during differentiation’!~'>. However, it was shown that during carcinogenesis, in
most cancers, a site-specific DNA hypermethylation and a global DNA hypomethylation takes place’*'°. In the
case when promotors of tumor suppressor genes get hypermethylated, the genes are switched off'”'%. Global
hypomethylation in turn leads to genome instability and activation of transposable elements and oncogenes'”. It
has been estimated that 70% of all cancers lead to a reduced global DNA methylation, 18% with no change, and
12% with an increased DNA methylation relative to the adjacent normal tissue'’. This overall change of DNA
methylation could serve as a valid biomarker for cancer.

There are various approaches to detect and analyze global DNA methylation. A well-established method is
immunofluorescence (IF) staining based on the use of an anti-5-methylcytosine (5mC) antibody and a secondary
antibody labeled with a fluorescent dye. The method offers a straightforward visualization of methylated DNA.
Furthermore, to study global DNA methylation, an enzyme-linked immunosorbent assay (ELISA) based on
anti-5mC can be performed. Liquid chromatography-mass spectrometry is also commonly used, yet it requires
sample preparation and expensive machines to measure the DNA methylation level?'. One of the currently most
widely used techniques to assess DNA methylation is the bisulfite conversion. The DNA is treated with sodium
bisulfite, which deaminates non-methylated cytosines, converting them into uracils, whereas the treatment does
not change methylated cytosine?”. By comparing the sequences of converted and unconverted DNA, it is possible
to identify methylated sites. However, all these methods are invasive and potentially create artifacts as they require
fixation and staining procedures, cell lysis or DNA isolation. So far, there is no appropriate method established
that allows the online monitoring of global DNA methylation changes in living cells.

A promising tool for online monitoring of living cells and tissues is Raman microspectroscopy as it is a
non-invasive and marker-independent technique based on light scattering of the illuminated material®. In the
last decade, Raman spectroscopy has become a method of interest for the field of biomedical research?"*. It
is a time-saving alternative to other methods investigating biological systems such as fluorescence imaging®.
Moreover, it allows the analysis of biological processes within living cells. The Raman measurement obtains sig-
nals from proteins, lipids, nucleic acids, carbohydrates and inorganic crystals, which enables to identify and dis-
tinguish cell phenotypes and tissues based on their individual biochemical signature?*. The detection of DNA
methylation using Raman microspectroscopy is not yet established. Some studies investigating DNA methylation
were performed using surface-enhanced Raman spectroscopy (SERS)?’-%°. However, no investigations on living
cells have been performed to date.

In the present study, we used Raman microspectroscopy and principle component analysis (PCA) to identify
Raman shifts that can indicate global DNA methylation changes in living cells. Two cell types that differ in their
global DNA methylation level were measured and compared with each other. Genetic modified human colon can-
cer cells that are DNMT1 hypomorph (DNMT1 '~ cells) were compared to HCT116 wildtype (WT) cells*’. The
DNMT1~/~ cells still retain some DNMT1 activity, yet much reduced, leading to a decreased genome wide meth-
ylation level. As a model system to investigate global DNA methylation changes in early embryogenesis, murine
embryonic stem cells (mESC) were utilized. mESCs were cultured in serum-containing medium or they were
adapted to serum-free 2i medium, leading to a significant decrease in DNA methylation®'. The aim of the study
was to investigate if Raman microspectroscopy and imaging are capable to detect the different global DNA meth-
ylation levels in both cell types. IF staining and 5mC ELISA were used to quantify the global DNA methylation in
the cells. These routine methods served as reference in order to verify the results from the Raman measurements.

Results

5mC and methylated DNA show significantly increased Raman bands.  Before measuring DNA
methylation within cells, cytidine and 5mC as well as methylated and non-methylated DNA standards were inves-
tigated with Raman microspectroscopy (Suppl. Fig. 1). The Raman spectra of 5mC and methylated DNA revealed
increased signals in the region of 1331-1335cm ™" (Suppl. Fig. 1a, b). Furthermore, methylated DNA showed sig-
nificantly increased Raman bands at 1335cm ™! (p <0.05), 1379cm ™! (p < 0.05) and 1579 cm ™! (p < 0.01) (Suppl.
Fig. 1c).

DNMT1-deficient cells reveal a decreased global DNA methylation. Global DNA methylation of
the human colon cancer cell line HCT116 was studied. Wildtype (WT) cells and DNMT1~/~ cells were utilized.
DNA methylation was examined using 5SmC fluorescence staining and a 5mC ELISA (Fig. 1). Qualitative dif-
ferences between WT and DNMT1 "/~ cells were identified within the nuclei, showing various 5mC-expressing
foci in the WT cells (Fig. 1a; white arrows). When focusing on the overall fluorescence intensity of the entire
cell nucleus, no significant difference in gray value intensity (GVI) per cell was detected (p = 0.914) (Fig. 1b).
However, analysis of the subnuclear localization patterns showed a significant increase of 5mC-foci within the
cell nuclei of WT cells when compared with DNMT1~/~ cells (p < 0.05) (Fig. 1c). 5mC ELISA analysis exhibited
a statistically significant 0.6% decrease in global DNA methylation in the DNMT1~/~ cells when compared to
WT cells (Fig. 1d; p < 0.05). In the WT cells, 1.4% of all cytosines were methylated, whereas the DNMT1~/~ cells
contained only 0.8% methylated cytosines (Fig. 1d).

Raman analysis of WT and DNMT1~/~ cells shows differences in nucleic acid bands.  The Raman
spectral signature of the HCT116 WT cells displayed a cellular peak pattern consisting of complex overlapping
signals from the biochemical cellular components (Fig. 2a,i). DNMT1~/~ cells revealed an increased relative
Raman signal at 830 cm ! and decreased relative spectral intensities at the Raman bands 786 cm ™!, 1257 cm ™/,
1330cm ™}, 1342cm ™!, 1579cm !, 1610 cm ! and 1662 cm ! (Fig. 2a,ii). Statistical analysis showed a significant
change in intensity at 1257 cm ™ (p < 0.001), 1330cm ™ (p < 0.01) and 1579 cm ™" (p < 0.001) (Fig. 2b).
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Figure 1. Investigation of global DNA methylation in HCT116 WT and DNMT1~/~ cells. (a)
Immunofluorescence staining of 5-methylcytosine (5mC) in WT and DNMT1~/~ cells. WT cells show various
dense 5mC-foci within the nucleus indicated by white arrows. Scale bars equal 20 um. (b,c) Semi-quantitative
fluorescence intensity analysis of 5SmC-stained cells. WT cells show significant more 5mC-foci/cell than
DNMT1 '~ cells. Two-tailed t-test, n= 3. (d) Global 5mC level in WT cells are significantly higher than in
DNMT1~/~ cells. Two-tailed t-test, n=3.

For further analysis of the spectral data, PCA was performed. PCA is commonly used to resolve complex spec-
tral peak shifts and to reveal spectroscopic variations and peak correlations by calculating principal components
(PCs), which dissolve the variances within the spectra data set*>**. In the score plot (Fig. 2c), every data point
represents a Raman spectrum of a single cell. The score values were used to validate significant differences in the
Raman spectra of WT cells and DNMT1~/~ cells. In the PC 4 scores plot, which describes 3% of the total spectral
variances, WT cells and DNMT1~/~ cells showed a separation tendency. Statistical analysis revealed significant
differences of the PC 4 score value between WT and DNMT1 /" cells (p < 0.001) (Fig. 2¢). Other PC scores
did not show significant differences (Suppl. Fig. 3). In general, loadings of each PC demonstrate the spectral
changes, which determine the position of the PC score values®. Positive peaks in the loadings indicate increased
Raman signals in the original spectra of the positive score values. In contrast, negative loading values represent
increased Raman signals in the spectra of the negative score values®. Based on the PC 4 loading, increased bands
at786cm !, 1257cm?, 1330cm ! and 1579 cm ™! were identified in the spectra of WT cells (Fig. 2d, arrows).
DNMT1~/~ cells showed an increased Raman signal at 1445 cm™!. However, the loading was quite noisy, which
indicates that only slight differences of the Raman signals characterize the PC 4. Loadings of PC 1, 2 and 3 showed
mostly the spectral baseline (Suppl. Fig. 3).

2i medium-adapted mESCs retain their pluripotency and show a significant global demethyl-
ation of genomic DNA. In order to reduce global DNA methylation, mESCs were adapted to serum-free
2i medium (2i mESCs) as previously described?!. Before DNA methylation analysis, the pluripotency of the
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Figure 2. Identification of DNA methylation Raman signatures in WT and DNMT1 /" cells. (a) Raman spectra
of (i) HCT116 WT and (ii) DNMT1~/~ cells. Raman signatures that can be assigned to DNA bands are indicated
by arrows. Standard deviations are indicated by the gray lines. n = 125. (b) Statistical analysis of significantly
increased Raman bands, which can be assigned to DNA methylation. (c) Score plot of PC 1 and PC 4 shows a
grouping tendency between WT and DNMT1~/~ cells illustrated by a gray arrow. The score mean value of both
groups for PC 4 differs significantly from each other. Two-tailed t-test, n =125 (d) PC 4 Loading describes the
Raman shifts that vary in WT cells compared to DNMT1~/~ cells. Noticeable DNA peaks are indicated by arrows.

control and 2i mESCs was verified via Nanog and Oct4 protein expression by IF staining (Suppl. Fig. 2). As
expected, both control and 2i mESCs showed Nanog and Oct4 protein expression (Suppl. Fig. 2a and b); however,
semi-quantitative analysis of fluorescence intensities revealed a significantly higher Nanog expression in mESCs
cultured in 2i medium when compared with the ESCs that were cultured in serum-containing control medium
(Suppl. Fig. 2a). In addition, Nanog gene expression of 2i mESCs was 3-fold higher (p < 0.05) compared to the
control mESCs, and Oct4 gene expression of 2i mESCs was 2-fold higher compared to control mESCs (Suppl.
Fig. 2¢).

mESC adaption to serum-free 2i medium results in a massive global demethylation of the genomic DNA*%°,
For the determination of global DNA methylation levels in control versus 2i mESCs, a 5mC ELISA was performed
revealing a significantly decreased relative cytosine 5mC of 4% (4.7% in control mESCs before adaption and
0.7% in 2i mESCs after adaption) (Fig. 3a; p < 0.001). This result was confirmed by 5mC IF staining (Fig. 3b).
The semi-quantitative fluorescence intensity analysis of the whole nucleus exhibited significantly lower GVI per
colony in the 2i mESCs when compared with the control mESCs (Fig. 3c). By comparing subnuclear localization
patterns of 5mC, we further identified that the control mESCs exhibited significantly more 5mC-foci within each
cell nucleus (Fig. 3b, white arrows, and Fig. 3d).
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Figure 3. Investigation of global DNA methylation changes. (a) 5mC expression in mESCs cultured under
control conditions or in 2i medium. 2i medium-adapted cells show a significantly lower DNA methylation.
Two-tailed -test, n= 3. (b) Immunofluorescence staining of 5mC. Scale bars equal 20 um. (c+ d) Quantitative
fluorescence intensity analysis of 5mC-stained mESCs. 2i medium-cultured mESCs show a significant lower
mean intensity and less 5mC-foci/cell (indicated by white arrows in b) when compared with cells cultured in the
presence of serum (control). Two-tailed ¢-test, n=3.

Raman microspectroscopy revealed altered nucleic acid signals in 2i medium-adapted
mESCs. Control mESCs and 2i mESCs were investigated with Raman microspectroscopy. Non-stained con-
trol and 2i mESCs showed defined peak patterns containing complex overlapping signals from lipids, proteins,
carbohydrates and nucleic acids*. Several differences in relative intensities between control mESCs (Fig. 4a,i)
and 2i mESCs (Fig. 4a,ii) were identified. The most prominent ones, which can be assigned to nucleic acid bands,
are highlighted with black arrows (Fig. 4a). Most prominent increased Raman bands in control mESCs were
detected at 1257cm™!, 1331 cm ™, 1379 cm ™! and 1575 cm ™. 2i mESCs exhibited an increasing relative inten-
sity at 818 cm™. Statistical significant decreased Raman shifts were identified at 1257 cm ™! (p < 0.01), 1331cm ™!
(p<0.001) and 1575cm™" (p <0.001) (Fig. 4b). The corresponding PCA analysis showed separated clusters for
control and 2i mESCs in PC 4, which explained 3% of the total spectral variance. The PC 4 score values of control
and 2i mESCs differed significantly (p < 0.001) (Fig. 4c). The corresponding loading of PC 4 showed decreased
Raman bands (786 cm ™!, 896 cm™!, 1257 cm ™}, 1331 cm™') and increased signals (481 cm™!, 1441 cm™!) for 2i
mESCs when compared to control mESCs. In general, we noted that the loadings were quite noisy, which indi-
cates that only slight differences of the Raman signals characterize the PC 4 (Fig. 4d). For the other PC scores, no
separation tendency was detected. Scores and loadings of PC 1-3 are shown in Suppl. Fig. 4.

Raman spectra differentiate between low and high methylation status independent of the cell
type. To further investigate whether the differences in Raman spectra of the low and high global DNA meth-
ylation status are independent of species and cell types, PCA were performed on the whole data sets consisting of
the spectra from all, the mESCs (control and 2i mESCs) and human colon cancer (HCT116 WT and DNMT1-/")
cells. A 3D score plot of PC 2 (12%), PC 4 (3%) and PC 5 (2%) revealed separations between the samples (Fig. 5a).
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Figure 4. Identification of mESC Raman signatures due to an altered global DNA methylation. (a) Raman
spectra of mESCs cultured in (i) control and (ii) 2i medium. Raman signatures that can be assigned to DNA
bands are indicated by black arrows. The standard deviation is indicated by the gray lines. (b) Statistical analysis
of significantly increased Raman bands, which can be assigned to DNA methylation. Two-tailed ¢-test, n = 85.
(c) Score plot of PC 1 and PC 3 shows a grouping tendency of mESCs cultured in control and 2i media. The
direction of the gray arrow indicates the loss of DNA methylation. The score mean value of both groups for PC
4 differs significantly from each other. Two-tailed t-test, n =85 (d) PC 4 loading describes the Raman shifts
that vary in 2i-adapted mESCs compared with mESCs cultured in the control medium. Peaks of interest are
indicated by black arrows.

PC 2 reflects differences between cell types and separates between mESC as well as the WT and DNMT1~/~ cells.
In addition, PC 5 revealed a separation tendency between the high-methylated mESC control and the HCT116
WT cells, and the low-methylated 2i mESC and DNMT1~/~ cells. This separation is also illustrated in Fig. 5b,
showing the mean score values of PC 5. The score values of the control mESCs differed significantly from the
score values of the 2i mESCs (p < 0.001), and the score values of the HCT116 WT cells differed significantly from
the score values of the DNMT1~/~ (p <0.01).

The most prominent Raman peaks that revealed altered relative intensities in Raman spectra of the high-
and low-methylated mESCs and the high- and low-methylated human colon cancer WT and DNMT1~/~ cells
are summarized in Table 1. Most of them show increased signals for high level of DNA methylation (786 cm™,
1257cm™%,1317-1323cm %, 1335cm %, 1342cm ™}, 1379cm ™}, 1579 cm ™!, 1605-1610 cm'and 1662 cm™!). The
Raman band at 815-830 cm ™! revealed a decreased relative intensity in the high-methylated cells.

Raman imaging identifies 5mC-foci on a subnuclear level.  Since the differences in the Raman spec-
tra between the investigated groups were rather subtle, high-resolution Raman imaging was additionally per-
formed to obtain laterally-resolved spectral information of the 5mC-foci within the cell nuclei. HCT16 WT
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Figure 5. Comparison of Raman spectra from mouse pluripotent stem cells cultured in either control or 2i
medium with human colon cancer WT and DNMT '~ cells. (a) 3D score plot of Raman spectra from control
mESCs, 2i mESCs as well as human colon cancer WT and DNMT1 -/~ cells showing PC 2, PC 4 and PC 5. There
is a grouping tendency between control mESCs and W cells (blue shades), as well as 2i mESCs, DNMT1~/~
cells (green shades). (b) The grouping tendency is visualized by a box plot of PC 5 score values. It shows
significantly lower scores for control mESCs and WT cells when compared with 2i mESC and DNMT1 -/~ cells.
One-way ANOVA, n=30.

786 5-Methylcytosine™, Cytosine, Thymine: +
Phosphate backbone of DNA/RNA*#7-#
815-830 Phosphate backbone of DNA/RNA** 1
1257 Cytosine, Adenine®**! T
1317-1323 Guanine*'¥” 1T
1335 CH,CH; wagging* 1
1342 Guanine®” 1
1379/1386 CH,»5 1
1579 Pyrimidine ring® 1t
1605-1610 Cytosine®! 1
1662 DNA3 1

Table 1. Identified Raman peaks that are altered due to global DNA methylation in mESCs and human colon
cancer cells.
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and DNMT1~/~ cells (Fig. 6a-d) as well as control and 2i mESCs (Fig. 6e~h) were scanned with a resolution of
0.2 % 0.2 pum. A heat map of both cell types was created using the sum of the intensities at 1257 cm !, 1331 cm ™!
and 1579 cm™!. The heat maps of the resulting Raman images showed specific structures within the nucleus that
were comparable to the structures seen when performing 5mC IF staining (Fig. 6a,b,e,f). In the average spec-
tra from high-intensity (highly methylated) regions and low-intensity (background) regions of the heat maps,
increased Raman peaks in the spectral region of 1250-1390 cm ™! were observed for both cell types (Fig. 6¢,g). The
semi-quantitative pixel intensity analysis of the heat maps exhibited significantly lower values for the HCT116
DNMT1 '~ cells and 2i mESCs when compared with the HCT116 WT cells and control mESCs (Fig. 6d,h;
p<0.05).

Discussion

It this study, we demonstrated that Raman microspectroscopy and Raman imaging have the potential to detect
DNA methylation states in living cells. We utilized different cell types from human and mouse origin that differ
in their global DNA methylation level, and identified specific Raman signals that can be employed to monitor
methylated DNA in situ.

In a first step, by measuring 5mC and methylated DNA, we identified specific Raman bands at 1257 cm ™/,
1335cm ™!, 1379 cm ! and 1579 cm ! that can be assigned to nucleobases or CH; (Table 1)**'. These results
demonstrate that differences between methylated and non-methylated DNA can be detected by Raman
microspectroscopy.

Next, we used WT cells of the human colon cancer cell line HCT116 and their DNMT1-hypomorph progeny
showing a lower global DNA methylation. We confirmed the decreased global DNA methylation in DNMT1 '~
cells by anti-5mC IF staining and 5mC ELISA. Interestingly, in our study, in both the WT and DNMT1~/~ cells,
the 5mC ELISA revealed a lower global DNA methylation level when compared to previous studies®. Literature
determined 4.0% methylated cytosines for WT cells, and our results revealed 1.3%. For DNMT17/~ cells,
3.2% of all cytosines were reported to be methylated*’. In our study, we quantified 0.7% methylated cytosines.
Nevertheless, the relative global DNA methylation difference of 0.6% between the samples is similar to what had
been previously reported™.

Our Raman microspectroscopy measurements showed differences in the Raman signatures of WT and
DNMT1 "/~ cells. PCA revealed a grouping tendency for PC 4 (Fig. 2). Although some overlapping of the popu-
lations was seen that might be due to biological variances within the samples, the mean score values revealed a
significant difference between the two samples. Most differences in Raman spectra as well as striking peaks in the
loading plot could be assigned to nucleic acid bands (Table 1).

