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Kurzfassung

Gewebe und Organe bendtigen eine ausreichende Nahrstoff- sowie
Sauerstoffversorgung, welche durch das vaskulare Gefalisystem ermoglicht wird.
Daher spielt die Ausbildung von vaskularen Strukturen eine entscheidende Rolle im
Bereich des Tissue Engineerings. Ein Bereich des Tissue Engineerings befasst sich
mit der Entwicklung von Biotinten. Diese bestehen aus Zellen und Materialen, die der
extrazellularen Matrix (ECM) ahneln, und werden mittels 3D-Druck zu geeigneten
Materialien verarbeitet, die die Vaskularisierung von Geweben fordern sollen.

In dieser Arbeit werden verschiedene Materialien untersucht, welche als potenzielle
Biotinte eingesetzt werden kdnnen. Diese Materialien, sollen der extrazellularen Matrix
ahneln, und Zellproliferation, -migration und -netzwerkausbildung unterstutzen. Zwei
Arten von Biomaterialien wurden in dieser Arbeit untersucht. Zum einen kamen
Gelatine-basierte Hydrogele zum Einsatz, die mithilfe eines Photoinitiators
quervernetzt werden und sich dadurch besonders fir den Einsatz in Lithographie-
basierten Bioprintern eignen. Zum anderen wurden Fibrinogen-basierte Hydrogele
analysiert, die bereits vielfach in der Medizin zum Einsatz kommen. In beiden Arten
von Materialien wurde humanes Plazentrasubstrat (hpS) inkorporiert, das aus
verschiedenen Proteinen besteht, und die Vaskularisierung fordern.

Im Rahmen dieser Arbeit wurden die Eigenschaften und Anwendungsmoglichkeiten
von hpS sowie dessen Einfluss auf das Verhalten von HUVEC (human umbilical vein
endothelial cells) untersucht. Zusatzlich wurden die Einzelbestandteile von Gelatine-
basierten Hydrogele auf Toxizitat getestet. In nachfolgenden Experimenten wurden
verschiedene Gelatine-basierte Hydrogele in 2D-Analysen miteinander verglichen, um
vielversprechende Kandidaten auszuwahlen, die anschlieend mit Fibrinogen-
basierten Hydrogelen in 3D-Experimenten beurteilt wurden.
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Abstract

Vascular networks supply organs and tissues with essential nutrients and oxygen.
Therefore, creation of vascular networks is important for the generation of viable
tissues and organs in vitro for tissue engineering. The formation of vascular networks
plays a crucial role in tissue engineering. One aspect of tissue engineering focuses on
the development of bioinks. These bioinks are composed of cells and ECM-like
materials, which support tissue vascularization.

In this thesis, various materials that could be used as potential bioinks are investigated.
These materials mimic the extracellular matrix and support cell proliferation, migration
and network formation. Two different types of materials are analyzed within this thesis:
gelatine-based and fibrinogen-based hydrogels. Gelatin-based hydrogels are
crosslinked using a photo initiator and are suitable for lithography-based-3D-
bioprinting. In both types of biomaterial human placenta substrate (hpS) is
incorporated, which is known for pro-vascularizing properties.

The study examined the properties and potential applications of hpS, as well its impact
on endothelial network formation in HUVEC (human umbilical vein endothelial cells).
Additionally, the individual components of gelatin-based hydrogels are tested for cell
toxicity. Subsequent experiments compared different gelatin-based hydrogels in 2D
assays to identify promising candidates, which are analyzed in 3D experiments like
fibrinogen-based hydrogels.
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Introduction

In 1954, Joseph Murray was the first person who successfully performed a kidney
transplantation between identical twins.' In 1990, he was awarded the Nobel Prize with
Dr. Edward Donnall Thomas for his important scientific contribution to transplantation
medicine.? In addition to the risks and side effects of a transplant, the search for a
suitable donor is challenging. In Austria, for example, there were 829 people on the
waiting list for organ donation at the end of 2021 and a total of 662 organs were
transplanted in the same year.3

In comparison, regenerative medicine (RM) is concerned with the growth or healing of
organs and tissues with the help of therapeutic cells. The basic idea here is to repair
or even re-grow damaged tissue or organs using various cell technologies.# Such
phenomena have already been observed in nature. For example, mexican axolotls can
regrow legs after they have been cut off.5 It is assumed that mammals also possess
these abilities in the embryonic stage, but that this ability is lost during development.®

In the last three decades RM and tissue engineering gained importance, but it was
probably already known in Greek mythology that certain parts of the human body can
regenerate - Prometheus, who stole fire for mankind, was tied to a stone as punishment
for this, where part of his liver was eaten by a bird every day, but it grew back the next
day.” Human tissue can also regenerate or heal, but this ability decreases with age.?

RM finds broad application to various divisions of medicine, like dental medicine and
orthopedics. Chronic and incurable diseases or damage could be treated with RM and
thus enhance quality of life. Starting from diseases like Diabetes mellitus and Morbus
Parkinson but also curing irreparable injuries of bone marrow. 10

Therapies such as tissue engineering, gene and stem cell therapy are some of the
possibilities offered by RM. However, RM can be used not only for clinical applications,
but also in research and pre-clinical applications like organ-on-a-chip technology.'" 2

Gene therapy makes it possible to treat diseases that are based on genetic disorders.
Genetic material is introduced into the patient in vivo or ex vivo. One of the possible
methods is gene replacement therapy. Here, genetically intact DNA/RNA sections are
introduced into the target cell using a viral or non-viral vector, thus enabling the
production of an intact gene product. The damaged gene is not removed or repaired,
but the malfunction of the original gene is compensated for by an intact gene. In
contrast, genome editing involves the targeted repair of damaged genes. This is done
using so-called “gene scissors” - probably the best-known tool for this is the
CRISPR/Cas system, for which Emmanuelle Charpentier and Jennifer A. Doudna were
awarded the Nobel Prize in Chemistry in 2020. The method is based on using gene

1
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scissors to cut out a specific section of DNA in the genome and replace it with an intact
sequence, thereby preserving the intact gene product. 13-

Stem cell therapy has become important in the past decades. So-called stem cells are
used in this form of therapy. Stem cells are cells that are not or not fully differentiated.
This means that they can divide and remain stem cells or differentiate into more
specialized cells. The potential of cells to differentiate into certain body cells is utilized
in stem cell therapy, which can be used for example in Morbus Crohn treatment.'6:17

Although organ-on-a-chip technologies are not used directly in clinical applications,
they can nevertheless be regarded as a subgroup of RM. In the past, cellular
mechanisms were usually only investigated in 2D cell culture models before being
subsequently analyzed in vivo. Some difficulties have been encountered, as 2D
models cannot represent every interaction taking place in a living organism. For this
reason, the development of such organs on chips is a good way of modelling
interactions that take place in vivo. Organs-on-a-chip are frequently used in the
development and investigation of drugs.'" '8

The methods listed above offer a great opportunity for patients with a wide range of
diseases and injuries, but only just over 30 gene and cell therapy products are currently
approved by the FDA. Gene and cell therapeutics authorized for the market are mainly
used for the treatment of rare hereditary diseases or aggressive cancer. '® The high
research and development costs of gene and cell therapeutics leads to enormous
production costs up to several hundred million to billions of US dollars.?°
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Tissue engineering aims to replace or repair damaged organs or tissue. The focus here
is on the development of suitable biomaterials consisting of a scaffold, cells and
bioactive molecules and signals— also known as the tissue engineering triad.?’
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Figure 1: Tissue engineering triad.

All tissue engineered principles are based on three main components: cells representing the
living component, biomaterials as scaffolds where cells are embedded and signals and bio-
active molecules which support growth and maintenance of the biological system. lllustration
from literature 22

As expected, this is a very complex subject area and requires many disciplines from
the natural sciences, medicine and technology. The Vacanti mouse experiment is a
good example to describe the complexity of tissue engineering. The aim of this
experiment was to develop an artificial ear. The scaffold was shaped from PGA/PLA
(polyglycolic acid / polylactic acid) and then colonized with chondrocytes. The artificial
ear was then cultivated for a week under physiological conditions until it was finally
transplanted onto the back of a mouse (see Figure 2). After 12 weeks, the artificial ear
was then examined and it was found that the cells had distributed evenly on the
scaffold and components of the extracellular matrix (ECM) had already been produced,
but that the nutrient and oxygen supply to the ear could not be guaranteed as no
vascular structures had been formed in the transplant.?>?* This experiment
emphasizes once again the need for sufficient and intact vascular system.

Figure 2: Vacanti Experiment
(a) Artificially moulded ear before transplantation (b) Vacanti mouse with ear on back. lllustration
from literature?®

3
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Structure and Development of Blood Vessels

The vascular system ensures that tissues and organs are supplied with sufficient
oxygen and nutrients. In an adult human, blood vessels in total can reach a length of
up to 100 000 kilometers. 26 The circulatory system is separated into two blood systems
(arterial, venous) and a lymphatic system. The vascular system is made up of different
types of vessels, which are divided into three major groups: arteries, veins and
capillaries. Arteries and veins are large vessels and have a diameter of up to several
centimeters. Their main function is to transport blood over long distances in the body,
whereas capillaries are small blood vessels with a diameter of a few um. Capillaries
are responsible for the exchange of nutrients and oxygen and nutrient supply to all
tissues and organs.?’-2° All tissues and organs are dependent on sufficient oxygen and
nutrient supply, while oxygen can diffuse approximately 100-200 um through cells. 3°
Blood vessels are made up of three layers: the tunica intima, tunica media and tunica
adventitia (Figure 3). Tunica intima consists of an endothelium (monolayer of
endothelial cells) and a basal lamina and acts as a thrombogenic barrier. Tunica media
consists of multiple layers of smooth muscle cells (SMC) which synthesize essential
molecules of the ECM like collagen. Tunica adventitia is the outermost layer of blood
vessels and consists of connective tissues with incorporated fibroblasts. The
composition and thickness of the layers depends on the type of vessel and its function.
Arteries, for example, usually have a thicker tunica media, while capillaries have
neither tunica media nor tunica adventitia, but consists of an endothelium and a basal
lamina. 31

