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ABSTRACT

Abstract

In bone tissue engineering, bioactive molecules which modulate bone growth and
biocompatible biomaterials, which often provide biomimetic properties, are combined
with progenitor or stem cells involved in bone physiological processes. This tissue
replacement approach provides a new therapeutic strategy for bone repair and
regeneration especially for larger bone defects which often occur after trauma or bone
tumor resection for instance. In this context, the aim of this thesis is to investigate the
detailed biological functions of new bioactive molecules. Further the thesis is focused
on hydrogels used for instance as delivery systems of such bioactive factors or cells,
aiming to develop the basis for new clinical applications in bone pre-vascularization
and regeneration.

First, this thesis assesses the impact of fucoidan extracts, a group of marine origin
bioactive molecules, on the formation of vascular structures in co-culture models
relevant for bone repair and in osteosarcoma. Human mesenchymal stem cells (MSCs)
which can differentiate to the bone forming osteoblastic cells, respectively the
osteosarcoma cell line MG63 and outgrowth endothelial cells (OECs) which possess a
high potential of angiogenesis, were used to create co-culture models relevant for bone
regeneration or osteosarcoma. Here the aim was to study the angiogenic and osteogenic
regulatory effects of fucoidan in the co-cultures as functional units. In both types of co-
culture models, crude fucoidan extracts significantly reduced angiogenesis which was
associated with a decrease of angiogenic factors on the protein level, thus suggesting
an impairing effect of this type of fucoidan on angiogenesis in co-cultures via binding
and reducing the levels of free angiogenic factors VEGF and SDF-1 in the system.

In the next part of this thesis, the physiological molecule vitamin Ds (calcitriol) was
studied in terms of its potential to modulate the inflammatory or immunological
response in a bone regeneration respectively infection co-culture model stimulated with
LPS. Bone infections after the application of implant materials for instance are
associated with severe clinical consequences. Vitamin D3 revealed a beneficial effect
on angiogenic activity in co-cultures, as well as a positive effect on osteogenic activity.
Here, especially the mineralization in the late osteogenic process was enhanced.
However, although no significant impact on the inflammatory response was observed,
Vitamin D3 induced an increase in the gene expression of the antimicrobial peptide LL-
37 in MSC, thus indicating a potential beneficial influence on the immune defense in
the bone in case of infection to be further refined.

Last, the thesis examines bio-functionalized hydrogels for bone regeneration and tissue
engineering. In this part, hydrogels consisting of mineralized silk fibroin fibers and UV-
inducible gel-components induced excellent MSCs adherence along the bio-
functionalized silk fiber component and a significant upregulation of VEGF expression
level, thereby indicating a high potential of this injectable composite biomaterial for
bone regeneration and vascularization.
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Overall, bioactive compounds and bio-functional scaffolds investigated in this thesis
showed the ability to modulate angiogenesis on the cellular and molecular level, to
trigger the immune defense or to serve as injectable bone materials guiding the
performance of osteogenic cells via their biomimetic properties. Nevertheless, further
research will be necessary to employ these approaches in a clinical setting for bone
repair and regeneration.

Key words: OEC, MSC, co-culture, Angiogenesis, Osteogenesis, VEGF, Fucoidan,

Vitamin D3, tissue engineering, biomaterials.



ZUSAMMENFASSUNG

Zusammenfassung

Im Rahmen des Knochen ,,Tissue Engineerings* werden sowohl bioaktive Molekiile,
die das Knochenwachstum modulieren, als auch biokompatible Biomaterialien, die oft
biomimetische Eigenschaften aufweisen, mit Vorldufer- oder Stammzellen, die an den
physiologischen Prozessen des Knochens beteiligt sind, kombiniert. Dieser Ansatz des
Gewebeersatzes bietet neue therapeutische Strategien fiir die Knochenheilung und
Regeneration speziell bei grofleren Knochendefekten, die z.B. nach Trauma oder auch
nach Knochentumoren auftreten. In diesem Zusammenhang untersucht die vorliegende
Arbeit zunéchst die biologische Wirkung neuer bioaktiver Molekiile. Dariiber hinaus
zielt die Arbeit auf die Untersuchung von Hydrogelen die u.a. als ,delivery
Systeme* fiir bioaktive Molekiile oder therapeutischen Zellen dienen kdnnen, um so
Grundlagen fiir deren klinische Anwendung bei der Knochen-(Prd)Vaskularisation und
Regeneration zu schaffen.

Zunichst setzt sich diese Arbeit mit dem Einfluss von Fucoidan Extrakten, einer
Gruppe von bioaktiven Molekiilen marinen Ursprungs, auf die Bildung von
GefaBstrukturen, die fiir die Knochenvaskularisation wihrend der Knochenreparatur
und bei Osteosarkomen relevant sind, auseinander.

Es wurden daher Kokulturmodelle entwickelt, bestehend aus menschlichen
mesenchymalen Stammzellen (MSCs), die in knochenbildende osteoblastische Zellen
differenzieren, bzw. aus der Osteosarkom-Zelllinie MG63 und ,,outgrowth endothelial
cells* -Endothelzellen (OECs), welche ein hohes Angiogenese-Potenzial aufweisen,
um die Prozesse der Knochenregeneration bzw. im Osteosarkom darzustellen. Das Ziel
dieses Ansatzes war die angiogene und osteogene Wirkung von Fucoidanen in diesen
Kokulturmodellen als funktionelle Einheit zu untersuchen. In beiden Gruppen der
Kokulturen wurde die Angiogenese durch das ,,crude* Fucoidan signifikant reduziert.
Diese Reduktion war assoziiert mit der Abnahme angiogener Faktore auf der
Proteinebene, so dass die Beeintrichtigung der Angiogenese in Kokulturen sehr
wahrscheinlich durch die Bindung von Fucoidan an freie angiogene Faktoren wie
VEGF und SDF-1 im System erklért werden kann.

Im néchsten Teil der Arbeit wurde das physiologische Molekiil Vitamin D3 (Kalzitriol)
beziiglich der entziindungs- und immunmodullatorischen Eigenschaften im
Knochenregenerations- bzw. Infektions-Kokulturmodell nach LPS Stimulation
untersucht. Knocheninfektionen, die z.B. bei Knochenimplantaten auftreten kdnnen,
haben schwerwiegende klinische Konsequenzen fiir den Patienten. VD3 zeigte einen
positiven Effekt auf die GefdBbildung und die osteogene Differenzierung im
Kokulturmodel. In diesem Zusammenhang wurde durch VD3 speziell die
Mineralisierung in der spdten Phase der osteogenen Differenzierung verbessert.
Obwohl kein signifikanter Einfluss von VD3 auf die Entziindungsmediatoren nach
Infektion nachweisbar war, wurde durch VD3 das antimikrobielle Peptid LL-37 in MSC
induziert und damit ein positiver Einfluss von VD3 auf die Immunabwehr im Knochen
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bei der Infektion nachgewiesen, welche jedoch genauer definiert werden muss.

Im letzten Teil untersuchte diese Arbeit bio-funktionalisierte Hydrogele hinsichtlich
ihres Potenzials fiir die Knochenregeneration im ,,Tissue Engineering®. In diesem Teil
zeigten Hydrogele basierend auf mineralisierten Seidenfibroinfasern und UV
induzierbaren Gelkomponenten eine hervorragende Adhidsion von MSC entlang der
biofunktionalisierten Seidenfibroin-Komponenten. Auflerdem wurde eine signifikant
erhohte Expression von VEGF festgestellt, so dass diese injizierbaren Komposit
Biomaterialien ein hohes Potenzial fiir die Knochenregeneration aufweisen.

Zusammenfassend zeigten die in dieser Arbeit untersuchten bioaktiven Substanzen und
biofunktionalen Materialien die Fahigkeit die Angiogenese auf molekularer und
zelluldrer Ebene zu beeinflussen, die Immunantwort zu induzieren oder als injizierbare
Knochenmaterialien zu fungieren bzw. das Verhalten von Knochenzellen iiber deren
biomimetische Eigenschaften zu beeinflussen. Dennoch sind weitere Studien
notwendig, um solche Grundlagenansitze zukiinftig in der Knochenheilung oder
Regeneration auch klinisch einsetzen zu kénnen.

Schliisselworter: OEC, MSC, Kokultur, Angiogenese, Osteogenese, VEGF, Fucoidan,

Vitamin D3, Tissue Engineering, Biomaterialien.
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INTRODUCTION

1. Introduction

As a highly vascularized tissue, bone possesses extraordinary self-healing capacity and
undergoes a continuous remodeling process, therefore bone defects can be completely
healed and new bones can be formed after injury [1]. However, massive bone loss and
fractures caused by pathological or traumatic events still need surgical treatment to
assist bone formation. Bone grafting, the traditional and widely applied therapeutic
strategy of bone repair, still faces several challenges due to ischemia, rejection,
infection, limited sources of donors and immune responses in recipients [2, 3]. Thus,
the emergence of pre-vascularized bone constructs in the context of bone tissue
engineering provides advanced alternatives for conventional bone defect
transplantation. There are three components in bone tissue engineering: stem
cells/progenitor cells for bone formation and vascularization; biological factors to
accelerate cell adhesion, proliferation, migration and differentiation; and the

biomaterials/scaffolds which provide a physical and biological environment to the cells

[4].

Blood vessels play an important role in bone formation and repair due to their functions
of delivering blood cells and nutrients. The past studies have shown that vascularization
and osteogenesis in bone are two coupled physiological processes [5]. At the cellular
level, molecular crosstalk exists between endothelial cells and bone forming
osteoblastic cells [6]. In this context, endothelial progenitor cells, which contribute to
the formation of new blood vessels, and osteogenic cells have been employed in co-
culture systems, where the promotive effect on both angiogenic and osteogenic
activities has been found [7, 8]. Furthermore, the co-culture models also provide an in
vitro platform to study the mechanisms of osteogenesis and vascularization in bone
physiological and pathological processes, as well as the reciprocal reactions between

various cell types at both cellular and molecular levels.

Besides the biochemical regulators such as the well-known growth factors and

component proteins involved in the bone physiological processes, recent studies have
11
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discovered some additional bio-functional compounds which have been shown to
influence vascularization and bone formation. Fucoidan, an extracted component from
brown algae, is supposed to possess a number of bioactivities including its impact on
angiogenesis which is of interest in our study [9]. Moreover, this thesis also investigated
physiological molecules such as vitamin D3 (1a, 25-dihydroxyvitamin D3) to assess its

influence on the pro-inflammatory response in the co-culture model of bone

regeneration.
Bone physiological/pathological processes
(%) : :
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= MSC/MG63 regeneration/
o sarcoma
o
(@)
g OEC
S
(@]
o
Promotion/Inhibition e Implant/scaffold
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Figure 1.1 General strategies of bone regeneration and vascularization.

In addition, biomaterials and scaffolds are also needed in a delivery system for bioactive
components and molecules to establish the physical and biochemical environment for
cells, thereby developing efficient pre-vascularization for bone repair and regeneration

in bone constructs.

In the up-coming part of introduction, the relevant background with more details and

mechanisms will be presented.

12
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1.1 Background
1.1.1 Bone

Bones, according to their shape and serving place, are classified to long bones, short
bones, flat bones and irregular bones. They are composed of two types of structures:
cortical bone (or compact bone) has low porosity and mainly constructs the outer hard
layer of long bones; cancellous bone (or trabecular bone) with 50-90% porosity exists
in flat and cuboidal bones, as well as the heads of long bones [10]. Bone contributes to
the calcium homeostasis [11] in addition to other physiological functions such as the
structural and mechanical support of the body and the protection of inner organs. It is
built up by different types of cells, organic extracellular matrix (ECM) and inorganic
depositions. Bone cells include osteocytes, osteoblasts, osteoclasts and osteoprogenitor
cells. Osteocytes are mature osteoblasts which maintain bone structures; Osteoblasts
produce ECM components and participate in bone formation and osteoclasts are bone
dissolving cells. The organic matrix of bone consists of collagen, proteoglycans,
fibronectin, osteocalcin and phospholipids; the inorganic part of bone is comprised with
mineralized calcium (hydroxyapatite), citrate, carbonate and water which makes up

approximately 10% of the weight of bone [12, 13].

Different from other tissues, bone possesses an incredible capability to repair, heal and
regenerate itself from fractures, pathological defects and trauma without forming scar
[14]. Bone develops through two mechanisms or their combination which reflect the
evolutionary history [15]: One is called endochondral ossification, in which cartilage
tissue forms first before calcification occurs. This cartilage matrix provides stable
mechanical properties and is then replaced by hard bone tissue. In the other mechanism,
intramembraneous ossification, mesenchymal precursor cells proliferate and
differentiate directly into bone tissue without forming the cartilage matrix. The bone
repair process could be sorted into several phases including early inflammation,
followed by the recruitment of mesenchymal precursor cells which differentiate into

osteoblasts and form new bone [16]. The osteoclasts together with osteoblasts are
13
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involved in the following remodeling phase which achieves to resorb damaged or old
bone and at the same location form new bone. Bone remodeling occurs continuously
throughout the whole lifetime to replace and repair the old bone and adjust the bone in
accordance with loading change without changing the bone size. In contrast, bone
modelling in which osteoclasts resorb bone and osteoblasts form new bone at different
sites results in the change of bone size and shape, and mainly happens before skeletal

maturity or in bone healing [17].

1.1.2 Bone tissue engineering

Bone self-healing may fail when a bone defect is too massive. In clinical practice, bone
grafts are transplanted to promote bone formation and to provide mechanical support.
There are 3 categories of bone grafts based on the source of material: autografts,
allografts and xenografts. Autografts are transplanted from a different site of the same
individual, while allografts and xenografts are harvested from different individuals of
the same species or different species respectively. The autografts are used to repair bone
defects as the gold standard but are limited by the mass of available healthy bone tissue.
Allografts and xenografts also have both advantages and disadvantages in clinical
practice. Both grafts overcome the limitations in terms of available bone tissue, exclude
the need of additional surgery and thus limit the associated site pain of patients [18].
However, both substitutes introduce the risk of disease transmission and immunologic
reactions [2, 19]. Therefore, new strategies of tissue engineering have emerged to open

up new therapeutic options in this area.

Tissue engineering was defined as an interdisciplinary research field that aims to
develop biological substitutes to restore, maintain, or improve tissue function based on
the principles of engineering and life science by Langer and Vacanti [20]. In this
definition, first appropriately engineered biomaterials are needed to provide the
structure for cell attachment, cellular activities and tissue development. Second,
signaling molecules (growth factors), biomechanical and micro/nano structural

properties which relate to the cell behavior and promote the formation of tissues should
14
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be considered in the system. Third, a considerable amount of stem cells or progenitor

cells are required. [4]

In bone tissue engineering, biomaterials are designed and chosen according to the bone
physiological environment and the main functions of bone structure. Therefore, the
material composition, mechanical properties and architectures such as porosity, surface
features and interconnectivity are crucial for bone biomaterials and should be
considered in their design and development in order to attain the optimal effect to
support and promote bone growth and regeneration. Different categories of materials

are applied in bone replacement including metals, ceramics and polymers.

To improve efficiency and to accelerate bone formation, biomaterials in bone
engineering are usually combined with bioactive molecules, such as growth factors, and
bioactive compounds. The bioactive molecules and growth factor can be integrated into
the systems in multiple ways, including directly adding them, using controlled release

strategies or covalent binding approaches [21, 22].

At the early bone healing stage, the recruitment of surrounding host cells could be
impaired or delayed specifically in large bone defects, thus scaffolds preloaded with
progenitor cells have been employed to improve efficiency and accelerate bone
formation. In the following parts, the widely used stem cells derived from bone marrow
for osteogenesis and blood derived progenitor cells for forming new blood vessels will

be introduced in details.

15
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Figure 1.2 Scheme of bone grafting and principle of bone tissue engineering. (The
images of skeletons, animal and culture flask are from online resources; The
fluorescent and SEM images of cells in scaffolds are from the work of Sun et al. [23])

1.1.3 Mesenchymal stem cells (MSCs) and MSCs in bone regeneration

The human mesenchymal stem cells (MSCs) are known as tissue-specific progenitor
cells with a certain capacity of differentiation and the potential as cell source in tissue
engineering [24]. MSCs were first isolated and expanded from bone marrow [25] and
demonstrated pluripotent differentiation capacities and self-renewal [26]. In addition,
MSCs have been found in many other tissues and sources including adipose, peripheral
blood and some non-skeletal tissues [27-29]. The bone marrow derived MSCs are

isolated from cancellous bones and separated from hematopoietic cells by their plastic
16
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surface adherence and cultured at a high density for further expansion and passaging in
vitro. These MSCs are characterized with the surface markers STRO-1, CD29, CD73,
CD90 and CD146 lacking expression of CD34, CD45, CD14 markers [30, 31], however,
there is no MSC-specific marker discovered so far. The bone marrow derived MSCs
can be induced to differentiate to osteoblasts in vitro by adding a variety of factors, for
example, a mixture of dexamethasone, calcitriol, ascorbic acid and B-glycerophosphate
for osteogenic lineage differentiation [32]. Therefore, in bone tissue engineering the
bone marrow derived MSCs are often pre-differentiated to form bone in combination
with osteoinductive bone biomaterials to realize a fast and effective bone healing for

severe and critical sized bone defects and traumatic lesions in clinical practice [33].
1.1.4 Neovascularization: vasculogenesis and angiogenesis

The network of blood vessels, transporting oxygen and nutrients and at the same time
removing waste of metabolic activities, plays an essential role in maintaining normal
physiological processes, tissue regeneration and wound healing. Blood vessels form
and develop mainly through 2 mechanisms: vasculogenesis and angiogenesis. In
angiogenesis, new vascular structures are formed from pre-existing networks [34].
Vasculogenesis, in contrast, is the de novo formation of blood vessels mediated by stem
cells. Both mechanisms contribute to the early development to establish the whole
vascular system of the body and support new tissue growth. The neovascularization in
adults mainly relies on angiogenesis to expand the vasculature in damaged tissues and
wounds, while vasculogenesis has also been observed in specific pathological

conditions [35, 36] and seems to contribute to tissue regeneration as well.

The wall of blood vessels consists of the inner (Tunica intima), the intermediate (Tunica
media) and the outer (Tunica adventitia) layer. The inner layer is formed by endothelial
cells supported by a subendothelial layer; The middle layer is where the smooth muscle
cells are located; And the outer layer consists of connective tissue. The angiogenesis
starts with the sprouting of existing blood vessels initiated by specific proteases which

degrade and remove collagen and other components in the ECM. Thus, endothelial cells
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are able to migrate and proliferate along the sprouting direction followed by the lumen
formation to accomplish the primary new vessel structures [37]. In contrast,
vasculogenesis requires the differentiation and assembly of endothelial progenitor cells
to form new blood vessels at that site [38, 39]. The newly formed vessels in both
processes are afterwards stabilized and matured via the recruitment of pericytes and

deposition of extracellular matrix [40].

Sprouting is the key step in angiogenesis and the regulators are essential to activate the
process. The vascular endothelial growth factor (VEGF) is the most investigated growth
factor promoting angiogenesis and vasculogenesis [41]. VEGF family consists of
VEGF-A, VEGF-B, VEGF-C, VEGF-D and VEGF-E members, with molecular
weights ranging from 34 to 45 kDa [42]. There are a lot of isoforms, of which the
VEGF121 and VEGF165 are the majorities. The differences in chemical structure
amongst these isoforms enable different biochemical effects and various affinities to
VEGEF receptors and heparin sulfate [43]. VEGF binds to the receptor VEGFR-1 and
VEGFR-2 which are both expressed by endothelial cells [44]. Previous studies have
indicated that VEGF regulates angiogenesis by activating the sprouting and promoting
the adhesion, migration and survival of endothelial cells [45]. In addition, VEGF plays
a key role in mobilizing the endothelial progenitor cells from bone marrow [46].
Besides VEGF, angiopoietin-1 (Angpt-1) and angiopoietin-2 (Angpt-2) are both
angiogenic factors of interest. Angpt-1 and -2 are both ligands for the Tie-2 receptor on
endothelial cells. Angpt-1 promotes pericyte adhesion, enhances vessel stability and
tightens endothelial junctions [47, 48]. Angpt-2, as a natural antagonist for Angpt-1,
blocks Angpt-1 from activating Tie-2. It destabilizes blood vessels and promotes

angiogenesis in cooperation with VEGF via stimulating vascular sprouting [49].