The second cell type in this study were mESCs that were either maintained in routine serum-containing con-
trol medium, or they were adapted to serum-free 2i medium. As expected, exposure to 2i medium led to massive
global DNA demethylation as described before®"*»**, which was successfully confirmed by anti-5mC IF stain-
ing and 5mC ELISA. Accordingly, the control mESCs revealed a global DNA methylation of 4%°**°, and only
1% of all cytosines were methylated in the 2i medium-adapted mESCs**. We confirmed that the mESCs main-
tained their pluripotency after 2i adaption by gene and protein expression profiling focusing on the pluripotency
markers Nanog and Oct4, which were increased after two weeks of 2i medium adaption. This observation is
conform with a report by Ying et al. who postulated that 2i ESCs represent the ground state of pluripotency®'.
Therefore, we hypothesize that the 2i mESCs used in our study were actually closer to the “naive pluripotent
ground state” than mESCs cultured in standard serum-containing medium?®"*2, However, the adaption process
of mESCs to serum-free 2i medium seems to be not homogenous and may require modified culture protocols.
The gene expression of the pluripotency markers Nanog and Oct4 (Suppl. Fig. 2) as well as the 5mC fluorescence
signal (Fig. 3) revealed high variances within the 2i mESC population. Interestingly, Abranches et al. made sim-
ilar observations showing higher Nanog fluctuations in cells that were exposed to 2i medium*’. One explanation
for this could be that some of the cells in our population were already differentiated prior exposure to the 2i
medium. Tamm et al. examined the capacity of 2i medium to rescue partially-differentiated mESCs by culturing
spontaneously-differentiated cells in 2i medium*. They found that the cells were not able to return to the ground
state anymore*.

Employing Raman microspectroscopy, we were able to distinguish between 2i medium-adapted and control
mESCs. Overlapping populations in PC 4 can be explained by biological variances within the samples due to the
heterogeneity of the 2i mESC population as described above. The most prominent Raman bands, which revealed
the major differences, were assigned to nucleic acid bands and methyl groups (Table 1). DNA methylation and
remodeling of chromatin are the most striking changes during early embryogenesis®~!***. It can therefore be
assumed that the DNA methylation level represents a potential biomarker that can be tracked during early embry-
onic development. Nevertheless, it must be taken into account that the 2i medium-treated mESCs used in our
model system may also show other epigenetic changes, e.g. a reduction of H3K27me3".

In all experiments of this study, we detected altered relative peak intensities in the Raman spectra of cells
with different DNA methylation levels. Most of the Raman shifts were assignable to DNA components, nucle-
obases, phosphate and ribose. We identified marker peaks, which can be assigned to 5mC, such as the Raman
shift at 786 cm . This peak is also associated with cytosine, thymine or phosphate*"’->!. However, Barhoumi
et al. described the appearance of a peak in case of 5mC at the same position®”. The comparison of the loadings
from both cell types in our study revealed a higher relative intensity at 786.cm ™! for the cells with a higher DNA
methylation (human colon cancer WT cells and control mESCs). A further peak at 1330-1331cm?, which can
be assigned to CH; and CH;CH, twisting and wagging modes in nucleic acids, was observed for all highly methyl-
ated cells as well as for 5mC and methylated DNA*%**, In addition, an increased peak between the wavenumbers
1379 cm ™' and 1386 cm ™!, also shown in the Raman spectra of methylated DNA, was detected in the spectra of
control mESCs. In this region, previous studies described symmetric CH, bending®*.

(2019) 9:7014 | https://doi.org/10.1038/s41598-019-43520-z

80



Appendices

www.nature.com/scientificreports/

WT cells

a

623 CCD cts

DNMT1-cells

-

0 CCD cts

c ’; d p<0.05
s o
» a8
E £z 1
3 g 2
o % %
I =
= ol
£ 1,200 1,300 1,400 1,500 1,600 1,700
S Raman shift (cm-1) B WT cell
pd . DNMT1-cell
— highly methylated ----- background
@ WrTcells

§ 462 CCD cts

DNMT1--cells

—

0 CCD cts

g 3w h

. o _
= o
N g g L2
= =2
> c'®
Q w c
[&] 4 E Q
? 3 c
N m —
= ol
= 1,200 1,300 1,400 1,500 1,600 1,700 trol ESC
= . control m
S Raman shift (cm-™) -

2i mESC
— highly methylated ----- background tm

Figure 6. Detection of 5mC-foci with high-resolution Raman imaging of HCT116 cells and mESCs. (a) Anti-
5mC immunofluorescence staining of HCT116 WT and DNMT1 '~ cells. (b) Heat maps of the Raman images
obtained from HCT116 WT and DNMT1 /" cells using the sum intensities of 1257cm !, 1379cm ! and

1579 cm ™. (c) Average spectra from high-intensity regions and low-intensity regions of the heat maps from
panel (b). (d,h) Statistical analysis of the Raman images from panels b and f. Two-tailed t-test, n= 3. (e) Anti-
5mC immunofluorescence staining of mESC control and 2i mESCs. (f) Heat maps of the Raman images from
mESC control and 2i mESCs using the sum intensities described in panel b. (g) Average spectra from high-
intensity regions and low-intensity regions of the heat maps from panel f. Scale bars in all images equal 5um.

In addition to 5mC markers, we observed changes in DNA signals which might be an indirect effect of 5mC.
Most predominant peaks that cannot directly be assigned to 5mC but to other nucleobases and potential chroma-
tin changes were observed at 1257 cm ™! (thymine, cytosine, adenine) #5495, 1304 cm~12%% (cytosine, adenine)*’,
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1323cm~! (guanine)®, 1579 cm™~! (pyrimidine ring)*’ and 1662 cm~' (amide I, nucleic acid modes)>**°. These
peaks were also detected in the loadings of the corresponding PCs for the compared cell types. In addition,
the Raman peaks at 1257 cm ' and 1579 cm ™! were also observed in the spectra of methylated DNA. It is still
unclear why methylated DNA seems to enhance nucleobase-assigned Raman shifts. A possible explanation for
the enhanced Raman shift of thymine could be that it is, similar to cytosine, a pyrimidine ring®***’. Due to the
additional methyl group at C5, the 5mC has a very similar chemical structure when compared to the thymine®'.
Raman signals for 5mC might therefore appear at the same positions as those described previously for thymine.

We analyzed the Raman images of the HCT116 cells and mESCs. Using the sum of the intensities at 1257 cm !,
1331cm ! and 1579 cm ™!, a heat map of the Raman images from both cell types was generated. We were able to
show a significant intensity increase in the heat maps of the mESC control and HCT116 W' cells when compared
with the mESC 2i and HCT116 DNMT1 /- cells (Fig. 6d,h). In addition, the heat maps revealed structures within
the nuclei that were similar to the 5mC-foci identified by the anti-5mC IF staining (Fig. 6b,f). These regions are
likely to be composed of heterochromatin, since the DNA is densely packed here and thus generates a stronger
Raman signal®. Since most of the DNA methylation-related consequences are genomic imprinting, DNA meth-
ylation is more strongly present in heterochromatic regions®, suggesting that the structures can be associated
with DNA methylation. Based on our results, we hypothesize that the Raman bands at 1257 cm ™!, 1331 cm ™' and
1579 cm™! are potential markers for DNA methylation.

The overall challenge of this study was to assess DNA methylation changes in situ, which represent only a
small fraction of all the processes that take place at a certain time in a living cell. Not only the epigenome, but also
the genome, transcriptome and proteome of a cell is subject to complex dynamic processes*. This might be one
of the reasons why some of the detected changes were only minor. In order to obtain statistically even more valid
data, more cell types could be included in further investigations, and direct methods for the elimination of DNA
methylation such as DNMT 1/3a/3b trible KO could be used.

Conclusion

Our data demonstrate that Raman microspectroscopy and Raman imaging in combination with PCA possess the
required fidelity to detect little but significant changes in DNA methylation status on a single cell level. Here, we
employed these technologies to track epigenetic changes in mouse pluripotent stem and human colon cancer cells
in situ. We also showed that high-resolution Raman imaging can resolve structures on a nano- and microscale
within the nucleus of living cells enabling the monitoring of epigenetic processes. Raman microspectroscopy and
Raman imaging may ultimately allow scientists to further decipher crucial connections between epigenetics and
early human embryogenesis, aging or diseases.

Methods
Cell culture. Rhee et al. previously generated a HCT116 DNMT1 knockout construct in which exons 3, 4,
and 5 of human DNMT1 were replaced with a hygromycin resistance gene. The disruption of DNMT]1 led to
a reduced global DNA methylation®’. Human colon cancer HCT116 wildtype cells (ATCC® CCL-247™) and
DNMT1~/~ cells were cultured in RPMI medium 1640 (Thermo Fisher Scientific, Waltham, USA) with 10% FBS
and 1% P/S.

CCE mESCs (ATCC® SCRC-1023™) were cultured in KO-DMEM (Thermo Fisher Scientific), supplemented
with 15% fetal bovine serum, 1% Penicillin-Streptomycin, 1% MEM non-essential amino acids, 1% L-Glutamine,
0.2% HEPES, 0.1% 2-Mercaptoethanol (all Thermo Fisher Scientific) and 0.1% Leukemia inhibitory factor
(Merck, Darmstadt, Germany). Cells were split every second day. To obtain naive mESCs, the cells were adapted
to a serum-free culture condition using ESGRO®-2i Medium (Merck) according to the manufacturer’s protocol.
The adaption took 14 days. Every second day, cells were split.

Immunofluorescence (IF) staining. IF staining was performed using a 5mC mouse monoclonal IgG anti-
body (Merck, MABE146) according to a previously described protocol® with slight modifications. Cells were
washed with PBS and fixed with 0.25% paraformaldehyde (Sigma-Aldrich, St. Louis, USA) in PBS~ for 10 minutes
at 37°C, and 88% methanol at —20°C for 30 minutes. After washing, the cells were treated with 1 M HCl at 30°C
for 30 minutes and were neutralized with 0.1 M sodium borate (pH 8.5). In order to reduce nonspecific binding,
the cells were incubated with 2% goat block solution for 20 minutes at 37 °C. Afterwards, the cells were incu-
bated with the 5mC antibody (1:2000, stock 2 mg/ml) overnight at 4°C. Finally, the cells were stained with goat
anti-mouse IgG Alexa Fluor 488 (1:250, Thermo Fisher Scientific) for 30 minutes at room temperature in the dark.
IF staining against Nanog and Oct4 (also known as POU5F1) was done as previously described®. As primary
antibodies served Oct4 rabbit polyclonal IgG (1:200; ab19857, abcam, Cambridge, UK) and Nanog rabbit poly-
clonal IgG (1:100, NB100-588, Novus Biologicals, Littleton, USA). Goat anti-rabbit IgG-Alexa Fluor 488 (1:250,
Thermo Fisher Scientific) was used as secondary antibody. DAPI (1:1, in DPBS, Roche Diagnostics, Mannheim,
Germany) was used for nuclear staining. Imaging was done with an LSM 710 confocal microscope (Carl Zeiss
AG, Oberkochen, Germany). Image] (NIH) was used for semi-quantitative fluorescence analyses.

Detection of global DNA methylation using 5mC ELISA. DNA was isolated using the FlexiGene®
DNA Kit (Qiagen, Hilden, Germany) as instructed by the manufacturer. The 5SmC DNA ELISA Kit (D5325,
ZymoResearch, Irvine, USA) was used to quantify global DNA methylation. It is based on the colorimetric detec-
tion of 5mC using an anti-5mC antibody. The procedure was done according to the manufacturer’s protocol. The
wells were loaded with 100 ng DNA. Absorbance was detected at 405 nm using an Infinite® 200 Pro microplate
reader (Tecan Group AG, Mannedorf, Switzerland). Levels of 5mC were calculated as the percentage of methyl-
ated cytosines in total DNA content based on a standard curve generated using the kit controls.
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Quantitative reverse transcription polymerase chain reaction (RT-qPCR). RNA was extracted
from control and 2i mESC as well as primary-isolated mouse embryonic fibroblasts using RNeasy® Plus Mini Kit
(Qiagen) following manufacturer’s protocol and stored at —80 °C prior further use. The amount and purity of the
RNA were determined by NanoDrop 2000 spectral photometer analysis (Thermo Scientific). A total amount of
1ug RNA was used to synthesize cDNA utilizing a transcriptor first strand cDNA synthesis kit (Roche). RT-gPCR
was carried out using a QuantiTect SYBR Green PCR kit for mESCs (Qiagen). cDNA was used in qPCR reactions
with Nanog and Oct4 primers (Qiagen). The samples were normalized to the housekeeping gene Gapdh (Qiagen).
All procedures were performed as instructed by the manufacturer. For the quantification of the qQPCR data, the
AACt was used to determine fold change in RNA expression patterns.

Raman microspectroscopy of cytidine, 5mC, methylated and non-methylated DNA stand-
ard. Cytidine, 5mC (Sigma Aldrich, St. Louis, USA) as well as methylated and non-methylated DNA standards
(D5325-5-1,D5325-5-2, ZymoResearch, Irvine, USA) were measured with a confocal Raman microspectroscope
(alpha300R, WiTEC GmbH, Ulm, Germany). Raman spectra were acquired with a 50x air objective (N.A. 0.55;
Carl Zeiss GmbH, Jena, Germany), using an excitation wavelength of 532nm, a laser power of 60 mW and an
acquisition time of one second.

Raman microspectroscopy of single living cells. A custom-built Raman microscope as previously
described®-¢” was employed for measuring single living cells. The device consists of a near-infrared 784 nm diode
laser with a maximum output power of 85 mW, which was integrated into a standard fluorescence microscope
(IX71, Olympus, Japan). A 60x water immersion objective (Olympus®) with a 1.2 numerical aperture (NA) was
used for the Raman measurements, resulting in a laser spot in approximately 1 um diameter®. Spectra were
detected using an air-cooled charge couple device camera (Andor, Belfast, UK). All cells were trypsinized using
0.25% Trypsin-EDTA (Thermo Fisher Scientific), centrifuged and resuspended in PBS, and transferred to a glas
bottom petri dish (Ibidi, Martinsried, Germany). For each sample, 90 single living cells were measured using
10 accumulations, each 10 seconds. The laser was focused on the center of each cell due to an optical trapping
effect®. The laser focus targets automatically the densest organelle of each cell, which was previously shown to be
the cell nucleus™. A reference spectrum of the background (glass bottom petri dish covered with PBS) was taken
after every ten cells.

Analysis of Raman spectra. Details on the pre-processing steps were published previously in detail®>68,
Pre-treatment of the Raman spectra (background subtraction and baseline correction) was performed using
the OPUS 4.2 software (Bruker, Ettlingen, Germany). The spectra were cut from the range of 0-1,935cm ™! to
400-1,800 cm . In order to perform a PCA, the pre-treated data was imported to the Unscrambler X 14.0 soft-
ware (Camo Software, Oslo, Norway). Vector normalization (normalized to length 1) was applied on the spectra.
Afterwards, a PCA analysis with up to 7 principal components (PCs) was performed. The PCA results were pre-
sented in a scores plot and loading plots. To compare cells with high versus low methylation levels, confidence
ellipses were calculated using the software Origin Pro 9.1 (OriginLab, Northampton, USA).

Raman imaging of mESCs and HCT116 cells. For Raman imaging of cells, the confocal Raman
microspectroscope alpha300R (WITec GmbH, Ulm, Germany) was employed. mESCs and HCT116 cells were
trypsinized using 0.25% Trypsin-EDTA (Thermo Fisher Scientific), centrifuged and resuspended in PBS. Cells
were immobilized on a glass slide using the Shandon Cytospin 3 (Thermo Fisher Scientific). The cytospots were
dried for 20 min and stored at —20°C. Prior to Raman imaging, the cells were IF-stained using an antibody
against 5mC as described above. Raman images were acquired with a 63x Apochromat water dipping objective
(N.A. 1.0; Carl Zeiss GmbH, Jena, Germany). Cells were located and an area of 15 x 15 um was imaged using a
step size of 0.2 um. A green laser with an excitation wavelength of 532 nm was used. The laser power was set on
60 mW and the acquisition time was 0.5 seconds. mESCs obtained from the control and 2i cultures and HTCWT
and DNMT1 "/ cells were imaged and compared. Raman images were analyzed using the Project Five 5.1 Plus
software (WITec GmbH). A cosmic ray removal and a baseline correction was employed prior to analysis. In
order to generate a heat map of selected Raman signals, intensity sum filters for the respective Raman bands were
created and summed up. Semi-quantitative analysis of the heat maps was performed with Image].

Statistical analysis. Except stated otherwise, data are shown in mean + standard deviation (SD). One-way
analysis of variance (ANOVA) was performed to compare data groups. Student’s t-test was performed to compare
between two data groups using OriginPro (OriginLab®). Probability values of 95%, 99% and 99.9% (p < 0.05,
0.01, 0.001) were used to determine significance.
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Suppl. Fig. 1. Raman spectra of cytidine, 5mC, methylated and non-methylated DNA

(a) Raman spectra of cytidine and 5mC show various different intensities with a distinct
increased Raman band for 5mC at 1331 cm'. (b) Raman spectra of methylated and non-
methylated DNA. Increased Raman bands for methylated DNA are indicated by arrows.
(c) The methylated DNA shows significant increased Raman bands at 1335 cm™, 1379

cm™ and 1579 cm™. Two-tailed t-test, n=5.
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Suppl. Fig. 2. Verification of the pluripotency of mESCs adapted to 2i medium

(a) Nanog and (b) Oct4

IF staining (green) of mESCs cells cultured in either control

(control mESC) or 2i medium (2i mESC). Nanog staining shows significantly higher

GVl/cell values in 2i medi

um-adapted mESCs. Two-tailed t-test, n=3. Scale bars equal

20 pm. (c) Relative expression of Nanog and Oct4 in control mESC or 2i mESC. Two-

tailed t-test, n=3
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40

41 Suppl. Fig. 3. PCA score values and loadings of the human colon cancer cell

42  experiments

43 (a)Mean values, standard deviations and p-values of the PC score values from WT versus
44 DNMT1" cells. Two-tailed t-test, n=125. (b) PC 1 — PC 3 loadings of the WT versus

45  DNMT1” cells.
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Suppl. Fig. 4. PCA scores and loadings of the mESC experiments

(a) Mean values, standard deviations and p-values of the PC score values from mESCs
cultured in control (control mESC) or 2i medium (2i mESC). Two-tailed t-test, n=85. (b)

PC 1 - PC 3 loadings of the control mESCs or 2i mESCs.

89



Appendices

Appendix ll: 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, 2020; 9, 3

- cells @@

Article

Fibronectin Adsorption on Electrospun Synthetic
Vascular Grafts Attracts Endothelial Progenitor Cells
and Promotes Endothelialization in Dynamic In
Vitro Culture

Ruben Daum @, Dmitri Visser !, Constanze Wild 2(, Larysa Kutuzova 3, Maria Schneider 2,

Giinter Lorenz 3, Martin Weiss 140, Svenja Hinderer 1 Ulrich A. Stock 3, Martina Seifert 200 and
Katja Schenke-Layland 14:6:7:*

1 NMI Natural and Medical Sciences Institute at the University of Tiibingen, 72770 Reutlingen, Germany;

ruben.daum@nmi.de (R.D.); dmitri.visser@nmi.de (D.V.); martin.weiss@med.uni-tuebingen.de (M.W.);
hinderer@polymedics.de (S.H.)

Institute of Medical Immunology and BIH Center for Regenerative Therapies (BCRT),
Charité-Universitidtsmedizin Berlin, Corporate Member of Freie Universitit Berlin, Humboldt-Universitét zu
Berlin, and Berlin Institute of Health, 13353 Berlin, Germany; constanze.wild@charite.de (C.W.);
maria.schneider@charite.de (M.S.); martina.seifert@charite.de (M.S.)

