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. Abstract

The demographic change in western countries leads to an increasing number of chronic
wounds which require adequate health care as age and age-associated diseases, including
diabetes, are major risk factors for their development. Chronic wounds are in a state of
persistent inflammation which inhibits the proliferation and angiogenesis necessary for
physiological wound healing. A promising approach to improve angiogenesis in chronic
wounds is the application of bioactive wound dressings mimicking the extracellular matrix and
releasing pro-angiogenic factors into the surrounding tissue. Hydrogels based on collagen and
derivatives of naturally occurring glycosaminoglycans, including sulphated hyaluronan (sHA),
showed promising results for the delivery of pro-angiogenic factors as well as limiting their
rapid degradation in vivo. Furthermore, tissue inhibitor of matrix metalloproteinase 3 (TIMP-3)
could limit the degradation of vascular endothelial growth factor A (VEGF-A) without significant
inhibition of angiogenesis. However, the current collagen-based hydrogels are limited because
of the chemical heterogeneity of collagen resulting in heterogenous hydrogel properties,
whereas gelatine offers an alternative with homogenous chemical properties as well as the
potential use in bioprinting. This thesis developed a biomimetic glycosaminoglycan-gelatine
hydrogel system and examined it for its mechanical properties and for the controlled release
of the pro-angiogenic factor VEGF-A and the inhibitor of matrix degradation TIMP-3. Hydrogels
based on 10% methacrylated gelatine (GelMA) showed promising results regarding their
mechanical stability and therefore were chosen to conduct further experiments. Compared to
GelMA and GelMA/hyaluronan (HA) hydrogels, GelMA/sHA hydrogels showed an improved
hydrogel stiffness and swelling which are necessary for a drug-delivery system. All hydrogel
types were able to bind and release both VEGF-A and TIMP-3. Initially, all hydrogels bound
similar amounts of VEGF-A and/or TIMP-3 but only GelMA/sHA hydrogels showed a constant
release of VEGF-A and/or TIMP-3 for 21 days whereas both GelMA and GelMA/HA hydrogels
rapidly released large amounts of VEGF-A and/or TIMP-3. The released VEGF-A and TIMP-3
was examined for its remaining bioactivity. VEGF-A released from GelMA/sHA hydrogels
showed an increased VEGF receptor stimulation on KDR/NF AT-RE HEK293 cells compared
to VEGF-A released from GelMA and GelMA/HA hydrogels. Similar results were found for
TIMP-3 after release from GelMA/sHA hydrogels as it still showed inhibitory potential towards
two major enzymes in extracellular matrix remodelling, collagenase and matrix
metalloproteinase 9. In summary, the present thesis shows the potential of GelMA/sHA
hydrogels for the controlled delivery of bioactive VEGF-A and TIMP-3 over a prolonged period.
This highlights the promising potential of GeIMA/sHA hydrogels as off-the-shelf bioactive

wound dressings in future.
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ll. Zusammenfassung

Der demographische Wandel in westlichen Landern fiuhrt zu einer Zunahme der Zahl
chronischer Wunden. Diese bendtigen eine angepasste Gesundheitsversorgung, da
besonders das Alter sowie altersassoziierte Erkrankungen, z. B. Diabetes mellitus,
Risikofaktoren fir die Entstehung von chronischen Wunden sind. Chronische Wunden
befinden sich in einem Zustand der dauerhaften Entziindung, die die fir die physiologische
Wundheilung notwendige Proliferation und Angiogenese inhibiert. Ein vielversprechender
Ansatz zur Verbesserung der Angiogenese in chronischen Wunden ist die Verwendung von
bioaktiven Wundauflagen, die die extrazellulare Matrix nachahmen. Hydrogele, die auf
Kollagen und Glykosaminoglykanderivaten, wie zum Beispiel sulfatiertes Hyaluron (sHA),
basieren, zeigten vielversprechende Ergebnisse fur die Freisetzung von pro-angiogenen
Faktoren. Des Weiteren kdnnen bioaktive Wundauflagen pro-angiogene Faktoren in das
umliegende Gewebe abgeben und den schnellen in vivo-Abbau dieser begrenzen. Weiterhin
kénnte der Gewebsinhibitor der Metalloproteinasen 3 (TIMP-3) den Abbau von vaskuldrem
endothelialem Wachstumsfaktor A (VEGF-A) einschréanken ohne signifikante Inhibition der
Angiogenese. Allerdings sind die aktuellen, Kollagen-basierten Hydrogele durch die
heterogenen chemischen Eigenschaften des Kollagens und den daraus resultierenden
heterogenen Hydrogeleigenschaften eingeschrankt. Als Alternative bietet Gelatine homogene
chemische Eigenschaften und die mogliche Nutzung im Rahmen des Bioprintings. In dieser
Arbeit wurde ein biomimetisches Glykosaminoglykan-Gelatine Hydrogel entwickelt und
dessen mechanische Eigenschaften sowie die kontrollierte Freisetzung von dem pro-
angiogenen VEGF-A und dem Inhibitor des Matrixabbaus TIMP-3 untersucht. Hydrogele
basierend auf 10% methacrylierter Gelatine (GelMA) zeigten vielversprechende Ergebnisse
hinsichtlich ihnrer machanischen Stabilitat, sodass mit diesen weitere Experimente durchgefuhrt
wurden. GelMA/sHA Hydrogele zeigten verbesserte Steifheit und Schwellung verglichen mit
GelMA und GelMA/Hyaluron (HA) Hydrogelen. Dabei handelt es sich um notwendige
Eigenschaften fur sog. ,drug-delivery“-Systeme. Alle Hydrogelarten waren in der Lage VEGF-
A sowie TIMP-3 zu binden und freizusetzen. Initial banden alle Hydrogele dahnliche Mengen an
VEGF-A und/oder TIMP-3, aber nur GelMA/sHA Hydrogele zeigten eine konstante Freisetzung
von VEGF-A und/oder TIMP-3 Uber 21 Tage, wohingegen die Freisetzung aus GelMA und
GelMA/HA Hydrogelen schnell groe Mengen an VEGF-A und/oder TIMP-3 freisetzten. Die
verbleibende biologische Aktivitat von freigesetztem VEGF-A und TIMP-3 wurde untersucht.
VEGF-A zeigte nach seiner Freisetzung aus GelMA/sHA Hydrogelen, im Vergleich zu GelMA
und GelMA/HA Hydrogelen, eine verstarkte Aktivierung des VEGF-Rezeptors von KDR/NF AT-
RE HEK293 Zellen. Ahnliche Ergebnisse fanden sich fiir TIMP-3 nach der Freisetzung aus
GelMA/sHA Hydrogelen. TIMP-3 zeigte weiterhin eine inhibierende Wirkung gegeniber zwei

wichtigen Enzymen des Remodellings der extrazellularen Matrix, Kollagenase und
12



Matrixmetalloprotease 9. Zusammenfassend zeigt die vorliegende Arbeit das Potential von
GelMA/sHA Hydrogelen zur kontrollierten Freisetzung von bioaktivem VEGF-A und TIMP-3
Uber langere Zeit. GelMA/sHA Hydrogele haben das Potential zukiinftig als bioaktive ,off-the-

shelf*-Wundauflagen angewandt zu werden.
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1.Introduction and theoretical background

1.1. Introduction

1.1.1.Relevance of angiogenesis in chronic wounds

The pooled prevalence of chronic wounds is estimated at 2.21 per 1000. However, specific
data regarding the prevalence of chronic wounds is incoherent because of different
classifications and reporting systems in literature [78]. When it comes to Germany, 785000
patients within the general population suffered from chronic wounds in 2012. Within three
years, an increase of 50% in treatment-relevant chronic wounds was found [47]. More current
data suggests that, between 2012 and 2018, 7.8% of all German nursing home residents
suffered from chronic wounds [100]. By comparison, a study of routine-linked health data of
the Welsh National Health Service revealed a chronic wound prevalence of 6% amounting to

costs of £ 328.8 million equalling 5.5% of the costs in Welsh health care [94].

Especially the aging population has an increased risk of chronic wounds requiring adequate
health care. The spectrum of risk factors for impaired wound healing is broad and includes
factors such as age, disease, e.g., diabetes mellitus, infection, hypoxia and medication, e.g.,
glucocorticoids and chemotherapy [41]. The risk factors for chronic wounds often are
accompanied by each other. Age, wound infection and diabetes are independent risk factors

and therefore the risk of a circulus vitiosus is increased [32,41,56].

Wound healing in general consists of a set of four steps: I) haemostasis, 1) inflammation, 111)
proliferation, including angiogenesis and extracellular matrix (ECM) production, and
IV) remodelling. Wounds with impaired healing are often “trapped” in a state of pathological
inflammation and therefore do not enter the phase of proliferation and angiogenesis [41].
Current treatment options for chronic wounds include debridement, infection control, creating

a moist environment and regular monitoring of the wound size [11,148].

Bioactive wound dressings which stimulate angiogenesis and ECM formation e.g., by using
adipose-derived mesenchymal stem cells, seem to be promising alternatives for the treatment
of impaired wound healing [43]. Proliferation of endothelial cells can be increased if treated
together with sulphated hyaluronan (sHA) and vascular endothelial growth factor A (VEGF-A).
Glycosaminoglycans (GAG) are polysaccharides, consisting of repetitive disaccharide units.
They are ubiquitous within the human body and they are key regulators of several physiological
or pathological condition e.g., angiogenesis, wound healing and tumorigenesis [53].
Previously, collagen-based hydrogels containing sulphated glycosaminoglycans (sGAG) have

been shown to have two advantages: |) they can mediate VEGF-A release which promotes the

14



formation of endothelial tubes and II) sGAG can increase VEGF-A availability and endothelial
proliferation which is a crucial step in the formation of new blood vessels and therefore offers

the opportunity for a targeted therapy [87,111].

However, Rother et al. used a collagen-based hydrogel. Collagen-based hydrogels are limited
in their use by a low mechanical stability, fast degradation and limited possibilities for
bioprinting [111,125].

Therapeutic strategies that effectively stimulate angiogenesis have the potential to significantly
improve wound healing outcomes. Innovative biomaterials such as methacrylated gelatine
(GelMA)-based hydrogels are emerging as promising tools in this context. GelMA hydrogels
are biocompatible, non-toxic and non-immunogenic, suitable for bioprinting and customizable
for controlled growth factor release, making them ideal candidates for promoting angiogenesis
in chronic wound therapy. Furthermore, the mechanical properties of GelMA hydrogels can be
modified to imitate the ECM [155]. Additionally, the incorporation of sulphated
glycosaminoglycans (sGAG) into hydrogels has been shown to regulate key modulators of
angiogenesis, such as vascular endothelial growth factor (VEGF) and tissue inhibitor of
metalloproteinases 3 (TIMP-3). By influencing the bioavailability of VEGF and mitigating the
inhibitory effects of TIMP-3 on angiogenesis, sGAG-modified hydrogels offer a dual advantage

in supporting both tissue regeneration and vascular growth [5,99,108,115].

Against this background, this thesis aims to explore the development of biomaterials that
integrate GelMA hydrogels with sGAG to create a scaffold that enhances wound healing. Such
an approach not only holds promise for overcoming the pathologic inflammatory phase but
also fosters physiologic tissue regeneration, providing a novel therapeutic avenue for patients

suffering from chronic wounds.

1.1.2.0bjective of my work

Angiogenesis is an omnipresent subject in the field of medicine and medical research. The
increased risk for impaired wound healing due to an aging population and the mismatch
between availability and need of donor organs, and therefore the necessity of tissue
engineering, makes it even a more important subject [41,76]. Hyaluronan (HA) is a GAG
ubiquitous in the ECM and therefore in all tissues and plays an important role for cell and tissue
functionality [12]. sHA mimics physiological ECM functions and therefore it is suitable for the
use in an artificial ECM (aECM) [111]. The unique biochemical properties of GelMA make it
ideal for the use as a scaffold for cells. These biomaterials can be combined to an aECM. The
goal of this thesis is to develop a biomimetic functional hydrogel system that allows the defined
release of pro- and anti-angiogenic factors. In future, this might be useful to stimulate wound

healing as well as angiogenesis during medical treatment. Figure 1.1 shows the possible
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application of a GelMA-based and sulphated, acrylated hyaluronan (sHA1-AC)-functionalized

hydrogel as a drug-delivery system to promote wound healing and angiogenesis.

VEGF-A

GelMA/sHA1-AC hydrogel - TIMP-3

A - BT e
A BB

|

" Healedskinwound

Bioactive molecules

Figure 1.1 Possible approach to facilitate wound healing using a GelMA-based GAG-functionalized
hydrogel. The hydrogel can be used for the delivery of VEGF-A and TIMP-3 as bioactive molecules for
improved wound healing and angiogenesis.

1.1.3.Hypothesis

To reach the goal of this thesis, the following three hypothesis were tested for the hydrogel

system:

l. GelMA-based hydrogels can be functionalized with photocrosslinkable HA
derivatives.

Il sHA1-AC-functionalized hydrogels show improved mechanical properties and
stability over an extended period compared to GelMA-based hydrogels without
GAG-functionalisation.

Il sHA1-AC functionalized hydrogels can facilitate a controlled release of
bioactive VEGF-A and/or TIMP-3 over an extended period of time.



1.2. Theoretical background

1.2.1.Angiogenesis: from cell to vessel

1.2.1.1.  Structure of blood vessels

All blood vessels have the same basic properties, yet they must adapt to their specific function.

For example, the main purpose of the coronary arteries is to deliver oxygen to cardiac muscle

cells, whereas the vessels of the nephron serve the purpose of ultrafiltration. However, the

histological organization is similar. The structures of the vessel wall are named tunic, Latin

meaning “membrane or related structure covering or lining a body part or organ”. The tunics

are named from the lumen to the periphery (Table 1.1 and Figure 1.2) [96]:

Table 1.1 Different layers of blood vessels and their specific morphology.

Tunica Morphology References

Tunica intima Single endothelial cell layer on basal membrane, | [96,135]
connective tissue, membrana elastica interna,
pericytes

Tunica media Smooth muscle cells, elastic fibres, membrana | [96,135]
elastica externa

Tunica adventitia Connective tissue, neurons, vasa vasorum [96,135]

Tunic

Figure 1.2 Histology of blood vessels. A: Simplified schematic of a vessel wall depicting lumen, tunica

intima, tunica media and tunica adventitia. B: Schematic of the histological wall structure. 1:

endothelial cells, 2 and 8: connective tissue, 3: Membrana elastica interna, 4: smooth muscle cells, 5:

elastic fibres, 6: Membrana elastica externa, 7: Vas vasorum. Adapted and modified after [135].
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1.2.1.2.  Physiology of blood vessels

Blood vessels play an important role in the human body. Their role is to “guide” the blood
through the cardiovascular system and enable an exchange between blood and cells.
Therefore, blood vessels and blood cells transport necessary metabolites such as oxygen to
the cells but they are also necessary for the elimination of cellular products such as carbon
dioxide. This shows the importance of blood vessels for normal cellular function and
homeostasis [96]. Blood vessels are important for housekeeping functions of the organism.
The vascular endothelium plays an integral role in haemostasis regulation. Healthy
endothelium hinders coagulation whereas an endothelial defect promotes it [1]. This is partly
due to effect of endothelial nitrogen oxide which plays an important role not only in haemostasis
but in the regulation of blood flow and pressure as well as in the regulation of angiogenesis

and inflammation [28].

1.2.1.3.  Definition of angiogenesis

Angiogenesis can be defined as the development of new blood vessels out of an existing
vascular structure (Figure 1.3). It is an important process for tissue formation e.g., embryonic
development, and repair as well as physiological remodelling to accommodate new conditions.
But its role is not limited to physiological processes, angiogenesis plays an important role in
pathological conditions such as tumour development and atherosclerosis [91]. In contrast,
vasculogenesis means the in situ formation of capillaries out of progenitor cells, the so-called
angioblasts [134]. It should be mentioned that angiogenesis is very rare under physiological
conditions, except for example in skeletal muscle and the endometrium, but increases under

pathophysiological conditions e.g., after physical trauma [93].
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Figure 1.3 Schematic of physiologic angiogenesis. A pre-existing vessel starts to sprout new vessels
after exposure to an angiogenic stimuli. The sprouting is followed by a maturation which leads to the

formation of a working vascular network.

1.2.1.4. Physiology of angiogenesis
There are two mechanisms for angiogenesis: one is the sprouting of endothelial cells (SA) and
the other is the intussusceptive angiogenesis (IA). Sprouting refers to the proliferation of
vascular endothelial cells into the surrounding tissue whereas intussusceptive angiogenesis
means the division of one blood vessel into two different blood vessels caused by a tissue pillar
[134]. In angiogenic sprouting the vascular endothelial cells (VEC) show a growth into the ECM
which means proliferation is directed outward. |IA could be referred to as an inward growth of
the endothelial cells (EC) into the vessel lumen. Both processes are relevant for the
development of a functional vascular network and therefore play a role in physiological and
pathological angiogenesis. The main differences between both types, except for the direction

of the vascular growth, are the following:

1) Dependence on blood flow: 1A is dependent on blood flow, SA on the other hand is not.