Angiogenesis in a pathological process, for instance, in tumor growth undergoes similar
mechanisms and shares the same regulators or physiological process [50]. As a
prominent regulator of angiogenesis, VEGF obviously plays a key role in tumor growth

as well. Previous experiments have confirmed that tumors cannot develop under the

18



INTRODUCTION

condition of inadequate blood vessel system [51]. Therefore, VEGF-targeted inhibitors
have been developed, aiming at suppressing or cutting off the angiogenesis process in

order to control tumor growth [52].

1.1.5 Endothelial progenitor cells (EPCs) and outgrowth endothelial cells (OECs)

Twenty years ago, cells which are defined as circulating endothelial progenitor cells
(CEPCs) were discovered and isolated in adults, thereby updating the knowledge of
postnatal vasculogenesis [53]. It has been found that these endothelial progenitor cells
(EPCs) contribute to neovascularization in vivo, differentiate to endothelial cells and
incorporate in the new forming blood vessels. They are characterized by CD34, CD133
which are typical hematopoietic stem cell surface markers and endothelial surface
marker VEGFR2, which is often used in combination with CD34 and/or CD133 to
acquire an enriched population of EPCs [53-55]. At the same time, many other markers
have been investigated to characterize the EPCs including CD45, CD105, CD106,
CD117, CDl144, acetylated low-density lipoprotein uptake and aldehyde
dehydrogenase activity [56]. Numerous studies have shown that CEPCs are derived
from bone marrow [57, 58] and mobilized into the peripheral circulation mediated by
VEGEF [46, 59] and other stimulators such as Angpt-1 [60] and SDF-1 [61, 62] under
ischemic conditions. Based on preclinical research of the biological function and role
of EPCs in neovascularization, they were applied to the sites of ischemia or vascular
diseases in the form of cellular injection and surface capture [63]. Due to the overlapped
hematopoietic and endothelial surface markers which are used to characterize the EPCs,
there are still difficulties in isolating the “true” endothelial progenitors [64]. The EPCs
characterized with CD34, CD133 and VEGFR2 are heterogeneous populations of cells
where each subpopulation plays various roles in neovascularization and re-
endothelialization [65, 66]. These cells may not differentiate to endothelial cells or form
blood vessel structures in vitro but contribute to the neovascularization via secreting

cytokines and growth factors to help construct new blood vessels [67, 68]. Nowadays
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EPCs have been successfully applied in the field of tissue engineering to enhance

angiogenesis in implants [69, 70].

The isolation of EPCs from peripheral blood or bone marrow is performed by plastic
adherent cultures of mononuclear cells or magnetic activated cell sorting based on
various surface markers [53, 54]. In this study, we isolated mononuclear cells from the
buffy coat of human peripheral blood by biocoll gradient centrifugation. These cells
were seeded on collagen type I coated plastic surfaces and cultured in endothelial
growth medium supplemented with growth factors including VEGF, hFGF, hEGF and
serum. Within 5-7 days, the adherent cells on the plastic surface after removal of
nonadherent ones were defined as early EPCs in our work. Within 2-4 weeks after
isolation, colonies of cobblestone-like cells appeared at the peripheral area of the
culture wells, and these cells were named as outgrowth endothelial cells (OECs, in other

works also described as EOCs, late EPCs and ECFCs).
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Figure 1.3 The neovascularization scheme in adult modified from Sales et al. [71]

It has been found that OECs are a small but homogenous subpopulation of peripheral
blood isolated mononuclear cells with a low frequency of appearance. Different from
early EPCs which contribute to new vessels through paracrine manners, OECs form

tubular capillary structures and physically participate in vessel formation [72, 73].
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Therefore, in terms of de novo vessel forming function, OECs are more likely to be the
true endothelial progenitors. Both early EPCs and OECs have been applied in the
ischemic conditions or tissue engineering scaffolds to promote the neovascularization
for their synergic collaboration. On the other hand, both types of cells release the matrix
metalloproteinases to facilitate sprouting in vivo [74]. To efficiently meet the needs of
tissue engineering and clinical applications, an enriched population of OECs is required.
It has been found that the number of circulating EPCs relates to some physiological and
pathological factors, for instance, estrogens and physical condition [75, 76]. In addition,

the protocol modification of OEC isolation has been shown to enable higher numbers

of OECs obtained from individual donors [77].

Description as

Early endothelial progenitor
cells (EPCs)

Outgrowth endothelial cells
(OECs)

Other descriptions

EPC, EC, CFU-EC, CAC, AT, AC,
early outgrowth, CE-EPC,

EPC, EC, CFU-EC, EOC, BOEC,
EPDC, EC-like, late EPC, late
endothelial out-growth

CMM(_I, early EPC

Morphology AL S ge . :
i ' - . » »
o g:" = > - : .
=~ A" . V
: “r,:. . S e .
(”i‘::’w . v - - >
el aroiie 3 “c- TP v .
Spindle like Cobble-stone like
Appearance 7 days after isolation 2-3 weeks after isolation

Surface markers

CD45+, CD34+, CD14+, CD133+,
CD31+, Flt-1+, vWF+, eNos+, VE-
Cadherin+, KDR+, CD36+, Tie-2+,
CD146-

CD34+, CD31+, Flt-1+, vVWF+,
eNos+, VE-Cadherin+, KDR+,
CD36+, Tie-2+, CD146+,
Caveolin-1, CD45-, CD14-,
CD133-

Proliferation in vitro

low

high

Potential of
angiogenesis in
vitro

No angiogenic structures formed
on Matrigel

Angiogenic structures formed on
Matrigel

Potential of
angiogenesis in vivo

Support angiogenesis via
paracrine way

Participate in angiogenesis

Table 1.1 Table of early EPCs and OECs, adapted from Fuchs et al. [78].
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The early EPCs grow fast in the first 2 weeks in culture but gradually die whereas the
OEC:s at the beginning grow at a low speed but possess a good proliferative potential.
OECs express many endothelial surface markers like CD31, VE-Cadherin, e-NOS, von
Willebrand factor (vwf), but not the hematopoietic markers CD14 or CD45. Although
early EPCs share some endothelial markers with OECs, they do not have endothelial
functional features and keep hematopoietic markers which correlate to their
hematopoietic origin [73] (Table 1). The analysis of markers on circulating EPCs points
out OECs may derive from a CD34+, CD45- subpopulation [79]. Nevertheless, the
distinct origin remains unclear for OECs due to the lack of suitable markers to separate
the OECs derived from their precursors from other endothelial cells which actually

constitute the majority of circulating endothelial cells in blood [80].

1.1.6 Angiogenesis in bone tissue engineering

The vasculature not only plays a crucial role in maintaining functions and homeostasis
of bone but also participates in bone development and repair [5]. Hence, the
abnormality or insufficiency of blood vessels can provoke bone disease or failure of
bone implant [81-83]. The angiogenesis and osteogenesis processes are closely related
and interact with each other via a series of mediators such as BMP-2 and VEGF in bone
healing [84-86]. The knowledge of signaling mechanism in these collaborating
processes brings effective strategies for bone tissue engineering, such as incorporating

bioactive factors in bone constructs to induce cellular activities for bone formation [87].

1.1.7 Co-culture models

The co-culture models are usually employed to study vascularization and osteogenesis,
especially the relationships and interactions between different cell types involved in
these processes. This cellular strategy to co-seed the angiogenic and osteogenic
precursors has also been used to efficiently achieve pre-vascularized bone formation in

engineered 3D constructs.
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In our co-culture models, the osteogenic induced MSCs were used due to their self-
renewal potential, strong proliferative ability and better time and cost efficiency in
terms of cell culture process. The outgrowth endothelial cells, co-implanted to the
osteogenic cells, were applied to promote vascularization in the bone regenerative
model. A variety of studies have demonstrated the formation of vascular structures by

co-implantation of endothelial cells with osteogenic cells in vivo and in vitro [7, 8, 88-

90].

Endothelial cells assemble into tubular capillary-like structures when co-cultured with
osteoblastic cells which produce the ECM component collagen type I, as well as
angiogenic factors such as Angiopoitin-1 and VEGF to regulate angiogenesis and
promote the viability of ECs [91-93]. Collagen provides a binding site for endothelial
cells to attach and perform their angiogenic activities stimulated by the angiogenic
factors. In addition, recent studies have shown that angiogenesis in vitro is highly
influenced by the differentiation state of osteogenic cells in co-culture systems [94, 95],

seeding density, the origin of endothelial cells [96] and culture conditions [97].

In turn, endothelial cells have been found to produce the bone morphogenetic proteins
which promote differentiation of MSC towards osteoblasts [98]. The co-existence of
endothelial cells also promotes the osteogenic potential in co-cultures with an increase
in alkaline phosphatase (ALP) activity, deposition of collagen type I and bone
formation [90, 98, 99]. In a previous report, MSCs were found to differentiate to
pericytes which stabilized the vascular structures formed by ECs [88]. Overall, the co-
culture of endothelial and osteogenic cells results in the bi-directional functions on up-
regulating both angiogenic and osteogenic processes through the reciprocal cellular
interaction and information exchange without the requirement of additional stimuli

[100].

In summary, the co-culture system provides a platform where different cell types
closely communicate via signaling molecules in an intimate manner to mimic the

physiological and pathological environment in vivo. The strategy to combine two or
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more cells types is a good tool to study the underlying mechanisms of cell-cell
interactions and cellular response to the chemicals or external stimuli. An in-depth
understanding of cellular pathways and mechanisms in bone homeostasis and repair is
vital to identifying accurate targets for bone regeneration and treatment of bone diseases.
Furthermore, the co-cultures of blood vessel forming cells resulting in functional
vascular structures in bone constructs could significantly improve the survival and

integration of implants in hosts [101].

1.1.8 Bio-functional compounds in this study

1.1.8.1 Fucoidan and its bio-functions

The sulfated polysaccharides extracted from sea weeds have drawn growing attention
for several reasons, for instance, their marine origin, potential applications as
scaffolding material in drug delivery and their attributed biological activities [102]. As
a member of this family, fucoidan, the extract from brown algae, has been discovered
to possess anti-viral [103, 104], anti-tumor [105, 106], anti-oxidant [107], anti-
inflammatory [108] and anti-coagulant [109] properties based on a large numbers of
studies in vitro and in vivo. It is believed that the bioactivities of fucoidan are tightly
related to its chemical structure and composition, including molecular weight, sulfation
degree, molecular geometry and sugar composition [102, 110, 111]. Nevertheless, the
heterogeneity of its chemical structure which largely depends on the source species,
extracting method and even harvesting season has brought difficulties to the study on
the relationship between bioactivities and specific structures of individual fucoidan
[110, 112]. One major aspect of this study focuses on the influence of fucoidan on
angiogenesis. The report of opposite effects of fucoidan on angiogenesis associated
with molecular weight again demonstrated the impact of chemical structure on
biological activities [113]. The commercial fucoidan from fucus vesiculosus known as
a crude extract is widely used in biomedical research and its chemical structure has
been assessed [114]. It has been identified a mixture of polysaccharides with a wide

spectrum of molecular weight and chemical structures in this product [115]. This
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fucoidan extract has been found an anti-angiogenic effect on retinal pigment epithelial
cell line via suppressing the secretion and expression of VEGF [116]. The results
indicate the application potential of fucoidan in controlling tumor progression. In a
recent study, the fucoidan f. vesiculosus has been functionalized to produce a hydrogel
scaffold for cell loading and drug delivery, showing its potential in biomedical

applications [117].
1.1.8.2 Vitamin D3 and its functions in bone formation and infection

Besides fucoidan, the physiological compound vitamin D3 is also of interest in our study.
Vitamin D3 has been well known for its essential role in bone mineralization and
calctum regulation [118]. It is produced in the skin from the precursor 7-
dehydrocholesterol under the ultraviolet B radiation [119]. After being delivered to the
liver, Vitamin D3 is converted to 25-hydroxycholecalciferol (25(OH)D) via 25-
hydroxylation in the presence of enzyme and undergoes a further hydroxylation at 1-a
position in kidney to form the bioactive form of Vitamin Ds: 1,25-dihydroxyvitamin
D3 (1,25(OH)2D3 or calcitriol) [120, 121]. Numerous studies have demonstrated the
effects of VD3 on osteogenic differentiation and bone remodeling process, which
implies its indispensable clinical application in bone healing and repair process [122-
124]. Bone healing starts from an inflammatory stage. VD3 has been reported to affect
the inflammatory cytokines IL-1 and IL-6 in serum, as well as on their expression levels
in vitro [125-127]. VD3 modulates osteoblast proliferation, production of collagen type
I, the major component protein in bone extracellular matrix, and bone mineralization
regulator osteocalcin in osteoblasts [122]. In addition, VD;3 has been reported to impact
osteoclastogenesis and bone resorption mediated by osteoclasts [128, 129]. An
upregulated level of VEGF has been detected in osteoblastic cells induced by VD3,
indicating its effect on vascularization in bone [130]. Although many results of cellular
and molecular effects of VD3 still remain various and inconsistent due to the difference
between cell culture and experimental models, early studies help researchers identify

more biological functions of VD3 in bone physiological processes. Clinical cases
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reported the changes of vitamin D3 level in serum after recent bone fractures or surgery,
suggesting the involvement of VD3 in bone healing and skeletal homeostasis [131].
Furthermore, VD3 has been reported to influence the immune response and show anti-
inflammatory effects in recent studies [132-135]. It can induce the production of anti-
microbial peptide cathelicidin (LL-37) in monocytes/macrophages in order to defend

against pathogenic compounds, such as LPS (Lipopolysaccharide) [136].
1.1.9 Bone biomaterials
1.1.9.1 Review of biomaterials in bone tissue engineering

As described above, biomaterials - another key element in bone tissue engineering, have
been developed for bone repair and regeneration with different kinds of materials or
their combinations. Metallic biomaterials possess good compressive strength; thus, they
are often used in load-bearing applications. For instance, titanium is widely used in
bone plates and screws or a part thereof for its excellent mechanical properties and
compatibility to fix the bone and bear loads during the healing process [137]. Ceramic
biomaterials are developed from bone inorganic component calcium phosphate; they,
together with bio-glasses with good osteoinductive properties are often used for
replacement and fillings in bone fractures [138, 139]. The natural bone ceramic
hydroxyapatite has also been applied in coating and filling, and combined with
scaffolds for its merits of good stability, biocompatibility and osteoinductivity to induce
new bone formation [140, 141]. In addition, the porous structure and micro/nano
surface of bone biomaterials also possess osteoinductive properties to mediate bone
formation [142]. Polymer biomaterials could be categorized into synthetic and natural
macromolecules. They are more flexible in fabrication as well as biochemical and
compositional modification to obtain excellent mechanical properties, bioactivities and
controlled biodegradability [143, 144]. In most cases, bone substitutes need to provide
mechanical stability before being replaced by new bone. Thus, biodegradable and
bioresorbable biomaterials have been developed. The magnesium bone fixation plates

and screws, for example, degrade by oxidation, lose their mechanical properties and are
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finally resolved by the surrounding newly formed bone after a period of time [145]. The
polymer or bio-ceramics based resorbable bone materials degrade via a cell-mediated

enzymatic reaction or change of chemistry [146, 147].

The primary requirement for biomaterials in bone tissue engineering is biocompatibility
which is defined as the ability to support normal cellular activities without inducing
local or systematic toxicity in the hosts [148]. The ideal biomaterials in bone tissue
engineering enable bone cell attachment, proliferation, differentiation and bone
formation on their surfaces, which is defined as osteoconduction, or instruct bone
formation at an ectopic site, termed as osteoinduction [149, 150]. On the contrary,
implants that release cytotoxic chemicals or byproducts of cell-material interactions can
cause a local or systematic problem, such as death of tissue or carcinogenicity to the
hosts [151, 152]. In clinical practice, the foreign body reactions could be triggered
immediately right after the implantation, thus provoking an acute inflammatory
response [153, 154]. The bio-functionality and integration of implants are determined
by the magnitude and duration of the tissue response [155]. Immediately after
implantation, proteins in blood and body fluids adsorb to the surface of biomaterial,
thus recruiting macrophages to form a layer of foreign body cells, which are then
covered with an outer zone of layered fibroblasts and connective tissue [153, 156]. It is
believed that this process makes the implant biocompatible to the host and is associated
with the surface roughness and chemical nature of the biomaterials [157]. In the case
of long-term use, the wear particles, corrosion or degraded products from bulk
biomaterials can cause chronic inflammation, leading to implant failure and
disintegration [158, 159]. Thus, the assessment of in vitro cytotoxicity, long term
reproductive toxicity, carcinogenicity, blood interaction, irritation, local effect,
degradation, and in vivo testing is of importance for biomaterials before they are applied

in clinical devices according to the ISO technical standard.

In addition to the material itself, the architecture of biomaterials and scaffolds also plays

an important role in regulating bone formation. The work of Sicchieri et al. [160]
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described the impact of pore size of PLGA-CaP composite scaffolds on the osteoblastic
response of cells. In this work, 470-590 um pore size (in the range of 470-1200 pm) of
the scaffolds was found to increase vessel number and bone formation. Whereas, the
results from Hollister’s group with polycaprolactone (PCL) scaffolds showed the
insignificant influence of pore size ranging from 350 to 880 um on bone formation in
an in vivo bone regeneration model [161]. It seems the optimal pore size for bone
growth and development alters with the materials used and their manner of application.
Studies have demonstrated the critical size of pores for bone TE starts around 200 um
which gives enough space for nutrition infusion, ingrowth of bone tissue and

vascularization in the scaffolds [162, 163].