Applied Chemistry, University of Reutlingen, 72762 Reutlingen, Germany;
larysa.kutuzova@reutlingen-univeristy.de (L.K.); guenter.lorenz@reutlingen-university.de (G.L.)
Department of Women’s Health, Research Institute for Women’s Health, Eberhard-Karls-University
Tiibingen, 72076 Tiibingen, Germany

Department of Cardiothoracic Surgery, Royal Brompton and Harefield Foundation Trust, Harefield Hospital
Hill End Rd, Harefiled UB9 6JH, UK; u.stock@rbht.nhs.uk

6 Cluster of Excellence iFIT (EXC 2180) “Image-Guided and Functionally Instructed Tumor Therapies”,
Eberhard-Karls-University Tiibingen, 72076 Tiibingen, Germany

Department of Medicine/Cardiology, Cardiovascular Research Laboratories, David Geffen School of
Medicine at UCLA, Los Angeles, CA 90095, USA

*  Correspondence: katja.schenke-layland@med.uni-tuebingen.de; Tel.: +49-707-1298-5205

check for
Received: 25 February 2020; Accepted: 19 March 2020; Published: 23 March 2020 updates

Abstract: Appropriate mechanical properties and fast endothelialization of synthetic grafts are key
to ensure long-term functionality of implants. We used a newly developed biostable polyurethane
elastomer (TPCU) to engineer electrospun vascular scaffolds with promising mechanical properties
(E-modulus: 4.8 + 0.6 MPa, burst pressure: 3326 + 78 mmHg), which were biofunctionalized with
fibronectin (FN) and decorin (DCN). Neither uncoated nor biofunctionalized TPCU scaffolds induced
major adverse immune responses except for minor signs of polymorph nuclear cell activation.
The in vivo endothelial progenitor cell homing potential of the biofunctionalized scaffolds was
simulated in vitro by attracting endothelial colony-forming cells (ECFCs). Although DCN coating
did attract ECFCs in combination with FN (EN + DCN), DCN-coated TPCU scaffolds showed a
cell-repellent effect in the absence of FN. In a tissue-engineering approach, the electrospun and
biofunctionalized tubular grafts were cultured with primary-isolated vascular endothelial cells in a
custom-made bioreactor under dynamic conditions with the aim to engineer an advanced therapy
medicinal product. Both FN and FN + DCN functionalization supported the formation of a confluent
and functional endothelial layer.

Keywords: vascular graft; endothelialization; tissue engineering; decorin; fibronectin; electrospinning;
endothelial progenitor cells; bioreactor; biostable polyurethane
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1. Introduction

Atherosclerotic cardiovascular disease is one of the leading causes of death worldwide [1,2].
It includes all medical conditions, where blood flow to organs and limbs is reduced due to plaque
deposition. Surgical intervention is required to reopen or replace the defective vessel. The use of
autografts, like the saphenous vein or mammary artery, are still the standard clinical approach for the
replacement of small diameter blood vessels [3]. However, mechanical or size mismatches, and mainly
the scarce availability make alternative grafts necessary [4,5]. In this context, two strategies have
emerged in recent years: synthetic substitutes and biological grafts [4]. Although large-diameter
synthetic substitutes (>6 mm) are successfully used, small diameter grafts (<6 mm) show low patency
rates due to their tendency to elicit thrombosis and the formation of intimal hyperplasia [6-8].
Appropriate mechanical properties and biocompatibility of the synthetic graft as well as a fast
endothelialization after implantation are key properties to ensure a long-term functional implant.
In addition, the graft should evoke a balanced immune reaction. On the one hand, a moderate immune
response is beneficial in order to promote tissue regeneration. On the other hand, chronic immune
responses can lead to inflammation, fibrosis, or calcification and should be avoided to ensure long-term
function of the vascular graft [9].

Electrospinning has proven to be a suitable method for the fabrication of fibrous scaffolds
and vascular constructs as it mimics the highly porous structure and physical properties of the
extracellular matrix (ECM) of the native tissue. Due to their high porosity, pore interconnectivity,
and large surface area, the fibrous scaffolds are able to promote cell adhesion, cell alignment, and cell
proliferation [10-13]. In addition, in order to elicit in situ endothelialization in the body, the material
surface can be functionalized with bioactive molecules. A central challenge in this context is the
attraction, adhesion, and proliferation of endothelial progenitor cells (EPCs) or endothelial cells
(ECs) to form a complete endothelium. Several strategies to address this issue have been described:
immobilization of antibodies targeting markers for EPCs such as vascular endothelial growth factor
receptor 2 (VEGFR?2) and platelet endothelial cell adhesion molecule (PECAM-1) [14,15]; modification
of the surface with peptides such as the Arg-Gly-Asp (RGD) or Cys-Ala-Gly (CAG) sequence [16,17];
immobilization of growth factors such as the vascular endothelial growth factor (VEGF) or stromal
cell-derived factor-1 (SDF-1) [18,19]; immobilization of oligonucleotides and aptamers [20,21]; and
surface modification with oligosaccharides and phospholipids [22,23]. However, it is necessary to
develop surfaces with improved biocompatible, bioactive, targeted, and stable biofunctionalization [24].

A recent study described the attraction of EPCs by immobilized recombinant human decorin
(DCN) [25]. The small leucine-rich proteoglycan plays a pivotal role in the ECM [26]. It is named after
its first known function as a modulator of collagen fibrillogenesis [27]. In recent years, it has been shown
that DCN influences a variety of biological processes in addition to its structural function. It is involved
in cell attachment [28-30], proliferation [31,32], and migration [28,29,31,33]. Furthermore, it has been
described that DCN inhibits the proliferation and migration of vascular smooth muscle cells but does not
affect ECs [28,31]. With a proportion of 22% of all proteoglycans in the vessel wall, it also influences many
biological processes in vascular homeostasis and angiogenesis [34-36]. Depending on the molecular
environment, it can act pro-angiogenic or antiangiogenic [26,34]. For instance, DCN was shown to
interact antagonistically with the mesenchymal epithelial transition factor (c-MET) and the VEGFR2,
which significantly influences angiogenesis [26,34,37,38]. In addition, DCN binds to the transforming
growth factor 3 (TGF-$), which in turn has an inhibiting effect on the endothelial-mesenchymal
transition and fibrosis [26,39,40]. These properties make the protein a promising candidate for improving
the endothelialization of a vascular graft. Another highly relevant ECM protein is fibronectin (FN).
Since EN interacts with cells via the integrins o531 or «y 33, it is a suitable protein for bioactivating a
material surface [41-44]. It is of interest with regard to endothelialization, as it plays a pivotal role in
wound healing [45,46]. Several studies described the coating of FN in combination with collagens type
1[47] and type IV [48], with fibrinogen and tropoelastin [49], hepatocyte growth factor [50], heparin,
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and VEGEF [51] and with SDF-1« [19] to improve reendothelialization. However, it has never been
used in combination with DCN before.

Tissue engineering can be used as an alternative strategy to obtain a functional endothelium in a
synthetic graft utilizing a patient’s own cells [52]. After implantation, the tissue-engineered vascular
graft (TEVG) is replaced by the host’s cells and ECM and is thereby degraded [4]. However, the loss
of mechanical properties due to a too rapid degradation and unfavorable biological reactions to the
degradation products remain a major challenge [1,53]. A recent study addressed this problem by
producing a TEGV that consists of a combination of a biodegradable and biostable polymer [54].

In our study, a newly developed biostable polyurethane elastomer was used to develop an
electrospun scaffold with mechanical properties that are comparable to native vascular tissues, and a
bioactive surface that attracts endothelial progenitor cells or promotes endothelialization [55]. For this
purpose, planar and tubular electrospun scaffolds (Figure 1a) were biofunctionalized with FN, DCN,
or FN and DCN in combination (FN + DCN; Figure 1b,c). The influence of the FN- and DCN-coated
scaffolds on human immune cell features was examined (Figure 1d). Subsequently, the functionality
of the electrospun scaffolds was further investigated. First, endothelial progenitor cell homing was
simulated in vitro by attracting endothelial colony forming cells (ECFCs) with a potent angiogenic
capacity and the capability to support vascular repair (Figure le,f). Secondly, in a classical TEVG
approach primary-isolated vascular endothelial cells (VECs) were cultured in a custom-made bioreactor
to create an advanced therapy medicinal product (ATMP) (Figure 1g).

(b) (d)
planar scaffold ‘ .'-.
—— e

A (©)

immunology

static

(C) (f) in vitro siumulation of
in vivo processes

it

y ¥ g

culture

dynamic

SR >/
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Figure 1. A newly developed polyurethane is used to produce planar and tubular electrospun scaffolds
(a), which are biofunctionalized with either fibronectin (FN) or decorin (DCN) or with both extracellular
matrix (ECM) proteins in combination (b,c). Besides investigating the immunology (d) and endothelial
colony forming cell (ECFC) behavior on either planar (e) or in tubular scaffolds (f), the tubular scaffolds
were also cultured with primary-isolated vascular endothelial cells (vECs) in an tissue-engineered
vascular graft (TEVG) approach (g) in order to assess an ECM protein-improved endothelialization.
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2. Materials and Methods

2.1. Electrospun Scaffold Fabrication

Planar and tubular scaffolds were produced by electrospinning of soft thermoplastic
polycarbonate-urethane (TPCU). This elastomeric material was synthesized in our laboratory for
special medical applications using the multistep one-pot approach [56], which gives good control of
the polymer architecture in catalyst-free systems. In more detail, a long-chain aliphatic polycarbonate
with more than 72% (w/w) in the TPCU formulation provides an additional crystallization of the soft
segment, which enhances biostability of the implantable material as well as improves its mechanical
properties. In vitro biostability of the TPCU was studied previously from a mechanical point of
view under long-term oxidative treatment [55]. Cytocompatibility of the TPCU material was also
demonstrated [57]. By adjusting the respective parameters to achieve a stable process and appropriate
mechanical properties of the scaffold (Figure Sla), 0.1 g/mL of the polymer was dissolved in 1,1,1,3,3,3
hexafluoro-2-propanol (804515, Merck, Darmstadt, Germany) and electrospun with the process
conditions summarized in Table 1. The electrospinning process was carried out in a temperature- and
humidity-controlled electrospinning apparatus (EC-CLI, IME Technologies, Eindhoven, Netherlands).

Table 1. Process conditions for electrospinning planar and tubular scaffolds.

Description Value
Distance 25 cm
Needle i.d. 0.4 mm
Voltage 18 kV/-0.2 kV (needle/collector)
Temperature 23°C
Humidity 40%
Mandrel diameter ! 6 mm
Mandrel rotation speed ! 2000 rpm
Needle translation distance ! 80 mm
Volume 6 mL
Flow rate 4 mL/h

i.d.= inner diameter; ! tubular scaffolds.

2.2. Biofunctionalization of the Scaffolds

Before biofunctionalization, the appropriate disinfection method was investigated. Since ethanol
did not affect the scaffold in terms of its mechanical properties (Figure S1b), the constructs were
disinfected with 70% ethanol for 20 min and afterwards washed three times for 10 min with
phosphate-buffered saline (PBS). Microbiological studies were carried out on the scaffolds to investigate
the effectiveness of the disinfection method (Figure S3). The scaffolds were functionalized by protein
adsorption. They were incubated for 2 h at 37 °C with 20 pg/mL human plasma FN (F1056,
Sigma-Aldrich, St. Louis, USA) or 20 ug/mL recombinant full-length human DCN [25], individually or
in combination. Excess protein was removed by washing the scaffolds with PBS.

2.3. Morphological and Mechanical Characterization of the Electrospun Scaffolds

For the morphological characterization, punches from the electrospun scaffolds were examined by
scanning electron microscopy (SU8030, Hitachi, Tokyo, Japan) followed by the analysis using Image]
and the Diameter] package [58] to assess the pore and fiber sizes. For the investigation of the mechanical
properties, a ring tensile test was performed based on the methods described by Laterreur et al. [59] in
order to determine the circumferential tensile strength and burst pressure. Briefly, the tubular scaffolds
were cut into pieces with the length Ly = 7 mm, clamped into a uniaxial tensile testing device (Zwick
Roell, Ulm, Germany), and stretched over a distance s with a velocity of 50 mm/min until rupture.
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On the basis of the stress—strain curves (Figure Slc), the burst pressure P, was then calculated by
relating the registered force at rupture F;, to the elongation s;, as follows:

_ FbT[
L()dp,'n(ﬂ +2) + 2Lgsp

Py (O]
where dpin represents the diameter of the pins that were used in the ring tensile test. A derivation of
Equation (1) is provided by Lattereur et al. [59]. Using an OCA40 (DataPhysics Instruments GmbH,
Filderstadt, Germany), the wettability of the scaffolds was analyzed as previously described [60].
A waterdrop with a volume of 2 pL was placed onto the scaffold and measured using the SCA20 software
(DataPhysics Instruments, Filderstadt, Germany). The water absorption ability was determined by
weighing the specimens in their dry and wet states after submerging the specimens in water for 1 h.
The relative weight increase is referred to as the swelling ratio.

2.4. Immune Cell/Scaffold Co-Culture Assays

Polymorph nuclear cells (PMNs) were isolated from freshly donated human blood and peripheral
blood mononuclear cells (PBMCs) from buffy coats according to the ethical approval by the local
ethics committee at the Charité Berlin (EA2/139/10 approved on 10th December 2010; EA1/226/14
approved on 24th July 2014) and as recently described [61]. Monocytes were magnetically sorted
via CD14 beads (130-050-201, Miltenyi Biotec, Bergisch Gladbach, Germany) from PBMCs as
previously described [62]. Monocytes were differentiated into MO macrophages by adding 50 ng/mL of
macrophage colony-stimulating factor (M-CSF) (130-096-491, Miltenyi Biotec) to the culture medium
for 7 days. All immune cell co-cultures were performed in Roswell Park Memorial Institute (RPMI)
1640 medium (F1415, Biochrom GmbH, Berlin, Germany) with 10% human serum type AB (H4522,
Sigma-Aldrich), 1% L-glutamine (25030-024, Thermo Fisher Scientific, Waltham, MA, USA), and 1%
penicillin/streptomycin (15140-122, Thermo Fisher Scientific).

First, the scaffold punches were incubated with 100 pg/mL of recombinant full-length human
DCN [25] or 20 pug/mL of EN (F1056, Sigma-Aldrich) at 37 °C for 4 h. Next, punches were washed with
PBS (L1825, Biochrom GmbH), placed into a well of a 48-well plate, and kept in place with a silicon ring
(Ismatec, Wertheim, Germany). Thereafter, the different immune cell types were applied as follows:

Human PMNs were cultured on the uncoated, DCN- or FN-coated scaffolds; 0.2 x 10® PMNs
in 200 uL of complete RPMI were seeded directly on the scaffold punches. Unstimulated cells were
used as a negative control, and PMNs that were stimulated with 500 ng/mL of lipopolysaccharide
(LPS; 297-473-0, Sigma-Aldrich) served as a positive control. LPS is a component of the bacterial cell
membrane that triggers the activation of immune cells. After 4 h of culture, cells were harvested
only by careful resuspension, stained with human-specific antibodies for CD11b (1:100; 557701, BD
Bioscience, San Jose, CA, USA) and CD66b (1:200; 305107, BioLegend, Fell, Germany), and measured
by flow cytometry (CytoFLEX LX, Beckman Coulter, Inc., Brea, CA, USA) as described recently [61].
The determined mean fluorescence intensities (MFls) of marker expression were normalized to the
MFI of unstimulated PMNs directly after isolation.

Human monocytes or MO macrophages were cultured on the uncoated, DCN- or FN-coated
scaffolds; 0.2 x 10° cells in 350 uL of complete RPMI were seeded directly on the scaffold punches.
Monocytes that were stimulated with 100 ng/mL of LPS served as a positive control, and unstimulated
monocytes served as a negative control. Macrophages cultured without any stimulus were used as
negative control. To induce the polarization into the M1 phenotype, 20 ng/mL of IFNy (130-096-486,
Miltenyi Biotec) and 100 ng/mL of LPS were added to the medium of M0 macrophages. After two
days of culture, monocytes/macrophages were harvested, stained with human-specific antibodies for
CD80 (1:20; 305208, BioLegend) and human leukocyte antigen DR isotype (HLA-DR) (1:200; 307616,
BioLegend), and measured by flow cytometry. Cells were detached by adding 100 uL of Accutase
(A11105-01, Thermo Fisher Scientific) and incubating the cells at 37 °C for 30 min. The determined
MFIs of the marker expression were normalized to the MFI of the unstimulated cells.
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PBMCs were cultured on the uncoated, DCN- or FN-coated scaffolds; 0.3 x 10° cells were seeded
in 400 pL of complete RPMI directly on the scaffold punches. Unstimulated PBMCs served as a
negative control. For the positive controls, PBMCs were stimulated with anti-CD28 (556620, BD
Bioscience)/anti-CD3 (OKT3, Janssen-Cilag, Neuss, Germany) antibodies. After three days of culture,
PBMCs were harvested, stained with human-specific antibodies for CD69 (1:50; 310926 BioLegend),
CD25 (1:50; 302605, BioLegend) and HLA-DR (1:100; 307640, BioLegend), and measured by flow
cytometry. PBMCs were detached by adding 100 pL of Accutase and by incubating the cells at
37 °C for 30 min. After gating for single and living cells the CD14- and CD14+ populations were
defined. For CD3+ cells, the MFI of the activation markers CD25, CD69, and HLA-DR was determined.
The determined MFIs of the marker expression were normalized to the MFI of unstimulated PBMCs.

Co-culture supernatants of monocytes and macrophages were collected and the tumor necrosis
factor alpha (TNF«&) concentration was analyzed by ELISA (430205, BioLegend) according to the
manufacturer’s instructions.

2.5. Cell Culture of Primary Endothelial Cells and Endothelial Colony Forming Cells

Human primary-isolated vECs were isolated from foreskin biopsies under the ethics approval no
495/2018BO2 by enzymatic digestion with dispase and trypsin as previously described [63]. The vECs
were cultured in endothelial cell growth medium and SupplementMix (C-22020, PromoCell, Heidelberg,
Germany), supplemented with 1% penicillin-streptomycin (15140122, Thermo Fisher Scientific).

Human ECFCs (00189423, Lonza, Basel, Switzerland) were cultured in endothelial cell growth
medium-2 with supplements (CC-3162, Lonza). Instead of the supplied fetal bovine serum, 5% of
human serum (H4522, Sigma-Aldrich) was used. In addition, 1% L-Glutamine (21051024, Thermo
Fisher Scientific) and 1% penicillin-streptomycin (15140122, Thermo Fisher Scientific) were added to
the cell culture medium.

Both cell types were cultured at 37 °C and 5% CO, and passaged at approximately 80% confluence.
The vECs were used for the experiment after 2—4 passages.

2.6. Cell Seeding and Culture on Planar Scaffolds

Prior to cell culture experiments, general biocompatibility of the electrospun scaffolds was
examined with a cytotoxicity test based on EN ISO 10993-5 [64]. Briefly, the scaffolds were incubated
for 72 h at 37 °C and 5% CO, in 1 mL endothelial cell growth medium supplemented with 1%
penicillin-streptomycin at an extraction ratio of 0.1 mg/mL; 2 x 10* vECs seeded in a 96-well plate
were then exposed for 24 h to the extracts supplied with the cell culture medium supplements.
Endothelial cell growth medium without the scaffolds served as a negative control. Cells exposed to
1% SDS served as positive control. The extraction and control medium were removed, and an MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay
(CellTiter 96Aqueous One Solution Cell Proliferation Assay, Promega, Madison, WI, USA) was
performed according to the manufacturer’s protocol; 20 uL. MTS solution and 100 pL cell culture
medium were added to each well. After 30 min of incubation at 37 °C, the absorbance of each well
was measured at 450 nm using a microplate reader (PHERAstar, BMG Labtech, Ortenberg, Germany).
Cell viability was determined by the absorbance of the samples relative to the negative control. No toxic
effect of the material was observed (Figure S2a). Biofunctionalization of the scaffolds was then carried
out as described above. Cells were seeded afterwards onto the biofunctionalized scaffolds with a
diameter of 6 mm, which were placed in a 96-well plate. For the VECs, 5 X 103 cells/well and, for the
ECFCs, 1 x 10* cells/well were seeded in 150 pL of the appropriate medium. If required, media change
was carried out every 3 days.

2.7. Endothelial Colony Forming Cells (ECFC) Seeding Under Dynamic Conditions

The tubular electrospun scaffolds were cut to 6 cm length and biofunctionalized with FN and
DCN alone or in combination as described above. A cell suspension of 4 x 105 ECFCs/mL was pipetted
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into the tubular constructs. Afterwards, the constructs were closed at both ends and put in 15-mL
centrifuge tubes filled with the corresponding cell culture medium. Placed on a roller mixer (RM5,
CAT, Ballrechten-Dottingen, Germany), the tubes were rotated with 60 rpm for 24 h at 37 °C and
5% CO,. For cell number analysis, the attached cells were stained with 4’,6-diamidino-2-phenylindole
(DAPI) (1:50, 10236276001, Roche Diagnostics, Mannheim, Germany) and counted.

