FUCOIDAN IN BONE TISSUE
REGENERATION:

FroM CELL TYPE SPECIFIC BIOACTIVITIES TO
THE DEVELOPMENT OF A HYDROGEL-BASED
DELIVERY SYSTEM

DISSERTATION
zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultit

der Christian-Albrechts-Universitat zu Kiel

vorgelegt von
Julia Maria Ohmes

Kiel, 2022






Erste Gutachterin: Prof. Dr. Sabine Fuchs
Zweite Gutachterin: Prof. Dr. Susanne Alban

Tag der miindlichen Priifung: 21.10.2022






Eigenstandigkeitserklarung

Hiermit erklére ich, dass

1.

Kiel,

es sich bei der eingereichten Arbeit zum Thema "Fucoidan in Bone Tissue Regen-
eration: From Cell Type Specific Bioactivities to the Development of a Hydrogel-
based Delivery System" um meine eigenstindig erbrachte Leistung handelt.

. ich keine anderen, als die angegebenen Hilfsmittel verwendet habe.

. die Arbeit gem&f den Regeln zur guten wissenschaftlichen Praxis der Deutschen

Forschungsgemeinschaft angefertigt wurde.

. ich nicht mit demselben Thema zeitgleich an einer anderen Fakultit im In- oder

Ausland die Zulassung zur Promotion beantragt habe oder beantragen werde.

. ich noch an keiner anderen Hochschule oder an keiner anderen Fakultdt dieser

Hochschule ein Promotionsvorhaben endgiiltig nicht bestanden habe.

. mir noch kein akademischer Grad entzogen wurde.

2022

Julia Ohmes






Summary

Fucoidans are sulfated polysaccharides found in the cell wall of brown algae. Due to their
ample effects on angiogenesis, osteogenesis and inflammation, these polysaccharides are
promising bioactive compounds for the application in regenerative medicine. However,
the chemical structure of fucoidan which determines the bioactivities is dependent on
many parameters such as algae species, location, season and extraction technique and
can therefore vary tremendously between extracts. Due to the heterogeneity of fucoidan
and the largely unknown relation between chemical structure and function, it remains
challenging to use fucoidan in a medical context.

The presented dissertation investigates the biological activity of different fucoidan ex-
tracts on molecular processes relevant for bone tissue regeneration. Mono- and co-
cultures of human outgrowth endothelial cells (OEC) isolated from peripheral blood and
human mesenchymal stem cells isolated from cancellous bone and differentiated towards
an osteoblast lineage (MSC) were used as cell model systems to mimic the bone tissue
environment. To come one step closer to the utilization of fucoidan as a therapeutic
agent, a hydrogel-based delivery system with incorporated fucoidan was developed.
Part I of the dissertation studies the bioactivity of enzymatically-extracted fucoidans on
angiogenesis, osteogenesis and inflammation, all processes which are relevant for bone re-
generation. The chemical characterization revealed that all extracts were high molecular
weight (HMW) fucoidans (>400kDa) which mainly differed in their sulfate and fucose
content. It was found that treatment of cells with the HMW fucoidans inhibited osteoge-
nesis and angiogenesis indicated by reduced expression and secretion of angiogenic and
osteogenic markers, such as vascular endothelial growth factor (VEGF), angiopoietin 1
(ANG-1) and stromal derived factor 1 (SDF-1). Additionally, an impaired formation of
prevascular structures was observed. The anti-angiogenic and anti-osteogenic effect was
strongest for extracts with a high fucose and sulfate content, indicating that the chem-
ical composition of fucoidans is closely related to their bioactivity. Likely, the chemical
properties define fucoidan’s affinity to specific molecular mediators, thereby causing the
observed effects.

Part II of the dissertation examines the potential of defined enzymatic hydrolysis after
extraction as a tool to produce fucoidan extracts with tailored bioactivities. Therefore,
HMW fucoidan F3 which was studied in Part I was cleaved by fucoidanase Fhfl obtaining
a 10-209 kDa medium (MMW) and a 2kDa low molecular weight (LMW) extract. The
anti-angiogenic effect of the HMW fucoidan which was described in Part I of the disser-
tation was no longer observed for MMW and LMW fucoidan extracts. Treatment with
MMW and LMW fucoidans did not affect the expression and protein levels of relevant
molecular mediators, nor impaired the formation of angiogenic structures. In contrast
to high doses of MMW, LMW did not provoke an inflammatory response. These results
demonstrate that enzymatic hydrolysis clearly changes the bioactivities of the obtained
extracts and therefore represents a promising tool to select and tailor fucoidans for in-
dividual medical purposes.

Part IIT of the dissertation analyzes the effect of chemically extracted and HoOo-
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degraded fucoidans on angiogenic processes. It was found that chemically extracted
and degraded fucoidans exhibited a comparable bioactivity on angiogenic processes as
observed for enzymatically-extracted fucoidans with similar molecular weights.

Finally, Part IV of the dissertation describes the development of a hydrogel-based de-
livery system for fucoidan. The composite hydrogel consisted of chitosan, collagen type
I and B-glycerophosphate. The sol was injectable at room temperature, but gelated
within 1 min at 37°C. The incorporation of fucoidan had only minor impacts on the
physicochemical parameters of the hydrogel. Further, the biomaterial was compatible
with MSC and OEC, indicating its potential for the use in regenerative medicine.
Taken together, the presented dissertation contributes to the elucidation of structure-
function relationships of fucoidan in the context of bone regeneration. Based on the
findings, different mechanisms of action of fucoidan are pointed out. By comparing the
bioactivity of fucoidan from different extraction methods, by evaluating post extraction
processing techniques and by developing a fucoidan delivery system, this dissertation
provides valuable information which help to make the utilization of fucoidan in the
medical context possible.
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Zusammenfassung

Fucoidane sind sulfatierte Polysaccharide, welche in der Zellwand von Braunalgen lokali-
siert sind. Aufgrund ihrer vielseitigen Effekte im Bereich der Angiogenese, Osteogenese
und bei Entziindungsprozessen sind diese Polysaccharide vielversprechende bioaktive
Molekiile fiir die Anwendung in der regenerativen Medizin. Allerdings ist die chemische
Struktur von Fucoidan, welche die Bioaktivitit bestimmt, abhingig von verschiedenen
Faktoren wie Algenspezies, Ursprung, Jahreszeit und Extraktionsmethode und kann
deshalb von Extrakt zu Extrakt sehr unterschiedlich sein. Diese Heterogenitit der Fu-
coidane erschwert die Anwendung im medizinischen Kontext.

Die vorliegende Dissertation untersucht die biologische Aktivitéit verschiedener Fucoidan-
extrakte auf molekulare Prozesse, welche relevant fiir die Knochenregeneration sind. Als
zelluldre Modelle fiir das Knochengewebe wurden Mono- und Kokulturen aus humanen
Endothelzellen (OEC) und humanen mesenchymalen Stammzellen, welche in Richtung
Osteoblasten differenziert wurden, verwendet. Die OEC wurden aus dem peripheren
Blut isoliert, wihrend die MSC aus dem Spongiosaknochen gewonnen wurden. Um der
Anwendung von Fucoidanen in der Medizin einen Schritt nidher zu kommen, wurde ein
hydrogelbasiertes Tragersystem fiir Fucoidan entwickelt.

Teil I der Dissertation untersucht die Wirkung von enzymatisch-extrahierten Fucoida-
nen auf die Angiogenese, Osteogenese und Entziindungsprozesse. Alle der genannten
Prozesse spielen eine wichtige Rolle wihrend der Knochenregeneration. Die chemische
Charakterisierung erbrachte, dass es sich bei allen Extrakten um hochmolekulare (HMW)
Fucoidande (> 400 kDa) handelte, welche sich hauptséchlich durch ihren Fucose- und Sul-
fatgehalt unterschieden. Durch die verringerte Expression und Sekretion verschiedener
angiogener und osteogener Mediatoren wie vascular endothelial growth factor (VEGF),
angiopoietin 1 (ANG-1) und stromal derived factor 1 (SDF-1) konnte gezeigt werden,
dass die Behandlung der Zellen mit den Fucoidanextrakten eine anti-angiogene und
anti-osteogene Wirkung hatte. Zusitzlich wurde eine reduzierte Bildung prévaskulirer
Strukturen beobachtet. Der hemmende Effekt war am stirksten bei Extrakten mit
einem hohen Fucose- und Sulfatgehalt. Dies zeigt, dass die chemische Struktur der Fu-
coidane eng mit der biologischen Wirkung zusammenhéngt. Es scheint wahrscheinlich,
dass die chemische Struktur die Affinitdt von Fucoidan zu verschiedenen physiologischen
Molekiilen bestimmt und somit verantwortlich fiir die beobachteten Effekte ist.

Teil II der Dissertation untersucht, ob definierte enzymatische Hydrolyse nach der Ex-
traktion ein geeignetes Werkzeug darstellt, um die Bioaktivitdt von Fucoidanen fiir spez-
ifische medizinische Anwendungen mafzuschneidern. Hierfiir wurde das HMW Fucoidan
F3, welches im ersten Teil beschrieben wurde, spezifisch mit der Fucoidanase Fhfl ver-
daut. Aus dem Verdau ergaben sich ein 10-209 kDa mittel molekularer (MMW) und
ein 2 kDa niedermolekularer (LMW) Extrakt. Der anti-angiogene Effekt der HMW Fu-
coidane, welcher in Teil I beschrieben wurde, konnte bei dem MMW und LMW Extrakt
nicht mehr gezeigt werden. Eine Behandlung mit MMW und LMW beeinflusste weder
die Expression und Sekretion relevanter Mediatoren, noch beeintréichtige sie die Bildung
pravaskuldrer Strukturen. Im Gegensatz zu einer hohen MMW Konzentration, l6ste



LMW keine Entziindungsreaktion aus. Diese Ergebnisse machen deutlich, dass enzy-
matische Hydrolyse die Bioaktivitit der gewonnenen Extrakte verdndert und somit ein
vielversprechendes Werkzeug darstellt, um Fucoidane und ihre Bioaktivitit entsprechend
dem medizinischen Zweck anzupassen.

Teil IIT der Dissertation analysiert den Effekt von chemisch extrahierten und HoOo-
degradierten Fucoidanen auf angiogene Prozesse. Es wurde gezeigt, dass chemisch ex-
trahierte und degradierte Fucoidane vergleichbare Effekte auf angiogene Prozesse aus-
iibten wie die enzymatisch extrahierten Fucoidane mit einem dhnlichem Molekulargewicht.
Teil TV der Dissertation beschreibt schlieflich die Entwicklung eines hydrogelbasierten
Tragersystems fiir Fucoidan. Das aus Chitosan, Kollagen Typ I und 8-Glycerophosphat
zusammengesetzte Hydrogel war bei Raumtemperatur injizierbar, gelierte jedoch in
weniger als 1 min bei 37°C. Die Integration von Fucoidan in das Hydrogel hatte keinen
erheblichen Einfluss auf die physikochemischen Parameter. Zusitzlich zeigte die Kom-
patibilitdt des Biomaterials mit OEC und MSC sein Potential fiir die Anwendung in der
regenerativen Medizin.

Zusammengefasst leistet die vorgelegte Dissertation einen Beitrag zur Aufklirung der
Struktur-Funktion Beziehungen von Fucoidan im Kontext der Knochenregeneration.
Basierend auf den Ergebnissen wird auf verschiedene Wirkungsmechanismen von Fu-
coidan hingedeutet. Durch den Vergleich verschiedener Extraktionsmethoden, die Beur-
teilung von enzymatischer Prozessierung nach der Extraktion und durch die Entwick-
lung eines Fucoidan Tragermaterials, stellt diese Dissertation wertvolle Ergebnisse zur
Verfiigung, die dabei helfen kénnen die Anwendung von Fucoidanen in der Medizin zu
realisieren.
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Introduction

The first chapter gives an introduction into bone regeneration on a molecular level and
how angiogenesis, inflammation and osteogenesis are involved in the repair mechanisms.
Fucoidans, polysaccharides from brown algae, are introduced and their relevance in the
medical context is described. Further, the use of biomaterials, especially hydrogels, in
regenerative medicine is pointed out.
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Chapter 1. Introduction

1.1 Bone Regeneration

Bones have multiple important functions in the human body. They provide structural
stability, allow movement by providing levers for muscles, protect inner organs, are reser-
voirs for growth factors and represent the site where hematopoesis takes place [32, 19].
Depending on their shape, bones can be categorized into long (e.g. clavicles and femurs),
short (e.g. carpal and tarsal bones), flat (e.g. the skull and ribs), and irregular bones
(e.g. vertebrae and hyoid bone) |20]. Long bones as depicted in Figure 1.1 are separated
into the the diaphysis representing the long hollow shaft in the middle, the cone-shaped
metaphyses and the round epiphyses at both ends. While metaphyses and epiphyses are
composed of spongy soft trabecular bone, the diaphysis mainly consists of dense cortical
bone [32]. Trabecular and cortical bone consist of the same matrix components, but
significantly differ in porosity, three-dimensional structure and metabolic activity. Cor-
tical bone makes up 80 % of the adult skeleton. It has only a porosity of 5-10 %, thereby
providing resistance and mechanical strength. 20 % of the adult skeleton are composed
of trabecular bone which is characterized by a porosity of 50-90 % [47, 32, 20]. To cope
with external and internal stimuli, bone tissue is constantly remodeled, at which the
metabolic activity in the trabecular bone is higher than in the cortical bone. During
the remodeling processes old bone is resorbed by osteoclasts and new bone is formed by
osteoblasts [67, 19].

Healing of bone tissue after a fracture can be categorized into three partly overlapping
steps: inflammation, repair and remodeling. The inflammatory phase occurs directly
after bone fracture and is crucial for the activation of regenerative processes and the
healing success [119]. A complex network of blood vessels runs through the bone tissue.
Upon bone fracture, blood vessels get ruptured. For successful bone regeneration, it is
indispensable to restore these vessels in order to ensure the supply of the tissue with
nutrients, minerals and oxygen. Only if inflammatory and angiogenic processes are ac-
tivated, bone formation (osteogenesis) can proceed [65, 119]. Osteogenesis is regulated
by two molecular mechanisms called intramembranous and endochondral ossification.
During the intramembranous ossification hard callus is formed directly, while during the
endochondral ossification soft callus is formed first which is then replaced by hard callus
afterwards [57]. Both processes occur during embryonic development, but also proceed
in a very similar way during fracture healing. During a long bone fracture, endochondral
ossification occurs at the central callus, while intramembranous ossification takes place
at the periosteoum [95]. In the final step, the bone tissue is remodeled until complete
regeneration is accomplished.

In contrast to other tissues, bone has great self-healing capacities. However, critical-
sized fractures, diseases such as diabetes and arthritis, or anti-inflammatory and anti-
coagulant drugs bare the risk to impede complete bone regeneration [71]. In these
cases, bone tissue engineering together with the application of bioactive compounds can
help to support healing processes |9]. Fucoidans are bioactive sulfated polysaccharides
which naturally occur in brown algae and other marine invertebrates. Many studies
have shown that fucoidan exhibits effects on a multitude of physiological processes in-
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cluding angiogenesis, osteogenesis and inflammation all of which are important during
bone regeneration [136, 91, 122|. However, some challenges need to be tackled in order
to benefit from fucoidan’s bioactivities in the medical context. Structure-function rela-
tionships, standardized extraction procedures and the development of a formulation for
fucoidan are only some focal points.

As stated above the repair of bone tissue and its maintenance in a healthy state is matter
of different molecular processes which need to occur in perfect balance and involve mul-
tiple cell types communicating and interacting with each other [163, 119]. The following
sections will highlight the contribution of inflammation, angiogenesis and osteogenesis
to bone regeneration in more detail.

Proximal epiphysis[
|55 —— Trabecular bone

Metaphysis

1

Ostéogenesis

Cortical bone

Endosteum

Yellow bone marrow
Diaphysis ~A l’( 1
Periosteum \(]‘ =
| Bone
regeneration

Metaphysis I:

Angiogenesis Inflammation

Distal epiphysis |:

Figure 1.1: Long bone anatomy and regeneration. Bone healing is a
complex process which relies on a well orchestrated interplay of inflam-
matory responses, angiogenic processes and bone tissue formation.

1.1.1 Inflammation

Immediately after bone fracture, an acute inflammation occurs. An inflammatory re-
sponse is necessary to initiate bone repair and therefore represents the first important
process contributing to bone regeneration and health next to angiogenesis and osteoge-
nesis [119]. Underlying molecular processes are depicted in Figure 1.2.

Inflammation is defined as the response to a harmful stimulus and the initiation of tissue
regeneration. In the absence of a noxious stimulus, endothelial cells (EC) rest. The ex-
pression of leukocyte-interactive proteins (P-selektin and other chemokines) and adhesion
molecules (E-selectin, intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1)) is suppressed. Similar to the quiescent angiogenic state, EC are
characterized by tight cell-cell contacts via adherens junctions [141]. The inflamma-
tory response, respectively the activation of EC, can be triggered by damage-associated
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molecular patterns (DAMPs) such as apoptotic cells or pathogen-associated molecular
patterns (PAMPs) such as endotoxins [195]. Phase I activation of EC occurs directly
after the stimulus and lasts approximately 10-20 min. If a ligand binds to a G-protein
coupled receptor (GPCR) on the EC surface, cytosolic calcium levels increase via the
activation of phospholipase C (PLC) [15]. This leads to the release of nitric oxide (NO)
and prostaglandin Iy (PGIz). NO together with PGIy acts as a vasodilator [171]. The
increased blood flow results in the well-known inflammatory properties heat and redness.
GPCR also activates downstream signaling Rho which leads to the phosphorylation of
myosin light chain (MLC). Phosphorylated MLC in turn contracts actin filaments re-
sulting in the dissociation of tight and adherens junctions [165]. Plasma protein-rich
fluid leaks into the tissue through the lose endothelial cell layer causing a swelling of
the injured site. Additionally, active MLC initiates the exocytosis of P-selectin from
Weibel-Palade bodies to the EC surface [15]. P-selectin serves as an anchor point for
neutrophils, which are the first immune cells arriving to an injured tissue. They clear
the tissue from harmful substances and release chemokines to support the migration of
monocytes. Monocytes recruit other immune cells and differentiate into macrophages
promoting tissue repair [119].
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Figure 1.2: Phase I and phase II inflammation in endothelial cells.
The acute immune response after bone fracture can be separated into
the very first reaction occurring 10-20 min after the stimulus (phase I)
and into the more sustained phase II response. If the inflammation is
not resolved, a chronic inflammatory state develops.

GPCR signaling only lasts for 10-20 min [56]. In order to get a more sustained inflamma-
tory response, EC activation type II takes place. Activated leukocytes, for example M1
macrophages, release inflammatory cytokines such as interleukin-1 (IL-1) and tumor-
necrosis factor (TNF) which bind to the respective receptors on the EC surface. The
subsequent formation of intracelullar protein complexes triggers the activation of tran-
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scription factor nuclear factor kKB (NFxB). Pro-inflammatory proteins such as E-selectin,
ICAM-1 and VCAM-1 are expressed and positioned on the EC surface. NFxB also reg-
ulates the production of cyclooxigenase 2 (COX2) which initiates the release of PGls.
Comparable to type I activation, type II activation leads to an increased blood flow,
a lose endothelial layer and leukocyte recruitment [141]. It becomes evident that the
effect on EC is similar after a pro-angiogenic (as described in the next section) and a
pro-inflammatory stimulus. Even though the mechanisms and the purpose are different,
both processes are interwoven.

While EC type I activation resolves automatically due to GPCR desensibilization, the
duration of type II activation is dependent on the presence of pro-inflammatory cy-
tokines and can therefore persist for a long period of time. If the inflammatory stimulus
cannot be resolved, the inflammatory response shifts to a chronic form. Causes for a
chronic inflammation can be microbial infections, surgical intervention or injury. During
a chrouic infection, TNF-a and NF&B signaling are constantly upregulated resulting in
the continuous presence of monocytes, macrophages and lymphocytes in the affected
tissue. Macrophages differentiate rather into the pro-inflammatory M1 type than into
the tissue repair M2 type. The upregulation of the mentioned pathways also results in
the differentiation and activation of osteoclasts [86, 114]. Taken together, the perfect
balance of inflammatory homeostasis is crucial for a successful bone repair. An initial
stage of acute inflammation is necessary to trigger the repair process. If inflammation
however cannot be resolved and evolves into a chronic state, bone repair is impaired and
can result in a non-union.

1.1.2 Angiogenesis

Angiogenesis describes the formation of new blood vessels from already existing ones.
Blood vessels deliver nutrients, minerals and oxygen to the tissue, but they also serve
as niches and guiding structures for bone and blood progenitor cells [64]. Therefore,
functioning angiogenesis is indispensable for successful bone regeneration. The molecu-
lar processes guiding angiogenesis are depicted in Figure 1.3.

During a bone defect, blood vessels rupture which results in the formation of a hematoma.
The acidic and hypoxic hematoma environment activates hypoxia inducible factor (HIF).
This transcription factor is the main regulator of cell responses during hypoxia. The
binding of HIF to a specific hypoxia responsive element in the promoter region triggers
the expression of genes involved in anaerobic metabolism and angiogenesis [155].

The most important angiogenic mediator which is produced upon HIF signaling is vas-
cular endothelial growth factor A. Next to VEGF A, the VEGF family consists of four
other members: VEGF B, C, D and placenta growth factor, all of which play a crucial
role during angiogenesis in different tissues [72]. However, VEGF A, in the following
referred to as VEGF, is the best-described member and the most relevant one for the
presented dissertation. VEGF is mostly secreted by cells which contribute to skeleton
development and repair such as smooth muscle cells, osteoblasts and chondrocytes. But
it can also be produced by macrophages for example. The release of VEGF stimulates
EC in a paracrine manner to initiate angiogenesis via VEGF receptor 2 (VEGFR2) [166].

5
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VEGF is also able to bind to VEGF receptor 1. However, the exact function of this re-
ceptor is still unknown [49].

Angiogenesis is initiated by a step called sprouting. The basement membrane extracel-
lular matrix (ECM) which surrounds stable resting blood vessels is degraded by matrix
metalloproteinases (MMP) which are secreted during pro-angiogenic stimuli. The degra-
dation of the matrix results in the release of additional angiogenic mediators and clears
space for the new vessels [148]. VEGF isoforms have different affinities to heparan sul-
fate proteogylcans. The ratio between freely diffusible and proteoglycan-bound VEGF
forms a gradient resulting in the formation of a tip cell which is activated and responds
to angiogenic cues. [62]
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Figure 1.3: Molecular processes during angiogenesis. Quiescent cells
are characterized by strong cell-cell contacts and a high survival. Via
paracrine pro-angiogenic signaling, endothelial cells initiate the forma-
tion of new blood vessels. Activated cells are motile, highly proliferative
and the cell layer is permeable.

Next to VEGF-VEGFR2 signaling, the angiopoietin (ANG)-TIE2 system is responsible
for the transition of EC from a quiescent into an activated state. The quiescent state
of EC is characterized by tight cell-cell contacts, low migration and low permeability
[10]. ANG-1, mainly secreted by mesenchymal stem cells (MSC) or pericytes binds
to the TIE2 receptor which is located at inter-EC junctions forming complexes with
other ANG-1-TIE2 complexes from adjacent EC [150, 55]. Together with VE-cadherin-
mediated adherens junctions stable cell-cell contacts are formed. Resting EC are also
characterized by a high survival triggered by the PI3K (phosphoinositide 3-kinase)/AKT
pathway [135].

On an external signal (high VEGF levels for example), the transition from a quiescent
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into an activated state is performed. ANG-2 is released from EC where it is stored in
Weibel-Palade bodies until secretion [50]. ANG-2 binds to the ANG-1-TIE2 complexes
and functions as an antagonist for ANG-1 [118|. This results in the translocation of TIE2
receptors to the cell site facing the ECM [150, 55]. In conjunction with integrins, Dok-R
and FAK (focal adhesion kinase) pathways are activated which promote migration of
EC [120].

Translocation of TTE2 towards the ECM, together with the internalization of VE-
cadherin (via src and Rho signaling) results in loose cell-cell contacts and an increased
permeability of the endothelial cell layer [59].