2) VEC proliferation: SA is associated with an increase in VEC proliferation whereas |IA
“thins” the endothelial cell layer out.

3) Metabolic costs: the metabolic efficiency is better in IA than in SA.

4) Duration: SA has a duration of a few days, but IA can remodel the vascular system
within few minutes or hours.

5) Perfusion: after SA there is a perfusion-free interval until the new formed capillary is
integrated in the vascular network whereas with IA there is no such interval.

6) Both processes are important for vessel proliferation but IA's plays an important role

for vessel remodelling as well.
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This shows that both types of vessel formation are complementary to one another. However,
in general, angiogenesis is associated with the sprouting of endothelial cells [24]. Sprouting
angiogenesis consists of several steps: it starts with an increase in the number of EC and their
migration. Following this step, the VEC form a tube, the precursor of the developing vessel,
which is followed by VEC discrimination and ripening. The regulation of angiogenesis involves
a broad spectrum of growth factors and other molecules which have their own respective
signalling pathways [113]. An overview of the involved signalling pathways will be given later
(1.2.1.5.).

On the cellular level, pro-angiogenic signals lead to the development of a so-called tip cell with
filopodia for signal-sensing. These tip cells guide the sprouting vessel to the site of factor
production. The tip cell is followed by stalk cells that proliferate and as a result form the vascular
tube. After vessel perfusion, these stalk cells will become phalanx cells and differentiate to
cells of the vascular endothelial layer (Figure 1.4). Stalk and tip cells are not pre-determined.
Instead, it is a plastic process in which tip cells can become stalk cells and the other way
around. This flux ensures that the “fittest” endothelial cell guides the stalk cells to their target
site [93]. Important for the formation of a tip cell is a complex interaction between vascular
endothelial growth factor receptor 1 (VEGFR-1) and vascular endothelial growth factor
receptor 2 (VEGFR-2), neurogenic locus notch homolog protein (notch) and other receptors.
Vascular endothelial growth factor A (VEGF-A) stimulation enables the tip cell to form filopodia.
The increased expression and conformational changes of notch and a handful of other
receptors hinders neighbouring cells to become tip cells. On the other hand, tip cells express
vascular endothelial growth factor receptor 3 (VEGFR-3) for vascular endothelial growth
factor C (VEGF-C) binding. This interaction of growth factor and receptor seems to be essential
to the solidity of angiogenic sprouts. Stalk cells express higher quantities of the non-angiogenic
VEGFR-1 which binds VEGF-A without initiating the signalling process. Therefore, the normal
pro-angiogenic effect of VEGF-A on these cells is diminished. This complex regulation shows
that tip cell formation as well as sprouting angiogenesis underlies a firm physiological control
mechanism. However, the exact regulation of endothelial tip cell formation still needs to be
determined [27].
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Figure 1.4 Sprouting angiogenesis as a schematic. A tip cell with filopodia follows the pro-angiogenic
factors into the ECM and is followed by the so-called stalk cells. After the formation of a new vessel the
tip and stalk cells differentiate to phalanx cells which coat the vessels lumen. Modified and adapted from
[104].

1.2.1.5. Regulation of angiogenesis

A key regulator of angiogenesis is VEGF-A. The vascular endothelial growth factor (VEGF)
family consists of five subtypes A to E. For vascular angiogenesis, VEGF-A is the most
important growth factor. The VEGF-A family consists of several isoforms such as VEGF 165 and
VEGF121. These isoforms are the result of alternative splicing. VEGF 165 is the most common
isoform and the one with the greatest physiological relevance. VEGF 165 has just one heparin-
binding site, which leads to VEGFes being partly bound to the ECM and being partly
soluble [5]. VEGF1es can be divided into the pro-angiogenic isoform VEGF1es2 and the anti-
angiogenic isoform VEGF1es, and both isoforms have heparin-binding domains with different
structures. As a result, VEGF 1652 binds to sHA whereas the anti-angiogenic isoform does not
[69,111]. Rother at al. showed that VEGF-A has an increased binding strength towards sHA
than naturally occurring GAG such as chondroitin sulphate (CS) and HA [111].

VEGF1es does not only play an important role in angiogenesis, but it also acts as a growth
factor for other cell types such as lymphocytes or hematopoietic stem cells and is associated
with embryonic implantation and the female reproductive cycle [42]. There is evidence
supporting the hypothesis that endogenous VEGF may be necessary for endothelial cell
viability, this seems to apply to other cells such as stem and tumour cells. The underlying
signalling pathways are yet to be fully understood [27].
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Signalling requires the binding of VEGF to its receptor VEGFR with its three subtypes 1 to 3.
VEGFR-1 and VEGFR-2 are mainly expressed on endothelial cells and VEGF-A binds to both
types. VEGFR-2 has a lower affinity to VEGF-A than VEGFR-1 but nonetheless it is the main
receptor for VEGF-A. The primary function of VEGFR-1 is to bind VEGF-A and thereby
reducing the bioavailability of VEGF-A and inhibiting angiogenesis. The affinity of VEGF-A
towards VEGFR-2 is increased if heparin is bound to the heparin-binding domain of VEGF-A.
The activation of VEGFR-2 as main signal receptor for angiogenesis regulates EC mitosis and
permeability. After activation VEGFR-2 is internalized. This is important for the regulation of
the signalling pathway as well for the regulation of the cell's response to VEGF as one part of
VEGFR-2 seems to be cycling and another one seems to be stable on the cells surface. One
of the major impact factors on angiogenesis is hypoxia and its impact is mainly regulated via
hypoxia inducible factor (HIF) but not exclusively. Factors such as epidermal growth factor and
platelet-derived growth factor play a role as well. These factors regulate the expression of the
VEGF gene and are therefore inevitably necessary for the VEGF/VEGFR signalling pathway.
Activation of VEGFR-2 leads to the regulation of different kinases (e.g., phosphoinositide 3-
kinase and mammalian Target of Rapamycin) which in turn regulate the different steps of
angiogenesis. The pathway is controlled by a negative feedback-loop via notch-signalling
pathway. An increase in notch-signals in nearby cells leads to a decrease in VEGFR-2
expression [5,27,30,42].

Another inhibitory regulator of angiogenesis is TIMP-3. TIMP-3 inhibits angiogenesis through
hindering the chemotactic properties of VEGF towards VEC. The VEGF-mediated chemotaxis
of VEC is important for a functional angiogenesis [4]. TIMP-3 differs from other TIMPs by its
lack of solubility as it is firmly bound to GAG within the ECM [115,153]. However, TIMP-3 not
just inhibits the interaction of VEGF-A and VEGFR-2 by competing for the same binding site
as VEGF-A, it decreases the amount of secreted matrix metalloprotease 2 and 9 (MMP-
2, MMP-9), mediated by VEGF, as well [21,124]. Like VEGF-A interacts with sGAG derivatives,
TIMP-3 was shown to be influenced sGAG as well. A complex of sGAG/TIMP-3 decreases
TIMP-3 ability to bind to VEGFR-2. This inhibitory effect of sGAG on TIMP-3 needs a much
smaller amount of sGAG than the same mechanism with VEGF. Therefore, sGAG inhibit the
binding of TIMP-3 to VEGFR-2 more effectively than VEGF. The interaction is influenced by
the sGAG degree of sulfation and its concentration. sSGAG do not decrease the inhibitory effect
of TIMP-3 towards matrix metalloproteinases (MMP) [108].

Furthermore, it was found that von Willebrandt-factor deficient mice had an increased
vascularisation, especially in the ear and brain. Therefore, the evidence suggests that von
Willebrandt-factor inhibits angiogenesis but only to a small extend and its relevance in

embryonic development seems to be minor. Such inhibition of angiogenesis due to von
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Willebrandt-factor is caused by an impact on VEGFR-2 signalling but the exact pathway

remains unknown [102].

Angiogenesis is influenced by the catecholamines adrenaline, noradrenaline and dopamine.
The effect of dopamine on angiogenesis depends on the respective receptor. Whereas
dopamine D2 receptor inhibits angiogenesis, its counterpart the dopamine D1 receptor
promotes angiogenesis. This should be kept in mind because catecholamines play an
important role in physiologic as well as pathophysiologic conditions such as chronic wounds

associated with stress [15].

Yet another pro-angiogenic factor that is associated with VEGF is nitric oxide (NO). VEGF
regulates the activation and phosphorylation of endothelial NO synthase[39,147]. This leads

to the production of endothelial NO which on the other hand induces angiogenesis [39].

The regulation of angiogenesis is complex and involves a variety of different systems of the

human body. An overview of the different signalling pathways is given in Figure 1.5.

. Glycosaminoglycans
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- Tissue inhibitor of matrix metalloproteinase 3
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Figure 1.5 Overview of the major signalling pathways involved in angiogenesis. The interaction of VEGF,

‘A‘h- "

GAG and VEGFR is shown which leads to an increase of angiogenesis, as well as the pro-angiogenic
NO. Depicted as well is the inhibitory interaction of TIMP-3 and VEGF and its modulation via GAG.

VEGFR expression is regulated via HIF and notch-signals.

1.2.1.6.  Disruption of physiologic angiogenesis
The normal function of the endothelium is necessary for angiogenesis. If the endothelium is
dysfunctional, it inevitable affects normal angiogenesis, e.g. in peripheral arterial disease
(PAD). This leads to an increase in peripheral ischaemia and to a decrease in microcirculation
[44,106]. Not only does endothelial dysfunction impair angiogenesis in PAD but also the

increased secretion of the antiangiogenic isoform VEGF4es.. Interestingly, VEGF1es, is
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associated with metabolic dysfunction and its secretion is activated by obesity via protein
Whnt5a/Jun N-terminal kinase pathway, this could be a reason why VEGF-A treatment in PAD
is not efficient [44,55].

A decrease in angiogenesis is one of the reasons for impairment in chronic wounds. In chronic
venous ulcers the degradation of VEGF-A by proteases, such as plasmin, and an increased
concentration of VEGFR-1 as neutralizing agent for VEGF-A could lead to the described
impairment in wound healing [26,61,138]. In chronic diabetic wounds yet another mechanism
is responsible for the healing impairment: a dysfunction of wound macrophages, as major
“production site” for angiogenic factors, at the wound site and therefore a deficiency of VEGF-

A and other pro-angiogenic factors is responsible for the decrease in angiogenesis [84,92,120].

Another example for the disruption of angiogenesis in a pathophysiologic condition is diabetic
retinopathy (DR). In DR a retinal hypoxia or ischaemia caused by capillary occlusions leads to
an increase of HIF-1. An increase of HIF-1 leads to an enhanced VEGF-A expression. VEGF-
Ais associated with VEC mitosis and the formation of new, in this case dysfunctional, vessels.
The sum of VEGF-Arelated functions leads to a progress of the DR [145]. A similar mechanism
is associated with angiogenesis in gliomas and in the pathophysiological liver changes

occurring in portal hypertension [19,31].

1.2.2.Extracellular matrix

1.2.2.1. Definition

The ECM is a cell-free 3D scaffold that is composed out of a variety of macromolecules. These
are mainly glycoproteins like collagen and elastin as well as proteoglycans and GAG [129].
The difference between glycoproteins and proteoglycans is that proteoglycans (PG) consist of
a protein core to which at least one long chain of GAG is attached, whereas glycoproteins are
only posttranslational modified with glycan side groups bound to different amino acids [38,144].
However, the ECM does not just provide structure, it interacts with the cells as well, as is shown
in Figure 1.6. The ECM is involved in cellular homeostasis and regulation e.g., cellular growth
and differentiation. Yet it is not an unchanging construct but undergoes a constant enzymatic
degradation and re-building. The ECM is more than just a “house” for cells but an interacting
“social network” for cells that plays an important role in physiological and pathophysiological
conditions [129].

For example, genetic defects of different collagen types can lead to Ehlers-Danlos syndrome
or, as an example for a disease not related to a specific gene, osteoarthritis. In osteoarthritis,
the external circumstances (e.g., intra-articular blood) lead to a decrease in the synthesis of
proteoglycans and collagen as well as to an increase in degeneration. In a state of chronic

inflammation, such as osteoarthritis, the regeneration is compromised due to the state of
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chronic inflammation. Another example for a disease associated with the ECM is fibrosis.
Fibrosis results from a dysfunctional tissue repair e.g., wound healing. An increased
differentiation towards myofibroblasts and their deregulation leads to the synthesis of a

dysfunctional and stiff ECM e.g., scars, pulmonary fibrosis and liver fibrosis [130].
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Figure 1.6 The cell’s integration into the ECM. The major interactions between cell and ECM are shown:
the anchorage the ECM provides for cells, the binding of different cellular receptors to the ECM, the
ECM importance for biomechanical stability of the tissue, its capability to bind growth factors. The

constant remodelling of the ECM is depicted as well.

1.2.2.2. Composition

The composition of the ECM depends on the tissue and its specific function. The ECM is very
heterogenous. However, the basic elements are always similar. The components of the ECM
are water, proteins, and polysaccharides. The specific molecules and their concentrations vary
largely because of its close interaction with cells. The ECM reflects the momentary physiologic
condition of the tissue. There are two main types of macromolecules in the ECM: fibrous
proteins and PG. Collagen, elastin, fibronectin and laminin are the most important fibrous
proteins of the ECM whereas the PG composition is tissue-specific (Figure 1.7). For example,
in renal glomerular other PG are important in comparison to endothelial tissue. The reason for
this is that PG often modulate the specific properties of the ECM like buffering, hydration,

mechanical properties, e.g. stiffness, or the binding of growth factors to the ECM. The major
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fibrous protein of the ECM is collagen with up to 30% of the total protein mass of an animal.
Collagen is important for physical as well as biochemical properties of the ECM as it provides
strength and offers cells a place to attach to, regulates cellular movement and tissue
development [34]. Although there are 29 different collagen proteins, only collagen type |, type
Il and type V forms fibrils with collagen type | being the predominant form in the skin under
physiological conditions. This changes when the skin is injured. During wound healing,
collagen type lll becomes more dominant which can lead to scars [37]. It is noteworthy that
collagen type lll is increased in diabetic wounds [161]. Collagen for fibre synthesis is secreted
and modified by fibroblasts, and, after several steps of synthesis, the collagen is assembled to
create collagen fibres [34,37]. These fibres contain a variety of different subtypes of collagen
but within one tissue, there is one dominant isoform of collagen at a time. Collagen interacts
with elastin, an elastic fibre that is important in tissues that undergo physical stress repeatedly.
The third of these proteins is fibronectin, which interacts with collagen as well and plays an
important role for the structural organization of the ECM. However, fibronectin is not only of
structural importance, but it is also a key player in cellular attachment to the ECM as well as in
the pleiotropic regulation of the cells that adhere to it[34]. The key proteinases for ECM
remodelling are MMP. Their activity is increased during states of tissue inflammation or
damage. Other proteinases involved in the remodelling of the ECM are adamalysins which
have a variety of functions including the processing of pro-collagens. Both MMP and
adamalysins are inhibited by TIMP-3 [9].
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Figure 1.7 Schematic overview of the composition of the ECM. The ECM mainly consist of PG, collagen
and glycoproteins. To the proteinous components of the ECM different GAG are bound to which different
growth factors can bind, e.g. VEGF-A [5]. Modified after [34].

1.2.2.3.  Glycosaminoglycans

There are six naturally occurring GAG in the ECM: dermatan sulphate (DS), keratan sulphate
(KS), heparan sulphate (HS), heparin, CS and HA. GAG consist of repetitive, unbranched
disaccharide units which carry a negative charge and differ in their degree of sulfation and in
their disaccharide units. Every GAG except for HA is produced in the Golgi apparatus and the

endoplasmic reticulum [53].

Only HA, the simplest GAG, is produced in the cell membrane and secreted without further
modifications. In comparison, all other GAG are sulphated and bound to a protein core as
PG [53]. The responsible enzymes for HA synthesis are HA synthases which are subtypes of
glycosyltransferases. The enzymes are inserted into the plasma membrane and catalyse the
synthesis of HA out of uridine diphosphate-activated monosaccharides. Of the three known
isoforms, HA synthase 2 is the essential isoform. The HA synthase isoforms differ in their
activity and tissue expression. Yet it remains unknown how exactly hyaluronan synthase
choses its substrate, introduces regio- and stereospecific glycosyl transfers or how it controls
the secretion and chain length of HA [77].
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The different GAG chains differ in length, place, and degree of sulfation. Overall, cells can
produce a wide variety of proteoglycans. Glycosaminoglycans are involved in the regulation of
many signalling pathways, this is caused by their interactions with different proteins e.g., they
can bind growth factors like VEGF and transforming growth factor B (TGF-B) or further
regulators of ECM homeostasis such as TIMP-3 [53,153]. Whereas heparin and heparan
sulphate play an important role in homeostasis and development, chondroitin sulphate and
dermatan sulphate are important for neurons and chondrocytes. Like heparin, HS, DS and CS
play an important role in tumour growth and metastasis. Keratan sulphate seems to be of major
importance for vesicle formation. Nevertheless, it is involved in other processes such as

embryonic development, wound healing and collagen fibre organization [53].