2.8. Development of a Bioreactor System for Tissue-Engineered Vascular Graft (TEVG) Culture

The TEVG approach was performed with a custom-made bioreactor setup. The culture chamber
consists of a 250-mL glass bottle (Schott Duran, Wertheim, Germany) and encloses a removable
custom-designed graft frame that holds the vascular graft. A computer-aided design (CAD) model for
the graft frame was created in Solidworks (Dassault Systémes, Vélizy-Villacoublay, France) and milled
out of polyether ether ketone (PEEK; ADS Kunststofftechnik, Ahaus, Germany) using a 2.5-axis flatbed
milling setup (Isel, Eichenzell, Germany) with computer numerical control (CNC). The constructed
parts were subjected to the aforementioned cytotoxicity test to ensure no toxic leachables are released
into the medium under culture (Figure S2b). The modular design of the culture chamber allows for a
toolless assembly of the bioreactor system under a sterile bench.

The graft frame—once inserted into the culture chamber—is connected to medium reservoirs and
a bubble trap with flexible silicone tubing. Sterile gas exchange is facilitated by sterile filters connected
to the medium reservoirs. The entire setup is driven by a multichannel roller pump (Ismatec) (Figure 2).

The flow rates Q for dynamic culture were determined with a derived formulation of the
Hagen-Poiseuille equation for laminar flow in straight circular pipes with internal radius r:

_ 40

=3 (3]

where p denotes the dynamic viscosity. This gave an analytical approximation of the achieved wall
shear stress (7) within the cultured vascular graft. To validate this approximation and the assumption
of a laminar regime within the vascular graft, in silico simulations were used to assess the local fluid
dynamics within the vascular graft and graft frame interior. Briefly, the CAD model of the graft
frame was meshed and exported to a computational fluid dynamics (CFD) solver (ANSYS Fluent).
Dynamic culture with a wide range of flow rates was simulated under steady-state flow and Newtonian
rheological conditions, after which the calculated wall shear stress on the interior graft wall was
analyzed and compared to the aforementioned analytical solution (Figures S4 and S5).

2.9. Tissue Culture of Vascular Endothelial Cells Under Dynamic Conditions

Tubular electrospun scaffolds were cut to 7.5 cm length and biofunctionalized with 20 pg/mL FN
as described previously. After inserting the graft frame into the culture chamber, 2 x 10° vVECs/mL
were seeded into the tubular scaffold. In order to achieve homogeneous cell adhesion across the entire
tube, the culture chamber was placed horizontally and rotated every 15 minutes over 45 ° for 3 h at
37 °C and 5% CO,. The culture chamber was consecutively connected to the rest of the bioreactor
setup and filled with 70 mL culture medium, supplemented with 1% penicillin-streptomycin and 1%
PrimocinTM (ant-pm-1, InvivoGen, San Diego, CA, USA). The seeded cells were allowed to proliferate
under static conditions during the first three days, after which the flow rate was slowly increased over
the course of two days, as shown in Figure 2e. Subsequently, the tubular construct was cultured under
constant flow for seven days.
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Figure 2. (a) A cross-sectional schematic representation of the culturing chamber and its parts.
The wireframe model on the right is overlaid by the results of an in silico simulation and shows the
flow velocity when the system is perfused with a flow rate of Q = 20 mL/min. (b) This photograph
shows the graft frame (without scaffold), once it is taken out of the culturing chamber. (c) A schematic
representation of the entire bioreactor setup, showing the circulation and connections to the medium
reservoirs and pressure buffer/bubble trap. (d) A photograph showing the assembled bioreactor setup
with all the components for the intraluminal circulation. (e) Applied perfusion flow speed as function
of time with the corresponding wall shear stress.

2.10. Immunofluorescence Staining

In order to examine the protein coating, the biofunctionalized scaffolds were stained using
DCN mouse monoclonal IgG; (1:200; sc-73896, Santa Cruz Biotechnology, Dallas, TX, USA) and FN
polyclonal rabbit IgG (1:500; F3648, Sigma-Aldrich) antibodies. For fluorescence labeling, AlexaFluor
488 anti-mouse IgG (1:250; A-11001, Thermo Fisher Scientific) and AlexaFluor 546 anti-rabbit IgG
(1:250; A-11035, Thermo Fisher Scientific) were used as secondary antibodies.

Cells cultured on the scaffolds were stained as follows: after washing once with PBS, the cell-seeded
scaffolds were fixed with 4% paraformaldehyde (P6148, Sigma-Aldrich). In order to reduce nonspecific
binding, the samples were incubated with 2% goat serum-containing block solution for 30 min.
Afterwards, the cells were incubated over night at 4 °C with the following antibodies: Vascular
endothelial cadherin (VE-cadherin) monoclonal mouse IgGyp (1:500, MAB9381, R&D systems,
Minneapolis, MN, USA), VEGFR2 polyclonal rabbit IgG (1:75, ab2349, Abcam, Cambridge, UK),
PECAM-1 monoclonal mouse IgG; (1:100, sc-71872, Santa Cruz), von Willebrand factor (vWF)
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polyclonal rabbit IgG (1:200, A0082, Dako, Glostrup, Denmark), and vinculin monoclonal mouse IgGq
(1:500, MAP3574, Millipore, Burlington, MA, USA). F-actin was stained for 45 min in the dark with
Alexa Fluor 647 Phalloidin (1:500, A22287, Thermo Fisher Scientific). Subsequently, samples were
incubated with the appropriate secondary antibodies (AlexaFluor 488 anti-mouse IgG, AlexaFluor 546
anti-rabbit IgG, and AlexaFluor 488 anti-mouse IgG2b (all 1:250; Thermo Fisher Scientific)).

Finally, nuclei were stained with DAPI (1:50) for 15 min in the dark. Images were obtained by
using a fluorescence microscope (Cell Observer, Carl Zeiss AG, Oberkochen, Germany).

2.11. Examination of the Cell Coverage on the Tubular Scaffolds

The cell coverage of the inner wall of the tubular constructs was investigated using
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (M2128-1G, Sigma-Aldrich).
After culturing with vECs, the constructs were incubated for 20 min with 1 mg/mL MTT at 37 °C
and 5% CO,. The insoluble purple formazan produced by the cellular reduction of MTT was then
examined macroscopically.

2.12. Image Analysis

FN and DCN coating were quantified by measuring the relative pixel intensity (RPI) of the
immunofluorescence images. To assess protein expression in the experiments, the area within a defined
fluorescence intensity threshold was measured and normalized to the cell number. The cell count in the
static experiments was quantified by counting the DAPI-stained cell nuclei per area. The quantification
of the adherent ECFCs in the dynamic experiment was performed by measuring the DAPI-stained area
normalized to the total area. All images were analyzed using Image]J [58].

2.13. Scanning Electron Microscopy of Cells

Prior to SEM imaging of the scaffolds with cells, a critical point drying step was performed. First,
cells were fixed for 60 min with 4% paraformaldehyde (PFA)/ 25% glutaraldehyde in PBS. Subsequently,
a series of ethanol solutions in ascending concentration up to 100% was carried out to remove water.
Critical point drying was done with a CPD 030 (Bal-Tec AG, Balzers, Liechtenstein) according to the
manufacturer’s protocol. Prior to imaging, the specimens were platina-coated (SCDO050, Bal-Tec AG)
for one minute at 0.05 mbar and rinsed with Argon after the coating process. SEM imaging was
performed with a SU8030 (Hitachi, Tokyo, Japan) and an Auriga® 40 (Zeiss, Oberkochen, Germany).

For SEM imaging of the monocytes and macrophages, the cells were cultured for two days on
uncoated (w/o0), DCN- or FN-coated scaffolds, followed by preparation (as described in Reference [62])
and imaging with a JCM 6000 Benchtop (JEOL, Freising, Germany).

2.14. Statistical Analysis

Except stated otherwise, data are presented as mean + standard deviation. For the immune
data, GraphPad Prism (GraphPad Software, San Diego, CA, USA) was used to determine statistical
significance between two groups using a one-way ANOVA/Kruskal-Wallis test. For the other data,
a one-way ANOVA/Fisher’s Least Significant Difference test was performed. A Welch'’s t-test was
performed to compare between two data groups using OriginPro (OriginLab, Northampton, MA,
USA). Probability values of 95%, 99%, 99.9%, and 99.99% were used to determine significance.

3. Results

3.1. Biofunctionalization Does Not Impact the Mechanical Properties of Electrospun Tubular Constructs

Electrospinning was used to fabricate 110-mm long tubular scaffolds with an inner diameter of
5 mm and a thickness of 0.40 + 0.06 mm (Figure 3a). In order to modulate the cell-material interaction,
the surface was biofunctionalized with FN, DCN, or FN + DCN. The impact of the biofunctionalization
on the morphological and mechanical properties of the material was investigated (Figure 3). Fiber and
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pore size analysis of the SEM images revealed no significant alteration due to protein adsorption
(Figure 3e). Higher magnifications of the SEM images showed distribution of the proteins on the fibers.
While DCN formed randomly distributed aggregates on the TPCU scaffolds, FN coating showed
a network-like deposition in the nanometer range, which was also seen in the FN + DCN-coated
samples, in which clearly recognizable aggregates were deposited on the protein network (Figure 3b,
white arrows). Biofunctionalization utilizing both proteins individually and in combination was
confirmed by IF staining. DCN IF staining revealed a more heterogeneous distribution of DCN in
combination with FN than alone (Figure 3c, white arrows). The contact angle of the scaffolds was
not significantly changed by the adsorption of either FN or DCN in comparison with the uncoated
scaffolds. A significantly higher swelling ratio was observed of scaffolds that had been coated with
FN + DCN (Figure 3e; control: 93.7% =+ 7.7% versus FN + DCN: 117.1% =+ 8.7%, p < 0.05). Overall,
biofunctionalization had no significant influence on the mechanical properties (Figure 3e). The ultimate
tensile strength ranged from 21.1 + 3.5 MPa (DCN) to 22.1 + 3.7 MPa (FN). Burst pressures were in the
range between 3124 + 466 mmHg (FN + DCN) to 3326 + 78 mmHg (controls). Interestingly, the elastic
modulus of the samples coated with FN + DCN showed a lower value compared to the controls,
although this was not statistically significant (3.7 + 0.5 MPa FN + DCN versus 4.8 + 0.6 MPa controls,
p =0.125).

We compared the mechanical properties (elastic modulus and burst pressure) of our electrospun
scaffolds with autologous grafts, which are today’s gold standard for vascular bypass surgeries, using
data obtained from literature (Table 2) [65]. The elastic modulus of our constructs (4.8 + 0.6 MPa) was
slightly higher than that of saphenous veins (2.25-4.2 MPa) [66,67] and of iliofemoral arteries (1.54 MPa)
and veins (3.11 MPa) [68]. However, compared with an internal mammary artery (8 MPa) and a
femoral artery (FA, 10.5 MPa)—used for popliteal bypass surgery—our engineered scaffolds showed a
lower elastic modulus [66,69,70]. Regarding the burst pressure, engineered scaffolds (3326 + 78 mmHg)
lied within the range of a saphenous vein (1250-3900 mmHg) [66,67,71,72] and an internal mammary
artery (2000-3196 mmHg) [66,71]. Konig et al. recommends for a TEGV a minimum burst pressure of
1700 mmHg [71]. We can therefore argue that our constructs have suitable mechanical properties to
serve as a vascular graft or TEGV.

Table 2. Mechanical properties of the electrospun constructs and native blood vessels.

Graft Type Elastic Modulus (MPa)  Burst Pressure (mmHg) Ref.
Electrospun vascular graft 48 +0.6 3326 + 78 -
Saphenous vein 42 1680-3900 [66]
Saphenous vein 2.25 1250 [67]
Saphenous vein NA 1680 [73]
Saphenous vein NA 2200 [72]
Saphenous vein NA 1599 [71]
Internal mammary artery NA 3196 [71]
Internal mammary artery 8 2000 [66]
Femoral artery 9-12 NA [69]
Iliofemoral artery 1.54 NA [68]
Iliofemoral vein 3.11 NA [68]
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Figure 3. Morphological and mechanical characterization of the tubular biofunctionalized scaffolds:
(a) Electrospun tubular scaffolds were fabricated with a length of 110 mm, an inner diameter of
5 mm, and a thickness of 0.40 + 0.06 mm. (b) SEM images of control and biofunctionalized scaffolds:
Scaffolds coated with FN show a network-like structure on the fibers. Aggregates deposited on
the FN + DCN-coated samples are indicated by white arrows. (c,d) The coating of FN, DCN, or
FN + DCN in combination was confirmed with IF staining: FN (red) and DCN (green). The white
arrows indicate aggregates deposited on the FN + DCN-coated samples. Two-tailed t-test vs. control,
n = 3, RPI = relative pixel intensity. (e) Fiber and pore size analysis shows no significant difference
between the biofunctionalized scaffolds and the controls. Mechanical properties are not influenced by
the protein coating. One-way ANOVA, n =4, p < 0.05 vs. control.

3.2. Decorin and Fibronectin Coating of the Scaffolds Does Not Induce a Disadvantageous Immune Response

The effect of DCN- or FN-coated TPCU scaffolds on immune cells was investigated in order to
estimate their suitability as vascular graft material. The immune response of a combination coating
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was not required as the immune system would not react differently to the presence of both proteins
in one coating. The performed immunological evaluation followed the normal sequence of immune
activation [9], starting with PMNs that are followed by monocytes, which differentiate into macrophages
at the site of injury, and finally T cells that become activated (Figure 4a).
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Figure 4. Inmune response profile of FN- and DCN-coated planar scaffolds: (a) Schematic overview
of the analysis steps and used immune cell assays. Polymorph nuclear cells (PMNs) and peripheral
blood mononuclear cells (PBMCs) were isolated from human blood. Monocytes were acquired from
PBMCs by magnetic separation via CD14 beads. Monocytes were differentiated into MO macrophages
(MQ@) by stimulation with 50 ng/mL of macrophage colony-stimulating factor (M-CSF) for 7 days.
(b) Surface expression of activation markers CD11b and CD66b by PMNSs after 4 h: Displayed are the
mean fluorescence intensities (MFI) normalized to unstimulated PMNSs after isolation as mean + SEM
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(standard error of the mean) for unstimulated (unstim) and lipopolysaccharide (LPS)-stimulated
cells, as well as PMNs cultured on the uncoated (w/o0), DCN-coated (DCN), and FN-coated (FN)
scaffolds determined with flow cytometry. Kruskal-Wallis test, n = 6. (c) Surface expression of
activation markers CD80 and human leukocyte antigen DR isotype (HLA-DR), and tumor necrosis
factor alpha (TNF«x) release by monocytes. Shown are the MFI normalized to unstimulated monocytes
as mean + SEM for LPS-stimulated cells as well as monocytes cultured on uncoated (w/0), DCN-coated
(DCN), and FN-coated (FN) scaffolds. Kruskal-Wallis test, n = 6-8. The TNF release is depicted in
ng/lO5 cells as mean + SEM for unstimulated (unstim) and LPS-stimulated cells as well as monocytes
cultured on the uncoated (w/0), DCN-coated (DCN), and FN-coated (FN) scaffolds. Kruskal-Wallis
test, n = 5. (d) Surface expression of activation markers CD80 and HLA-DR, and TNF« release by
macrophage: Displayed is the MFI normalized to unstimulated M0 macrophages as mean + SEM for
macrophages differentiated to M1 and as well as cells cultured on uncoated (w/o), DCN-coated (DCN),
and FN-coated (FN) scaffolds. Kruskal-Wallis test, n = 6-8. The TNF« release is shown in ng/105 cells
as mean + SEM for unstimulated M0 macrophages; macrophages differentiated to M1; and as well as
cells cultured on the uncoated (w/0), DCN-coated (DCN), and FN-coated (FN) scaffolds. Kruskal-Wallis
test, n = 6-9. (e) Representative SEM images of monocytes (left) and macrophages (right) on uncoated
(w/o0) and with biofunctionalized scaffolds (DCN and FN). Scale bars represent 50 um. (f) Expression of
activation markers CD69, CD25, and HLA-DR on CD3+ T cells in whole PBMC co-cultures: Shown are
representative histograms (left) and the surface expression levels as MFI normalized to unstimulated T
cells as mean + SEM (right) for xCD3/xCD28-stimulated T cells (stim) as well as T cells cultured on
uncoated (w/o0), DCN-coated, and FN-coated scaffold. Kruskal-Wallis test, n = 6.

Initially, the expression of known PMN activation markers, the integrin CD11b, and the adhesion
molecule CD66b was analyzed (Figure 4b). The normalized mean fluorescence intensity (MFI) for
CD11b (stim 2.461 + 0.3323, p = 0.0179; w/o 2.406 + 0.3393, p = 0.0378; DCN 2.442 + 0.3361, p = 0.0217;
FN 2.549 + 0.3644, p < 0.0090; all versus unstim 0 hours 1 + 0) and CD66b (stim 2.372 + 0.3875, p = 0.0453;
w/0 2.448 + 0.2728, p = 0.0414; DCN 2.431 + 0.3041, p = 0.0453; FN: 2.893 + 0.4239, p = 0.0073; all versus
unstim 0 h 1 + 0) was significantly increased on PMNs after LPS stimulation (positive control) and,
after culture on the uncoated/coated scaffolds, compared to the level of PMNs directly after isolation
(dotted line, set to 1). Additionally, PMNs on FN-coated TPCU scaffolds displayed a significantly
higher CD66b expression compared with the unstimulated controls (FN 2.893 + 0.4239 versus unstim
4h 0.9438 + 0.1723, p < 0.0345).

In a next step, monocyte responses were studied by flow cytometry analysis of the activation
markers CD80 and HLA-DR (Figure 4c). The expression level for the co-stimulatory molecule CD80
was significantly upregulated only on LPS-stimulated monocytes compared with all other experimental
groups (LPS 3.254 + 0.5533 versus w/o 0.9592 + 0.1342, p = 0.0143; versus DCN 0.8888 + 0.1209,
p = 0.0046; versus FN 0.8325 + 0.08414, p = 0.0018). No significant differences in HLA-DR expression
were detectable between the tested conditions. Additionally, no enhanced TNF« release of monocytes
cultured on the uncoated/coated scaffolds was measured in contrast to a significantly elevated secretion
in the LPS-stimulated controls compared to the unstimulated controls (LPS 0.08859 + 0.03039 versus
unstim 0.0005580 + 0.0002111, p = 0.0228).

Then, macrophages (MO0 type) generated in vitro by M-CSF were screened for signs of activation
or polarization (Figure 4d). M0 (unstimulated) and M1 macrophages (IFNy/LPS-stimulated) were
used as control groups. Enhanced CD80 and HLA-DR expression and increase of TNF« secretion are
hallmarks of pro-inflammatory M1 macrophages. There was no difference in the CD80 expression level
between M0 macrophages (dotted line, set to 1) and all other experimental groups. The expression of
HLA-DR by macrophages on uncoated scaffolds was significantly decreased compared with the MO
and M1 control settings (w/o 0.5220 + 0.05753 versus MO 1 + 0, p = 0.0106; versus M1 2.453 + 1.040,
p = 0.0049). Whereas M1 macrophages significantly elevated their TNF« release compared with M0
macrophages (M1 0.01229 + 0.003333 versus M0 0.0002707 + 0.00004142, p < 0.0001), no enhancement in
pro-inflammatory cytokine release was measurable in all other experimental groups. Macrophages on
the FN-coated scaffolds actually decreased their TNF« release compared with the M1 controls
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(FN 0.0009826 + 0.0004063 versus M1 0.01229 + 0.003333, p = 0.0432). Complementary to the analysis
of changes in surface marker and pro-inflammatory cytokine release by monocytes and macrophages,
scanning electron microscopy was applied to assess the effects of co-culture on their morphology
(Figure 4e). Scanning electron microscopy images were taken after the cells were cultured for two days
on the different scaffold groups. Monocytes and macrophages on the DCN-coated scaffolds formed
clusters of preferentially rounded cells. Macrophages cultured on uncoated or FN-coated scaffolds
displayed more diverse shapes in contrast with cells grown on the DCN-coated TPCU scaffolds.