Leading tip cells develop filopodia to sense the environment and start to migrate into
the tissue stroma. The so-called stalk cells follow the tip cells and start to build the new
blood vessel. Stalk cells have the ability to proliferate fast and to stabilize prevascular
structures. The encounter of two tip cells results in the fusion of the newly established
blood vessels and a lumen is formed [79]. To attract EC and endothelial progenitor cells
(EPC) for the expansion of blood vessels, MSC secrete the chemokine stromal-derived
factor 1 (SDF-1). SDF-1 binds to the CXCR4 receptor which is mainly expressed on the
surface of EC and EPC [184].

It becomes evident that angiogenesis is a complex molecular process which involves many
more signaling molecules than the ones explained in this section. However, the function
of the most important ones which are also matter of this thesis were stated and put into
context.

1.1.3 Osteogenesis

Osteogenesis is the general term to describe the formation of bone tissue. As mentioned
earlier, regeneration of a bone defect can be categorized into the inflammatory, repair
and remodeling phase [119]. The repair phase is characterized by the formation of callus
which can proceed through two different mechanisms depending on the bone anatomy.
The intramembranous ossification occurs mainly at the periosteum, while the endochon-
dral ossification occurs at the endosteum and in the bone marrow (for long bone anatomy
see Figure 1.1) |90]. Intramembranous and endochondral ossification including the in-
volved cell types are illustrated in Figure 1.4.

During the intramembranous ossification, hard callus is formed directly. MSC differen-
tiate into preosteoblasts which then differentiate into osteoblasts. The differentiation
from MSC to osteoblasts is triggered by the activation of the transcription factor Runx2
[149]. The osteoblast maturation occurs in three steps of which each is characterized
by different molecular markers [164]. First, osteoblasts produce the so-called osteoid
which mainly contains collagen type I, but also other proteins such as fibronectin and
osteopontin. Upon maturation, osteoblasts start to secrete alkaline phosphatase (ALP).
Via dephosphorylation, ALP provides phosphate moieties which are necessary building
elements for the osteoid mineralization. In the last maturation step, osteoblasts calcify
the new bone matrix. Therefore, they secrete osteocalcin which helps to deposit hydrox-
yapatite, a combination of calcium and phosphate molecules. Inside the mineralized
osteoid, an ossification center is formed which allows osteoblasts to finally differentiate
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into osteocytes.

In contrast to the intramembranous ossification, during the endochondral ossification,
soft callus is formed first, followed by the development of hard callus. MSC differentiate
into chondrocytes which is controlled by the transcription factor Sox9 [2]. Chondrocytes
secrete a cartilage matrix that mainly consists of collagen type I and proteoglycans. Fol-
lowing hypertrophic differentiation, chondrocytes differentiate first into preosteoblasts
and finally into osteoblasts [149].

In the remodeling phase, the final shape and mechanics of the bone are achieved by
establishing a balance between bone deposition by osteoblasts and bone resorption by
osteoclasts [119].

Next to the master transcription factors Runx2 or Sox9, there are also paracrine mech-
anisms that are involved in MSC differentiation. Bone morphogenic proteins (BMP) for
example are a group of cytokines which can activate Runx2 expression via SMAD sig-
naling and therefore influence osteoblast differentiation |143|. The release of osteogenic
factors like BMP-2 and BMP-4 from EC is controlled by VEGF, amongst others. Even
though, VEGF is known as a regulator for angiogenesis, some non-endothelial cells such
as preosteoblasts or pericytes are able to express VEGF receptors. Hence, next to
its paracrine regulation of EC, it can also act on osteoblast differentiation directly via
auto- and intracrine mechanisms [163]. It becomes clear that osteogenesis is directly
interwoven with angiogenic activities and that repair of bone tissue relies on adequate
vascularization and the cross-talk between EC and bone cells.
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Figure 1.4: Bone regeneration via intramembranous and endochondral
ossification. During intramembranous ossification, hard callus is formed
directly by osteoblasts. During endochondral ossification, soft callus is
formed first by chondrocytes, followed by the formation of hard callus.
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1.2 Cell Model Systems

To mimic molecular processes occurring during regeneration and maintenance of bone
health in the tissue, osteoblast-like MSC and outgrowth endothelial cells (OEC) were
used as model systems for the current thesis. The next section describes both cell types
and their properties in further detail.

1.2.1 Mesenchymal stem cells

MSC are multipotent cells which means they can differentiate into various more specified
lineages including fat, muscle, cartilage and bone tissue [149].

Currently, MSC cannot be distinguished from other cell types by the definition of spe-
cific surface markers. However, certain criteria exist which should be fulfilled by cells
to define them as MSC in vitro: a) MSC should remain adherent to plastic under stan-
dard culture conditions; b) MSC should express CD105, CD73 and CD90 and should
not express hematopoetic markers CD45, CD34, CD14 or CD11b, CD79a or CD19 and
HLA-DR (Other molecules which are usually expressed by MSC are CD13, CD29, CD44
and CD10); ¢) MSC should be able to differentiate into osteoblasts, adipocytes and chon-
drocytes in vitro [44, 12, 85]. The most popular source for MSC is the bone marrow,
however other sources like adipose tissue [46], placenta [54] or peripheral blood [173]
can also be considered for MSC isolation. It must be pointed out that an isolated MSC
population is very heterogeneous containing cells with different lineage commitments,
varying expression patterns of proteins and cytokines, as well as unequal differentiation
potencies [117].

The differentiation of MSC in vitro towards the osteoblastic lineage is accomplished
by treatment with a cocktail of dexamethasone, ascorbic acid and S-glycerophosphate
(8-GP) |104]. Dexamethasone induces Runx2 expression (master transcription factor
for osteoblast differentiation as described in section 1.1.3) by FHL2/5-catenin-mediated
transcriptional activation [69]. It further enhances Runx2 activity by upregulation of
TAZ and MKP1 [73, 140]. Ascorbic acid facilitates the secretion of collagen type I into
the ECM. Xiao and colleagues suggest that differentiation is promoted when cells are
in contact with collagen-containing ECM. Integrin binding to the secreted ECM acti-
vates mitogen-activated protein kinase (MAPK) signaling which triggers the activation
of Runx2 [189]. [-GP represents a source for the formation of hydroxyapatite. Addi-
tionally, inorganic phosphate enters the cell and acts as a signaling molecule to regulate
the expression of osteogenic genes such as osteopontin and BMP-2 [48, 168].

The multipotency and paracrine signaling (as described in further detail in the prior sec-
tions) of MSC turns them into ideal candidates for regenerative medicine and respective
research purposes.

1.2.2 Owutgrowth endothelial cells

EC build up the blood vessels and are important regulators of inflammatory responses.
The discovery of endothelial progenitor cells (EPC) led to the realization that blood

9
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vessels could not only be formed as branch-offs from already existing vessels, but that de
novo blood vessel formation was possible [169]. EPC are a heterogeneous cell population
with a roundish spindle-shaped morphology. They secrete pro-angiogenic molecules and
therefore support vascularization through paracrine mechanisms. So-called outgrowth
endothelial cells are late EPC which differ in shape and function. Even though no clear
definition of EPC and OEC exists in terms of morphology, function and surface markers,
both cell types can be distinguished by these before-mentioned parameters. In contrast
to EPC, OEC possess a cobblestone-like morphology, have a high proliferative potential
and the ability to develop tube-like angiogenic structures in vitro [51]. EPC express
CD31, CD45, CD34, CD14 and CD133, while OEC lack the expression of CD45, CD14
and CD133. In contrast to EPC, OEC express CD164 [169, 60, 144, 172, 39|. In terms
of surface marker expression and key functions, OEC highly resemble EC. Both, EPC
and OEC can be isolated by gradient centrifugation from peripheral blood [96]. While
EPC make up the majority of the mononuclear cells, the density of OEC is very small.
After isolation, OEC appear after two to three weeks as adherent cobblestone-shaped
colonies. The strong resemblance of OEC with EC and their ability to form angiogenic
tube-like structures in vitro makes them ideal model systems to investigate angiogenic
processes.

1.2.3 Co-culture of MSC and OEC

As described before, mechanisms in bone tissue are a result of orchestrated molecular
processes involving different types of cells. The co-culture system of MSC and OEC
allows to mimic the physiological environment of bone tissue in a different way than
cultures of only one cell type. In the co-culture, MSC and OEC are able to interact
with each other, giving the possibility to study paracrine mechanisms involved in the
differentiation of bone cells or the establishment of blood vessels [97]. As stated before,
MSC secrete pro-angiogenic mediators of which VEGF and angiopoietins are the most
important ones in the context of the presented dissertation. These influence OEC and
result in the development of tube-like prevascular structures. On the other hand, OEC
secrete osteogenic mediators such as BMP-2 which have an effect on the differentiation of
MSC. Even though the co-culture system resembles the physiological situation more than
mono-cultures, it is still important to perform biological experiments also with only one
cell type. The reduction in complexity with only one cell type allows to understand the
molecular processes better which cause observed phenotypes in the co-culture system.

1.3 Fucoidan

More than 250 genera of brown algae are known today, encompassing 1,500-2,000 dif-
ferent species [159]. Brown algae represent the largest biomass producers in the coastal
regions. The cell wall of algae of the order of Fucales is mainly composed of two different
polysaccharide-based networks. Fucose-containing sulfated polysaccharides, including
fucoidan, are bound to S-glucans which are embedded into an alginate matrix. Cross-
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linking polyphenols and proteins are also part of the cell wall next to different ions such
as calcium [40]. On a biological level, fucoidan is involved in osmotic adjustments of
the alga as a response to different levels of salinity. Since the first discovery of fucoidan
by Kylin in 1913, fucoidan isolation, characterization and biological activities have been
extensively studied [100]. The following sections provide further details in regard to
fucoidan structure, extraction methods and bioactivities. Finally, it is pointed out why
the use of fucoidan in the medical context remains challenging.

1.3.1 Chemical structure

Fucoidans are generally described as sulfated polysaccharides with a backbone of a-L-
fucopyranose residues. However, there is no specific chemical formula which defines the
fucoidan molecule. Fucoidans rather represent a heterogeneous mixture of polysaccha-
rides which sometimes share common features such as the molecule backbone or the
presence of substituted sulfates. Next to sulfate groups, the backbone can also be sub-
stituted with other chemical residues such as acetate or glycosyl side branches. Even
though fucose usually makes up the biggest part of the fucoidan molecule, it can also
contain smaller portions of other monosaccharides such as glucose, galactose, xylose
or mannose. These monosaccharides can be part of the fucoidan molecule as covalently
bound substitutes or represent a contamination due to co-extraction from the algal mate-
rial. Especially alginate (mannuronic and guluronic acids) co-extractions are a common
source of contamination [4].

The current thesis deals exclusively with fucoidans from two algae species from the or-
der of Fucales: Fucus evanescens (FE) and Fucus vesiculosus (FV). The backbone of
fucoidans from F. evanescens consists of alternating a(1—3)- and a(l—4)-linked L-
fucopyranose residues. Sulfates are bound at C2 or C4 [14, 13]. Fucoidans from F.
vesiculosus are characterized by repeating a(1—3)-linked L-fucopyranose units which
are sulfated at C2. These a(l—3)-L-fucopyranose units can be linked to a(1—4)-L-
fucopyranose which are disulfated at C2 and C3 [28]. Photos of the brown algae and
their backbone structures are shown in Figure 1.5.

Next to the backbone structure, sulfate content and monosaccharide composition, the
molecular weight is an important factor to characterize fucoidans. The size of the
molecules can range from low molecular weight (LMW), over middle molecular weight
(MMW) to high molecular weight (HMW). Up to date, no generally accepted definition
exists which categorizes fucoidans into LMW, MMW and HMW molecules. Here, fu-
coidans < 10 kDa, 10-100kDa and > 100 kDa are defined as LMW, MMW and HMW,
respectively.

1.3.2 Extraction techniques

As we know today, the way how fucoidans are isolated from the algal material has a
great impact on the chemical properties of the obtained extract. Fucoidan extraction
can be grouped into conventional techniques which mostly use acids or hot water and
into advanced techniques such as microwave or enzyme-assisted extraction [42].
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Figure 1.5: Photos and backbone structures of brown algae A) Fucus
evanescens and B) Fucus vesiculosus. Photos were taken and kindly
provided by Rafael Meichfiner.

The majority of the conventional methods involve extractions in acid (for example HCI)
at high temperatures. The yield can be increased if the acid hydrolysis treatment is
repeated for several times [17]. The incubation of algal material in hot water (80-90°C)
is also often used to extract fucoidan [5]. Pretreatments with ethanol or chloroform have
shown to remove lipids from the sample [185]. An additional treatment with calcium
helps to remove co-extracted alginate. Ethanol precipitation is used to remove ethanol-
soluble contaminants such as salts. With the realization that harsh extraction conditions
alter the chemical composition of fucoidan and often reduce the yield, more advanced
techniques are developed [68].

Enzyme-assisted extractions have shown to proceed faster, consume less energy, need less
solvents and obtain increased yields. This technique takes advantage of specific enzymes
which degrade cell wall components of the algal material in order to release the fucoidan
molecules [127]. These enzymatic cocktails can include for example alginate lyases (cat-
alyze the degradation of alginate), cellulases (cleave glycosidic linkages in cellulose) or
alcalases (protease which hydrolyzes peptide bonds) [130, 3].

Purification processes after fucoidan extraction can additionally help to remove co-
extracted compounds. Chromatographies such as ion-exchange chromatography sep-
arate the complex fucoidan extract into more defined fractions facilitating the biological
characterization and elucidation of structure-function relationships [42, 129].

The awareness that the chemical properties of fucoidan are determinant for its bioactiv-
ity have raised the need to create fucoidans with defined chemical characteristics. In past
studies, oversulfated fucoidans were created or fucoidans lacking acetyl groups |74, 105].
Other post-extraction steps can be applied to create fucoidans with different molecular
weights. The incubation of fucoidan in HsOs hydrolyzes fucoidan into smaller frag-
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ments [101]. While hydrolysis using chemicals occurs mostly randomly, fucoidan-specific
enzymes, so-called fucoidanases, offer the advantage of a defined cleavage. Different
fucoidanases have been discovered in marine organisms, but only few of them are func-
tionally characterized [99]. The fucoidanase Fhfl was recently discovered in the marine
bacterium Formosa haliotis. It was characterized in detail and found to cleave fucoidans
at a-(1,4) glycosidic linkages into fractions with a smaller molecular weight. [179].

It becomes evident that structure-function relationships of fucoidan can only be elu-
cidated if chemical properties are known and at best can be reproduced in different
extraction cycles. Reproducibility of extracts depends on the isolation technique, purifi-
cation steps and on post-processing measures.

1.3.3 Bioactivities

Fucoidan exhibits a wide range of biological activities. Effects were proven on many
physiological processes including angiogenesis, osteogenesis, inflammation, coagulation
and cancer [136, 134, 91, 105]. In the following, only a few studies are mentioned
which prove fucoidan’s impact on molecular processes relevant for bone regeneration.
Multiple studies have pointed out fucoidan’s effect on angiogenesis, including pro- and
anti-anigiogenic activities. Commercially available crude fucoidan from F. vesiculosus
impaired the formation of angiogenic tube-like structures in MSC-OEC and MG63-
OEC co-cultures which was related to reduced protein levels of VEGF and SDF-1 [180].
The comparison of HMW fucoidans from three different algae species (F. serratus, F.
evanescens and F. wvesiculosus) showed that all extracts lowered levels of angiogenic
mediators such as VEGF and angiopoietins in MSC and OEC cell cultures [181]. A
fucoidan extract from Sargassum fusifore inhibited tube formation and migration of hu-
man microvascular endothelial cells in a dose-dependent manner [34]. On the other hand,
fucoidan from Laminaria japonica in combination with fibroblast growth factor 2 had a
supporting effect on tube formation and migration in human umbilical vein endothelial
cells (HUVEC) [92]. Another study reported that 15-20kDa fucoidans enhanced HU-
VEC migration and did not inhibit tube formation [123].

In regard to osteogenesis, fucoidan from Laminaria japonica was shown to induce os-
teoblast differentiation in human alveolar bone marrow-derived MSC via BMP-2-SMAD
signaling [91]. Another study showed that osteogenesis-related genes such as ALP, os-
teopontin and collagen type I were increased in human adipose-derived stem cells after
fucoidan treatment [137]. On the other hand, fucoidan from Fucus evanescens decreased
the expression of ALP and the deposition of calcium in osteoblast-like MSC [133].

An increasing number of studies report anti-inflammatory properties of fucoidan ex-
tracts. Fucoidan from Sargassum swartzii decreased the NO production in lipopolysac-
charide (LPS)-stimulated RAW 264.7 macrophages by suppression of TLR (toll-like re-
ceptor) and NFxB signaling [80]. A similar study demonstrates that fucoidan from
Saccharina japonica decreased the production of NO and cytokines such as TNF-« and
IL-6 in LPS-stimulated RAW 264.7 and zebrafish. The effect was also associated with
a downregulation of the MAPK/NFxB pathway [131]. Accordingly, in a study from
our group it is shown that the expression and protein production of pro-inflammatory
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cytokines such as IL-6 and adhesion molecules such as ICAM-1 were downregulated in
LPS-stimulated OEC (manuscript in preparation).

By only mentioning this limited number of studies, it becomes evident that fucoidan
exhibits many different effects on physiological molecular processes. However, the het-
erogeneity of fucoidans (different species and extraction techniques) and varying ex-
perimental set-ups used in these studies make results difficult to compare and to draw
final conclusions. Even though some chemical key features such as sulfate content and
molecular weight seem to play a major role in defining fucoidan’s bioactivities, the exact
structure-function relationship and mechanisms of action underlying the observed effects
remain unclear.

1.3.4 Challenges for medical applications

Brown algae biomass for fucoidan isolation is abundantly available. Extraction tech-
niques are widely investigated and under constant development. Numerous studies prove
beneficial effects of fucoidan on the human body. Nevertheless, so far fucoidan is not
used as a bioactive compound in the medical context.

Today it is understood that fucoidan’s bioactivity relies on its chemical properties. These
properties however are influenced by many different parameters such as algae species,
season of harvest and extraction technique. Last, but not least, observed bioactivities
depend strongly on the investigated model system and how fucoidan is applied. Due to
its heterogeneity, the structure-function relationship of fucoidan is not fully elucidated
and many underlying mechanisms of action remain unsolved.

To apply fucoidan in a medical context, it is indispensable (as for any other drug) to
know how fucoidan treatment will affect the patient. Therefore, extraction techniques
are needed which guarantee the isolation of reproducible fucoidan molecules with equal
chemical properties from batch to batch. Post-extraction processing for example can
help to reach this goal and create fucoidans with defined chemical characteristics.
Fucoidans are natural compounds which always bare a higher risk of insufficient purity
or endotoxin contamination. The biological safety of fucoidans must be guaranteed in a
standardized procedure to avoid cytotoxicity and other unwanted side effects.

To apply fucoidan in the context of bone regeneration and maintenance of bone health,
the bioactivity of fucoidans must meet specific requirements. To support bone healing,
fucoidan should promote angiogenesis and osteogenesis. On the other hand, the appli-
cation of fucoidan should not cause a sustained inflammatory response in the affected
tissue to avoid the development of a chronic inflammation. Finally, it is noteworthy that
the formulation or delivery of fucoidan into the bone tissue is crucial to achieve desired
therapeutic effects.

1.4 Biomaterials for Bone Regeneration

Usually bone tissue will regenerate completely after a fracture. However, 5-10 % of bone
fractures fail to heal. These so called non-unions result in long-term disability and pain
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in the patient. Severe or complex fractures bare the risk to develop into a non-union.
But also diseases such as diabetes and arthritis or taking of certain drugs 71| can im-
pede the healing process. The regenerative medicine is constantly developing and trying
to find life-saving and live-improving solutions to help these patients. Conventional ap-
proaches include the implantation of xeno-, allo-, and autografts which all come with
certain disadvantages. The implantation of xenografts and allografts always bares the
risk of disease transmission or causing an immunological reaction in the patient. Auto-
grafts require an additional surgical intervention in the patient and the bone material
is limited [11]. Tissue engineering represents an advanced approach to overcome these
disadvantages. Here, stem cells are isolated from the patient and expanded in vitro.
Cells are seeded onto a scaffold or encapsulated into a suitable biomaterial before they
are transplanted back into the injured tissue. Additional encapsulation of bicactive com-
pounds into the material can support bone regeneration processes, such as angiogenesis
and osteoblast differentiation [9].

The investigation and development of suitable biomaterials for bone regeneration is con-
stantly progressing. Bioceramics consisting of calcium phosphate, bioactive glass or
metallic materials such as titanium are already widely used as bone substitutes. While
bioceramics mimic the inorganic phase of bone tissue and thereby stimulate regener-
ative processes, metallic implants provide high mechanical support [63, 7]. However,
these traditional biomaterials often possess low biological activity. New approaches try
to develop materials with enhanced biological integrity and activity. For these purposes,
synthetic polymers such as polylactic acid or polycaprolactone are investigated, as well
as natural polymers such chitosan, collagen, gelatin, hyaluronic acid, alginate and fi-
broin [170]. An ideal biomaterial for bone regeneration should mimic the surrounding
tissue to promote regenerative processes. Further, it should be mechanically stable, but
also biocompatible and degradable. Hydrogels meet many of these requirements and are
promising materials for regenerative medicine. In the following, hydrogels are introduced
as an option to deliver bioactive compounds and stem cells into bone tissue to support
healing processes.

1.4.1 Hydrogels

Hydrogels are three dimensional networks built of hydrophilic polymers. They have the
ability to store high amounts of water which turns them into a soft, viscoelastic mate-
rial. The structure of hydrogels resembles the ECM and allows exchange and diffusion
of molecules, as well as adhesion and migration of cells. In regard to bone tissue engi-
neering, they can serve as delivery systems for stem cells and/or bioactive compounds
[21, 161]. Especially injectable hydrogels became a popular topic of research in the last
years, because they offer certain advantages over conventional hydrogels. [111]. These
hydrogels are liquid during application and only gelate upon a specific stimulus such as
radiation, pH or temperature changes [108, 146, 76]. Hence, their application is min-
imally invasive because no surgical intervention is needed. Additionally, their shape
can adjust exactly to the shape of the defect. The following subsection introduces a
particular injectable hydrogel system which is relevant for the presented dissertation.

15



Chapter 1. Introduction

1.4.2 Thermosensitive chitosan-collagen hydrogel

Naturally occurring building elements for hydrogels often offer advantages over synthetic
components. They are characterized by an increased biocompatibility, degradation and
structural resemblance with physiological structures such as bone tissue [23].

Chitosan is a linear co-polymer of randomly arranged (-(1-4)-linked glucosamine and N-
acetyl-D-glucosamine units from the exoskeleton of crustaceans. It is usually obtained
by deacetylation of chitin, the second most abundant polysaccharide in nature after
cellulose [145]. Due to its resemblance with glycosaminoglycans, the main component
of bone ECM, it has become a promising candidate for biomaterials [111]. Its cationic
charge allows interactions with anionic molecules, such as growth factors and receptors
[157]. Further, it is biodegradble, biocompatible and shows antibacterial properties [121].
Together with anionic 5-GP, chitosan forms an ionically-crosslinked hydrogel [27]. 5-GP
can be found in the human body and is often used as an osteogenic supplement for the
differentiation of MSC towards the osteoblast lineage (see section 1.2.1). Addition of 3-
GP to a chitosan solution results in the formation of a thermosensitive sol which is liquid
and injectable at low temperatures, but forms a hydrogel upon temperature increase.
Chitosan alone is not a thermosensitive molecule. The mixture of GP into a chitosan
solution modulates electrostatic and hydrophobic interactions, as well as hydrogen bonds.
GP reduces electrostatic repulsion and favors the formation of hydrogen bonds between
chitosan chains. Anionic phosphate groups of GP form electrostatic interactions with
the cationic amino groups of the chitosan. At low temperatures, chitosan aggregation
is prevented by its interaction with water molecules. However, on temperature increase,
water molecules are removed by the glycerol moieties supporting chitosan aggregation
via hydrophobic interactions and therefore hydrogel formation. At low temperature,
chitosan is characterized by a coiled structure due to the presence of intramolecular
hydrogen bonds. Temperature increase reduces the amount of hydrogen bonds, allowing
chitosan to unfold and to promote gelation [29, 106].