HA is one of the most biologically active compounds in the human body, it plays an important
role in several physiological processes, such as wound healing and tissue development and
regeneration. However, HA is not only associated with physiological processes, but it is also
involved in pathological processes such as cancer and inflammation. Essential cellular
processes rely on HA: for example, mitosis and cell migration are regulated by an increasing
concentration of HA. Nearly one third of the entire HA is being degraded and replaced every
day, which is essential for the HA homeostasis in the ECM. Furthermore, HA homeostasis is
necessary to control the regulatory functions of HA [53]. HA's influence on tissue hoemostasis
depends on the molecular weight of its chain. For example, it was discovered that fragments
of HA (< 500-700 kDa) increase inflammatory reactions and promote angiogenesis. This is
opposed to the effect of high-molecular weight HA (> 1 MDa) which promotes anti-angiogenic,
immune suppressive and anti-inflammatory pathways. It also leads to increased wound healing
[36,53]. For the regulatory effects of HA special receptors are required which lead to an intra-
cellular signalling cascade. All HA binding proteins can be referred to as hyaladherins. The
hyaladherins are a heterogenous group, which involves PG and receptors e.g., Cluster of
Differentiation 44 that trigger a specific signalling cascade or regulate HA synthesis and
degradation [53].

From a chemical point of view, HA is a natural occurring linear, non-sulphated and negatively
charged polysaccharide. HA consists of repeating monosaccharide units: D-glucuronic acid
and N-acetyl-D-glucosamine. These monosaccharides are bound via 3-1,3 or -1,4 glycosidic
bonds. In the human body, HA is found as a hydrophilic sodium salt. The most studied HA
derivatives for biomaterial applications have a molecular weight between 5 kDa and 3000 kDa.
Other important properties of HA are its non-immunogenetic and non-toxic character and its
biocompatibility as well as its biodegradability [8]. Figure 1.8 shows a part of the polysaccharide

chain of HA depicted as described in the Symbol Nomenclature for Glycans [137].
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Figure 1.8 Composition of hyaluronan. It consists of N-acetyl-D-glucosamine (GIcNAc) and D-glucuronic

acid (GIcA). The figure only represents a small part of the large HA molecule [137].

1.2.24. Glycosaminoglycan derivatives

By design, natural occurring GAG show a sample-dependent variation of composition.
Furthermore, their availability for research purposes is limited. HA and CS offer as native GAG
a variety of opportunities for chemical modifications. Modified HA and biotechnologically
synthesized CS are therefore viable alternatives to natural GAG because their structure
resembles the structure of natural GAG yet they are reproducible in regard to molecular weight
and sulphation. Natural, bacteria-derived HA can be degraded to low-molecular weight HA via
thermal degradation. It is possible to introduce sulphate groups to HA and CS using a
sulphation agent with a SO3 functional group. The degree of sulphation can be varied using
different sulphation agents or a different ration of GAG and SO:s. It is even possible to introduce

regiospecific sulphate groups to HA [48,116].

As mentioned above, VEGF-A and TIMP-3 (1.2.1.) both interact with natural occurring GAG.
For both VEGF-A and TIMP-3 it was shown that they interact with sHA, a sulphated HA
derivative, similar to their interaction with natural sGAG [107-109]. Furthermore, acrylated
derivatives of HA as well as sHA were found to be suitable for the synthesis of aECM
[109,118,131].

As a derivative of hyaluronan sHA1-AC may be used for hydrogels. It is sulphated on the Cs
primary hydroxyl group of the N-acetyl-D-glucosamine monosaccharide unit (Figure 1.9)
[109,111]. In this case, not only a sulphate group is introduced but an acrylate group as well.
The acrylate group makes crosslinks with other acrylate groups or with thiol groups possible
[121]. The possibility of modifying the sulphation pattern of sGAG derivatives is important
because the binding of GAG derivatives to VEGF-A and TIMP-3 not only depends on the
carbohydrate backbone but on the degree and pattern of sulphation as well [12,50,111].
Moreover, sHA can lead to an increased amount of HA in the ECM and therefore has an

influence on the important functions of native HA [12,117].

The binding of VEGF-A to sGAG offers the opportunity for engineering a gradual and more

controlled release of the respective growth factor. Therefore, sHA as part of an aECM offers a
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valuable opportunity to design a biomaterial which can mediate angiogenesis due to its
regulation of VEGF-A and TIMP-3 [108,111].

However, growth factor binding is not the only interesting property of sHA. In addition, Méller
et al. showed that a highly sulphated variant of sHA has antiviral properties, especially

concerning the Severe Acute Respiratory Distress Corona Virus 2 [85].
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Figure 1.9 Composition of sulphated hyaluronan. A: sHA consists of N-acetyl-D-glucosamine (GIcNAc)
and D-glucuronic acid (GIcA). They are bound using alternating 83 and 34 glycosidic bonds The primary
hydroxyl group of the C6 of GIcNAc is sulphated, represented as 6S [111,137]. B: Chemical structure of
a sHA1-AC monomer is shown. Here, the primary hydroxyl groups are sulphated while a crosslinkable

acrylate goup is introduced at the secondary hydroxyl groups (AC) [69].

1.2.2.5. Gelatine-based artificial extracellular matrices

Biopolymers commonly used as aECM such as Matrigel™, collagen or fibrin have their own
individual disadvantages. In the case of Matrigel™, its clinical use is limited because it is
derived from Engelbreth-Holm-Swarm mouse sarcomas leading to a heterogeneous
composition and a lack of tunability [2]. The use of collagen and fibrin is limited due to their
fast degradation and poor mechanical properties [119].

Gelatine is the product of collagen hydrolysis. Collagen is the major ECM protein in most

tissues, and it offers suitable conditions for cell attachment and remodelling due to target
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sequences for MMP. Further disadvantages of collagen are its heterogeneity regarding its

structure, its solubility and antigenicity [155].

These disadvantages can be reduced if GelMA is used. An advantage of GelMA is the variety
of chemical reactions that can be used to engineer GelMA hydrogels, this allows the creation
of fine-tuned hydrogels specific to the applicational need. Hydrogel configuration and
modification have an influence on cellular behaviour. Despite the methacrylamide groups of
GelMA, the major biologic motifs of collagen for cell attachment with amino acid sequences
like arginine-glycine-aspartic acid (RGD), which define its biological properties, are intact.
Furthermore, GelMA-based hydrogels have been tested for a variety of possible applications

in different fields of research [155].

However, there are unresolved issues with GelMA when it comes to its mechanical properties.
GelMA’s mechanical properties such as rheology, gelation and stability depend on factors such
as temperature, photo-crosslinking kinetics and degree of substitution. Furthermore, hydrogels
which are only based on GelMA have limited compatibility with certain cell lines e.g.,
chondrocytes [40,82]. Furthermore, GelMA hydrogels are limited by the decrease of
crosslinking on hydrophobic surfaces. However, this decrease in crosslinking only affects the
immediate surface of the hydrogel and it is only relevant for very thin hydrogel preparations
[72].

GelMA degradation products are gelatine peptides which naturally occur in the ECM; therefore,
they are non-toxic. Another advantage of GelMA being a modified gelatine derivative is that it

can be synthesised inexpensively through hydrolysis at high temperatures out of collagen [50].

For gelatine modification, the amine side-groups of gelatine react with methacrylic anhydride.
Residual methacrylic anhydride is removed via dialysis and GelMA is lyophilized creating a
foam. The resulting foam can be dissolved in biocompatible solutions such as phosphate
buffered saline (PBS) or cell culture medium. The result is a biocompatible photocrosslinkable
polymer for tissue engineering applications (Figure 1.10.A). GelMA solutions are stable for
several weeks, if stored correctly [50]. The cellular behaviour as well as mechanical properties
of GelMA hydrogels are influenced by its degree of methacrylation. Lower degrees of
methacrylation were found to allow the formation of an increased vessel diameter and density
[18].

A common photoinitiator for GelMA crosslinking is lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP, Figure 1.10.B) [50]. LAP shows no relevant cytotoxicity at
low concentrations, which can be further reduced if the cell's exposure to non-crosslinked LAP
is very short. The reaction of GelMA and LAP with a LAP concentration of 1% or less showed

no significant reduction in short term cell viability [89,152]. LAP is easier to dissolve in water
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and its gelation rate is increased in comparison to Irgacure 2959. LAP works at wavelengths
around 400 nm and a short time of UV irradiation can activate crosslinking (Figure 1.10.C)
[152]. GelMA can be combined with other materials to engineer its properties. Furthermore, it

is possible to use GelMA as a bio ink [50].

In literature, there are several examples for GelMA-based drug-delivery systems. One system
uses a GelMA-based hydrogel to encapsule exosomes for the therapy of osteoarthritis.
Another system for the treatment of osteoarthritis was used to deliver the anti-inflammatory
drug diclofenac [45,141]. Another application from the field of orthopaedics was to use GelMA
to deliver small interfering ribonucleic acid [14]. For the successful delivery of antibiotics such
as vancomycin and anthracyclines such as doxorubicin a GelMA-based drug-delivery system
was developed [52,79]. Another example for a successful GelMA-based system was the use
of microneedles to deliver drugs as an alternative to conventional transdermal application [71].
When it comes to drug-delivery in a broader sense, a GelMA-based system was successful in

delivering encapsulated cells to their destination tissue [54].
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Figure 1.10 GelMA polymerisation. A: Chemical structure of GelMA. GelMA consists of repetitive
monomers. The methacrylate group is important for crosslinking. B: Molecular structure of LAP [162].
C: Schematic of GelMA crosslinking depending on LAP and UV irradiation. The methacrylate groups

are shown as structure formula whereas the residual protein of GelMA is depicted as yellow lines. UV
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irradiation in combination with LAP leads to a chemical crosslinking between methacrylate groups and

results in covalently bound GelMA strands.

1.2.3.Influences of the ECM on bioactive proteins

1.2.3.1.  Influence of the ECM on growth factor signalling

Growth factors are soluble proteins which induce specific biologic functions of the cell after
binding to specific growth factor receptors on the cell’s surface. These include a broad
spectrum of processes such as apoptosis, mitosis and cellular differentiation. Growth factor
binding to specific cellular receptors leads to complex cellular responses, depending on a
variety of factors such as the exact type of cellular receptor, the transduction pathways and the
number of cells which are in contact with the specific growth factor. Furthermore, extracellular
factors can influence the cellular response to a specific growth factor such as the factor binding
to the ECM, ECM regeneration, spatial alignment of ECM and cells, the concentration of growth
factors on site and the location of the cells in the human body [62]. A prominent example is
VEGF-A which binds with its heparin-binding domain to sGAG e.g., the ubiquitous heparin,
leading to VEGF-A being partly bound to the ECM [5,81]. Especially one enzyme of the ECM,
heparinase, can regulate the expression of growth factors e.g., VEGF and TGF-f through gene
regulation. As MMP expression is regulated by TGF- 3, heparinase influences MMP expression
as well [80,81,158].

Some growth factors can bind to different HS PG e.g., VEGF-A and form a kind of pool, which
can lead to the creation of growth factor gradients. However, other proteins in the ECM can
bind inactive growth factors complexes and lead to their activation. For example, TGF-§3 forms
a complex with a protein called latency-associated peptide. The inactive complex of both
proteins can bind to ECM proteins such as fibronectin, which in turn leads to the activation of
TGF-B through different mechanisms [49].

Especially MMP, which can be found int the ECM, have a profound impact on growth factor
signalling. MMP can release, activate or disinhibit growth factors or process them in a different
manner. This can lead to active growth factors or inactive and degraded growth factors
depending on the different types of growth factor and their interaction with ECM proteins [33].
Growth factors act paracrine, and their actions are dependent on their usually short half-life as
well as on their diffusion capabilities. For example, if injected intravenous VEGF-A has a half-
life of 30 min, which would make multiple high-dose injections necessary. However, high doses
of VEGF-A could be harmful leading to systemic increase in vascular formation with a risk of
neovascularization of dormant malignancies [62]. The diffusion capability of growth factors is
governed by the ECMs capability to bind these factors. If growth factors cannot bind to the

ECM, their ability to diffuse is increased. Therefore, the therapeutic applications of recombinant
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mediator proteins are currently very limited. Novel approaches like tuneable hydrogel systems

are required to control the growth factor release and the mode of application [62].

1.2.3.2. Role of TIMP-3 in the ECM

Like VEGF-A, TIMP-3 plays an important role in angiogenesis. However, unlike VEGF a higher
percentage of TIMP-3 is bound to the ECM [5,115]. Responsible for the binding of TIMP-3 to
the ECM are C- (Arg-163, Lys-165) and N-terminal (Lys-26, Lys-27, Lys-30, Lys-76) binding
motifs which interact with extracellular sGAG like heparin, HS and CS [63,154]. Changes to
the positively charged amino acid binding motifs result in a soluble isoform of TIMP-3
[63].Therefore, it is possible to deliver TIMP-3 for treatment using GAG hydrogels which
release TIMP-3 after gradual degradation [98].

MMP are the main enzymes involved in ECM remodelling. They degrade for example PG and
glycoproteins and are either soluble or anchored in the cell membrane [9,74]. One important
subtype of MMP is MMP-9 which can degrade denatured collagen (gelatine) and therefore is
also called a gelatinase [13]. Therefore, successful inhibition of MMP-9 is necessary to prevent
rapid degradation of a GelMA-based hydrogel. Furthermore, increased MMP-9 activity leads
the destruction of the ECM in diabetic foot ulcers through an increase in inflammation and a
decrease in angiogenic potential. Additionally, wound infections and increased wound severity

lead to an increase in active MMP-9 [17].

However, TIMP inhibit MMP through binding. The TIMP family consist of four different
inhibitors, which carry all the same two domains of 125 N-terminal and 65 C-terminal amino
acid residues. These domains are necessary for binding and inhibition of the MMP. The ratio
TIMP:MMP is 1:1 and their interaction results in a complex that can be recognized by
scavenger receptors, which results in an intake of the complex by macrophages. TIMP can
inhibit nearly all MMP but their affinity varies slightly. However, it is possible that the TIMP
family can inhibit other proteinase families as well such as Disintegrin and Metalloproteinase
(ADAM) and Disintegrin and Metalloproteinase with Thrombospondin motifs (ADAMTS) [74]
ADAM and ADAMTS have a variety of functions including ECM degradation. Furthermore, they
can release the ectodomain of cytokines, growth factors and receptors and therefore are not
limited to only one function [9,13,74]. TIMP-3 is the main inhibitor of ADAM and ADAMTS [9].
TIMP-3’s influence on angiogenesis has been discussed in a previous chapter (1.2.1.5.).
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2.Materials

2.1. Chemicals without GAG

Table 2.1 General chemicals used for experiments.

Chemical

Vendor

Sigmacote

Sigma-Aldrich, Taufkirchen, Germany

Potassium hydroxide

Grussing, Filsum, Germany

Ethanol

Chemsolute Th Geyer, Renningen,

Germany

Methacrylic gelatine

Sigma-Aldrich, Taufkirchen, Germany

Dulbecco’s phosphate buffered saline

ThermoFisher  Scientific, Schwerte,

Germany

Dulbecco’s Phosphate Buffered Saline, without

calcium chloride and magnesium chloride

Sigma-Aldrich, Taufkirchen, Germany

Ultrapure water

ThermoFisher  Scientific, Schwerte,

Germany

Lithium
trimethylbenzoylphosphinate

phenyl-2,4,6-

Sigma-Aldrich, Taufkirchen, Germany

Papain

Sigma-Aldrich, Taufkirchen, Germany

1,9-Dimethyl-Methylene Blue zinc chloride

double salt

Sigma-Aldrich, Taufkirchen, Germany

Pierce BCA Protein Assay Kit

ThermoFisher  Scientific, Schwerte,

Germany

Acetylacetone

Carl Roth, Karlsruhe, Germany

p-Dimethylaminobenzaldehyde

Sigma-Aldrich, Taufkirchen, Germany

Hydrochloric acid

Bernd Kraft, now AnalytiChem, Duisburg,

Germany
Direct Red Sigma-Aldrich, Taufkirchen, Germany
Picric acid Sigma-Aldrich, Taufkirchen, Germany

Toluidine Blue

Carl Roth, Karlsruhe, Germany

Sodium chloride

Grussing, Filsum, Germany

Sodium hydroxide

Grussing, Filsum, Germany

Bovine Serum Albumin

Sigma-Aldrich, Taufkirchen, Germany

Silica Gel orange/green, 2-5 mm, with indicator,

pearls

Carl Roth, Karlsruhe, Germany
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Carbon SCD030

Balzers Union, Balzers, Liechtenstein

Tween20

Carl Roth, Karlsruhe, Germany

Sulphuric acid

Carl Roth, Karlsruhe, Germany

Pierce TMB Substrate Kit

ThermoFisher

Scientific, Schwerte,

Germany

Glycin

Merck, Darmstadt, Germany

Sodium carbonate

Merck, Darmstadt, Germany

glucose, pyruvate

Acetic acid Carl Roth, Karlsruhe, Germany

Collagen |, rat tail ThermoFisher  Scientific, Schwerte,
Germany

Dulbecco’s Modified Eagle’s Medium, high | ThermoFisher  Scientific, Schwerte,

Germany

Collagenase from Clostridium histolyticum,

sterile-filtered, Type I-S

Sigma-Aldrich, Taufkirchen, Germany

Disodium hydrogen phosphate

Sigma-Aldrich, Taufkirchen, Germany

Potassium dihydrogen phosphate

Sigma-Aldrich, Taufkirchen, Germany

Invitrogen ambion Ethylenediaminetetraacetic | ThermoFisher  Scientific, =~ Schwerte,
acid (EDTA) (0.5M), pH 8.0 Germany
2.2. Glycosaminoglycans
Table 2.2 Glycosaminoglycans used for this thesis.