Tunica Tunica Basal Tunica Endothelial
adventitia media lamina intima cells

Fibroblast

Smooth
muscle
cells

Collagen
and elastic
fibers

Figure 3: Schematic illustration of a blood vessels.
lllustration from literature 3

Blood vessels can be formed in two ways. The process in which the blood vessels
develop de novo is known as vascularization, if vessels are formed from existing

vessels, for example through sprouting, this process is called angiogenesis.?? A
4
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distinction is made between two types of angiogenesis: sprouting and intussusceptive
angiogenesis.33:34

Intussusceptive angiogenesis is defined by the movement of opposing endothelial cells
within a vascular lumen towards each other and forming a so-called intussusceptive
pillar, which subsequently leads to the formation of new vessels (Figure 4B).33:34

The alternative, sprouting angiogenesis, underlies another process. Endothelial cells
can sense a VEGF gradient and are stimulated to break through the basal lamina and
migrate along the VEGF gradient led by a so-called tip cell. This tip cell forms filopodia
that can detect this gradient and leads the tip of the new sprout. The endothelial cells
behind it are called stalk cells. They proliferate, stabilize and form the vascular lumen
of the new sprout (Figure 4A).3536
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lllustration from literature3”

Oxygen plays a crucial role in the development of new blood vessels. An excess of
oxygen (accumulation of reactive oxygen species -ROS) as well as a lack of it can
damage tissue and organs. For this reason, oxygen must be strictly regulated. HIF
(hypoxia induced factor) plays a crucial role in this process. HIF is a heterodimeric
protein that is built up from an a-subunit (three isoforms HIF-1a, HIF-2a and HIF-3a)
and a B-subunit.3840

HIF-a is always present, but if tissues are sufficiently supplied with oxygen (normoxia)
HIF-a is hydroxylated by prolyl hydroxylases (PHD) and FIH-1 (factor inhibiting HIF-1)
binds to HIF-a, which leads to the binding of von Hippel-Lindau protein (VHL) to the
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complex. This causes ubiquitination of HIF-a and subsequently results in degradation
in the proteosome. 3941

In a hypoxic state PHD is inhibited and VHL cannot bind to HIF-a, so that HIF-a
accumulates and is translocated into the nucleus, where it dimerizes with HIF- and
becomes transcriptionally activated. The active transcription factor binds to HRE
(hypoxia response elements) and induces the transcription of important angiogenic
factors such as VEGF .39:40:42:43
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Figure 5: Regulation of HIF.

lllustration from literature#4
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Extracellular Matrix

All biomaterials in tissue engineering have something in common — they mimic the
extracellular matrix (ECM). The ECM can be found in all animal organisms and is
essential for every organism. The composition of the ECM varies enormously in tissues
and organs. The ECM protects organs and tissues from mechanical forces, but it also
plays a crucial role in the regulation of various functions such as cell proliferation,
migration and development of cells. The ECM itself is formed by surrounding cells, for
example fibroblasts act as a key factor in formation of many ECM components in
connective tissue.4546

Although the types of macromolecules in the ECM are constant, the exact composition
of these types varies greatly between different tissues. Common representatives of the
ECM are glycosaminoglycans (GAG), proteoglycans, collagens, elastin, laminin and
fibronectin. Collagen is the most common protein of the human body and a major
component of ECM.#’=4° Collagens can be divided into different subtypes according to
their structure and their function. GAGs are very long polysaccharide chains of
disaccharides and have a strong negative charge. Due to their structure and negative
charge, they occupy a very large space within the ECM and attract cations from the
environment, resulting in the absorption of large amount of water within the matrix. This
property of ECM supports mechanical stability against compressive forces. A well-
known example of a GAG is hyaluronic acid. Anti-aging, skin repair, wound healing
and tissue regeneration display just a few biomedical applications of hyaluronic acid.
Due to its anti-inflammatory properties and natural presence, it became a well-studied
biomaterial for regenerative medicine. 50-54

Fibrillar Fibronectin . Laminin Fibril Associated
Collagen M:(J' \l\ ~ Collagen
r-" Elastic Fibers
Protecglycan ,,_-:_ " ;;‘? \;.‘ o

t' ’ ,’}, J,’J"\-“ g

i mm‘aﬁg”}.-

N\
SO

Figure 6: Schematic figure of ECM.
lllustration from literature 55
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RGD (arginine-glycine-aspartate) motifs can be found in various proteins of the ECM,
like in laminins or in collagens. They play a crucial role in cell adhesion, which is
important for proliferation and migration of cells. RGD motifs were first time discovered
in fibronectin, but in lots of other ECM proteins this highly conserved motif can be
found. RGD motifs interact with integrins of the cells and regulate cell behavior. RGD
motifs have been often incorporated in biomaterials, supporting cell growth and
proliferation. This makes RGD motifs as a common used tool in RM 45:46:55.56

Hydrogels in Tissue Engineering

Hydrogels are hydrophilic materials which can absorb large amounts of water without
dissolving or changing their 3D structures. In everyday use hydrogels can be found in
contact lenses or in diapers as superabsorbent. Since they can absorb a lot of water,
they are interesting for biomedical applications or agriculture.®’

For clinical use various requirements must be fulfilled. For example, hydrogels must
be bioactive, biodegradable and replace the damaged or missing tissue. For this, it
must be biocompatible, which means that it shows no cytotoxic effects on human body,
and at the same time establishes an environment in which proliferation, migration and
growth of cells is supported. Since the human body consists of various cell types and
from these resulting organs and tissues, hydrogels must fulfill all requirements for
specific tissue types and their location, e.g. in comparison, cartilage in knees
experience different mechanical forces than the liver. All these requirements are great
challenges to overcome during the development of a suitable hydrogel. The structure
of ECM is widely used as a potential template for hydrogels. 5/-%°

Hydrogels can be separated into three different classes: natural, synthetic and hybrid
hydrogels. Natural hydrogels are isolated from natural materials. Common materials
are collagen or fibrin. Synthetic materials origin from non-natural origin like
polyethylene glycol (PEG) or polyvinyl alcohol (PVA) and hybrid hydrogels are
combinations of different types of hydrogels with desired characteristics. 5960

Synthetic materials are relatively cheap and can be fabricated in large quantities and
different shapes, but they are often less biocompatible and need chemical modification.
In comparison, natural materials have better biocompatibility but are more expensive
and their collection is more complex. Since natural polymers are often derived from
animals, ethical aspects must be considered. 61-63



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verflgbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Introduction Master Thesis Ana Puljic

Table 1: examples for synthetic and natural polymers 61-63

Synthetic Polymers Natural Polymers
polyethylene glycol (PEG) hyaluronic acid
polyvinyl alcohol (PVA). gelatin
polylactic acid (PLA) collagen
polycaprolactone (PCL) chitosan
polyacrylic acid (PAA) alignate

Hydrogels are polymers that can absorb large amounts of water, but whose polymer
networks remain intact in a swollen state. Depending on the type of monomers of
hydrogels, there are different types of crosslinking possibilities. A distinction can be
made between chemical and physical crosslinking. Crosslinked hydrogels are typically
characterized by reversible interactions like ionic and hydrophilic/hydrophobic
interactions. A major advantage of physical crosslinking is that no addition of potential
harmful reagents is necessary. 6465

Chemically induced crosslinking is mostly irreversible and establishes stable covalent
bonds. A common method is photopolymerization, which will be used as well in this
project. Here, using light of a specific wavelength results in free radicals formed using
a photo initiator (P1), which subsequently initiates chain polymerization (see Figure 7).
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Figure 7: Principle of radical photopolymerization

lllustration from literature 7

Radical photopolymerization is very popular in bioprinting, because the monomers
used are mostly biocompatible and the polymerization rate is high. Well known
photoinitiators are Irgacure 2959 (2-hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone) and LAP (lithium phenyl-2,4,6-trimethylbenzoylphosphinate).
Both are classified as biocompatible, but nevertheless during photopolymerization
cytotoxic metabolites can be built. 68-6°

Biofabrication

As mentioned before bioprinting became very popular in the past decade. According
to that potential materials are necessary. Biomaterial inks consist of all necessary
components to build up a stable biocompatible scaffold, but do not include viable
material, the cells, in their formulation. In contrast, bioinks contain already cells in their
formulation and are part of the printing process.”® Scaffolds should be biocompatible,
supporting cell proliferation and migration while also being degradable.”’

Additive manufacturing technologies are used in TE to produce tissues in a controlled

manner. A common strategy is based on the principle of Two-Photon Absorption (2PA).
10
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The principle was first discussed by Maria Goeppert Mayer in 1931. However, as there
was no suitable light source at that time, the principle was experimentally proven 30
years later. Utilizing an ultra-short-pulsed laser beam generates a high density of
photons. Due to the high density of photons, two photons are absorbed almost
simultaneously.”>’4 Two-Photon-Polymerization (2PP) bioprinting is based on the
principle of 2PA. Due to the non-linear process, polymerization only takes place at the
focal point of the laser, resulting to precisely controlled polymerization of biomaterials
producing high-resolution structures. 7576
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Figure 8: Principles of two-photon polymerization.

(A) comparison of one-photon excitation (linear) and two-photon excitation (non-linear);
polymerization is restricted to the focal point in 2PP, resulting into high resolutions’ (B)
Schematic figure of two-photon polymerized additive manufacturing technique’” (C) (left) CAD
model of a vascular microcapillary for 2PP-Bioprinting (right) 2PP-printed vascular
microcapillary’® lllustrations from literature. 757677

2PP bioprinting offers an excellent opportunity for printing various materials with
incorporated photoinitiators. Besides high-resolution, the method provides a highly
reproducible procedure and using versatile materials, makes it advantageous for tissue
engineering. However, usage of photoinitiators (Pl) may have a negative effect on
cells. Therefore, selection of an appropriate Pl is necessary. The process time, the
influence of irradiated Pl and the metabolites formed during polymerization must be

considered.”5.76.78

11
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Objective

Tissue engineering is concerned with artificial production and repair of organs and
tissues. Sufficient nutrient and oxygen supply, as well as the removal of waste material,
plays a key role in survival of biological materials. Therefore, vascularization of organs
and tissues is a major challenge in tissue engineering.”®80

The aim of this thesis is to investigate the potential of human placenta substrate (hpS),
which is believed to have pro-vascularizing properties like Matrigel. Matrigel is a
commonly used material in angiogenesis assays, since it supports vascularization.
Unlike Matrigel, which is derived from Engelberth-Holm-Swarm sarcoma of mice®!, hpS
is isolated of human placenta, which is regarded as medical waste.®?