Collagen type I is the main structural component of the ECM and plays a major role in
defining the properties of the bone and its fracture susceptibility [178]. The addition of
collagen type I to the chitosan-3-GP system increases the biocompatibility, cell adhesion
and gelation properties [41, 183, 151].

Multiple studies have already pointed out the potential of thermosensitive chitosan-
collagen hydrogels for the use in regenerative medicine. The current thesis investigates
its potential as a delivery system for fucoidan in the context of bone regeneration.

1.5 Aims of the Presented Thesis

This thesis compares the bioactivity of different fucoidan extracts in regard to bone
regeneration in mono- and co-culture systems of human MSC and OEC. Cell distinct
effects are studied using fucoidans with varying chemical properties. Subsequently, fu-
coidan extracts are selected for further investigation. To accumulate fucoidans inside the
tissue of interest, a hydrogel-based delivery system for the potential use in regenerative
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medicine is presented. To accomplish these tasks, the thesis is separated into four parts
which deal with:

I Investigating the effect of enzymatically-extracted fucoidans on angiogenesis, os-
teogenesis and inflammation and relating the chemical properties of the extracts
with the observed bioactivities.

II Evaluating the potential of defined enzymatic hydrolysis to tailor the bioactivity
of fucoidans. Therefore, comparing the bioactivities of enzymatically degraded
fucoidans of lower molecular weight with the effects of the native high molecular
weight extract on angiogenic and inflammatory processes.

IIT Studying the effect of chemically extracted and HaOg-degraded fucoidans on an-
giogenesis.

IV Developing a hydrogel system to deliver fucoidan for the potential use in regenera-
tive medicine. Characterizing the physicochemical properties and the biocompat-
ibility of the hydrogel.

The comparison of different fucoidan extracts shall contribute to the further elucida-
tion of structure-function relationships and reveal possible mechanisms of action. By
comparing fucoidans extracted with different methods, by evaluating potential post ex-
traction processing techniques and by developing a fucoidan delivery system, this thesis
shall provide information which help to make the utilization of fucoidan in the medical
context possible.
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Material & Methods

The second chapter introduces all materials and methods used for the current thesis. It
gives information about fucoidan extraction, the human cell model systems and performed
biological assays. It further explains the development of a chitosan-collagen hydrogel
functioning as a delivery system for fucoidan.
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Chapter 2. Material & Methods

2.1 Ethical Approval

The use of human material was approved by the local ethics committee of the University
Medical Center Schleswig-Holstein. Isolation of primary cells from human tissue was
performed with the consent of the donors.

2.2 Fucoidan Extraction

This section gives information about the origin of the algal material and introduces differ-
ent fucoidan extraction techniques, as well as fucoidan fractionation using a fucoidanase
and HoOs. The enzyme-assisted extraction and fucoidanase hydrolysis were performed
by Thuan Thi Nguyen, Vy Ha Nguyen Tran and Dr. Maria Dalgaard Mikkelsen (Group
of Prof. Dr. Anne S. Meyer, Department of Biotechnology and Biomedicine, Danish
Technical University). The chemical extraction and HoOq fractionation were performed
by Sandesh Neupane (Group of Prof. Dr. Susannne Alban, Department of Pharmaceu-
tical Biology, Kiel University)

2.2.1 Algal material

Over two years old Fucus distichus subsp. evanescens was collected in March 2017 from
1 m water depth at the Kiel canal, Germany. The upper 2/3 part was harvested and
kindly provided by Coastal Research & Management GmbH.

2.2.2 Enzyme-assisted fucoidan extraction

The enzyme-assisted extraction is explained in detail in [130]. In the following, only the
main steps will be specified. Before extraction, algal material was washed, lyophilized
and grounded into powder. To break down the cell wall components and release fucoidan,
dried seaweed was treated with Cellic®CTec2 cellulase and alginate lyase from Sphin-
gomonas sp. High molecular weight alginate was removed by precipitating with CaCls.
Crude fucoidan (FE_crude) was precipitated using ethanol and subsequently lyophilized.
To obtain purified extracts, aqueous FE crude was fractionated into FE_F1, FE F2
and FE_F3 using ion-exchange chromatography (IEX). Finally, the fractions were fil-
tered (10kDa membrane) and lyophilized.

2.2.3 Fucoidan hydrolysis by fucoidanase Fhfl

After identifying fucoidan FE F3 as the purest and most bioactive fraction in angiogenesis-
and osteogenesis-related studies [133], FE_F3 was chosen for enzymatic hydrolysis. The
expression and purification of recombinant endo-a-(1,4)-fucoidanase Fhfl from Formosa
haliotis (FhflA470) in E. coli, as well as optimal fucoidan hydrolysis conditions and
Fhifl cleaving mechanism are explained in more detail in [179]. The hydrolysis reaction
conditions used for FE_F3 cleavage will be described briefly in the following. 800 mg
FE_F3 were incubated for 24 h with 100 mg/1 Fhfl and 2mM CaCly in 10 mM Tris-HCl
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(pH = 8) at 37°C. After stopping the reaction by heating at 80°C for 10 min, the reaction
products were centrifuged at 20°C and 19000 rpm for 45 min. The medium molecular
weight products were separated from the low molecular weight reaction products by
precipitation with 75 % ethanol and subsequent centrifugation at 4°C and 19000 rpm for
15 min. LMW was concentrated under vacuum and lyophilized.
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Figure 2.1: Extraction and processing of fucoidan extracts. For the
presented thesis, fucoidans were gained by two extraction methods: 1.
Enzyme-assisted extraction coupled with defined enzymatic degradation
by fucoidanase Fhfl. 2. Chemical extraction and subsequent random
degradation by H5Os.

2.2.4 Chemical fucoidan extraction

The chemical extraction of fucoidan from Fucus evanescens is described in detail in
previous publications [45, 147]. In brief, the algal materials was defatted with 99 %
ethanol for 6 h with a Soxhlet extraction, followed by the removal of alginate and proteins
using 2% calcium chloride for 2h at 85°C. Fucoidan was precipitated using 60 % ice-
cold ethanol, dialyzed and lyophilized to obtain the native extract (NatF'). The native
fucoidan was further purified using TEX. Biological experiments were conducted with
the third eluted fraction (FracC). The extraction process is schematically illustrated in
Figure 2.1.

2.2.5 Fucoidan fractionation by H,0,

Fucoidan was fractionated using 3 % H2O4 [102]. The native extract was incubated in
H304 at 30°C for different periods of time to obtain fucoidans with varying molecular
weights (2 and 1h for Fucl, 4 and 2h for Fuc2, 5 and 3h for Fuc3). Each degraded
extract was purified using IEX. Biological experiments were conducted with the third
eluted fractions CAU1, CAU2 and CAUS3.
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2.2.6 Endotoxin quantification in fucoidan extracts

To exclude bacterial impurities in the fucoidan extracts originating from the extraction
procedure, fractionation or enzymatic hydrolysis, the endotoxin content was quantified
using the Endolisa kit according to the manufacturer’s instruction. The endotoxin levels
were negligibly low for all tested fucoidan extracts. The results are listed in Table 2.1.

Table 2.1: Endototxin levels of fucoidan extracts used in the current
thesis. (nd=not detectable)

FE crude FE_F1 FE _F2 FE_F3 MMW LMW

Endotoxins

[EU/ml] 0.138 0.058 0.003 0.004 0.016 0.538
CAU1 CAU2 CAU3

Endotoxins

[EU/ml] ™ nd  nd

2.3 Chemical Characterization of Fucoidan Extracts

The following section provides information regarding the chemical characterization of
the extracted fucoidans including molecular weight, structural information, degree of
sulfation, monosaccharide, protein and polyphenolic content. Chemical characterization
of FE crude, FE F1, FE F2, FE F3, MMW and LMW was performed by Thuan
Thi Nguyen, Vy Ha Nguyen Tran and Dr. Maria Dalgaard Mikkelsen (Group of Prof.
Dr. Anne S. Meyer, Department of Biotechnology and Biomedecine, Danish Technical
University). 'H-'3C NMR. of MMW and LMW was performed by Dr. Sebastian Meier
(Department of Chemistry, Danish Technical University). The chemical characterization
of CAU1, CAU2, CAUS3, FracC and NatF was performed by Sandesh Neupane (Group
of Prof. Dr. Susannne Alban, Department of Pharmaceutical Biology, Kiel University).

2.3.1 Monosaccharide content

Fucoidans were hydrolyzed with a two-step acid hydrolysis applying 72 % H2SO4 at 30°C
for 1h and 4 % HySO4 at 120°C for 40 min. Monosaccharide content of hydrolysates was
determined by high performance anion-exchange chromatography with pulsed amper-
ometric detection (HPEAC-PAD) using deionized water, 200 mM NaOH and 200 mM
NaOH together with 1 M NaOAc as eluents. Further details are given in [130].

The fucose content of CAU1, CAU2, CAU3, FracC and NatF was determined by gas-
liquid chromatography as specified in [147].
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2.3.2 Sulfate content

Fucoidans were hydrolyzed in 2 M TFA at 100°C for 6 h. After evaporating and removing
residual TFA, the sulfate content was determined using the BaCly gelatin method [43].
Briefly, 10 ul of hydrolysate was mixed with 160 ul TCA and 100 p1 0.5 % BaCls-gelatine
reagent. After 30 min at room temperature, the absorption of released BaSO,4 was mea-
sured at 360 nm. Potassium sulfate was used as a standard. Further details are given in
[130].

The sulfate content of CAUL, CAU2, CAU3, FracC and NatF was determined by ele-
mental analysis as specified in [16].

2.3.3 Polyphenol and protein content

The total phenolic content of the fucoidan extracts was determined using an adapted
Folin-Ciocalteu method. Briefly, aqueous fucoidan sample was mixed with 0.025 N Folin-
Ciocalteu reagent and incubated for 5 min. After adding 2M NayCOs3 and incubating
for 2 h, the absorption was measured at 600 nmn. Gallic acid was used as a reference. The
total phenolic content is expressed in gallic acid equivalents (GAE) in mg per g dried
substance.

The protein content of the fucoidan extracts was quantified using the Bradford method.
Bovine serum albumin (BSA) was used as a standard.

2.3.4 Molecular weight

The molecular weight of the fucoidan extracts was quantified by high performance size ex-
clusion chromatography (SEC). Therefore, 3 mg/ml sample dissolved in 100 mM sodium
acetate, pH=6, were injected into a Shodex SB-806 HQ GPC column coupled with a
Shodex SB-G guard column. Elution flow rate was 0.5 ml/min at 40°C. Pullulan was
used as a standard. Further details are given in [130].

The molecular weight of CAU1, CAU2, CAU3, FracC and NatF were determined by
size exclusion chromatography coupled with MALS-VIS (multi-angle light scattering-
viscosity) detection (Neupane et al., manuscript in preparation).

2.3.5 'H-3C NMR

NMR spectroscopy was employed to gain insights into the chemical structure of the fu-
coidan extracts MMW and LMW. LMW (7.5mg) and MMW (9.3 mg) were dissolved
under agitation in 500 ul 2HoO and NMR spectra were acquired at 50°C on an 800 MHz
Bruker Avance III instrument equipped with an 18.7 T Oxford magnet and a TCI cry-
oprobe (5mm). A suite of 2D NMR experiments was acquired with standard Bruker
pulse sequences. Spectra including 1D 'H NMR spectra (of 16384 complex data points
sampling the FID for 1.7 seconds), 2D 'H-'H TOCSY (2048 x 256 complex data points
sampling the FID for 128 ms and 16 ms in the direct and indirect dimension, respec-
tively), '"H-'H COSY (2048 x 256 complex data points sampling the FID for 128 ms and
16 ms in the direct and indirect dimension, respectively), 'H-3C HMBC (2048 x 128
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complex data points sampling the FID for 256 ms and 6.3 ms, in the direct and indirect
dimension, respectively) and 'H-13C HSQC (2048 x 512 complex data points sampling
the FID for 160 ms and 21.2ms in the direct and indirect dimension, respectively) were
acquired. All NMR spectra were processed with ample zero filling in all dimensions and
baseline correction using Bruker Topspin 3.5 pl7 software. The spectra were analyzed
using the same software.

2.4 Human Cell Models & Fucoidan Treatment

The following section gives information about the isolation and cultivation of human
MSC and OEC. It further provides details regarding the experimental procedure of
fucoidan treatment.

2.4.1 OEC isolation and culture conditions

Human endothelial progenitor cells were isolated from buffy coats by gradient centrifu-
gation using Biocoll. Afterwards, cells were resuspended in Endothelial Basal Medium
(EBM-2) including 5 % fetal bovine serum (FBS) and 1 % Penicillin/Streptomycin (PS)
and all endothelial growth medium 2 (EGM-2) associated supplements. Isolated cells
were seeded in collagen type I-coated 24-well plates at a density of 5x10° cells/cm?. Af-
ter one week, cells were detached and sub-cultured in new collagen type I-coated 24-well
plates at a density of 5x10° cells/cm?. Colonies of cobblestone-shaped OEC adhered
within two to three weeks (see Figure 2.2). Further information regarding OEC isola-
tion from peripheral blood can be found in [52].

Obtained OEC were cultivated in fibronectin-coated plates or flasks in EGM-2 (EBM-2,
EGM-2 associated supplements, 7% FBS and 1% PS). Cells were sub-cultured every
two to three days after reaching confluency and the medium was exchanged every sec-
ond or third day. OEC in passages 4 to 11 were used for biological assays. If not stated
otherwise, OEC were seeded at a density of 40,000 cells/cm? in adequate fibronectin-
coated plates or flasks for biological assays. For further OEC donor information see
supplementary Table A.1.

Figure 2.2: Human outgrowth endothelial cells (OEC) isolated from
peripheral blood. Scale bar =200 pm.
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2.4.2 MSC isolation and culture conditions

Human mesenchymal stem cells derived from cancellous bone were isolated from femoral
heads as described in the previous publication [97]. Briefly, bone segments were washed
in phosphate-buffered saline (PBS) and cells were collected by centrifugation. Obtained
MSC were resuspended in Dulbecco’s Modified Eagle’s Medium (DMEM)/Ham’s F-12
including 20 % FBS and 1 % PS and seeded into collagen type I-coated flasks at a density
of 2x10° cells/cm?. After reaching confluency, MSC were sub-cultured and seeded into
collagen type I-coated flasks in DMEM /Ham’s F-12 including 10 % FBS and 1% PS.
To differentiate MSC towards an osteoblast-like lineage, cells from passage number 2
were cultured in collagen- or fibronectin-coated flasks using osteogenic differentiation
medium (ODM: DMEM/Ham’s F-12 supplemented with 10 % FBS, 1% PS, 50 uM L-
ascorbic acid 2-phosphate, 10 mM S-GP and 0.1 uM dexamethasone). The medium was
exchanged every second or third day. MSC in passage 4 or b were used for biological
assays. Osteoblast-like MSC are shown in Figure 2.3. If not stated otherwise, MSC were
seeded at a density of 40,000 cells/cm? in adequate collagen- or fibronectin-coated plates
or flasks for biological assays. For further MSC donor information see supplementary
Table A.1.

Figure 2.3: Human osteoblast-like mesenchymal stem cells (MSC) iso-
lated from cancellous bone. Scale bar =200 pm.

2.4.3 MSC-OEC co-culture conditions

For MSC-OEC co-cultures, MSC were seeded in fibronectin-coated plates at a density
of 40,000 cells/cm? in ODM on the first day. After 24 h, OEC were seeded at the same
density in EGM-2 on top of the MSC.

2.4.4 Fucoidan treatment

Lyophilized fucoidan extracts were dissolved in distilled water to create 5 mg/ml stock
solutions. For cell treatment, the fucoidan stock solution was diluted to the desired
concentration in respective cell culture medium and filtered through a membrane with a
pore size of 0.2 pm. 24 h after cell seeding, the culture medium was removed and replaced
by fresh medium containing the desired fucoidan concentration. The medium including
fucoidan was refreshed on the third treatment day if the experiment would last for seven
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days. Control cells were cultured equally in regular growth medium without fucoidan.
The timeline of biological experiments with fucoidan treatment is schematically depicted
in Figure 2.4. Table 2.2 lists all fucoidan extracts used for the current thesis. Fucoidans
from Danish Technical University were extracted by Dr. Maria Dalgaard Mikkelsen,
Thuan Ti Nguyen and Vy Ha Nguyen Tran. Fucoidans from Christian-Albrechts Uni-
versity were extracted by Sandesh Neupane. Commercially available crude and pure
fucoidan from Sigma-Aldrich were used as reference substances.
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MSC Q J{T
mono-culture hd

Harvest,
Assays,
Microscopy

Fucoidan Medium

Cell Seeding  Treatment Change

Figure 2.4: Workflow for biological experiments using MSC and OEC
mono- and co-cultures as model systems. After cell seeding, cultures were
treated with fucoidan on day zero.For seven day experiments, medium
including fucoidan treatment was refreshed on day three.

Table 2.2: Fucoidan extracts from Fucus evanescens (FE) and Fucus
vesiculosus (FV) used in the presented thesis.

Extract Species Source

FE crude FE Danish Technical University

FE _F1 FE Danish Technical University

FE F2 FE Danish Technical University

FE F2 FE Danish Technical University
MMW FE Danish Technical University

LMW FE Danish Technical University

CAU1 FE Christian-Albrechts-University Kiel
CAU2 FE Christian-Albrechts-University Kiel
CAU3 FE Christian-Albrechts-University Kiel
NatF FE Christian-Albrechts-University Kiel
FracC FE Christian-Albrechts-University Kiel
FV _ crude FV F5631, Sigma-Aldrich

FV_pure FV F8190, Sigma-Aldrich

26



2.5. Biological Assays

2.5 Biological Assays

The following section provides information about the performed biological assays and
analyses after fucoidan treatment. Assays for cell viability, DNA quantification, os-
teogenic potential, gene expression, intra-, and extracellular protein levels, as well as
immunocytochemistry stainings were applied to reveal the effect of fucoidan on MSC
and OEC mono- and co-culture systems.

2.5.1 MTS and LDH assay

MSC or OEC mono-cultures were seeded in 96-well plates and treated with fucoidan as
described in section 2.4.4. Lactate dehydrogenase (LDH) release and metabolic activity
of the cells were determined after one, three and seven days of treatment using Pierce
LDH Cytotoxicity Assay Kit and CellTiter 96 AQueous One Solution Cell Prolifera-
tion Assay, respectively. Both assays were performed according to the manufacturer’s
protocols.

2.5.2 DNA quantification

MSC were treated with fucoidan for seven days as described in section 2.4.4. After seven
days, cells were washed with PBS and collected by scraping. The DNA was released from
MSC by repeated freeze-thaw cycles and sonication. The DNA was quantified using
the Quant-iT™™ PicoGreen”™™ dsDNA Assay Kit. 100 ul TE-buffer, followed by 72 ul
PicoGreen reagent per well were added into a 96-well plate. 28 ul sample or standard
were added into the wells and incubated for 10 min at 200rpm. The fluorescence was
measured at 485 nm and 535 nm excitation and emission wavelength, respectively.

2.5.3 Quantitative real-time PCR

MSC and OEC mono- and co-cultures were treated with fucoidan for seven days as de-
scribed in section 2.4.4. For lysis, cells were incubated with 100 ul RNA Lysis Buffer T
per well for 10 min at 37°C. The cell lysate was collected and RNA was isolated using the
peqGOLD Total RNA kit according to the manufacturer’s protocol. DNase I treatment
for DNA digestion was included into the isolation procedure. 1 ug RNA was transcribed
into cDNA using the High-Capacity RNA-to-cDNA”M Kit following the manufacturer’s
instructions. The cDNA was diluted in the ratio 1:5 in nuclease-free water before it was
used for qPCR.

For qPCR, 3.2 ul cDNA was mixed with 10 1 SYBR™™ Select Master Mix, 2 ] Quanti-
Tect Primer Assays and 4.8 ul nuclease-free water. RPL13A was used as the housekeeping
gene. qPCR was ran with a two-step program (50°C 2 min, 95°C 2 min, 40 cycles 95°C
15s and 60°C 60s). The relative gene expression was calculated using the AA.; method.
All primers used for the current thesis are listed in Table 2.3.
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Table 2.3: QuantiTect Primer Assays (Qiagen) for ¢qPCR used in the
current thesis.

Gene QqantiTect Catalog
Primer Assay Number

Alkaline phosphatase (ALP) Hs ALPL 1 SG QT00012957

Angiopoietin 1 (ANG-1) Hs ANGPT1 1 SG QT00046865

Angiopoietin 2 (ANG-2) Hs ANGPT2 1 _SG QT00100947

Intercellular Adhesion

Molecule 1 (ICAM-1) Hs ICAM1 1 SG QT00074900

Interleukin 6 (IL-6) Hs IL6_ 1 SG QT00083720

Matrix Metalloproteinase 14

(MMP14) Hs MMP14 1 SG QT00001533

Nuclear Factor NF-kappa-B

p105 subunit (NFxB) Hs NFKB1 1 SG QT00063791

Stromal-derived Factor 1

(SDF-1/CXCL12) Hs CXCL12 1 _SG  QT00087591

Vascular Cell Adhesion

Molecule 1 (VCAM-1) Hs VCAM1 1 SG QT00018347

Vascular Endothelial

Cadherin (VE-cad) Hs CDH5 1 SG QT00013244

Vascular Endothelial

Growth Factor A (VEGF) Hs VEGFA 2 SG QT01036861

Zona Occludens 1 (ZO-1) HS_TJP1_1_SG QT00077308

60S Ribosomal Protein L13a

(RPL13A) Hs RPLI3A 1 _SG  QT00089915
2.5.4 ELISA

Extracellular proteins

MSC and OEC mono- and co-cultures were treated with fucoidan as described in section
2.4.4. For the quantification of secreted proteins, the culture medium was harvested on
day four and/or seven after fucoidan treatment. Protein levels were quantified using
DuoSet® ELISA Development Systems according to the manufacturer’s protocol. A
list of all used ELISA DuoSets® for secreted proteins can be found in Table 2.4.

Transmembrane proteins

For the quantification of transmembrane VEGFR2 and phosphorylated VEGFR2 (VEGFR2p),
10° OEC per well (104,000 cells/cm?) were seeded in 6-well plates and cultivated for
24 h in regular EGM-2 medium. On the next day, OEC were starved for 24 h in EBM-2
containing 0.2 % FBS and 1% PS. After 24 h, the medium was replaced by fresh starv-
ing medium containing 100 pg/ml fucoidan and 100 ng/ml VEGF-165 to stimulate the
VEGFR2 phosphorylation. Control cells 1 were stimulated with 100 ng/ml VEGF-165
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in the absence of fucoidan. Control cells 2 were cultured in starving medium without
fucoidan and VEGF-165. OEC were stimulated for 15 min at 37°C. Subsequently, the
6-well plates were placed immediately on ice and cells were washed with ice-cold PBS.
600 pl freshly prepared lysis buffer #9 (containing leupeptin and aprotinin, for prepara-
tion see manufacturer’s protocol) was added per well and cells were incubated for 15 min
on ice. Afterwards, the cell lysates were collected and stored at -80°C until use. The
DuoSet® ELISA for quantifying VEGFR2 and VEGFR2p were performed according to
the manufacturer’s protocol.

A list of all used ELISA DuoSets® for transmembrane proteins can be found in Table
2.4.

Table 2.4: DuoSet® ELISA Development Systems (R&D) used in the
current thesis.

Secreted protein Catalog number
Angiopoietin 1 (ANG-1) DY923
Angiopoietin 2 (ANG-2) DY623
Intercellular Adhesion Molecule 1 (ICAM-1) DY720
Interleukin 6 (IL-6) DY206
Stromal-derived Factor 1 (SDF-1/CXCL12) DY350
Vascular endothelial growth factor (VEGF) DY293B

Transmembrane protein
Human Total VEGF R2/KDR (VEGFR2) DYC1780-2
Human Phospho-VEGF R2/KDR (VEGFR2p) DYC1766-2

ELISA competitive binding assay

To investigate the binding affinity of fucoidan to VEGF, 300 pg/ml VEGF was mixed

with 0, 1, 5 and 10 ug/ml fucoidan. The VEGF DuoSet® ELISA Development System
(for further information see table 2.4) was used to quantify the VEGF concentration
which was still available after mixing with different fucoidan concentrations.