GAG Abbreviation Vendor

Methacrylate hyaluronic acid | HA-MAC Sigma-Aldrich, Taufkirchen,
Germany

Sulphated and acrylated | sHA1-AC Innovent e.V., Jena,

hyaluronan RK1810 Germany

sHA1-AC RK1824R

2.2.1.Properties of the used glycosaminoglycans

The different glycosaminoglycans used in this study have each different chemical properties.

Therefore, the molecular weight (MW) and the degree of substitution are listed in Table 2.3.
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Table 2.3 Chemical properties of GAG used for the experiments including molecular weight and

degree of substitution.

Abbreviation

MW [kDa]

Degreee of substitution

HA-MAC

20000-30000

20-50% methacrylate

sHA1-AC RK1810 15832 Degree of sulfation: 1.2 (C6’), degree of acrylation:
0.2
sHA1-AC RK1824R 14291 Degree of sulfation: 1.3 (C6’), degree of acrylation:

0.2

2.3. Bioactive proteins

Table 2.4 Bioactive proteins used in the experiments with catalogue and batch number.

Protein Abbreviation Catalogue Batch Vendor
number number

Recombinant VEGF-A 293-VE- 116522011 R&D Systems,

Human  vascular 050/CF Minneapolis,

endothelial growth USA

factor 165 (VEGF-

A)

Recombinant TIMP-3 973-TM-010 ETB1622021 | R&D Systems,

Human tissue Minneapolis,

inhibitor of matrix USA

metalloproteinase

3 (TIMP-3)

2.4. Assay Kits
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Table 2.5 Assay kits with catalogue and batch number.

Kit Catalogue | Batch number | Vendor
number
Human VEGF | DY293B P306591 R&D Systems, Minneapolis, USA
DuoSet ELISA, 15
plate
Human TIMP-3 | DY973 P362950 R&D Systems, Minneapolis, USA
DuoSet ELISA, 15
plate
Matrix BML- 43LE40 Enzo Life Sciences, Lorrach,
Metalloproteinase-9 | AK411 Germany
(MMP-9)
Fluorometric  Drug
Discovery Kit
VEGF Bioassay GA2001 See Promega Corporation, Madison, USA
components

Bio-Glo G720A 0000608090

Luciferase Assay

System

DMEM with 4.5 | J236A 0000540692

g/l Glucose, L-

Glutamine,

Sodium Pyruvate

Bio-Glo G719A 0000588764

Luciferase Assay

Buffer

KDR/NF  AT-RE | GA109A 0000536147

HEK293 cells

Fetal Bovine | J121A /

Serum

2.5. Consumables

Table 2.6 Consumables used to conduct the experiments.

Consumable

Vendor

Microtest Plate 96 Well,F; sterile

Sarstedt, NUmbrecht, Germany
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Fisherbrand SureOne (10, 20, 300,

1000pl)

ThermoFisher Scientific, Schwerte, Germany

5ml Plastibrand

BRAND SCIENTIFIC, Wertheim, Germany

Combitips Plus (5ml, 10ml)

Eppendorf, Hamburg, Germany

Micro tube 1.5ml/2.0ml

Sarstedt, Numbrecht, Germany

Falcon (15ml, 50ml)

Corning Science, New York, USA

Cover slips

Carl Roth, Karlsruhe, Germany

Cover glasses

R. Langenbrinck, Emmendingen, Germany

SuperFrost Plus Microscope Slides

R. Langenbrinck, Emmendingen, Germany

Conductive carbon adhesive tabs

Plano GmbH, Wetzlar, Germany

Zellkulturtestplatte 48

TPP Techno Plastic Products, Trasadingen,

Switzerland

ELISA plate, High binding, F

Sarstedt, NUmbrecht, Germany

2.6. Instruments

Table 2.7 Instruments used for non-cell culture experiments.

Instrument

Vendor

Spark 20M plate reader

Tecan Group, Mannedorf, Switzerland

TS basic

CellMedia, Elsteraue, Germany

Speed Vac Plus SC 110 A

ThermoFisher Scientific, Schwerte, Germany

Vortex-Genie 2

Scientific Industries, Bohemia, USA

Water-Jacketed Incubator 3250

Forma Scientific, Marietta USA

HeraTherm Oven

ThermoScientific, Schwerte, Germany

ALS 120-4

Kern & Sohn, Balingen, Germany

UV/LED Nail lamp WT60

CET Product Service, Ludwigsburg, Germany

HandyStep S

BRAND SCIENTIFIC, Wertheim, Germany

VaCo

ZIRBUS technology, Bad Grund, Germany

3 mm REF 49301

Kai Europe, Solingen, Germany

Clip & Close, set of 3 pieces
(3.71,231,1.01)

EMSA, Emsdetten, Germany

FEI XL 30 ESEM FEG scanning

electron microscope (SEM)

FEI, Hillsboro, OR, USA

Orbital shaker Typ KL 2

Edmund Bihler GmbH, Hechingen, Germany

Barstead GenPure Pro

Werner Reinstwassertechnik, Leverkusen, Germany

Digital-Mess-Schieber

Carl Roth, Karlsruhe, Germany
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MicroTester

CellScale, Waterloo, Canada

Sony Cyber-shot digital still

camera

Sony Europe, Berlin, Germany

2.7. Cells and cell culture

2.7.1.Cell culture medium

Table 2.8 Cell culture medium used for cell-culture experiments.

Medium/Serum

Abbreviation

Vendor

Modified

Medium, high glucose, pyruvate

Dulbecco’s Eagle's

DMEM

ThermoFisher Scientific,

Germany

Schwerte,

2.7.2.Cell culture consumables

Table 2.9 The cell culture consumables used to conduct the cell culture experiments.

Consumable

Vendor

Fisherbrand SureOne (10, 20, 300,
1000ul)

ThermoFisher Scientific, Schwerte, Germany

Micro tube 1.5ml/2.0ml

Sarstedt, NUmbrecht, Germany

Falcon (15ml, 50ml)

Corning Science, New York, USA

Sarstedt Serological Pipette
2.5,5,10,25 ml

Sarstedt, Nimbrecht, Germany

Dulbecco’s phosphate buffered saline

ThermoFisher Scientific, Schwerte, Germany

96 Well Optical Btm Pit Polymer Base
White w/Lid Cell Culture Sterile PS

ThermoFisher Scientific, Schwerte, Germany

2.7.3.Cell culture appliances

Table 2.10 Cell culture instruments used to conduct cell culture experiments.

Instrument

Vendor

CO; incubator 9040-0131

Binder, Tuttlingen, Germany

JOUAN CR3i multifunction Centrifuge

ThermoFisher Scientific, Schwerte, Germany

Nikon Eclipse TS100

Nikon Instruments, Melville, USA

HERA safe cell culture bench

Kendro, Langenselbold, Germany

EXATHERM P5 electronic

JULABO, Seelbach, Germany
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2.8. Computer programmes

Table 2.11 Computer programmes used for data analysis and figure creation.

Programmes

Source

GraphPad Prism 8

GraphPad Software, San Diego, USA

Microsoft Excel

Microsoft PowerPoint

Microsoft Corporation, Redmond, USA

41



3.Methods

3.1. Hydrogel preparation

3.1.1.Siliconization of moulds

To reproducibly create equal sized hydrogels moulds are required. The use of round,
siliconized, cover glasses was chosen as an easy and reproducible way to create equally
shaped hydrogels. Sigmacote, a siliconizing agent, was used for siliconization. Before the
siliconization, the glass surface was cleaned. The cleansing was carried out as described
below (Table 3.1).

Table 3.1 Steps for cleaning of glass surface

1 | H20 bidist. 120s
2 | 0.1M KOH 120s
3 | H20 bidist. 120s
4 | 99% ethanol | 120s
5 | H20 bidist. 120s

Each time the cover glasses were gently stirred. After the cleansing the cover glasses were

dried for 3 hours at 60°C. For siliconization, the dried glasses were emersed into Sigmacote
while being gently stirred for 60 s. Afterwards, the siliconized glasses were separated on a
clean surface and then dried at 60°C for 3 h using a dry oven. The glasses were prepared in
advance and stored in Petri dishes until use. The following types of glass (Table 3.2.) where

used.

Table 3.2 Dimensions of glass slides used for hydrogel synthesis

Product name Shape Measurement

Cover slips Round Diameter 12 mm,
thickness 0.13-0.16 mm

Cover glasses Rectangular 24x60 mm,
thickness 0.13-0.16 mm

SuperFrost  Plus | Rectangular 25x75mm,

Microscope Slides thickness 1.0 mm

3.1.2.Hydrogel preparation

3.1.2.1. Preparation GelMA-based hydrogels without GAG

The hydrogel preparation used 10% (w/v) of GelMA in PBS. To create 1 ml of a 10% GelMA
solution 100 mg GelMA was dissolved in 1000 pl PBS at 37°C for at least 60 min. For GelMA
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hydrogels, 190 pl of a 10% GelMA solution was mixed with 10 pl of PBS and 15 pl 1% (w/v)
LAP solution in u.p. water for photo initiation of cross-linking. Until usage, the gel solution was
protected from light with an aluminium foil cover around the tubes or falcons. The amount of
gel solution is adequate for four hydrogels of each 50 pl. The hydrogels were prepared by
pipetting 50 ul GelMA solution on siliconized microscope slides or rectangular cover glasses
and putting round siliconized cover slips over the drops of solution. Afterwards, the hydrogels
were cross-linked using UV light with a wavelength of 365 nm. The duration of UV exposure
was limited to 60 s serving the purpose of avoiding cell and protein damage due to the UV
light. Similarly, 20% GelMA hydrogels using 20% (w/v) GelMA solution (200 mg GelMAin 1 ml
PBS) and 2.5% GelMA hydrogels using 2.5% (w/V) GelMA solution (25 mg GelMAin 1 ml PBS)

were synthesized.

3.1.2.2. Preparation of GAG-functionalized GelMA-based
hydrogels
The basic hydrogel configuration for gels containing GAG derivatives is the same as for
hydrogels without GAG. All solutions were freshly prepared and were protected from light until

usage. The preparation was conducted as described below:

(A) GelMA/HA-MAC gels: First, a 20% (w/v) HA-MAC solution was prepared by dissolving
200 mg HA-MAC in 1 ml of PBS at room temperature (RT) for 60 min. Afterwards, the
GelMA/HA-MAC polymer mixture was prepared using 190 yl 10% GelMA solution
(dissolved in PBS), 10 pyl 20% HA-MAC solution and 15 pl 1% LAP.

(B) GelMA/sHA1-AC gels: A 20% (w/v) sHA1-AC-1 solution was prepared through the
dissolving of 20 mg sHA1-AC in 100 pl PBS at RT for 60 min. For a GelMA/sHA1-AC
polymer mixture, 190 uyl 10% GelMA solution, 10 yl 20% sHA1-AC solution and 15 pl

1% LAP were mixed.

3.1.2.3. Gel production for growth factor binding and release
study
GelMA, GelMA/HA-MAC and GelMA/sHA1-AC gels with a diameter of 3 mm were used for

release studies with VEGF-A and TIMP-3. Here, gels prepared as described above, were
freeze-dried between two siliconized cover slips (3.1.2.). A 3 mm biopsy punch was used for

the creation of equal gels from the freeze-dried hydrogels.

3.2. Lyophilization and storage of hydrogels
3.2.1.Lyophilization

For some experiments it was necessary to freeze-dry the hydrogels. The hydrogels were

stored at -20°C. After pre-freezing at -20°C the gels were freeze-dried as followed: the
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temperature was lowered to -90°C and the systemic pressure was lowered to 0.08 mbar (8 Pa)

using a lyophilization unit.

3.2.2.Storage

If the hydrogels needed to be prepared in advance or if they were stored for later analysis a
method of conservation was necessary. If the hydrogels remained native (meaning hydrated),
they were stored at -20°C. If the hydrogels were lyophilized in advance, they were stored in
separate Falcons. These Falcons were stored in an air-tight box of which the bottom was
covered in dry-pearls to avoid hygroscopic influence on the hydrogels. The dry-pearls were
dehydrated as described following: they were dried at 120°C for 90 min using a dry-oven. After
the 90 min, they were cooled down to RT (duration about 60 min) before the bottom of the air-

tight box was covered with them.

3.3. Visualisation of hydrogel components

3.3.1.Sirius Red

Sirius Red is a dye for collagen staining and was used to stain for GelMA as a collagen
derivative [73,136].

For the Sirius Red staining solution Direct Red dye was used as well as a saturated 1.3%
solution of picric acid in water. 100 ml of solution was prepared using 100 mg of Direct Red
and 100 ml of picric acid. For staining, 1 ml of solution was added to each gel. Following this
step, the gels were incubated for 30 min at RT on a shaker protected from light. After incubation
the gels were washed using 0.01 M HCI. The washing procedure was repeated until no staining

solution was visible.

3.3.2.Toluidine Blue

Toluidine Blue was used to stain for sGAG [140]. For staining a solution of Toluidine Blue in
37% HCI and NaCl was used. Preparation of 100 ml staining solution: 1.666 ml 6 M HCI,
200 mg NaCl and 40 ml Toluidine Blue were mixed. The gels were stained using 1 ml of
Toluidine Blue solution for each hydrogel and an incubation period of 4 h at RT using a shaker.
After that the stained gels were washed using distilled water until the water was macroscopical

free of staining solution.

3.3.3.Scanning electron microscopy

Scanning electron microscopy (SEM) was used to assess the microscopic surface of the
hydrogels. The following types of hydrogels were scanned: GelMA, GelMA/HA-MAC and
GelMA/sHA1-AC.
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All gels were prepared as described previously. For SEM imaging the hydrogels were
lyophilized as described above (3.2.1.). Following the procedure, the freeze-dried hydrogels
were transferred to conductive carbon adhesive tabs. To reach conductivity, which is required
for SEM, the hydrogels were sputtered with carbon. For analysis the samples were placed in
a SEM under conditions of high vacuum at an acceleration voltage of 5 kV in secondary

electrons mode.

The SEM images were taken by PD Dr. rer. nat. Wolfgang Metzger (Department of Trauma,

Hand and Reconstructive Surgery, Saarland University).

3.4. Hydrogel characterization

3.4.1.GAG binding capacity of hydrogels

For analysing the chemical stability and release properties of the gels, the release of GAG and
GelMA was measured over time. Each hydrogel was incubated in 1000 pl of PBS for 672 h at
37°C. At specific time points during the 672 h the supernatants were collected and stored at -
20°C for further analysis. Samples were collected after 1 h, 24 h, 168 h, 336 h, 504 h and
672 h. To each gel 1000 pl PBS was added after sample collection and the incubation was
resumed. At the end point every hydrogel was degraded using a 1 mg/ml papain solution over
night at 60°C. After sample collection the samples for GAG analysis were concentrated using
a SpeedVac, whereas the samples for GelMA determination were used unconcentrated.
Following the restriction of the samples, the samples were dissolved using 150 ul or 200 pl
u.p. water. This served the purpose to create a higher sample concentration and to increase
the accuracy of measurements. Samples were analysed using appropriate assays, in this case

DMMB assay, Pierce BCA assay and Hexosamine assay (3.5.).

3.4.2.Evaluation of hydrogel swelling

For this experiment siliconized 96 well-plates were used as a mould to obtain hydrogels
(volume: 50 pl) of a different format which were required for the necessary measurements. The
96 well-plates were prepared as described in 3.1.1.. The following hydrogel types were
prepared as described before: GelMA, GelMA/HA-MAC and GelMA/sHA1-AC.