Increasing the pore size sometimes leads to the compromised mechanical properties of
scaffolds; however, these two aspects should be engineered in a balanced way to
acquire the best enhancement of bone growth in and around the scaffolds with sufficient
duration and strength of the implants. The mechanical properties of scaffolds also
influence the cell behaviors such as migration and differentiation by the mechano-
transduction process to convert external mechanical information into internal
biochemical signals through the cooperation and interaction of extracellular
components, transcellular molecules and the cell skeleton [164, 165]. The work of
Engler’s group indicated that stiffness regulated differentiation of MSCs on the
polyacrylamide hydrogels with tunable elasticity [166]. It has also been shown that the
angiogenic response in endothelial cells is associated with the stiffness of the collagen
matrix [167]. Different cells are adapted to their living microenvironment in vivo and
communicate with the surrounding cells, tissues and the matrix. The stiffness of tissues
varies in a huge range from 1 kPa in the soft brain tissue to more than 20 GPa Young’s
modules in the hard cortical bone tissue [168, 169]. Thus, the design of the components
and architecture of bone biomaterials should take into account the original surrounding

environment of cells and tissues.
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Last but not least, the bioresorbability and the micro/nano structure of the topography
should also be evaluated in terms of the efficacy and impact on cellular activities in
various systems [170, 171]. In all, bone biomaterials, instead of serving as simply
scaffolds for cellular activities and tissue growth, have been developed with more bio-
functions adapted to specific applications, such as regulating cell activity and delivering
bioactive molecules. The current design of bone biomaterials employs new material
technology and deep understandings of bone formation to mimic the native
environment of bone tissue in various aspects with the aim of successful bone repair

and regeneration.
1.1.9.2 Hydrogels and modification in bone tissue engineering

Hydrogels, as a form of polymer biomaterials, can be fabricated using hydrophilic
macromolecule networks formed by chemical covalent bonds, physical interactions or
entanglement. In hydrogels, a large amount of water is retained. Depending on the
source of the polymers, hydrogels can be sorted into synthetic and natural materials. In
bone tissue engineering, synthetic polymers, such as poly ethylene glycol (PEG) and
poly vinyl alcohol (PVA), are often used as scaffolds and delivery systems in the form
of'a hydrogel [172-174]. PEG, for instance, could be conjugated with the pedant peptide
RGD (ArgGlyAsp) to enable cellular adhesion [175], and modified with cell cleavable
peptides for biodegradable properties [176]; the mechanical properties of PEG could be
tailored by changing the molecular weight, concentration or crosslinking density of the
polymer [177]. The natural macromolecules, especially the ECM components, with
intrinsic cellular affinity provide another choice of matrices for bone regenerative
medicine. These natural materials, such as collagen, chitosan, fibrin, alginate,
hyaluronic acid, silk fibroin and gelatin are modified or hybridized with synthetic
polymers to obtain tunable high strength, thermostability and bioactive functions [178,
179]. Collagen type I, as the major organic component of bone ECM has been widely
applied as a matrix to provide both physical support for cell-matrix interactions and

biochemical cues to regulate cell activities [180, 181]. Collagen has a complex structure
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of fibrils which are constituted with parallelly assembled macromolecular helices [182].
In addition to the drawbacks of variation and high cost of large batch production, the
full length ECM macromolecules with low solubility have no advantages in
biochemical modification [183]. Instead, gelatin - the hydrolyzed product of collagen,
overcomes these difficulties and inherits the cell adhesive motifs and biodegradable
sites from collagen. Modified gelatin has been reported to provide tunable mechanical
properties related to the macromolecule concentration, functionalization degree and
crosslinking density [184, 185]. Functionalized gelatin and its synthetic hybrid
hydrogels have been successfully introduced in tissue engineering as scaffolds for cell
encapsulation to achieve sustained viability and proliferation of endothelial cells, and
formation of vascular networks in vivo [186, 187]. Recently, an engineered collagen
mimetic hydrogel which was constructed with triple helical protein functionalized with
RGD sequence peptides and biodegradable crosslinkers has been demonstrated for its
potential in chondrogenesis, enabling the strategy to create a complex dynamic ECM

like construct with multiple functional peptides for tissue regeneration [188].

As biomaterials, hydrogels possess several advantages. For instance, the high water
content of hydrogels provides a cell-friendly environment with excellent
biocompatibility. The development of injectable hydrogels with smart molecules
allowing in situ gelation has brought a new strategy to bone tissue engineering,
overcoming the difficulties of highly invasive surgical approaches and the
dissymmetric shape of bone defects. With this strategy, the water soluble monomers
with initiators or solutions of in situ hydrogel-forming macromolecules are injected to
sites which are difficult to access. The gelation process is usually controlled by a change
in the physiological conditions such as temperature, pH value or physiologic fluid and
external aids, for example, UV light [189, 190]. Moreover, incorporating bioactive
ligands or ECM functional peptides to matrix components in hydrogel biomaterials may
achieve a better efficacy in tissue regeneration. The IKVAV (Ile-Lys-Val-Ala-Val)

peptide, one of the bioactive peptide sequences of ECM protein laminin, is believed to
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enhance the endothelial cell attachment, migration and angiogenic process [191]. The
work from Nakamura’s group presented the pro-angiogenic effect of their artificial
extracellular matrix (ECM) proteins containing the IKVAV sequence in collagen gels
in vitro [192] and on atelocollagen membranes in vivo [193], suggesting the strategy to

combine functional components of ECM into biomaterials in tissue engineering.
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1.2 Aim of the study

The main purpose of this thesis is to characterize the specific effects of bio-functional
molecules and develop biomaterials in the context of bone tissue engineering. In this
thesis, the primary outgrowth endothelial cells derived from peripheral blood which can
contribute to angiogenesis and form the capillary-like structures in vitro were co-
cultured with osteogenic cells to establish a bone vascularization model. The marine
origin bioactive compound fucoidan was studied in the co-cultures and separately in
mono-cultures of OECs, MSC and bone sarcoma cell line MG63 for its regulatory effect
on angiogenesis. In addition, the co-cultures and correlating mono-cultures were further
applied to study the angiogenesis/osteogenesis in bone inflammation induced by LPS
and assess the impact of vitamin D3 in this process. Last, the OECs and osteogenic
MSCs were encapsulated in functionalized collagen hydrogels and silk fiber composite
hydrogels to assess their potential as pre-vascularized constructs or osteogenic
promotive scaffolds in the context of vascularization in bone regenerative medicine.
The main experimental setups are depicted in the flow chart (Figure 1.4) and the

specific tasks include:

® Apply fucoidan extract to bone regenerative and tumor models to quantitatively
analyze its bio-functions on vascularization in bone physiological and pathological
processes at both cell and molecular levels, and to a uveal melanoma co-culture
model, at a relatively safe dose in terms of endotoxicity and cytotoxicity on each

of the cell types.

® Evaluate the angiogenic activity under an inflammatory response induced by LPS
in a bone regenerative model and study the function of vitamin D3 in this model by

means of quantitative experimental tools.

® Develop the mechanically stable and bio-functional injectable collagen hydrogels
aiming to promote vascularization for fast regenerative effects and determine cell

activities at the cellular and molecular levels.
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Figure 1.4 The flow chart.

Evaluate the bone regenerative properties of the silk fiber composite hydrogels in
vitro especially the cellular response to the bioactive component involved in the

scaffolds.
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2. Materials and Methods

2.1 Materials

2.1.1 Instruments

MATERIALS AND METHODS

Instrument Model Manufacturer
Beakers DURAN SCHOTT, Mitterteich,
Germany
CASY CASYTT OLS, Bremen, Germany
. . Heraeus, Hanau,
Biofuge primo R Germany
Centrifuge

Multifuge 3 S-R

Heraeus, Hanau,
Germany

Confocal laser scanning microscope

LSM 510 Meta

Zeiss, Oberkochen,
Germany

Cryo 1°C Freezing Container

NALGENE® Mr.
Frosty

Thermo Scientific, USA

Cryotank

Locator 4 plus

Thermo Scientific,
Marietta OH, USA

Electrophoresis Power Supply

PowerEase 500

Invitrogen, Eugene, USA

Epi-fluorescent microscope

Evos FL Auto 2

Life Technologies,
Grand Island, USA

Fluorescent Microplate reader

Spectra FLUORA
plus

TECAN, Maennedorf,
Switzerland

Fridge (4°C)

profi line

LIEBEHERR, Austria

Freezer (-20°C)

Premium Nofrost

LIEBEHERR, Austria

comfort
H H
Freezer (-80°C) HERA freeze eraeus, Hanau,
Germany
Fumehood K&ttermann Kottermann, Uetze,
Germany
i GraphPad GraphPad Software,
GraphPad Prism > software Inc., La Jolla, CA, USA
Image) NIH Image) National Institutes of

Health
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Thermo Scientific,

BBD6220,
Incubator I Langenselbold,
HERA cell 240 Germany
RH basic 2 IKA, Staufen, Germany
Magnetic stirrer VARIOMAG® Thermo Scientific,
MONO Langenselbold,
Germany
Laminar flow bench HERA safe Heraeus, Hanau,
Germany
Zeiss, Oberkoch
Light microscope Axiovert 25 eiss, Uberkochen,

Germany

Lyophilizer

CoolSafe ScanVac

LaboGene™, Allergd,
Denmark

3722L Fisher Scientific, USA
Microcentrifuge
220VAC Carl ROTH, Germany
. Berthold Technologies,
Microplate reader Apollo LB 911 Bad Wildbad, Germany
Mini Gel Tank

Western blot electrophoresis
chamber

Mini Blot Module

Invitrogen, Eugene, USA

Nanodrop

Nano Drop 2000

Thermo Fisher,
Erlangen, Germany

Orbital shaker

SWip

Edmund Bihler,

Germany
pH meter Inolab, pH 7110 WTW, Wellheim,
Germany
Pipettes

2-10pL, 10-100uL, 100-1000pL
multichannel pipette 30-300uL
Repeater pipette

Research plus
Research 300
Multipette® plus

Eppendorf, Hamburg,
Germany

Pipette aid

pipetus

HIRSCHMANN
LABORGERATE

Real-time PCR cycler

Rotor-Gene Q

Qiagen, Hilden,

Germany
Roller mixer SRT9 Stuart, Staffordshire,
UK
Smart fluorescent cell analyzer Jull NANOENTEK Inc.
Sonicator MSE MSE, London, UK
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Surgical kit, spatulas, tweezers / Carl ROTH, Germany
Thermoblock Thermomixer Eppendorf, Hamburg,
comfort Germany
Vacuum pump AC500 HLC, Bovenden,
Germany
. Integra Biosciences,
Vacuum aid Vacu boy
Fernwald, Germany
Scientific Industries,
Vortex VORTEX-GENIE 2 Bohemia, NY, USA
Waterbath 1004 GFL, Burgwedel,
Germany
. . Sartorius, Gottingen,
Weighing machine BP211D
Germany
2.1.2 Consumables
Consumables Manufacturer

24-well-plates lid, sterile

TPP, Trasadingen, Switzerland

48-well-plates lid, sterile

falcon, corning NY, USA

96-well-plates lid, sterile

Sarstedt, Niimbrecht, Germany

96-well-plates, F, Trans

greiner bio-one, Frickenhausen, Germany

96-well-plates, Med binding (Elisa)

greiner bio-one, Frickenhausen, Germany

Foil paper

Universal, Disseldorf, Germany

Cell scrapers

Sarstedt, Nimbrecht, Germany

Cell Strainers 40um Nylon

Falcon, Durham, USA

Centrifuge Tubes (15mL, 50mL)

Sarstedt, Nimbrecht, Germany

Combitips Advanced®

Eppendorf, Hamburg, Germany

CryoPure Tube 1.8mL

Sarstedt, Niimbrecht, Germany

DispenserTips, Ritips®

Ritter, Schwabmiinchen, Germany

Filter 0.2um non-pyrogenic

Sarstedt, Nimbrecht, Germany

High performance chemi-
luminescence films

GE healthcare, little Chalfont, UK

Microtubes (500uL, 1.5mL, 2mL)

Sarstedt, NUmbrecht, Germany

Needles 20Gx1 %", Sterican®

B.BRAUN, Melsungen, Germany
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NovexTM WedgeWellTM 4-20% Tris-
Glycine Gel

invitrogen, Carlsbad, USA

i slide 8 well ibidi

ibidi, Martinsried, Germany

Pasteur pipettes

Assistant, Germany

pH-indicator paper pH1-14

Merck, Darmstadt, Germany

Pipette tips (10, 200, 1000pL)

Sarstedt, Nimbrecht, Germany

PVDF membrane

millipore, Bedford, USA

Rotor-Gene Strip Tubes & Caps

STARLAB, Hamburg, Germany

Serological Pipettes
(5mL, 12mL and 25mL)

Sarstedt, Nimbrecht, Germany

Slide-A-Lyzer® 3.5K Dialysis Cassettes

Thermo scientific, Rockford IL, USA

Syringe (5mL, 10mL, 20mL)

BD, Madrid, Spain

Tissue culture flasks vent. Cap
(T25, T75, T175)

Sarstedt, Nimbrecht, Germany

Thermanox plastic coverslips

Thermo scientific, Rochester NY, USA

2.1.3 Buffers and solutions

Buffer

Composition

buffy-coat buffer

2 mM EDTA, 0.5% FBS in PBS

Collagen gelating reconstitution buffer
10x

2.205 w/v% NaHCOs, 0.04 M HEPES, 0.16
M NaOH aqueous solution

Electrophoresis buffer (Tris-Glycine SDS
buffer)

50 mM Tris, 192 mM Glycin, 0.1% SDS, pH
8.0

RIPA buffer

150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris, pH
8.0

Tris Buffered Saline (TBS buffer)

20 mM Tris, 140 mM NaCl, pH 7.6

TBS/T buffer

1% Tween® 20 in TBS buffer

Tissue buffer

15% FBS, 1% Fungizone, 1% Cyproby and
1% pen/strep in Medium 199 GlutaMAX™

Transfer buffer

20% methanol in Tris-Glycine SDS buffer
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Name

Manufacturer

1a,25-Dihydroxyvitamin D3

Sigma-Aldrich, St. Louis, MO, USA

Alizarin Red S Stain Solution

millipore, Billerica, USA

Accutase®

Biowest, Nuaillé, France

Acetic acid

Merck, Darmstadt, Germany

Ascorbate-2-phosphate

Sigma-Aldrich, St. Louis, MO, USA

B-Glycerophosphate

Sigma-Aldrich, St. Louis, MO, USA

Biocoll

Biochrom, Berlin, Germany

Bovine serum albumin (BSA)

millipore, Kankakee, USA

Calcein AM fluorescent dye

BD Biosciences, Bedford, USA

Cell Tracker

Invitrogen, Eugene, USA

Collagen type | (rat tail)

Corning, Bedford, MA, USA

Cetylpyridinium chloride (CPC)

Roth, Karlsruhe, Germany

Cyproby

FRESENIUS KABI, bad Homburg, Germany

Dexamethasone

Sigma-Aldrich, St. Louis, MO, USA

Dimethyl sulfoxide (DMSQO)

Sigma-Aldrich, St. Louis, MO, USA

Ethylenediaminetetraacetic acid (EDTA)

SERVA, Heidelberg, Germany

Ethanol

Merck, Darmstadt, Germany

Fetal bovine serum (FBS)

Sigma, Taufkirchen, Germany

Fibronectin

Millipore, Temecula, CA, USA

Fluoromount Aqueous Mounting
Medium

Sigma-Aldrich, St. Louis, MO, USA

Fucoidan from fucus vesiculosus

Sigma-Aldrich, Taufkirchen, Germany

Fungizone

Biozol, Eching, Germany

Glycin

Merck, Darmstadt, Germany

Halt™ Protease Inhibitor Cocktail
(100x)

Thermo scientific, Rockford, IL, USA

HEPES

Sigma-Aldrich, St. Louis, MO, USA

Hoechst

Sigma-Aldrich, Taufkirchen, Germany

IKVAV peptide

Biosyntan, Berlin, Germany

Isopropanol

Merck, Darmstadt, Germany
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LDS Sample buffer (4x)

Thermo scientific, Rockford, IL, USA

L-Glutamine (100x)

Gibco, Darmstadt, Germany

Lipopolysaccharides (LPS) from E coli

Sigma, Deisenhofen, Germany

Medium 199 GlutaMAX™
Medium 199 10x

Gibco, Darmstadt, Germany
Sigma-Aldrich, St. Louis, MO, USA

Methanol

Carl Roth, Karlsruhe, Germany

NP-40

Roche, Indianapolis, IN, USA

Nuclease-free water

Ambion, Carlsbad, CA, USA

Paraformaldehyde solution in PBS 4%

Affymetrix, Cleveland, USA

Phalloidin-TRITC

Sigma-Aldrich, St. Louis, MO, USA

penicillin/ streptomycin (Pen/Strep)

Biochrom, Berlin, Germany

Phosphate buffered saline (PBS) 10x

Gibco, Darmstadt, Germany

Phosphatase Inhibitor Cocktail (100x)

Cell signaling technology, Leiden,
Netherland

Precision Plus protein™ WesternC™
standards

BIO-RAD, Hercules, USA

Precision Protein™ StrepTactin-HRP
Conjugate

BIO-RAD, Hercules, USA

SDS

Sigma-Aldrich, St. Louis, MO, USA

skimmed milk

BIO-RAD, Hercules, USA

Sodium Chloride (NacCl)

J.T.Baker, Deventer, Netherland

Sodium deoxycholate

Sigma-Aldrich, St. Louis, MO, USA

Sodium Hydroxide (NaOH)

Merck, Darmstadt, Germany

Sodium Hydrogen Carbonate (NaHCO3)

Merck, Darmstadt, Germany

Sulfuric acid (H2S04)

Roth, Karlsruhe, Germany

SYBR® Select Master Mix

Applied biosystems, Austin, USA

Triton® X-100

Sigma-Aldrich, Taufkirchen, Germany

Tris

Carl Roth, Karlsruhe, Germay

TRIzol® Reagent

Ambion, Carlsbad, CA, USA

Trypsin/EDTA (10x)

Biochrom, Berlin, Germany

Tween® 20

Roth, Karlsruhe, Germany

Vascular endothelial growth factor-165

Biomol, Hamburg, Germany

Water Ampuwa®

FRESENIUS KABI, bad Homburg, Germany
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2.1.5 Cell culture medium

MATERIALS AND METHODS

Medium

Supplement

Endothelial growth medium-2

Endothelial basal medium-2 (EBM-2)
500 mL (Lonza Walkersville, MD, USA)
+Supplements:

10 mL FBS, 0.2 mL Hydrocortisone, 2 mL
hFGF, 0.5 mL VEGF, 0.5 mL IGF-1, 0.5 mL
ascorbic acid, 0.5 mL hEGF, 0.5 mL Heparin

+Extra 25mL fetal bovine serum (FBS)
+1% penicillin/ streptomycin (Pen/Strep)

MSC growth medium

Dulbecco’s Medium Essential Medium
(DMEM)/Ham F-12 (Biochrom, Berlin,
Germany)

+20% fetal bovine serum (FBS)

+1% Pen/Strep

MG63 growth medium

Dulbecco’s MEM (Biochrom, Berlin,
Germany)

+10% FBS
+1% Pen/Strep
+1% L-Glutamine

Osteogenic differentiation medium
(ODM)

DMEM/Ham’s F-12 (Biochrom, Berlin,
Germany)

+0,1 uM dexamethasone

+10 mM B-glycerol phosphate
+50 uM ascorbate-2-phosphate
+10% FBS

+1% Pen/Strep

Growth medium for melanoma cell
lines

RPMI 1640 medium (Gibco®/Life
Technologies, Germany)

+10% FBS
+1% Pen/Strep
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2.1.6 Antibodies

MATERIALS AND METHODS

Primary antibody Source Dilution | Manufacturer
Immunocytochemistry

Anti-human CD31 Mouse 1:50 Dako, Glostrup, Denmark
Anti-human VE-Cadherin Goat 1:50 R&D, Minneapolis, USA
Anti-human LL-37 Mouse 1:50 Abcam, Cambridge, UK
Anti-human CXCR4 Mouse 1:50 R&D, Minneapolis, USA
Western blot

Anti-human cathelicidin Rabbit 1:1000 Abcam, Cambridge, UK
Secondary antibody Source Dilution | Manufacturer
Immunocytochemistry

Alexa488 anti mouse Rabbit 1:1000 Invitrogen, Oregon, USA
Alexa488 anti goat donkey 1:1000 Invitrogen, Oregon, USA
Alexa555 anti goat donkey 1:1000 Invitrogen, Oregon, USA
Alexa555 anti mouse donkey 1:1000 Invitrogen, Oregon, USA
Western blot

1gG-HRP anti rabbit Goat 1:5000 ::2:2 E:ﬂ;b&:’fchnology,
2.1.7 Kits

Kits Manufacturer

CellTiter 96® AQueous One Solution Cell

Proliferation Assay

Promega, Madison, USA

DuoSet® ELISA Development kit

R&D, Minneapolis, MN, USA

EndoLISA®

Hyglos, Germany

high capacity RNA-to cDNA Kit

Applied Biosystems, Carlsbad, CA,
USA

Human LL-37 ELISA kit

Hycult Biotech, Uden, Netherlands

LAL Chromogenic Endotoxin Quantitation Kit

Pierce, Rockford IL, USA

peqGOLD DNase Digest Kit

VWR peqlab, Erlangen, Germany

peqGOLD Total RNA Kit

VWR peqglab, Erlangen, Germany
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Pierce® BCA protein Assay