HpS was provided by the cooperation partner TCC (Trauma Care Consult) to
investigate application possibilities, properties of the material and impact on
endothelial network formation when incorporated into different hydrogels.

For this purpose, HUVEC (human umbilical vein endothelial cells) are used, which form
capillary structures under certain conditions such as co-cultivation with mesenchymal
stem cells or cultivation on materials which mimic the extracellular matrix. In initial
experiments, properties of hpS should be investigated, as well as their impact on
network formation. Next, potential gelatin-based biomaterials with incorporated hpS
should be manufactured in 2D, expecting promoting vascular structures. Appropriate
candidates should be further examined in 3D experiments. Additionally, an already
functioning system, HUVEC in co-culture with ASC in fibrin hydrogels, should be
compared with monocultures of HUVEC in hpS-fibrin hydrogels.
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State-of-the-Art

Regenerative medicine (RM) aims to repair or replace damaged tissues and organs.
Sufficient nutrient and oxygen supply, but also the transportation of waste products,
presents a major challenge in RM. To overcome this problem intense research in
vascularization and angiogenesis was performed in the last years. The ECM is used
as a reference point for designing potential biomaterials.

A very common material used in basic research is Matrigel. Matrigel is a commercially
available material, sourced from Engelbreth-Holm-Swarm mouse sarcoma cells. The
exact composition of Matrigel is not known yet, but it contains important biological
macromolecules like laminin and collagen, but also cytokines and different growth
factors, which play a crucial role in vascularization and angiogenesis. Since it is
sourced from a mice tumor makes its application in clinics difficult, but as well the
ethical aspects must be considered.83 As with many other biologically extracted
materials, there is a relatively high batch-to-batch variability that affects reproducibility.
It would be advantageous to find synthetic alternatives to ensure a consistent quality
standard and ensure the availability of the materials.*

Already in the 1980s, the potential of the human placenta in RM was investigated. The
entire placenta can be seen as a source of diverse materials for RM. Extracts and cells
can be isolated from it, and the amniotic membrane as well as placental tissue are also
utilized in research and medicine.?® Cord blood cells are of great interest because they
are rich in hematopoietic stem cells, which can be used as an alternative to bone
marrow in stem cell therapy.86:87 A variety of extracts can be isolated from the placenta,
including growth factors and a wide range of proteins. The most clinically used
components of the placenta so far are the amniotic and chorionic membranes. These
are particularly applied in surgery, such as in ophthalmology, for the treatment of
corneal diseases.?88 Human amnion was as well used to treat chronic leg ulcers. The
results suggested that components of the amnion have a pro-angiogenic effect that
can be used in wound healing.® It contains many important proteins that promote
angiogenesis. This includes angiogenin, which plays a key role in angiogenesis, but
components of the extracellular matrix (ECM) such as laminin, type IV collagen and
heparin sulphate have also been discovered in the human placenta.®'-%3This precious
organ has therefore become increasingly important in RMin recent years. Marc C. Moor
et al. showed, for example, that the implantation of a human umbilical vein scaffold
incubated in human placenta matrix leads to the formation of new vessels in vivo in
mice.%*
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The placenta is an organ that is only formed and needed during pregnancy. After
pregnancy, it is regarded as a medical waste product, but the great biological potential
of this supposed waste product was already recognized in the 20th century.®® On
average, the placenta reaches a size of 20 cm and weighs 500 g. It can be divided into
three parts, a chorionic plate, which lies towards the fetus, a basal plate, which is
adjacent to the mother and an intermediate space, which is known as the intervillous
space. The placenta also provides the connection between mother and child. All gas
and nutrient exchange take place via this organ.®>:% The placental disc also contains
many substances that are typical for the ECM. This includes, for example, collagen,
which can be isolated and subsequently used for therapeutic applications.
Furthermore, biologically active substances such as VEGF or FGF were found in the
placenta, which are primarily used to support vascularization and proliferation of
cells.%7-98

According to the pro-vascularizing properties of human placenta J. Hackethal et. al
focused their research on human placenta and its proteins. As mentioned above, the
human placenta is crucial for the survival of the fetus and supplies it with all necessary
nutrients and at the same time disposes waste material. It is by now known, that the
human placenta as well the umbilical cord besides their big amount of pro angiogenic
factors, contain stem cells, which are of great interest for regenerative medicine. The
team of THT Biomaterials GmbH uses the great potential of the placenta and process
parts of it to a biological active solution called human placenta substrate (hpS, Figure
9)-82

The use of hpS has several advantages. First, it is isolated from a natural waste
product, which contains valuable nutrients and biological active molecules. This
reduces the use of animals as a source for different products and thus also avoids
animal suffering. On the other hand, model organisms and associated proteins cannot
be directly translated to humans; consider porcine insulin and recombinantly produced
human insulin. Parts of the placenta are already being used clinically in wound healing
and are well tolerated.*®

basal tissue collection blood component removal hpS extraction

(homogenization, centrifugation) (precipitation, centrifugation, dialysis)
= . 0t L™ =

Step (1) (2) 3) (4) (50 (8)

Figure 9: Processing of human placenta and extraction of hpS
lllustration from literature.!%
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To produce hpS, the placenta's amniotic and chorionic membranes, as well as the
umbilical cord, were removed. Additionally, clinically safe substances were used to
obtain the hpS. Further analyses revealed that the substrate contains a wide range of

proteins (Figure 10).82
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Figure 10: Component analysis of hpS

lllustration from literature 1%

Since hpS positively influences the network formation of endothelial cells, its use in
various biomaterials could enhance vascularization. However, for practical application,
hpS must be incorporated into hydrogels as the protein content is very low and hence
no inherent crosslinking is possible. 0’

Gelatin-based hydrogels are widely used in the food industry and in RM. Gelatin-based
scaffolds have broad applications in RM, including cartilage regeneration, drug
delivery, and promoting neovascularization.'%? Gelatin consists of chains of repeating
Gly-X-Y sequences, where X and Y are typically proline and hydroxyproline. The
physical properties of gelatin can be influenced by factors such as temperature and
pH. 103 Additionally, the properties can be modified through functional groups. A well-
known example of this is gelatin methacryloyl (Gel-MA).'% This material exhibits high
biocompatibility and is also suitable for bioprinting applications.9

To produce gelatin-based hydrogels in combination with hpS, specialized methods are
required. Glutaraldehyde is used for the crosslinking of protein-containing materials.
This is achieved through the formation of Schiff bases with amino groups of the
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proteins, resulting in crosslinking.’° Furthermore, by incorporating functional groups
into gelatin, thiol-ene chemistry can be utilized for crosslinking.'%”

Another material often used in biomedicine are fibrin constructs, like fibrin glue. Fibrin,
derived from fibrinogen, is a natural component of human blood coagulation. Several
studies have shown that endothelial cells, in combination with co-cultures such as
adipose-derived stem cells (ASC), form network-like structures in fibrin hydrogels. As
described by J. Hackethal et al., hpS also has a positive effect on network formation in
endothelial cells such as HUVEC. Incorporating hpS into a fibrin matrix could result in
a well-tolerated and promising bioink.82

As evident from current data, the possibilities for different biomaterials are almost
limitless. By modifying components and production methods, potential bioinks can be
developed that could become highly valuable in RM in the future.
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Results and Discussion

1 HUVEC on Matrigel

HUVEC are very popular in research because they are easy to cultivate and come from
a medical waste product - the umbilical cord — and the isolation of the cells has already
been described in many papers.'%.199 |f HUVEC are cultivated in an uncoated cell
culture flask, they form their typical cobblestone structure (see Figure 11A). HUVEC
are frequently used in in vitro studies of angiogenesis and vascularization. They can
form network-like structures under certain conditions. For example, if they are
cultivated on materials that mimic the ECM, like Matrigel, they form capillary structures
(Figure 11B).

Al

Figure 11: HUVEC cultured on different materials
(A) HUVEC cobblestone structure (B) HUVEC cultivated on Matrigel, formation of networks

Matrigel is a substance obtained from a murine tumor (Engelbreth-Holm-Swarm mouse
tumor). The exact composition of this matrix has not yet been fully clarified, but it was
discovered early that the protein composition is like those found in the basement
membrane.’"°

Besides chemical and mechanical factors, like stiffness of a hydrogel, cell density also
plays a crucial role in the formation of capillary structures. On softer hydrogels stronger
cell-cell-adhesion than cell-hydrogel-adhesion was observed. This results in a slower
migration of cells on softer gels and an optimal seeding density must be estimated,
since with higher seeding density network formation is inhibited.""

To determine an optimal seeding density of HUVEC for 2D experiments, wells were
coated with Matrigel and seeded with cell densities between 35,000 and 85,000 cells /
cm? (Figure 12). As expected at lower seeding densities cells did not form networks

17



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

General Part Master Thesis Ana Puljic

and at higher seeding density cells aggregated and built clusters of monolayers, which
were interconnected to each other. According to the results, a seeding density of
45,000 to 48,000 cells / cm? was used for all further 2D experiments. These results
were also supported by further analysis using Angitool.''? The results obtained are
comparable with those from previous studies and show that excessive cell densities
inhibit vascularization and network formation.'*.113

45 000 cells / cm?

35 000 cells / cm?

4 h | - 12h
Figure 12: HUVEC over time.
Lower seeding density led to no / incomplete networks (35 000 cells / cm2). First networks can

already be observed after 4 hours. Scale bar: 200 ym

2 HUVEC on human placenta substrate (hpS)

Human placenta substrate (hpS) is a substance obtained from the human placenta that
is known to have pro-vascularizing properties. Like Matrigel, the material consists of
important components of the basement membrane, including laminin-111, collagen IV
and growth factors.8?