The potential activation of T cells was determined by flow cytometry analysis of known activation
markers CD69, CD25, and HLA-DR [74] after culturing complete human PBMCs on either uncoated
or coated scaffolds (Figure 4f). However, only anti-CD3/anti-CD28 stimulated T cells (stim; positive
control) significantly elevated the expression level for CD69 (stim 7.956 + 1.319 versus unstim 1 + 0,
p <0.0001), CD25 (stim 265.6 + 101.5 versus unstim 1 + 0, p = 0.0008), and HLA-DR (stim 2.824 + 0.3099
versus unstim 1 + 0, p = 0.0001) compared with the level of the unstimulated controls (dotted line,
set to 1). No significant increase in T cell activation marker expression was observed in any other
experimental group.

3.3. Simulation of Endothelial Progenitor Cell Homing Using Endothelial Colony Forming Cells

3.3.1. ECECs Show Altered VEGFR2 and PECAM-1 Expression Patterns on FN + DCN-Coated TPCU
Scaffolds Under Static Culture Conditions

ECFCs were seeded on the biofunctionalized planar scaffolds and cultured under static conditions
for 24 and 48 h. The amount of adherent ECFCs was significantly higher on samples coated with FN
(24 h: 257 + 57 cells/mm? versus control with 137 + 46 cells/mm?, p <0.01; 48 h: 301 v 64 cells/mm?
versus control with 52 + 32 cells/mm?, p < 0.001) and FN + DCN (24 h: 243 + 63 cells/mm? versus
control with 137 + 46 cells/mm?, p<0.01;48 h: 292 + 54 cells/mm2 versus control with 52 + 32 cells/mmz,
p <0.001) when compared with the uncoated samples (controls) throughout the entire culture period
(Figure 5a). No significant difference of adherent cells was observed between FN coating and FN + DCN
coating (24 h: p = 0.656; 48 h: p = 756). DCN coating did not show any significant difference in
cell density in comparison with the uncoated controls (24 h: 105 + 40 cells/mm? versus control with
137 + 46 cells/mm?, p=0.340; 48 h: 30 + 11 cells/mm? versus control with 52 + 32 cells/mm?, p = 0.460).

SEM analyses revealed that the ECFCs on the control and DCN-coated TPCU scaffolds had
attained a spherical shape after 24 h whereas those on TPCU scaffolds that were coated with FN and
FN + DCN showed a stretched morphology (Figure 5b). Immunofluorescence staining of samples
24 h after seeding (Figure 5c,d) identified a significantly lower PECAM-1 expression in ECFCs on
FN + DCN-coated samples in comparison with FN coating (0.64 + 0.30 versus 0.90 + 0.25, p < 0.05).
After 48 h, this effect tended to reverse, although the difference was not significant (0.70 + 0.15
versus 0.54 + 0.23, p = 0.073). A similar and statistically not significant tendency was detected for
the fluorescence intensity of vWE. No significant changes were observed in VE-cadherin or vinculin
expression. VEGFR2 expression was significantly decreased in cells cultured on FN-coated scaffolds
when compared with cells grown on FN + DCN-coated scaffolds after 24 h (0.64 +0.11 versus 0.29 + 0.16,
p <0.01). After 48 h, this effect vanished (0.28 + 0.17 versus 0.28 + 0.15, p = 0.942).
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Figure 5. Static experiments of human ECFCs on FN-, DCN-, or FN + DCN-coated scaffolds:
(a) Attachment and proliferation of the human ECFCs after 24 h and 48 h. Cells on FN and FN + DCN
coating show a significantly higher proliferation when compared with cells gown on DCN and
controls. Two-tailed t-test, compared to controls, n = 5, n.s. = not significant. (b) SEM images
and (c) Immunofluorescence staining of ECFCs 24 h after seeding on ECM protein-coated scaffolds:
Cells on FN and FN + DCN show a spread morphology in contrast to DCN coating and controls.
(d) Semiquantitative fluorescence intensity analysis (relative pixel intensity (arbitrary units)) of
cells on FN and FN + DCN shows no significant difference for the endothelial cell type marker
von Willebrand factor (vWEF) as well as vinculin and vascular endothelial cadherin (VE-cadherin).
Platelet endothelial cell adhesion molecule (PECAM-1) expression is significantly decreased and
VEGEFR2 expression is significantly increased on FN + DCN-coated scaffolds after 24 h. Two-tailed
t-test, n = 6, n.s. = not significant.

3.3.2. FN + DCN-Coating Attracts ECFCs Under Dynamic Culture Conditions

After ECFC seeding under static conditions, the cell-seeded scaffolds were dynamically cultured
on a roller mixer for 24 h (Figure 6a). This approach was performed to reflect more closely the in vivo
conditions. The analysis of the adherent cells showed a significantly increased cell number on the
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FN + DCN-coated samples when compared with the controls and DCN-coated samples (5.7% + 4.4%
versus DCN coating with 1.0% + 0.8%, p < 0.05 and versus control with 0.6% =+ 0.7%, p < 0.05). The FN
coating led to a nonsignificant decrease of adherent cells compared to FN + DCN coating (Figure 6b;
3.4% + 1.5% versus 5.7% + 4.4%, p = 0.226). Cells on all samples showed comparable PECAM-1
and vVWF expression levels (Figure 6¢). Distinct differences were observed in the cell morphology.
F-actin staining helped visualizing the spread cells on the FN- and FN + DCN-coated scaffolds and
cells with a more rounded morphology on the control samples and DCN-coated scaffolds (Figure 6c).
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Figure 6. In vitro simulation of in vivo processes: ECFC attraction under dynamic conditions. (a) ECFCs
were seeded into tubular constructs and cultured for 24 h on a roller mixer. (b) Adherent cells after 24 h
on control scaffolds and on DCN-, FN-, and FN + DCN-coated scaffolds. FN + DCN coating shows a
significantly higher cell number when compared with DCN coating and controls. One-way ANOVA,
n =4. (c) PECAM-1 (green), vVWF (red), and F-actin (yellow) expression in ECFCs. Cells on FN and
FN + DCN show a more spread morphology in contrast to the DCN and control samples.

3.4. In Vitro Tissue Engineering Approach Using Vascular Endothelial Cells

3.4.1. vECs Form an Endothelial Layer on FN- and FN + DCN-Coated Scaffolds Under Static
Culture Conditions

vECs were seeded on the biofunctionalized planar constructs and cultured for 1, 4, and 7 days
in order to investigate endothelialization (Figure 7a). One day after seeding, the cell number for
all conditions was not significantly different. On day 4, vECs significantly increased proliferation
on EN coating (78 + 26 cells/mm? versus control with 8 + 7 cells/mm?, p < 0.01) and FN + DCN
coating (55 + 27 cells/mm? versus control with 8 + 7 cells/mm?, p < 0.05), while the VEC count on the
DCN-coated samples had slightly decreased (7 + 5 cells/mm? versus control with 8 + 7 cells/mm?,
p <0.931). This trend continued until day 7, on which a significantly increased cell count was detected
for FN coating (186 + 47 cells/mm? versus control with 16 + 16 cells/mm?, p <0.001) and FN + DCN
coating (135 + 50 cells/mm? versus control with 16 + 16 cells/mm?, p < 0.01) in comparison with the
uncoated controls. DCN coating of the TPCU scaffolds showed no improvement when compared with
the control samples. Over the entire period of the experiment, the cell count was not significantly
different between FN and FN + DCN coating.
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Figure 7. Static cell culture experiments of vVECs on FN- and DCN-coated scaffolds: (a) Attachment and
proliferation of VECs after 1, 4, and 7 days. vECs on FN and FN + DCN coating show a significantly
higher proliferation rate compared with cells gown on DCN coating or control scaffolds. Two-tailed
t-test, compared with control samples, n = 3, n.s. = not significant. (b) SEM images and (c) IF staining
of vECs 7 days after seeding on ECM-coated scaffolds. Cells on FN and FN + DCN coating show a
spread morphology in contrast with cells on DCN coating and control samples. (d) Semiquantitative
fluorescence intensity analysis (relative pixel intensity (a.u.)) of cells on FN and FN + DCN coating
shows no significant difference for PECAM-1, vWF, vinculin, or VE-cadherin expression. Two-tailed
t-test, n = 5, n.s. = not significant.

While vECs on the control and DCN-coated scaffolds showed a spherical shape after 7 days as
assessed using SEM, on FN and FN + DCN-coated scaffolds, vECs were stretched out and formed
an almost confluent endothelial cell layer (Figure 7b). IF staining confirmed the expression of the
endothelial cell type-specific markers PECAM-1, vVWF, and VE-cadherin in the vECs on both FN and FN
+ DCN coating (Figure 7c). Semiquantitative analysis of fluorescence intensities revealed no significant
differences of marker expression between FN and FN + DCN coating (Figure 7d). Vinculin expression
was comparable in VECs on both coatings. With regard to VEGFR2, an increased fluorescence intensity
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in cells grown on the FN + DCN-coated samples was observed. However, due to a high variation in
expression levels of individual experiments, no statistical significance between cells grown on FN or
FN + DCN coating could be determined.

In summary, our data showed that DCN coating of the TPCU scaffolds did not have a substantial
advantage when aiming for an increased VEC proliferation or an improved cell—cell or cell-material
interaction. For this reason, only FN biofunctionalized TPCU scaffolds were used for the following
in vitro tissue engineering experiments.

3.4.2. VECs Cultured in a Custom-Made Bioreactor Under Flow Form a Confluent and Aligned Cell
Layer on FN-Biofunctionalized TPCU

After successful implementation of the developed bioreactor system, we aimed to test whether the
FN-biofunctionalized TPCU scaffolds can be endothelialized under dynamic conditions. vVECs were
seeded into the tubular 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
1.5 days (Figure 2e). Under this flow, which causes a shear stress of about 0.03 Pa, the vVEC-seeded
FN-biofunctionalized scaffolds were cultured for seven days. Metabolic activity assessment using an
MTT assay showed that a large part of the inner wall of our construct was covered with living cells, as
indicated by the purple formazan stain (Figure 8a). IF staining and SEM further revealed a layer of
confluent vECs that were aligned in the direction of flow (Figure 8b,c).

3 vinculin I

Figure 8. Tissue-engineering approach with vascular endothelial cells cultured for 7 days on
FN-biofunctionalized electrospun tubular TPCU scaffolds under dynamic conditions: (a) Inner wall
of the tubular construct shows living VECs indicated by the purple formazan stain. (b) PECAM-1,
VWE, VE-cadherin, vinculin, VEGFR?2, and F-actin expression were detected. vECs show an aligned
morphology. (¢) SEM confirms vECs that had aligned with the flow to which they were exposed to
during the dynamic culture in the bioreactor.
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We confirmed the expression of the endothelial cell markers PECAM-1, vVWE, and VE-cadherin.
However, PECAM-1 and VE-cadherin did not appear to be located on the cell membrane as usual.
Vinculin and VEGFR2 were also detected in the cells. Nevertheless, the staining of VEGFR2 showed
only a weak signal.

4. Discussion

Due to a proven biocompatibility and biostability at body temperature [55,57], we selected for this
study a novel thermoplastic polycarbonate urethane for the fabrication of a TEVG. At first, scaffolds
were produced by electrospinning of the TPCU and were disinfected with 70% ethanol. Microbiological
studies showed that ethanol treatment did not achieved 100% sterility (Figure S3; 2 out of 9 plates
showed germ growth). We are aware that disinfection with ethanol does not necessarily inactivate
all forms of microorganisms [75]; therefore, for the clinical translation, a more efficient sterilization
method should be considered.

After disinfection, scaffolds were then biofunctionalized by adsorption of FN and DCN, either
alone or in combination. The adsorbed proteins did not impact elastic modulus or burst pressure of
the tubular constructs (Figure 3). We demonstrated that the biomechanical properties of our constructs
were comparable to native vascular tissue (Table 2).

The ability to mimic the nanofibrous topography of the ECM makes electrospinning a powerful
method for cardiovascular tissue-engineering applications. Several studies have already described the
influence of fiber and pore size on cell adhesion, cell migration, proliferation, and differentiation, as
well as cell-cell interaction [76-78]. In native blood vessels, the ECs are located on the basal lamina,
a mixture of defined ECM proteins that form a network and bind cells [79]. The literature describes a
wide range of pore and fiber diameters (1-1000 nm) from different vessels, depending on the position
and physical properties of the vessel [80]. The main collagen component of the basal lamina is collagen
type IV. It forms fibers that range from 20 to 52 nm [80-82]. In our study, the fiber diameters were
between 699 + 61 nm and 776 + 163 nm, which is much higher compared to the collagen type IV
fibers in native vessels. However, other studies developing electrospun vascular grafts reported
comparable [83] or even larger fiber sizes [84,85] on which a functional endothelium was formed [84].
The pore size strongly depends on the vessel type and ranges between 5 nm and 8 um [80,82,86-89].
Our constructs showed pore sizes between 0.08 + 0.01 um? and 0.12 + 0.05 um?, which lies in the range
of a native vessel.

Several studies have already described that FN improves the endothelialization of vascular
grafts [19,48,49,51]. In our study, we observed a fibrous-like structure of the coated FN
(Figure 3b). This phenomenon can be interpreted as material-driven fibrillogenesis, first described by
Salmeron-Sanchez et al. [3]. In the human body, FN matrix assembly is a cell-mediated process [90]
that influences cell growth, cell differentiation, and cell—cell interaction [76-78,90,91]. It has been
shown that the adhesion of FN on poly (ethyl acrylate) (PEA) can lead to a spontaneous organization
of FN into protein networks. It has also been shown that cell-free material-induced FN fibrillogenesis
influences the maintenance and differentiation of stem cells [3,92]. Furthermore, it was described that
the FN network has an increased ability to store growth factors [93]. To the best of our knowledge, our
study is the first to show that material-driven fibrillogenesis can be observed on electrospun TPCU
fibers. We presume that the surface properties, such as hydrophobicity and polarity, are comparable to
those of PEA. Whether the FN network has a significant advantage in terms of cell behavior or growth
factor binding compared to dispersed, coated FN molecules would need further investigation.

In addition to FN coating, in this study, we also used DCN coating. We observed that, after coating
on the TPCU, DCN was randomly distributed in aggregates on the fibers (Figure 3b). Since DCN
does not form fibrils, this coating behavior was expected. Even larger, globular DCN aggregates were
observed on the FN + DCN samples (Figure 3b,d). Interestingly, these aggregates were predominantly
seen on the FN fibrils and not on the TPCU itself. It is known that DCN interacts with FN [94,95].
Furthermore, the interaction of proteins with materials is determined by the geometrical, chemical,
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and electrical properties of the substrate [96]. In this respect, it can be hypothesized that the DCN
prefers the FN surface more than the hydrophobic polyurethane surface. Interestingly, we observed a
significantly increased swelling ratio for FN + DCN (Figure 3e). This was not the case with individually
FN- or DCN-coated TPCU. Depending on the surface properties of the material and the interaction with
other proteins, the conformation, orientation, and bioactivity of a protein can also be influenced [96-98].
With this in mind, one can assume that both DCN and FN in combination can have a different
bioactivity [99].

In contrast to our previous findings using poly (ethylene glycol) dimethacrylate-poly (L-lactide)
(PEGdma-PLA) or a blend of poly-¢-caprolacton and gelatin [25,100], we identified a cell-repellent
effect of the DCN-coated TCPU electrospun scaffolds for both human ECFCs and human vECs.
As already discussed, cells prefer to adhere to hydrophilic surfaces [101]. Since the TCPU itself is
highly hydrophobic (control: 98.4 + 3.7 °), it can cause a cell-repellent effect. DCN alone was not able
to diminish this effect (Figure 5a,b). Cell adhesion is influenced by cell-adhesive peptides such as the
RGD sequence. Since DCN does not contain these sequences, as it is the case with FN, we assume
that at least this integrin-based cell-material interaction cannot be mediated by DCN. It has been
described that DCN can even partially inhibit cell adhesion; however, this has only been observed with
fibroblasts and not with endothelial cells [28,102]. Hinderer et al. observed an attraction of ECFCs to
DCN-coated PEGdma-PLA [25]. A direct comparison with this study is therefore difficult, since this
polymer has different surface properties, which influence the amount and orientation of the adsorbed
DCN and thus may have an altered impact on cell behavior [96]. FN coating reversed the cell-repellent
effect of the TCPU, both with and without DCN (Figure 5). We can therefore conclude that the cell
attraction and proliferation is supported by FN but not affected by DCN [99,103].

Scaffolds should in general exhibit a low immunogenicity and at the same time support tissue
regenerative processes. The evaluation of the immune response profiles of the analyzed control
and ECM-coated scaffolds excluded any major adverse effects, with only minor innate activation
characteristics. Co-culturing PMNSs, as the first cells of an innate immune response, induced an
activated cell phenotype regarding the expression of CD11b and CD66b. Monocytes were incompletely
activated after co-culturing with the scaffold as indicated by only a weak tendency to upregulate the
HLA-DR expression and to increase their TNF« release. From the literature, it is well known that
the upregulation of CD80 and HLA-DR would be a hallmark of M1 macrophages [62,104] and that
the fiber and pore size of electrospun scaffolds could impact the macrophage polarization state [105].
When analyzing the potential impact of the TPCU scaffolds on macrophage polarization, no clear trend
to drive the process into a specific macrophage subtype could be determined. Also, the coating by either
DCN or FN did not trigger a specific type of macrophage polarization. In contrast, co-culture studies
with soluble recombinant DCN demonstrated that macrophages responded with an upregulated
CD80 expression as well an increased secretion of TNFx and IL-10 [25]. The absent responses in
the present study may result from the far lower amount of protein present on the coated scaffolds
in comparison with the high protein amounts available within solutions or even by conformational
changes. Not surprisingly, adaptive T cell responses were also not detected. T cells on scaffolds simply
showed a trend to upregulate CD69 and HLA-DR without significant changes.

A functional endothelium is mainly characterized by cell—cell junctions [106]. As PECAM-1 is
the most abundant component of the EC junction, which contributes to the maintenance of the EC
permeability barrier, its expression is essential for a functional EC layer [107]. In our study, the ECFCs
on FN coating revealed a significantly increased PECAM-1 expression after 24 h compared with
ECFCs cultured on FN + DCN-coated scaffolds. In contrast, the VEGFR2 expression was significantly
decreased in the ECFCs on FN coating after 24 h compared with FN + DCN coating. It has been
reported that VEGFR2 is highly expressed in early endothelial precursor cells but not in all mature
ECs [108,109]. For example, PECAM-1 is less expressed in endothelial progenitor cells, as it is
typically associated with a more mature EC phenotype [110]. Interestingly, DCN has been reported
to stimulate the maintenance of undifferentiated progenitor cells [111], and FN promotes endothelial
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cell differentiation [112]. Therefore, we hypothesize that the FN + DCN coating in our experiments
kept the ECFCs in a precursor cell state compared with the culture on only FN. It may also be possible
that a direct interaction of DCN with VEGFR?2 leads to its upregulation. A positive feedback loop
between VEGF and VEGFR2 has been described [113]. Whether DCN has the same effect remains to
be confirmed.