2.5.5 ALP activity

MSC were treated with fucoidan as described in section 2.4.4 for seven days. After
seven days, the culture medium was harvested and ALP activity was measured using
the Alkaline Phosphatase Assay Kit according to the manufacturer’s protocol.

2.5.6 Alizarin red staining

MSC were treated with fucoidan as described in section 2.4.4 for 14days. After two
weeks, cells were fixed with 4 % paraformaldehyde (PFA) followed by the addition of
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1ml 40 mM Alizarin Red S Stain Solution per well. After 30 min incubation, cells were
washed with distilled water until rinsed water became clear. To extract the bound dye,
600 ul 10 % cetylpyridinium chloride (CPC) was added into each well and incubated
overnight. On the next day, 150 ul CPC with the extracted dye were transferred to a
new 96-well plate and the absorbance was measured at 560 nm. Alizarin Red dilutions
in CPC were used as a standard.

2.5.7 Immunocytochemistry

MSC and OEC mono- or co-cultures were seeded on Thermanox coverslips in 24-well
plates or in 8-well u-slides and treated with fucoidan as described in section 2.4.4. For
immunostaining, cells were fixed with 4 % PFA for 15 min and subsequently washed with
PBS three times for 5min. After fixation, cells were permeabilized with 0.5 % Triton”™
X-100 for 15min, followed by blocking of unspecific binding sites using 1% BSA for
30 min.

VE-cadherin staining

MSC-OEC co-cultures were treated with fucoidan for seven days and subsequently pre-
pared for VE-cadherin immunostaining as described in the prior paragraph 2.5.7. After
blocking with BSA, the samples were incubated with 4 pg/ml in 1% BSA Human VE-
cadherin primary antibody (AF938, R&D) for 1h at room temperature. Subsequently,
samples were washed three times for 5min with PBS and 2 ug/ml secondary antibody
(AlexaFluor488/anti-goat (A11055, invitrogen)) in 1 % BSA was applied for 1h. Nu-
clei were stained for 15 min with 2 ug/ml Hoechst 33258. After washing three times for
5 min, the samples were mounted using Fluoromount”™ and imaged with the Evos FL
Auto 2 fluorescence microscope.

Fucoidan staining

To investigate whether the studied fucoidan extracts interacted with the MSC or OEC, a
protocol for fucoidan staining was established using the BAM antibodies (developed by
SeaProbes, Roscoff, France). MSC and OEC were treated with 100 pg/ml fucoidan for
three days. After three days, cells were repeatedly washed with PBS to remove remaining
fucoidan solution and prepared for immunostaning as described in the prior paragraph
2.5.7. BAM-1 or BAM-4 primary antibody was applied in a 1:10 dilution in 1% BSA
and samples were incubated overnight at 4°C. Following the manufacturer’s specifica-
tion, BAM-1 binds to an unsulfated epitope and BAM-4 to a sulfated epitope [174].
2 pg/ml secondary antibody (AlexaFluor647/anti-rat (A21247, invitrogen)) was applied
for 1h at room temperature after 3 times 5 min washing with PBS. Nuclei and actin
were stained for 15min with 2 ug/ml Hoechst 33258 and 5 ug/ml Phalloidin-TRITC,
respectively. OEC were additionally stained for VE-cadherin using the antibodies and
concentrations as described in the prior paragraph 2.5.7. After washing three times for
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5 min, the samples were mounted using Fluoromount™ and imaged with the Zeiss con-
focal laser scanning microscope LSM 800.

Preliminary staining experiments with BAM-1 and BAM-4 revealed that BAM-1 had
a strong unspecific binding to MSC, making a differentiation between unspecific and
fucoidan staining difficult. For this reason, following fucoidan staining experiments
were performed using the BAM-4 antibody. Exemplary stainings of MSC control and
fucoidan-treated cells are shown in Figure 2.5.
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Figure 2.5: Fucoidan staining with primary antibodies BAM-1 and
BAM-4. MSC were treated with fucoidan FE _F3 for three days, control
cells were cultured in medium without fucoidan. Cells were stained for
fucoidan (red), actin (yellow) and nuclei (blue). Scale bar=50 pym.

Dot blot for BAM-4

To confirm that the BAM-4 antibody is able to bind to the studied fucoidan extracts, a
simple dot blot was performed. 2 pul aqueous fucoidan solution (0.1 and 5mg/ml) were
dotted on 0.45 pm nitrocellulose membranes. After air-drying the membranes for 15 min,
they were blocked in 5% low fat milk powder (LFMP) under constant shaking for 1h.
1 ml of BAM-4 antibody (1:10 dilution in 5 % LFMP) was carefully applied to the mem-
brane surface and incubated for 2 h. Afterwards, the membranes were washed three times
for 10 min with PBS under constant shaking and then incubated with secondary anti-
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body anti-rat IgG-ALP (A6066, Sigma Aldrich, 1:10,000 dilution in 5% LFMP) for 2h
under constant shaking. After washing the membranes three times with PBS for 10 min
under constant shaking, they were developed by carefully applying 1ml BCIP/NBT
liquid substrate per membrane stripe. After dot development, the membranes were air-
dried and scanned. The resulting dot blots are shown in Figure 2.6. As expected, dots
with the higher fucoidan concentration of 5mg/ml developed much darker than dots
that contained only 0.1 mg/ml fucoidan. The dot containing LMW only developed for
the higher fucoidan concentration, indicating that BAM-4 affinity to LMW is weaker
compared to the other fucoidans or LMW was not able to bind appropriately to the
membrane. Nevertheless, the dot blot proved that BAM-4 antibody was able to bind to
the studied fucoidans.
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Figure 2.6: Dot blot for proving the affinity of primary antibody BAM-
4 to the studied fucoidan extracts. 0.1 and 5mg/ml FE_F3, MMW and
LMW were dotted on a nitrocellulose membrane, incubated with BAM-4
primary antibody, anti-rat IgG-ALP secondary antibody and developed
using BCIP/NBT.

2.6 Image Analysis

In the following section, computational approaches are described which were used to
quantify stained structures from microscopy images.

2.6.1 Quantification of angiogenic tube-like structures

Co-cultures of MSC and OEC were seeded and cultured for seven days as described in
section 2.4.3. After one week, cells were fixed and stained for VE-cadherin as described
in section 2.5.7. For quantifying the number, area and length of the formed angiogenic
structures, three stitched pictures consisting of nine frames were taken for each sample.
A shading correction was performed for the stitched images using the BASIC plug-in
in FIJI [138, 152|. Area and length of the angiogenic skeleton were quantified semi-
automatically using the software ImageJ Version 1.42 [153| as described in a previous
publication [53].
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2.6.2 Quantification of the integrity of the endothelial cell layer

Co-cultures of MSC and OEC were seeded and cultured for seven days as described in
section 2.4.3. After one week, cells were fixed and stained for VE-cadherin as described
in section 2.5.7. Three stitched microscopy pictures consisting of nine frames were taken
for each sample and corrected as stated in the prior section 2.6.1. The integrity of the
endothelial cell layer was expressed by quantifying the area which was not covered by
OEC using FIJI [152]. Therefore, fluorescent images were converted into binary images
and black areas (areas without OEC) were measured.

2.6.3 Quantification of fucoidan staining

MSC and OEC mono- and co-cultures were seeded, treated with fucoidan, cultured
for three days and stained for fucoidan as described in section 2.5.7. Red fluorescence
intensity (fucoidan) in reference to the cell number was measured for three frames of
each sample. For determining the number of cells in each frame, the channel with
nucleus staining was converted into a binary image, followed by a particle analysis. The
red fluorescence intensity was divided by the number of nuclei in order to obtain the
fucoidan amount in relation to the number of cells. The analysis was conducted using
FIJT [152].

2.7 Chitosan-Collagen Hydrogel as a Delivery System for
Fucoidan

This section describes the protocol for the preparation of a thermosensitive chitosan-
collagen hydrogel serving as a delivery system for fucoidan. It further describes how
physicochemical properties like gelation time, temperature, pH, turbidity and swelling
were determined. Rheological measurements were performed with the help of Marie
Trenkel (Group of Prof. Dr. Regina Scherlief, Department of Pharmaceutics and Bio-
pharmaceutics, Kiel University). To reveal the morphology of the hydrogels, scanning
electrone microscopy (SEM) was applied with the help of Lena Marie Saure (Group of
Prof. Dr. Rainer Adelung, Institute for Materials Science, Kiel University) and Dr.
Alexander Kovalev (Group of Prof. Dr. Stanislav N. Gorb, Zoological Institute, Kiel
University). Finally, this section provides information about MSC or OEC cultivation
on and inside the hydrogel.

2.7.1 Hydrogel preparation

The entire hydrogel preparation was performed on ice and under constant stirring. A cool
solution of 2% Chitosan in 0.1 M acetic acid was pipetted into a glass vial. Second, the
desired volume of cooled rat tail collagen type 1 was slowly pipetted into the chitosan
solution to reach a final concentration of 1.5mg/ml. Cooled aqueous S-GP (stock:
50 %) and fucoidan solution (commercially available FV _pure, stock: 5 mg/ml) were
premixed and immediately added dropwise into the chitosan-collagen mix to reach final
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concentrations of 7% and 10, 100 or 500 ug/ml, respectively. The hydrogel mix was
incubated on ice under constant stirring for 15 min and afterwards stored on ice until
further use. The hydrogel sols were always used within three hours after preparation.
If not stated otherwise, this protocol was used to produce the hydrogels. For preliminary
experiments, the effect of different concentrations and procedures was studied. In these
cases, experimental variations will be mentioned in the corresponding result sections.

2.7.2 Gelation time by the tube-inverting method

To roughly determine the gelation time of the hydrogels, the tube-inverting method was
applied. Therefore, the glass vial with the liquid sol was placed into a 37°C water bath.
The flow of the sol was checked every minute by inverting the vial. The sol was declared
as gelated if flow could no longer be observed.

2.7.3 pH

The pH of the sols was measured before and after gelation using a SevenEasy pH meter
S20 with an InLab Micro Pro-ISM pH electrode.

2.7.4 Turbidity

To determine the turbidity, 200 ul sol per well was pipetted into a 96-well plate on ice.
The absorption of the sols was measured at 600 nm with an infinite M200 Pro plate
reader.

2.7.5 Absorption kinetics

When sols gelate into hydrogels, their color turns from transparent to opaque. To
monitor and compare the gelation processes of different hydrogels, the absorptions of
sols and later gels, were measured over time. Therefore, 200 ul sol per well was pipetted
into a 96-well plate on ice. The plate reader was heated to 37°C and the absorption was
measured at 600 nm every minute for one hour.

2.7.6 Equilibrium swelling ratio

To quantify the swelling capacities of the different hydrogels, the equilibrium swelling
ratio (ESR) was determined. Therefore, 500 ul sol was pipetted into a tube and gelated
at 37°C for 30 min. Subsequently, the hydrogels inside the tubes were quick-frozen using
liquid nitrogen and lyophilized. Dried hydrogels were weighted (w,;) and rehydrated in
PBS for three days at 37°C. After three days, the swollen hydrogels were weighted again
(ws). The ESR was calculated using the following formula:

s — Wq

ESR="Y

wWq
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2.7.7 Rheological measurements

The rheological studies were performed with the Bohlin CVO 120 HRNF plate-to-plate
rheometer (plate diameter: 40 mm). 1ml of sample covered with a solvent trap to prevent
evaporation was used for each measurement. Storage (G’) and loss moduli (G”) were
determined to characterize the viscoelastic properties of the hydrogels with and without
fucoidan. At the beginning, an amplitude sweep test was carried out at 37°C and at
a constant frequency of 1 Hz to determine the viscoelastic region of the hydrogels. As
shown in Figure 2.7, a strain of 5% resulted to be adequate for both hydrogels. All
oscillatory measurements were therefore performed with a strain of 5%. Time sweep
tests at a constant frequency of 1 Hz were performed to determine the time until sol-gel
transition and the duration of the gelation process at 37°C. Temperature sweep tests
were performed to determine the exact gelation temperature. G” and G” were quantified
for a temperature gradient from 10-60°C (2°C/min) at a constant frequency of 1 Hz.
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Figure 2.7: Amplitude sweep test to determine the linear viscoelastic
region of the hydrogels without and with 100 ug/ml fucoidan. The mea-
surements were performed at 37°C and at a constant frequency of 1 Hz.
A strain of 5% (marked with a dashed line) resulted to be in the linear
region for both hydrogels.

2.7.8 Scanning electron microscopy

To reveal the microstructure of the hydrogels, SEM was applied. The samples were dried
with two different approaches, lyophilization and critical point drying (CPD), which are
described in the following.

Lyophilization

Sols with and without fucoidan were prepared, pipetted into a tube (500 ul) and gelated
at 37°C. Subsequently, gels were quick-frozen in liquid nitrogen and lyophilized.

To image the cross-section of the dried gels, the samples were carefully cut in half with
a scalpel, mounted on a holder using conductive carbon tape or glue and sputtered with
gold for 90s. The samples were imaged with a Zeiss Supra 55VP and a Hitachi S-4800.
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Critical point drying

Sols with and without fucoidan were prepared; 200 ul were pipetted into a 8-well p-Slide
and gelated at 37°C. To facilitate the removal of the soft hydrogel without destroying
it, the 8-well p-Slide was specially prepared as illustrated in Figure 2.8. Thermanox
coverslips were cut into the size of a p-Slide well, followed by attaching thin transparent
tape to the bottom side of the Thermanox coverslip. The modified coverslip was placed
into the well. The tape stripes allowed to easily lift the hydrogel out of the p-Slide well
using tweezers.

After gelation, the hydrogels were incubated in PBS for 24 h at 37°C. On the next day, the
hydrogels were fixed with 3 % glutaraldehyde in 4 % PFA for 30 min at room temperature
and subsequently washed three times with PBS for 5 min. Then, the aqueous solution was
exchanged gradually to ethanol beginning with a 50 % ethanol dilution. The hydrogels
were incubated with 200 pl 50 % ethanol for 15 min at room temperature. This step was
repeated with 60, 70, 80, 90, 95 and 100 % ethanol solutions. The hydrogels were stored
in 100 % ethanol until critical point drying.

Before drying, the hydrogels were carefully lifted out of the wells and cut in half with a
scalpel to be able to image the cross-sections. The hydrogels were always kept in 100 %
ethanol.

The soft dried hydrogels were carefully mounted on a holder using conductive carbon
tape or glue and sputtered with gold for 90s. The samples were imaged with a Zeiss
Supra 55VP and a Hitachi S-4800.
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Figure 2.8: Preparations for critical point drying. Thermanox cover-
slips were cut into the size of a p-Slide well. Sticky tape was fixed on
the bottom of the Thermanox to facilitate removal of the hydrogel after
gelation.

SEM of MSC cultured on hydrogels

Hydrogels were prepared and placed on modified Thermanox coverslips inside 8-well p-
Slides as described in the prior section and illustrated in Figure 2.8. MSC were cultured
on top of the hydrogels for seven days as specified in the later section 2.7.10. After
seven days, MSC were fixed and the hydrogels were dried using critical point drying (for
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further details see the prior section). The dried samples were mounted on SEM holders
using conductive tape or glue and imaged with the Zeiss Supra 55VP.

2.7.9 Fucoidan detection with SYBR Gold

Quantification of fucoidan in solution

The quantification of fucoidan in solution was established using the SYBR Gold nucleic
acid gel stain following the protocol of Yamazaki et al. [190]. Pure fucoidan from Fucus
vesiculosus (Sigma-Aldrich) was used to establish the protocol. 150 ul per well aqueous
fucoidan solution was pipetted into a black 96-well plate, followed by adding 50 ul per
well of the diluted SYBR Gold solution (1:625 in 80 mM Tris-HCl, pH 7.5).

The excitation and emission optima were determined by emission and excitation scans as
shown in Figure 2.9 A). The excitation scan was performed at an emission wavelength
of 600nm. The optimum excitation wavelength was determined to be 470nm. The
emission scan was performed at an excitation wavelength of 470 nm. The optimum
emission wavelength was determined to be 600 nm. A standard curve of different fucoidan
dilutions was prepared and a linear relation between concentration and fluorescence could
be detected for concentrations ranging from 0 to 3.2 ug/ml as shown in Figure 2.9 B).
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Figure 2.9: SYBR Gold nucleic acid gel stain for quantifying fucoidan
in solution according to the protocol of Yamazaki et al. [190] A) Exci-
tation scan at emission wavelength 600 nm, emission scan at excitation
wavelength 470 nm. The wavelength optima were determined as 470 nm
and 600nm for excitation and emission, respectively. B) Linear rela-
tion between fluorescence and fucoidan concentrations ranging from 0 to

3.2 ug/ml.

Fucoidan detection inside the hydrogel using fluorescence microscopy

The protocol described in the prior section 2.7.9 was adapted to detect fucoidan inside
the hydrogel using fluorescence microscopy. Therefore, sols containing fucoidan concen-
trations ranging from 0 to 500 ug/ml were pipetted into a p-Slide Angiogenesis (10 ul sol
per well) and gelated at 37°C. After gelation, 50 ul SYBR, Gold dilution was added to
each well as described in the prior section and samples were incubated for one hour at
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room temperature. Subsequently, the staining solution was removed and hydrogels were
washed with PBS. The hydrogels were imaged using the Evos FL Auto 2 fluorescence
microscope.

Three frames per sample were taken for fluorescence quantification. A region of interest
(ROI) covering approximately 1/4 of the frame was defined and inserted into each frame.
The fluorescence intensity was measured for each ROL.

Fucoidan detection inside the hydrogel using a plate reader

The protocol described in the prior section 2.7.9 was adapted to detect fucoidan inside
the hydrogel using a plate reader. Therefore, sols containing fucoidan concentrations
ranging from 0 to 500 ug/ml were pipetted into a black 96-well plate (100 ul sol per well)
and gelated at 37°C. After gelation, 50 ul SYBR Gold dilution was added to each well
as described in the prior section and samples were incubated for one hour at room tem-
perature. Subsequently, the staining solution was removed and hydrogels were washed
with PBS. The fluorescence was measured at 470 nm and 600 nm excitation and emission
wavelength, respectively.

Fucoidan release from the hydrogel

To measure the fucoidan release from the hydrogel over time, the fucoidan was de-
tected with the plate reader on three different time points using the established method.
Therefore, 100 ul sol with and without fucoidan was added into a black 96-well plate and
gelated at 37°C. After gelation, the hydrogels were incubated in PBS at 37°C. On day
zero, two and six, the PBS was removed and the fluorescence was measured as described
in the prior section.

2.7.10 Cell cultivation in and on the hydrogel

For cell culture experiments, the hydrogel was prepared as described in section 2.7.1 and
afterwards filtered through a membrane with a pore size of 0.2 um. Sols were always
stored on ice.

2D cell culture

The sterile-filtered sols were pipetted into a suitable dish and gelated at 37°C for 30
min. Subsequently, OEC or MSC were seeded in a density of 80,000 cells/cm? on top of
the hydrogels. If not stated otherwise, the medium was gently exchanged every day or
every second day. Therefore, only part of the old medium was removed and replaced by
fresh medium.

3D cell culture

For encapsulating cells into the hydrogel, the MSC or OEC suspension was centrifuged
and the pellet was resuspended in the cold sterile-filtered sol (1000 cells/ul). Sols mixed
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with the cells were pipetted into a suitable dish and incubated at 37°C for 30 min until
the sol gelated. After 30 min, cell culture medium was added on top of the hydrogels. If
not stated otherwise, the medium was gently exchanged every day or every second day.
Therefore, only part of the old medium was removed and replaced by fresh medium.

2.7.11 Life/Dead staining of 2D- and 3D-cultured MSC and OEC

Vital and dead cells were stained on day two and six with calcein-AM and propidium
iodide, respectively. Therefore, MSC or OEC were cultured in or on the hydrogels in
Angiogenesis p-Slides as described in the previous section 2.7.10 (10 ul sol, 50 ul medium
per well). The medium on the hydrogels was removed and replaced by fresh medium
containing calcein-AM and propidium iodide in dilutions of 1:500. The staining solution
was incubated on the hydrogels at 37°C for 30 min. Subsequently, the staining solution
was removed and replaced by fresh medium. The cells were imaged with the Evos FL
Auto 2 fluorescence microscope immediately after staining.

2.7.12 DNA quantification of 3D-cultured MSC

The DNA of MSC encapsulated in the hydrogels was quantified on day one and six.
Therefore, MSC were cultured inside the hydrogels in 24-well plates as described in
the previous section 2.7.10 (400 pl sol, 600 ul medium per well). On day two and six,
the medium was removed and replaced by 500 ul PBE (PBS supplemented with 10 mM
EDTA) buffer containing 1 mg/ml proteinaseK. The hydrogels with cells were destroyed
using the pipette tip and resuspended by pipetting up and down. For the quantification,
hydrogels from two wells were pooled. The hydrogel-proteinaseK suspension was incu-
bated for 24h at 55°C. After 24 h, the samples were stored at -80°C until use. Before
DNA quantification, samples were centrifuged for 10 min at 2000 rpm and the super-
natant was transferred into a clean tube. The DNA quantification was performed using
the Quant-iTT™ PicoGreen™™ dsDNA Assay Kit as described in section 2.5.2.

2.7.13 VEGTF protein level in supernatant of 3D-cultured MSC

MSC were cultured inside the hydrogels in 24-well plates as described in section 2.7.10
(400 1 sol, 600 ul medium per well). The medium was harvested on day one, three
and six and stored at -80°C until further use. To quantify VEGF protein levels in the
supernatant, ELISA DuoSet® was used according to the manufacturer’s protocol. For
the catalog number see Table 2.4.

2.8 Statistics

The presented plots show the mean value and standard deviation of three independent
experiments, if not stated otherwise. Experiments containing MSC or OEC were always
performed with cells from three different donors. To control the technical error, biological
assays like qPCR, ELISA or DNA quantification were always performed with at least
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two replicates. The statistical significance, mostly indicated by asterisks, was calculated
with Welch’s t-test or ANOVA with post-hoc Dunnett test using GraphPad Prism 7,
as specifically indicated in the figure captions. Values were declared as significantly
different when p<<0.05 (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

2.9 DMaterials

The following table lists all the materials and important machines used for the presented
thesis. Tables for used QuantiTect Primer Assays and DuoSet® ELISA Development
Systems are shown separately in the corresponding qPCR (section 2.5.3) and ELISA
(section 2.5.4) sections.

Table 2.5: List of materials used for the presented thesis.

Material

Company

Leupeptin hemisulfate salt

Aprotinin from bovine lung
Calcein-AM

Propidium Iodide solution
Glutaraldehyde

Fetal bovine serum
L-ascorbic acid 2-phosphate
Dexamethasone
[B-glycerophosphate
Triton™™ X-100

Hoechst 33258
Fluoromount™
Phalloidin-TRITC

anti-rat IgG-ALP
BCIP/NBT liquid substrate
Fucoidan >95% *

Fucoidan crude !
Endothelial Basal Medium-2

Endothelial growth medium-2
supplements

Biocoll

Dulbecco’s Modified Eagle’s
Medium /Ham’s F-12

Penicillin /Streptomycin
Phosphate buffered saline

for further information see Table 2.2

Sigma-Aldrich, Steinheim,
Germany
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Promocell, Heidelberg, Germany

Promocell

Biochrom, Berlin, Germany

Biochrom

gibco, Grand Island NY, USA
gibco
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Table 2.5: List of all materials used for the presented thesis (continued).