As the provided hpS is a non-commercial product and no quality control testing was
performed before, batch-to-batch variance was analyzed. Two different batches were
provided by Johannes Hackethal, which were named hpS1 and hpS2 in the following
chapter. A visual inspection revealed a difference in color and turbidity (Figure 13,iii).
As the hpS originates from different donors and the substance is raw material that has
not been fully purified, such color differences may occur. Occasionally, non-soluble
particles were also detected within a batch in different aliquots. Based on the
production of hpS, these particles were identified as residual placental tissue.®
Turbidity might be explained by potential bacterial contaminations or as residual
placental tissue and blood. The used hpS was sterilized for 30 minutes with UV-rays
so that a contamination within the experiments could be avoided.
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The lots were also analyzed within a cell culture-based assay in which the hpS-batch,
incubation time of the coating with hpS and cell densities were varied. Clear differences
in the network formation and morphology of the cells could be found between the two
lots. While the hpS1 promotes network formation (Figure 13,i), it appears that the
biological activity of the hpS2 has been lost or the substrate itself has a negative effect
on the cells (Figure 13,ii). No networks could be observed, as well almost all cells
detach from the surface and were present in aggregates. Performing live/dead staining
led to complete detachment of the cells, even with experiments using hpS1, but in this
case the network remained stable even in suspension. The results clearly show that
there can be major differences between two different batches - while HUVEC networks
formed in the hpS1-batch and the wells are comparable with each other, no consistent
results could be achieved with the hpS2-batch. Cells aggregated very strongly and
there was little or no network formation. For this reason, it is recommended to pool
several lots in the future to minimize the variance between individual donors. Based
on the results obtained, only the hpS1 was used for further experiments.

After the biological activity of the hpS1 was confirmed, different coating incubation
times and seeding densities were as well investigated. Networks were formed in all
samples regardless of whether the plates were previously incubated with hpS for 2 h
or not. However, those samples in which the hpS was previously incubated for 2 h
showed more stable networks, but regardless of the incubation period, the cells
detached from the culture surface during further processing. It made no difference
whether a cell count of 15,000 or 20,000 cells/well was used - in both cases, network
formation could be observed.

Figure 13: Different hpS-batches.
cultivation of HUVEC on two different hpS batches (i) hpS1-batch (ii) hpS2-batch. (iii) left “hpS2,

right hpS1. Scale bar 200 pm
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Unlike Matrigel, hpS remains liquid even at higher temperatures and does not gel. The
main components of Matrigel are laminin, collagen |V, entactin and perlecan, which
can also be found in the basement membrane. In addition, it contains a variety of
growth factors such as transforming growth factor (TGF) or fibroblast growth
factor.'4115 Protein interactions within Matrigel lead to gelation at temperatures above
10 °C. As in Matrigel, collagen IV and laminin are major components of hpS.'% The
exact composition of hpS is not yet known, but it is considered, that the hpS
composition affects the gelling process.

The experiments demonstrate that hpS supports network formation, but the liquid state
of the material leads to the collapse of these networks with even slight movements,
thus complicating further handling. As displayed in previous results, hpS cannot be
solely used as gel-forming material. However, due to its biological activity, it is a
promising candidate for incorporation into various hydrogels supporting network
formation and vascularization.

3 Influence of hydrogel components on cell viability
and metabolic activity

Gelatin-methacryloyl (Gel-MA) is a semi-synthetic hydrogel, utilizing gelatin as a base
structure modified with methacrylamide and methacrylate groups.''® Based on
promising findings in literature'”:1'8 Gel-MA hydrogels using LAP (0.1% (w/v)) as a
cross-linker were produced and observed over an 18-hour period. HUVEC attached
on the hydrogel after several hours; however, over time, the cells detached completely
from the hydrogels and aggregated, regardless of whether the Gel-MA hydrogels
contained hpS or not.

Figure 14: HUVEC on Gel-MA (5wt%, 0.1% LAP, 50% hpS)
(A) Directly after seeding with HUVECSs. (B) 4 hours post seeding. (C) 8 hours post seeding.

The obtained results suggested that one or more components of the hydrogels may
have a negative, if not cytotoxic, effect on the cells. Based on this, all components of
the formulation were individually tested to investigate their influence on the cells using
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Live/Dead staining and Tox-8 assays. The solvent (DPBS), the macromer (Gel-MA) in
different concentrations, and the LAP photoinitiator (irradiated and non-irradiated) were
investigated separately. These components were added individually in equivalent
concentrations to those cultured HUVEC in the wells, considering the final volume of
the medium as well.
DPBS was used as a diluent in all experiments and had been previously examined for
its impact on cell viability and metabolic activity. As expected, DPBS had no negative
effect on the cells, since it is a common buffer used in cell culture.
In the next step, three different concentrations of Gel-MA macromer and the Pl itself
(irradiated vs. non-irradiated) were tested. The varying macromer concentrations
showed no negative impact on the cells compared to the control group. In all three
cases, the relative metabolic activity, which can be correlated with viability, remained
about 100%. Therefore, no further studies were conducted regarding the macromer
concentration.
Xu et al. investigated the impact of LAP and Irgacure 2959 on cell viability, finding that
LAP, compared to 12959, was less cytotoxic at higher concentrations''®. Since the
specific cells used in Xu et al. experiments were not precisely known, both
photoinitiators were tested at different concentrations. Two versions of the Pl solutions
were prepared: in the first, the Pl was dissolved in DPBS and added to HUVECs
without radiation; in the second, the PI was irradiated according to the experimental
plan for 2 minutes before being added to the cells. At least the impact of two different
Pls were investigated — LAP and 12959. Non-irradiated LAP showed minimal impact
(relative viability at approximately 80% regardless of concentration) on the cells. The
irradiated LAP PI at a concentration of 0.1% (w/v) clearly demonstrated that all cells
detached from the surface, with no living cells detected (Figure 13A). Additionally, the
assessment of metabolic activity revealed that even at half the concentration (0.05%
(w/v)), no metabolic activity of the cells can be measured. Only at a concentration of
0.025% (w/v) did the relative viability reach approximately 80%.
Irgacure 2959, even the non-irradiated, exhibited a cytotoxic effect at a concentration
of 0.5 % (w/v), reducing relative viability to below 40%. Samples exposed to this
concentration of Pl showed no detectable metabolic activity. The next lower
concentration of 0.25% (w/v) displayed relatively high metabolic activity (Figure 15B).
Selection of a suitable Pl is essential when producing a bioink. Irgacure 2959 (12959)
and LAP (lithium phenyl-2,4,6-trimethylbenzoylphosphinate) belong to type |
photoinitiators and are water-soluble. Both photoinitiators are considered as
biocompatible and suitable for bioprinting.%® Here, the results show clearly that Pl
concentration plays a crucial role in metabolic activity and cell survival. Comparisons
of 12959 with LAP, showed that 12959 is less soluble in water and the duration of light
exposure for stable gelation of Gel-MA hydrogels must be increased.5®
To investigate the direct influence of the Pl concentration on the stability of the hydrogel
four Gel-MA hydrogels were produced using the previously tested LAP concentrations.
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Cells were seeded and imaged after 24 hours. At the highest concentration, the same
pattern was observed as in the previous experiment. Most cells detached, and those
remaining on the gels formed large cell aggregates, loosely adhering to the gels. The
lower concentrations did not negatively affect cell viability. However, the gel with a PI
concentration of 0.01% (w/v) did not fully polymerize and did not form a stable
hydrogel. Based on these results, LAP concentrations of 0.025% (w/v) were chosen
for further experiments, as they exhibited no negative effect on cell viability and still
formed a stable hydrogel.
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Figure 15: Investigation of individual component of Gel-MA hydrogel formulation.

(A) Live/Dead staining 2 days post seeding with different LAP concentrations (irradiated/non-
irradiated). Scale bar 200 uM. (B) Results of Tox-8 Assay, metabolic activity in different Pls
(Irgacure and LAP)
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0,1% LAP 0,05 % LAP 0,025 % LAP 0,01 % LAP control

Figure 16: Gel-MA hydrogels with different LAP concentrations.
Control on empty well without any coating.

4 Different gelatin-based hydrogels in 2D

Adding functional groups to gelatin-based hydrogels makes them a more versatile
material in regenerative medicine. According to that different hydrogels were prepared.
All formulations of the gels were prepared by Raffael Reichséliner.'®' The prepared
gels were prepared both with and without incorporated hpS to analyze the influence of
hpS on network formation. Additionally, gels without incorporated hpS were coated
with hpS to investigate the impact of hpS as external additive. An overview of all tested
gels is displayed in Table 2. For all gels a final LAP concentration of 0.025 % (w/v) was
used and the irradiation time was expanded to 3 minutes per gel.

Table 2: Overview of prepared hydrogels

without hp$S incorporated hpS (50 coated with hpS

vol%)
Gel-MA 5 wt% + +
Gel-MA 10 wt% +
Gel-MA 10 wt%, pre-cooled ¥ + + +
Gel-MA 5wt% + PVA NB (DS=7%)/DTT ( thiol ene =0.8) 5wt% +2 + +2
PVA-NB (DS=7%)/DTT ( thiol ene =0.8) 10wt% + + +
Gel-NB (DS=0.405 mol /g)/DTT +“Trap6M*“ (SFLLRNPNC) + i _
thiol ene =0.8 for DTT, thiol ene =0.2 for Trap6M)
Gel-NB (DS=0.405 mol /g)/DTT thiol ene =1) 10wt% + +
Gel-Norb (DS=0.207 mol /g)/DTT thiol ene =1) 10wt% + _3
Gel-AGE (DS=1.508 mol /g)/DTT thiol ene =1) 20wt% _4 _4 4

1.-40 minutes pre-cooling on 4 °C before UV-crosslinking

2 hydrogel polymerized, but detach from glas slide

3. no homogeneous formulation obtained after several hours of incubation at 37 °C, no hydrogel prepared

4 UV-irradiation extended to 6 min, no gelling

It has already been shown that HUVEC form capillary structures when co-cultured with
mesenchymal stem cells (MSC) in Gel-Norb hydrogels (gelatin with norbornene
groups), like those in Matrigel.'?° Based on the promising results in literature, this
hydrogel was also examined in 2D experiments, but without using co-cultures to
investigate the impact of hpS on network formation. Unfortunately, no homogenous
formulation could be obtained, thus it was not selected for further experiments in 3D.