After crosslinking, the hydrogels were pre-frozen at -20°C and on the following day lyophilized
(3.2.1.) in the mould as described. After freeze-drying the diameter and height of each gel was
taken with a calliper and the hydrogels were weight. Following the initial measurements, the
lyophilized gels were each re-hydrated in 1000 yl of PBS and incubated at 37°C. The

measurement procedure was repeated after 1 h, 24 h after 96 h.
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The swelling ratio as described by Chang et al. was used to characterize hydrogel swelling (for
abbreviations see Table 3.3.) [16]:

m;—m
SR=—t 0

Table 3.3 Formula abbreviations for calculating the swelling ratio.

Abbreviation Meaning

SR Swelling ratio

my Mass at specific time point

Mo Mass of hydrogels at time point 0 h

3.4.3.Evaluation of hydrogel stiffness

GelMA, GelMA/HA-MAC and GelMA/sHA1-AC hydrogels with a volume of each 240 pl were
prepared as described previously, using a siliconized 96 well-plate. After preparation, the
hydrogels were lyophilized for transportation and storage. The measurements of the Young'’s
modulus for each hydrogel were performed by Dr.-Ing. Poh Soo Lee (TU Dresden, Institute for

Materials Science, Max-Bergmann Centre for Biomaterials).

The samples were rehydrated in tubes with a volume of 1 ml PBS each. For the rehydration

process, the samples were placed on a shaker (100 rpm) for four hours at 27°C.
For mechanical testing, the samples were placed in a PBS bath at 26°C.

A cantilever with a diameter of 1.016 mm was used with the aim of achieving a deflection ratio
between 0.55 and 0.7.

The cantilever used for this experiment consists of a round tungsten beam (diameter
1.016 mm, length 60 mm) with a Young’s modulus of 411000 MPa and a quadratic stainless-

steel plate (4 mm x 4 mm) (Figure 3.1).

4 mm
£
£
< P .
60 mm
stainless-steel tungsten

Figure 3.1 Sketch of a cantilever. The cantilever consists of a 4 mm x 4 mm stainless-steel plate and a

60 mm long, round tungsten beam.
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The following compression loading programme was used for the experiment: type z-

compression, ramp; amplitude 50%; cycles 2.

The data was used to calculate Stress [Pa] and Strain [Arbitrary Units] (see Table 3.4 for

abbreviations used in the formulas).

N

Stress =

, d
Strain = —
he

Table 3.4 Formula abbreviations for calculating hydrogel stiffness.

Abbreviation Meaning

F Force

A Area

d Tip displacement
he Height of hydrogels

These calculated values were used to calculate the Young’s modulus:

Stress
Young's modulus =

Strain

Only the first slope is considered, in this case up to a Strain of 0.15 and only the first

measurement was used to calculate the Young’s modulus.

3.5. Quantification of hydrogel components

For the quantification of GAG release, GAG residuals in gel and gel degradation different
photometric assays were used. For analysis DMMB assay, Pierce BCA assay and Hexosamine
assay were used as described below. All assays used for the quantification of hydrogel

components are listed below (Table 3.5).

Table 3.5 Assays for analysis of hydrogel components.

GAG Purpose Assay
HA-MAC Quantifying of release Hexosamine
GelMA Measuring gel degradation BCA
sHA1-AC Quantifying release DMMB

3.5.1.DMMB assay

The 1,9-Dimethyl-Methylene Blue (DMMB) assay was used to quantify the release of sHA1-
AC (3.6.1.). 1| of DMMB reagent was prepared using 16 mg DMMB zinc chloride double salt

47



which was diluted in 1 | of distilled water containing 95 ml of 0.1 M acetic acid, 3.04 g glycine
and 1.6 g of NaCl. The protocol was modified from Coulson-Thomas et al. [20]. 20 pl of each
sample was pipetted in a 96 well-plate and to each sample 200 ul of DMMB reagent was
added. Then the absorbance at 595 nm was measured using a plate reader, measuring the
free DMMB. Every microplate contained a set of sHA1-AC standard dilutions. The standard
dilutions were prepared using sHA1-AC and PBS as dissolving agent. The sHA1-AC standard
dilutions were 0 pg/ml, 0.5 ug/ml, 1.0 uyg/ml, 2.5 pg/ml, 5.0 pg/ml, 10.0 ug/ml, 12.5 ug/ml,

25.0 yg/ml and 50.0 pyg/ml. The linear regression was determined using GraphPad Prism.

3.5.2. BCA assay

For the quantification of GelMA (3.4.1.) a Pierce BCA Protein Assay Kit was used. 25 ul per
sample was pipetted into a 96 well-plate and 200 pl of BCA working reagent was added to
each well. The working reagent was prepared as following: (standards + unknowns) x
replicates x 200 pl = total volume, ratio reagent A:B = 50:1. Following this step, the samples
were incubated at 37°C for 30 min and then the absorbance was measured at 562 nm using a
plate reader. The standard GelMA dilutions were prepared using GelMA and PBS as a
dissolving agent. They were stored at -20°C until use. As standard concentration 0 ug/ml,
5 pg/ml, 25 pg/ml, 125 pg/ml, 250 pg/ml, 500 pg/ml, 750 pg/ml, 1000 ug/ml, 1500 pg/ml and
2000 pg/ml GelMA were used. Beforehand, standard GelMA solutions were compared to the
recommended standard BSA dilutions (BSA is part of the kit) with two replicates each. The

linear regression was determined using GraphPad Prism.

3.5.3.Hexosamine assay

The Hexosamine assay was used to quantify the released HA-MAC (3.4.1.) and it consists of

three steps which are described in the following section:

) Sample hydrolysis: 100 pl of each sample was diluted with 100 yl PBS each in a
tube. Following the dilutions 200 pl of 12 M HCI was added to every sample dilution.
The next step was to incubate the samples for 6 h at 98°C and 300 rpm using a
thermo mixer.

1)} Drying and neutralisation: Following step |) the samples were cooled (on ice) and
the lids of the sample tubes were opened. The samples were placed in a desiccator
which was filled prior to this step with NaOH pellets. The sample-filled desiccator
was incubated at 37°C for 5-7 days until all samples were sufficiently dried.

1)) Photometric measurement: on the day of measurement acetylacetone-reagent and
Ehrlich-reagent were freshly prepared:

- Acetylacetone-reagent: to a 4% acetylacetone dilution sodium carbonate and bi-

distilled water was added. For 10 ml 1.324 g Na,COsand 400 pl acetylacetone were
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mixed in a 10 ml-volumetric flask and bi-distilled water was added up to the 10 ml
mark.
- Ehrlich-reagent: the reagent was prepared using p-dimethylaminobenzaldehyde

(DMAB), 6M HCI and 95% ethanol. For 10 ml 0.266 g DMAB was mixed with 5 ml

6 M HCI and 5 ml 95% ethanol.
After the preparation of the different reagents, 125 pl bi-distilled water was added to each of
the dried samples. Following the rehydration, 250 pl of acetylacetone-reagent was added to
each sample and the samples were mixed. Next the samples were incubated for one hour at
98°C and 300 rpm using a thermo mixer. After the previous step, 1.25 ml 95% ethanol was
pipetted in a number (equal to sample number) of 2 ml tubes and 300 ul of cooled sample
preparation was added to each tube (one sample per tube). The next step was to pipet 250 pl
Ehrlich-reagent to each sample, stir the samples and incubate them at RT for 1 h. Following
the incubation period 200 ul of each sample was pipetted in a 96 well-plate and the absorption
at 540 nm was measured using a Spark 20M plate reader.
A standard dilution scheme was prepared containing the following HA-MAC dilutions: 0 pg/ml,
1.0 yg/ml, 2.5 pg/ml, 5.0 pg/ml, 10.0 pg/ml, 20.0 pg/ml, 40.0 pg/ml, 50.0 ug/ml, 100.0 pg/mi.
The standard dilutions were prepared like the samples with one exception: of each standard
dilution an undiluted volume of 200 pl was used in step I) and not a diluted sample volume of
100 pl sample plus 100 yl PBS. The sample was diluted to reduce the needed volume and to

make other assays possible.

3.6. VEGF-A and TIMP-3 release and binding capacity of
hydrogels

3.6.1.Experimental setup

The binding and release profiles of GelMA, GelMA/HA-MAC and GelMA/sHA1-AC for VEGF-
A and TIMP-3 as well as a combination of VEGF-A and TIMP-3 were determined. The solution
of VEGF-A, TIMP-3 and VEGF-A + TIMP-3 were prepared as following:

) VEGF-A (500 ng/ml): 1800 pl 1 pg/ml VEGF-A-solution in 1% BSA/PBS + 1800 I
1% BSA/DPBS

)  TIMP-3 (57.397 ng/ml): 1800 ul 114.794ng/ml TIMP-3-solution in 1% BSA/PBS +
1800 ul 1% BSA/PBS

)  VEGF-A (500 ng/ml) + TIMP-3 (57.397 ng/ml): 1800 ul 1 pg/ml VEGF-A-solution in
1% BSA/PBS + 1800 pl 114.794ng/ml TIMP-3-solution in 1% BSA/PBS

To each gel, 400 pl of either VEGF-A, TIMP-3 or VEGF-A + TIMP-3 solution was added. This
step was followed by an overnight incubation at 37°C. After the incubation period the medium

was taken out, collected and stored at -20°C. This was used to determine the amount of
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absorbed protein per gel at time point 0 h. Afterwards, 400 pl 1% BSA/PBS was added to each
gel for growth factor binding and the gels were incubated at 37°C. At the following time points
the medium of every hydrogel was changed, collected and stored at -20°C to measure the
proteins: 1 h, 24 h, 168 h, 336 h and 504 h.

3.6.2.VEGF-A-ELISA

A specific VEGF-A sandwich ELISA was used to quantify the amount of non-gel bound VEGF-
Ain solution. The 1 ug/ml VEGF-A capture antibody solution was prepared in PBS onice. The
wells of an ELISA-plate were coated by adding 100 ul of VEGF-A capture antibody solution
per well and incubating the plate overnight at RT. The following day, the residual solution of

each well was aspirated and a total of three wash steps followed:

)] 400 pl PBS + 0.05% Tween20 (preparation for 100 ml: 50 pyl Tween20 + 99.95 i
PBS) was added to each coated well.

1)} Each well was aspirated and step |) was repeated.

After three wash steps the plate was cleared of residual fluid. The next step was to add 300 pl
of a 1% BSA in PBS solution (preparation for 10 ml: 100 mg BSA + 10 ml PBS) to each well
for blocking. This was incubated for 1 h at RT. After the incubation period, the washing step
previously described was repeated. Next 100 pl of adequately diluted sample solution and
VEGF-A standard protein (both in 1% BSAin PBS) solution were added to the respective wells.
The VEGF-A standard protein solution of 120 ng/ml VEGF-A was prepared with 1% BSA in
PBS. The following dilutions of the 120 ng/ml VEGF-A standard protein solution were used:
0 pg/ml, 31.3 pg/ml, 62.5 pg/ml, 125 pg/ml, 250 pg/ml, 500 pg/ml, 1000 pg/ml, 2000 pg/ml.
The samples and standard dilutions were allowed to bind to the capture antibody for 90-
120 min at RT. Following the incubation, the wash steps were repeated. After that the VEGF-
A detection antibody was prepared as a 100 ng/ml solution in PBS and 100 pl of the solution
was added to each well. Then, the plate was incubated for 90-120 min at RT. This was again
followed by the wash procedure. Following the wash procedure, Streptavidin-Horse radish
peroxidase (HRP) solution was prepared as a 1:40 dilution in 1% BSA/PBS (initial
concentration not specified by the manufacturer). 100 pl of Streptavidin-HRP were added to
each well. This was incubated in the dark at RT for 20 min. Then again, the ELISA-plate was
washed as described and to each well 100 yl of substrate solution consisting of hydrogen
peroxide and tetramethylbenzidine (prepared as stated in the instructions, 1:1). This was
incubated in the dark until the colour was sufficiently developed. The time was taken, and the
reaction was stopped using 50 ul per well 1 M sulphuric acid. The plate’s absorbance was
measured using a plate reader at 450 nm and 570 nm for optical imperfection correction of the

used plate.
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3.6.3. TIMP-3-ELISA
The TIMP-3-ELISA measurements were performed by M.Sc. Charlotte Berhorst according to

the manufacturer's instructions for Human TIMP-3 DuoSet ELISA.

A TIMP-3 specific sandwich ELISA was used to quantify the amount of non-gel bound TIMP-3
in solution. The 2 ug/ml TIMP-3 capture antibody solution was prepared in PBS on ice. The
wells of an ELISA-plate were coated by adding 100 ul of TIMP-3 capture antibody solution per
well and incubating the plate overnight at RT. On the following day, the residual solution of

each well was aspirated and a three wash steps followed:

)] 400 pl PBS + 0.05% Tween20 (preparation for 100 ml: 50 pyl Tween20 + 99.95 i
PBS) was added to each coated well.

1)} Each well was aspirated and step |) was repeated.

After three wash steps the plate was cleared of residual fluid. The next step was to add 300 pl
of a 1% BSA in PBS solution (preparation for 10 ml: 100 mg BSA + 10 ml PBS) to each well
for blocking and incubating the plate for 1 h at RT. After the incubation period, the washing step
previously described was repeated. Next 100 pl of adequately diluted sample solution and
TIMP-3 standard protein (both in 1% BSA in PBS) solution were added to the respective wells.
The TIMP-3 standard protein solution of 130 ng/ml TIMP-3 was prepared with 1% BSAin PBS.
The following dilutions of the 130 ng/ml TIMP-3 standard protein solution were used: 0 pg/ml,
62,5 pg/ml, 125 pg/ml, 250 pg/ml, 500 pg/ml, 1000 pg/ml, 2000 pg/ml, 4000 pg/ml. The
samples and standard dilutions were allowed to bind to the capture antibody for 120 min at RT.
After the incubation period, the wash steps were repeated. In a next step, the TIMP-3 detection
antibody was prepared as a 2 yg/ml solution in PBS and 100 pl of the solution was added to
each well. Then, the plate was incubated for 120 min at RT. This was again followed by the
wash procedure. Following the wash procedure, Streptavidin-HRP solution was prepared as a
1:40 dilution in 1% BSA/PBS (initial concentration not specified by the manufacturer). 100 pl
were added to each well. This was incubated in the dark at RT for 20 min. Then again, the
ELISA-plate was washed as described and to each well 100 pl of substrate solution consisting
of hydrogen peroxide and tetramethylbenzidine (prepared as stated in the instructions, 1:1).
This was incubated in the dark until the colour was sufficiently developed. The time was taken,
and the reaction was stopped using 50 ul per well 1 M sulphuric acid. The plate’s absorbance
was measured using a plate reader at 450 nm and 570 nm for optical imperfection correction

of the used plate.

51



3.7. Evaluation of VEGF-A and TIMP-3 bioactivity
3.7.1.VEGF-A bioactivity

To determine the bioactivity of released VEGF-A, a commercial assay using luminescent
KDR/NF AT-RE HEK293 cells were used. KDR/NF AT-RE HEK293 cells express VEGFR-2
which interacts with VEGF-A and activates a luciferase. The increase in luciferase activity is

directly dependent on the increase in VEGF-A concentration [143,149].

With the data gained from the VEGF-A release experiment (3.6.), the average of VEGF-A per
hydrogel was extrapolated as well as the expected release. In a next step, the experimental
setup was adjusted to accommodate for a VEGF-A release within the VEGF-A bioassay’s
detection range (extrapolated from user manual, between 0.1 ng/ml — 100 ng/ml VEGF-A).
TIMP-3 concentration was calculated to be equimolar to the used VEGF-A concentrations.
Lyophilized, punched GelMA, GelMA/HA-MAC, GelMA/sHA1-AC hydrogels (3.2.1.) were

loaded with each 200 pl of the following concentrations of bioactive proteins.

1) 455 ng/ml VEGF-A (in DMEM)
2) 260.7 ng/ml TIMP-3 (in DMEM)
3) 455 ng/ml VEGF-A + 260.7 ng/ml TIMP-3 (in DMEM)

Next, the hydrogels were incubated overnight at 37°C. After the incubation, supernatants were
removed and 200 ul of DMEM was added to each tube.

The sample collection was repeated after 24, 72 and 168 h. Samples were stored at -20°C
until the time of the VEGF-A bioassay.

The following steps were conducted under sterile conditions. The VEGF-A bioassay was

performed by Jun.-Prof. Dr. rer. nat. Sandra Rother.

In a first step, the reagents (Bio-Glo reagent and 2% (v/v) FCS/DMEM) for the VEGF-A

bioassay were prepared according to the manufacturer's instructions.
The following standards were prepared:

1) VEGF-A: 0ng/ml, 0.781 ng/ml, 1.563 ng/ml, 3.125 ng/ml, 6.25 ng/ml, 12.5 ng/ml,
25 ng/ml, 50 ng/ml, 100 ng/ml.

2) TIMP-3 (only): 100 ng/ml and 6.25 ng/ml.