Material

Company

Rat tail collagen type-I
Fibronectin

Bovine serum albumin
Alizarin Red S Stain Solution
Proteinase K

Cetylpyridinium chloride
Acetic acid 100 %

Tris Ultra Qualitit >99.9%
VEGF-165

Low fat milk powder
Cellic®CTec2 cellulase
EDTA disodium

Endolisa kit

Pierce LDH Cytotoxicity Assay Kit

CellTiter 96 AQueous Solution Cell
Proliferation Assay

Alkaline Phosphatase Assay Kit
peqGOLD Total RNA kit

DNase 1

High-Capacity RNA-to-cDNATM
Kit

SYBR™™ Select Master Mix
SYBR Gold nucleic acid gel stain

Quant-iT™™ PicoGreen™™ dsDNA
Assay Kit

AlexaFluor647/anti-rat (A21247)
AlexaFluor488/anti-goat (A11055)
BAM-1

BAM-4

DuoSet® ELISA Development
Systems 2

VE-cadherin antibody (AF938)
QuantiTect Primer Assays ®

Angiogenesis p-slides

2for further information see Table 2.4
3for further information see Table 2.3

Corning, Bedford, MA, USA
Millipore, Temecula, CA, USA
Millipore

Millipore

Carl Roth GmbH, Karlsruhe,
Germany

Carl Roth GmbH

Carl Roth GmbH

Carl Roth GmbH

biomol, Hamburg, Germany
Bio-Rad, Hercules, CA, USA
Novozymes, Bagsvaerd, Denmark
Serva, Heidelberg, Germany

Hyglos GmbH, Bernfried am
Starnberger See, Germany

Thermo Scientific, Rockford, IL,
USA

Promega, Madison, WI, USA

abcam, Cambridge, UK
VWR, Leuven, Belgium
VWR

Applied Biosystems, Vilnius,
Lithuania

Applied Biosystems
invitrogen, Eugene, OR, USA

invitrogen

invitrogen

invitrogen

SeaProbes, Roscoff, France
SeaProbes

R&D Systems, Minneapolis, USA

R&D

Qiagen, Hilden, Germany
Ibidi, Gréfelfing, Germany
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Table 2.5: List of all materials used for the presented thesis (continued).

Material

Company

8-well p-slides
Thermanox coverslips
Paraformaldehyde

Chitosan 95/100 4

Ethanol, absolute for analysis

InLab Micro Pro-ISM pH electrode

Rotor-GeneQ
infinite M200 Pro plate reader

CVO 120 HRNF plate-to-plate
rheometer

Evos FL Auto 2 fluorescence
microscope

Confocal laser scanning microscope
LSM 800

Supra 55VP
S-4800
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Ibidi
Nunc, Rochester, NY, USA

Morphisto, Frankfurt am Main,
Germany

Heppe Medical Chitosan GmbH,
Halle, Germany

Merck, Darmstadt, Germany

Mettler-Toledo GmbH, Gieflen,
Germany

Qiagen

Tecan, Mannedorf, Switzerland

Bohlin Instruments, Pforzheim,
Germany

Thermo Fisher Scientific,
Massachusetts, USA

Zeiss, Jena, Germany

Zeiss
Hitachi, Tokio, Japan



Results 1

This chapter investigates the biological effect of four enzymatically-extracted fucoidans
(FE crude, FE_F1, FE F2, FE F3) in cell culture models relevant for bone regen-
eration. Fucoidan extracts were chemically characterized and structural properties were
associated with bioactivities. The most important findings are summarized in the follow-

ing publication:

Effect of Enzymatically Extracted Fucoidans on Angiogenesis and Osteogen-
esis in Primary Cell Culture Systems Mimicking Bone Tissue Environment.
Julia Ohmes, Yuejun Xiao, Fanlu Wang, Maria Dalgaard Mikkelsen, Thuan Thi Nguyen, Harald
Schmidt, Andreas Seekamp, Anne S. Meyer and Sabine Fuchs (2020). Mar. Drugs 18, 481
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Chapter 3. Results I: Bioactivity of Enzymatically-Extracted Fucoidans

3.1 Chemical Characterization of Enzymatically-Extracted
Fucoidans

Fucoidan extracts were isolated from F. evanescens using an enzyme-assisted extraction
technique. The crude extract (FE crude) was released by digesting cell wall compo-
nents with cellulases and alginate lyases. Afterwards, it was purified by TEX to obtain
the three fucoidan fractions FE_F1 (eluted first), FE F2 (eluted second) and FE_F3
(eluted third). The extraction process is schematically illustrated in Figure 2.1.

Table 3.1: Chemical characterization of enzymatically-extracted fu-
coidans FE crude, FE F1, FE F2 and FE F3 including monosaccha-
ride composition, sulfate content, molecular weight, total phenolic and
total protein content. For further details see publication [130].

FE_crude FE_F1 FE_F2 FE_F3
Fucose 24.842.9  34+3.1  74.7+0.8 87.8+1.4
Rhamnose  0.240.1  0.3+0.1  0.8+0.1  0.5+0.1

SNU%‘grfgl Galactose  0.94+0.1  4.6+0.4 154404 9.0+0.9

[%mol] Glucose 0.7+0.1 7.7+£0.7 1.440.1 0.3+0.1
Xylose 0.840.1 53405 28+0.1 1.540.3
Mannose  0.440.0  3.240.5 2.340.1 0.340.1
Uronic GluA 1.040.2 38403 03400 0.540.1
acid ManA 58.442.6  32.240.6 0.240.0 0.040.0
[Yomol] GuluA 12.641.8  9.140.5 2.240.2  0.040.0
Sulfate SO~ [%]  21.74£0.5 204434 34.842.0 38.7+1.0
content  gO2=.pyc! 1.4 0.8 1.0 1.0
Molecular Pf:glge 12-8002  12-8002 12-800  110-800
weight [ a]
Peak [kDa] ~400 ~A40, ~A40, ~600
~400 ~600
Total phenolic
content [GAE/g] 5.1940.07 2.93+0.11 3.0240.02 0.76-0.04
Total protein
content, [%] <0.15 <0.15 <0.15 <0.15

! weight ratio

2 contains an additional alginate oligosaccharide peak at 2-3kDa

Fucose was the most represented neutral sugar in the fucoidan extracts. The crude
extract contained 25 % fucose and a high portion of alginate, in total 59 % (mainly man-
nuronic acid). IEX purification reduced the alginate and increased the fucose content.
FE F1,FE_F2and FE_F3 contained 34 %, 75 % and 88 % fucose, respectively. The al-
ginate content was reduced from 36 % in FE_F1 to 0.5 % in FE_F3. All other quantified
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3.2. Tolerance of OEC and MSC Towards Enzymatically-Extracted Fucoidans

sugars represented 15 % or less (FE_F2 had the highest galactose content with 15 %, the
highest glucose content was quantified for FE_F1 with 8 %) of the total monosaccharide
content. IEX purification also reduced the polyphenolic content from 5 GAE/g in the
crude extract to 0.8 GAE/g in FE_F3. The third eluted fucoidan fraction FE _F3 can
be defined as very pure, taking high fucose and low alginate and polyphenolic contents
as measures for puritiy. The total sulfate content ranged between 22 and 39 % and was
highest for FE_F3. All extracts are defined as high molecular weight fucoidans with
peaks around 400 and 600kDa. The protein content was <0.15% for all extracts and
therefore negligibly low. Further information regarding the process of enzyme-assisted
extraction and chemical characterizations can be found in [130].

3.2 Tolerance of OEC and MSC Towards Enzymatically-
Extracted Fucoidans

To study whether fucoidan treatment affected the metabolic activity and the membrane
integrity of MSC and OEC, MTS and LDH assays were applied. MSC and OEC mono-
cultures were treated with FE crude, FE_F1, FE F2 and FE_F3. LDH, as well as
MTS assays were performed on day one, three and seven. The metabolic activity of
OEC was slightly increased on day one after fucoidan treatment as shown in Figure
3.1 A). On day three and seven, however, the metabolic activity decreased to control
level. The control fucoidan substances from Sigma Aldrich FV_crude and FV_pure
were slightly more toxic to OEC on all sampled days. As visible in Figure 3.1 B), MSC
reacted more sensitive to fucoidan treatment. The metabolic activity was significantly
decreased on day three and seven when MSC were treated with fucoidan concentrations
ranging from 10 to 200 ug/ml. The decrease was highest when MSC were treated with the
pure extract FE_F3. Treatment with FE crude and FV _ pure, however, did not affect
the metabolic activity. High fucoidan concentrations, especially 200 ug/ml, affected the
metabolic activity most in both, OEC and MSC.

The LDH release of OEC was equally decreased after fucoidan treatment on all sampled
days. The LDH release of MSC was at control level on day one and three, but got
decreased on day seven. Higher fucoidan concentrations had only a minor effect on the
LDH release. These results indicate that fucoidan treatment is not toxic to OEC or
MSC, even though the metabolic activity was slighty impaired by some extracts and
concentrations.

To exclude that fucoidan treatment had a significant effect on MSC proliferation, the
DNA amount was quantified after seven days of treatment. Figure 3.2 demonstrates
that, although higher FE F2 and FE F3 concentrations slightly reduced the amount
of DNA, fucoidan treatment did not have a significant impact on MSC proliferation.
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Figure 3.1: Membrane integrity and metabolic activity of OEC and
MSC mono-cultures after treatment with enzymatically-extracted fu-
coidans. A) OEC and B) MSC were treated with 1, 10, 50, 100 and
200 pg/ml fucoidan. MTS and LDH assays were performed on day one,
three and seven. Significances (compared to the control) were calculated
with Welch’s t-test.
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Figure 3.2: MSC proliferation measured by the amount of DNA after
treatment with enzymatically-extracted fucoidans. MSC were treated
with 1, 10 and 100 pg/ml fucoidan. The DNA was quantified after seven
days.
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3.3 Angiogenesis, Osteogenesis and Inflammation in Mono-
cultures

To reveal the effect of different enzymatically extracted fucoidan extracts on angiogenic,
osteogenic and inflammatory processes in MSC and OEC mono-cultures, expression and
protein production of relevant mediators were quantified. Further, ALP activity and the
level of calcification were determined, as well as the interaction of fucoidan with VEGF
and the effect of fucoidan on VEGF receptor 2 activation.

3.3.1 Angiogenic signaling molecules VEGF, ANG-1 and SDF-1 in
MSC

Figure 3.3 shows the gene expression and protein levels of VEGF, ANG-1 and SDF-1,
important angiogenic signaling molecules which are mainly produced by MSC. Treatment
with FE_F1 and FE F2 reduced the expression of VEGF in MSC compared to the
control. Even though not significant, FE_F3 tentatively reduced VEGF gene expression
as well (Figure 3.3 A)). The gene expression of ANG-1 was slightly downregulated by
treatment with the control extracts FV_crude and F'V_pure, but not affected by the
extracts from F. evanescens (Figure 3.3 B)). Gene expression of SDF-1 was almost
completely downregulated after treatment with FE_F2 and FE_F3 (Figure 3.3 C)).
VEGF, ANG-1 and SDF-1 protein levels were similarly affected by the extracts: The
higher the extract purity, the lower were the detected protein levels. FE F2 and FE_F3
decreased VEGF, ANG-1 and SDF-1 to 50 % or more compared to the control cells.

3.3.2 Early and late osteogenic markers in MSC

The gene expression of ALP in MSC, as well ALP activity after seven days were taken
as references for early osteogenic processes. The calcification progress in MSC after
14 days was taken as a marker for late osteogenesis. How fucoidan treatment affected
early and late osteogenic events is shown in Figure 3.4. Gene expression of ALP was
almost completely downregulated after treatment with FE F1, FE F2 and FE F3,
while the ALP activity was not affected by fucoidan treatment. (Figure 3.4 A)). Alizarin
red staining revealed that the pure extracts FE F2 and FE_F3 did not only interfere
with early osteogenic processes, but also affected the calcification level, which serves as
an indicator for late osteogenesis. Calcification stainings were three times lower after
FE_F2 and FE_F3 treatment than the control stainings (Figure 3.4 B)).

3.3.3 Influence of fucoidan concentration on aniogenic and osteogenic
mediators

Figure 3.5 shows that the concentration of fucoidan treatment had a clear effect on
VEGF, ANG-1 and SDF-1 protein levels. The higher the applied fucoidan concentration,
the lower were the detected protein levels. Interestingly, low fucoidan concentrations (1
and 10 pg/ml) decreased the ALP activity, while treatment with 100 ug/ml fucoidan had
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no significant effect.

A)

VEGF

VEGF gene expression

B)

ANG-1
ANG-1 gene expression

C)

SDF-1
SDF-1 gene expression

Figure 3.3: Expression and protein level of angiogenic mediators in
MSC mono-culture after treatment with enzymatically-extracted fu-
coidans. MSC were treated with 100 pg/ml fucoidan. After seven days,
gene expression and protein levels in the supernatant of A) VEGF, B)
ANG-1 and C) SDF-1 were quantified using qPCR and ELISA, respec-
tively. Significances (compared to the control) were calculated with
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Figure 3.4: Early and late osteogenic markers in MSC mono-culture af-
ter treatment with enzymatically-extracted fucoidans. MSC were treated
with 100 pg/ml fucoidan. After seven days, A) ALP gene expression and
activation were quantified as early osteogenic markers. C) The level of
calcification using alizarin red staining was determined as a late marker
for osteogenesis. Significances (compared to the control) were calculated
with Welch’s t-test.
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Figure 3.5: Effect of fucoidan concentration on angiogenic proteins and
ALP activity in MSC mono-culture. MSC were treated with 1, 10 and
100 ug/ml fucoidan. After seven days, protein levels of VEGF, ANG-1
and SDF-1 were quantified from the supernatant using ELISA. Addi-
tionally, ALP activity was determined after seven days. Significances
(compared to the control) were calculated with Welch’s t-test. 49
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3.3.4 Aflinity of fucoidan to VEGF & impact on VEGFR?2 phosphory-
lation

The consistent results from the prior sections demonstrate that treatment with the pure
extracts FE_F2 and FE _F3 negatively affected angiogenic and osteogenic processes in
MSC mono-cultures. A simple ELISA set-up was used to address the question whether
the tested fucoidan extracts were able to bind to growth factors like VEGF and there-
fore influence the available protein levels. Figure 3.6 shows that already small fucoidan
concentrations decreased the available VEGF amount. The detected VEGF concentra-
tion was approximately three times lower after mixing with fucoidan than the control
solution that did not contain fucoidan. The higher the mixed fucoidan concentration
was, the lower were the detected VEGEF levels.

To address whether the decreased VEGF levels due to fucoidan treatment had an effect
on VEGF receptor 2 activation in OEC, the VEGFR2 phosphorylation was quantified
in relation to the total amount of VEGFR2. Therefore, OEC were treated with fucoidan
and stimulated with VEGF-165 simultaneously for 15 min. The results for VEGFR2
and phosphorylated VEGFR2 ELISAs are shown in Figure 3.7. The amount of to-
tal VEGFR2 was similar in all OEC and only minimally decreased in FE_F1-treated
cells (Figure 3.7 left). VEGF-165 treatment resulted in an increase of VEGFR2p by
approximately 75 %, proving that VEG-165 stimulation was successful. FE_F1- and
FE F2-treated OEC had slightly decreased levels of VEGFR2p (Figure 3.7 middle). In
relation to the total amount of VEGFR2 however, only FE crude treatment decreased
the receptor phosphorylation significantly (Figure 3.7 right). These results indicate that
fucoidan treatment had no or only minor effects on the phosphorylation of VEGFR2 in
OEC.

0], 300 pg/ml VEGF +
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Figure 3.6: Interaction of enzymatically-extracted fucoidan with
growth factor VEGF. 300pg/ml VEGF was mixed with 1, 5 and
10 pg/ml fucoidan. To measure the available amount of VEGF after
mixture, an ELISA assay was applied. Significances (compared to the
control) were calculated with Welch’s t-test.
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Figure 3.7: Phosphorylation of VEGF receptor 2 in relation to the
total amount of VEGFR2 in OEC after treatment with enzymatically-
extracted fucoidan. OEC were treated with 100 pg/ml fucoidan and
VEGFR2 phosphorylation was simultaneously stimulated by applying
100 ng/ml VEGF-165. Cells were harvested after 15 min and ELISAs for
VEGFR2 and VEGFR2p were performed. Control cells 1 were cultured
in regular medium and not treated with fucoidan, nor stimulated with
VEGF-165. Control cells 2 were stimulated with VEGF-165, but not
treated with fucoidan. Significances compared to control 1 (+) and to
control 2 (*) were calculated with Welch’s t-test.

3.3.5 Inflammatory and angiogenic signaling molecules in OEC

Endothelial cells are the main building elements of blood vessels. They migrate and reor-
ganize during angiogenesis, but they also guide inflammatory reactions by sequestration
of immune cells via cytokine release and expression of adhesion molecules. An acute
inflammatory response is always one of the first steps to trigger angiogenic processes.
Figure 3.8 reveals how fucoidan treatment affected the expression and extracellular levels
of cytokines, adhesion molecules and angiogenic mediator ANG-2 in OEC mono-cultures.
Treatment with the crude extracts FE crude and FE_F1 tentatively increased gene ex-
pressions and protein levels of I11.-6 and ICAM-1. However, treatment with the pure
extracts FE_F2 and FE F3 decreased gene expression of IL-6, ICAM-1 and VCAM-1
significantly. On protein level, this observed effect was not visible. 1L-6 and ICAM-1
remained at control level after fucoidan treatment. The gene expression of ANG-2, an im-
portant angiogenic mediator, was not affected by fucoidan treatment, while protein levels
were decreased after treatment with all tested fucoidan extracts, except for FE crude.
These results indicate that the crude fucoidan extracts caused a pro-inflammatory re-
action in OEC, the pure extracts, however suppressed an inflammatory response. To
make a final statement about the impact of these fucoidan extract on inflammatory pro-
cesses, the data shown is not sufficient. The anti-inflammatory potential of FE_F3 was
extensively investigated in a study by Kirsten et al. (manuscript in preparation).
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Figure 3.8: Expression and protein level of inflammatory and
angiogenic mediators in OEC mono-culture after treatment with
enzymatically-extracted fucoidans. OEC were treated with 100 pg/ml
fucoidan. After seven days, gene expression and protein levels of IL-6,
ICAM-1, VCAM-1 and ANG-2 were quantified using qPCR and ELISA,
respectively. Significances (compared to the control) were calculated
with Welch’s t-test.
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3.4 Angiogenesis in MSC-OEC Co-cultures

In MSC-OEC co-cultures, both cell types are able to interact. Past studies have shown
that MSC-OEC co-cultures are suitable model systems to monitor the development of
primitive tube-like angiogenic structures. These models offer the possibility to investi-
gate the effect of fucoidan treatment on a functional level.

3.4.1 Development of angiogenic structures

To study the influence of fucoidan on the development of angiogenic structures, MSC and
OEC were co-cultured, treated with fucoidan for seven days and afterwards stained for
endothelial marker VE-cadherin. All co-cultures developed angiogenic tube-like struc-
tures as shown in figures 3.9 A). However, the amount of structures was highly reduced
in co-cultures treated with the fucoidan fractions FE_F1, FE F2 and FE_F3. The
quantification of number, length and area of the angiogenic structures revealed that
treatment with 10 and 100 ug/ml FE_F1, FE F2 and FE_F3 reduced the number
of structures significantly (Figure 3.9 B)). Length and area of the angiogenic skeleton
were significantly reduced after treatment with FE_F3. These results suggest that all
tested fucoidan fractions impaired the formation of angiogenic tube-like structure. Pure
extracts however, suppressed the development most.

3.4.2 Angiogenic signaling molecules in MSC-OEC co-cultures

To reveal more details about the anti-angiogenic effect of the fucoidan fractions in MSC-
OEC co-cultures, cells were treated with 10 and 100 pg/ml fucoidan and VEGF, SDF-1,
ANG-1 and ANG-2 protein levels were quantified on day four and seven in the super-
natant. Additionally on day seven, the gene expressions of the mentioned signaling
molecules were quantified from co-cultures which were treated with 100 ug/ml fucoidan.
Figure 3.10 shows that on day four, protein levels from fucoidan-treated co-cultures were
not different to control levels, except for ANG-2. Similar to the OEC mono-cultures,
ANG-2 levels were decreased with increasing purity of the extracts. On day seven, very
similar to day four, ANG-2 levels were decreased most in co-cultures treated with the
pure extracts. ANG-1 and SDF-1 protein levels increased from day four to day seven,
but fucoidan treatment did not change the levels relatively to the control. VEGF levels
were barely detectable on day four. The VEGF protein amount increased on day seven
compared to day four. Different to the MSC mono-cultures, VEGF levels were higher
in fucoidan-treated cells than in control cells. 100 pug/ml fucoidan treatment had no
significant impact on the gene expression of all tested signaling molecules.
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Figure 3.9: Development of angiogenic tube-like structures in MSC-
OEC co-cultures after treatment with enzymatically-extracted fu-
coidans. Co-cultures were treated with 10 and 100 ug/ml fucoidan for
seven days. After seven days, cells were stained for VE-cadherin and
nuclei. A) Exemplary microscopy pictures of co-cultures with angio-
genic structures. Images were inverted and displayed in grey values. A
close-up of developed angiogenic structures is shown in the purple frame
(VE-cadherin in green, nuclei in blue, scale bars=200 ym). B) Quan-
tification of angiogenic skeleton number, length and area. 27 frames in
total were analyzed for each donor pair. Significances (compared to the
control) were calculated with Welch’s t-test.
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Figure 3.10: Expression and protein level of angiogenic mediators in
MSC-OEC co-cultures after treatment with enzymatically-extracted fu-
coidans. For protein level quantification using ELISA, co-cultures were
treated with 10 and 100 pg/ml fucoidan for four and seven days. For gene
expression analysis via qPCR, co-cultures were treated with 100 ug/ml
fucoidan for seven days. Significances (compared to the control) were
calculated with Welch’s t-test.
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Figure 3.11 shows the expression of additional genes which play a role in angiogenic
and osteogenic processes. ALP functions as a marker for early osteogenesis as explained
before, MMPs degrade the ECM, so that new blood vessel can be established. While
the gene expression of common mediators such as VEGF and angiopoietins was not
influenced by fucoidan treatment as shown before, expressions of ALP and MMP-14
were decreased after treatment with the pure extracts FE_F2 and FE F3. Similar to
the mono-culture experiments, purer extracts exhibited stronger effects on the tested

cell model systems.
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Figure 3.11: Gene expression of ALP and MMP-14 in MSC-OEC co-
cultures after treatment with enzymatically-extracted fucoidans. Cells
were treated with 100 ug/ml fucoidan and gene expression was quantified
on day seven using qPCR. Significances (compared to the control) were
calculated with Welch’s t-test.
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This chapter investigates how bioactivities of fucoidan extract FE _F38 change after de-
fined cleavage by fucoidanase Fhfl. The chemical properties, as well as the biological
effect of medium (MMW) and low molecular weight (LMW) fucoidans obtained after
enzymatic degradation were compared to high molecular weight FE _F3 in cell culture
models relevant for bone regeneration. The most important findings are summarized in
the following publication:

Depolymerization of Fucoidan with Endo-Fucoidanase Changes Bioactivity in
Processes Relevant for Bone Regeneration. Julia Ohmes, Maria Dalgaard Mikkelsen,
Thuan Thi Nguyen, Vy Ha Nguyen Tran, Sebastian Meier, Mads Suhr Nielsen, Ming Ding,
Andreas Seekamp, Anne S. Meyer and Sabine Fuchs (2022) Carbohydr. Polym. 286
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Chapter 4. Results II: Bioactivity of Enzymatically-Degraded Fucoidans

4.1 Chemical Characterization of MMW and LMW

Fucoidan extracts were isolated from F. evanescens using an enzyme-assisted extraction
technique. The crude (FE _crude) extract was purified by IEX to obtain the three fu-
coidan fractions FE_F1 (eluted first), FE_F2 (eluted second) and FE_F3 (eluted third).
As shown in the prior section, FE_F3 was the purest fraction and exhibited the strongest
anti-angiogenic effect in MSC and OEC cultures. Further details on the bioactivities
of the obtained fucoidan fractions can be found in [133]. HMW FE_F3 was chosen as
the substrate for hydrolysis, catalyzed by the recently discovered endo-fucoidanase Fhfl.
Fhfl cleaves a-(1,4)-glycosidic bonds between non-acetylated and C2-monosulfated units
in fucoidans with alternating a-(1,3)-/a-(1,4)-linked L-fucopyranosyls yielding LMW
oligosaccharides and a MMW fraction [179]. The extraction process is schematically
illustrated in Figure 2.1.