HUVEC attached onto Gel-Norb hydrogels and built a monolayer, while on hpS-coated
23



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verflgbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

B 3ibliothek,
Your knowledge hub

General Part Master Thesis Ana Puljic

Gel-Norb hydrogels networks can be observed, which would make them to a promising
hydrogel, if an incorporation of hpS would be possible. Like other hydrogels, Gel-AGE
and PVA NB (in combination with or without Gel-MA) have properties which are
suitable for RM. Incorporation of RGD motifs for example support cell adhesion.
TRAPG (thrombin-receptor-agonist-peptide 6) can interact with platelets and
subsequently activate them, which accelerate hemostasis. This makes gelatin-based
hydrogels like Gel-NB functionalized with TRAP6 to promising candidates for
RM.101.121.122 Ag displayed in Table 2 many materials detached from glass side (Gel-
MA + PVA NB) or even did not form a stable hydrogel (Gel-AGE). No cell attachment
occurred in synthetic/hybrid hydrogels such as (Gel-MA)-PVA-NB. Hence, these
hydrogels were also excluded from further tests. Gel-NB differs from Gel-Norb due to
the presence of ionic carboxylate groups (Figure 17). Raffael Reichsoliner showed that
hpS can be incorporated into Gel-Norb and Gel-NB hydrogels, but due to batch-to-
batch variance no reproducible results could be achieved, and these hydrogels were
as well excluded from further testing.0’
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Figure 17: Structure of Gel-NB and Gel-Norb 1"

Since Gel-MA hydrogels achieved the most promising results, for further investigations
the focus was placed on Gel-MA hydrogels. Gel-MA is a methacrylated gelatin, that is
often used in biomedical applications. Gelatin is denatured collagen, which can be
found in the ECM. Like many other ECM macromolecules collagen and gelatin have
RGD motifs, which support the interaction of cells with the ECM. Biocompatibility and
low costs in production, makes Gel-MA an attractive biomaterial.'?® If necessary,
properties of Gel-MA hydrogels can be easily changed by varying macromer or PI
concentration. As displayed in Figure 16 Pl concentration influence gelation process
and stability of the hydrogel.

Stiffness influences cell behavior such as migration and proliferation. For example, it
has been shown that a Gel-MA substrate concentration of 10 % is ideal for the nerve
regeneration of PC12 cells.'® In another study, a stiffness gradient (increasing
macromere concentration) was established within Gel-MA hydrogels where HUVEC
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and MSC were incorporated. It was found that the proliferation of HUVEC reaches an
optimum at a stiffness of 27.7 to 125.6 Pascal.’® The stiffness of hydrogels can be
further increased, for example by dual crosslinking. This involves initially inducing
physical gelation by cooling at 4 °C and then producing a hydrogel using UV
crosslinking.'"

According to this, three distinct hydrogels were prepared: Gel-MA 5wt% - Gel-MA 10
wt% - and cooled Gel-MA 10 wt%, to investigate cell behavior. Figure 18 shows that
there are clear differences between gels with/without incorporated hpS, but also at
different stiffness degree. Regardless of whether hpS is incorporated or not, hydrogels
with larger substrate content, and consequently greater stiffness, HUVEC tend to form
a monolayer (Figure 18). This was as well observed with other endothelial cells on Gel-
MA.'?6 This suggests that HUVEC tend to proliferate with higher macromer
concentration. One possible explanation is the larger amount of RGD motifs, which are
known to support cell adhesion. Due to the confluency of the cells, it is difficult to
guarantee that hpS has or does not have an impact on cells, but it shows clearly that
stiffer hydrogels support cell attachment and growth.

In contrast, hpS in Gel-MA 5 wt% influences the cell behavior. Hydrogels without hpS
exhibited numerous cell aggregates, and cell detachment from the gel surface could
not be excluded. In hydrogels with incorporated hpS, HUVECs also formed
aggregates, but these were interconnected by a network. This observation supports
the hypothesis that hpS possesses pro-vascularizing properties.?? The results obtained
are also consistent with results from literature: softer gels, such as Gel-MA 5 wt% in
this case, support network like structures, whereas stiffer gels promote the formation

of monolayers.?7-129

25



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verflgbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

General Part Master Thesis Ana Puljic

Increasing Hydrogel Stiffness

Incorporated hp$S

Without incorporated hpS

B <

"Gel-MA 10 wt%, cooled

Gel-MA 5 wt% Gel-MA 10 wt%
Figure 18: Impact of stiffness on cell behavior

HUVEC seeded and two days cultivated on Gel-MA hydrogels (with/without incorporated hp$S)
with increasing stiffness. Inmunostains: DAPI-blue, F-actin-red, VE-cadherin-green

5 3D Gel-MA hydrogels

A major goal in RM is to establish a bioink suitable for biomedical applications. All prior
experiments focused on the influence of components of the biomaterials, but also on
their composition. As a next step, it is necessary to investigate cell behavior in 3D
hydrogels. Since the previous results showed that Gel-MA 5 wt% yielded the most
promising outcomes regarding network formation, it was selected for further
experiments in 3D.

Biologically active materials play a key role in tissue engineering and present one of
the three pillars of regenerative medicine. In previous experiments, hpS was used as
the biologically active component, containing important growth factors and elements of
the ECM.82 But previous research on vascularization showed that there is a possibility
to initiate cell proliferation and network establishment by co-culturing with adipose
derived stem cells (ASC). ASC support cell growth and secrete different pro-
angiogenic factors like VEGF. 130-133
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In following experiments, the focus was placed on two biological active components,
which support network formation — ASC and hpS. During the cultivation of the hydrogel
constructs the cells migrated from the middle to the outer regions of the gel and
dynamic structures in peripheral regions were observed. Immunohistochemical
staining showed that these network-like structures were built by ASC and not HUVEC,
because the used antibody (VE-Cadherin) is typically binding to endothelial cells like
HUVEC. The two groups (Gel-MA with/without incorporated hpS, cultured with ASCs
and HUVECSs) do not exhibit remarkable differences. Cells migrated from the outer
regions of the gel onto the well plate surface establishing a monolayer (Figure 19).
Potential influence of insufficient nutrient supply was ruled out by further experiments
with decreased gel “thickness”. The cells were encapsulated in thin cylindrical hydrogel
layers with a height of approximately 300-400 pym instead of a droplet hydrogel. Even
then cell migration out of the gel occurred. The diffusion limit of oxygen in tissues is
100-200 um.'3* By adjusting the thickness of the gels, the cells should have been
supplied with sufficient oxygen, but cells still migrated out of the gel and settled on the
culture surface of the well. This suggests that this phenomenon occurs due to another
fundamental problem. Culturing HUVECs over a longer period (up to 18 days) led to
re-migration of the cells into the gels. When nearly a confluency of 100 % was reached,
cells started migrating back into the gel (only at 2D-level). Within the gel (3D), cells
remained spherical without any connections to other cells and without live signal,
assuming they were dead.

No significant networks (originating from HUVEC) could be detected in all samples,
regardless of whether hpS was incorporated or not. As described above, the selection
of a suitable PI can influence cell behavior. In addition to the general toxicity within the
formulation, the formation of radicals and metabolites must also be considered, which
can also influence cell viability. Nevertheless, no precise explanation for the migration
and death of the cells can be found based on the results obtained. Since Gel-MA has
previously been shown to be a reliable material in 2D experiments, additional
investigations are needed to identify the underlying causes, but these are not part of
this thesis.
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Figure 19: 3D Experiment with HUVEC and ASC.
(A) Live Staining with Calcein AM; 3 days post seeding. (B) Immunohistochemical staining;
VECadherin (green), Phalloidin (red), DAPI (blue); 7 days post seeding. (A) i and iii: Gel-MA
without incorporated hpS with HUVEC-ASC co-culture (A) ii and iiv: Gel-MA with incorporated
hpS with HUVEC-ASC co-culture. (B) i: Gel-MA without incorporated hpS, Co-Culture of HUVECs
with ASCs; HUVEC express VECadherin (green) while ASCs not. ii: Same sample, different spot.
HUVEC migrated out of the gel and built monolayer onto glass slide

Cheng et al. developed a comparable experimental set-up in which HUVEC were
embedded as a co-culture with ASC in a Gel-MA hydrogel (10 % w/v), cultured for 21
days and then implanted into a mouse. Their experiments demonstrated that this
hydrogel is a promising candidate for future applications in vivo, since vascular
networks can be observed in vitro but as well in vivo.'3®

This raises the question of why we observed different results. Cheng et al. used a
different photoinitiator — VA-086. VA-086 is an azo polymerization Pl that can be
activated by blue-light. It is considered to be less toxic compared to alternatives like
Irgacure 2959.136.137
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6 3D Fibrin-hpS Hydrogels

An alternative to gelatine-based hydrogels are fibrin hydrogels, which are already
widely used in traumatology. Fibrin plays an important role in tissue recovery and
wound healing. Therefore, it is a common material used in trauma care, especially as
fibrin glue.'®® The principle of fibrin glue is based on natural secondary hemostasis
(Figure 20A). In case of injury a series of coagulation factors are activated via the
intrinsic or extrinsic pathway. Genetic defects that affect the coagulation factors lead
to diseases such as hemophilia.'3°

Contact activation Intrinsic Extrinsic Injury
(damaged surface) pathway pathway J,
7T Tssuefoctor € W
X Xlla (TF) Vila Vil
X1 Xla \ /
X Xa TF-Vila
X Xa Xa X
Prothrombinase X
Prothrombin complex Thrombin _,,
" -
() A Xilla
Common Fibrinogen
pathway U}

Platelet/cell
activation

Figure 20: Principle of hemostasis - Coagulation Cascade.

lllustration from literature 40

The natural formation of fibrin hydrogels was used for further experiments. Fibrinogen
is a naturally occurring glycoprotein composed of two D domains and one E domain.
Thrombin cleaves fibrinopeptide A (FpA) and fibrinopeptide B (FpB) from fibrinogen,
allowing interaction of E- and D-domains, leading to a formation of a fibrin polymer.
Factor Xllla then facilitates further cross-linking, resulting in the formation of a stable
fibrin polymer.138141.142
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A) Fibrinogen

Fibrin mesh
covalently linked

Figure 21: Schematical Figure of Fibrin Polymerization

lllustration from literature 4’

Fibrin exhibits excellent biocompatibility within the human body, making it a promising
candidate for further applications as a biomaterial in tissue engineering beside fibrin
glue. Additionally, fibrin scaffolds are naturally degradable during the healing process.
In literature two approaches of possible applications of fibrin-based scaffolds are
investigated. First, the modification of fibrin scaffolds resulting in organ specific
properties. Second, mimic fibrin properties on synthetic materials, achieving hydrogels
with ECM-properties, but reproducibility is given.4?