Since DCN exerts many other functions, an indirect regulation of VEGFR2 is also
conceivable [34,114]. Mazor et al. showed that the matrix metalloproteinase-1 (MMP-1) promotes
the expression of VEGFR?2 [115]. The core protein of DCN in turn is able to stimulate the expression
of MMP-1 [116,117]. Furthermore, Murakami et al. reported that increased concentrations of the
fibroblast growth factor (FGF) led to an increase in VEGFR2 levels [118]. DCN, in turn, can bind to
FGF and can increase its activity [119]. It was also described that VEGFR2 expression is regulated
by the disruption of the c-MET receptor tyrosine kinase [120]. As an antagonistic ligand of c-MET,
DCN is able to inhibit its activity and thus might indirectly promote VEGFR2 expression [38]. We have
already discussed the hypothesis that DCN in interaction with FN may exhibit an altered bioactivity.
This would explain why DCN, which was adsorbed on the TPCU scaffold surface, impacted ECs in
combination with FN but did not without [96-98]. The reason for VEGFR2 upregulation can also
be due to FN. It might be possible that, in combination with DCN, its conformation and function is
also changed [96-98]. It has been shown that conformational remodeling of the FN matrix selectively
regulates VEGF signaling [121]. VEGEF in turn regulates VEGFR2 expression [113]. By binding to
VEGE, EN can promote full phosphorylation and activation of VEGFR2 [122]. Interestingly, after 48 h,
the difference between FN and FN + DCN coating for both the PECAM-1 and VEGFR2 expression
had vanished (Figure 5d). With regard to VEGFR2, a short half-life of the receptor is described,
which enables ECs to adapt quickly to changes in the extracellular environment [118,123]. This leads to
the question of how long the biofunctionalized DCN coating was fully biologically active in our study.
Due to its natural presence in the body, it can be easily degraded [124]. We showed that DCN acts on
ECECs for at least 24 h under static conditions. The culture of vECs over 7 days under static conditions
revealed the same expression of PECAM-1 and VEGFR2 on FN and FN + DCN coating (Figure 7).
This observation supports the assumption that the DCN was only active for a short period of time and
that its effect had disappeared after 7 days. In addition, it is possible that the VECs are not as sensitive
to DCN, as we have observed with the ECFCs. Several studies have described an increase in VEGFR2
expression during differentiation and expansion of endothelial progenitor cells [109,125]. At the same
time, VEGFR2 expression was relatively low during the proliferation phase [126]. Since the vECs
are mature cells, it can be assumed that the externally changed conditions do not affect the VEFGR2
expression significantly. Nevertheless, in this study, we successfully showed that vECs formed an
endothelium on biofunctionalized FN-coated constructs after 7 days of culture whereas DCN-coated
TPCU scaffolds did not show a significant effect on cell proliferation.

In our TEVG experiments using a custom-made bioreactor, we observed a unidirectional cell
orientation in the direction of the flow. The response of ECs to shear stress is well studied [127-129]. Ithas
been shown that, under flow, the morphology of vECs changes from a cobblestone (static) to an elongated
form and that vECs align in the direction of the flow in only 24 h [127]. The hemodynamic forces can
modulate not only the phenotype but also the gene expression of the cells. In this context, the correct flow
is of great importance for a properly functioning endothelium [130]. In our study, IF staining revealed
the expression of vVWE, PECAM-1, and VE-cadherin. However, PECAM-1 and VE-cadherin were not
located on the cell membrane as usually seen. VEGFR2 expression was quite weak, and the F-actin
staining revealed a rather fibroblast-like cell morphology. We hypothesize that the vECs underwent
endothelial-mesenchymal transition (EndMT). ECs, which undergo EndMT, lose the expression of
the characteristic surface endothelial markers PECAM-1, VE-cadherin, and VEGFR2 [39,131,132].
Mahmoud et al. showed that the EndMT can be induced under low shear stress (0.4 Pa) [133]. In our
approach, the cells experienced a wall shear stress of about 0.03 Pa, which is slightly lower than
a venous wall shear stress (0.06 Pa) [134]. In silico simulations of our dynamic bioreactor culture
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confirmed laminar flow conditions along a large part of the vascular wall using the applied parameters.
Another reason for the fibroblast-like phenotype could be that ECs are highly plastic [135,136].
Therefore, culturing ECs in vitro in an artificial environment can lead to cell dedifferentiation [136,137].
This highlights the importance of fine-tuning the culture conditions to create a functional TEGV.

5. Conclusions

In the present study, we successfully engineered a TPCU electrospun vascular graft which
combines appropriate mechanical properties with a highly bioactive surface for the attraction of ECs.
The FN biofunctionalization was characterized by a material-driven fibrillogenesis, which might
have a positive impact on FN functionality [3]. To imitate the physiological conditions of a blood
vessel, a bioreactor for in vitro tissue culture was designed and manufactured. vECs seeded on the
FN-functionalized constructs formed a confluent and functional endothelium under static and dynamic
conditions. In contrast, DCN-biofunctionalized TPCU scaffolds had a cell-repellent effect on vECs and
ECFCs, most likely due to the high hydrophobic properties of the TPCU. However, since DCN has been
shown to inhibit the adhesion of fibroblasts, it remains a promising protein for the functionalization of
vascular grafts [29].

The challenge for the future will be to combine the advantages of different proteins and to thus
increase the selectivity, functionality, and stability of a biofunctionalized vascular graft while keeping
the complexity of the coating as low as possible.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/3/778/s1,
Figure S1: Mechanical characterization of the electrospun TPCU scaffolds and biocompatibility of the materials,
Figure S2: Cytotoxicity tests of the materials, Figure S3: Microbiological studies of the ethanol disinfected
electrospun TPCU scaffolds, Figure S4: The part of the culture chamber that was considered for CFD simulations,
Figure S5: The Poiseuille values (developed wall shear stress value) within the scaffold for different flow rates.
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1. Mechanical characterization of the electrospun TPCU scaffold
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Figure S1. Mechanical characterization of the electrospun TPCU scaffold and biocompatibility of the
materials. (a) E-modulus and burst pressure of tubular constructs spun with different mandrel rotating
speeds. (b) Wettability and E-modulus of 70 % ethanol, UV and oxygen plasma treated electrospun
TPCU scaffolds. Two-tailed t-test, n=3 (c) Stress-strain curves of control, FN, DCN and FN+DCN coated

scaffolds.
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2. Cytotoxicity of the materials used in the study
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Figure S2. Cytotoxicity tests of the materials. Both (a) TPCU and (b) PEEK (used in the bioreactor)
showed no cytotoxic effects.

3. Microbiological studies of the electrospun scaffolds
Method

In order to investigate the disinfection method, microbiological studies of the electrospun
scaffolds were performed. For this approach, nine round TPCU scaffolds with a diameter of 3
cm were disinfected with 70% ethanol for 20 min. After washing three times with PBS under
sterile conditions, each scaffold was transferred into 50 ml LB-medium (1% tryptone, 0.5%
yeast extract, 1% sodium chloride in H20) and incubated for 48 hours at 37 °C. The medium
without the scaffold served as a control. Subsequently, 0.1 mL of the LB-medium were plated
on agar plates (4% LB-agar, Carl Roth, Karlsruhe, Germany) and incubated over night at 37 °C
and 90% humidity. Finally, the germ load on the agar plates was examined macroscopically.

Results and Discussion

Two of the nine scaffolds showed a bacterial contamination after ethanol treatment (Figure
S3). This result shows that our disinfection method does not guarantee 100% sterility.
However, we are aware that ethanol treatment as a disinfection method does not necessarily
inactivate all forms of microorganisms [1]. In order to take this into account in our study,
penicillin-streptomycin was added to all cell culture experiments to suppress possible
contamination. In a next step, sterilization methods should be investigated, such as gamma
irradiation or ethylene oxide treatment.
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Figure S3. Microbiological studies of the ethanol disinfected electrospun TPCU scaffolds (a) Scaffolds
were incubated in LB-medium for 48 hours at 37 °C. (b) In terms of germ load, two of nine scaffolds were
positive. CFU stands for colony forming unit. (c) Macroscopic image of a germ-free (left) and a germ-
contaminated (right) agar plate.

4. In silico CFD simulations

Methods

The CAD models were designed in Solidworks and consequently prepared for numerical fluid
simulations. The three-dimensional surfaces of the bioreactor culture chamber model, which
are in contact with the intraluminal medium, were imported into ANSYS Mesher, whilst
omitting other irrelevant parts of the culturing chamber. The result practically resembled a
‘pipe model’ of the intraluminal circulation, with scaffold diameters ranging between 3.0 and
6.0 mm (Error! Reference source not found.). To assure a quicker convergence and stable
results, the thee-dimensional pipe model was mostly meshed with a hexahedronal (six-sided)
mesh structure. The resulting cell count in the meshed models was around 500.000 cells. The
meshes were imported in Fluent 19, executed in the three-dimensional double precision mode
and appointed all eight logical CPU cores on the computer. The simulation was carried out
with a rigid model of the scaffold wall. A paraboloid velocity distribution was imposed on the
inlet, representing an already fully developed flow profile at the entrance of the culture
chamber. Furthermore, a no-slip velocity boundary condition was imposed on the walls. The
numerical simulations in ANSYS Fluent were performed using the built-in pressure-based

121



Appendices

solver and the second-order upwind momentum discretization scheme. Cell culture medium
was approximated to have the same rheological properties as water at 37 °C, with a dynamic
viscosity of 0.691 mPa s and a density of 993 kg m=. CFD simulations were carried out for a
range of flow rates between 0.2 and 50.0 mL/min.
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Figure S4. The part of the culture chamber that was considered for CFD simulations. Different flow rates
and scaffold diameters were considered for which the geometry was adapted accordingly.

Results

The flow regime was analyzed and was found to be laminar within the operational range. The
wall shear stress along the inner scaffold wall for different flow rates are plotted in Error!
Reference source not found.. The observed Poiseuille values in the CFD simulations
corresponded well to the analytical solution for the wall shear stress of a laminar flow in
straight circular pipe according to the Hagen-Poiseuille equation for all flow rates between 0.2

and 20 ml/min.
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Figure S5. The Poiseuille values (developed wall shear stress value) within the scaffold for different flow
rates. This plot compares the observed Poiseuille values to those of the analytical solution.

1. Lerouge, S. Introduction to Sterilization: Definitions and Challenges. In Sterilisation of Biomaterials and
Medical Devices; Elsevier, 2012; pp. 1-19.
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Fibronectin coating increases implant biocompatibility by enhancing surface endothelialization via
integrin-mediated binding. Surface properties determine the fibronectin orientation and conformation,
dictating which ligands are presented, and therefore altering the bioactivity of an implant surface. In this
study, polyurethane was treated with oxygen plasma, which allowed for a simultaneous modification of
the surface chemistry and topography to modulate fibronectin adsorption. By varying the parameters of
the treatment, human plasma fibronectin adsorbed on the surfaces in different conformations,
orientations, and binding affinities, which was investigated by atomic force microscopy, fluorescence
microscopy, monoclonal and polyclonal antibody staining and reflectometric interference spectroscopy.
Apart from the most hydrophilic rough surfaces, the adsorbed fibronectin showed a lower binding
affinity and less conformational change on the more hydrophilic surfaces. A large amount of exposed
fibronectin—cell binding was detected on the rough treated and the smooth untreated surfaces. Primary
isolated human umbilical vein and human microvascular endothelial cells showed a significantly higher
cell adherence on the absorbed fibronectin with a low binding affinity and low conformational changes.
Significant differences in the formation of mature focal adhesions and the reorganization of F-actin were
identified on the rough treated and the smooth untreated surfaces. Our data suggest that oxygen
plasma treatment is a reliable technique for the modulation of fibronectin adsorption in order to adjust
fibronectin bioactivity and impact cell responses to implant surfaces.
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proteins initially adsorbed onto the synthetic material
surfaces." In order to trigger specific reactions in the body, an
implant material can be functionalized with bioactive sub-
stances. An attractive candidate that has been reported to
support endothelialization of the surface is fibronectin (FN), a
well-studied glycoprotein of the extracellular matrix (ECM).>™*
However, the influence of the surface properties on the
deposition and thus bioactivity of FN is often neglected. FN

1. Introduction

The interaction between cardiovascular implants and cells
in the human body is highly influenced by the layer of blood
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fulfils a wide range of biological functions as it interacts with
other ECM molecules and growth factors, binds to cell
surface receptors and forms fibrils through intermolecular
interactions.>® It is a 440 kDa macromolecule that is secreted
as a dimer connected by two disulfide S-S bonds at the
C-terminus. The two peptide chains consist of several repeating
domains (FNI, FNII and FNIII) that can associate with each
other, resulting in a globular folding structure of FN.” More-
over, FN is very flexible and can change its conformation
depending on the environment.® In vivo, FN is synthesized,
for example, by hepatocytes and secreted into the blood plasma
in an inactive globular conformation.” The soluble plasma FN
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binds poorly to many cell types. In early wound-healing
responses; however, it undergoes conformational changes by
interacting with fibrin and platelets.'® During this finely tuned
unfolding process of the protein, cell- and FN-binding sides
are exposed, which leads to further stages of tissue repair.'® The
folding of FN adsorbed on biomaterial surfaces has been shown
to be influenced by surface properties such as wettability,"*
surface chemistry,'> and roughness.'® In recent years, several
studies have investigated the influence of modified substrates
on the conformation of FN and its effect on cell behavior."*™*”
Based on this knowledge, research now aims to specifically
control cell attachment, proliferation, and differentiation
through substrate-dependent changes.'®*™° Cells interact with
FN mainly via the 51 integrin, which binds to the RGD loop
on FNIIL, and the neighboring PHSRN sequence in FNIII,.*"">*
This interaction induces integrin clustering and the formation
of focal adhesion complexes.'® These protein complexes are
dynamic structures that form mechanical links between FN
and the cell cytoskeleton, and mediate the transduction of
signaling events, which in turn affects the growth, differentia-
tion, adhesion, and motility of the cell.” At the same time, the
cell assembles FN into a fibrillar network through an integrin-
dependent mechanism.>* All these processes are strongly influ-
enced by the conformation and the adhesive force of the
adsorbed FN, and ultimately determine cell behavior.>*

In this study, we investigated the adsorption behavior of FN
and subsequently the endothelial cell-surface interaction
through the fine-tuning of the surface wettability with oxygen
plasma treatment of polyurethane (PU). The selected material is
a commercially available PU of the Pellethane® series, which is
being currently studied in cardiovascular devices.® The effects
of oxygen plasma on the wettability of Pellethane®™ was exam-
ined in a recent study over a wide range of plasma treatment
parameters.>® Using this method allows the incorporation of
oxygen-rich functional groups onto the material surface chan-
ging the chemical composition.>® Simultaneously to functiona-
lization, the competing plasma etching of low molecular
contaminations and upper polymer surface layers is modifying
the surface topography and therefore material roughness.?”*®
The objective of this study was a defined modification of the
surface chemistry and roughness of PU in order to modulate
the adsorption behavior and conformation of FN, which affects
its bioactivity and subsequently influences endothelial cell
responses, potentially providing surfaces for various cardiovas-
cular applications.

2. Materials & methods

2.1 Sample preparation

2.1.1 Polyurethane spin-coating and oxygen plasma treat-
ment. The commercially available PU Pellethane 2363-55DE
(Lubrizol, Wickliffe, OH, USA) was dissolved in dimethylaceta-
mide (99+% extra pure, Acros Organics, Fair Lawn, NJ, USA)
to obtain a 5% (w/w) solution. The solution was spin-coated
(Convac 1001, Fairchild Semiconductor, Stuttgart, Germany) at
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Table 1 Plasma modification parameters of the PU samples

Sample Pressure (mbar) Time (min)
A 0.2 3.0
B 0.2 0.2
C 0.8 3.0
D 0.5 1.6
E 0.8 0.2
F _ —

“ Sample F was not plasma treated and served as control.

2400 rpm for 40 seconds onto heated pre-cut silicon wafers
(Siegert Wafer, Aachen, Germany) and glass slides, resulting
in film thicknesses ranging between 270 and 300 nm. For
reflectometric interference spectroscopy (RIfS), the PU solution
was spin-coated onto glass substrates with a thin layer of
tantalpentoxide (1 mm glass, 10 nm Ta,Os). Here, the spin-
coated layer of PU served as the interference layer for the
RIfS measurements. The concentration of the PU solution
was adapted to result in a 310-380 nm optical thickness of
the layer after the plasma treatment.

Plasma surface modifications of the polymer films were
performed in a FEMTO low pressure plasma system (Diener
electronic, Ebhausen, Germany) consisting of a borosilicate
glass round vacuum and a low-frequency (40 kHz) generator
using oxygen plasma. A previous study investigated the plasma
modification of PU according to a statistical experimental
design.>® Based on this study, to achieve varied modifications
with few plasma parameters, the process time and pressure
were varied between 0.2-3.0 minutes and 0.2-0.8 mbar
(Table 1). The applicable power was kept constant at 100 W.

2.1.2 DY-490 labeling of fibronectin. For covalent, fluores-
cence labeling of human FN (F1056-2MG, Sigma-Aldrich,
St. Louis, USA), Dyomics DY-490 N-Hydroxysuccinimid-Ester
(FluoroSpin 490 Protein Labeling & Purification Kit, emp
biotech, Berlin, Germany) was used according to the manufac-
turer’s instructions with a 20-fold molar excess of reactive dye
to protein molecules. The resulting concentration and the
degree of labeling (2.6 dye molecules per FN) was determined
optically, measuring the absorbance at 280 nm and 493 nm
with a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, USA).

2.1.3 Fibronectin adsorption. After oxygen plasma treat-
ment, samples were disinfected with 70% ethanol for 10 min
and rinsed in phosphate buffered saline (PBS). The samples
were then incubated for 1 hour at 37 °C with 10 pg ml~* human
FN (10 pg ml ™', F1056-2MG, Sigma-Aldrich, St. Louis, USA) that
was dissolved in PBS.

2.2 Characterization of the surfaces

2.2.1 X-ray photoelectron spectroscopy. Photoelectron
spectroscopy (XPS) was carried out using a multi-chamber
ultrahigh vacuum system (base pressure 8 x 10~'° mbar)
equipped with a Phoibos 100 analyzer and a 1 d - Delay Line
detector (SPECS, Berlin, Germany). Al-Ka radiation of a con-
ventional Al/Mg anode (XR-50 m X-ray source, v = 1486.6 €V)

This journal is © The Royal Society of Chemistry 2021
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was used for the measurements. The core-level spectra of the C
1s peaks were collected with 20 eV pass energy. The program
Unifit version 2018 (Unifit scientific software, Leipzig, Germany)
was used for spectral analysis identifying the plasma-induced
groups (Fig. S1 and Table S1, ESIf).>°

2.2.2 Contact angle measurements. Changes in wettability
were determined through static contact angle measurements at
room temperature using the sessile drop method on the CAM
200 optical angle goniometer (KSV Instruments LTD, Helsinki,
Finland). The time between the flooding of the plasma cham-
ber and the placement of the first test liquid drop of H,O was
2.5 minutes. 5 drops were placed on different areas on each
sample. The drop volume was 2 pl. The protein-coated samples
were rinsed with distilled water and dried under a cold nitrogen
stream before measurements were taken.

2.2.3 Atomic force microscopy. The surface topography of
the samples was investigated with atomic force microscopy
(AFM) using a Nanoscope III multi-mode AFM system operating
in ScanAsyst PeakForce and TappingMode (Bruker, Billerica,
MA, USA). ScanAsyst-Air-HR probes (Bruker) were selected
with a spring constant of 0.4 N m ™" and a resonance frequency
of 130 kHz for the PeakForce measurements, while the RTESPA-
150 probes (Bruker) with a 150 kHz frequency were used for
tapping mode. The open source program Gwyddion version
2.49 was used for AFM image analysis and qualitative root-
mean-squared roughness r(RMS) estimations on a 1 um? area.*®

2.2.4 Reflectometric interference spectroscopy. RIfS, a
label-free optical method, was used to investigate the adsorp-
tion of FN onto the modified PU surfaces in a time-resolved
manner.*" The PU films were incubated in PBS for 40 min
before the FN adsorption measurements were started. This
process was monitored by RIfS. In case of no further drift,
different concentrations of FN in PBS (1 pg ml ™', 3.3 pg ml™ %,
6.6 pigml™", 10 ygml ™", 13.3 pgml~*, 16.6 pg ml~" and 20 pg ml ™)
were pumped across the PU surface (pumping speed: 0.5 pl s,
flow cell diameters: width: 1 mm, height: 0.1 mm) for 33 minutes
(Fig. S2, ESIf). The change in optical thickness (An-d) was
calculated from the recorded interference spectrum as
described by Kraus et al.*" The kinetic parameters, the associa-
tion rate constant k,, and the dissociation rate constant k4 of
the FN adsorption onto the PU surface were evaluated from the
binding curves of FN at different concentrations according to
O’Shannessy et al.>” The application of this basic model results
in the mean k, and k4 of the adsorption process over the
investigated time and different binding sites of the protein.