3) TIMP-3 + 60 ng/ml VEGF-A: 0ng/ml, 0.781 ng/ml, 1.563 ng/ml, 3.125 ng/ml,
6.25 ng/ml, 12.5 ng/ml, 25 ng/ml, 50 ng/ml, 100 ng/ml of TIMP-3.

Two white 96 well-plates were prepared with the KDR/NF AT-RE HEK293 cells as instructed

by the manufacturer. Dilution of 0.4 ml of provided cell suspension in 4.6 ml of medium
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(2% FCS/DMEM) leading to a concentration of 40000 cells per 25 ul and therefore equalling
40000 cells per well.

The samples were added to the cells in the following manner I) VEGF-A and VEGF-A + TIMP-
3: 25 pl cell suspension + 50 yl sample and Il) TIMP-3: 25 ul cell suspension + 25 ul sample +
25 ul 60 ng/ml VEGF-A

Control 1) 25 pl cell suspension + 50 pyl medium (+ 2% FCS) and control 2) 25 pl cell
suspension + 25 pl medium (+ 2% FCS) + 25 pl medium (without 2% FCS)

For calibration 25 pl cell suspension + 25 ul 20 ng/ml VEGF-A + 25 yl medium per well was

used.
Following the preparation, the cells were incubated at 37°C, 5% CO- for 5 h and 45 min.
The following steps were performed under non-sterile conditions.

Following the incubation period, the plates were equilibrated to room temperature for

15 minutes and to each well 50 pul of Bio-Glo reagent was added.

After an incubation for 5 min at room temperature, luminescence was measured with an

integration time of 1.0 s per well using a plate reader.

The data was analysed in relation to the bioactivity of the 20 ng/ml VEGF-A calibration.

3.7.2.TIMP-3 bioactivity and I1Cso
To determine the bioactivity of TIMP-3, an MMP-9 assay was used. MMP-9 uses a quenched

substrate which is fluorescent after proteolysis. Therefore, the fluorescence is in proportion to
the activity of MMP-9 [58].

Using the data gained from TIMP-3 release experiments (3.6.), the average uptake of TIMP-
3 per gel was calculated as well as the expected release of TIMP-3. Following these
calculations, the necessary volume for a release of TIMP-3 that is within the detection range
(55 ng/ml — 100 ng/ml of TIMP-3) of the MMP-9 assay was determined. Lyophilized 50 pl
GelMA, GelMA/HA-MAC and GelMA/sHA1-AC hydrogels (3.2.1.) were loaded with 400 pl of
500 ng/ml TIMP-3 solution in MMP-9 assay buffer (50 mM HEPES, 10 mM CaCl2, 0.05% Brij-
35, pH 7.5) and incubated at 37°C overnight. The next day, supernatants were collected and
400 pl of assay buffer was added to each hydrogel and incubation at 37°C was continued.

Samples were collected after 24, 168 and 336 h and were stored at -20°C.

The MMP-9 assay was prepared according to the manufacturer's instructions. A positive
control (without inhibitor) and a negative control with 1.3 uM N-Isobutyl-N-(4-
methoxyphenylsulfonyl)glycyl hydroxamic acid (NNGH, molecular weight 316.4 Da), a broad
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spectrum MMP inhibitor, were prepared as instructed [3,163]. 70 pyl of TIMP-3 samples
(supernatants of the release assay) were added to the assay plate. To each well, 20 pl
0.134 U/ul of MMP-9’s catalytic domain was added and incubated at 37°C according to
protocol. In the next step, 10 ul of 40 uM substrate solution (OmniMMP™ fluorogenic substrate
peptide, molecular weight of 1093.2 Da) were added and the fluorescence was measured at

excitation 328 nm and emission 420 nm every 45 s for 10 min using a Tecan plate reader.

The data was used to plot a graph of relative fluorescence units against time and to determine
the linear range of the graph. Within the linear range, the slope was determined, and the slope
of the positive control was set to equal 100%. The slope of every other replicate was set in
relation to the positive control which resulted in the percentage of remaining MMP-9 activity

compared to the positive control.

The ICsp of TIMP-3 for MMP-9 was determined using the MMP-9 assay as described above
with a minor variation. Instead of release samples or a standard inhibitor, standard
concentrations of TIMP-3 were used to inhibit MMP-9 and determine the 1Cso of TIMP-3. The
following concentrations of TIMP-3 were used: 825 ng/ml (37.5 nM), 550 ng/ml (25 nM),
220 ng/ml (10 nM), 110 ng/ml (5 nM), 66 ng/ml (3 nM), 55 ng/ml (2.5 nM), 5.5 ng/ml (0.25 nM)
and 0 ng/ml (0 nM).

The MMP-9 activity was determined as described above and was blotted against the
logarithmic concentrations of TIMP-3. For |Cso-determination, a non-linear fit model was used

(log(inhibitor) vs. response -- Variable slope (four parameters), GraphPad Prism).

3.7.2.1. Matrix degradation assay

For the matrix degradation assay, a collagen coating was degraded using collagenase and
TIMP-3 samples (3.7.2.) were used to inhibit the activity of collagenase. Sirius Red was used
to stain the remaining collagen and afterwards the dye was washed out and the specific

absorption of Sirius Red was used to quantify the remaining collagen [22,73].

48 well-plates were coated with collagen type I. For this 10 ml of 2 mg/ml collagen solution in
10 mM acetic acid was mixed on ice with 10 ml of a 60 mM phosphate buffer (50.15 mM
NazxHPOg4, 11.17 mM KH2PO4, pH 7.4), creating a 1 mg/ml collagen working solution. 200 pl of
the collagen working solution was added to each well and then incubated at 37°C for 120 min

for in vitro fibrillogenesis.
Afterwards, the coatings were dried, two times washed with water and then again dried.

To evaluate the influence of TIMP-3 on matrix degradation, 100 pl of released TIMP-3 (3.7.2.)

for the following time points (24 and 168 h) was added each to one well on each plate and then
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incubated at 37°C for 30 min. The addition of 100 pl of PBS instead of a TIMP-3 sample served

as control.

Following the incubation period, 100 ul of 125 pg/ml collagenase in PBS which was warmed
up to 37°C beforehand, was added to each well and incubated for 20 min for the 24 h samples

and 60 min for the 168 h samples.

After the incubation period, the reaction was stopped using 400 ul of 0.2 M EDTA per well and

the reaction supernatants were removed.

In a next step, the residual collagen coating was stained for 15 min using Sirius Red staining
solution (3.3.1.) and afterwards, the coatings were washed using 0.01 M HCI until the staining
was stable. In a next step, 300 pl 0.1 M NaOH was used to remove the Sirius Red staining

from the collagen coatings and the supernatants were collected.

In a last step, the collected supernatants were added to a 96 well-plate and their absorption

was measured at 540 nm using a Tecan plate reader.

3.8. Statistical analysis

For statistical analysis the software GraphPad Prism 8 (GraphPad Software, San Diego, USA)
as well as Microsoft Excel (365 and LTSC Professional Plus licence) (Microsoft Corporation,
Redmond, USA) were used.

For statistical analysis, the following tests were used:

o For tests with more than two groups and more than one time point of measurement:
two-way ANOVA with Tukey’s multiple comparisons test.
e For tests with more than two groups and one time point of measurement: one-way

ANOVA with Tukey’s multiple comparisons test.

The following representation was used to mark p-values in figures:

e *=p<0.33
o **=p<0.02
o **=p<0.01

The number of samples, if not specified otherwise, is three and the error bars represent the

standard deviation.
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4.Results
4.1. GAG-functionalization of GelMA hydrogels

First, a protocol for the preparation of newly developed, GAG-functionalized GelMA-based
hydrogels as possible drug-releasing wound dressings was developed (Figure 4.1). To allow
photopolymerization, photocrosslinkable HA and sHA derivatives were used. The approach of
combining GelMA with different derivates of hyaluronan for hydrogel synthesis is depicted in
Figure 4.1. Hydrogels with 2.5% GelMA were rather unstable and were puffy after lyophilization
whereas 20% GelMA resulted in rigid hydrogels (Figure 4.2). Since the use of 10 % GelMA
within the hydrogels resulted in form stable support-free hydrogels (Figure 4.2), this

concentration was selected for all further hydrogel preparations.
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Figure 4.1 Simplified schematic explaining synthesis of GelMA-based hydrogels.
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2.5% 10% 20%

Figure 4.2 Lyophilized GelMA hydrogels of different concentrations. Concentrations of 2.5%, 10% and
20% GelMA are depicted.

Lyophilized hydrogels were stained using Sirius Red for collagen-derived molecules as well as
Toluidine Blue for sHA. The stained hydrogels were visually examined for a homogenous
distribution of the different components. As the Sirius Red shows, there is a homogenous
distribution of GelMA within the different hydrogels (Figure 4.3). The Toluidine Blue staining
shows that only GelMA/sHA1-AC hydrogels contain sGAG, in this case sHA1-AC. The sHA1-
AC distribution appears to be homogenous (Figure 4.3). To summarize, the developed

fabrication method for GelMA hydrogels is suitable for producing homogenous hydrogels.

Sirius Red/Unstained Toluidine Blue/Unstained

f

GelMA

A

GelMA/HA-MAC

GelMA/sHA1-AC

Figure 4.3 GelMA and sHA1 distribution in the hydrogels. GelMA, GelMA/HA-MAC and GelMA/sHA1-

AC hydrogels are shown both unstained and stained with Sirius Red or Toluidine Blue. Scale bar 12 mm.

4.2. Characterization of GAG-functionalized GelMA hydrogels

The microstructure of the developed hydrogels was analysed using SEM imaging (Figure 4.4).
GelMA hydrogels show a heterogeneous surface structure with many knob-like structures
(Figure 4.4.A). However, the majority appears rather large in comparison to similar structures
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on the surface of the GelMA/HA-MAC hydrogel (Figure 4.4.B). On the other hand, the
GelMA/sHA1-AC hydrogel shows a different surface structure: its surface is porous and with a
net-like structure. The pore size varies, some pores show a diameter between 50 — 75 ym
whereas other pores have a diameter that is less than 10 um. Apparently, there is a second
layer of porous structure below the surface which is visible through the larger pores
(Figure 4.4.C).

Figure 4.4 Microstructure of lyophilized GelMA, GelMA/HA-MAC and GelMA/sHA1-AC hydrogels. A:
GelMA hydrogel. B: GeIMA/HA-MAC hydrogel. C: GelIMA/sHA1-AC. Scale bar: 100 ym. Images were
taken by PD Dr. rer. nat. Wolfgang Metzger.

Additionally, the water binding capacity of the different hydrogels as well as their capability to
swell was assessed. This is of particular importance because every wound dressing is exposed
to moisture as well as different body fluids. Over the course of 96 h, all hydrogels increased
their mass about 10 times equalling the quick absorption of an average of 47.3 mg (+ 8.6%) of
water per hydrogel. However, the hydrogels’ swelling ratio of 7.5 (£ 0.8%) only increased 1.2
times to an average of 9.1 (x 1.8%). Statistical testing did not reveal a significant difference in

the swelling behaviour of the different hydrogels (Figure 4.5).
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Figure 4.5 The swelling ratio of GelMA, GeIMA/HA-MAC and GelMA/sHA1-AC hydrogels.

The stiffness of GelMA, GelMA/HA-MAC and GelMA/sHA1-AC hydrogels was evaluated using
Young’s modulus measurements (Figure 4.6). The Young's modulus of GelMA hydrogels
(13.3kPa £ 3.1%) was significantly less than the Young’s modulus of GelMA/sHA1-AC
hydrogels (95.0 kPa + 18.9%). There was no significant difference in the Young’s modulus
between GelMA and GelMA/HA-MAC hydrogels (55.0 kPa + 27.2%) as well as GelMA/HA-
MAC and GelMA/sHA1-AC hydrogels (Figure 4.6).
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Figure 4.6 Young’s modulus of GelMA-based hydrogels. GelMA (n=4), GelMA/HA-MAC (n=5),
GelMA/sHA1-AC (n=4). Measurements were performed by Dr.-Ing. Poh Soo Lee.

The stability of the different hydrogels was analysed using the cumulative concentration of the
release of GelMA and GAG over a period of 672 h (Figure 4.7). The hydrogels were incubated

in PBS at 37°C and samples were collected at specific time points.

After 24 h of incubation, GelMA/sHA1-AC hydrogels released significantly less GelMA than
GelMA or GelMA/HA-MAC hydrogels for the duration of the experiment (Figure 4.7.A). GelMA
hydrogels released an average of 70.0% (+ 8.5%), GeIMA/HA-MAC hydrogels released 68.0%
(£ 8.8%) and GelMA/sHA1-AC hydrogels only released 18.5% (x 0.9%) of their initial amount

of GelMA which is significantly less than the other two groups.

The release of HA-MAC and sHA1-AC out of the respective hydrogels was similar for the first
24 h and began to differ after 168 h leading to a constantly increasing cumulative release of
HA-MAC whereas the cumulative sHA1-AC release remained on a constant level
(Figure 4.7.B). The release of HA-MAC out of GeIMA/HA-MAC hydrogels appeared to be more
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heterogenous and scattered leading to an increased standard deviation whereas the release

of sHA1-AC appeared to be more homogenous (Figure 4.7.B).

Over the course of 672 h, GelIMA/HA-MAC hydrogels released an average of 60.3% (+ 4.5%)
of HA-MAC whereas GelMA/sHA1-AC hydrogels released an average of 70.0% (+ 2.7%) of
the initial sHA1-AC incorporated in the hydrogel. Both GelMA/HA-MAC and GelMA/sHA1-AC
hydrogels showed no significant difference in their GAG release when compared to each other
(Figure 4.7.B).
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Figure 4.7 Evaluation of hydrogel stability. A: Cumulative GelMA release over 672 h. B: Cumulative
GAG release over 672 h.
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4.3. Binding and release profiles of GAG/GelMA hydrogels for
VEGF-A and TIMP-3

4.3.1. Hydrogel loading and release profile of VEGF-A

To evaluate the VEGF-A binding capacity, the hydrogels were loaded with VEGF-A. Following
this, they were incubated at 37°C and the release of VEGF-A was measured for a period of
504 h (Figure 4.8).

All hydrogels showed a significant binding of VEGF-A compared to the initial control
concentration of 500 ng/ml VEGF-A (Figure 4.8.A). GelMA hydrogels showed an average
VEGF-A uptake of 31.8% (£ 3.0%), GelMA/HA-MAC hydrogels an uptake of 46.0% (x 1.7%)
and GelMA/sHA1-AC hydrogels showed an average uptake of 35.5% (+ 15.6%). There was
no significant difference in the initially bound VEGF-A between GelMA, GelMA/HA-MAC and
GelMA/sHA1-AC hydrogels.

In cumulation, GelMA and GelMA/HA-MAC hydrogels released significantly more VEGF-A
compared to GelMA/sHA1-AC hydrogels after 504 h of VEGF-A release (Figure 4.8.B).
However, there was no significant difference in the cumulative release of VEGF-A over 504 h
between GelMA and GelMA/HA-MAC hydrogels (Figure 4.8.B). After 504 h, the cumulative
release of VEGF-A was in average 15.7% (+ 0.6%) of their initially bound VEGF-A for GelMA
hydrogels, 10.6% (x 0.3%) for GeIMA/HA-MAC hydrogels and GelMA/sHA1-AC hydrogels
released 6.9% (+ 0.9%) of their initially bound VEGF-A.
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Figure 4.8 Hydrogel loading and VEGF-A release profile. A: VEGF-A control concentration and
concentration of hydrogel bound VEGF-A. B: Cumulative release of VEGF-A over 504 h.
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4.3.2. Hydrogel loading and release profile of TIMP-3

Moreover, hydrogels loaded with TIMP-3 were incubated at 37°C for 504 h (Figure 4.9).
Following the incubation, the release was measured as well as the TIMP-3 uptake of the
different hydrogels. Compared to the TIMP-3 control concentration, all hydrogels bound a
significant TIMP-3 concentration (Figure 4.9.A). GelMA hydrogels showed an average TIMP-3
uptake of 48.8% (x 3.3%), GelMA/HA-MAC hydrogels had an uptake of 48.5% (+ 4.6%) and
GelMA/sHA1-AC hydrogels showed a TIMP-3 uptake of 49.8% (+ 1.1%). There was no
significant difference between the TIMP-3 uptake of the different hydrogels (Figure 4.9.A).