As previously described, HUVEC can alter their behavior and form vascular structures.
Previous studies showed that fibrin hydrogels support network formation of HUVEC
when co-cultured with mesenchymal stem cells (MSC).'43.144 MSC can be found in
adults and can differentiate into different types of cells like adipocytes or chondrocytes.
According to this they play a crucial role in different divisions of RM like neural
regeneration, wound regeneration and many more. 144,145

Due to the versatile applications and excellent biocompatibility of fibrin in humans, this
study investigated the interaction of fibrin-hpS hydrogels with endothelial cells. For all
fibrin experiments GFP-labeled HUVEC were used, unless otherwise described.
Initially, the influence of different compositions of fibrin hydrogels were investigated.
Therefore, fibrinogen and hpS concentration was varied, and the impact of thrombin
on hydrogel formation was investigated. As displayed in Figure 21 thrombin plays a
crucial role in fibrin polymerization. It cleaves FpA and FpB from fibrinogen, producing
fibrin monomers that are able to establish fibrin polymers. '4' Thrombin concentration
affects not only the structure of the fibrin clot but also the time required to form a stable
clot'46 As thrombin concentration increases, time of polymerization reaction increases
as well. In this study a thrombin concentration of 2 U/mL was used. In comparison, in
fibrin glues, like TISSEEL, a concentration of 500 U/mL is used to achieve fast wound
closure.
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Figure 22: Distribution of GFP-HUVEC in fibrin hydrogel right after gelation.
(i) fibrinogen 2.5 mg, 50 % hpS, gelation process finished after about 2 hours (ii) fibrinogen 2.5

mg, 25 % hpS, 25 % thrombin, gelation process finished within seconds

Right after the gelation process was completed, images of the samples were taken
(Figure 22). Hydrogels without thrombin remain soluble right after the production of the
formulation, incubating them for about 2 hours at 37 °C results in a full gelation of the
hydrogel. In comparison, hydrogels with included thrombin formed within seconds a
stable hydrogel. In both hydrogels cells were imaged right after gelation. In hydrogels
without thrombin cells settled down, while in hydrogels with thrombin a homogenous
cell distribution was observed. This suggests that gelling time takes too long. As
displayed in the coagulation cascade, thrombin is a key factor for the stable formation
of a clot.’®® Under certain conditions, such as the addition of specific magnesium salts
or by decrease of pH and subsequent incubation at 37 °C, fibrinogen can also form
stable hydrogels.'#7-148_As already observed in previous 2D experiments, hpS remains
liquid at 37°C. Since human placental substrate is derived from native tissue
components, it can be assumed that hpS also contains a small amount of thrombin,
which would explain the formation of a gel, when mixed with fibrinogen.

After an incubation period of 5 days, the samples were examined again under the
microscope. Within the group without thrombin, no re-migration into the hydrogels was
observed and cells remained in one plane. Nevertheless, GFP-HUVEC arranged them
into networks, which proves biological activity of hpS. In contrast, fibrin hydrogels,
produced with thrombin, showed a homogeneous distribution of cells within the gels
and an incipient formation of networks can be observed, which is not fully developed
compared to gels without thrombin (Figure 23). This can be attributed to the reduced
amount of hpS used but as well to reduced cell density in terms of the area. In the
control group (co-culture of GFP-HUVEC with ASC), fully developed networks were
established after 5 days. In all samples, no significant difference in cell behavior was
observed regarding different fibrinogen concentrations. As described in literature,
fibrinogen concentration can be varied, depending on the purpose of use.'#%%0 Since
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no significant differences were detected in previous experiments, a fibrinogen
concentration of 2.5 mg/clot was used for further experiments and thrombin is added
to achieve faster polymerization leading to homogenous distribution of the cells.

In another experiment, the hpS concentration in fibrin hydrogels was increased to 50
% (viv) with embedded HUVEC. Since thrombin was used for polymerization a
homogenous cell distribution within the hydrogel was achieved and network formation
was observed (Figure 24, iii and v). In Control (HUVEC in co-culture with ASC) HUVEC
established as well networks (Figure 24, i and iv), and in Fibrinogen-hpS gels produced
without thrombin, as shown in the previous experiment, network formation remained
stable after even 7 days of culturing (Figure 24, ii). A comparison of the fibrin hydrogels
shows a clear morphological difference in HUVEC between the control and fibrin-hpS
gels. In Control, HUVEC built capillary structures, which have been already observed
as well in other materials like collagen or Matrigel.?57.152
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Fibrinogen 2.5 mg Fibrinogen 3.75 mg Fibrinogen 5.0 mg

Py 8

50% hpS w/o Thrombin

Control 2.5 mg Fibrin HUVEC with ASC

Day 5

25% hpS 25 % Thrombin

Figure 23: Different fibrinogen-based hydrogels in 3D.
Influence of fibrin hydrogel composition on GFP-HUVEC cell behavior 5 days post seeding. Fibrinogen was examined in concentrations of 2.5 mg, 3.75

mg and 5.0 mg, as well as the presence of thrombin and the hpS concentration (25 % and 50 %). Control: Co-Culture of GFP-HUVEC with ASC.
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In contrast, in fibrin-hpS hydrogels HUVEC networks are formed but failed to achieve
capillary-like structures. Instead, the cells aggregated into smaller colonies that were
interconnected by networks, which has been already observed in 2D experiments with
hpS.

Figure 24: GFP-HUVEC 7 days after seeding in different fibrin hydrogel set-ups.
(i) fibrin hydrogel (2.5 mg fibrinogen, 50 % thrombin) GFP-HUVEC co-cultured with ASC (ii) 2.5

mg fibrinogen, 50 % hp$S, no thrombin (iii) GFP-HUVEC in fibrin-hpS hydrogel (2.5 mg fibrinogen,
50% hpS, 25 % thrombin) (iv) GFP-HUVEC (co-cultured with ASC) in fibrin hydrogel (2.5 mg
fibrinogen, 50 % thrombin) (v) GFP-HUVEC in fibrin-hpS hydrogel (2.5 mg fibrinogen, 50% hpS,
25 % thrombin)

The results obtained show that hpS stimulates network formation, but their morphology

differs from conventional capillary structures. In a study in which HUVEC co-cultures
with ASC and BMSC (bone marrow derived stem cells) were examined, it was shown
that vascular networks were formed in both co-cultures. However, only in BMSC co-
cultures perfusable micro vessels were formed, whereas in ASC the networks were
only semi-perfusable.’™ To make more precise determinations about the generated
networks, cultivating them in chips that allow for perfusion tracking would be
advantageous. This would enable more accurate assessments of the hydrogels used
and the networks formed within them; however, this is beyond the scope of the current
work.
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Summary and Conclusion

One of the biggest challenges in RM is ensuring the supply of nutrients and oxygen as
well as the removal of waste material. In a healthy person, this is carried out by the
vasculature system. Damage or injuries of organs and tissues can lead to insufficient
nutrient supply, which makes vasculature an important research field in regenerative
medicine. There are already various materials available to examine vascularization
processes. Matrigel is a commonly used material in bioscience investigating
angiogenesis and vasculature processes. Matrigel is obtained from a tumor of mice
and therefore not suitable for clinical applications.'%154 A potential alternative is hpS
(hpS), which is extracted from placental tissue.®2 The human placenta is a precious
organ rich in proteins, but in most cases disposed as waste material after birth. During
various experiments the potential of hpS in RM was investigated.

Initial experiments demonstrated that pure hpS remains liquid even when incubated at
37 °C, incorporating it into different biomaterials lead to polymerization and a potential
bioactive material supporting vasculature. Comparing two different batches to each
other demonstrated that great batch to batch variation occurs. This might be related to
different donors or loss of biological activity over time. This suggests pooling of different
batches prior use.

First incorporation of hpS into Gel-MA hydrogels (5wt%, 0.1% LAP, 50% hpS) lead to
total detachment of cells from hydrogel surface after 8 hours. In order to investigate
the exact reason for such behavior, the individual components of the formulation were
examined more closely via live/dead staining and metabolic assays. Attention was paid
to two different photoinitiators (irradiated and non-irradiated) - LAP and Irgacure 2959.
Macromer concentration and solvent did not influence cell behavior. Both
photoinitiators are classified as biocompatible, but results demonstrate that with
increasing Pl concentration viability and metabolic activity of cells decreased.

The LAP (photoinitiator) concentration was adjusted to 0.025 % and different types of
gelatin-based hydrogels were prepared. All samples were tested as with/without
incorporated or with hpS coated materials using HUVEC as endothelial cell model.
HUVEC establish under certain conditions capillary structures and are known as “gold
standard” in vascular research'®. None of the tested hydrogels, except for Gel-MA,
showed any network formation. Therefore, further focus was placed on Gel-MA
hydrogels.
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Figure 25: Investigation of individual component of Gel-MA hydrogel formulation.
(A) Live/Dead staining 2 days post seeding with different LAP concentrations (irradiated/non-

irradiated). Scale bar 200 uM. (B) Results of Tox-8 Assay, metabolic activity in different Pls
(Irgacure 2959 and LAP)

Increasing macromer concentration contributes to increasing stiffness of hydrogels.
Dual crosslinking by another level. With increasing stiffness, the establishment of a
confluent monolayer was achieved, which is consistent with previous studies. On soft
Gel-MA hydrogels with incorporated hpS typically network-like structures were built,
indicating that lower macromer concentration and softer hydrogels promote
vascularization, when biological active materials like hpS were incorporated into
hydrogels. 113.125,128,156
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Increasing Hydrogel Stiffness

Incorporated hp$S

Without incorporated hpS

L] ]
Gel-MA 5 wt% Gel-MA 10 wt%

Figure 26: Different stiffness degrees of Gel-MA.