4.1.1 Monosaccharide composition, molecular weight, sulfate, polyphe-
nolic and protein content

After extraction, MMW and LMW were chemically characterized. Table 4.1 lists monosac-
charide composition, sulfate content, molecular weight, total phenolic and protein con-
tent of the extracts. For a better comparison, the chemical characterization of HMW
FE_F3 was added to the table as well. All extracts were mainly composed of fucose
(>87%). The compositional analysis showed that LMW was devoid of other monosac-
charides. The galactose content in MMW (8 %) was comparable to the galactose content
in HMW FE_F3. Apart from galactose, MMW, as well as HMW FE_F3 did not con-
tain large amounts of other monosaccharides. The alginate content was negligibly low
in all extracts. The overall sulfate content was lower in the LMW (~34 %) compared
to the MMW fucoidan (~50%). These results are consistent with the specificity of
Fhfl fucoidanase, which cleaves mono-sulfated fucosyl residues, leaving the disulfated
residues in the MMW fraction, thus resulting in a higher sulfate content in the MMW
compared to the LMW fraction. The total phenolic content and the protein content
were <1.5 GAE/g and <0.6 %, respectively.

High-performance size exclusion chromatography was performed to estimate the molec-
ular weight of the extracts. While HMW FE_F3 had a peak at around 600 kDa, it can
be categorized as a high molecular weight fucoidan. The hydrolysis product MMW is a
medium molecular weight fucoidan with two peaks around 10 and 209 kDa. The LMW
fraction contains oligosaccharides with a mean size of 2 kDa and therefore belongs to
the group of low molecular weight fucoidans.

4.1.2 Chemical structures of MMW and LMW

NMR spectroscopy was applied to determine the chemical structures of MMW and LMW.
The MMW fucodian extract consisted of a repetitive and regular polysaccharide that
was largely devoid of acetylation. It was disulfated in —3)-a-L-Fucp2,4-di-S-(1— units
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(Figure 4.1 A). The LMW extract was an oligosaccharide which predominantly consisted
of tetrasaccharides, sulfated only at C2 of each fucose unit and C3-acetylated at the —4)-
a-L-Fucp2S,30Ac-(1— residue adjacent to the reducing end (Figure 4.1 B)). In order
to gain additional insights into the architecture of the fucoidan fractions, NMR spectra
were further evaluated (see Supplementary Figure A.1). The evaluation showed that
MMW contained signals that are consistent with the presence of —3,4)-a-L-Fucp(2-
SO37)-(1—-3)- residues (Clément et al., 2010) at low density of approximately 2.4 %
on monomer basis (approximately one in 40 units). In contrast, branching could not
be identified in the LMW fraction. The sulfate content deriving from the structures
(higher sulfate content in MMW than in LMW) was consistent with the results from the
titrimetric BaCly sulfate quantification.

Table 4.1: Chemical characterization of fucoidanase hydrolysis prod-
ucts MMW and LMW including monosaccharide composition, sulfate
content, molecular weight, total phenolic and total protein content.
Chemical properties of HMW FE F3 were added for an easier com-

parison.
HMW MMW LMW
FE F3
Fucose 87.34+0.71  87.09+0.85 97.4240.08
Rhamnose  0.48+0.11 0.8740.06 0.1240.00
Neutral Galactose ~ 8.47+0.33  7.94052  1.15+0.04
[%mol| Glucose 0.324+0.04 0.3940.03 0.0740.00
Xylose 1.59+0.38 2.65+0.17 1.2340.04
Mannose 0.36+0.08 nd nd
Uronic GluA 0.684+0.14 0.774+0.05 nd
acid ManA 0.74+0.16  nd nd
[7mol] GuluA nd 0.3240.02  nd
Sulfate SO;™ [%] 37.6+1.6 49.6+3.14 33.6+3.37
content SO2~:Fuc! 0.9 1.1 0.9
Molecular
weight [kDa] 400-500 10, 209 2
Total phenolic
content [GAE/g] 0.8140.05 1.39+0.11 0.734+0.09
Total protein
content [%)] 0.2240.07 0.59+0.02 0.06+0.01

! weight ratio

nd =not detectable
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Figure 4.1: Chemical structures of fucoidanase Fhfl hydrolysis prod-
ucts A) MMW and B) LMW. The structures were generated based on
NMR analysis.

4.2 Tolerance of OEC Towards MMW and LMW

To study the effect of MMW and LMW on the the membrane integrity in OEC, a LDH
assay was performed after seven days of treatment. As shown in Figure 4.2, fucoidan
treatment slightly decreased the release of LDH compared to the control cells. These
results indicate that treatment with 10 and 100 pug/ml did not impair the membrane

integrity in OEC.
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Figure 4.2: Membrane integrity of OEC mono-cultures after treatment
with fucoidan obtained by fucoidanase hydrolysis. OEC were treated
with 10 and 100 pg/ml MMW or LMW. After seven days, a LDH assay
was performed. Significances (compared to the control) were calculated
with Welch’s t-test
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4.3 Angiogenesis and Inflammation in Mono-cultures

To study whether enzymatic hydrolysis changes the biological activity of fucoidan ex-
tracts in angiogenic and inflammatory processes in MSC and OEC, the expression and
extracellular protein levels of relevant mediators were quantified.

4.3.1 Angiogenic signaling molecules VEGF, ANG-1 and SDF-1 in
MSC

VEGF, ANG-1 and SDF-1 are well known angiogenic signaling molecules which are
produced by MSC. Figure 4.3 shows how VEGF, ANG-1 and SDF-1 expression and
protein levels change after treating MSC with 10 and 100 ug/ml MMW and LMW. For
an easier comparison, gene expression and protein levels after 100 ug/ml HMW FE_F3
treatment and corresponding controls were included into the result plots. VEGF gene
expression was slightly decreased after 10 pug/ml treatment. HMW FE F3 treatment
reduced the gene expression of VEGF and was therefore significantly lower than VEGF
expression in cells that were treated with 10 ug/ml LMW (Figure 4.3 A)). MMW and
LMW treatments had no or only a very small impact on the gene expressions of ANG-
1 and SDF-1. SDF-1 gene expression however, was strongly reduced by HMW FE F3
treatment. Therefore, gene expression in cells treated with 100 ug/ml HMW FE_F3 was
significantly different to the expression in cells that were treated with 10 ug/ml MMW
(Figure 4.3 C)). The different effect of MMW and LMW compared to HMW FE _F3 was
more prominent for VEGF and ANG-1 protein levels. HMW FE F3 strongly reduced
the protein amount in the supernatant. Even though, MMW and LMW also partly
reduced the VEGF and ANG-1 levels, the available protein amount was much higher
in these samples compared to HMW FE F3-treated samples. These results indicate
that treatment with MMW and LMW had a weaker inhibitory effect on the mentioned
angiogenic signaling molecules than HMW FE F3.
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Figure 4.3: Expression and protein level of angiogenic mediators
in MSC mono-culture after treatment with fucoidan obtained by fu-
coidanase hydrolysis. MSC were treated with 10 and 100 pg/ml MMW
or LMW. After seven days, gene expression and protein levels in the su-
pernatant of A) VEGF, B) ANG-1 and C) SDF-1 were quantified using
qPCR and ELISA, respectively. For a better comparison, all graphs in-
clude gene expression and protein levels of MSC which were treated with
100 ug/ml HMW FE_F3 for seven days. Significances compared to the
control cells (*) and to HMW FE_ F3-treated cells (+) were calculated
with Welch’s t-test.

4.3.2 VEGFR2 phosphorylation in OEC

In the prior section, it was shown that treatment with MMW and LMW no longer
strongly reduced gene expression and protein levels of important angiogenic mediators
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as it was shown for HMW FE_F3-treated cells. It was expected that reduced VEGF
protein levels caused by HMW FE F3 treatment would result in a weaker activation
of VEGFR2 in OEC. As demonstrated in the prior chapter (see Figure 3.7), FE F3
treatment only tentatively decreased VEGFR2 phosphorylation. Treatment with MMW
and LMW only slightly reduced VEGF protein levels. Therefore, it was not expected
that MMW and LMW treatment would have an effect on the activation of VEGFR2
in OEC. Figure 4.4 demonstrates that neither MMW, nor LMW treatment reduced
the amount of phosphorylated VEGFR2 in relation to the overall amount of VEGFR2.
The high levels of VEGFR2p in OEC which were treated with VEGF-165 proves that
VEGF-165 stimulation was successful.

VEGFR VEGFRp VEGFRp/VEGFR
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Figure 4.4: Phosphorylation of VEGF receptor 2 in relation to the total
amount of VEGFR2 in OEC after treatment with fucoidan obtained
by fucoidanase hydrolysis. OEC were treated with 100 ug/ml MMW
or LMW and VEGFR2 phosphorylation was simultaneously stimulated
by applying 100 ng/ml VEGF-165. Cells were harvested after 15 min
and ELISAs for VEGFR2 and VEGFR2p were performed. Control cells
1 were cultured in regular medium and not treated with fucoidan, nor
stimulated with VEGF-165. Control cells 2 were stimulated with VEGF-
165, but not treated with fucoidan. For a better comparison, all graphs
include protein levels of VEGFR2 and VEGFR2p in OEC which were
treated with 100 pug/ml HMW FE_F3. Significances compared to control
1 (+) and to control 2 (*) were calculated with Welch’s t-test.
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4.3.3 Inflammatory and angiogenic signaling molecules in OEC

As mentioned before, an acute inflammatory response is one of the first steps to initiate
bone repair. A lasting chronic inflammation however impairs regeneration. OEC were
treated with 10 and 100 pug/ml MMW and LMW for seven days and the effect of fucoidan
treatment on inflammatory processes in OEC mono-cultures was examined. As shown
in Figure 4.5 A), treatment with 10 ug/ml MMW and 10 or 100 pg/ml LMW had no or
only a very small impact on the expression of inflammation-related mediators like IL-6,
adhesion molecules ICAM-1 and VCAM-1 and NFxB.
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Figure 4.5: Expression and protein level of inflammatory and angio-
genic mediators in OEC mono-culture after treatment with fucoidan
obtained by fucoidanase hydrolysis. OEC were treated with 10 and
100 ug/ml MMW or LMW. After seven days, gene expression and protein
levels of A) IL-6, ICAM-1, VCAM-1, NFxB and B) ANG-2 were quan-
tified using qPCR and ELISA, respectively. For a better comparison,
all graphs include gene expressions and protein levels of the mentioned
mediators in OEC which were treated with 100 ug/ml HMW FE_F3.
Significances compared to the control cells (*) and to HMW FE F3-
treated cells (+) were calculated with Welch’s t-test.
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However, expression levels of I1-6, ICAM-1 and VCAM-1 were increased after treating
OEC with 100 pug/ml MMW. Contrarily, gene expressions were strongly downregulated
after treatment with 100 ug/ml HMW FE F3. IL-6 and ICAM-1 protein levels in the
supernatant were not affected by LMW treatment in both concentrations. IL-6 and
ICAM-1 protein levels however were increased after treatment with high concentrations
of MMW. HMW FE _F3 treatment had no effect on the ICAM-1 protein levels, but
tentatively decreased IL-6 levels in OEC. The protein levels were mainly in accordance
with the respective gene expressions. An increase of gene expression and protein levels of
the mentioned inflammatory markers indicates that treatment with high concentrations
of MMW caused an inflammatory response in OEC.

Figure 4.5 B) demonstrates the expression and protein levels of angiogenic signaling
molecule ANG-2 in OEC. While treatment with MMW, LMW and HMW _F3 had no
effect on ANG-2 gene expression, ANG-2 protein levels were equally affected by treat-
ment with all tested fucoidans. All fucoidans reduced ANG-2 levels by approximately
50 %. Higher fucoidan concentrations of 100 ug/ml decreased the protein level more than
lower concentrations of 10 ug/ml.

4.4 Angiogenesis and Inflammation in MSC-OEC Co-cultures

To further study the impact of MMW, LMW and HMW FE_F3 on angiogenesis and
inflammation, MSC-OEC co-culture models were applied. As mentioned before, in MSC-
OEC co-culture systems, both cell types are able to interact and therefore allow the
conduction of functional studies. In the following, the inflammatory effect of MMW and
LMW was further analyzed by studying the integrity of the endothelial cell layer after
fucoidan treatment. Additionally, the angiogenic effect of MMW and LMW was further
analyzed by studying the development of prevascular tube-like structures.

4.4.1 Integrity of the endothelial cell barrier

During an inflammatory response, endothelial cells loosen their cell contacts to enable the
extravasation of immune cells from the blood stream into the affected tissue. Two well
known cell junctions are adherens junctions that are associated with the transmembrance
protein VE-cadherin, as well as tight junctions which need the cytoplasmic protein zona
occludens-1 (ZO-1) for stabilization. Figure 4.6 A) shows how high concentrations of
MMW affected the confluency of the endothelial cell layer. In contrast to the control
and LMW-treated co-cultures which form a stable cell layer, MMW-treated co-cultures
exhibited large areas without OEC. The analysis of the areas without OEC as presented
in Figure 4.6 B), confirms that co-cultures treated with 100 ug/ml MMW contain large
areas devoid of OEC. In contrast, the area without OEC in co-cultures treated with low
concentrations of MMW and treated with both concentrations of LMW was significantly
smaller than in the control cells. This indicates the formation of a stable endothelial cell
layer in these co-cultures. Gene expression analysis of junction proteins VE-cadherin
and ZO-1 as shown in Figure 4.6 C) demonstrates that VE-cadherin expression was
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downregulated in co-cultures which were treated with 100 ug/ml MMW, while the ex-
pression of ZO-1 remained unaffected. This finding indicates that co-cultures lost their
OEC integrity due to an opening of VE-cadherin-associated adherens junctions.
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Figure 4.6: The integrity of the endothelial cell barrier in MSC-OEC
co-cultures after treatment with fucoidan obtained by fucoidanase hy-
drolysis. Co-cultures were treated with 10 and 100 pg/ml MMW and
LMW for seven days. A) The co-cultures were stained for endothe-
lial marker VE-cadherin (green). Exemplary images for control cells
and co-cultures treated with 100 pug/ml fucoidan are displayed (scale
bar=300 ym). B) OEC-free areas were quantified for 27 frames for each
donor pair. C) The gene expression of VE-cadherin and ZO-1 was de-
termined after seven days of treatment using qPCR. Significances (com-
pared to the control) were calculated with Welch’s t-test.

4.4.2 Development of angiogenic structures

To study the effect of MMW and LMW on the development of angiogenic structures,
MSC-OEC co-cultures were treated with 10 and 100 ug/ml MMW or LMW and stained
on day seven for VE-cadherin. Exemplary microscopy pictures, as well as the quantifica-
tion of emerged angiogenic structures are presented in Figure 4.7. As already described
in the prior chapter in section 3.4.1, treatment with FE F3 treatment suppressed the
development of angiogenic structures almost completely. In contrast, no negative im-
pact on the development of angiogenic structures could be observed for co-cultures which
were treated with MMW and LMW. The quantification of the structures revealed that
length and area were even increased for some donor cells. These results are in accor-
dance with the small impact on angiogenic signaling molecules that was observed for
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MSC mono-cultures after MMW or LMW treatment in section 4.3.1. This experiment
shows that treatment with MMW or LMW had no inhibitory effect on the development
of angiogenic structures in MSC-OEC co-cultures. It further indicates that enzymatic
processing of fucoidans holds the potential to tailor the bioactivity of fucoidan extracts
in regard to angiogenic processes.
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Figure 4.7: Development of angiogenic tube-like structures in MSC-
OEC co-cultures after treatment with fucoidan obtained by fucoidanase
hydrolysis. Co-cultures were treated with 10 and 100 ug/ml MMW
or LMW for seven days. After seven days, cells were stained for VE-
cadherin and nuclei. A) Exemplary microscopy pictures of co-cultures
with angiogenic structures. Images were inverted and displayed in grey
values (scale bar=300 ym). B) Quantification of angiogenic skeleton area
and length. 27 frames in total were analyzed for each donor pair. For a
better comparison, this figure includes the results of co-cultures treated
with 100 ug/ml HMW FE_F3. Significances compared to the control
cells (*) and to HMW FE_ F3-treated cells (+) were calculated with
Welch’s t-test.
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4.4.3 Angiogenic signaling molecules in MSC-OEC co-cultures

The prior section demonstrated that the fucoidanase hydrolysis products MMW and
LMW lost their anti-angiogenic properties on a functional level which were clearly proven
for HMW FE _F3. This section investigates how angiogenic signaling molecules were af-
fected by MMW and LMW treatment in the MSC-OEC co-culture system. Figure 4.8
shows that gene expressions of VEGF, SDF-1, ANG-1 and ANG-2 were only minimally
altered by fucoidan treatment. Similar results were observed for co-cultures treated with
the fractionated fucoidans FE F1, FE F2 and FE F3 (see section 3.4.2, Figure 3.11).
Treatment with 100 pug/ml LMW and 10 ug/ml MMW increased the gene expression of
VEGF significantly. The trend is mirrored in the VEGF protein levels which were ten-
tatively increased after fucoidan treatment. The same effect was observed for treatment
with the fractions FE_F1, FE F2 and FE_F3. Low concentrations of MMW decreased
the protein level of SDF-1. Other than that, fucoidan treatment had no measurable effect
on SDF-1, ANG-1 and ANG-2 protein levels. As shown in the prior section, treatment
with MMW or LMW had no significant impact on the formation of angiogenic struc-
tures. Therefore, the absent effect of MMW and LMW treatment on angiogenic signaling
molecules in co-cultures is in accordance with the prior results.

4.5 Interaction of Fucoidan Extracts with MSC and OEC

To assess why fucoidan hydrolysis products MMW and LMW influence angiogenic and
inflammation related processes in a different way than HMW FE_F3, the interaction
of fucoidan with MSC and OEC was visualized using immunocytochemistry. Therefore,
cells were incubated with 100 ug/ml MMW, LMW and FE_F3 for 72 h, washed repeat-
edly and stained for fucoidan using the BAM-4 antibody from SeaProbes. Exemplary
microscopy images of stained MSC and OEC mono- and co-cultures are displayed in
Figure 4.9. The light red fluorescence visible in the control cells indicates unspecific
binding events of the BAM-4 antibody. The strongest fucoidan staining was observed
for MSC and OEC mono-cultures which were treated with HMW FE F3. Almost no
fucoidan staining however was observed in cultures that were treated with MMW or
LMW (Figure 4.9 A) and B)). Interestingly, fucoidan staining could not be identified
in any co-culture. As described in the prior sections, the co-culture environment allows
OEC to develop tube-like angiogenic structures. Even though, it was shown that HMW
FE F3 affected the development of these structures, no fucoidan staining could be de-
tected in their vicinity (Figure 4.9 C) and D)).

The analysis of red fluorescence intensity in relation to cell number as shown in 4.9 E)
fits the observations described above. The quantification reveals that fucoidan stain-
ing on MSC cells was much stronger than on OEC. Even though, fucoidan staining
was strongest for HMW FE F3, also MMW and LMW were detected in MSC mono-
cultures. For OEC, fucoidan intensity was significantly higher after LMW and HMW
FE F3 treatment. Supporting the observations from the microscopy pictures, no fu-
coidan staining could be detected in the co-culture systems. This experiment shows that
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FE_F3 interacts stronger with the studied cells than hydrolysis products MMW and
LMW. It also suggests that the tested fucoidans interact stronger with MSC than with

OEC.
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Figure 4.8: Expression and protein level of angiogenic mediators in
MSC-OEC co-cultures after treatment with fucoidan obtained by fu-
coidanase hydrolysis. Co-cultures were treated with 10 or 100 pg/ml
MMW or LMW. Gene expression and protein levels of VEGF, SDF-
1, ANG-1 and ANG-2 were determined on day seven using qPCR and
ELISA, respectively. Absolute protein levels, as well as levels normed to
the control were plotted. For a better comparison, all graphs include gene
expressions and protein levels of the mentioned mediators in MSC-OEC
co-cultures which were treated with 100 ug/ml HMW FE_F3. Signifi-
cances compared to the control cells (*) and to HMW FE _F3-treated
cells () were calculated with Welch’s t-test.
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Figure 4.9: Interaction of enzymatically-extracted and -degraded fu-
coidans with MSC and OEC. Mono- and co-cultures were treated with
100 pg/ml fucoidan for three days. Subsequently, cells were washed and
stained for fucoidan (red), actin (yellow) and nuclei (blue) using BAM-4
antibody, phalloidin-TRITC and Hoechst, respectively. Cultures with
OEC were also stained for VE-cadherin (green). The Figure shows ex-
emplary microscopy pictures of A) MSC mono-cultures, B) OEC mono-
cultures and C) MSC-OEC co-cultures. D) MSC-OEC co-cultures with
emerged angiogenic structures. E) The fluorescence intensity of fucoidan
staining was quantified in relation to the number of cells for mono- and
co-cultures. Scale bars=>50 . Significances compared to the control cells
(*) and to HMW FE_ F3-treated cells (+) were calculated with Welch’s 71
t-test.






Results 111

This chapter investigates the effect of three chemically extracted and degraded fucoidan
extracts (CAUL, CAU2, CAUS8) on angiogenesis in co-culture models relevant for bone
regeneration. Additionally, the effect of the native fucoidan (NatF') and its purified frac-
tion (FracC) was evaluated in one experimental set.
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Chapter 5. Results III: Bioactivity of Chemically Extracted Fucoidans

5.1 Chemical Characterization of Chemically Extracted and
Degraded Fucoidans

Native fucoidan (NatF) was isolated from F. evanescens applying a chemical extraction
technique and subsequently purified into three fractions using IEX. The third eluted
fraction FracC was tested in one experimental setup as shown in the later section 5.2.2.
To obtain fragmented fucoidans, NatF was hydrolyzed by incubation with HoO» for dif-
ferent periods of time. Each fragmented fucoidan was further purified into three fractions
using IEX. The third eluted fraction of each extract (CAU1, CAU2, CAU3) was collected
for biological experiments. The procedure of chemical extraction and fragmentation is
illustrated in Figure 2.1.

Results for the quantification of fucose content, degree of sulfation and molecular weight
are listed in Table 5.1. The fucose content was equally high in all IEX-purified ex-
tracts. Even the native extract contained 80 % fucose. These results indicate that the
co-extracted amount of alginate was low. The degree of sulfation was lowest for the
native fucoidan with 0.52. It increased however to 0.61 in the purified extract FracC.
The fragmented extracts contained the highest degrees of sulfation. CAU1, which was
incubated for the shortest time with H2O2 had the highest degree of sulfation with
0.9. The results suggest that extracts with a shorter HoO2 incubation time contain a
higher degree of sulfation. The native fucoidan, as well as its purified fraction FracC
had a molecular weight of 400-450 kDa, belonging to the group of high molecular weight
fucoidans. The decreased molecular weights of CAU1, CAU2 and CAU3 show that frag-
mentation with HoOo was successful. However, there was no trend visible that longer
H50O5 incubation times resulted in smaller fucoidan fragments. The results indicate that
H204 fragmentation occurs randomly and that incubation time has no linear effect on
the molecular weight of the resulting extracts.

Table 5.1: Chemical characterization of chemically extracted fucoidans
(NatF, FracC) and further degraded extracts (CAU1, CAU2, CAU3).
Fucose content, degree of sulfation and molecular weight were deter-
mined as listed below.

CAU1 CAU2 CAU3 NatF FracC

Fucose [%] 93.1 93 88.4 78.6 94.5
Sulfates [%]  38.8 38.2 34 - -
SOif:Fuc 0.9 0.88 0.73 0.52 0.63
Molecular

weight, [kDal 26 18 155 539 371

5.2 Angiogenesis in MSC-OEC Co-cultures

To study the impact of chemically extracted and HoOo-fragmented fucoidan extracts
on angiogenesis, MSC-OEC co-cultures were treated with CAU1, CAU2 and CAU3
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and development of angiogenic structures, as well as expression and protein levels of
angiogenic signaling molecules were analyzed. A co-culture with one donor pair was
conducted to understand if non-fragmented extracts NatF and FracC affected angiogenic
signaling molecules differently.

5.2.1 Development of angiogenic structures

To study the effect of CAU1, CAU2 and CAU3 on the development of angiogenic struc-
tures, MSC-OEC co-cultures were treated with 10 pug/ml fucoidan and stained on day
four and seven for VE-cadherin. Exemplary microscopy pictures for both days are shown
in Figure 5.1. Almost no angiogenic structures were apparent on day four in control co-
cultures, while some structures were already developed in co-cultures treated with CAU1,
CAU2 and CAU3. The number of structures increased in all co-cultures from day four
to day seven. The microscopy pictures from day seven show that none of the tested ex-
tracts impaired the formation of angiogenic structures in the co-culture system. Without
quantification it is however difficult to judge whether fucoidan treatment increased the
amount of emerged structures compared to the control.