Thermo Fisher Scientific, Pierce
Rockford, IL, USA

Pierce ECL Western Blotting Substrate

Thermo, Rockford, USA

Quant-iT PicoGreen dsDNA assay kit

molecular probes, Oregon, USA

QuickZyme Soluble Collagen Assay

Netherlands

QuickZyme Biosciences, Leiden,

RNA-to cDNA Kit

USA

Applied Biosystems, Carlsbad, CA,

2.1.8 Primers

Gene name Primer assay name Catalogue No.
ALP Hs_ ALPL 1 SG QuantiTect Primer Assay QT00012957
Angiopoietin-1 Hs_ ANGPT1_ 1 SG QuantiTect Primer Assay QT00046865
Angiopoietin-2 Hs ANGPT2_1 SG QuantiTect Primer Assay Q100100947
Cc3 Hs_C3_1_SG QuantiTect Primer Assay QT00089698
Cathepsin K Hs_CTSK_1_SG QuantiTect Primer Assay QT00093856
CD68 Hs_CD68_1_SG QuantiTect Primer Assay QT00037184
CD163 Hs CD163_1 SG QuantiTect Primer Assay QT00074641
CD206 Hs MRC1 1 SG QuantiTect Primer Assay Q100012810
CXCR4 Hs CXCR4_2 SG QuantiTect Primer Assay Q102311841
Osteocalcin Hs BGLAP_1 SG QuantiTect Primer Assay QT00232771
Collagen-1 Hs COL1A1_1 SG QuantiTect Primer Assay QT00037793
ICAM Hs ICAM1 1 SG QuantiTect Primer Assay Q100074900
IL-6 Hs_IL6_1_SG QuantiTect Primer Assay QT00083720
Integrin B1 Hs_ITGB1_1_SG QuantiTect Primer Assay Q100068124
LL-37 Hs_CAMP_1_SG QuantiTect Primer Assay QT00010458
SDF-1 Hs_CXCL12_1 SG QuantiTect Primer Assay QT00087591
TLR4 Hs TLR4 2 SG QuantiTect Primer Assay Q101670123
TRACP5 Hs_ ACP5_1 SG QuantiTect Primer Assay Q100199801
VCAM Hs VCAM1_ 1 SG QuantiTect Primer Assay Q100018347
VE-Cadherin Hs CDH5_1 SG QuantiTect Primer Assay Q100013244
VEGF Hs_VEGFA_2_SG QuantiTech Primer Assay QT01036861
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vwf Hs_VWF_1_SG QuantiTect Primer Assay QT00051975
RPL13A Hs_RPL13A_1_SG QuantiTect Primer Assay QT00089915
RUNX2 Hs_ RUNX2_ 1 SG QuantiTect Primer Assay QT00020517
Annealing
Gene name Sequence
temperature
for 5’- CCGGATCTATGACTCAGGGACCAT-3’
CDh31 55°C

rev 5’-GGATGGCCTCTTTCTTGTCCAG-3’
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2.2 Methods
2.2.1 Isolation and culture of MSCs

Human mesenchymal stem cells (MSCs) which are loosely attached to cancellous bone
structures were isolated from human femoral heads. Cells were first collected by
washing the bone fragments in tissue buffer (including anti-bacterial and anti-fungal
substances) and subsequently buffy coat buffer (2.2.3) several times. Cells in washing
solutions were centrifuged at 400 g for 10 min and resuspended in phosphate buffered
saline (PBS) in a new sterile falcon tube. The cell suspension was filtrated through cell
strainers (40 um) to remove the left-over fine bone debris and tissues after washing.
After centrifugation at 400 g for 5 min, cells were resuspended in Dulbecco’s Medium
Essential Medium (DMEM)/Ham F-12 supplemented with 20% fetal bovine serum
(FBS) and 1% penicillin/ streptomycin (Pen/Strep) and seeded at a density of 2x10°
cells/cm? in collagen type I (around 3 mg/mL stock concentration, 1:100 diluted in PBS,
incubated for 1h at 37°C) coated flasks. The non-adherent cells were removed by
changing medium 24 h after isolation. MSCs were expanded by subcultures in growth
medium supplemented with 10% FBS to obtain a relatively large population. Cells at
passage 2 were further cultivated in osteogenic differentiation medium (ODM) for 2

weeks to induce osteogenic lineage cells.
2.2.2 Isolation and expansion of OECs

Human outgrowth endothelial cells (OECs) are isolated, derived and cultured from
human peripheral blood. First, the human peripheral blood was 1:2 diluted with buffy
coat buffer which comprises of 2 mM ethylendiaminetetraacetate (EDTA) to prevent
cell clots. The diluted blood was gently placed on 15 mL biocoll in falcon tubes
followed by density gradient centrifugation at 400 g for 35 min without brake. The
whitish layer of mononuclear cells was aspirated (The layers from top to bottom: a
plasma layer, the interphase of mononuclear cells, a layer of biocoll-opaque,

granulocytes and erythrocytes on the bottom) and washed several times respectively

44



MATERIALS AND METHODS

with buffy coat buffer and PBS. Cells were resuspended in endothelial cell growth
medium-2 (EGM-2) with supplements from the kit, 5% FBS and 1% Pen/Strep, and
seeded in collagen type I coated 24-well-plates at a density of 2.6x10° cells/cm?. After
7 days, cells (early EPCs) were subcultured to new collagen type I coated 24-well-plates
at a density of 2.6x10° cells/cm?. The cobblestone-like outgrowth endothelial cell (OEC)
colonies were observed within 2-3 weeks mainly in the peripheral areas of the wells.
OECs were cultured and expanded in a relatively wide span of passage numbers with

stable cell phenotypes and homogenous population in fibronectin coated flasks.
2.2.3 Cell culture

In this thesis, all cell types were split at a ratio of 1:2 after reaching 80-90% confluence
and cultured in a humid atmosphere supplied with 5% CO> at 37°C. Fresh culture

medium was applied every other day.

The osteogenic differentiated MSCs in the experiments were maintained in ODM and
applied to the assays at passage 2 to 4; OECs were cultured and expanded in EGM-2
for the experiments up to passage 12. Osteosarcoma cell line MG63 was cultivated in
Dulbecco’s MEM supplemented with 10% FBS, 1% L-Glutamine and 1% Pen/Strep.
MG63 cells with different passage numbers between 15 and 23 were used in mono-
cultures and co-cultures with OECs. The primary uveal melanoma cell line 92.1 and
metastatic melanoma cell line OMM2.3 were maintained in their growth medium

(RPMI supplemented with 10% FBS and 1% Pen/Strep).
2.2.4 Cell seeding for mono-/co-cultures
2.2.4.1 Bone regeneration/tumor models

Both mono- and co-cultures were employed to study the effect of bio-functional
molecules. For OEC, MSC and MG63 mono-cultures, cells were seeded in fibronectin
coated 24 well-plates at a density of 40000 cells/cm? (or 96-well-plates for MTS assay).

For co-cultures, MSCs and MG63 were seeded as described above, and then OECs were
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added at the same density on the next day. The mono-cultures were cultivated in

respective cell growth medium and the co-cultures in EGM-2.
2.2.4.2 Uveal melanoma models

To evaluate angiogenesis in uveal melanoma models, OECs were co-cultured
respectively with the primary uveal melanoma cell line 92.1 and metastatic melanoma
cell line OMM2.3. The melanoma cells (92.1/0MM2.3) were seeded onto fibronectin
coated Thermanox coverslips in 24-well-plates at a density of 50000 cells/cm? (100000
cells/well). On the next day, OECs were added at a density of 50000 cells/cm? to the
respective uveal melanoma cell line. The co-cultures were maintained in EGM-2 with

the addition of 100 pg/mL fucoidan for 7 days or cultivated in medium as control.
2.2.5 Bio-functional compound treatment of mono- and co-cultures

The fucoidan crude extract from Sigma was solubilized in ultrapure water to prepare
the aqueous stock solution at a concentration of 10 mg/mL and sterilized by aseptic

filtration for the subsequent biological characterization.

MTS assay was performed to study the metabolic activity of individual cell type in
response to fucoidan dose. In this assay, fucoidan of different concentrations (from 0 to
500 pg/mL) was applied to OEC, MSC and MG63 mono-cultures in 96-well-plates
(100 pL/well).

According to the MTS result, ]| mL medium supplemented with 100 pg/mL fucoidan
was applied to each well of mono-/co-cultures one day after seeding the cells, or cells
were grown in medium as controls for the experiments performed in 24-well-plates to
assess the cellular, angiogenic and osteogenic activities. Medium and fucoidan

treatment were freshly prepared and changed every 3 days.

To study the function of Vitamin D3 in the bone regenerative model, OEC/MSC mono-
and co-cultures in 24-well-plates were treated with 10 nM Vitamin D3 in 1 mL

medium/well on the next day of cell seeding. Medium change was performed every 2
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days. On the 5% day of Vitamin D; treatment, LPS (100 ng/mL) was added and
incubated for 48 h.

2.2.6 Functionalized collagen hydrogel
2.2.6.1 Collagen hydrogel modification

The collagen molecules were modified with or without IKVAV peptides through
disulfide bond formation in the presence of the mild oxidizing agent DMSO [194].
Compared with the conventional manners which require basic or neutral pH and a long

duration, this method can be performed in mild acidic pH at an efficient reaction rate.

The collagen type I (rat tail) solution (in 0.02 M acetic acid) was diluted (1:5) in 0.5 M
HEPES and adjusted to pH 6.0 (by 1 M NaOH). The IKVAV peptide (reconstituted to
5 mg/mL in sterile distilled water) or equivalent volume of water as modified control
was applied to the diluted collagen solution at a ratio of 650 ng peptide/ 6 mg collagen
with continuous stirring. The solutions were incubated at 4°C for 3 min after adding
20%v/v DMSO to cool down after DMSO dissolution. The aqueous mixtures were
allowed to react for 24 h at room temperature with stirring. The modified collagen
solutions with and without IKVAV peptides were dialyzed against deionized water for
24 h in pre-hydrated Slide-A-Lyzer® 3.5K Dialysis Cassettes with regular water
changes. The IKVAV and control modified (without the addition of IKVAV) solutions
were collected in 50 mL falcons and frozen at -80°C for at least 2 h for the following
48 h lyophilization. The freeze-dried collagen was dissolved in sterile filtered 0.02 M
acetic acid to the initial volume of collagen solution before modification. Before use,
the concentration of collagen in both modified collagen solutions were determined and

stored at 4°C.
2.2.6.2 Determination of collagen concentration

The triple helical structure and specific amino acid content of collagen bring difficulties

to its characterization of concentration. In this experiment, it was found the QuickZyme
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Soluble Collagen Assay based on Sirius Red dye binding to collagen is a suitable

method to determine the collagen concentration in the samples.

The stock collagen type I solution (Corning) and both modified collagen solutions were
first 1:6 diluted in 0.02 M acetic acid solution followed by a further 1:10 dilution in the
dilution buffer provided in the kit. The sample dilutions and 8-points serial dilutions of
the standard prepared in duplicate were pipetted (140 puL/well) to a V-shape plate. The
dye Sirius Red which binds to collagen was applied (60 puL/well) to the samples and
standards and incubated on ice for 10 min. The V-shape plate sitting in a flat bottom
plate was centrifuged at 3000 g for 60 min at 4°C. The collagen-dye complex
precipitation on the bottom of the wells was gently washed with washing solution for 3
times to remove the excess dyes and dried by placing the plate upside down on a paper
towel for 5 min. The complex was resuspended in 150 pL detection solution/well for
color development. 100 pL colored solution of each well was transferred to the reading
microplate which was read at 540 nm to perform data analysis according to the standard

curve.

2.2.6.3 Collagen hydrogel preparation

The collagen and derivative collagen solutions were adjusted to an equal concentration
(Ceol). The collagen and modified collagen stock solutions in the volume of Vsiock
(Formula 1) were diluted to a final volume (V1) with 0.02 M ascetic acid up to the
volume of (0.8xVce) and balanced with (0.1xV¢o1) volume of 10xfold Medium199
followed by (0.1xVco1) volume of collagen gelating reconstitution buffer 10x (refer to

2.2.3) for the osmolarity and pH value in the pre-gelation solutions.

Vstockz(ccol X Vcol)/cstock

Formula 1. Ceol, Veor and Cyock present final collagen concentration of hydrogel, volume
of pre-gelation collagen solution and collagen concentration of sample stock solution
respectively. Csock was measured with the method in 2.2.6.2.
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OECs were thoroughly suspended in ice cold pre-gelation collagen solutions at a
density of 1x10° cells/mL and quickly transferred in p slide 8 well ibidi (for
visualization) or 48-well-plates for 30 min incubation at 37°C to gelate. Afterwards, the
cell laden collagen hydrogels were cultured in EGM-2 medium supplemented with 50

ng/mL vascular endothelial growth factor (VEGF).
2.2.7 Cell seeding and encapsulation for 3D tissue engineering constructs

Cell seeding on 3D hydrogels: The in vitro bone regenerative silk fibroin composite
hydrogels Am-HA-BP-CaP@mSF and control (AM-HA-BP-mSF) were UV sterilized
in a 48-well-plate and incubated with ODM at 37°C for 48 h. Osteogenic differentiated
MSCs were split and seeded on the scaffolds. Each scaffold was loaded with 200000
cells in 1 mL medium, cultured in a humidified atmosphere with 5% CO- at 37°C and

fed with fresh medium every other day.

Cell encapsulation in 3D hydrogels: Cells were transferred in a 1.5 mL microtube and
centrifuged at 400 g for 5 min to form a cell pellet on the bottom. The supernatant was
completely aspirated, and the cell pellet was resuspended in a pre-gelation solution at a

density of 1x10° cells/mL and mixed thoroughly before gelation.
2.2.8 Live cell staining
2.2.8.1 Calcein AM live cell staining

Calcein AM, a cell permeant dye, stains live cells to generate strong fluorescence. To
visualize MSCs on the HA based composite scaffolds, the cell laden constructs were
washed with PBS and incubated with Calcein AM (5 uM in ODM) for 10 min at 37°C.
The Calcein AM solution was aspirated afterwards and new growth medium was

applied to the stained cells ready for visualization and imaging.
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2.2.8.2 Cell Tracker staining

CellTracker™ consists of fluorescent chloromethyl derivatives which are retained in
live cell membranes and could be inherited by next generations. OECs were pre-labeled
with CellTracker before being encapsulated in collagen hydrogels. Briefly, cells were
washed twice with EGM-2 without serum (FBS) and incubated for 30 min with
CellTracker (2.5 pg/mL in serum free medium) at 37°C. Then cells were washed twice
with serum free medium to remove the CellTracker and incubated for 1 h in EGM-2

with serum to re-activate the metabolism before being seeded.
2.2.9 Determination of endotoxicity

The endotoxin content of fucoidan extract was initially detected with LAL chromogenic
quantification assay according to manufacturer’s protocol. All materials used in this
assay including pipette tips, microtubes and 96-well-plates were endotoxin free
(pyrogen free). The fucoidan sample (diluted in endotoxin free water to 100 pg/mL)
and standards were prepared in triplicate and placed 50 pL per well into a pre-
equilibrated 96-well-plate. Then LAL reagent (50 puL/well) was added. After 10 min
incubation at 37°C, the substrate solution was added and incubated for 6 min followed
by the addition of the stop solution (25% acetic acid). The plate was read at 405 nm
with the microplate reader. The endotoxin content of the fucoidan sample at working

concentration (100 pg/mL) was determined with the formulated standard curve.

EndoLISA® kit was used to further examine the endotoxin content of fucoidan sample,
as the endotoxicity determined by LAL assay could be interfered with some matrix
substances in the crude extract. The fucoidan sample (diluted to 100 pg/mL) and 10-
fold serial standards were prepared in duplicate and applied to the pre-treated LPS
specific phage binding plate, then binding buffer was added for subsequent overnight
(18 h) mixing (450 rpm) at 37°C. After 3 times wash to remove the matrix substances,
assay reagent was applied for the enzymatic reaction activated by endotoxin binding.

The fluorescence generated by the reaction after 90 min was read at 380/445 nm of
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excitation/emission wavelength and the relative fluorescence unit was calculated. The
endotoxin content of the fucoidan sample was calculated from the logarithm (endotoxin
concentration) which was determined by a linear fitting equation of the logarithmic

standard curve.
2.2.10 MTS cell metabolic activity assay

The metabolic activity of cells was determined with CellTiter 96® AQueous One
Solution Cell Proliferation Assay in which the soluble colored formazan product was
produced associated with cell metabolic enzymes. MSC, MG63 or OECs respectively
were seeded on 96-well-plates at a density of 40000 cells/cm?. Cells were treated with
100 pL/well medium with different concentrations of fucoidan as described in 2.2.5.
To characterize cell metabolic activity, the medium was replaced by M TS solution (1:6
diluted in medium, 120 pL/well) and the plates were incubated at 37°C for 2 h. The
absorbance at 490 nm was measured in a microplate reader. The cell metabolic
activities in percentage were calculated as the mean value normalized to control group

(100%) after subtracting the absorbance of the blanks.
2.2.11 Immunofluorescence staining for visualization

The co-cultures on 24-well-plate were grown on Thermanox coverslips coated with
fibronectin for immunostaining. Cells were fixed with 4% paraformaldehyde in PBS,
washed 3 times for 5 min with PBS and then permeabilized by 10 min incubation with
0.5% Triton ®X-100. Then cells were incubated with primary antibodies which were
diluted in PBS with 1% bovine serum albumin (BSA) for 1.5 h. After washing with
PBS (3 times, 5 min) to remove excess primary antibodies, cells were incubated with
the secondary antibodies which were diluted in 1% BSA in PBS for 30 min followed
by 5-10 min incubation with Hoechst (1 mg/mL stock, 1:500 diluted in PBS). The
MSCs on silk fibroin composite hydrogels were stained with F-actin binding toxin
phalloidin-TRITC (0.5 mg/mL stock, 1:100 diluted in PBS) for 30 min before Hoechst.

The co-culture samples on Thermanox coverslips were mounted with Fluoromount
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Aqueous Mounting Medium and cell laden scaffolds were kept in PBS at 4°C before

visualization.

2.2.12 Quantification of DNA content

The potential influence of bioactive molecules or specific hydrogels on cell growth was
evaluated by DNA assessment. To prepare DNA samples, cells were collected as
described below from the cultures in a 1.5 mL microtube for each condition. In the
study of fucoidan with bone regenerative and tumor models, cells were seeded into the
24-well-plates and cultivated in the medium with addition of fucoidan. Cells in these
cultures were incubated with Trypsin/EDTA for 10 min and detached from the wells
with the aid of cell scrapers. For the study of angiogenesis in modified collagen gels,
OECs were encapsulated and cultivated in the gels. These cell-laden collagen gels were
incubated in 60°C water bath for 10 min and solubilized, thus the OECs were released

in the solutions and collected for DNA quantification [195].

Cell pellets were obtained from the cell suspensions after centrifugation for 5 min at
2000 g and resuspended in 1 mL deionized water for each sample. Cell membrane was
destroyed by three times freeze-thaw cycles and twice 15 s sonication. The double-
stranded DNA content released in the aqueous solution was examined with Quant-iT
PicoGreen dsDNA assay kit which includes the fluorescent nucleic acid stain. Each
sample or standard was prepared in triplicate. DNA amount was determined by
fluorescence using a microplate reader at 485/535 nm of excitation/emission

wavelength according to a standard curve.
2.2.13 Gene expression analysis
2.2.13.1 Preparation of cell lysate

The mono- and co-cultures in 24-well-plates:

52



MATERIALS AND METHODS

In the study of bioactive molecules with the bone regenerative/tumor models, cells were
seeded in 24-well-plates and cultivated in various conditions. To lyse the cells, 500 pL.

cell lysis buffer provided in the total RNA kit was applied to each condition.