HUVEC seeded and two days cultivated on Gel-MA hydrogels (with/without incorporated hp$S)
with increasing stiffness. Inmunostains: DAPI-blue, F-actin-red, VE-cadherin-green

In Gel-MA 3D experiments the impact of hpS was compared to co-culturing of ASC,
which are known to support vascularization of endothelial cells.'32157 In both hydrogels,
cells within 3 days migrated out of the gel without establishing networks. Initial theory
of lack of nutrient supply was disproved by reducing hydrogel thickness but obtained
same results. This suggests that hydrogel composition is not biocompatible regardless
of whether hpS was incorporated or not.

An alternative to gelatin-based hydrogels are fibrin hydrogels. Due to its versatile
applications and high biocompatibility, experiments with incorporated hpS were
performed to prove bioactive potential of hpS. As mentioned above, HUVEC can
modulate vasculature structures when co-cultured with MSC like ASC. Since hpS
substrate as well supports network formation, production of fibrinogen-hpS
formulations display a promising alternative to already existing hydrogels.

Initially, fibrinogen-hpS hydrogels were produced without any separate addition of
thrombin, resulting in hydrogels when incubated at 37°C for approximately 2 hours.
Due to expanded gelation duration all cells accumulated on the basement surface of
the gel and no homogenous cell distribution could be observed. Fibrin-hpS (25 % hpS

37



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verflgbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

B 3ibliothek,
Your knowledge hub

Summary and Conclusion Master Thesis Ana Puljic

v/v) hydrogels (with thrombin) achieved homogenous cell distribution within the gels,
and after five days of incubation initial network structures could be observed. When
comparing these hydrogels with the control sample, it was observed that hydrogels
containing 25 % hpS exhibited a slower formation of network structures. Increasing
hpS concentration resulted in a dense HUVEC network, assuming hpS contains
various bioactive molecules and proteins supporting vascularization. Since the control
and the manufactured fibrin-hpS hydrogels significantly differ morphologically,
additional investigations like presence of tubular structures would be beneficial.

Figure 27: Network formation of HUVEC
(left) control sample - GFP-HUVEC (co-cultured with ASC) in fibrin hydrogel (2.5 mg fibrinogen,

50 % thrombin) (right) GFP-HUVEC in fibrin-hpS hydrogel (2.5 mg fibrinogen, 50% hpS, 25 %
thrombin)

HpS has shown in previous trials that it consists of pro-vascularizing components that
are beneficial for medical applications. However, at the beginning of the study, some
difficulties had to be overcome. For example, a further increase in the concentration of
hpS in various gels would probably achieve better results. But due to its physical and
chemical properties, it is unfortunately not possible to produce Gel-MA hydrogels with
an increased hpS content (more than 50% hpS). An attempt to dissolve lyophilized
Gel-MA in pure hpS, for example, unfortunately did not work, as the protein content
within the formulation was too high. Even in other hydrogels, such as Gel-NB with
Trap6M or Gel-Norb, no formulation with hpS (50 vol%) could be produced. These
limitations as well as the great batch-to-batch variance could pose challenges for
clinical and research applications, as they affect reproducibility and consistency.
Nevertheless, hpS has great potential for RM due to its properties, but further intensive
research into its characterization and possible applications is still required before it can
be used in clinical settings.
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Experimental Details

Equipment

Eppendorf Centrifuge 5430
Fluorescence microscope

Freezer (< - 20°C)

Fridge (+ 4 °C)

Incubator (37°C, 5% CO2)

Laminar Flow

Light microscope

LN2-Tank

PerkinElmer EnSpire 2300 Photometer
Pipets (0.5-10 pL, 10-100 uL, 100-1000 pL)
Ultra-deep freezer (< - 80°C)

Vortex mixer

Water bath

Materials

24-well plate

6-well plate

96-well plate (flat bottom)
Aluminium foil

Cellstar®Tubes (50 mL, 15 mL)
Eppendorf tubes (1.5 mL)

Glas slides

Omnifix Syringe

Parafim®

Pipet tips (10 pL, 100 uL, 1000 pL)
Sterican needle 2 0.80 x 50 mm
Sterile serological pipets (5 mL, 10 mL, 25 mL)
T25, T75 Cell culture flasks
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Reagent Manufacturer Catalog number Storage temperature Additional information
Antibiotic Antimycotic Solution (100X) Sigma A5955-100ML +4°C medium supplement
In Vitro Toxicology Assay Kit Sigma TOX8-1KT +4°C Tox-8 Assay
Endothelial Cell Growth Medium 2 PromoCell C-22011 +4°C medium
Hank‘ Balanced Salt Solution (1X) Gibco 14025-092 RT wash and buffer solution
Dulbecco’s Phosphate Buffered Saline Sigma D8537-500ML RT diluent
TISSEEL Lyo Baxter n.a +4°C aprotinin,fibrinogen, thrombin
Fetal Bovine Serum, Research Grade Sigma F0804-500ML <-20°C medium supplement
CaClz-solution Sigma 21115-100ML +4°C thrombin solvent
Dimethyl sulfoxide AppliChem A3608,0500 RT freezing supplement, solvent
Phalloidin-iFluor 647 Reagent abcam Ab176759 <-20 °C staining of F-actin
Anti-VE Cadherin antibody - Intercellular | abcam ab33168 <-80°C staining of VE Cadherin
Junction Marker
DAPI (4',6-diamidino-2-phenylindole) Invitrogen D1306 £-20°C staining of DNA (nucleus)
goat anti-rabbit secondary antibody Thermo Fisher A16118 £-20°C secondary antibody
Growth Medium 2 SupplementMix PromoCell C39216 £-20°C Medium supplement
HUVEC Cell Chip Group n.a. LNz Endothelial Cells
ASC Cell Chip Group n.a. LN2 Co-Culturing with HUVEC
GFP-HUVEC LBI n.a. LNz Endothelial Cells
Goat serum Cell Chip Group n.a. <-20°C Blocking
Paraformaldehyde Cell Chip Group n.a. +4°C Fixation of samples
BCA Protein Assay Kit Il Bio Vision K813-2500 RT Quantification of Protein content
Calecein AM InvitrogenTM C3099 <-20°C Live staining
Ethidium Homodimer-1 InvitrogenTM E1169 <-20°C Dead staining
Matrigel™ Corning n.a. <-20°C ECM-equivalent
Human placenta substrate THT Biomaterials | n.a. <-80°C Supports network formation
Trypsin-EDTA Cell Chip Group n.a. +4°C Cell cultivation
Tween Cell Chip Group n.a. RT Staining
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Reagent Preparation

EGM-2 Medium (5 % FBS)

Endothelial Cell Growth Medium 2 500 mL
Growth Medium 2 SupplementMix 10 mL
Fetal Bovine Serum 25 mL
Antibiotic Antimycotic Solution (100X) 5 mL

volumes were adjusted as required.

The medium was stored at 4 °C and warmed up in a water bath before use. The

Live / Dead Staining Solution Dilution Example
Endothelial Cell Growth Medium 2 1.0 mL
(w/o FBS, w/o supplemental mix, w/o

antibiotics)

Calcein AM [4 mM] 1:2000 0.5 uL
Ethidium Homodimer-1 (EthD-1) [2 mM] 1:500 2.0 yL

adjusted as required.

The solution was freshly prepared and protected from light. The volumes were

Fibrinogen Stock (100 mg/mL)

use.

Lyophilized fibrinogen is reconstituted in EGM-2 medium (without FCS) and placed
in the incubator at 37 °C for 10 minutes. Afterwards, the solution is carefully swirled
and filled into Eppendorf tubes at 100 uL each and stored at < -20 °C until further
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Methods

Cell Culture Procedure

In this study two different cell lines were used — HUVEC (human umbilical vein
endothelial cells) and ASC (adipose-derived stem cells). For 3D-experiments in fibrin
hydrogels GFP-labeled HUVEC were used (alone or as Co-culture with ASC), which
were provided by the Cell Chip group at TU Vienna. ASC were used from passage 8
to 12 and HUVEC from 5 to 12. The passage number of the cells was not exceeded
during the entire study to exclude missing or insufficient network formation due to the
passage number or the age of the cells. HUVEC originate from different donors -
pooled cell line — and a cell bank from one original vial was established to minimize
batch to batch variance. All steps were performed under laminar flow unless otherwise
specified.

Thawing

Frozen cryopreserved cells were obtained from a liquid nitrogen tank and the vial
transferred into a pre-warmed water bath (37 °C). Once the cells are thawed, they were
transferred immediately into an appropriate vessel (T75 or T25, depending on cell
density) with medium. The cell suspension needs to be diluted at least 1:10. When
cells attached (approximately after 3 hours) a medium exchange was performed.
Alternatively, the thawed cell suspension can be diluted 1:50 and the medium
exchange can be done next day. The transfer of the cells into medium is a critical step,
since DMSO is toxic to cells.

Cell Seeding and Maintenance

Cells were passaged at a confluence of 80-90 %. For this the medium was discarded
and the flask washed twice with DPBS to remove remaining medium. Trypsin-EDTA
was added and the flask was placed into a humidified incubator until the cells detach.
As soon as the cells were in suspension, they were counted. For this a counting
chamber was used. The cells were seeded with a density of 10,000 — 20,000 cells /
cm?. The medium was replaced every 2-3 days.

Freezing

For long term storage in liquid nitrogen (LN2), cells were passaged as described before
and centrifuged for 5 minutes and 125 rcf. Then the supernatant was gently removed
without destroying the pellet. The pellet was resuspended into a 10% DMSO-FBS-
solution, aliquoted into cryovials, transferred into a cryo box and stored for 1 to 3 days
at < -80 °C. After that, the vials were placed into liquid nitrogen until further use. The

freezing cell density should be between 500,000 and 1,000,000 cells / mL.
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1 HUVEC on Matrigel

Matrigel was thawed at 4 °C overnight. All materials that had direct contact with the
Matrigel (plate, tips) were also pre-cooled at 4°C, since Matrigel gels irreversibly at
room temperature. The thawed Matrigel was stored on ice until further use. Matrigel™
was carefully aspirated with the pre-cooled tip and added to selected wells (avoided
bubbles). The plate was then placed in an incubator (5 % CO2, 37 °C) for 30 to 50
minutes. During this time, the cells were passaged and the required cell density was
set. After the specified incubation time, the cells were seeded directly onto the gel
without destroying it and the gels were covered with medium. First networks can
already be observed after 4 hours and network formation was completed after 18
hours. The samples were imaged at different times.