2.2.5 Laser scanning confocal fluorescence microscopy
of fluorescence-labeled fibronectin. Adsorption of the
fluorescence-labeled FN on glass slides with plasma-treated
PU was determined with a custom-built confocal microscope.
An oil immersion objective lens (NA = 1.46) was used to focus
laser light of 488 nm (LDH-D-C-485, PicoQuant, Berlin, Germany)
with a repetition frequency of 20 MHz and a power of 15 nW
to a diffraction limited spot. The fluorescence was detected
with the same objective and guided through a pinhole and a
long-pass filter (F76-490, AHF, Tibingen, Germany) to an
avalanche photodiode (SPCM-AQR-13, PerkinElmer, Waltham,
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USA). The fluorescence signal was collected by scanning the
sample with a piezo-electric scanning stage over a square
area of 100 pm? at several positions on three different samples
(Fig. S3, ESIY).

2.2.6 Anti-fibronectin immunofluorescence staining. After
FN adsorption, the surfaces were washed once with PBS and
blocked with 2% (w/w) goat block solution for 30 minutes.
Subsequently, the surfaces were incubated over night at 4 °C
with a polyclonal anti-FN antibody (1:500, F3648-100UL,
Sigma-Aldrich, St. Louis, USA) and a monoclonal anti-FN anti-
body, which is described to bind against the flexible linker
between the 9th and 10th type III repeat of FN** (HFN7.1,
1:200, ABIN284417, antibodies-online, Aachen, Germany).
After washing once with PBS, the samples were incubated with
goat anti-rabbit IgG-Alexa Fluor™ 546 and goat anti-mouse
IgG-Alexa FluorA 488 (both 1:250, Thermo Fisher Scientific)
for 45 minutes in the dark.>* Images were acquired by using a
Zeiss fluorescence microscope (Cell Observer, Carl Zeiss AG,
Oberkochen, Germany). The focal plane was adjusted manually
for each image.

2.3 Cell culture

For cell-material studies, human primary-isolated microvascu-
lar endothelial cells (HMVECs) were isolated from the
foreskin biopsies under the ethics approval no. 495/2018BO2
(IRB, University Hospital Tiibingen) by enzymatic digestion
with dispase and trypsin as previously described.>® Cells were
cultured in endothelial cell growth medium MV (C-22020,
PromoCell, Heidelberg, Germany) and used between passages
2 and 4. Human umbilical vein endothelial cells (HUVECs,
C-12205, PromoCell, Heidelberg, Germany) were cultured in
endothelial cell growth medium (C-22010, PromocCell) and used
between passages 4 and 6.°° For cell-material-interaction
experiments, 400 cells mm > were seeded on the FN-adsorbed
surfaces and incubated for 24 hours at 37 °C and 5% CO,.

2.4 Immunocytochemistry

After cell culture experiments, the cell-seeded PU samples were
washed with PBS™ and fixed with 4% (w/w) paraformaldehyde
in PBS for 10 minutes. In order to reduce nonspecific binding,
the cells were incubated with 2% (w/w) goat block solution for
30 minutes. Cells were incubated with anti-FN (1:200, ab2413,
Abcam, Cambridge, UK), anti-CD31 (PECAM-1; 1:100, sc-71872,
Santa Cruz, USA), anti-von Willebrand factor (1:200, A0082,
DAKO, Glostrup, Denmark), anti-focal adhesion kinase (FAK;
1:100, PA5-17591, Thermo Fisher scientific, Waltham, USA),
anti-VE-Cadherin (1:250, HPA004726, Sigma-Aldrich, St. Louis,
USA) and anti-vinculin (1:500, MAP3574, Milipore, Burlington,
USA) over night at 4 °C. One primary antibody of the same
species was used per sample. After washing with PBS, samples
were incubated with goat anti-mouse IgG-Alexa Fluor™ 488,
goat anti-rabbit IgG-Alexa Fluor™ 546 (both 1:250, Thermo
Fisher Scientific) and Alexa Fluor" 647 Phalloidin (1:1000,
A22283, Thermo Fisher Scientific) for 45 minutes in the dark.
Finally, nuclei were counterstained with DAPI (10236276001,
Roche, Basel, Switzerland). Images were observed by using a
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Zeiss fluorescence microscope (Cell Observer, Carl Zeiss AG,
Oberkochen, Germany).

2.5 Image analysis

Polyclonal and monoclonal anti-FN IF staining was quantified
by measuring the relative pixel intensity (RPI) of the immuno-
fluorescence images. Counting the DAPI-stained cell nuclei per
area determined the number of adherent cells. The formation
of focal adhesions was quantified by counting the vinculin and
FAK foci per cell. To assess VE-cadherin and PECAM-1 expres-
sion as well as F-actin organization, the area within a defined
fluorescence intensity threshold was measured and normalized
to the cell number. All images were analyzed using Image].*”

2.6 Statistical analysis

Results are presented as mean + standard deviation. For
statistical analysis, a one-way ANOVA/Fisher’s Least Significant
Difference test was performed using Origin 2018 (OriginLab,
Northampton, MA, USA). Probability values of 95%, 99% and
99.9% were used to determine significance.

3. Results

3.1 Analysis of the surface chemistry and its influence on FN
adsorption

XPS, AFM and contact angle measurements showed that
surface roughness affects the hydrophilic character of the
polymers and FN adsorption behavior (Fig. 1). According to
the XPS data (Fig. 1a, Fig. S1, ESIt), the chemical composition
of the sample surfaces was separable into plasma-incorporated

View Article Online
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functional groups and PU-specific functionalities. The plasma-
generated —OH functional groups and the polymers C-O-C
species peaks are situated on identical binding energies, and
therefore could not be adequately separated within the func-
tional group content calculations. From the XPS data analysis it
was discernible that samples A and B had a higher -COOH and
C=0 content than all other samples, while the C, D and E
surfaces had a high content of -OH and C-O-C functionalities
(Fig. 1a). The untreated control surface F had no new plasma-
created species. In terms of surface roughness, the untreated
sample F showed a smooth surface that was only little impacted
by most plasma treatments (Fig. 1b). Only surface A, treated for
a longer time under low oxygen pressure, exhibited a clearly
higher surface roughness compared to the other samples.
(Fig. 1b). This effect was also seen in the water contact angle
measurements of the series (Fig. 1c). The untreated F surface
had the highest contact angle with 71.1° £ 1.6°. In contrast, the
surfaces C, D and E, which were similar in chemical composi-
tion and roughness, were only slightly more hydrophilic with
similar contact angle values ranging around 50° (C: 48.2° £ 0.6°
versus D: 50.8° + 1.7°, p < 0.05; C versus E: 54.3° £ 1.0°, p <
0.001; D versus E, p < 0.05). Since the roughness was less
impacted by these plasma treatments, the biggest contribution
to the hydrophilization of these surfaces came from the intro-
duced hydroxyl groups. While the -COOH and C=O surface
coverage of the samples A and B was very similar, the contact
angle of surface A (17.5° £ 1.9°) was half as high compared
with surface B (33.4° £ 2.7°). The major contribution to this
additional lowering of the contact angle of the longer plasma-
treated sample came from the increased surface roughness,
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Fig. 1

Investigation of plasma modifications on the PU surfaces and adsorption of fibronectin. (a) XPS obtained chemical composition of plasma-

induced functional groups on the polymer surface before FN coating. (b) Qualitative roughness analysis r(RMS) of the polymer surfaces after plasma
treatment. The dash line represents the maximum roughness value. (c) Contact angle analysis of plasma-treated and untreated surfaces before (left,
“uncoated”, one-way ANOVA, n = 3, p*** < 0.001) and after FN coating (right, “FN-coated"”, one-way ANOVA, n = 3, p*** < 0.001). (d) AFM topography

images of sample surfaces after FN coating. Scale bar equals 200 nm.
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which was twice as high as every other sample (A: 1.45 nm
versus B: 0.5 nm, C: 0.61 nm, D: 0.63 nm, E: 0.5 nm and
F: 0.39 nm).

The water contact angles and r(RMS) were also measured
after FN coating of the samples (Fig. 1c, “FN-coated”, Fig. 2a).
As with the previous contact angle series, surface F (64.2° + 1.1°)
was the least hydrophilic with the lowest change in the contact
angle after FN coating (Table S2, ESI}). Samples C, D, and E had a
contact angle of around 57° (C: 57.2° + 2.3°, D: 57.4° & 1.5° E:
58.7° & 2.1°%, not significant). Unlike surface F, the A (45.0° + 2.0°)
and B (45.3° + 2.0°) surfaces showed an increase in contact angle
with the same result at about 45°. The AFM images, recorded after
FN coating, resulted in visible topographic changes and increase
in roughness compared with their uncoated counterparts only for
the control sample F (Fig. 1d). From the height contrast images,
and extracted height profiles of the images, no difference
between the plasma treated FN-coated surfaces was visible
(Fig. 2). The protein domains and the polymer background
were indistinguishable, as was the case with phase AFM ima-
ging (Fig. S4 and S5, ESIf). Through the plasma treatment of
the samples, the FN proteins lost their material contrast with
the polymer. The untreated surface (sample F) had a noticeable
increased roughness after the protein coating, from approximately

a
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0.4 to 3.1 nm, which was due to topographical changes caused by
the protein network rather than modifications in the PU layer.
This network was partially up to 10 nm high with differently sized
pores ranging from 200 nm to 500 nm in diameter.

In order to study protein adsorption kinetics, the adsorption
of FN on the oxygen plasma-treated PU surfaces was monitored
by RIfS. An exemplary binding curve is depicted in Fig. 3a
showing the baseline (with PBS), followed by the association of
FN (with the FN solution), starting at the time point 0 s, and the
dissociation (rinsing with PBS) of FN from 2000 s to 4000 s. The
recorded binding curves (Fig. S2, ESIf) showed a different
adsorption behavior of FN on the surfaces. These differences
were evaluated by calculating the respective association rate
constant k, and dissociation rate constant k4 using a basic
kinetic model (Fig. 3b and c). FN showed on all surfaces small
kq values in the magnitude of 10°° s™'. On surface F, FN
exhibited the highest k4 value compared to all other investi-
gated surfaces, indicating an easier desorption of FN from
surface F. The calculated k, values showed faster rates of the
forward adsorption process on surface A, E and F in compar-
ison to the surfaces B, C and D. The larger error of the fit of the
calculated rate constants on the surfaces A, E and F in respect
to the surfaces B, C and D demonstrated a larger discrepancy
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Fig. 2 Qualitative analysis of the polymer surface topography after protein coating. (a) r(RMS) results of the AFM measurements of the sample control
and plasma-treated surfaces after FN coating. The dash line represents the highest r(RMS) value of the series. (b) AFM height contrast images of the
FN-coated surfaces. The white line shows the profile extraction region. The scale bar equals 200 nm. (c) Extracted line profiles from the AFM images

showing the structure of the surface.
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Fig. 3 The adsorbed fibronectin varies in adsorption kinetics, amount and conformation on different hydrophilic surfaces. (a) Exemplary binding curve of
10 pug ml~* FN on surface F. Association (with the FN solution) of FN starting at time point 0 s and dissociation (with PBS) of FN from 2000 s to 4000 s.
Calculated association rate constants (k,) (b) and calculated dissociation rate constants (kg) (c) of FN adsorption. Error bars depict the error of the fit. (d)
Fluorescence intensity of labeled FN that was coated on the different surfaces. Data is shown relative to surface F. (e) Ratio of the polyclonal anti-FN
immunofluorescence staining and the labeled FN. (f) Ratio of the monoclonal anti-FN immunofluorescence staining targeting the cell binding domain
and the labeled FN. One-way ANOVA, n = 3, **p < 0.01, ***p < 0.001; RPI = relative pixel intensity.

from the assumed first order kinetic model on the surfaces A,
E and F.

The relative amount of the total adsorbed FN on the differ-
ent plasma-treated samples was determined indirectly by com-
paring the fluorescence intensity of DY-490 labeled FN after
laser excitation (Fig. 3d). As the degree of labeling is consistent
throughout the FN molecules, the amount of fluorescence
intensity is directly linked to the amount of FN molecules on
the surface. While sample F showed the highest fluorescence
signal and therefore the highest amount of FN (1.00 + 0.08),
sample A revealed about half of it (0.54 + 0.06). Samples C, D
and E showed the same fluorescence intensity, which was
significantly lower than sample A (A versus C: 0.36 + 0.03,
p < 0.001; A versus D: 0.35 £ 0.02, p < 0.001; A versus E:
0.39 + 0.04, p < 0.001), sample B (B: 0.43 + 0.04 versus C,
p < 0.01; B versus D, p < 0.01), and sample F (F versus B,
p < 0.001; F versus C, p < 0.001; F versus D, p < 0.001), which
indicated fewer FN amounts on these surfaces.

The orientation and conformation of the adsorbed FN
was further investigated with IF staining using a polyclonal
antibody against the full-length FN (Fig. 3e and Fig. S6a, ESI{).
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The ratio of the anti-FN staining to the amount of adsorbed FN,
determined by the fluorescence-labeled FN, indicates confor-
mational and orientation changes of the protein. Comparing
the polyclonal anti-FN/FN labeling ratios of the different sur-
faces, a similar result was found on the surfaces C and D.
Compared to them, the ratios on the A, B, E and F surfaces were
significantly lower (A: 1.54 + 0.05 versus C: 5.68 & 0.07, A versus
D: 6.51 + 0.01, B: 4.35 £ 0.01 versus C, Bversus D, E: 3.77 &+ 0.05
versus C, E versus D, F: 1.00 £+ 0.06 versus C, F versus D, all
p < 0.001). The FN coating on the A and F surfaces even
showed a significantly lower value compared with the B and E
surfaces (all p < 0.001). Additionally, the adsorbed FN was
stained with a monoclonal antibody (Fig. S6b, ESIt), whose
epitope maps to a segment between the 9th and 10th type III
repeat (HFN7.1), indicating the availability of the cell binding
domain.*® The ratio of the monoclonal antibody to the amount
of adsorbed FN showed significantly higher signals on the A
and D surfaces compared with the surfaces B, C, E and F
(A: 1.74 + 0.01 versus B: 0.77 + 0.00, A versus C: 0.98 + 0.01,
A versus E: 0.89 £ 0.01, A versus F: 1.00 £ 0.03, D: 1.60 + 0.02
versus B, D versus C, D versus E, D versus F, all p < 0.001),

This journal is © The Royal Society of Chemistry 2021
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suggesting a more exposed cell binding domain of the FN on
these surfaces (Fig. 3f).

3.2 Investigation of the endothelial cell-material-interaction
on the FN-coated surfaces

The investigation of the endothelial cell-material-interaction
on the different surfaces was of particular interest as it provides
information to predict the behavior of the cells depending
on surface properties and FN deposition. For this purpose,
HUVECs and HMVECs were utilized.

First, the number of adherent HUVECs and HMVECs was
investigated 24 hours after seeding showing a rather similar
distribution of adherent cells on the different surfaces (Fig. 4a
and b). However, on surfaces A and E, significantly less adher-
ent HUVECs and HMVECs were found when compared with the
surfaces B and D (HUVECS: A: 0.97 £ 0.01 versus B: 1.16 + 0.04,
p < 0.01 and D: 1.15 %+ 0.05, p < 0.05; E: 0.95 + 0.10 versus B
and D, p < 0.01; HMVECs: A: 0.87 =+ 0.04 versus B: 1.04 + 0.05
and D: 1.05 £+ 0.07, p < 0.001; E: 0.92 £ 0. 60 versus B,
p < 0.001 and D, p < 0.01, cell count was normalized to
surface F). In addition, the HUVECs showed a significantly
increased cell count on surface C compared to surface A and E
(C: 1.11 £ 0.13 versus A and E, p < 0.05). For the HUVECs,
but not for the HMVECs, significantly fewer adherent cells
were found on surface F compared to surfaces B and D
(F: 1.00 + 0.09 versus B and D, p < 0.05). Both cell types
showed no significant differences in the number of adherent
cells between the B, C and D surfaces, and between the A and E
samples.

The different surfaces did not appear to influence the size of
the two cell types, although the HUVECs tended to be smaller
on the surfaces B and C compared to the other samples, and
larger on surfaces C, D and E (Fig. S7, ESI{).

The interaction of HUVECs and HMVECs with the pre-
adsorbed FN layer led to a FN reorganization, which was
demonstrated by anti-FN IF staining (Fig. 5a and Fig. S8, ESIY).
Both cell types showed fibrillar structures on the A surface in
the area of the cells (Fig. 5a, white arrow). In addition, FN
reorganization appeared on all surfaces as dark areas around
the cells, most notably in the C and D samples (Fig. 5a, white
dotted arrow).
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The cytoskeleton was examined by using F-actin staining, as
its distribution provides information about the barrier function
of an endothelial cell.*® A distinct reorganization of the F-actin
was observed on the different surfaces (Fig. 5 and Fig. S9, ESI{).
For both cell types, peripheral ventral stress fibers were found
on the A and F surfaces with more prominent F-actin bundles
on the A surface (Fig. 5b). In contrast, in the cells on the
samples B, C, D and E, the stress fibers were distributed over
the entire cell. A semi-quantitative analysis of the F-actin-
stained areas revealed a significantly lower amount of stress
fibers in the cells cultured on the A surfaces compared with
cells grown on surfaces B, D and E for both cell types (HUVECs:
A:0.71 = 0.06 versus B: 1.39 £ 0.31, D: 1.35 £ 0.19 and E: 1.50 &
0.50, p < 0.05; HMVECs: A: 0.60 £ 0.12 versus B: 1.23 & 0.12,
D: 1.25 + 0.15 and E: 1.36 £+ 0.13, p < 0.05). In addition,
the HMVECs showed a significantly lower signal on surface
A compared with surface C (A versus C: 1.10 + 0.30, p < 0.05;
Fig. 5¢).

The integrin-mediated cell adhesion is associated with the
formation of focal adhesions.*® Vinculin, a scaffolding protein
that is involved in the mechanical regulation of focal adhe-
sions, was studied by statistically analyzing the number of
vinculin foci per cell (Fig. 6).*' Both cell types showed a
significantly higher number of vinculin foci per cells on surface
A compared with the other surfaces (HUVECs: A: 113 + 40
versus B: 46 & 16, p < 0.01; A versus C: 57 &+ 41, D: 51 &+ 10,
E: 56 = 7 and F: 53 & 16, p < 0.05; HMVECs: A: 51 £ 21 versus
B: 26 + 9 and E: 27 £+ 11, p < 0.05; A versus C: 19 + 4 and
D: 21 + 5, p < 0.01), with the exception of surface F (49 + 8)
where a similar number of vinculin foci were counted in the
HMVECs (Fig. 6a and b). For both cell types, the average
number of foci per cell was similar for surfaces B, C, D and E.

Furthermore, the FAK, which plays a critical role in integrin-
mediated signal transduction, was examined (Fig. 6).*> For the
HUVECS, the number of FAK foci per cell tended to be higher
on the very hydrophilic surfaces (A: 40 & 10, B: 32 4+ 18 and C:
54 + 35) than on the less hydrophilic surfaces (D: 25 + 10, E:
27 + 5 and F: 20 + 7). Due to a high variation within the
experiments, statistically significant more FAK foci per cells
were only found on the C surface compared with the surface
F (C: 54 + 35 versus F: 20 + 7, p < 0.05) (Fig. 6¢ and d). The
HMVECs showed a slightly different behavior. They inclined to

b *kk

*k

— T T 1
- 1.2 *k
gl.L
3g
35 1
S
2L
©
ZE o8
%C
T
0.6

A B Cc D E F

Fig. 4 Fibronectin coating on different hydrophilic surfaces impacts the number of adherent cells. The number of adherent (a) HUVECs and (b) HMVECs
24 h after cell seeding. Data is shown as change relative to F. One-way ANOVA, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 5 Cell-fibronectin-interaction and F-actin reorganization in HUVECs and HMVECs. (a) Anti-FN immunofluorescence staining shows the interaction
of HUVECs and HMVECs with the adsorbed FN, which is indicated by fibrillar structures (white arrow) and dark areas (white dotted arrow). Scale bars
equal 100 um. (b) Peripheral F-actin bundles are formed in HUVECs and HMVECs that are seeded on A and F surfaces. Scale bars equal 100 um. (c) Semi-
quantitative area analysis of F-actin distribution in HUVECs and HMVECs. Data is shown relative to F. One-way ANOVA, n = 3, *p < 0.05.

form less FAK foci on the very hydrophilic surfaces compared
with moderately hydrophilic surfaces. In detail, on surface B,
significantly fewer FAK foci per cell were found compared to
surfaces C and D (B: 12 + 12 versus C: 42 & 18 and D: 47 + 24,
p < 0.05). Both cell types tended to form few FAK foci on the
F surface; however, in the case of HMVECs the number of
FAK foci per cell was significantly lower compared to surface D
(D: 47 + 24 versus F: 17 + 4, p < 0.05).