After 1 h of incubation of TIMP-3-loaded hydrogels, there was no significant difference in the
release of TIMP-3 between the different hydrogels. After 24, 168, 336 and 504 h, GelMA/sHA1-
AC hydrogels released significantly less TIMP-3 compared to GelMA and GelMA/HA-MAC
hydrogels (Figure 4.9.B). GelMA hydrogels released a total of 37.7% (x 5.8%) of their initial
uptake, GeIMA/HA-MAC hydrogels released 31.2% (£ 2.9%) and GelMA/sHA1-AC hydrogels
released 14.7% (£ 6.0%) of their initially bound TIMP-3 which was significantly less when
compared to GelMA and GelMA/HA-MAC hydrogels (Figure 4.9.B).
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4.3.3. Combined hydrogel loading and release profile of VEGF-A and
TIMP-3

Following the evaluation of the individual VEGF-A and TIMP-3 binding capacities of the

different hydrogels, a combined approach was used, and the hydrogels were loaded with both
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VEGF-A and TIMP-3. They were incubated at 37°C for 504 h and the release as well as uptake
of VEGF-A and TIMP-3 was measured (Figure 4.10).

All three types of hydrogels took up a significant amount of VEGF-A when compared to the
initial concentration of 500 ng/ml (Figure 4.10.A). There was no significant difference in
the VEGF-A uptake between the different hydrogels as GelMA hydrogels showed an average
VEGF-A uptake of 58.6% (x 1.3%), GelMA/HA-MAC hydrogels had an average uptake of
57.9% (x9.1%) and GelMA/sHA1-AC hydrogels showed an uptake of 74.8% (x 3.5%)
(Figure 4.10.A).

Regarding the cumulative release of VEGF-A, there was no significant difference between the
three hydrogel types after a period of 1 h and 24 h. After 168 h and 336 h, GelMA/sHA1-AC
hydrogels released significantly less VEGF-A than GelMA hydrogels. Over the period of 504 h,
GelMA/HA-MAC (5.8% % 2.9%) and GelMA/sHA1-AC hydrogels (3.8% % 0.1%) released
significantly less VEGF-A compared to GelMA hydrogels (9.0% £ 0.1%) (Figure 4.10.B).

In the presence of VEGF-A, GelMA hydrogels bound 14.7% (z 8.1%) of TIMP-3, GelMA/HA-
MAC hydrogels 14.8% (+ 8.1%) and GelMA/sHA1-AC hydrogels 18.9% (£ 12.9%) with no
significant difference between the groups (Figure 4.10.C). The cumulative TIMP-3 release over
504 h of GelMA/sHA1-AC hydrogels (6.4% * 1.2%) was significantly less than the cumulative
TIMP-3 release of GelMA (29.3% * 3.2%) and GelMA/HA-MAC (26.8% + 2.2%) hydrogels
(Figure 4.10.D).
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4.4. Bioactivity of hydrogel-released TIMP-3

For the evaluation of TIMP-3’s inhibitory bioactivity after hydrogel release, an MMP-9 assay
was performed (Figure 4.11).

Compared to a positive control (Control), over the period of 336 h released TIMP-3 significantly
decreased the MMP-9 activity. However, when compared to the synthetic MMP inhibitor NNGH
which served as negative control, the inhibitory activity of released TIMP-3 towards MMP-9

was significantly lower after 336 h of release (Figure 4.11).

After the incubation (0 h), TIMP-3 released from GelMA hydrogels reduced the MMP-9 activity
significantly more compared to TIMP-3 released from GelMA/sHA1-AC hydrogels. The
average MMP-9 activity after treatment with TIMP-3 released from GelMA hydrogels (0 h) was
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12.9% (£ 2.4%) compared to 27.3% (+ 1.4%) for TIMP-3 released from GelMA/sHA1-AC
hydrogels (Figure 4.11). The TIMP-3 released from GelMA hydrogels over 24 h inhibited MMP-
9 significantly more efficiently compared to TIMP-3 from GelMA/HA-MAC and GelMA/sHA1-
AC hydrogels (Figure 4.11). The MMP-9 activity after incubation with TIMP-3 released from
GelMA hydrogels (24 h) was 33.3% (£ 11.9%) compared to TIMP-3 from GelMA/HA-MAC with
a remaining MMP-9 activity of 54.2% (+ 8.2%) and TIMP-3 from GelMA/sHA1-AC with 59.0%
remaining MMP-9 activity (x 1.0%) (Figure 4.11). There was no significant difference in the
inhibitory activity of TIMP-3 released out of the different hydrogels, after 168 and 336 h towards
MMP-9 (Figure 4.11).
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Figure 4.11 Evaluation of TIMP-3 bioactivity after release from hydrogels.

Different concentrations of TIMP-3 were used to determine its ICso for MMP-9. There is a
concentration dependency between TIMP-3 concentration and MMP-9 activity (Figure 4.12).
The ICso of TIMP-3 for MMP-9 was determined for a TIMP-3 concentration of 7.8 nM + 3.0 nM
(170.6 ng/ml) (Figure 4.12).
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For further evaluation of the TIMP-3 bioactivity after release from the different hydrogels, an
in vitro-matrix degradation assay of collagen coatings was performed (Figure 4.13). The
inhibitory potential of released TIMP-3 on collagenase-mediated collagen degradation was

evaluated.

TIMP-3 which was released over 24 h from GelMA and GelMA/sHA1-AC hydrogels, showed a
significant inhibition of matrix degradation compared to the control (no inhibitor) after 20 min
of incubation (Figure 4.13.A). The control led to a matrix degradation of 30.7% (x 1.0%)
compared to TIMP-3 released from GelMA hydrogels with a matrix degradation of 19.3%
(x 4.7%) and GelMA/sHA1-AC hydrogels with 18.7% (£ 1.3%) (Figure 4.13.A). Compared to
the control, TIMP-3 released from GelMA/HA-MAC hydrogels did not significantly inhibit matrix
degradation (Figure 4.13.A).

TIMP-3 which was released over 168 h from GelMA/HA-MAC and GelMA/sHA1-AC hydrogels,
showed a significant inhibition of matrix degradation compared to the control (no inhibitor) after
60 min of incubation (Figure 4.13.B). The control led to a matrix degradation of 78.1% (£ 1.1%)
compared to TIMP-3 released from GelMA/HA-MAC hydrogels with a matrix degradation of
53.6% (+ 11.8%) and GelMA/sHA1-AC hydrogels with 53.0% (x 3.7%) (Figure 4.13.B) TIMP-
3 released from GelMA hydrogels did not significantly inhibit matrix degradation
(Figure 4.13.B).
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Figure 4.13 Matrix degradation. A: Matrix degradation after 20 min of incubation with TIMP-3 (24 h-

release). B: Matrix degradation after 60 min of incubation with TIMP-3 (168 h-release).

4.5. Bioactivity of hydrogel-released VEGF-A

For the bioactivity evaluation of hydrogel-released VEGF-A was evaluated using a KDR/NF
AT-RE HEK293 cell-based VEGF-A bioassay. Bioluminescence was used to evaluate VEGF-
A/VEGFR interaction. Bioluminescence was interpreted as bioactivity and the lack of
bioluminescence when VEGF-A was combined with TIMP-3 was interpreted as the inhibitory
interaction between VEGFR and TIMP-3 (Figure 4.14).

VEGF-A released from hydrogels showed a significantly lower bioactivity compared to a
20 ng/ml VEGF-A solution which served as control with 100% bioactivity (Figure 4.14.A). After
24 h of release, the bioactivity of VEGF-A released from GelMA/sHA1-AC hydrogels was
significantly higher compared to VEGF-A released from GelMA/HA-MAC hydrogels. The
bioactivity of VEGF-A released from GelMA/sHA1-AC was on average 47.4% (£ 5.9%)
compared to VEGF-A from GelMA/HA-MAC hydrogels with an average of 29.4% (+ 6.5%)
(Figure 4.14.A). After 168 h of release, the VEGF-A released from GelMA/sHA1-AC hydrogels
showed significantly more bioactivity compared to the VEGF-A released from GelMA and
GelMA/HA-MAC hydrogels. The average bioactivity of VEGF-A released from GelMA/sHA1-
AC was 20.3% (x 0.9%) compared to VEGF-A from GelMA/HA-MAC hydrogels with an
average of 5.8% (£ 0.8%) and VEGF-A from GelMA hydrogels with an average of 6.0%
(£ 0.7%) remaining VEGF-A bioactivity (Figure 4.14.A).
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The released TIMP-3 of all groups significantly inhibited the VEGF-A/VEGFR interaction after
24 h leading to a remaining VEGF-A bioactivity after inhibition from hydrogel-released TIMP-3
of 68.3% (+ 4.2%) for GelMA hydrogels, 71.9% (£ 3.1%) for GeIMA/HA-MAC and 73.6%
(£ 3.4%) for GelIMA/sHA1-AC hydrogels (Figure 4.14.B). After 72 h (79.1% £ 4.7%) and 168 h
(78.1% % 6.0%) only TIMP-3 released from GelMA hydrogels significantly blocked the VEGF-

A-mediated receptor activation (Figure 4.14.B).

After 168 h of release, VEGF-A released from GelMA/sHA1-AC hydrogels was significantly
more bioactive compared to VEGF-A released from GelMA and GelMA/HA-MAC hydrogels
(Figure 4.14.C). VEGF-A released from GelMA/sHA1-AC hydrogels showed an average
bioactivity of 19.6% (+ 8.9%) whereas VEGF-A released from GelMA hydrogels showed a
bioactivity of 4.7% (+ 0.3%) and VEGF-A released from GelMA/HA-MAC hydrogels 5.3%
(x 0.8%) (Figure 4.14.C).
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Figure 4.14 VEGF-A bioassay. A: VEGF-A bioactivity of VEGF-A only after 24, 72 and 168 h. B:
Bioactivity of TIMP-3 interacting with VEGFR after a release of 24, 72 and 168 h. C: VEGF-A and TIMP-
3 bioactivity after release of 24, 72 and 168 h. Measurements by Jun.-Prof. Dr. rer. nat. Sandra Rother.
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5.Discussion
The goal of this thesis was to develop a GelMA-based GAG-functionalized hydrogel as a drug-

delivery system for the pro- and anti-angiogenic factors VEGF-A and TIMP-3. The necessity
for such systems arises as chronic wounds are an important cause of morbidity and health
costs in European countries [94,100]. Hydrogels are suitable for the delivery of growth factors
and as aECM they provide the necessary conditions for angiogenesis and other cellular

processes [7,95,122].

As discussed earlier, GelMA still offers the necessary conditions for cells but its crosslinkability
offers the possibility to develop different hydrogels for different applications [50,156].
Commonly used concentrations for GelMA range from 5% (w/v) to 15% (w/v) with 10% (w/v)
being the GelMA concentration most commonly used for hydrogel synthesis showing promising
results [65,66,86,105,151]. LAP as a photoinitiator for GelMA is non-toxic at low
concentrations and only a short time of UV irradiation is necessary to initiate crosslinking
[50,89,152]. LAP concentrations of less than 0.25% (w/w) showed no relevant cytotoxicity and
therefore the chosen concentration of LAP in the developed hydrogel was 0.07% (w/v) [89].
Furthermore, the reported time of UV crosslinking ranged from 15 s to 15 min with good
mechanical properties in the range between 15 s and 120 s [86,89,105]. Therefore 60 s of UV
exposure were chosen as a compromise. sHA was shown to bind both VEGF-A and TIMP-3
and both acrylated HA and sHA are suitable for aECM synthesis [107-109,118,131]. Human
skin has the highest content of HA but in absolute figures the concentration of HA is about
15.7 ug/ml or even lower [83,127,139]. For most GAG containing hydrogels supraphysiological
concentrations of GAG are chosen and the here chosen concentration of 0.9% (w/v) of HA or
sHA is no exception [65,109].

In summary, a hydrogel based on 10% GelMA with the addition of HA or sHA appeared to be

a suitable candidate for further testing (Figures 4.1 and 4.2)

Sirius Red was found to be a suitable staining solution for different types of collagens and
therefore was used to stain GelMA as a collagen derivative [73,136]. Hydrogel staining
revealed a homogenous distribution of GelMA within all hydrogels (Figure 4.3). The qualitative
staining with Toluidine Blue was used to reveal the homogenous distribution of sHA1-AC within
GelMA/sHA1-AC hydrogels and it showed a lack of sGAG within the GelMA and GelMA/HA
hydrogels (Figure 4.3) [140]. Similar results are found in the literature for sHA and collagen
hydrogels [109].

Regarding the surface properties of GelMA hydrogels, the findings of an irregular knob-like
surface (Figure 4.4) were consistent with previous findings using 15% GelMA hydrogels [101].
There was a discrepancy in the knob-like surface of GeIMA/HA-MAC hydrogels (Figure 4.4)
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compared to literature of HA-based hydrogels [23,86]. However, the surface was quite like the
surface of GelMA hydrogels (Figure 4.4). The porous surface of GelMA/sHA1-AC hydrogels
was consistent with the literature for sHA-based hydrogels and collagen-based hydrogels
[109,123]. The possibility of controlling hydrogel morphology using sHA might be promising for
further biomedical applications of GelMA. However, the shown surface properties might have

been influenced by the lyophilization process which was necessary prior to SEM imaging.

The swelling ratio of all hydrogels remained the same over the course of 96 h without any
significant change for all types of tested hydrogels (Figure 4.5). Current literature on GelMA-
based hydrogels reported a swelling ratio between 10% and more than 3500% of swelling with
the results of this thesis being within the previously reported range for the swelling ratio of
GelMA-based hydrogels [64,86,90,101,105,142]. However, the swelling of GAG-functionalized
GelMA-based hydrogels was less pronounced in comparison to similar collagen-based
hydrogels [109]. This property might be advantageous in a wound dressing as the swelling
enables the hydrogel to close the wound and absorb moisture and other fluids but without the
disadvantage of a continuous swelling which e.g., could impact microcirculation in the wound

due to the pressure applied by the continued hydrogel-swelling.

The addition of GAG to a GelMA-based hydrogel led to an increase in the Young’s modulus of
the hydrogels (Figure 4.6). Previous findings showed that the Young’s modulus of sHA
hydrogels was increased compared to HA hydrogels [123]. Furthermore, the Young’'s modulus
depended on the GelMA concentration used for hydrogel synthesis and the Young’s modulus
for 10% GelMA measured in this study was like the Young’s modulus found in literature for
hydrogels based on 10% GelMA [90,142]. However, the reported Young’s modulus for GAG-
functionalized GelMA-based hydrogels was rather heterogenous even when compared to 10%
GelMA hydrogels [64,86]. This could have been the result of the different GAG and different
GAG concentrations used in these studies. However, the current findings were supported by
evidence suggesting that the addition of HA to GelMA hydrogels leads to an increase in its

Young’s modulus [65].

The combined findings of SEM imaging, swelling ratio and Young’s modulus suggested that
these factors were determined by the hydrogel composition as much as the ratio of the different
components. Interestingly, Sturabotti et al. proposed that the hydrogel surface may depend on
the Young’'s modulus and that an increased Young’s modulus would lead to more stable pores
[123]. The findings of this thesis were consistent with their theory as only GelMA/sHA1-AC
hydrogels showed pores whereas the others did not (Figure 4.4). GelIMA/sHA1-AC hydrogels
showed a significantly increased Young's modulus when compared to GelMA hydrogels
(Figure 4.6). As for the swelling ratio, there was no evidence that it was either influenced by

the hydrogel’s surface or its Young’'s modulus, but it might have been largely influenced by the
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hydrogel’s main component, GelMA, as the Young's modulus and therefore most likely the
hydrogel’'s surface seemed to be mainly influenced by sHA1-AC. As found by Nichol et al. and
others, an increase in the degree of methacrylation led to an increase in the Young’s modulus
and an increase in the degree of methacrylation and GelMA mass fraction led to a reduction
of the swelling ratio [10,90]. This might be a further reason for the previously mentioned

heterogeneity in the reported swelling ratio and Young’s modulus.

Over the course of 672 h, 10% GelMA hydrogels showed a GelMA release of up to 70% (Figure
4.7.A). In the current literature, the actual release of GelMA is often substituted using the loss
of mass and weight in ratio to the initial mass or weight which showed for 10% and 15% GelMA
hydrogels, that the degradation was 70% or more after at least 20 days [66,105,151]. The
literature also suggested that the addition of crosslinkable molecules e.g., sodium alginate-
dopamine or the here used sHA1-AC (Figure 4.7.A) reduced the hydrogel's degradation after
more than 20 days [109,151]. The comparison is of course limited due to the differences in
determining the hydrogel degradation as well as the differences in added molecules. However,
the available literature supported the findings of this study. The increased stability of
GelMA/sHA1-AC hydrogels might be a result of an increased stability due to sHA as hydrogels
composed of collagen and sHA showed an increased stability compared to other collagen-
based hydrogels [109].

Regarding the release of GAG, there was no significant difference in the release between HA-
MAC and sHA1-AC (Figure 4.7.B). The release kinetic for both HA and sHA with an initial
increased and then steady release seems to be characteristic for GelMA-based hydrogels as
it can be found with GAG as well as non-organic components like nanoclusters based on
Molybdenum polyoxometalate [68,86]. Previous data showed that similar to the release of
collagen from collagen-based hydrogels, collagen and HA-based hydrogels released less HA
compared to HA/sHA1-AC/collagen hydrogels which could be the result of an increased
stability of GelMA hydrogels as there was no significant difference in the release of HA-MAC
or sHA1-AC [109].