5.2.2 Angiogenic signaling molecules in MSC-OEC co-cultures

To study the impact of chemically extracted fucoidans CAU1, CAU2 and CAU3 on a
molecular level, MSC-OEC co-cultures were treated wit 10 pg/ml fucoidan and gene ex-
pressions, as well as protein levels of angiogenic mediators VEGF, SDF-1, ANG-1 and
ANG-2 were quantified on day four and seven. Similar to the results reported before,
the tested fucoidan extract had no effect on the gene expression of the mentioned signal-
ing molecules. Only, treatment with CAU2 decreased the expression of ANG-1 slightly.
While, fucoidan treatment had no impact on VEGF protein levels on both tested days,
SDF-1, ANG-1 and ANG-2 level were similarly affected by treatment with CAU1, CAU2
and CAU3. Fucoidan treatment decreased the protein levels of the mentioned molecules,
at which CAU3 had the strongest impact, followed by CAU2 and CAUl. A decrease
of angiogenic signaling molecules in mono-cultures was reported in earlier sections for
enzymatically-extracted fucoidans. However, these fucoidans also had a negative impact
on the development on angiogenic structures in co-cultures which was not visible for
the tested extracts CAU1, CAU2 and CAU3. In the prior section, a decrease of protein
levels could be correlated with an increase in extract purity and an increase in degree
of sulfation. FE F3 as the purest extract with the highest sulfate content impaired
angiogenic processes most. Here, CAU3 (with the lowest degree of sulfation) decreased
the mentioned protein levels most.
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control

CAU1

Figure 5.1: Development of angiogenic tube-like structures in MSC-
OEC co-cultures after treatment with HoOs-degraded fucoidans. Co-
cultures were treated with 10 ug/ml fucoidan for four and seven days.
Cells were stained for VE-cadherin and nuclei. Exemplary microscopy
images were inverted and displayed in grey values (scale bar=300 pm).
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Figure 5.2: Expression and protein level of angiogenic mediators in
MSC-OEC co-cultures after treatment with HoOs-degraded fucoidans.
Co-cultures were treated with 10 pg/ml fucoidan. Protein levels of
VEGF, SDF-1, ANG-1 and ANG-2 were determined on day four and
seven using ELISA. Gene expressions of the mentioned mediators were
analyzed on day seven using qPCR. Significances (compared to the con-
trol) were calculated with Welch’s t-test.
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Figure 5.3: Expression and protein level of angiogenic mediators in
MSC-OEC co-cultures after treatment with native and HoOs-degraded
fucoidans. Co-cultures were treated with 10 ug/ml CAU1, CAU2, CAU3
(fragmented fucoidans), NatF and FracC (native fucoidans). Gene ex-
pression and protein levels of VEGF, SDF-1, ANG-1 and ANG-2 were
determined on day seven using qPCR and ELISA, respectively. Error
bars indicate the technical error. Significances were not calculated, be-
cause the experiment was only performed for one donor pair.



5.3. Interaction of Chemically Extracted Fucoidans with MSC and OEC

To compare the effect of fragmented fucoidans CAU1, CAU2 and CAU3 with the intact
polysaccharides, one co-culture was additionally treated with 10 ug/ml of the native
fucoidan NatF and the purified extract FracC. After seven days, gene expression and
protein levels of the before mentioned mediators were quantified. The results from this
experiment are displayed in Figure 5.3. Similar to the results shown in Figure 5.2, gene
expression levels were mostly not affected by treatment with the fragmented extracts.
Only, ANG-1 expression levels were decreased after treatment with CAU1, CAU2 and
CAUS3. FracC and NatF however, decreased the expressions of all tested genes to approxi-
mately 50 % or more. While, FracC and NatF strongly downregulated VEGF expression,
VEGF protein levels were highly increased after treatment with the intact extracts. For
the other tested signaling molecules, results from gene expression could be translated
to quantified protein levels. Treatment with FracC and NatF decreased SDF-1, ANG-1
and ANG-2 protein levels by approximately 50%. The experiment indicates that the
intact fucoidan extracts NatF and FracC negatively effect the expression and protein
levels of angiogenic signaling molecules. However, these results must be interpreted with
caution as the experiment was only performed for one donor pair. Also, the absence of
functional assays does not allow to make a final statement about the effect of the intact
fucoidans NatF and FraC in the co-culture system.

5.3 Interaction of Chemically Extracted Fucoidans with
MSC and OEC

The interaction of chemically extracted and fragmented fucoidans CAU1, CAU2 and
CAU3 with MSC and OEC mono-cultures was studied using immunocytochemistry.
Therefore, cells were treated with 10 ug/ml fucoidan for three days, subsequently washed
and remained fucoidan was stained using the BAM-4 antibody from SeaProbes. Exem-
plary microscopy pictures of the stained cells are displayed in Figure 5.4. Light red fluo-
rescence in the control cells indicates unspecific binding events of the BAM-4 antibody.
From the microscopy pictures, it can be observed that all tested fucoidans interacted
with the MSC. Almost no fucoidan staining could be observed in the OEC culture. The
quantification of fucoidan staining in relation to the number of cells as shown in Fig-
ure 5.4 C), confirmed the observations from the microscopy pictures. Fucoidan extracts
CAU1, CAU2 and CAUS interacted almost equally with MSC. However, only fucoidan
staining after CAU3 treatment was significantly increased in OEC culture. Similar to
the results for enzymatically-extracted fucoidan FE_F3 shown in section 4.5, fucoidans
interacted stronger with MSC than with OEC.
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Figure 5.4: Interaction of HyOs-degraded fucoidans with MSC and
OEC. Mono- and co-cultures were treated with 10 ug/ml fucoidan for
three days. Subsequently, cells were washed and stained for fucoidan
(red), actin (yellow) and nuclei (blue) using BAM-4 antibody, phalloidin-
TRITC and Hoechst, respectively. Cultures with OEC were also stained
for VE-cadherin (green). The Figure shows exemplary microscopy pic-
tures of A) MSC mono-cultures and B) OEC mono-cultures. C) The
fluorescence intensity of fucoidan staining was quantified in relation to
the number of cells for MSC and OEC. Scale bars=>50 ym. Significances
(compared to the control) were calculated with Welch’s t-test.
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Results IV

This chapter describes the development of a thermosensitive injectable hydrogel as a de-
livery system for fucoidan. A protocol for fucoidan incorporation was established and
physicochemical properties such as gelation time, swelling and morphology of the hy-
drogel were determined. 2D and 3D cell culture of human mesenchymal stem cells and
endothelial cells inside and on the hydrogel were conducted to study the biocompatibility.
The most important findings are summarized in the following publication.::

Injectable Thermosensitive Chitosan-Collagen Hydrogel as a Delivery Sys-
tem for Marine Polysaccharide Fucoidan.

Julia Ohmes, Lena Marie Saure, Fabian Schiitt, Marie Trenkel, Andreas Seekamp, Rengina
Scherliefs, Rainer Adelung and Sabine Fuchs (2022) Mar. Drugs 20, 402
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Chapter 6. Results IV: Development of a Fucoidan Delivery System

6.1 Protocol Development for Thermosensitive Hydrogels

The following section describes the process of establishing a protocol for the production
of thermosensitive hydrogels with encapsulated fucoidan. It demonstrates how to incor-
porate fucoidan without the formation of aggregates, presents the necessary amount of
GP to achieve adequate gelation times and shows the advantages of adding collagen into
the hydrogel system.

6.1.1 Glycerophosphate and incorporation of fucoidan

GP was added dropwise into the chitosan (95 % deacetylation, 100-250 kDa) solution to
achieve a thermosensitive mixture as described first by Chenite et al. [27]. To assess
whether GP isomers play a role for the development of a thermosensitive sol, 3-GP and
an isomeric GP mixture were added to the chitosan solution. As shown in Figure 6.1 A),
the addition of 8-GP results in a clear sol which gelates within several minutes at 37°C.
Dropwise addition of the isomeric GP however, caused the formation of a very turbid sol
which gelated at 37°C into an inhomogeneous brittle hydrogel. Based on these results,
5-GP was used for the following hydrogel preparations.

To encapsulate fucoidan into the chitosan hydrogel, different approaches were tested.
The dropwise addition of fucoidan solution into chitosan-3-GP mixture resulted in the
formation of fucoidan aggregates as shown in Figure 6.1 B). Also, the dropwise addition
of fucoidan solution before the addition of -GP caused fucoidan aggregates as indicated
by the arrows in Figure 6.1 C). The mixing of chitosan and fucoidan powder before
dissolving resulted in a turbid sol (Figure 6.1 D)) with reduced ability to gelate within
short time at 37°C. As demonstrated in Figure 6.1 E), premixing of 8-GP and fucoidan
solution before dropwise addition into the chitosan mixture resulted in a clear sol without
fucoidan aggregates. The sol was able to gelate within short time at 37°C. For the
following hydrogel preparations, fucoidan and S-GP solutions were always premixed
before dropwise addition into the chitosan solution.

6.1.2 [(-GP concentration

To assess which amount of 5-GP was necessary to achieve a sol-gel transition in adequate
time, sols with 5, 6 and 7% [-GP were prepared. The same sols were prepared with
and without the encapsulation of 500 pg/ml fucoidan. The gelation time at 37°C was
estimated using the tube-inverting method. As shown in Figure 6.2 A), sols without
fucoidan and with 5% (-GP needed 20 min or more to gelate. The higher the 5-GP
content, the shorter was the measured gelation time. Hydrogels with 6 and 7% $-GP
needed approximately 7 and 5 min, respectively, to gelate. Addition of fucoidan into
the hydrogel system had only an effect when the 5-GP content was low. Addition of
fucoidan reduced the gelation time of sols with 5% 3-GP to approximately 8 min.

As demonstrated in Figure 6.2 B), the pH of the formed hydrogels was slightly acidic
(approximately 6.7-6.8). Neither the S-GP content, nor fucoidan encapsulation had a
measurable effect on the pH.

84



6.1. Protocol Development for Thermosensitive Hydrogels

The turbidity of the prepared sols was dependent on the 3-GP content. Sols with a
higher -content were less turbid. The encapsulation of 500 pg/ml fucoidan into the sols

increased the turbidity by around 25 % (Figure 6.2 C)).

Figure 6.1: Development of a protocol for the preparation of in-
jectable thermosensitive chitosan hydrogels with encapsulated fucoidan.
To achieve thermosensitivity, glycerophosphate (GP) was added. A) S-
GP addition resulted in a clear sol (top), while an isomeric GP mixture
caused a very turbid sol (bottom). Addition of fucoidan in solution B)
after or C) before 3-GP addition caused fucoidan aggregates as indicated
by the black arrows. D) Premixing of fucoidan and chitosan powder re-
sulted in a turbid sol and extended the gelation time by one hour. E)
Premixing of 8-GP and fucoidan solution before addition created a clear
sol which gelated within short time at 37°C.
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Figure 6.2: Chemical and physical properties of thermosensitive chi-
tosan hydrogels with different concentrations of S-GP. Chitosan hydro-
gels were prepared using 5, 6 or 7% (-GP with and without 500 pg/ml
fucoidan encapsulation. A) Gelation times at 37°C were estimated us-
ing the tube-inverting method. B) pH of the sols was measured after
gelation. C) To quantify the turbidities, absorption of the sols was mea-
sured at 600 nm. D) The gelation process was monitored by measuring
the absorption at 600 nm every minute for one hour. Significances were
calculated using ANOVA. For C) and D), the technical replicates for one
experiment were plotted (no significances were calculated). E) Life/dead
staining of MSC cultured on hydrogels containing 6 and 7% 8-GP (scale
bar = 200 um)



6.1. Protocol Development for Thermosensitive Hydrogels

The thermosensitive sols turn opaque during gelation. To monitor the gelation process
of the different sols, the absorption was measured every minute for one hour. The results
are presented in Figure 6.2 D). The absorption kinetics clearly show that a higher 5-GP
content accelerates the gelation process. This trend was already indicated in A) after
estimating the gelation time using the tube-inverting method. The absorption kinetics
reveal that fucoidan encapsulation had no visible effect on the gelation process. The
experiments demonstrate that a S-GP content of 7% resulted in short gelation times
and in less turbid sols. Some studies reported that high amounts of 8-GP can have a
cytotoxic effects on cells [1, 191]. To rule out that an amount of 7% [B-GP has a cytotoxic
effect on MSC, cells were cultured on hydrogels containing 6 and 7% S-GP. On day six,
life/dead staining was performed. Figure 6.2 E) shows that MSC adhered and were vital
on both hydrogels. Therefore, a 5-GP content of 7% was used for following hydrogel
preparations.

6.1.3 Collagen type I integration

To increase the biocompatibility of the hydrogels, the integration of collagen type I into
the thermosensitive chitosan system was evaluated. Therefore, collagen was added slowly
into the chitosan mixture, followed by the addition of 5-GP and fucoidan as described
above. MSC were encapsulated into the hydrogels containing 1 and 1.5 mg/ml collagen
and life/dead staining was performed on day six. Asshown in Figure 6.3 A), cell adhesion
and spreading of MSC was improved with increasing collagen content. The addition of
collagen into the hydrogel system accelerated the sol-gel transition by approximately
one minute (estimated by using the tube-inverting method). The gelation process was
monitored by measuring the absorption of the hydrogels every minute for one hour.
The absorption kinetics as presented in Figure 6.3 B) confirm that chitosan-collagen
sols gelate faster than chitosan sols. The biocompatibility of the hydrogels was highly
increased by integrating collagen into the system. Therefore, hydrogels were always
prepared with 1.5 mg/ml collagen type I for following experiments.
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Figure 6.3: Integration of collagen type I into the chitosan hydrogel.
Hyrogels containing 1 and 1.5 mg/ml collagen type I were prepared. A)
MSC were encapsulated into the hydrogels. Vital (green) and dead (red)
cells were stained on day six using calcein-AM and propidium iodide,
respectively (scale bar =200 um). B) The gelation process of hydrogels
with (1mg/ml) and without collagen was monitored by measuring the
absorption at 600 nm every minute for one hour.

6.2 Physicochemical Properties

In the following section, established chitosan-collagen hydrogels with varying encapsu-
lated amounts of fucoidan were tested for their physicochemical properties, including
gelation time, gelation temperature, pH, swelling, turbidity and microstructure. Also, a
method for fucoidan detection was adapted and used to measure fucoidan release from
the hydrogel over a period of time.

6.2.1 Gelation time, temperature, pH, swelling and turbidity

To roughly estimate the gelation time of the chitosan-collagen hydrogel with encapsu-
lated fucoidan, the tube-inverting method was applied. Similar to the results shown
before (see Figure 6.2 A)), fucoidan encapsulation had no visible effect on the gelation
time. All sols stopped to flow within three to four minutes in a water bath at 37°C (see
Figure 6.4 A)).

The pH of the prepared hydrogels was measured before and after gelation. The pH
of the sols was approximately 6.8. After gelation, the pH turned slightly more acidic
(approximately 6.6). Fucoidan encapsulation had no effect on the measured pH values.
To determine the swelling capacities of the hydrogels, the ESR was calculated. Therefore,
hydrogels with different fucoidan concentrations were prepared, lyophilized and subse-
quently rehydrated in PBS until equilibrium was reached. Figure 6.4 C) shows the ESR
for the different hydrogels. Encapsulation of high fucoidan concentrations (500 pg/ml)
decreased the ESR significantly. This result indicates that high amounts of fucoidan
create a more compact gel with an impaired ability for swelling during rehydration.
The transparent sols turn into turbid gels as the gelation proceeds. Monitoring of the
absorption kinetics can therefore give an impression of the gelation and whether fu-
coidan encapsulation has an impact on this process. As presented in Figure 6.4 D),
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absorption kinetics were not significantly different for hydrogels with varying fucoidan
concentrations, indicating that fucoidan encapsulation did not have an effect on the gela-
tion process. This result is in accordance with the estimation of the gelation time using
the tube-inverting method.

The encapsulation of high fucoidan amounts such as 500 ug/ml fucoidan had a visible
effect on the appearance of the sol. As illustrated in the photo in Figure 6.4 E), the sol
with 500 pug/ml fucoidan was turbid, while sols with 0-100 ug/ml appeared transparent.
This observation was confirmed by measuring the absorption at 600 nm. Hydrogels with
500 pg/ml fucoidan were approximately four times more turbid than hydrogels with less
fucoidan.

Oscillatory rheological measurements were performed to determine the viscoelastic prop-
erties of hydrogels without and with 100 ug/ml fucoidan. The storage modulus (G’) and
the loss modulus (G”) represent the elastic and the viscous portion of the hydrogels,
respectively. These parameters allow a precise quantification of the gelation time, du-
ration and the gelation temperature. The gel point is reached when G’ becomes larger
than G”. After the gelation phase where G’ and G” quickly increase, a plateau is reached.
Figure 6.5 A) (top) shows exemplary time sweep test for hydrogels without and with
fucoidan. For the time sweep tests, G’ and G” were measured at constant temperature
for 16 min. The gel point and the end of the gelation process are marked with a dashed
line. Tt was found that the sol-gel transition of hydrogels without fucoidan occurred after
approximately 75s at 37°C. The gel point of hydrogels containing 100 ug/ml fucoidan
occurred after around 59s at 37°C. The gelation process of both hydrogels, with and
without fucoidan, lasted approximately for 6 min until reaching a stable state.

Further rheological measurements were performed to determine the exact gelation tem-
perature of hydrogels with 0 and with 100 ug/ml fucoidan. Temperature sweep tests
as shown in Figure 6.5 B) revealed that hydrogels without fucoidan started to gelate at
36.8°C. Hydrogels containing 100 ug/ml already started to gelate at 35.3°C. These results
indicate that the encapsulation of fucoidan into the hydrogel decreased the temperature
at which the gel point is reached.
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Figure 6.4: Physical and chemical properties of the thermosensitive
chitosan-collagen hydrogel with different fucoidan concentrations. 0, 10,
100 and 500 pg/ml fucoidan were encapsulated into the hydrogel. A) The
gelation time at 37°C was estimated using the tube-inverting method.
B) The pH of the hydrogels was measured before and after gelation. C)
The swelling capacities of the hydrogels were quantified by determining
the equilibrium swelling ratio. D) The gelation process was monitored
by measuring the absorption at 600 nm every minute for one hour. E)
The turbidity of the sols was quantified by measuring the absorption
at 600nm (left). The appearance of the hydrogels is shown on a photo
(right). Results from three independent experiments were plotted. Sig-
nificances were calculated using ANOVA.
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Figure 6.5: Rheological measurements of storage (G’) and loss modulus
(G”) for the determination of gelation temperature, time and duration of
thermosensitive chitosan-collagen hydrogels with different fucoidan con-
centrations. A) Time sweep tests (top) of hydrogels at 37°C and at a
constant frequency of 1 Hz. The gel point and the end of the gelation pro-
cess are marked with a dashed line. Start time of the gelation process
and gelation duration were plotted (bottom). B) Temperature sweep
tests (top) of hydrogels at a constant frequency of 1 Hz using a tempera-
ture gradient from 10 to 60 °C (2°C/min). The gel point is marked with
a dashed line. The gelation temperature was plotted (bottom). Experi-
ments were repeated three times.
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6.2.2 Internal microstructure visualized by SEM

To study the internal structure of the prepared hydrogels, SEM was applied. Therefore,
samples with and without fucoidan were prepared and dried by lyophilization or critical
point drying. Adequate drying of hydrogels without altering the internal structure is
a well known challenge. Lyophilization of the samples resulted in visible alterations of
the hydrogel shape and internal structure. The morphology and surface texture differed
strongly within one hydrogel, but also differed among samples. Some similar structural
elements that were observed are visualized in Figure 6.6 A). These structures consisted
of larger regular pores which were partly connected by thinner filaments. Also, many
samples were characterized by a sponge-like outer layer with small pores surrounding
the inner of the samples which was dominated by larger pores (examples are shown in
Figure 6.6 B)). Likely, these structures are formed during the dry-freezing process when
outer layers of the hydrogels freeze first. The inconsistency of structural elements even
within one sample suggests that lyophilization does not represent an adequate way to
conserve the structural elements of a hydrogel.

Fucoidan

100 pg/ml

w
-

Figure 6.6: Internal structure of lyophilized chitosan-collagen hydrogels
with and without fucoidan visualized by SEM. Samples were freeze-dried
and cut in half to image the cross-sections. A) Porous structure in
different magnifications of hydrogels with 0 and 100 pg/ml fucoidan. B)
Exemplary visualization of sponge-like outer layer and large pores in the
center of the sample.

CPD resulted in uniformly dried samples which had a very homogeneous appearance.
The homogeneity was confirmed on a microscopic scale by SEM imaging. All hydrogels
consisted of fluffy spheres that were entangled by long thin filaments. The distribution
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of particles and filaments seemed to occur randomly. The particles tended to merge into
larger aggregates causing the formation of irregular pores. The encapsulation of fucoidan
caused no visible changes in the morphology of the hydrogels as shown in Figure 6.7 A).
The random interaction of filaments and spheres is depicted in a high magnification in
Figure 6.7 B). The filaments which most likely represent the collagen portion of the
hydrogel often arranged into helix-like structures as shown in Figure 6.7 C). The fluffy
nanoparticle-like spheres probably represent the chitosan portion of the hydrogel. Even
though, most of the spheres had a fluffy-like appearance, some particles stood out due to
their very smooth surface. An example is illustrated in Figure 6.7 D). The homogeneous
samples demonstrate that the hydrogel structure is most likely better preserved and
therefore more reliable after CPD than after lyophilization.

A)

0 pg/ml

Fucoidan

100 pg/ml

o
-

Figure 6.7: Internal structure of critical point dried chitosan-collagen
hydrogels with and without fucoidan visualized by SEM. Before critical
point drying (CPD), hydrogels were cut in half to image the cross-section.
A) Homogeneous structure of hydrogels with 0 and 100 pg/ml fucoidan
characterized by spherical particles entangled by thinner filaments. B),
C) and D) Exemplary visualizations of structural elements dominating
the internal structure of CPD samples.

6.2.3 Fucoidan detection and release

To prove the encapsulation of fucoidan into the hydrogel, a protocol published by Ya-
mazaki and colleagues [190] was adapted. Yamazaki et al. demonstrated that the nucleic
acid stain SYBR Gold can be used to quantify the concentration of fucoidan solutions.
Similar to DNA, the fluorescent dye binds to the fucoidan molecules and the amount of
bound dye can be quantified by measuring the fluorescence. The detected fluorescence
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has a linear relation to the amount of fucoidan for a specific range of concentrations (for
further methodical details see section 2.7.9). To detect fucoidan inside a hydrogel, the
method was adapted. Even though, the determination of absolute fucoidan concentra-
tions inside the hydrogels using a standard curve was not possible, Figure 6.8 A) and B)
show that hydrogels with more encapsulated fucoidan resulted in an increased fluorescent
signal. The detection of fluorescence was carried out using two different techniques. In
A), prepared hydrogels were stained using SYBR Gold and imaged with a fluorescence
microscope. Exemplary pictures of the stained hydrogels with increasing amounts of fu-
coidan are shown. As the intensity analysis confirms, hydrogels with more encapsulated
fucoidan exhibited an increased fluorescent signal. In B), the fluorescence was measured
using a plate reader. Similarly, hydrogels with increased fucoidan concentrations showed
a higher fluorescent signal.

The same method was applied to study the release of fucoidan from the hydrogel over
a time period of six days. Figure 6.8 C) shows that approximately 60 % of the detected
fucoidan got released from the hydrogel within two days. After two days, the fucoidan
release proceeded slower. On day six, 80 % of the fucoidan was already released from
the gels.