Cell-cell interactions were investigated by studying the
expression of the endothelial cell type-specific markers VE-
cadherin and PECAM-1 (Fig. 7). Both proteins are located on
the surface of endothelial cells and account for a large portion
of the endothelial cell-to—cell junctions that contribute to the
maintenance of the endothelial permeability barrier.** Expres-
sion levels were evaluated by the IF-stained area per cell (Fig. 7b
and d). The VE-cadherin staining showed similar expression
levels for the HUVECs on all surfaces. Significant differences
were found for the HMVECs (Fig. 7b and Fig. S10, ESI}). In
detail, a higher VE-cadherin signal was detected on the A
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surface compared with surfaces B and F (A: 1.59 + 0.24 versus
B: 1.02 + 0.38 and F: 1.00 & 0.39, p < 0.05). In addition, the cells
on the C surface revealed a higher expression level compared with
the B, D, E and F surfaces (C: 1.78 + 0.52 versus D: 1.21 + 0.28 and
E: 1.30 & 0.34, p < 0.05 and versus B and F, p < 0.01).

The PECAM-1 expression was the same for the HMVECs
on all samples (Fig. 7c and d). For the HUVECs, less PECAM-1
was expressed in the cells on surface B compared with surface A.
Interestingly, the HUVECs on surface B showed also a signifi-
cantly lower expression of the endothelial cell marker von
Willebrand factor (VWF) when compared with cells grown on
surfaces D and F (B: 0.43 =+ 0.12 versus D: 0.89 + 0.26 and versus
F: 1.00 + 0.57, p < 0.05; Fig. 8).

4. Discussion

In the present study, oxygen plasma surface treatment was used
to incorporate hydroxyl, carbonyl, carboxyl and other oxygen-rich

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 The formation of focal adhesion complexes influenced by fibronectin coating on different hydrophilic surfaces. (a) Anti-vinculin
immunofluorescence-stained HUVECs and HMVECs on the FN-coated surfaces. Vinculin foci are indicated by white arrows. Scale bars equal
100 pm. (b) Semi-quantitative analysis of the anti-vinculin staining for HUVECs (left) and HMVECs (right). Data is shown relative to surface F.
(c) FAK-stained HUVECs and HMVECs seeded on the different hydrophilic FN-coated surfaces. FAK foci are indicated by white arrows. Scale bars equal
100 pm. (d) Semi-quantitative analysis of the anti-FAK staining for HUVECs (left) and HMVECs (right). Data is shown relative to surface F. One-way

ANOVA, n = 3, *p < 0.05, **p < 0.01.

groups onto PU surfaces in order to modify the polarity and
chemical structure of the surface.**** During the plasma treat-
ment, removal of material from the surface layer through plasma
etching processes with UV irradiation and ion bombardment
resulted in topographical changes.””*** The impact of the
plasma modification on the different surfaces was evaluated using
AFM imaging, XPS analysis and contact angle measurements.
The XPS and contact angle results showed that higher oxidized
functional groups were incorporated with low oxygen pressure
treatments, which led to a greater impact on PU surface
hydrophilicity.>® From the contact angle measurements, specifi-
cally the low standard deviations of the samples, it can be
concluded that the plasma treatment of the polymer surfaces
had a high reproducibility. AFM measurements showed that an
increased surface roughness contributed to lowering the contact
angle, demonstrating a more hydrophilic surface.”® Especially
with surface A, which has a similar chemical composition to
surface B, the higher wettability can be attributed to surface
roughness effects. This roughening of the sample topography
was caused by the ablative nature of the oxygen plasma, which
had a larger effect during the longer plasma treatment of sample
A under low oxygen pressure conditions. FN-coated plasma-treated
samples were difficult to distinguish using AFM topographic
imaging; however, contact angle analysis showed differences
between the plasma-treated samples. Only on the FN-coated
control surface F, AFM images showed a fibrillar network that
may be attributed to material-driven fibrillogenesis where FN
molecules unfold and bind to each other."'**!

RIfS was employed to investigate the conformation and
orientation of FN on the samples. Here, the kinetic inspection

This journal is © The Royal Society of Chemistry 2021
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of the binding curves revealed different rate constants for the
chemical forward and reverse process, indicating different
interaction sites on the reactants. Surface A and B had a similar
chemical composition; however, there was a pronounced dif-
ference in the calculated k, on these surfaces, which could be
attributed to the changed surface roughness and different
reaction sites on the adsorbed FN. In contrast, the increase of
ky from surface B to E was induced by the changes in the
chemical composition of the surfaces and the corresponding
different reaction sites on FN. In our study, we identified the
lowest k, values for the surfaces B, C and D, and larger k, values
for the more hydrophilic surface A as well as for the more
hydrophobic surfaces E and F. This may be explained by the
different influences of surface chemistry and surface roughness
of the investigated PU surfaces on FN adsorption. A higher
flexibility of FN on surface F in comparison to the other
surfaces was found by a large k, value and a coincidental large
kq value. Although FN appeared in a very stable fibrillary form
on surface F, it exhibited a more dynamic interaction towards
the surface. The oversimplification of the actual processes
at the surface by the applied kinetic model is reflected in
the calculated error accompanying the results.”” The error
was particularly large on surface A, E and F, indicating that
the discrepancy from the Langmuir adsorption model was
pronounced on these surfaces. On surface F, the lateral inter-
actions between the adsorbed proteins in the network demon-
strated by the AFM measurements (Fig. 1 and 2) can cause the
discrepancy from the adsorption model. It is also very plausible
that FN underwent greater conformational changes on surfaces
A, E and F during adsorption when compared with surfaces B, C

J. Mater. Chem. B, 2021, 9, 1647-1660 | 1655
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Fig. 7 Endothelial cell-to—cell junction variation on the different fibronectin-coated surfaces for both HUVECs and HMVECs. (a) VE-cadherin
immunofluorescence staining of HUVECs (upper row) and HMVECs (lower row) on the different hydrophilic surfaces coated with FN. Scale bars equal
100 pm. (b) Semi-quantitative analysis of the anti-VE-cadherin-stained area for HUVECs (left) and HMVECs (right). Data is shown relative to surface F. (c)
PECAM-1 immunofluorescence staining of HUVECs and HMVECs on the FN-coated surfaces. Scale bars equal 100 um. (d) Semi-quantitative analysis of
the anti-PECAM-1-stained area for HUVECs (left) and HMVECs (right). Data is shown relative to surface F. One-way ANOVA, n = 3, *p < 0.05, **p < 0.01.

and D. To test this hypothesis, the adsorption of FN was further
examined with fluorescence-labeled FN as well as with poly-
clonal and monoclonal antibody IF staining.

The total amount of adsorbed FN was determined with
fluorescence-labeled FN. Here, the measured fluorescence
intensity of the covalently labeled FN is directly proportional
to the amount of adsorbed FN. This is, because the fluores-
cence DY-490 FN labeling took place prior to the adsorption.
Compared to the antibody staining, the fluorescence signal is
not affected by the protein adsorption and the associated
changes in protein conformation and orientation. As we had
a mean number of 2.6 dye molecules per FN, we do not expect

1656 | J. Mater. Chem. B, 2021, 9, 16471660
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that our labeling impaired the function and adsorption behavior
of FN. A study by Hoffmann et al. analyzed the influence of FITC
(a dye that is chemically related to DY-490) when covalently
binding it to FN. For three dye molecules per FN, they could
not detect significant modifications to the structure and biological
function compared with unlabeled FN.** Especially for surface A
and F, the amount of coated FN was significantly higher when
compared with the other surfaces. While for surface A the surface
roughness probably allowed an increased FN adsorption, the
amount of adsorbed FN on surface F was influenced by the
material-driven FN fibrillogenesis, where the FN molecules were
probably adsorbed in several layers.>*>°

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 von Willebrand factor (vWF) expression in HUVECs and HMVECs cultured on the FN-coated surfaces. (a) Anti-vWF immunofluorescence staining
of HUVECs and HMVECs. The scale bar equals 100 um. (b) Semi-quantitative analysis of the anti-vWF-stained cells. Data is shown relative to surface F.

One-way ANOVA, n = 3, *p < 0.05.

The ratio of the amount of bound monoclonal and poly-
clonal anti-FN antibodies to the total amount of adsorbed
fluorescence-labeled FN provides information about the con-
formation and orientation of the adsorbed protein. In our
study, the individual surfaces showed different ratios, which
indicates a varying adsorption behavior of FN on the surfaces
(Fig. 3e and f). Since the polyclonal antibody binds to many
different epitopes of FN, we hypothesize that the lower the
antibody signal, the more the conformation of the protein is
altered and thus fewer epitopes are present or accessible to the
antibody. Interestingly, there seems to be a reciprocal correla-
tion between the results of the polyclonal antibody staining and
the k, values of the RIfS measurements (Fig. 3). Since the k,

This journal is © The Royal Society of Chemistry 2021
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value indirectly indicates the strength of the interaction
between protein and surface, a greater conformational change
can be assumed with stronger FN-material interaction.>® Thus,
the results of the polyclonal antibody support the observations
of the RIfS measurements, which indicates a slight conforma-
tional change of the FN on the surfaces B, C and D, and a
stronger FN unfolding and expansion on the surfaces E and F.
This observation is consistent with the results of several studies
that have described more drastic conformational changes on
more hydrophobic surfaces."**” Interestingly, despite their
hydrophilic properties, conformational changes of the protein
also occurred on the surface A. We assume that the surface
roughness caused by oxygen plasma treatment influenced the
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conformational change of the protein. Several studies have
already described that surface roughness can lead to a wide-
spread and rigid protein conformation.****

An additional indication of the conformational change of
the adsorbed FN was provided by the results of the monoclonal
HFN7.1 antibody, which binds near the cell binding domain
consisting of the PHSRN and RGD integrin binding sites.** In
literature, an increased HFN7.1 antibody binding to unfolded
FN has been described.'*** In our study, especially samples A
and D showed a high level of accessible cell binding domain
indicating an extended FN conformation. However, our data
suggest that the accessibility of the cell-binding-domain is not
necessary and is solely associated with the conformational
change, but also with the orientation of the protein. The FN
adsorbed on surface D suggested only small conformational
changes, but nevertheless showed a high availability of the cell
binding domain. In contrast, the data for surface F indicates a
more unfolded adsorbed protein, but with a low-exposed cell
binding domain (Fig. 3b, e and f). From this we can conclude
that depending on the surface properties, the adsorbed FN can
take a more or less favorable conformation and orientation
with respect to the accessibility of the cell binding domain,
which ultimately influences its bioactivity. Since the surface
chemistry and roughness of the surfaces C, D and E are similar,
the difference in FN adsorption behavior on sample D could
not be explained from the gathered information. Protein
adsorption onto biomaterial surfaces is affected by many addi-
tional factors such as the stiffness, which have not been
investigated.®® Methods such as fluorescence resonance energy
transfer could be helpful to obtain further details about the
conformation of the adsorbed FN.

Bridging these results to later applications, the key question
of how these differences influence cell behavior was studied.
For both HUVECs and HMVECs we found the same trend of
differences in the number of adherent cells on the different
surfaces. It should be noted that the cells were examined
24 hours after seeding. Thus, the cell count is not only
determined by the number of initially attached cells but
also by cell proliferation. Interestingly, our results show that
the number of adherent cells does neither correlate with the
amount of the exposed FN cell binding side nor with the
wettability or polarity of the underlying surface. Rather, a
correlation between the k, value of the RIfS measurements
and the cell count is observed (Fig. 3 and 4). We hypothesize
that due to the stronger interaction with the surface and the
resulting conformational change of the FN, certain domains are
exposed, which influence the cell cycle. In the literature it is
described that binding to the first type III repeat or the heparin
binding site of FN inhibits endothelial cell growth.®"** 1t is also
possible that a phenomenon described by Podesta et al. took
place.®® In their study, the authors observed a decreased
endothelial cell proliferation due to a reorganization of the
cytoskeleton into actin filament bundles, which was induced by
an increased density of focal contacts. Reduced cell growth
associated with cytoskeletal reorganization may also be related
to the CaMKK2/AMPK signaling pathway. It is described that
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the activation of AMPK leads to the maturation of contractile
actomyosin bundles and causes cell cycle arrest.®**® In our
study, a reduced cell number was observed for both cell types
on surfaces A and F, accompanied by the formation of actin
bundles and an increased density of vinculin foci. This cytos-
keletal organization indicates a resting endothelium, while
stress fibers, as observed on surfaces B, C, D and E, occur when
the endothelium is activated, a condition associated with cell
proliferation and migration.®”

During cell-FN interaction, which is mainly mediated by the
integrins o5B1 and avp3, focal adhesions are formed.®® On
surfaces A and F, we think that the more unfolded conforma-
tion of FN, associated with an increased presentation of the cell
binding side, facilitates the formation of mature focal adhesions
composed of vinculin and ovf3.°>”" In addition, a stronger FN-
material interaction, as found on surface A, causes proper trans-
mission of force through the actin cytoskeleton, allowing the
maturation of vinculin-associated focal adhesions.”

Probably due to the stronger adhesion of the FN to the
surface A, the cells can also form FN fibrils and develop actin
bundles.®” It should be noted that the increased surface rough-
ness of sample A to the other plasma treated samples can also
influence the cell behavior.”

The more compact form of the FN molecule, which is
assumed to be found on surfaces B, C and D, is only available
for binding to a5p1 and not to ovp3.”* Interestingly, higher
levels of FAK foci, which are linked to integrin 1, were usually
found on these surfaces.”” The higher cell count and pro-
nounced stress fibers in the cells on these surfaces can be
attributed to FAK, as it enhances cell proliferation and cell
motility by stimulating the formation of actin stress fibers and
promoting the turnover of integrin-based adhesions.”®”® In
addition, the potentially weaker FN-material interaction on
these surfaces hinder the cells to form vinculin-rich mature
focal adhesions. Instead, when the cells exert a traction force on
the FN, they detach it from the surface, which is indicated by
the dark areas on the anti-FN-stained surfaces’® (Fig. 4).

In our study, the expression of the endothelial cell markers
vWF, VE-cadherin, and PECAM-1 was confirmed for both cell
types. With regard to the formation of a functional endothe-
lium on the FN-coated surfaces, the cell-to-cell junctions that
establish the endothelial permeability barrier play an impor-
tant role.”* The slightly increased VE-cadherin and PECAM-1
expression in both cell types on surface A and for the HMVECs
on surface C may indicate a more advanced formation of a
functional endothelium compared to the other samples.

5. Conclusion

In our study, we showed that oxygen plasma treatment of
PU surfaces through minor parameter changes induced large
variations in the affinity, conformation and orientation of
adsorbed FN, which in turn, significantly influenced the
endothelial cell-material and cell-cell interactions. Due to the
many simultaneous effects of plasma treatment on the surface

This journal is © The Royal Society of Chemistry 2021
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through the introduction of a variety of functional groups and
changes in surface topography, a direct link between a single
parameter to the bioactivity of adsorbed FN or on the cell
behavior could not be established; however, it was demon-
strated that oxygen plasma treatment is a reliable, fast and
reproducible technique with a high application potential in the
adjustment of FN bioactivity and subsequent endothelial cell
response.
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Supplementary Figure 1. XPS peak fit example of sample B (GP-FWHM = 1.205 eV; LP-FWHM
=0.42 eV; FWHM = 1.445 eV). Spectra were collected with 20 eV pass energy, 0.2 s dwell time,
and 0.05 eV step size. The pink peaks represent the plasma generated functional groups, except
C-O-C which is part of the polyurethane structure. The green peaks come from the polyurethane
carbon groups (PU: O(OC)N at 289.6 eV; C—-O(OC)N at 287.1 eV); C-O-C at 286.3 eV; O(OC)N-
C at 285.8 eV; C—C at 285.1 eV; C=C at 284.7; plasma-induced: C—OH at 286.3 eV; —-C=0 at
287.7 eV; —COOH at 288.8 eV).
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Supplementary Figure 2. Binding curves of 10 ug/ml fibronectin on surfaces A, B, C, D, E and F
measured with Reflectometric Interference Spectroscopy.
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Supplementary Figure 3. Exemplary laser confocal scanning microscopy image of DY-490
labeled FN coated on sample F. The samples showed homogeneous fluorescence signals. Pixel
size is 100 nm.
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Supplementary Figure 4. AFM (a) height contrast images of plasma treated surfaces with FN
coating. The white line represents the region of the extracted height profiles. (b) Extracted height
profile lines of the FN-coated polymer surfaces showcasing the surface structuration.
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Wettability

[

Supplementary Figure 5. AFM material contrast images of the sample surfaces after FN coating.

The scale bar equals 200 nm.
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Supplementary Figure 6. (a) Semi-quantitative pixel intensity analysis of the polyclonal anti-FN
immunofluorescence staining. Data is shown relative to surface F. (b) Monoclonal anti-FN
immunofluorescence staining against the cell binding domain. Data is shown relative to surface F.

One-way ANOVA, n=3, *p<0.05, **p<0.01, ***p<0.001; RPI = relative pixel intensity.
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Supplementary Figure 7. The size of adherent (a) HUVECs and (b) HMVECs 24 h after cell
seeding. Data is shown as change relative to F. n=3, no significant differences between the

samples.
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HUVECs

Supplementary Figure 8. Cell-fibronectin-interaction in HUVECs on surface A and C. Anti-FN
immunofluorescence staining shows the interaction of HUVECs with the adsorbed FN, which is

indicated by fibrillar structures (white arrow) and dark areas (white dotted arrow). Scale bars equal

100 pym.
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HUVCEs

HMVECs

Supplementary Figure 9. F-actin staining of HUVECs and HMVECs on the different fibronectin-

coated surfaces. Scale bars equal 20 pm.
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HMVECs

Supplementary Figure 10. VE-cadherin and PECAM-1 immunofluorescence staining of

HMVECs on the different fibronectin-coated surfaces. Scale bars equal 20 um.

Supplementary Table 1. C 1s core level peak fit parameters for sample B. Full width at half
maximum values were established from the urethane peak at 289.6 eV and kept constant for all
peaks (GP-FWHM = 1.206 eV; LP-FWHM = 0.418 eV; FWHM = 1.445 eV)

Peak name Peak position, eV rel. Area, %

C-O-C/C-OH 286.32 22.15
-C=0 287.70 4.38
-COOH 288.73 2.26

143



Appendices

Daum R, Mrsic | et al., Supplementary data

Fibronectin adsorption on oxygen plasma-treated polyurethane surfaces modulates endothelial cell response

Supplementary Table 2. Mean values, standard deviations and statistical analysis of contact

angles from uncoated and FN-coated samples.

uncoated versus
uncoated FN-coated FN-coated
Sample Mean SD Mean SD p-value*
A 17.5 1.9 45.0 2.0 2.8*1018
B 334 2.7 45.3 2.0 1.3*10°
C 48.2 0.6 57.2 2.3 1.3*107
D 50.8 1.7 57.4 1.5 5.2*10¢
E 54.3 1.0 58.7 2.1 0.00241
F 71.1 1.6 64.2 1.1 1.0*10%

* One-way ANOVA, n=3

144