The cell-laden 3D hydrogels:

Cells in collagen hydrogels or on the silk fibroin composite hydrogels were lysed by
TRIzol Reagent. The cell-laden collagen gels of each condition were collected in 1 mL
TRIzol in a 2 mL microtube. After three times freeze-thaw cycles, gels were solubilized
in the TRIzol lysate by pipetting up and down through a 20 G needle. 200 pL
chloroform was added to the lysate and vigorously mixed. After 12000 g centrifugation
for 15 min at 4°C, the upper aqueous part was collected to perform the total RNA

1solation.

For the silk fibroin composite hydrogel seeded with MSCs was washed twice with PBS
and transferred into a 2 mL microtube with 300 uL TRIzol. After 3% freeze-thaw circles,
the TRIzol lysate of each type of hydrogels was collected into a new microtube and
vigorously mixed with 200 puL chloroform. After 12000 g centrifugation for 15 min at

5°C, the aqueous part was collected for the total RNA isolation.
2.2.13.2 Total RNA isolation

The total RNA was isolated according to the manufacturer’s protocol of peqGOLD
Total RNA Kit. First, the lysates/aqueous RNA containing solutions were transferred
in DNA Removing Columns and centrifuged at 12000 rpm for 1 min to remove DNA
in the samples. The flow-through lysates were loaded with equal volume of 70%
ethanol and thoroughly mixed. Thereafter, the lysates were applied in PerfectBind RNA
columns for the RNA to bind on the membrane, centrifuged at 10000 rpm for 1 min and
washed with wash buffer I. DNase Digest was applied to the columns and incubated for
15 min to further remove DNA in the samples. After 3 times wash with wash buffer I
and II, RNA was eluted in sterile RNAse-free dH>O for the following RNA

concentration measurement with a NanoDrop.
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2.2.13.3 Reverse transcription

The transcription was performed with high capacity RNA-to cDNA Kit. RNA samples
were denatured by 10 min incubation at 70°C. 1 pug of RNA for each sample was
transferred in a 0.5 mL microtube, mixed with 10 uL of 2x RT buffer and 1 pL of
20xRT Enzyme Mix and adjusted with Nuclease-free water to a final volume of 20 pL.
The reaction solutions were then incubated at 37°C allowing the RNA-cDNA reverse
transcription to progress. After 1 h, the reaction was inactivated by 5 min incubation at
95°C and the complementary DNA (¢cDNA) samplers were filled up to 100 uL. with

Nuclease-free water.

2.2.134 Real-time qPCR (Quantitative real time polymerase chain reaction)

Real-time PCR was performed for primers as indicated in the table 2.1.8 using
Ribosomal Protein L13a (RPL13a) as internal control. Quantitative real-time PCR was
carried out using a total volume of 25 pL for each reaction and the SYBR® Select
Master Mix, cDNA QuantiTect® Primer Assay or CD31, Nuclease-free water, and
cDNA were added. The mixtures were preheated to 50°C for 20 min and 95°C for 20
min followed by 40 cycles of step 1: 95°C for 15 sec and step 2: 60°C for 60 s. The
relative gene expression was calculated with AAcT method. The conditions of treated
cells or cells with modified scaffolds were compared to untreated or unmodified

conditions which were normalized to 1 as control.

2.2.14 Protein analysis

2.2.14.1 Enzyme Linked Immunosorbent Assay (Elisa)

The sample supernatants were collected to perform ELISA for VEGF, SDF-I,
angiopoietin-1, angiopoietin-2, soluble ICAM-1 and IL-6 with DuoSet ELISA
Development kits according to manufacturer’s protocols. The med binding 96-well-
plates were coated with 100 pL capture antibodies per well and incubated at room

temperature overnight. The coated plates were washed 3 times with wash buffer (0.05%
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Tween® 20 in PBS) and blocked with 1% BSA in PBS (0.2 um filtrated) for 1 h. After
3 times wash, samples and standards prepared in triplicate were added to the plates and
incubated at room temperature for 2 h. The detection antibodies diluted in 1% BSA
were applied to the plates after washing step and incubated for 2 h at room temperature
followed by the colorimetric reaction of Streptavidin-HRP conjugates which bind to
detection antibodies. The optical absorbance was detected by the microplate reader at

450 nm with a reference wavelength of 560 nm.

The LL-37 level in sample supernatants was detected with Human LL-37 ELISA kit
which undergoes the same mechanism as DuoSet ELISA Development kit. In this kit,
the pre-coated ready-to-use 96-well-plates have been prepared for loading samples and

standards.
2.2.14.2 Protein isolation of cell lysate and quantification

Protein lysates of MSCs with and without Vitamin D3 treatment were prepared in RIPA
buffer to examine the level of LL-37 with Western Blot. MSCs were seeded in T175
flasks at a density of 40000 cell/cm?, treated or applied fresh medium (for control group)
every 2 days for 7 days. For the Vitamin D3 treated group, 20 mL ODM with 10 nM
VD3 was applied for each treatment. On day 7, after removal of medium, cells were
scraped off and collected in ice cold PBS and centrifuged at 12000 rpm for 20 min at
4°C. Each cell pellet was resuspended in 1 mL RIPA buffer supplemented with protein
inhibitors (Halt™ Protease Inhibitor Cocktail (100x) and Phosphatase Inhibitor
Cocktail (100x), 1:100 diluted) and lysed on ice for 30 min. Samples were centrifuged
at 12000 rpm for 20 min at 4°C and the supernatant was collected in a new microtube
for the protein concentration determination with Pierce® BCA protein assay according
to the instruction of the kit. Samples, sample dilutions and Albumin standards were
prepared in triplicate and applied to a 96-well-plate. The BCA working reagent was
added and incubated for 30 min at 37°C for a colorimetric reaction and detected at the

wavelength of 560 nm in a microplate reader.
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2.2.14.3 SDS-PAGE electrophoresis and Western blot

The protein lysates were diluted in LDS Sample buffer (4x) (1 part LDS Sample buffer
(4x) with 3 parts protein lysate) and heated at 70°C for 2 minutes. Total protein extracts
in equal amount (60 pg) and 5 pL size marker (Precision Plus protein™ WesternC™
standards) were loaded per lane on a NovexTM WedgeWellTM 4-20% Tris-Glycine
Gel and placed in the electrophoresis chamber holder filled up with electrophoresis
buffer (Tris-Glycine SDS buffer) for 1 h at 200 V. After electrophoresis, transfer buffer
(20% methanol in Tris-Glycine SDS buffer) was used to transfer proteins to the PVDF
membrane which was equilibrated in methanol. The membrane was blocked for 1 h at
room temperature in 3% skimmed milk. The primary antibodies (anti-cathelicidin in
rabbit 1:1000 in 3% skimmed milk) were applied to the membrane and incubated at
4°C overnight. After 3 times wash with TBS/T buffer, the secondary antibodies (goat-
anti-rabbit IGG-HRP conjugate, 1:5000 in 3% skimmed milk) and Precision Protein™
StrepTactin-HRP Conjugate (1:10000) were applied to the membrane and incubated for
1 h at room temperature. The membrane was exposed to Pierce ECL Western Blotting
Substrate and signals were detected by High performance chemi-luminescence films

for further analysis.
2.2.15 Quantitative analysis of calcification with Alizarin Red staining

To quantitatively determine the calcification in MSC or MG63 mono- and co-cultures,
I mL of Alizarin Red S Stain Solution (40 mM) was applied to the 4% PFA fixed cells
in a 24-well-plate at day 14 and incubated for 30 min. Cells were washed with distilled
water till the wash solution was colorless and incubated with 10% (w/v)
cetylpyridinium chloride (CPC) overnight on an orbital shaker to extract the Alizarin
Red dyes combined to the mineralized extracellular matrix. The Alizarin Red solutions
collected from the stained cell layers and standards prepared in 10% CPC were added
to a 96-well-plate and read at a wavelength of 560 nm in a microplate reader for

quantitative analysis.
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2.2.16 Image analysis

The angiogenic structures in vitro are usually quantified with the dimensional
parameters of the tubular capillary-like structures including the area of OECs in
angiogenic networks, the number of branching points, the number of enclosed circles

and the length of identified features.

In this thesis, the angiogenic structures of the co-cultures with and without (control)
addition of fucoidan were quantified with the software ImageJ 1.43 by Dr. H. Schmidt
as described before [90]. Briefly, the images were segmented semi automatically and
the area and length of tube-like structures were quantified. The pro-angiogenic
structures of OECs in hydrogels were analyzed with the same software. In brief, the
structures were subtracted with background and subsequently selected with the ROI
manager (region of interest) for the measurement of total area in pixel. For MSC/OEC
co-cultures with VD3 treatment/LPS stimulation, the angiogenesis was quantified with
the software AngioTool. The outline of capillary-like structures was selected and the

total vessel length and number of junctions were measured.
2.2.17 Statistical analysis

All experiments mentioned above were carried out with at least 3 different donors or
donor combinations. The statistical significance between different conditions or groups
was assessed with paired student’s t-test, one-way ANOVA or two-way ANOVA in the
software Graphpad Prism 5. As it is indicated in the results, p<0.05 (*p<0.05, **p<0.01,

*#%p<0.001, ****p<0.0001) was considered as the statistically significant difference.
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3. Results
Part I. Effect of bio-functional molecules in bone regenerative/tumor models

3.1 Impact of crude fucoidan extracts on angiogenesis in bone regeneration and

tumor models

In various in vitro and in vivo studies, it has been demonstrated that the marine origin
polysaccharide fucoidan possesses multiple biological activities. In this part, the co-
culture model of outgrowth endothelial cells (OECs) with osteogenic differentiated
MSC:s or bone sarcoma cell line MG63 were used to assess the impact of crude fucoidan
extracts on the formation of vascular structures (cell details in Table 3.1). With these
models, the angiogenic activity, osteogenic activity and relevant molecules involved in
both processes at the gene expression and protein levels were studied in response to the

fucoidan (f. vesiculosus) treatment.

Cell type Age Gender Passage
MSCI1 (#16-4) 69 m 3
MSC2 (#16-5) 53 f 3

MSC3 (#16-6) 73 f 3
MSC4 (#15-1) 49 f 3

MSCS (#15-4) 70 f 3
MSC6 (#15-5) 74 f 3
MSC7 (#22) n/a n/a 3

OECI1 (BC61) 24 f 11
OEC2 (BC74) 37 m 9

OEC3 (BC152) 34 f 8

OEC4 (BCO01) 59 f 10
OECS5 (BC38) 19 f 11
OEC6 (BC67) 36 m 8

MG63 14 m 15,17, 23

Table 3.1 List of cells and donor information in the experiments. Female (f);, male (m).
n/a: the donor information was not available.

3.1.1 The endotoxicity of fucoidan at working concentration

Endotoxins, such as LPS derived from the outer membrane of gram-negative bacteria,
can induce acute immune reaction. As a kind of pyrogen which causes fever, endotoxin

should be examined for the chemicals and materials applied in medical and
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pharmaceutical fields. The endotoxin content of fucoidan (100 pg/mL) was detected to
be 0.06 EU/mL according to the standard curve (Figure 3.1 a) by Limulus Amebocyte
Lysate (LAL) which is derived from blood cells of the Atlantic horseshoe crab and
reacts with endotoxins. Nevertheless, the endotoxicity determined with LAL assay
could be disturbed by other substances in the crude fucoidan extract. Therefore, the
sample was further examined with EndoLISA® kit. In this assay, endotoxin in fucoidan
sample was immobilized by a recombinant bacteriophage protein which specifically
binds endotoxin onto a pre-treated plate, and the matrix substances were removed by
washing steps before reading the plate. In figure 3.1 b, the logarithm (endotoxin
concentration) of fucoidan sample was determined with the standard curve, thus
obtaining an endotoxin level of 0.003 EU/mL (<0.005 EU/mL, endotoxin free) in the

fucoidan extract.

a) b)
Endotoxin in 100pg/mL Fucoidan EndoLISA for 100pg/mL Fucoidan
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Figure 3.1 Endotoxicity of 100 ug/mL fucoidan f. vesiculosus (Sigma) determined with
a) LAL chromogenic quantification assay and b) EndoLISA® kit.

3.1.2 The metabolic activity of individual cell types in response to fucoidan dose

The MTS assays were performed to examine a potential effect of fucoidan on the
metabolic activities, respectively viability of MSC, MG63 and OEC in monocultures at
day 10 (Figure 3.2) using different concentrations of fucoidan. MTS absorbance values

are depicted as relative changes of fucoidan treated groups compared to untreated
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controls (100%).

For 100 pg/mL (Figure 3.2), the metabolic activity of MSC and OECs showed only a
slight but no significant reduction in fucoidan treated group compared to controls. The
metabolic activity was further reduced in groups treated with higher concentrations of
fucoidan. In accordance with first effects of fucoidan on OECs at a fucoidan
concentration of 200 pg/mL, OECs seemed to be more sensitive compared to MSC
(significant effects observed at 300 pg/mL) whereas MG63 seemed to tolerate higher
concentrations of fucoidan (significant effects at 500 ug/mL). In accordance with these
observations, all further experiments to assess angiogenesis as well as osteogenesis

were performed with a fucoidan concentration of 100 pg/mL.
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Figure 3.2 Effect of different fucoidan concentrations on the metabolic activity of OEC,
MSC and MG63. Data are depicted in percent in relation to untreated groups used as
controls (100%), 1-way ANOVA. p* < 0.05, p** < 0.01, p*** < 0.001. n=3.

3.1.3 Quantification of DNA content

In order to gain a deeper insight in the action of fucoidan and potential effects on cell
growth, the total DNA content, as indicator for cellular proliferation, was analyzed in
mono-cultures of OEC, MSC and MG63 and both groups of co-cultures using a
picogreen based assay (Figure 3.3). The Total DNA content analyzed at day 10
decreased significantly for MSC monocultures but increased for mono-cultures of OEC
in response to fucoidan treatment, whereas no significant difference was observed for
MG63. For both co-cultures the DNA content slightly decreased in fucoidan treated

groups but this trend was not statistically significant in the co-cultures.
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Figure 3.3 Effect of fucoidan on cell proliferation depicted by the DNA content of MSC,
OEC and MG63 mono-cultures (paired t-test) as well as MSC/OEC and MG63/OEC

co-cultures (unpaired t-test). *p < 0.05. n = 3.

3.1.4 Angiogenic structures of OECs in co-cultures and quantitative analysis

The morphology of OECs and the formation of angiogenic structures by OECs in co-
cultures were visualized with confocal microscopy after immunostaining with
endothelial marker VE-Cadherin (Figure 3.4 ab depicted in red) at day 10. In addition,
the samples were stained for stromal-derived factor receptor CXCR4 (Figure 3.4 ab,
depicted in green, nuclear counterstain with Hoechst in blue). For MSC/OEC co-
cultures, OECs in the untreated control group showed elongated cell shape and were
aligned into tubular structures typical for pro-angiogenic structures indicated in Figure
3.4 a. In contrast, fewer pro-angiogenic structures were observed after fucoidan
treatment (100 pg/mL) and OECs remained mainly organized as monolayers with
distinct cell-cell contacts as indicated by VE-Cadherin staining, although the formation

of angiogenic structures was not completely blocked after fucoidan treatment.
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Figure 3.4 Effect of fucoidan on the morphology and pro-angiogenic structures in co-
cultures. Confocal laser scanning microscopy of a) MSC/OEC and b) MG63/OEC co-
cultures on day 10. VE-Cadherin is depicted in red, green channel represents staining
for CXCR4 and nuclei are depicted in blue. The scale bar represents 150 um. c)
Quantitative analysis of angiogenic structures depicting the skeleton length and the
area of angiogenic structures for MSC/OEC co-cultures and MG63/OEC co-cultures.
The results are given as means + S.D. and significant differences were calculated with
Graph Pad Prism using an unpaired t-test (p* < 0.05 and p** < 0.01) for equal
variances as verified with a variance ratio analysis (F-test, p > 0.05). For unequal
variances (F-test, p < 0.05) data were analyzed using the unpaired t-test with Welch'’s
correction. n=3.

Similar to MSC/OEC co-cultures, OECs in co-cultures with MG63 were characterized
by the formation of complex angiogenic structures at day 10 in untreated control groups
as shown in Figure 3.4 b. In fucoidan treated groups, only a few elongated angiogenic

structures of OECs were observed mainly at the borders of OEC cell patches.

To quantify the effects of fucoidan on the formation of angiogenic structures, the
quantitative image analysis as depicted in Figure 3.4 ¢ was performed by Dr. H Schmidt.
For both types of co-cultures, the addition of fucoidan to the culture medium resulted

in a significant decrease in length and the area of angiogenic structures thus showing
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anti-angiogenic properties of fucoidan in co-culture models relevant for normal bone

physiology or osteosarcoma, respectively.

3.1.5 Quantitative assessment of gene expression of mono-/co-cultures

As a next step, the semi-quantitative real time PCR studies for mono- and co-cultures
(Figure 3.5) in control and fucoidan treated groups were performed. The relative gene
expression of molecules associated with bone formation and osteogenic differentiation,
factors involved in control of angiogenesis and stem cell recruitment, as well as

endothelial markers was analyzed.

In OECs no significant effects in the investigated genes in response to fucoidan
treatment could be observed. Nevertheless, in the osteogenic cells a significant impact
of fucoidan treatment was observed. This includes a significant downregulation of the
molecules angiopoietin-1 (ANGPT-1) and VEGF involved in the modulation of
angiogenesis by MSCs [93, 97, 196] via paracrine factors. Similar effects were also
observed for the osteosarcoma cell line MG63 although the effect on VEGF was not
significant for MG63. In addition, the fucoidan treatment resulted in a significant
downregulation of SDF-1 in both MSC and MG63 as factors involved in the recruitment
of a series of cell types [197-199]. Angiopoietin-2 (ANGPT-2), a proangiogenic factor,
was tentatively downregulated in the co-cultures. In terms of effects of the fucoidan
treatment on osteogenic differentiation markers, the results differed in the MSC and the
osteosarcoma cell line MG63 showing significant downregulation for alkaline
phosphatase (ALP) only in MSCs and significant downregulation of collagen type I in
MG63. In co-cultures of MG63 and OEC again SDF-1 and its corresponding receptor
CXCR4 levels were reduced in response to fucoidan, as well as collagen type I and
angiopoietin-1 whereas in MSC/OEC co-cultures the trend of SDF-1 expression was

opposite.
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Figure 3.5 Relative gene expression for osteogenic markers (ALP, osteocalcin,
collagen 1), growth factors (SDF-1, CXCR4, ANGPT-1, ANGPT-2, VEGF) and
endothelial markers (CD31, vwf, VE-Cadherin) evaluated by semi-quantitative RT-
PCR for mono-cultures of OEC, MSC and MG63 as well as MSC/OEC and MG63/OEC
co-cultures on day 10, 2-way ANOVA. *p < 0.05, **p < 0.01, ***p <0.001 and ****p
<0.0001. n = 3.

3.1.6 Analysis of angiogenesis relevant factors in culture supernatants by

Enzyme-Linked Immunosorbent Assay (ELISA)

In accordance with the results from the PCR the quantity of angiogenesis relevant
factors including VEGF, ANGPT-1, ANGPT-2 and SDF-1 involved in cell recruitment
and osteosarcoma progression in supernatant was measured by ELISA to gain insight

on the effects of fucoidan on the protein level.
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Figure 3.6 Enzyme-linked immunosorbent assay. For a) VEGF, b) ANGPT-2, c)
ANGPT-1 and d) SDF-1 in MSC, MG63 and OEC mono- and co-cultures on day 10.
The ELISA data are presented in relative values of M(protein amount/DNA content) in
percentage compared to the control group calculated with the formula
[Msample/Mcontrol] x 100%, paired t-test. *p < 0.05, **p < 0.01, ***p < 0.001. n =
3.