Biodegradation is advantageous for a drug-delivery system as it enables a controlled release
of the incorporated substances [146]. As the hydrogels designed and characterized in this
study can release both GelMA and GAG in a controlled manner (Figure 4.7.B), they show
potential as a drug-delivery system. Furthermore, GelMA hydrogels are reported to not only
show controlled degradation in vitro in absence of proteinases but also when degradation is
aided by MMP [10].

The ability of the hydrogels to function as a drug-delivery system for pro-angiogenic factors

was evaluated for VEGF-A because of its importance for angiogenesis in wound healing [41].
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In surface plasmon resonance experiments, VEGF1s5s showed an increased binding capacity
to sHA1-AC compared to HA [111].

It is well established that heparin and desulphated derivatives of it, can be used to modulate
the release of VEGF-A out of hydrogels [35,159]. Heparin is commonly used as an
anticoagulant with its anticoagulant potencies depending on the degree of sulphation
[35,51,157]. However, the ability to bind VEGF-A and achieve a controlled release is not
impacted by selective desulphation [35]. In contrast, sHA was shown not to have
anticoagulative abilities [75]. Most experiments with GAG and VEGF-A, including this study
(Figure 4.8.B), showed an accelerated release in the beginning of the release which
decelerated after some time and sometimes led to a plateau phase in the release pattern
[35,159,160]. This is not only the case for VEGF-A but for other growth factors as well
[110,114]. Regarding the usage of sHA1-AC as sGAG and GelMA as a basis for the hydrogels,
a VEGF-A uptake (Figure 4.8.A) of a similar scale (GelMA-based about 40%, collagen-based
about 25%) was observed for collagen-based sHA1-AC hydrogels [111]. Coherent with the
findings of this study, collagen/sHA1-AC hydrogels released less VEGF-A compared to
collagen/HA hydrogels with a release kinetic like GelMA, GelMA/HA-MAC and GelMA/sHA1-
AC hydrogels (Figure 4.8.B) [111].

TIMP-3 as anti-angiogenic factor and key regulator of matrix turnover plays a role in the
regulation of angiogenesis and was shown to bind to natural occurring sGAG as well as sHA1-
AC [107,108,115,154]. Therefore, TIMP-3 release from GelMA, GelMA/HA-MAC and
GelMA/sHA1-AC hydrogels was investigated as well. For hydrogels based on different
materials and without the addition of sGAG, the release kinetic for TIMP-3 was similar to the
one found in this study for GelMA and GelMA/HA hydrogels (Figure 4.9.B) with an initial fast
release which then decreased over time, sometimes reaching a plateau phase with differences
in total release probably depending on the initial TIMP-3 concentration as well as the specific
components of the different hydrogels [6,25,97]. Purcell et al. found that the addition of
sulphate groups to a HA-based hydrogel decreased TIMP-3 release to about 30% of the bound
TIMP-3 which is similar to the release found in this study for GelMA/sHA1-AC hydrogels
(Figure 4.9.B) [97]. Interestingly, the release kinetic of a synthetic, protein-based MMP-inhibitor
was influenced by sGAG as well [29]. The TIMP-3 uptake of about 50% of the input
concentration (Figure 4.9.A) might be explained by the fact of TIMP-3 binding to the aECM
[115].

As GAG, sGAG, VEGF-A and TIMP-3 all show an influence on VEGFR-mediated cell
activation, the different approaches were combined into one experiment [108]. For the
combined release of VEGF-A and TIMP-3, the release profile of each substance was

comparable to the profile for the release of either VEGF-A or TIMP-3 (Figures 4.10.B, 4.10.D,
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4.8.B and 4.9.B). However, the reduced TIMP-3 release from GelMA/sHA1-AC hydrogels
compared to the single-protein release (Figures 4.10.D and 4.9.B), after similar TIMP-3 uptake
of all hydrogels (Figure 4.10.C) and the differences in TIMP-3 uptake (VEGF-A/TIMP-3 co-
incubation: TIMP-3 ca. 15 to 20%) (Figure 4.10.C) compared to the uptake of TIMP-3 only
(TIMP-3: about 50%) (Figure 4.9.A) might indicate a displacement of TIMP-3 by VEGF-A.
Therefore, it is hypothesized that VEGF-A shows a stronger binding affinity and therefore might
be able to replace TIMP-3 when co-incubated together. Previously reported findings showed
that TIMP-3 recovery after interaction with a GAG coating seemed to depend on the used GAG
as well as whether TIMP-3 was co-incubated with VEGF-A. However, similar to the results of
this study, the co-incubation with TIMP-3 did not influence VEGF-A recovery [108].

Both the release of VEGF-A and TIMP-3 from GelMA/sHA1-AC hydrogels was reduced over
time compared to GelMA and GelMA/HA-MAC hydrogels even though the initial uptake was
similar. These findings suggest that GeIMA/sHA1-AC can be used to control the release of
either VEGF-A, TIMP-3 or both as it would be necessary for a drug-delivery system whereas
GelMA/HA-MAC hydrogels do not influence the release of VEGF-A and/or TIMP-3 compared

to GelMA hydrogels which suggests an uncontrolled release.

As it is necessary for a drug-delivery system to deliver, in this case, proteins with remaining
bioactivity to influence the pathophysiological conditions, the here developed system was

tested regarding its ability to deliver pro- and anti-angiogenic factors with remaining bioactivity.

Over the complete duration of the release assay, hydrogel-released TIMP-3 was still able to
inhibit MMP-9 (Figure 4.11) but to a different extent. Similar findings were reported for a
synthetic, protein-based MMP inhibitor [29]. The differences between the reduction in MMP-9
activity in different groups might be a result of the different amounts of released TIMP-3 as
GelMA/sHA1-AC hydrogels released significantly less TIMP-3 compared to GelMA and
GelMA/HA-MAC hydrogels (Figure 4.9.B). Only after 0 h and 24 h, TIMP-3 released from
GelMA and GelMA/HA-MAC hydrogels inhibited MMP-9 activity significantly more than TIMP-
3 released from GelMA/sHA1-AC hydrogels (Figure 4.11) which could be caused by the
increased TIMP-3 release of those two groups compared to TIMP-3 released from
GelMA/sHA1-AC hydrogels (Figure 4.9.B). After 168 h and 336 h, there was no difference in
the bioactivity of the released TIMP-3 between the different groups (Figure 4.11) even though
GelMA/sHA1-AC hydrogels released significantly less TIMP-3 when compared to GelMA and
GelMA/HA-MAC hydrogels (Figure 4.9.B). This is suggestive of the fact that TIMP-3 released
out of GelIMA/sHA1-AC hydrogels maintained an increased ability to inhibit MMP-9 compared
to the two other groups (Figure 4.11) and therefore GelMA/sHA1-AC-released TIMP-3
maintained a higher degree of bioactivity. Furthermore, this process could have been aided by
the fact that HA and sHA1 were shown to inhibit MMP as well [107,112]. The ICs of TIMP-3
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for MMP-9 was determined (Figure 4.12) to evaluate the inhibition efficiency and it was found
to be within the ranges set by the current literature for TIMP-3 and metalloproteinase
interactions [46,103].

Not only MMP-9 was inhibited by the hydrogel-released TIMP-3. Collagenase was inhibited by
the released TIMP-3 as well. GelMA/sHA1-AC hydrogel-released TIMP-3 showed a significant
decrease in matrix degradation compared to a control group without inhibitors (Figure 4.13).
This finding is consistent with the known fact that TIMP can inhibit different types of
collagenases [57,128]. This again suggests that TIMP-3 released from GelMA/sHA1-AC
hydrogels has an increased bioactivity after hydrogel-release compared to GelMA and
GelMA/HA-MAC hydrogels (Figure 4.13). A further addition to the inhibitory potential might be
the reported fact that certain sGAG not only inhibit hyaluronidase but are also involved in

inhibiting collagenases [67,109].

When combining the findings of MMP-9 and collagenase-based matrix degradation inhibition
of released TIMP-3, there is evidence that TIMP-3 from GelMA/sHA1-AC hydrogels retained
its bioactivity and therefore its inhibitory potential to a larger degree (Figure 4.11 and
Figure 4.13) even though the released concentration of TIMP-3 was decreased compared to
GelMA and GelMA/HA-MAC hydrogels (Figure 4.9.B). Furthermore, the inhibitory potential

could have been increased by the interaction of sGAG and MMP-9 or collagenase.

As was shown for a different heparin-binding growth factor, epidermal growth factor-like growth
factor, the growth factor was still bioactive after the release from collagen/HA/sHA1-AC
hydrogels [132]. This study found similar results for VEGF-A. After 24 h of VEGF-A release,
VEGF-A/VEGFR interaction is decreased compared to a VEGF-A standard (Figure 4.14.A) as
was to be expected by the amount of released VEGF-A (Figure 4.8.B) (about 50% of the used
standard). Contrary to the current literature, the experiment did not find an increased binding
response of VEGF-A/VEGFR after VEGF-A interaction with HA, instead there was evidence of
an increased binding response after VEGF-A interaction with sHA1-AC (Figure 4.14.C) [108].
However, as this trend continued for the duration of the experiment, it might be evidence of a
decreased VEGF-A bioactivity (Figure 4.14.A). Interestingly, as with the bioactivity of TIMP-3
(Figure 4.9.B, 4.11 and 4.13) VEGF-A released from GelMA/sHA1-AC hydrogels showed an
increased bioactivity after 168 h of release (Figure 4.14.A) even though there was less
released VEGF-A compared to GelMA and GelMA/HA-MAC hydrogels (Figure 4.8.B). This
might be an indicator that VEGF-A released from GelMA/sHA1-AC hydrogels has an increased
remaining bioactivity compared to VEGF-A released from GelMA and GelMA/HA-MAC
hydrogels.

As the interaction between TIMP-3 and VEGFR is influenced by sGAG as well, released TIMP-

3 was used to evaluate its potential to interact with VEGFR compared to a standard VEGF-A
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concentration [108]. Only after 24 h of hydrogel-release, there was a significant influence of
the released TIMP-3 on VEGFR activity but there was no significant difference between the
different hydrogels (Figure 4.14.B). This pronounced difference between these results
(Figure 4.14.B) and the effects of released TIMP-3 on proteolytic enzymes (Figure 4.11 and
4.13) might be caused by a difference in the necessary TIMP-3 concentrations to effect either
MMP or VEGFR, as in previous experiments with GAG, TIMP-3 and MMP, much lower
concentrations of TIMP-3 were used than for experiments regarding the interaction of TIMP-3,
GAG and VEGFR [107,108]. However, TIMP-3 is still able to influence VEGFR response after

24 h of release.

As for the interaction between GAG, VEGF-A, TIMP-3 and their respective response on
VEGFR, the co-release of VEGF-A and TIMP-3 was studied for VEGF-A bioactivity. The VEGF-
A bioactivity in this experiment was like the VEGF-A bioactivity determined in the previous
experiment which only investigated VEGF-A released from hydrogels. However, there was no
difference in VEGF-A bioactivity of VEGF-A released from GelMA/HA-MAC and GelMA/sHA1-
AC after 24 h (Figure 4.14.A and 4.14.C) even though the concentration of released VEGF-A
differed between both hydrogels. VEGF-A released from GelMA/sHA1-AC hydrogels showed
an increased bioactivity after 168 h compared to GelMA and GelMA/HA-MAC hydrogels
(Figure 4.14.C). The underlying reasons for this fact are explained above as they are probably
the same. However, most of the interaction between VEGF-A/VEGFR in the presence of TIMP-
3 seems to be tuned down in comparison to the experiment only using VEGF-A with an excerpt
of VEGF-A/VEGFR interaction of VEGF-A released from GelMA/sHA1-AC hydrogels after
168 h (Figure 4.14.A and 4.14.C). TIMP-3 recovery and therefore its ability to bind to VEGFR
was reported to be increased in the presence of both sHA and VEGF-A which would explain
the findings of the present study showing a decreased VEGF-A bioactivity in the presence of
TIMP-3 [108].

To conclude these last findings, the VEGF-A bioactivity seemed to show an improved
preservation after prolonged release from GelMA/sHA1-AC hydrogels whereas it was
decreased in comparison after the prolonged release from GelMA and GelMA/HA-MAC
hydrogels. Even though there was no difference in how released TIMP-3 interacted with VEGF-
A/VEGFR, it is evident that after a prolonged period of release, TIMP-3 still influenced VEGF-

A/VEGFR interaction which was interpreted as a further sign of bioactivity.

5.1. Limitations of this study

This study’s aim was to develop a GAG-functionalized GelMA-based hydrogel as a perspective
drug-delivery system for chronic wounds and possibly other conditions as well. However, there

are aspects of these hydrogels which still require further study. The proposed preparation of

81



these hydrogels was limited to a simple geometric form and therefore the investigation of
further geometric configurations might be necessary. However, the hydrogels proposed in this
thesis are suitable for bioprinting [156]. Furthermore, it might be of interest to further investigate
the influence of temperature on pore size and what implications this might have on the release
of VEGF-A and/or TIMP-3 [126]. Another aspect which might need further investigation is the
influence of GelMA concentration and degree of methacrylation on the mechanical properties
of GelMA/sHA1-AC hydrogels which influences e.g. the hydrogel’s ability to swell and therefore
properties which are necessary for a drug-delivery system which acts as wound dressing as
well [88,126].

When it comes to VEGF-A and/or TIMP-3 release as well as their bioactivity, this study is limited
as only in vitro conditions were studied whereas in vivo conditions are more complex and
therefore might have an influence on the here found properties of GelMA/sHA1-AC hydrogels.
However, previous studies have shown that sHA, TIMP-3 and VEGF-A influenced the migration
of endothelial cells [108].

5.2. Outlook and future clinical implications of GelMA/sHA1-AC
hydrogels

To further investigate the interaction between the proposed system of GelMA/sHA1-AC
hydrogels and living cells, cell culture assays based on endothelial cells e.g., a scratch assay,
should be the next step because of the known effects of sHA, VEGF-A and TIMP-3 [108]. A
further way to investigate the possibilities of GeIMA/sHA1-AC hydrogels would be to attempt
the formation of a microvascular network, similar to Limasale et al., either within a hydrogel or
in the vicinity of one [70]. A similar, tissue-engineering-based approach would be to use
microvascular fragments (MVF), which are derived from adipose tissue. MVF secrete pro-
angiogenic factors like VEGF-A and offer a more physiologic cell environment than a single-
cell system. Implanted and perfused MVF can evolve into mature vessels [59]. MVF can rapidly
integrate themselves into an intact microvasculature [59,150]. The cultivation and implantation
into mice of MVFs in a collagen-based scaffold together with GAG with or without growth factor
stimulation led to promising results which could be translated for GeIMA/sHA1-AC hydrogels
[60]. MFV could be used for tissue vascularization e.g., pancreatic islets, scaffold
vascularization or for the treatment of ischaemic heart disease and pre-vascularized scaffolds
could be used as “vessel units” for tissue engineering because of their rapid development into

a perfused microvasculature [59,150]. Inevitably, the necessity of an animal model would arise.

GelMA/sHA1-AC hydrogels loaded with TIMP-3 could be evaluated and used in post-
myocardial infarction care as a drug-delivery system based on a HA hydrogel and loaded with
TIMP-3 showed improved recovery in a porcine animal model [133].
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When it comes to the use of GelMA/sHA1-AC hydrogels as a drug-delivering wound dressing,
gelatine-based hydrogels offer necessary properties including the retention of body fluids, the
protection of the wound as well as a low antigenicity, and in the case of gelatine cost

effectiveness as well as further properties necessary for an “ideal” wound dressing [88].

To summarize, the here developed GelMA/sHA1-AC hydrogel-based drug-delivery systems for
VEGF-A and/or TIMP-3 show a promising potential for a variety of both biomedical and
research applications. They could not only be used for the application of VEGF-A and/or TIMP-
3 but also for the application of other biological-active agents binding to sHA1-AC like TGF-B.
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6.Conclusions

In this thesis, a drug-delivery system for pro- and anti-angiogenic factors was developed for
the potential use in the treatment of chronic wounds. The results showed that GelMA/sHA1-
AC hydrogels are promising candidates for the delivery of VEGF-A and/or TIMP-3 which can
be used to study the influence on wound healing. It was shown in the present study that
GelMA/sHA1-AC hydrogels released VEGF-A and/or TIMP-3 but also that the proteins kept
their bioactivity after they were released over an extended time period. Due to the release from
sHA1-AC out of the hydrogels not only the proteins loaded into the hydrogel can influence
cellular signalling, but the hydrogel itself is able to act as a mediator. Furthermore, the basic

principle of this study can be applied not only to wound healing but also to other applications.

To conclude, the development of GelMA/sHA1-AC hydrogels can be seen as an advance in

biomaterial design both for biomedical application as well as medical research.
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