2 HUVEC on human placenta substrate (hpS)

During this study, human placenta substrate (hpS) was used in different ways as pro-
vascularizing substance — incorporating into gels, coating of wells and coating of gels.
HpS was provided as raw material and had to be first UV-sterilized for 30 min before
each use. As there was no empirical data on the product, the batch-to-batch variance
was analyzed and the possible applications were tested.

300 pL hps / 24-well (volume could be adjusted for other well sizes) was added and
incubated for 2 hours (the incubation time was varied in some experiments) at 37 °C
and 5 % CO2. HpS does not gel and remains liquid even after a 2-hour incubation
period. The cells were carefully seeded onto the liquid and medium was added without
mixing or forming air bubbles. The plate was incubated for further 24 to 48 hours and
then analyzed microscopically.

3 Influence of hydrogel components on cell viability
and metabolic activity

3.1 Live/Dead Staining

Medium was gently removed and hydrogels are washed twice with HBSS. Staining
solution was prepared (described above) and 100 pL per well was added, so that entire
hydrogel was covered with staining solution. Depending on 2D or 3D experiments,
hydrogels are incubated for 30 minutes / 45 minutes at 37°C. Afterwards, hydrogels
were washed twice with HBSS, EGM-2 Medium was added and hydrogels were
imaged (FITC (live/green)) and TRITC (dead/read). In some experiments only live
staining was performed.
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3.2. Metabolic Activity - Tox-8 Assay

Metabolic activity was evaluated in various experiments to assess which materials or
hydrogels support metabolic activity. The relative metabolic activity compared to cells
under natural cultivation conditions was analyzed. After the cells were seeded onto the
gels or separate components such as photoinitiators or macromers were added, a Tox-
8 assay was performed.

For this purpose, an assay was conducted after two days of incubation at 37°C and
5% COz2. The gels or cells were washed twice with DPBS, and 300 pL 10% Tox-8
solution in EGM-2 was added. The samples were then incubated for 2 hours at 37°C
and 5% CO2. Subsequently, the supernatant was collected, technical replicates
(triplicates) generated and analyzed using a plate reader (Settings are listed in Table
3).

Table 3: Settings of Tox-8 measurement on plate reader. Each plate was measured twice
(measurement A, measurement B)

Plate type
Name of the plate type 96 General
Number of rows 8
Number of columns 12
Number of the wells in the plate 96
Height of the plate 14.35 mm
Diameter of the well 6.5 mm
Volume of the well 300 pl

Calculations

No calculations.

Operations (Shake)

Duration 5s
Speed 60
Diameter 3 mm
Shake mode Linear
Plate location Inside
Measurement
Meas A+B
Tech Fluorescence
Shake Duration 5s
Speed 60
Diameter 3 mm
Shake mode Linear
Plate location Inside
First assay/plate repeat affected 1
Last assay/plate repeat affected 1
Exc. filter N/A
Using of excitation filter Bottom
Excitation wavelength 562 nm
Emission wavelength 585 nm
Measurement height 3 mm
Number of flashes 100
Number of flashes integrated 100
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4 Different gelatin-based hydrogels in 2D

Different types of hydrogels were provided by Raffael Reichsoliner at the Institute of
Applied Synthetic Chemistry. The formulations were either sterile filtered or, if filtration
was not possible, UV sterilized post polymerization. To investigate the influence of hpS
in different hydrogels on network formation of HUVEC per hydrogel three different
hydrogel-variants were produced:

1. Hydrogels without hpS
2. Hydrogels with incorporated hpS (different amounts of hpS)
3. Hydrogel without incorporated hpS, but coated with hpS

For polymerization, one drop of the formulation was pipetted onto a Teflon block and
pressed flat with a glass plate to create a flat surface. In the next step, depending on
the PI, LAP or Irgacure, the still liquid formulation was polymerized with a specific
wavelength. The platelets with the gels adhering to them were then carefully lifted
without destroying the gel and transferred to the wells. The gels were then washed
twice with DPBS, the cells were seeded directly onto the gel and then incubated for
two hours at 37 °C and 5 % COz. After the cells had adhered to the gels, additional
EGM-2 medium was added so that the gels and cells were completely covered with
medium.

5 3D Gel-MA hydrogels

Gel-MA (5wt%) formulations were provided by Raffael Reichsdllner at the Institute of
Applied Synthetic Chemistry. HpS was prior incorporation 30 min UV-sterilized.
Afterwards cells (ASC and HUVEC) were harvested, counted and centrifugated at 150
rcf for 5 minutes. Afterwards, supernatant was discarded, and cells were re-suspended
into prepared Gel-MA with appropriate cell density. Under the laminar flow, 50 uL of
formulation (with incorporated cells) were pipetted into each well and polymerized.
After polymerization, EGM-2 medium was added so that the gels and cells were
completely covered with medium. Plates were incubated at 37 °C and medium was
exchanged every 2-3 days.

5.1 Immunostaining

At specific time points, hydrogels were fixed with para-formaldehyde (PFA). For this
purpose, they were washed three times with HBSS and then fixed with PFA (PFA 4%
in HBSS) at room temperature (10 minutes for 2D gels, up to 30 minutes for 3D gels).
After fixation, the wells were washed three times with HBSS, and a permeabilization
solution (0.1% Tween 20 in HBSS) was added for 30 minutes at room temperature.
The hydrogels were then washed three more times with HBSS and incubated with
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blocking buffer (2% goat serum in HBSS) for at least one additional hour at room
temperature (incubation can be extended for several days at 4°C).

During the staining process, the following components were targeted: VE-Cadherin, F-
actin, and cell nuclei. First, a VE-Cadherin antibody was diluted 1:1000 in blocking
buffer, added to the wells, and incubated overnight at 4°C in the dark. The next day,
the wells were washed three times with HBSS, and a staining solution containing DAPI
(1 pg/mL) and Phalloidin i-Fluor 647 reagent (1:200) in blocking buffer was added and
incubated for another hour at 4°C. After three more washes with blocking buffer, the
buffer was added back to the wells, and the samples were subsequently imaged using
microscopy.

6 3D Fibrin-hpS-Hydrogels

Fibrinogen (100 mg/mL) is thawed at room temperature, and thrombin (stock 500
U/mL) is diluted to 2 U/mL in CaClz. Before preparing the hydrogels, round glass slides
are washed in 70% ethanol, air-dried, and then stored in sterile well plates. The cells
are then harvested, counted, centrifuged, and resuspended at the desired cell density
as previously described. Fibrinogen is added to the cell suspension (note the final
concentration of fibrinogen per clot).

The following steps must be carried out quickly, as the gels polymerize within seconds
after the addition of thrombin. Two pipettes are prepared for this purpose. In the
experiments conducted, 50 yL clots were prepared, requiring two 100 uL pipettes. One
pipette was set to 30 L, and the other to 50 yL. Depending on whether and how much
thrombin was to be included in the hydrogel, the procedure was as follows:

o Fibrin hydrogel, 50 % Thrombin, without hpS (control)

Add 30 pL of the fibrinogen-cell mix, then add 30 pL thrombin (2 U/mL). Mix by
repeatedly aspirating and dispensing 50 uL with the pre-set pipette and carefully
pipette a drop onto the glass slide without creating air bubbles. Afterwards, the
clots incubated at 37°C in an incubator for 20 minutes.

o Fibrin hydrogels with hpS and thrombin

The desired amount of hpS and thrombin per hydrogel determines the
procedure. For example, for a hydrogel with 50% hpS and 25% thrombin, the
cell suspension-fibrinogen mix (25%) must be prepared with the appropriate
concentration to achieve the desired final concentrations of cells and fibrinogen.
Then, hpS is pipetted into the cell-fibrinogen mix and mixed. Finally, thrombin is
added, mixed with the pre-set pipette as described, and pipetted onto the glass
slide. The proportions of hpS and thrombin can be adjusted as needed, but it is
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important to always add thrombin last. Afterwards, the clots incubated at 37°C
in an incubator for 20 minutes.

o Fibrinogen-hpS hydrogels without thrombin:

The cell suspension was mixed with fibrinogen, and the desired amount of hpS
was added. The required amount of the formulation was then gently pipetted
onto a glass slide and incubated at 37°C in an incubator for 2 hours. (Caution
during transport — the formulation does not polymerize before incubation.)

After the incubation period, EGM-2 medium is added to the respective clots and further
incubated at 37°C in the incubator. Medium was exchanged every 2-3 days. At desired
time points, images were taken, and additional assays were performed for further
analysis.

Research Tools

Literature search was conducted using Google Scholar and PubMed. Writing was done
in Microsoft® Word® (Microsoft® 365 MSQO) and arrangement of images in Microsoft®
PowerPoint® (Microsoft® 365 MSQ). Microscopic images were edited using ImageJ.'%®
ChatGPT 3.5 and DeepL were used for paraphrasing and text editing. Citations were
added using Mendeley Reference Manager software.
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Abbreviations
2D two-dimensional
3D three-dimensional
ASC adipose derived stem cells
CaCl2 Calcium chloride
CO2 Carbon dioxide
DMSO Dimethyl sulfoxide
DPBS Dulbecco's phosphate-buffered saline
EC Endothelial Cells
EDTA Ethylenediaminetetraacetic acid
EGM-2 Endothelial Cell Growth Medium 2
EthD-1 Ethidium Homodimer-1
FCS fetal calf serum
FDA food and drug agency
GFP Green fluorescent protein
HBSS Hank’s Balanced Salt Solution
hps Human placenta substrate
HUVEC Human Umbilical Vein Endothelial Cells
LAP Lithium phenyl-2,4,6-trimethylbenzoylphosphinate
LBI Ludwig Boltzmann Institute
LN2 Liquid nitrogen
n.a. not applicable
PFA Paraformaldehyde
rcf relative centrifugal force
RM Regenerative Medicine
RT Room temperature
TU Technical University
uv Ultraviolet
VEGF Vascular endothelial growth factor
DTT Dithiothreitol
PEG Polyethylene glycol
PA Polyacrylamide
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