The protein levels in the supernatants were normalized to DNA content and are depicted
in relative values in % to the controls (100%) in Figure 3.6. Fucoidan treatment resulted
in significantly lower VEGF levels in co-cultures of MSC/OEC and MG63/OEC with

similar effects observed for MSC mono-cultures (Figure 3.6 a) and tentatively for

66



RESULTS

MG63 monocultures. In addition Angiopoietin-2 a proangiogenic factor which is
mainly produced by endothelial cells themselves [93] was reduced in response to
fucoidan treatment in all samples (MSC and MG63: levels not detectable, data not
shown). In contrast, Angiopoietin-1, which binds like the Angiopoietin-2 to the Tie-2
receptor and limits the formation of new vascular structures but leads to vascular
stabilization, was increased. Finally, SDF-1 mainly associated with the recruitment of
stem cells and immune cells in the bone was decreased significantly in response to
fucoidan in MG63 monocultures as well as in both types of co-cultures. These reduced
protein levels for VEGF, Angiopoietin-2 and SDF-1 in co-cultures in response to
fucoidan are the determining factors in the physiological process of angiogenesis and
cell recruitment in the co-cultures. These processes are mediated by proteins and
corresponding receptor mechanisms guiding the cellular response. Potentially
conflicting results on the PCR level are most probably due to compensatory

upregulation of genes when the protein levels are low.
3.1.7 Quantitative Analysis of Osteogenesis

The potential effect of fucoidan on the process of bone formation was assessed by the
calcification levels as depicted in Figure 3.7 on day 14 for MSC, MG63 mono- and co-
cultures. The MSC mono-cultures treated with fucoidan showed a significant reduction
of calcification compared to the untreated groups. Similarly, in MSC/OEC co-cultures
the calcification of the fucoidan treated group was significantly lower than in the control.
For MG63/OEC co-cultures and MG63 mono-cultures, a similar trend but no
significant impact was observed which might be due to the tumor cell characteristics of

MG63.
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Figure 3.7 Quantification of Calcification based on Alizarin Red in response to
fucoidan for MSC, MG63 mono-cultures and co-cultures at day 14, paired t-test. *p <
0.05, **p < 0.01. n = 3.

3.1.8 Impact of fucoidan on angiogenesis at an early time point

The effect of fucoidan on angiogenesis in the bone regenerative model was studied at

an early time point as well (Figure 3.8).

On day 7, similar to MSC/OEC co-cultures on day 10, most of the OECs which were
immunostained against the endothelial marker VE-Cadherin in red aligned in the tube-
like pro-angiogenic networks in control, while with fucoidan treatment, OECs still
remained as cell monolayers (Figure 3.8 a). In the quantitative analysis of pro-
angiogenic networks in Figure 3.8 b, a significant decrease in both length and area of
the pro-angiogenic networks in response to fucoidan treatment compared to control was

shown, indicating the anti-angiogenic effect of fucoidan in MSC/OEC co-cultures on
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day 7.

The DNA content corresponding to the cell growth for MSC/OEC co-cultures on day 7
was characterized by picogreen based reaction. Similar to the result on day 10, the DNA

amount of MSC/OEC co-cultures showed a slight decrease after fucoidan treatment.
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Figure 3.8 MSC/OEC co-cultures on day 7: a) visualized by confocal laser scanning
microscopy (Red: VE-Cadherin, green: CXCR4, blue: Nuclei. The scale bar represents
150 um.); b) Quantitative analysis of length and area of pro-angiogenic structures, c)
DNA content (unpaired t-test) and relative gene expression of angiogenic factors and
endothelial markers (2-way ANOVA); d) ELISA for VEGF, ANGPT-1 and ANGPT-2 in
the supernatant normalized to the DNA content, paired t-test. *p<0.05, **p<0.01,
**xp<0.001. n>3.

The relative gene expression level of endothelial markers, factors in angiogenesis and
cell recruitment detected by real time PCR was depicted in Figure 3.8 ¢ for MSC/OEC
co-cultures on day 7. In response to the fucoidan treatment, the proangiogenic factor

angiopoietin-2 was significantly downregulated in the co-cultures.

The protein levels of angiogenic regulating factors in the supernatant of MSC/OEC co-
cultures were determined with ELISA and analyzed in the same way as described in
3.1.6 for both control and fucoidan treated conditions on day 7 (Figure 3.8 d). Similar
to what was observed in the co-cultures on day 10, with fucoidan treatment, the
angiogenic regulator VEGF and angiopoietin-2 levels were both significantly reduced

while the angiopoietin-1 level was tentatively increased without significant difference.
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In this study, fucoidan significantly reduced angiogenesis in both MSC/OEC and
MG63/OEC co-cultures which was associated with a decrease in the level of free
angiogenic factors, VEGF and SDF-1 for instance, in the supernatant. The effect of
fucoidan in MG63/OEC co-cultures suggested its potential application to impair
angiogenesis in bone tumors such as osteosarcoma. Therefore, this fucoidan extract was
applied to uveal melanoma cell line/OEC co-cultures to investigate its impact in the

ophthalmological tumor models.

3.1.9 Impact of fucoidan on angiogenesis in ophthalmological tumor models

The crude fucoidan extract was applied to the uveal melanoma cell line/OEC co-
cultures to study its impact on angiogenesis in ophthalmological tumor models. The
primary uveal melanoma cell line 92.1 and metastatic melanoma cell line OMM?2.3
were respectively 1:1 co-cultured with OECs at a density of 50000 cells/cm? for each
cell type in 24-well-plates and treated with 100 pg/mL fucoidan (f. vesiculosus) for 7
days. The co-cultures were fixed and immunostained for the endothelial marker CD31
(in green, Figure 3.9 ab) to visualize the tubular structures of OECs. Angiogenesis, the
parameters of which include the total coverage of OECs, average tubular area and

length, was quantitatively analyzed in comparison to control by Dr. H. Schmidt.

For the 92.1/OEC co-cultures indicated in Figure 3.9 a, the outgrowth endothelial cells
aligned in isolated small patches. In contrast, the attachment of OECs was markedly
improved by fucoidan treatment, thus the larger patterns of tubular structures, which
were hardly seen in control, were observed. The average tubular area and tubular length
were both significantly enhanced by fucoidan treatment in this model. Nevertheless,
OECs showed totally different morphology and attachment when co-cultured with
metastatic cell line OMM2.3 in Figure 3.9 b. The enclosures of the tube-like pro-
angiogenic structures were found on the borders of cell patches in control, whereas a

few tubular structures appeared along the cell-cell contacts in OEC monolayer for the
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fucoidan treated group. The average tubular area and length did not show much
difference between control and fucoidan group. It seemed that fucoidan promoted the
OEC attachment to the primary melanoma cell line 92.1 resulting in an increase of
tubular structures compared to control. In contrast, the tubular structures formed by
OEC:s in the co-cultures with metastatic melanoma cell line OMM2.3 did not display

significant difference in response to the fucoidan treatment.

Overall, the treatment of fucoidan did not show a significant efficacy in reducing
angiogenesis in the uveal melanoma cell line/OEC co-cultures as it did in MG63/OEC.
In addition, there was no significant reduction in the level of VEGF detected following
fucoidan treatment (details in Dithmer et al. in 8.3) in these models. The variety of the
impact of fucoidan in these two ophthalmological tumor models indicated the distinct
characteristics of melanoma cell lines at different phases. It seems that the effect of
fucoidan was not only associated with the dose of application and molecular structure
of the extract, but also the target cell type that OECs were seeded to for the angiogenic

activity.
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Figure 3.9 The immunostained co-cultures of a) primary melanoma cell line 92.1/OEC
and b) metastatic melanoma cell line OMM?2.3/OEC visualized by confocal laser
scanning microscopy on day 7. Green: endothelial marker CD31 and blue: nuclei
staining with Hoechst. The scale bar represents 150 um. c) Quantitative analysis of
coverage of OECs, tubular area and tubular length of pro-angiogenic structures.
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3.2 Vitamin D3 and LPS in a bone regenerative model

The bio-functional molecule Vitamin D3 (VDs3) which has been well known for its
significant roles in bone physiological processes was recently shown the anti-
inflammatory effect in infections [200]. To investigate the impact of VDs at the cellular
and molecular levels on bone regeneration and infection, the MSC/OEC co-culture was
stimulated by the endotoxin Lipopolysaccharide (LPS) and the cell activities, pro-
inflammatory cytokines and modulators in immune response were examined with or

without VD3 treatment. Cells involved in the experiments are listed in Table 3.2.

Cell type Age Gender Passage
MSCI1 (#15-1) 49 f 3
MSC2 (#15-2) 57 f 3
MSC3 (#15-4) 70 f 3
MSC4 (#16-2) 57 f 3
MSCS (#22) n/a n/a 3
OECI1 (BC74) 37 m 10
OEC2 (BC167) 19 m 9
OEC3 (BC67) 36 m 10
OEC4 (BC147) 25 f 9
OECS (BCO01) 59 f 7

Table 3.2 List of cells and donor information in the experiments. Female (f); male (m).
n/a: the donor information was not available.

3.2.1 OEC morphology and angiogenic networks in MSC/OEC co-cultures with

Vitamin D3 and LPS treatment

The MSC/OEC co-cultures were fixed and immunostained with the endothelial marker
VE-Cadherin (green), antimicrobial peptides LL-37 (red) and nuclei (blue) on day 7 (as
shown in Figure 3.10 a). At this time point, OECs in all groups were found to form the
capillary-like pro-angiogenic structures. In control and LPS group, some OEC mono-
layers still existed; While in VD3 treated conditions, OECs tended to aggregate in thin
elongated enclosures of loops. However, there was no significant immunostain of LL-

37 observed.
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Figure 3.10 a) MSC/OEC co-cultures on day 7 with VD3 treatment/ LPS stimulation
visualized by confocal laser scanning microscopy. VE-Cadherin is depicted in green;
LL-37 in red and nuclei are stained with Hoechst in blue. The scale bar represents 150
um. The relative total length of angiogenic networks and number of branching points
(control as 1) were quantified and presented in b) and c). The significant differences
were calculated with Graph Pad Prism using 1-way ANOVA with Newman-Keuls
Multiple Comparison Test. p* < 0.05 and p** < 0.01. n=3.

The total length of tube-like networks and number of branching points (junctions of the
angiogenic networks) were analyzed by AnigoTool to characterize the angiogenic
structures in each condition depicting the pro-angiogenic effect of LPS stimulation and
VD; treatment. As it is shown in figure 3.10 b and ¢, VD3 treatment led to a significant
increase in length and number of junctions of angiogenic networks; LPS stimulation
significantly improved the angiogenesis in terms of total length of the networks and

doubled the number of junctions without statistical significance.
3.2.2 Quantitative assessment of gene expression

To further study the cell response to VD3 treatment and LPS stimulation, the relative
gene expression of endothelial markers, molecules associated with bone formation and
osteogenic differentiation, regulators in control of angiogenesis, as well as
inflammatory molecules and modulators in immune response was determined for
MSC/OEC co-cultures (Figure 3.11 a), OEC mono-cultures (b) and MSC mono-

cultures (c) by real time PCR at day 7.
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LPS significantly enhanced the expression level of endothelial marker CD31 only in
co-cultures, whilst the level of vwf showed no distinct change in response to the
treatment. Neither VD3 treatment nor LPS stimulation showed any influence on the
expression of the osteogenic markers ALP and collagen type I. In contrast, the
expression level of the late osteogenic marker osteocalcin in MSCs was actively
improved by VD3 treatment. The application of LPS resulted in an upregulation of
VEGF, the major angiogenic regulator, with significant difference for co-cultures and a
significant upregulation of VEGF in MSC mono-cultures in the presence of VDs. In
addition, LPS significantly improved the expression level of angiopoietin-1 (ANGPT-
1) in MSC mono-cultures, while ANGPT-2 in OECs showed a tentatively increase in

response to LPS without significant difference.

The LPS treatment activated acute inflammatory response in OECs. The expression
level of toll-like receptor-4 (TLR4) which recognizes LPS and mediates the production
of inflammatory cytokine, IL-6 for instance, was significantly upregulated by LPS in
the presence of VD3 in co-cultures. However, no significant difference was seen in
TLR4 expression for OEC mono-cultures. For both OEC mono- and co-cultures, a
tremendous upregulation of IL-6, the pro-inflammatory cytokine, was detected in
response to LPS stimulation. In addition, adding LPS promoted the expression level of
the macrophage lineage markers, of which CD68 was significantly upregulated, CD163
and CD206 were slightly increased in co-cultures. Tartrate-resistant acid phosphatase 5
(TRACPS) expressed by osteoclast for resorbing bones and inflammatory macrophages

[201] responded to LPS stimulation showing a significant increase in co-cultures.

The intercellular adhesion molecule (ICAM) and vascular cell adhesion molecule
(VCAM) expressed in OECs were demonstrated to regulate the adhesion of monocytes
to endothelial cells in inflammatory response [202]. The expression level of ICAM was
significantly enhanced by LPS stimulation in both mono- and co-cultures. In contrast,
VCAM was significantly upregulated by LPS only in OEC mono-cultures when no VD3

treatment was applied. In addition, LPS stimulation led to a significant upregulation of
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complement 3 (C3), a molecule of the immune system, in OEC mono-cultures.
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Figure 3.11 Relative gene expression for endothelial markers (CD31, vwf), osteogenic
markers (ALP, collagen I, osteocalcin), angiogenic factors (VEGF, Angiopoietin-1,2),
inflammatory relevant molecules (IL-6, CD6S8, CD163, CD206, VCAM, ICAM, C3) and
others (LL-37, Cathepsin K, TRACPS) evaluated by semi-quantitative RT-PCR for a)
MSC/OEC co-cultures, b) OEC mono-cultures and c) MSC mono-cultures on day 7. 1-
way ANOVA. *p < 0.05, **p < 0.01 and ***p <0.001. n > 3.
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Vitamin D3 significantly increased the expression level of cathelicidin (LL-37), the anti-
microbial peptide, in OEC/MSC co-cultures. However, the upregulation of LL-37 by
VD3 treatment in MSC mono-cultures was not significant. In MSC mono-cultures, VD3
did not show a significant effect on the expression level of Cathepsin K, the tissue
resorbing enzyme activated by immune reaction, but the Cathepsin K level was

tentatively improved by VDs in co-cultures.

3.2.3 Determination of different proteins by ELISA and Western blot

The pro-inflammatory cytokine interleukin-6 (IL-6), angiogenic regulator VEGF,
soluble [ICAM-1 and anti-microbial peptide cathelicidin (LL-37) in the presence of VD3
were quantitatively detected in the culture supernatants by ELISA (Figure 3.12 a b ¢)
and Figure supplement 1 for LL-37) to further examine the effect of VD3 on

inflammatory response at protein level.

In accordance with the result of expression level in OECs from the PCR result, the
protein level of IL-6 was highly improved by LPS stimulation. [CAM-1, the immune
response molecule mainly expressed in the LPS-activated OECs was also detected a
significant increase in the supernatant of both mono- and co-cultures, which was
consistent to the result at gene expression level. However, no significant effect of VD3

treatment was seen on the protein levels for both molecules.

The relative VEGF level in supernatant showed a significant increase in response to
Vitamin D3 treatment for MSC mono-cultures, but no distinct change was found for co-
cultures. In contrast, the significant upregulation of VEGF on gene expression level
appeared only in response to LPS stimulation for co-cultures and LPS in the presence
of VD3 for MSC mono-cultures. Nevertheless, the angiogenic activity of OECs in co-
cultures with MSCs was improved in terms of angiogenic structure parameters to both

LPS stimulation and VD3 treatment.
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Figure 3.12 Enzyme-linked immunosorbent assay for a) IL-6, b) ICAM (relative value)
and c) VEGF (relative value) in the supernatant of mono-/co-cultures on day 7, paired
t-test. *p < 0.05, **p < 0.01 and ***p < 0.001. n > 3.

The level of cathelicidin (LL-37) peptide in the supernatant of MSC/OEC co-cultures

was measured with the Human LL-37 ELISA kit available in the market at present. It

seems that the concentration of the samples was much lower than the working
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concentration of the kit, which on the other hand explains the difficulty in visualizing
immunostained peptides in co-cultures. To gain a further examination of this peptide in
MSC mono-cultures, cells and 7-day VD3 treated cells were respectively lysed for
western blot. The LL-37 peptide with molecular weight around 19 kDa was used as
positive control and showed a very weak band around 20 kDa; However, the samples
showed nothing according to the positive control at the site around 20 kDa when 30 pg

of total protein from cell lysis was loaded (result see Figure supplement 2).
3.2.4 Quantitative analysis of osteogenesis by detecting the calcification levels

The calcification levels were characterized on day 14 for the MSC co-/mono-cultures.
In MSC/OEC co-cultures, the calcification levels displayed varying degrees of increase
in response to Vitamin D3 treatment. Therefore, overall, statistics presented a tentative
increase of calcification without significant difference (Figure 3.13 a). In contrast, the
MSC mono-cultures showed the opposite trend of calcification level to VD3 treatment

(Figure 3.13 b).
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Figure 3.13 Quantification of Calcification based on Alizarin Red staining in response
to VD3 treatment for a) MSC/OEC co-cultures and b) MSC mono-cultures at day 14,
paired t-test. n = 3.
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In this part, Vitamin D3 - a bone physiological compound, was investigated for its
potential to modulate the inflammatory response induced by LPS in a bone regeneration
co-culture model. In MSC/OEC co-cultures, Vitamin D3 enhanced angiogenesis and
tentatively promoted osteogenesis. Although no significant effect of VD3 was detected
on the inflammatory response at the protein level in this model, Vitamin D3 significantly
upregulated the gene expression level of the LL-37 gene, a gene coding for an anti-
microbial peptide, in co-cultures indicating a potential beneficial influence of VD3 in

bone infection for further study.

The co-cultures of OEC/MSC and OEC/tumor cell lines provide a practical tool to
investigate the functions of bioactive molecules of interest, for instance, fucoidan in
bone regeneration and tumor progression, as well as Vitamin D3 in bone inflammatory
response. Nevertheless, the bioactive compounds and cells often need to be loaded to a
3D scaffold, which is compatible to the in vivo environment as a delivery system in
medical applications. In the next part of this thesis, bio-functionalized hydrogels loaded
with OECs and osteogenic differentiated MSCs were studied for their potential in pre-

vascularization and their osteogenic properties.
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Part II. 3D scaffolds for vascularization and bone regeneration

3.3 Angiogenesis in collagen hydrogels modified with bioactive peptide

Hydrogels, as a type of polymer biomaterial, play an important role in delivery systems
for local application of bio-functional compounds and cells. Collagen, a component of
ECM, possesses excellent biocompatible and biodegradable properties. Collagen
hydrogels are often used as scaffolds to support cell growth and vascularization in tissue
engineering. Here, the collagen was processed with IKVAV peptide which promotes
OECs attachment and angiogenesis. The modified collagen gels were loaded with
outgrowth endothelial cells (OECs) and the angiogenic activities were examined with
fluorescent staining, DNA quantification and real time PCR. Information of cells and

collagen hydrogels used in this part is listed in Table 3.3.

Cell type Age Gender Passage Gel (mg/mL)
OEC1 (BC73) 65 f 7 2.12
OEC2 (BC147) 25 f 12 1.84
OEC3 (BC152) 34 f 6 2.12

Table 3.3 Donor information of OECs and gels used in the experiments. Female (f);
male (m).
3.3.1 Angiogenic networks of OECs encapsulated in collagen hydrogels and

quantitative analysis

Three different groups of collagen hydrogels were prepared in the same concentration
to encapsulate OECs. The IKVAV modified collagen was obtained from the lyophilized
product of collagen incorporated with IKVAV peptide in the presence of DMSO as
described in the method part 2.2.6.1. To assess the side effect of DMSO oxidation on
collagen molecules, the modified collagen was produced in the same way without
adding peptide. And the collagen without any processing was used as control condition

for the experiment.

The OECs encapsulated in collagen hydrogels were pre-labeled with CellTracker (in
green) and fixed for nuclei staining (Hoechst, in blue) after 3- and 7-days culture in

EGM-2 supplemented with 50 ng/mL VEGF. Samples were visualized under confocal
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microscopy affiliated with AIM Meta software.
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Figure 3.14 OECs prelabeled with CellTracker (green) and stained with Hoechst (blue)
in control, modified and IKVAV modified collagen hydrogels on a) day 3 and b) day 7.
Scale bars =200 um.

As it is shown in Figure 3.14, the tube-like pro-angiogenic networks formed by OECs
were observed on day 3 and 7. These pro-angiogenic structures appeared within 24 h in
collagen hydrogels. The number and area of the structures varied from donor to donor.
Unlike co-cultures in cell culture plates where pro-angiogenic networks formed among
cell monolayers, the OECs encapsulated in 3D hydrogel stretched and aggregated to
build up long and branched capillary like structures in diverse spatial orientations. On

day 7, there were more dead cells observed than on day 3 (in Figure 3.14 b).
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Accordingly, the DNA content on day 7 showed a 56% (+14.7%), 64% (£10%) and 68%
(£10.6%) decrease compared to DNA content of cells on day 3 in average respectively

for control, modified and IKVAV condition (shown in Figure 3.16 b).

The angiogenic structures were quantified with ImageJ by selecting contours of the
structures with ROI manager and summing up the area of the regions. Results are
depicted as relative values to controls in Figure 3.15. No significant effect of collagen
modification was detected on pro-angiogenesis of OECs encapsulated in the gels in
terms of area of angiogenic networks. Overall, the largest area of the structures
appeared in modified collagen hydrogel on day 3 and in IKVAV modified collagen

hydrogel on day 7 with no significant statistical difference to other groups.
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Figure 3.15 Quantitative analysis of angiogenesis structures of OECs on a) day 3 and
b) day 7 in different collagen hydrogels normalized to control. n > 2.

3.3.2 DNA quantification of OECs in collagen hydrogels

To assess the viability and growth of the encapsulated OECs, the cell laden collagen
hydrogels were melted at 60°C for DNA quantification. To eliminate the variation due
to different donors and gel batches, the results in Figure 3.16 ¢ and d are presented in
relation to control in percentage. No significant difference of DNA amount was
observed on day 3 and a slight decrease of DNA amount in IKVAV modified group was

shown on day 7. When comparing DNA amount between two time points, the result (in
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Figure 3.16 a) indicated a decrease of cell number in all three gels from day 3 to day 7
(DNA amount on day 7/DNA amount on day 3<<100%), which corresponds to what

had been observed in the fluorescent stained samples.

a) b)
DNA amount in gels on day 7 Reduction of DNA on day 7
—~ 80%- — 100%-
X X
s 4 80%
> | > Co
T 60% g T I
< < 60%- e
=z b4 5
0O 40%- o
8 S 40%-
e d
g 20%7 S 20%
£ £
S 0% O 0%-
c) d)
DNA content day 3 DNA content day 7
200%+ 150%-
2 = -
2 ]
c 150%- -T- £
3 S 100%
5 5
o 100%+ 1 o e e
S S 50%
s 50%- s
° o
(4 o 2
0%+ T 0%- A= T
N
&‘0 \Q@ (\& Q\‘o \er i\&
00 &ob AQQQ 00 @ob AQQQ
\ \s
A N

Figure 3.16 a) The DNA amount of cells in each gels on day 7 compared to DNA amount
on day 3 in average, and b) the proportion of DNA reduction on day 7 to day 3. And
the relative % DNA content of OECs in unmodified (as control), modified and IKVAV
modified collagen gels on c) day 3 and d) day 7, 1-way ANOVA. n=3.

3.3.3 Quantitative assessment of gene expression on early time point
The relative gene expression levels of endothelial markers and angiogenesis relevant

molecules were determined by real time PCR (Figure 3.17) on day 3. The results

indicated a significant downregulation of the endothelial markers CD31, vwf and VE-
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Cadherin for OECs in modified and IKVAV modified collagen hydrogels in comparison
with the control. Integrin (B1), which is relevant to cell attachment, showed a significant

decrease in both modified hydrogels as well.

OEC in collagen gels day 3

1.51
E3 control
EE3 modified
1.0 BE3 IKVAV peptide

0.5

Relative mRNA levels

0.0

Figure 3.17 Relative gene expression levels of endothelial markers and angiogenesis
relevant molecules evaluated by semi-quantitative RT-PCR for OECs encapsulated in
control, modified and IKVAV modified collagen hydrogels on day 3, 2-way ANOVA.
**xp <0.001. n = 3.

In this part, the collagen hydrogels showed excellent properties to serve as scaffolds
for angiogenic activities of OECs. The tubular structures formed in the gels developed
and sustained for 7 days in the experiment. However, via this modification approach,
IKVAV peptide was not found a significant effect on the angiogenic activities of OECs

in collagen hydrogel.
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3.4 Osteogenic properties of silk fibroin composite hydrogels

Silk fibroin (SF), a type of natural protein derived from cocoon silk has been widely
applied in bone tissue engineering for its excellent biocompatible, mechanical and
biodegradable properties [203]. In this part, micro silk fibroin fibers (mSF) and
mineralized micro silk fibroin fibers (mmSF) were combined in hydrogels to create
biocompatible composite scaffolds for potential applications in bone regeneration.
Bone marrow derived mesenchymal stem cells were seeded to the composite scaffolds
to examine the cell attachment, morphological appearance and osteogenic activities at

gene expression level.

Cell type Age Gender Passage
MSCI1 (#16-5) 53 f 3
MSC2 (#18-1) 47 m 3
MSC3 (#18-3) 69 m 3
MSC4 (#17-4) n/a n/a 3

Table 3.4 List of MSCs and donor information in the experiments. Female (f); male (m).
n/a: the donor information was not available.

3.4.1 Cell morphology and attachment of MSCs in collagen-SF composite

hydrogels

The mineralized silk fibroin fibers were coated with a complete hydroxyapatite layer
on the surface prepared by the method in previous report [204]. Provided by Group Prof.
D. A. Ossipov (Uppsala Uni.), the fibers (of 200-300 um length) were homogeneously
dispersed in 2 mg/mL collagen pre-gelation solutions and physically entrapped in the
cured gels laden with cells. After 14 days culture, MSCs in the composite constructs
were fixed and fluorescent stained against F-Actins and nuclei with Phalloidin-TRITC
and Hoechst for visualization with fluorescent and confocal microscopy (figure 3.18 a
and b). The gene expression levels of osteogenic markers were examined with rt-PCR

(figure 3.18 c).
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Figure 3.18 MSCs were fluorescent stained with phalloidin-TRITC (red) and Hoechst
(blue) on day 14. a) Cells were visualized with fluorescent microscope (EVOS) and b)
confocal laser scanning microscope, the scale bar in a) 20 x=100 um, others=200 um).
¢) Relative gene expression of hMSCs in collagen-SF gels for osteogenic markers (ALP,
Osteocalcin, collagen I, RUNX2 and BMP-2) and growth factor VEGF on day 14, 2-
way ANOVA. ****p<0.0001. n=3.

The auto-fluorescence of silk fibers under both microscopes assists to locate the fibers
in the gels. In comparison to the cells which orientated along the fibers in mSF-collagen
gel, MSCs in mmSF-collagen scaffold reached to the biomineralized layer of mmSF
with their protrusions (arrows in figure 3.18 a b). The PCR results indicated the gene
expression level of several osteogenic differentiation markers, ALP (alkaline
phosphatase), Col I (collagen type I), osteocalcin, RUNX2 (Runt-related transcription
factor 2) and BMP-2 (bone morphogenetic factor-2) for the MSCs seeded in the silk
fibroin composite collagen hydrogels in comparison to MSCs in collagen gels as control.
The expression of osteogenic differentiate marker BMP-2 was significantly upregulated
in mmSF-collagen gel. In contrast, the early osteogenic marker ALP, and collagen type
I levels were tentatively decreased in this gel. VEGF, the angiogenic regulator was

observed a slight increase in mmSF-collagen gel than other gels without significant
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difference.

3.4.2 Cell morphology and attachment of MSCs on hyaluronic acid hydrogel-

based SF composite scaffolds

The silk fibroin composite scaffolds based on hyaluronic acid hydrogel were prepared
by Liyang Shi (in Group Prof. D. A. Ossipov, Division of Polymer Chemistry, Uppsala
University). The mineralized micro silk fibroin fibers (mmSF or CaP@mSF) were
chemically immobilized in the modified hyaluronic acid (HA) gel via the binding
affinity of bisphosphonate (BP) on hyaluronan polymer to calcium ion on the surface
of mmSF. In control group, micro silk fibroin fibers (mSF) without hydroxyapatite layer
were physically entrapped in the same gel without chemical coordination. Both gels
were thereafter stabilized through the photocrosslinking between acrylamide (Am)
groups on the HA molecules to construct Am-HA-BP+CaP@mSF and Am-HA-
BPemSF scaffolds with better mechanical properties. The osteogenic differentiated
MSCs were seeded on both Am-HA-BP<CaP@mSF and Am-HA-BPemSF and
visualized on day 14 with Calcein AM live cell staining and phalloidin-TRITC after

fixation under confocal microscopy (Figure 3.19 a b).

Under fluorescent microscopy, the silk fibers were found intensive light reflection
property which aids to locate the fibers especially in the blue channel. Cells aligned and
orientated along the fibers (arrows) which indicated the favored attachment of MSCs
on the fibers. The confluence of MSCs on Am-HA-BPsmSF seemed higher than the

other group where cells formed more colonies with the CaP@mSF as the cores.
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Figure 3.19 a) Calcein AM staining of living cells (green) on day 14; b) Fluorescent
stained cells with phalloidin-TRITC (red) and Hoechst (blue) on day 14. Cells were
visualized with confocal laser scanning microscope and the scale bars represent 200
um. c) Relative gene expression of hMSCs on hydrogels for osteogenic markers (ALP,
Osteocalcin, collagen I and RUNX2) and growth factor VEGF on day 14, 2-way
ANOVA. **p<0.01, ***p<0.001, ****p<0.0001. n=3.

3.4.3 Gene expression of osteogenic markers of MSCs on HA based composite

scaffolds

The gene expression level of multiple osteogenic differentiation markers was evaluated
by real time PCR. Initial results indicated expression of ALP, collagen type I,
osteocalcin, RUNX2, and VEGF in MSCs on both Am-HA-BP+CaP@mSF and Am-
HA-BPsmSF hydrogels at different levels (Figure 3.19 c). The result showed a
significant lower expression of osteocalcin and Col I on Am-HA-BP+CaP@mSF
compared to Am-HA-BPsmSF hydrogel. ALP and the osteogenic differentiation related
transcription factor RUNX2 [205] in contrast showed no significant difference in the
tested samples. However, a significant increase was observed in the expression of
VEGF which is tightly associated with the vascularization process during bone repair

and in the context of silk fibroin based materials [7, 23, 90].
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4. Discussion

In this thesis, bioactive molecules and hydrogels incorporated with bio-functional
components were closely studied in the context of bone tissue engineering and
regenerative medicine. First, fucoidan - a marine origin bioactive compound, was
investigated for its effect on angiogenic and osteogenic activities in mono- and co-
culture models relevant for bone repair and osteosarcoma. Next, the potential influence
of the physiological molecule vitamin D3 in inflammatory response in a bone
regenerative co-culture model was examined. Moreover, functionalized collagen
hydrogel and a novel hyaluronic acid based composite biomaterial were assessed for

angiogenesis and bone tissue engineering respectively.

4.1 Study of fucoidan in bone and melanoma models

The crude fucoidan extract which was assessed in this part was obtained from brown
algae fucus vesiculosus. As a potential candidate compound to be applied in clinical and
pharmaceutical treatment, fucoidan was evaluated for cytotoxicity and endotoxicity.
Endotoxins, also defined as pyrogens, are the residues of bacteria membrane which can
lead to acute immune response and inflammatory reactions. OECs are highly sensitive
to endotoxins and show a distinct immune response. The level of endotoxin in 100
ug/mL fucoidan solution was detected to be 0.06 EU/mL with LAL assay and 0.003
EU/mL by the EndoLISA® kit which excludes the interference of matrix substances in

the crude extract. This result is acceptable as endotoxin free in terms of safety standards.

To study the cytotoxicity of fucoidan, MTS test on MSCs, MG63 and OECs was
performed with a series of concentrations ranging from 50 to 500 pg/mL. The results
indicated a tolerance curve of fucoidan treatment associated with cell type. MG63
showed the highest tolerance of fucoidan as indicated before and OECs are the most
sensitive cell type among the cells which were assessed here. Hence, fucoidan was
applied at a concentration of 100 ug/mL to characterize its bioactive functions, which

did not show toxic side effects on the viability of the relevant cell types.
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The DNA quantification for mono-/co-cultures of MSCs, MG63 and OECs was carried
out to examine the impact of fucoidan on cell growth. The results indicated that
fucoidan suppressed the growth of MSC mono- and co-cultures whereas on MG63, no
significant effect was observed. In contrast, fucoidan significantly promoted the
proliferation of OEC mono-cultures. A recent study demonstrated a similar effect of
fucoidan on proliferation of OECs, in which fucoidan was found to improve the survival,

proliferation and endothelial differentiation of senescent OECs [206].

In accordance with the literature fucoidan is discussed to modulate the angiogenic
process being either applied to enhance angiogenesis for applications in tissue
engineering or to restrict the angiogenic process in tumors [207, 208]. This pro- or anti-
angiogenic effect of fucoidan is dependent on a variety of factors, such as the structural
composition and molecular weight [209]. In addition, the effect of fucoidan depends on
what manner the extract is delivered and introduced to the application system. In this
study, the impact of free fucoidan was assessed on the cellular and molecular processes
in angiogenesis and osteogenesis taking into account the effects of fucoidan on the
individual key cell types and their interaction in co-cultures mediated by growth factors

and chemokines.

The pro-angiogenic structures appeared in MSC/OEC co-cultures at an earlier time
point, on day 7 whereas in MG63 co-cultures, tube-like structures were hardly found at
this time point. However, the pro-angiogenic structures had been completely developed
by day 10 in controls for both co-culture models. Fucoidan was observed to
significantly reduce the angiogenic structures in both MSC/OEC and MG63/OEC co-
cultures without cellular toxicity. Correspondingly, the quantitative analysis of the
angiogenic structures in terms of length and area showed a significant decrease in
fucoidan treated groups relative to controls. The reduced level of angiogenic structures
found in the fucoidan treated co-cultures might be attributed to its effect on the

angiogenic markers secreted by different cell types.

There was a tremendous decrease in the level of free VEGF detected in the supernatant
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of the fucoidan treated co-cultures. In addition to VEGF, SDF-1 protein concentrations,
as well as its receptor CXCR4 on relative gene expression level, were significantly
lowered in response to fucoidan specifically for MG63/OEC co-cultures. In a recent
study, MSCs have been shown as the main producer of SDF-1 [210] in the same co-
cultures, whereas OECs show an expression of the corresponding receptor CXCR4.
Thus, fucoidan has the potential to modulate this pathway of cellular crosstalk in normal
bone physiology. In the context of osteosarcoma, several studies have reported that
VEGF and SDF-1 are associated with poor prognosis in osteosarcoma [211-213], thus
resulting in approaches to counteract this growth factor and chemokine as a therapeutic

option for osteosarcoma treatment [214].

Besides VEGF and SDF-1, elevated Angpt-2 levels produced by tumor vessels are also
considered as a critical factor in the tumor microenvironment. As an antagonist of Tie-
2 receptor, Angpt-2 plays a role in angiogenesis to simulate the migration of endothelial
cells and the formation of tube-like structures. It competitively impairs the binding of
Angpt-1, which contributes to vessel stabilization and restricts new vessel formation,
to the receptor [215, 216]. With fucoidan treatment, the Angpt-2 level in both co-culture
models and their corresponding mono-cultures was much lower than that in the controls
whereas the Angpt-1, especially in MG63 co-cultures was detected an increased level
in response to fucoidan treatment. Beyond its direct effect on new blood vessel
formation by endothelial cells, Angpt-2 also activates proangiogenic properties of
circulating mononuclear cells [217, 218] which serve as supporting cells in blood vessel
formation especially in the context of a tumor environment. Accordingly, Angpt-2 is

also associated with increased inflammation and metastasis in a variety of tumors [219].

The calcification level of co-cultures was promoted in comparison with the
corresponding mono-cultures for both MSCs and MG63 which might be associated
with the osteogenic regulators expressed by OECs [220]. Treatment with fucoidan
hindered the calcification level in both mono- and co-cultures. A significant decrease

occurred in MSC mono-/co-cultures and a slight reduction for MG63 cultures. Alkaline
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phosphatase (ALP), which is closely related to the mineralization of osteoblast-like
cells as an early osteogenic marker, was significantly down-regulated in response to
fucoidan treatment for MSC mono-cultures. Collagen type I, the matrix component
secreted by osteoblast-like cells as a late osteogenic marker was also significantly
decreased in both mono- and co-cultures of bone sarcoma cell line. However, the other
late marker osteocalcin which is coded by the BGLAP gene and plays a role in the bone
mineralization and formation process [221] did not show a significant change in

response to fucoidan treatment.

The study of fucoidan (f. vesiculosus) crude extract in the vascularization of bone
showed an impact on angiogenesis and osteogenesis for both physiological and
pathological bone models via modulating the relevant factors. The control of factors
such as VEGF, Angiopoitin-2 and SDF-1 in the tumor mircroenvironment for instance
by fucoidan as a natural sulfated polysaccharide should provide a clinical value for
osteosarcoma. Nevertheless, the specific action of fucoidan subfractions and the mode
of application need further evaluation. According to the literature other groups also
reported effects of fucoidan and in particular of fucoidan with low molecular weight on
VEGF levels in tumor models [208, 222], as well as effects of fucoidan on SDF-1 levels
[223]. Nevertheless, contradictory reports on the effect of fucoidan on angiogenesis
exist [209]. The bio-functions of fucoidan extracts are highly dependent on the chemical
and structural properties such as molecular weight, sulfation degree and side chain
branching which vary with algae species, treatment, isolation methods and harvest
seasons [112]. Hence the specific bio-functional structures need to be further clarified
for greater efficacy prior to clinical application. In addition, the standard procedures of
harvesting, purification, fractionation and in-depth understanding of bio-functional
mechanism remain to be developed and investigated to define correlated bioactive
features of fucoidan extracts for therapeutic purposes. Using a hydrogel drug delivery
approach for medium molecular weight fractions of fucoidan, a recent study reported

proangiogenic effects probably associated with locally higher VEGF concentration and
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a more continuous release profile mediated by fucoidan. These observations were
probably due to the binding capacity of fucoidan for VEGF in the hydrogel [224], thus
resulting in a locally higher VEGF concentration and enhanced vascularization. This
study nicely highlights an application dependent action of fucoidan and together with
other studies of fucoidan on endothelial progenitor cells [225]. These studies might
serve as a basis for using fucoidan for pro-angiogenic therapies related to tissue
engineering and regenerative medicine. In contrast, in this thesis the fucoidan was
added to the culture medium thus lowering the freely accessible VEGF for the cells in

culture and ultimately leading to the reduction of vascular structures.

Overall, the heparin-like structure [226] and ability of fucoidan to bind VEGF [227]
enable wide applications of these compounds to modulate angiogenesis but has to be
evaluated in a context and application dependent manner. In the present study the
available free VEGF and SDF-1 protein levels were reduced resulting in reduction of
angiogenesis in response to low dose of fucoidans, whereas the cytotoxic effects were
limited. These results showed the anti-angiogenic capacity of fucoidan to inhibit free
angiogenic factors for bone tumor treatment. In addition, fucoidan, as a binding agent
of VEGF for a local delivery system, could be used to deliver VEGF aiming at a pro-
angiogenic effect in terms of bone regeneration. For clinical use and a better
understanding of fucoidan, the precise definition of the relationship between the bio-
functions and the structural features of fucoidan requires further investigation in future

research.

Since the effect of fucoidan could vary with the mode of application and biological
models, as well as due to its suggested anti-tumor potential, fucoidan was applied to the
uveal melanoma cell lines to study its impact on angiogenesis in ophthalmological
tumor models at a dose of 100 pg/mL. In contrast to the bone regenerative and sarcoma
models above, where fucoidan impaired angiogenic activity of OEC via reducing
VEGF and SDF-1, fucoidan treatment did not show any significant influence on the

angiogenesis of the melanoma cell line co-cultures or the VEGF level. In addition, the
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primary cell line 92.1 showed poor support of OECs in the co-culture most likely due
to the nature of this cell type. Nevertheless, the length and area of OEC mono-layers on
92.1 was significantly improved in response to fucoidan, which correlated to the
promotive effect of fucoidan on cell proliferation and viability for 92.1. Overall, the
effect of fucoidan can vary with the manner of application, cell types and models, thus

the exact impact should be closely examined case by case.

4.2 Study of Vitamin D3 in a bone infection model

Inflammation plays an essential role in bone regeneration and healing; therefore, it has
drawn growing attention for orthopedic studies. Systematic inflammation was found to
impair bone repair processes and lead to upregulated bone resorption [228]. Acute
inflammation in bone caused by infections, implantation or trauma can develop towards
chronic inflammatory diseases and result in bone loss [229]. Nevertheless, as
inflammation is involved in the early stage of the physiological bone healing process,
the initial inflammatory response is believed to support bone repair and regeneration.
Therefore, a comprehensive understanding of the underlying mechanisms of
inflammation in the process of bone formation and interactions at cellular and
molecular levels is vital for the treatment of bone destruction caused by disease and
trauma in clinical practice. In this part, the osteogenic differentiated MSCs were co-
cultured with OECs which contribute to vascularization and inflammatory response to

study the bio-function of vitamin D3 in a bone infectious model.

Lipopolysaccharide (LPS), the component in the membrane of Gram-negative bacteria
could be recognized by the immune cells resulting in a subsequent inflammatory
response. OECs and endothelial cells in previous studies were shown to reveal a severe
inflammatory response mediated by LPS [230]. In this work, OECs showed active
immune response with an upregulation of TLR4 and the inflammatory cytokine IL-6

after being subjected to LPS at a concentration of 100 ng/mL.
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Besides the inflammatory response of OECs in mono- or co-cultures with MSCs
induced by the exogenous stimuli, Vitamin D3, well known for its biological functions
in bone mineralization and anti-inflammatory effect, was applied to the cultures at a
concentration of 10 nM. This is equivalent to physiological serum levels of 10-50 nM
[231]. Herein, prior to being examined, the OEC mono- and co-cultures with MSC were

treated with VD3 for 7 days and/or LPS stimulation for 48 hours.

Recently, OECs and endothelial cells have been shown to increase angiogenesis in
response to LPS stimulation via activation of TLR4 [230, 232]. In MSCs/OECs co-
cultures, angiogenesis was promoted by VD3 and/or LPS treatment compared to the
control with regard to the length and number of branching points of the capillary-like
networks composed of OECs. The gene expression level of TLR4 in OECs mono-
cultures was not influenced by LPS stimulation according to the rt-PCR result. However,
LPS in the presence of VD; significantly upregulated the expression of TLR4 in
MSC/OEC co-cultures. TLR4 is expressed in a variety of cells, such as monocytes,
macrophages, outgrowth endothelial cells (as what was shown in rt-PCR) and the bone
marrow derived MSCs as well [233]. It recognizes pathogen associated molecular
patterns, thus TLR4 can be activated when exposed to LPS and lead to the elevated
production of pro-inflammatory cytokines, IL-6 for instance, resulting in endothelial
inflammation which contributes to defend against infectious diseases and tissue injury.
It has been reported that the TLR4-mediated production of pro-inflammatory cytokines
can be activated through NF-«xB signaling pathway in endothelial cells [234]. In OEC
mono-cultures and co-cultures with MSC, the expression level of IL-6 was significantly
promoted when exposed to LPS. Accordingly, LPS stimulation markedly enhanced the

IL-6 level in the supernatant detected by Elisa.

In addition to the pro-inflammatory cytokine, LPS also promoted the mRNA expression
level of monocyte/macrophage lineage cell markers, significantly for CD68 and
tentatively for CD163 and CD206 in MSC/OEC co-cultures. Endothelial cells have

been reported to express CD68 but on a relatively lower level when compared to
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monocytes/ macrophages [235]. The expression of CD163 was reported in endothelial
progenitor cells (EPCs) [236] which co-exist with our OECs derived from them as a
minor sub-population. Notably, CD163 expression was also shown to be associated
with endothelial differentiation and angiogenesis in recent studies [237]. The
upregulated expression of the mannose receptor (CD206) which can recognize
microorganisms and regulate inflammation also verified the inflammatory response to

LPS simulation in the co-cultures.

Furthermore, other molecules which are involved in the immune response also showed
a significant increase following LPS stimulation. The intercellular adhesion molecule
(ICAM) and vascular cell adhesion molecule (VCAM) were both significantly
upregulated in OEC mono-cultures in response to LPS treatment whereas the effect
only occurred in co-cultures for ICAM. In addition, the protein level of ICAM in the
supernatant of OEC mono- and co-cultures was significantly increased in response to
LPS stimulation. The expression of these adhesion molecules can be upregulated during
endothelial activation in response to stimuli, such as the pro-inflammatory cytokines
[238]. ICAM and VCAM have been shown to facilitate the recruitment of leukocytes
in endothelium in vivo [239] and play a role in endothelial junction maturation and
vascular permeability [240]. The roles of ICAM in mediating EPC recruitment thus
promoting angiogenesis, and VCAM as a surrogate angiogenic marker have been
demonstrated in previous reports [241, 242]. Moreover, LPS showed a promotive effect

on the expression of complement factor Complement 3 (C3) in OEC mono-cultures.

Besides the upregulated expression of inflammatory modulators, LPS significantly
promoted the expression level of VEGF in MSCs. However, the protein level of VEGF
in the supernatant did not show any change in response to LPS. The expression level of
angiogenic regulator, angiopointin-1 in MSCs was significantly upregulated and
anigopointin-2 in OECs was slightly upregulated by LPS stimulation. Furthermore, the
endothelial marker CD31 examined in the co-cultures with MSCs after LPS stimulation

showed a significant increase in its expression level. From above, it indicated that LPS
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induced the inflammatory response and endothelial activation resulting in the improved
expression of angiogenic factors which promote the angiogenic activity. Besides the
effect of LPS on inflammatory response and angiogenesis, the osteoclast marker
TRACPS in MSCs was significantly promoted by LPS. The elevated expression of
TRACPS, known as a bone resorption marker [243], implied the potential impact of

LPS on osteoclastogenesis in MSC/OEC model as the result of an immune response.

VD3 at a dose of 10 nM in this study was not observed to have a significant anti-
inflammatory effect in the co-culture model. Nevertheless, the anti-microbial peptide
cathelicidin (LL-37) was activated in MSCs with VD3 treatment (the result of LL-37
expression by rt-PCR see Figure 3.11). The expression of LL-37 has been demonstrated
to be promoted by VD3 in a variety of cell types, such as monocytes, epithelial cells and
macrophages, showing the role of VD3 as an immune regulator [136, 244-246].
However, the LL-37 peptide was not detected in the supernatant by Elisa or in the
protein lysate of MSC mono-cultures with western blot despite the significant elevation
induced by VD3 shown on the mRNA level. The discrepancy between expression level
at gene level and protein production of cathelicidin stays yet unclear. This result might
relate to the production of trace amounts of LL-37, which can hardly be detected by our

technical approach and assays.

A tentative increase in the mineralization level in the co-cultures after 14 days treatment
with VD3 was shown. The expression level of late osteogenic marker osteocalcin was
significantly upregulated by VD3 independent of LPS. The stimulation of osteocalcin
by VD;s has also been reported in osteoblasts [122]. In contrast, another late osteogenic
marker collagen type I and early marker ALP did not show much difference in
expression level after being subjected to VD3. No effect on the production of collagen
I was observed in the osteoblastic cells in some in vitro studies [247], nevertheless
positive effect of VD3 on collagen I production was reported in other publications [122,
248]. The results from different research groups still remain varied and inconsistent for

the cellular and molecular effects of VD3 on bone formation, which are associated with
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culture conditions, experimental models, state of cell differentiation, treatment manner
and several other factors. Bone formation is a complex dynamic physiological process,
and bone repair and regeneration could be enhanced by various factors with an overall
effect of them. It is certain that a simple in vitro co-culture model can not reproduce
such a complex in vivo environment, but it is more conducive to an in-depth study of

the effects of molecules that are of interest on specific bone healing phases.

Overall, the LPS at a relatively low dose of 100 ng/mL induced endothelial activation
and inflammatory response via the signaling pathway mediated by TLR4 activation in
the OEC/osteogenic differentiated MSC co-cultures resulting in the promotion of
angiogenic activities and upregulation of angiogenic modulating factors on the gene
expression level. Vitamin Dj significantly improved angiogenesis via regulating the
VEGF level of MSCs. The activation of LL-37 in MSCs at the gene expression level
by VD3 suggested its potential effect on modulating the immune defense against LPS.
Nevertheless, there is still an absence of significant evidence on the protein level to
support the protective function of VD3 in the inflammatory response. It is clear that a
deeper insight into the details of the beneficial functions of VD3 and the mechanisms
behind them with a refined inflammatory model is still needed to evaluate the potential

future clinical applications of VD3 against bone infections.
4.3 IKVAY incorporated collagen hydrogels for pro-angiogenesis

IKVAV incorporated collagen hydrogels were fabricated to create an injectable
hydrogel system with the purpose of efficient pre-vascularization for tissue
regeneration. Collagen, the major organic component of extracellular matrix in bone
tissue, has been investigated and widely applied as biomaterial for bone tissue
engineering in the past decades. IKVAYV peptide is the functional amino acid sequence
mediating cell attachment on laminin, another important component of the extracellular

matrix [249].
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Previous assessment depicted the influence of protein concentration and matrix
stiffness on angiogenic activity of endothelial cells in vitro [250]. The study of
angiogenesis within a collagen I hydrogel indicated an optimal matrix concentration of
2 mg/mL [251]. Therefore, in this study an optimal concentration of collagen in control
and modified gels for angiogenesis was vital to examine the impact of modification and
peptide on angiogenesis independent of other impact factors. However, the mass loss
of collagen cannot be excluded throughout the entire modification process including
reaction, dialysis and lyophilization. Thus, collagen concentration after modification

and incorporation of IKVAV was examined.

Collagen is composed of aggregates of fibrils which can be structurally divided into
three polypeptides strands [252]. The complexity of collagen brings difficulties to its
dissolution and characterization, hence the conventional protein concentration
measurement methods, such as NANO drop and the BCA kit did not work for the
collagen solution. To quantify the collagen samples, Sirius Red dyes, which bind to
collagen in a QuickZyme Soluble Collagen Assay kit were used. The concentration
result determined by the kit showed a yielding rate ranging between 70% and 87% after
modification. The control collagen solution and modified collagen were adjusted to the
optimal concentration for angiogenesis for the subsequent OEC encapsulation and

assessment.

Cultured in EGM-2 supplemented with 50 ng/mL VEGF, the OECs encapsulated in
collagen hydrogels elongated and aggregated to form capillary-like angiogenic
structures on both day 3 and 7 in all groups. Furthermore, the modification and
incorporation of IKVAYV in the collagen hydrogels did not display any significant effect
on the angiogenic structures of OECs in terms of the angiogenic coverage determined

by quantitative analysis.

In the modification design, the IKVAV peptides were hypothesized to conjugate to
cysteines on collagen via disulfide bonds by the mild oxidation agent DMSO. However,

the expected chemical crosslinking between the peptide and collagen I could not be
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detected by mass spectrometry. The cysteines are located on the terminals of the
polypeptide chains to aid the synthesis and stability of collagen I macromolecules [253].
However, with a limited availability of free cysteines on collagen I for the intended
modification, the IKVAV peptides might have linked to one another forming a
disulfide-linked-double-peptide (IKVAV-S-S-IKVAV) rather than being conjugated to
collagen. OECs can bind to and respond to active peptides, which may correlate to the
significant decrease of endothelial markers on mRNA expression. However, binding
peptides that are not conjugated to the cell microenvironment cannot anchor the cells
to assist their migration, proliferation and angiogenic activities. Therefore, no
promotive effect on angiogenic structures was observed or detected in a quantitative

manner for the group cultured in the hydrogels modified with the IKVAYV peptides.

Overall, collagen hydrogels support angiogenesis of OECs with the addition of VEGF,
regardless of the incorporation of IKVAV peptides in our modification design. To better
assess and use the IKVAV peptide, a bio-functional component of ECM, in an
injectable hydrogel construct, a firm conjugation and matrix molecules with more
available active binding sites could be employed in future design in the context of tissue
regeneration. Due to the structural complexity of collagen and the lack of available
modifiable groups, it is difficult to effectively conjugate IKVAV peptides to collagen
molecules. Therefore, other macromolecules, such as gelatin or synthetic polymers

modified with cell adhesive ligands, could be considered in future design.

4.4 Composite hydrogels with silk fibroin fiber for osteogenesis

Silk fibroin, due to its excellent biocompatibility and non-immunogenicity, has been
fabricated into various forms like porous scaffolds, silk fibroin hydrogels and silk-based
screws and plates for different medical and clinical applications [23, 254]. In this part,
the osteogenic potential of composite biomaterials with silk fibroin fibers was studied.
The micro silk fibroin fibers (mSF) of 200-300 um long were first acquired from macro
silk fibers by hydrolysis. Immersed in stimulated body fluid, the mSFs were found to

be completely covered with a mineralized layer composed of aggregates of
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hydroxyapatite microspheres. The osteogenic differentiated MSCs were applied to the
composite hydrogels with biomineralized mSF to investigate the cell attachment and

response and the potential of the constructs for bone regeneration.

The MSCs encapsulated in the collagen hydrogel with mSF showed good adhesion and
growth within 14 days to the collagen matrix which can provide excellent support to
MSCs for their attachment, migration, proliferation and significantly promote the
osteogenic differentiation of MSC in vitro [255]. Compared to mSF which are more
elastic and flexible, the presence of mineralized mSF coated with hydroxyapatite
strengthened the gel. At the mRNA level, the bone differentiation marker BMP-2 was
significantly upregulated whereas some of the osteogenic markers were slightly
decreased by the presence of mineralized mSF which introduced the hydroxyapatite
layer in the gel and changed the compliance of the construct at the same time. The
tentative upregulation of angiogenic factor VEGF indicated the potential of mineralized

mSF in bone regenerative application.

Next, the novel silk fibroin composite scaffolds, based on hyaluronic acid hydrogel,
were evaluated for their osteogenic properties. Compared to the collagen hydrogel
where the mSF and mineralized mSF were physically entrapped, the modified
hyaluronic acid (HA) hydrogel immobilized the mineralized mSF via the CaP-BP bond
by which the mineralized mSF were firmly and homogenously distributed. The control
scaffolds were prepared by photocrosslinking the HA under UV with mSF physically
entrapped (Am-HA-BPsmSF). MSCs were loaded on both composite scaffolds (Am-
HA-BP+CaP@mSF) and controls. The cell morphology and patterns were visualized 14
days after seeding and osteogenic markers were examined on the mRNA expression
level. The present in vitro results showed no restrictions in terms of the biocompatibility
or bio-functionality of the Am-HA-BP*CaP@mSF hydrogel and showed a favored
affinity and arrangement of MSCs towards mineralized fibers as indicated in the
arrowed area in Figure 3.19. However, the PCR result showed a decrease of Col I and

osteocalcin gene expression in osteogenic differentiated MSCs grown for 14 days on
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the Am-HA-BP*CaP@mSF scaffolds when compared to the mSF scaffolds. The
decrease in the expression level of these osteogenic markers might relate to the
mineralized coatings on the fibers where cells aligned to. The decreased expression
level of ALP and osteocalcin was also reported for the osteogenic induced MSCs with
the treatment of nano-sized hydroxyapatite [256], indicating the response of osteogenic
cells to a primary structural component of the skeleton. These data together with the
morphological data might be considered as a motivation to analyze the impact of the
self-healing silk-based hydrogels on the differentiation of MSCs in detail in future
studies. Moreover, the current crosslinking between HA molecules to stabilize the
hydrogel was initiated by a strong UV light, which is harmful to the cells. In our in vitro
system, MSCs were loaded after stabilization for the characterization. In order to
optimize the design of the construct, a new crosslinking strategy between HA molecules
with no harm to the loaded cells could be employed, thus osteogenic cells or co-
implantation of both osteogenic and endothelial cells could be encapsulated in the
constructs before stabilization to achieve more effective tissue regeneration in bone

defect.
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5. Summary

In this thesis, bioactive molecules and bio-functionalized hydrogel scaffolds were
studied with bone vascularization models to characterize their bioactive functions and
potential applications in bone repair or tumor treatment. In this model, the primary
outgrowth endothelial cells, which contribute to angiogenesis and form the capillary-
like structures, were applied or co-cultured with osteogenic cells to examine the

angiogenic and osteogenic processes in Vvitro.

The first bioactive substance of interest was crude fucoidan extract from f. vesiculosus.
Addition of fucoidan to the bone regeneration and tumor models showed an impairing
effect on angiogenesis via binding free VEGF and SDF-1 in the system, thereby
decreasing the readily available amount for the cells. The inhibitory effect of fucoidan
can be attributed to its heparin-like structure. On the other hand, fucoidan extract did
not show a significant effect on angiogenesis or VEGF levels in the uveal melanoma
co-culture model. It rather enhanced the attachment of OEC to the primary melanoma
cell lines. The results indicate that the effect of fucoidan not only varies based on
seaweed species and molecular weight of the compounds within the extract, but also
depends on the cell type and method of application. Fucoidan is a promising bioactive
agent for modulating vascularization in bone regeneration and tumor treatment.
Nevertheless, standardization of its extraction procedure and a better understanding of
the structural dependent biological features would be the challenges for future

application.

In addition, the study of vascularization in the bone regenerative model showed LPS
induced inflammation and promoted angiogenesis via the activation of TLR4.
Inflammation plays an important role in bone healing and occurs in bone implantation,
thus to fully understand the roles of the inflammatory response and immune factors is
beneficial for a fast and efficient integration of implants in the context of bone tissue
engineering. Vitamin D3, however, did not show any significant anti-inflammatory

effect in the model, contrary to expectations. Nevertheless, vitamin D3 promoted
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angiogenesis via elevating the VEGF level of MSCs, as well as the osteogenic activity

1n co-cultures.

To examine the bio-functionalized hydrogels with mono-culture models, the
angiogenesis of OECs was supported in injectable 3D collagen hydrogels; however, no
significant proangiogenic effect was observed following the incorporation of IKVAV
peptide. An effective conjugation of IKVAYV peptide to the matrix molecule is required
to utilize its promotive effect on angiogenesis in a tissue regenerative construct. The
composite biomaterials based on hyaluronic acid with mineralized silk fibroin fibers
demonstrated in vitro biocompatibility with MSCs seeding and attachment implying

the potential utilization of these biomaterials for bone regeneration.

To put it in a nutshell, investigated bioactive molecules and bio-functional scaffolds
have potential applications to modulate angiogenesis and osteogenesis. Their
biomimetic properties allow them to act on the cellular and molecular level to guide the
performance of stem/progenitor cells. Employing the aforementioned approaches in a

clinical setting requires further research.
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