2

Fucoidan [ug/ml]

=2 0 10 100 500
0 00

10 100 5

IN
1

Fluorescence intensity [%]

o - N
coor

Fucoidan [ug/ml]

B) C)

20000 pewe 6000

——— = 100 pg/mi Fuco
o0 0 Erral 5000 - e 0 ug/ml Fuco
5 4000
3
o S
10000 5 3000+ ‘
2 2000 T
5000 )
1000{ e —_
o s ey [ 0

0 10 100 500 0 2 4
Fucoidan [ug/mli] t [days]

FU [470/600]

o &b

Figure 6.8: Detection of fucoidan inside the hydrogel and fucoidan
release from the hydrogels. Hydrogels with 0, 10, 100 and 500 pg/ml
fucoidan were prepared. A) Hydrogels were prepared in Angiogenesis -
slides, stained with SYBR Gold and subsequently imaged using a fluores-
cence microscope (right). Fluorescence intensity was quantified for three
frames per sample (left). B) Hydrogels were prepared in 96-well plates,
stained with SYBR Gold and fluorescence was measured at 470 nm and
600 nm excitation and emission wavelength, respectively. Results from
three independent experiments were plotted. Significances were calcu-
lated using ANOVA (for C): * significances compared to different time
points, + significance compared to 0 ug/ml fucoidan.)
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6.3 Biological Performance

The following section provides information about the biocompatibility of the thermosen-
sitive chitosan-collagen hydrogel with integrated fucoidan. 2D and 3D cell culture of
MSC and OEC was performed and the vitality of the cells was examined using fluores-
cence microscopy and SEM.

6.3.1 MSC

MSC cultured on top of the gel or encapsulated into the gel were predominantly vital as
shown by the life/dead stainings in Figure 6.9. Nevertheless, differences were observed
between 2D- and 3D-cultured cells. Gels with encapsulated MSC contained more dead
cells compared to 2D cell cultures. For both culturing techniques, adhesion and spread-
ing of MSC was increased on day six. MSC stained on day two were mostly characterized
by a round and small phenotype, while MSC stained on day six had clearly elongated.
As shown in Figure 6.9 in the bottom images, 3D-cultured MSC also appeared vital and
elongated on day ten. The cell density of encapsulated MSC in one layer was understand-
ably smaller compared to 2D-cultured MSC. Encapsulated MSC were evenly distributed
throughout the different gel layers. Only, on the bottom of the wells, accumulations of
MSC were observed. The encapsulation of fucoidan inside the hydrogel had no visible
effect on the vitality or performance of the MSC.

To study the interaction of MSC with the biomaterial on a microscopic scale, SEM was
applied. Therefore, MSC were seeded on top of the hydrogels and dried using CPD on
day six. As shown by the micrographs in Figure 6.10, MSC were completely embedded
into the material. They predominantly interacted with the collagen portion inside the
hydrogel. As already demonstrated by the fluorescence images shown in Figure 6.9, MSC
adhered and elongated inside the material. Similar to the results from life/dead stain-
ing, no differences were observed between MSC cultured on hydrogels with and without
fucoidan. Life/dead staining, as well as SEM experiments indicate that MSC cultured
on top of the gel or encapsulated inside the gel were vital, able to adhere and to spread.
To assess whether fucoidan addition into the hydrogel had an effect on the secretion
of angiogenic signaling molecule VEGF, MSC were encapsulated into the hydrogel and
VEGF levels in the supernatant were quantified on day one and six. Additionally to
the VEGF levels, the DNA content was quantified from the hydrogels, offering the pos-
sibility to express VEGF levels relatively to the DNA content. Figure 6.11 A) shows
that the VEGF content in the supernatant increased from day one to day three by
approximately 80 %. However, no differences in VEGF levels could be quantified from
day three to day six. The addition of fucoidan into the hydrogels had no significant
effect on the secretion of VEGF into the supernatant. As indicated in Figure 6.11 B),
the determined DNA from the hydrogels was the same on day one and day six. This
result indicates that MSC did not significantly proliferate inside the hydrogel in the
presented period of time. Similar to the VEGF secretion, fucoidan encapsulation into
the hydrogels had no impact on the quantified DNA content. Even though, the VEGF
secretion per ug DNA tentatively increased from day one to day six, the differences were
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not significant (Figure 6.11 C)). This experiment suggests that fucoidan encapsulation
into the hydrogel had no impact on the secretion of VEGF by MSC. It also indicates
that the amount of cells inside the hydrogel was not impaired by the presence of fucoidan.

Fucoidan

i 10 pg/ml 100 pg/ml

Figure 6.9: 2D and 3D cell culture of human MSC on and in chitosan-
collagen hydrogels. Hydrogels with 0, 10 and 100 pg/ml fucoidan were
prepared. For 2D culture, MSC were seeded on top of the gels; for 3D
culture, MSC were encapsulated into the gel. Vital (green) and dead
(red) cells were visualized on day two, six and ten using calcein-AM and
propidium iodide staining, respectively. Scale bars =200 pm.
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Figure 6.10: Interaction of MSC with the chitosan-collagen hydrogel.
MSC were seeded on top of hydrogels containing 0 and 100 pug/ml fu-
coidan. Hydrogels were dried using CPD on day six and subsequently
imaged by SEM.
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Figure 6.11: VEGF levels in the supernatant and DNA content from
hydrogels with encapsulated MSC. MSC were encapsulated into hydro-
gels containing 0 and 100 ug/ml fucoidan. A) VEGF levels were quan-
tified using ELISA on day one, three and six. B) The DNA content of
the hydrogels was quantified on day one and six. C) The VEGF levels
from day one and six were expressed relatively to the DNA content of
the respective hydrogels. Results from three independent experiments
with three different donors were plotted. Significances compared to the
control cells (*) were calculated using ANOVA.
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6.3.2 OEC

OEC cultured on top of the hydrogels were predominantly vital as visualized in Figure
6.12 by the life/dad staining. The amount of cells visible on the hydrogel decreased
slightly from day two to day six, indicating that the cell adhesion to the hydrogel was
not as strong as shown for the MSC in the latter section. Similar to the result for MSC,
fucoidan encapsulation into the hydrogel had no visible impact on the vitality of the
OEC. In comparison to the MSC, OEC were more sensitive in regard to encapsulation
into the hydrogel. As demonstrated in Figure 6.12 in the bottom images, encapsulated
OEC had a small round phenotype on day two which only slightly changed on day six.
Also on day six, encapsulated OEC with a round shape dominated and were hardly able
to elongate.

Fucoidan

10 pg/ml

2D

3D

Figure 6.12: 2D and 3D cell culture of human OEC on and in chitosan-
collagen hydrogels. Hydrogels with 0, 10 and 100 pg/ml fucoidan were
prepared. For 2D culture, OEC were seeded on top of the gels; for 3D
culture, OEC were encapsulated into the gel. Vital (green) and dead
(red) cells were visualized on day two and six using calcein-AM and
propidium iodide staining, respectively. Scale bars =200 pm.
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Discussion

This chapter summarizes the results and discusses them by consulting adequate examples
from the literature. In the end, a conclusion and future perspectives are given.
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Chapter 7. Discussion

7.1 Bioactivity of Enzymatically-Extracted Fucoidans on
Angiogenesis and Osteogenesis

In the first part of the presented thesis, enzymatically-extracted fucoidans from Fucus
evanescens were examined in regard to their bioactivities on bone regeneration processes
in cell model systems mimicking bone tissue environment. To further elucidate the re-
lationship between structure and bioactivity, chemical properties of the extracts were
related to the observed bioactivities.

To isolate fucoidan from the brown algae, enzyme-assisted extraction was applied. There-
fore, cell walls of the algal material were digested using alginate lyases and cellulases
to release the crude fucoidan extract (FE_crude). FE crude was purified with IEX
resulting in three eluted fractions: FE_F1, FE F2 and FE F3. The chemical charac-
terization of the extracts revealed that they mainly differed in fucose and alginate, as
well as sulfate content. Fucose content was the lowest in the crude extract and increased
in the fucoidan fractions. FE_F3 had the highest fucose content. Reversely, alginate
content was the highest in the crude extract and decreased in the fractions. No alginate
impurities were detected in the purest fraction FE F3. The sulfate content increased
with the purity of the extracts and was highest in the FE_F3 fraction. All extracts were
HMW fucoidans with peaks ranging from 400-600 kDa. MTS and LDH assays revealed
that treatment with all extracts was neither toxic, nor affected the metabolic activity of
OEC and MSC. However, it was observed that MSC reacted more sensitively to higher
doses of fucoidan treatment which was indicated by a reduced metabolic activity. The
effect of fucoidan treatment on angiogenesis and osteogenesis was taken as a measure to
evaluate fucoidan’s bioactivity on bone regeneration. By quantifying the gene expression
and protein levels of four prominent angiogenic regulatory molecules in MSC and OEC
mono- and co-cultures and by visualizing the tube formation in the co-culture system, we
found that the fucoidan extracts inhibited angiogenesis-related processes and associated
key regulatory molecules.

Various studies already claimed that fucoidan acts on angiogenesis. However, as pointed
out earlier in the introduction, the use of different fucoidan extracts and experimental
set-ups, as well as insufficiently chemical characterization make results difficult to com-
pare and to interpret. Similar to the presented results, Wang et al. demonstrated in
two studies the anti-angiogenic effect of several fucoidan extracts. The commercially
available crude extract from Fucus vesiculosus (by Sigma-Aldrich) was found to impair
angiogenesis which was mostly related to reduced VEGF and SDF-1 protein levels [180].
The second study compared the bioactivity of fucoidans originating from three Fucus
species, extracted by different techniques including chemical and microwave-assisted ex-
traction. If fucoidan treatment exhibited an effect, it was consistently anti-angiogenic
[181]. On the other hand, Bouvard and colleagues, Kim and colleagues, as well as Matou
and colleagues observed a pro-angiogenic effect after fucoidan treatment in their model
systems [18, 92, 122|. All mentioned studies used HUVECs as a cell model system.
The study from Bouvard et al. examined the effect of a LMW fucoidan (4.5kDa) from
Ascophyllum nodosum, while Kim et al. analyzed an extract from Laminaria japonica
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containing a broad range of molecular weights. Similar to Bouvard’s study, Matou et
al. analyzed an extract from Ascophyllum nodosum, but it contained mainly MMW
polysaccharides (16-30kDa). This variety of parameters demonstrates once again why
until today the bioactivity of fucoidan cannot be ultimately defined.

In the presented thesis, the anti-angiogenic effect of the fucoidan extracts (especially
the pure ones, such as FE_F2 and FE_F3) was related to decreased gene expressions
of VEGF and SDF-1 and decreased protein levels of VEGF, ANG-1 and SDF-1 in the
MSC mono-cultures. ANG-2 protein levels were decreased in OEC mono-cultures after
fucoidan treatment. The VEGF-VEGFR2, as well as ANG-TIE-2 systems are crucial
regulators of angiogenesis [61, 10]. Hampering of VEGF signaling due to fucoidan treat-
ment prevents the activation of EC. Hence, tip cells are not formed and sprouting cannot
proceed. VEGF also regulates the permeability of the EC layer through src [59]. With-
out VEGF signaling, VE-cadherin is not internalized and cell-cell contacts remain stable.
The lack of a pro-angiogenic stimulus mediated through VEGF prevents the secretion of
ANG-2 which functions as an antagonist for ANG-1-TIE-2 signaling [118]. EC remain
in a quiescent state characterized by a high survival and low migration. Hence, the for-
mation of prevascular structures is impaired. These conclusions are in accordance with
the results from the OEC-MSC co-culture experiments. Treatment with the fucoidan
fractions reduced the number of emerged tube-like angiogenic structures. The secretion
of ANG-2 in the co-culture system was equally reduced after fucoidan treatment as in
the OEC mono-cultures. Further, FE F2 and FE F3 treatment reduced the gene ex-
pression of MMP14 in the co-culture. The degradation of the ECM through MMPs is
necessary to allow EC migrate and form new blood vessels into the tissue [148]. In con-
trast to the mono-culture experiments, VEGF protein levels increased in the co-cultures
compared to the control. Despite fucoidan treatment, MSC kept secreting VEGF, which
interestingly did not provoke the activation of OEC and subsequent formation of angio-
genic structures. The assumption that fucoidan treatment impairs the phosphorylation
and therefore the activation of VEGFR2 could not be confirmed. VEGF-induced phos-
phorylation in OEC mono-cultures was not altered by fucoidan treatment. It is worth
to note that this result from OEC mono-culture does not exclude the possibility that
fucoidan acts differently on VEGFR2 phosphorylation in the co-culture system.
Inflammatory processes are tightly connected to angiogenesis. Activated EC due to a pro-
angiogenic or a pro-inflammatory stimulus are characterized by a similar behavior such
as an increased layer permeability [141]|. Results from OEC mono-cultures demonstrate
that IL-6, ICAM-1 and VCAM-1 gene expression were reduced after FE_F3 treatment.
A study conducted by Kirsten et al. elaborately analyzed the effect of FE_F3 on in-
flammation in LPS-stimulated OEC. According to the preliminary data shown in the
presented thesis, the study demonstrated that FE F3 pretreatment reduced the LPS-
induced inflammatory response in OEC (manuscript in preparation). These findings are
in accordance with the angiogenesis-related results: A low inflammatory state in OEC
favors a non-angiogenic phenotype.

To reveal whether osteogenic processes, next to angiogenesis and inflammation, were
also directly influenced by treatment with the enzymatically-extracted fucoidans, ALP
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expression and activity, as well as degree of calcification were quantified as early and
late osteogenic differentiation markers, respectively. While, ALP activity was not altered
after fucoidan treatment in MSC mono-cultures, ALP gene expression was strongly de-
creased in MSC mono-cultures, as well as in the co-culture system, after treatment with
the fucoidan fractions. Similarly, the calcification level in MSC mono-cultures treated
with FE F2 and FE_F3 was decreased. Osteoblast differentiation and maturation are
closely related to angiogenesis [163]. Even though, VEGF is one of the most important
pro-angiogenic regulators, it also influences osteogenesis. Via paracrine signaling, VEGF
triggers EC to release osteogenic factors such as BMP-2 [123]. Various studies demon-
strate that VEGF is also able to directly act on osteoblasts in an autocrine way [124, 38|.
Finally, Liu et al. propose an intracrine mechanism where intracellular VEGF-VEGFR2
complexes enter the nucleus and activate transcription factors which favor osteoblast dif-
ferentiation [113]. Thus, a decreased VEGF level in MSC mono-cultures due to fucoidan
treatment could explain the reduced osteoblast maturation indicated by decreased ALP
expression and calcium deposition.

In contrast to our findings, other studies claimed the beneficial effect of fucoidan treat-
ment on bone regeneration and osteoblast differentiation |78, 139, 91]. However most of
these studies examined the effect of LMW fucoidans (< 15kDa), while we report on the
bioactivity of HMW fucoidans (> 350kDa).

If the enzymatically-extracted fucoidans exhibited an effect on the model cells, it was
consistently anti-angiogenic and anti-osteogenic. However, the intensity of the effect
differed among the individual extracts. A trend was clearly visible: the higher the sul-
fate, respectively fucose content was, the stronger was the observed inhibiting effect on
angiogenic and osteogenic processes. Pure extracts with a higher sulfate content such
as FE F2 and FE_F3 impaired the mentioned processes more than the crude extract
with a lower fucose and sulfate content. We conclude that the purity of the extracts, as
well as the sulfate content play a crucial role for defining the bioactivity of fucoidans. In
accordance with our observations, Soeda and colleagues demonstrated that chemically
oversulfated fucoidan from Fucus vesiculosus, unlike its native counterpart, reduced the
formation of capillary-like structures in HUVECs [162]. Similarly to Haroun-Bouhedja
and colleagues, we suggest that a higher content of sulfates increases the negative charge
of the fucoidan molecules, hence facilitating the formation of fucoidan-protein complexes
[70]. Indeed, it is well-known that sulfated glycosaminoglycans are able to interact with
a variety of growth factors, cytokines and chemokines and that these interactions are
crucial for functioning physiological processes [110]. Separate from physiological sul-
fated polysaccharides, the affinity of growth factors was also shown for foreign sulfated
polysaccharides. Sun and colleagues demonstrated that binding of dextran sulfate and
~-carrageenan to fibroblast growth factor (FGF) increased the thermal stability and re-
tained the bioactivity of the growth factor for a longer period of time [167]. Supporting
the assumption that fucoidans exhibit an affinity to signaling molecules, we showed in
an ELISA-based competitive binding assay that the enzymatically-extracted fucoidans
suppressed the binding of VEGF to its antibody in a concentration-dependent man-
ner. Lake and colleagues published a study which stresses the importance of sulfates
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for the interaction between fucoidan and signaling molecules. They compared the effect
of fucoidan on VEGF45- (contains a heparan sulfate binding site) and VEGF21-driven
(does not contain a heparan sulfate binding site) chemotaxis of EC. They showed that
fucoidan was only able to enhance VEGFg5-driven chemotaxis of EC [103]. However,
not all observed bioactivties of fucoidan can be reproduced using other sulfated polysac-
charides such as heparin or chondroitin sulfate [103, 154], suggesting that apart from
sulfate content, other chemical properties play a role for defining fucoidan’s bioactivities.
The influence of molecular weight and branching on the bioactivity of fucoidans will be
discussed in more detail in the next section.

To conclude the results from the first part, we hypothesize that treatment with the
enzymatically-extracted fucoidans causes OEC to remain in a quiescent state impair-
ing the formation of angiogenic tube-like structures and hindering the maturation of
osteoblast-like MSC. This status is especially favored by the purest extracts FE_F2 and
FE_F3 (high fucose content) which also contain a higher sulfate content compared to
the other extracts. Although still unclear, this effect might be caused by the binding
of fucoidan to VEGF and/or the interaction with the OEC and MSC surface, thereby
preventing the activation of pro-angiogenic signaling pathways.

7.2 Effect of Enzymatic Hydrolysis on the Bioactivity of
the Resulting Fucoidans

The second part of the presented thesis investigated whether guided enzymatic hydrolysis
can change the bioactivity of fucoidan in angiogenesis and inflammation, both processes
relevant for successful bone regeneration and maintenance of bone health. It further
investigated which chemical properties contribute to the observed effects.

Therefore, enzymatically-extracted HMW fucoidan fraction FE F3 was cleaved at a-
(1,4)-glycosidic bonds between non-acetylated and C2-monosulfated units using the
newly discovered endo-fucoidanase Fhfl from Formosa haliotis obtaining LMW fucoidan
oligosaccharides and a MMW fucoidan fraction. FE F3 was chosen for enzymatic hy-
drolysis, because it exhibited the strongest bioactivity on OEC and MSC compared to
the other fucoidan fractions (as discussed in the prior section 7.1). Further, it was the
purest extract measured by its high fucose content and it had no detectable alginate,
protein or polyphenol contaminations [133]. OEC and MSC mono- and co-cultures were
treated with MMW and LMW fucoidan and the expression and secretion of angiogenic
and inflammatory mediators were determined. The integrity of the EC layer was quan-
tified and the formation of angiogenic structures in the co-culture system was analyzed.
The observed bioactivities of MMW and LMW were directly compared to the effect of
HMW FE_F3.

As the results clearly show, MMW and LMW obtained after enzymatic hydrolysis had
no longer an inhibiting effect on angiogenesis as it was proven for HMW FE_F3. While
treatment with HMW FE F3 decreased VEGF and ANG-1 gene expression and protein
levels in MSC, treatment with MMW and LMW had only a minor effect on these medi-
ators. Treatment with HMW FE_F3 suppressed the formation of tube-like angiogenic
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structures in the co-culture system almost completely, while MMW and LMW did not
impair the formation of these structures.

The bioactivity of fucoidan is highly dependent on the chemical structure. However, the
great amount of parameters taking influence on the chemical properties makes it difficult
to control batch-to-batch reproducibility and to find suitable fucoidans for specific ap-
plications. A new concept to create fucoidans with defined chemical properties is the use
of characterized fucoidanases which specifically cleave fucoidan into smaller fragments.
Different fucoidanases have been discovered in marine organisms, but only few of them
are functionally characterized. Sichert and colleagues analyzed ’Lentimonas’ sp. CC4
for fucoidanase expression and found more than 200 putative fucoidanases [158]. While
the discovery and characterization of fucoidanases keep progressing, the number of stud-
ies investigating the bioactivities of the resulting fucoidan fragments is still very limited.
Just recently, Nielsen et al. investigated the effect of fucoidan oligosaccharides resulting
from fucoidanase cleavage together with hydroxyapatite on bone regeneration in sheep
after insertion into a critical-sized defect [132]. New bone formation was analyzed by
micro-CT and immunohistochemistry. Unfortunately, the native HMW fucoidan was not
integrated into the study, therefore not allowing to evaluate possible bioactivity changes
resulting from enzymatic cleavage. Studies by Chen et al., Kim et al. and Silchenko et al.
however, compared the effect of fucoidan before and after enzymatic hydrolysis. Chen
and Colleagues found that fucoidans from Laminaria japonica increased the tyrosinase
and melanogenesis inhibition, as well as DPPH radical scavenging activities after degra-
dation by fucoidanase from Flavobacterium RC2-3 [26]. Kim and colleagues observed
that enzymatically degraded fucoidans from Undaria pinnatifida had 3-4 times reduced
anticoagulating activities and did not influence the prothrombin time compared to the
native fucoidan |94]. Silchenko and colleagues used fucoidanase FFA1 from Formosa
algae to degrade fucoidan from Sargassum horneri and showed that oligosaccharides
were not able to suppress the formation of cancer cell colonies compared to the native
fucoidan which inhibited colony formation by 50 % [160]. Accordingly to our results, it
becomes clear that fucoidans before and after fucoidanase hydrolysis exhibit different
bioactivities. Interestingly, a number of studies found similar to our own results that
fucoidans with a very small molecular weight lose or exhibit reduced effects on the stud-
ied systems: Fucoidan oligosaccharides showed reduced anticoagulating activities [94],
didn’t suppress cancer cell colony formation [160] or had a decreased FGF binding affin-
ity [84].

In the recent years, it became increasingly clear that molecular weight of fucoidan plays
a crucial role for defining its bioactivities [177, 66, 192]. In our own studies, we observed
that fucoidans with a high molecular weight (independently from species or extraction
technique) always impaired angiogenic processes. Several studies report that LMW
fucoidans had a beneficial effect on angiogenesis and bone regeneration. Chabut and
colleagues demonstrated that a 4kDa fucoidan enhanced FGF-induced tube formation
in EC through heparan sulfate-dependent a6 integrin overexpression [24]. Bouvard and
colleagues demonstrated that a 4.5 kDa fucoidan induced EC migration via PI3K/AKT
signaling [18]. Hwang and colleagues found that a 1-30 kDa fucoidan fraction upregulated
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the expression of osteogenic genes and increased bone density, as well as bone ash weight
in vivo [78]. Authors like Matsubara and colleagues tried to categorize fucoidan’s bioac-
tivity dependent from their molecular weights. They suggest that fucoidans smaller than
20-30 kDa rather have pro-angiogenic effects than their larger counterparts [123]. How-
ever, studies reporting on the anti-angiogenic properties of LMW fucoidans [25] make
clear that no universal definition exists which helps to predict the bioactivity of fucoidan
dependent from their molecular weight. Nevertheless, it is undisputed that molecular
weight plays a crucial role in defining fucoidan’s bioactivities. Molecular weight has an
impact on the total amount of sulfates displayed on the molecule and it also influences
the three dimensional structure. Both parameters likely are important when it comes
to the interaction of fucoidan with signaling molecules or the cellular surface. We vi-
sualized the interaction of HMW FE F3, MMW and LMW with OEC and MSC by
immunocytochemistry and indeed found that HMW FE F3 interacted much stronger
with the cells than MMW and LMW fucoidans. It is known that heparan sulfate, a
part of heparin sulfate proteoglycans located on the cellular surface plays a crucial role
during angiogenic events by modulating VEGF and FGF receptor affinity [58]. Possibly,
fucoidan bound to the cellular surface alters the interaction of growth factors with its
receptors by mimicking proteoglycans and therefore influencing downstream signaling
pathways.

We compared the effect of MMW and LMW obtained by enzymatic hydrolysis with the
effect of HMW FE_F3 on angiogenesis and found that anti-angiogenic properties were no
longer present. This finding indicates that defined enzymatic cleavage might represent a
suitable technique to tailor fucoidans in regard to different applications. However, aside
from the intended effects, bioactive compounds used for bone regeneration need to meet
further requirements. Chronic inflammation is a major problem in bone regeneration
and the maintenance of bone health which can be caused by diseases, bacterial infections
or wear particles after total joint replacement [35, 81, 109]. For bone repair it is essen-
tial that applied compounds does not favor the development of a chronic inflammation.
By studying the effects of MMW and LMW on inflammatory processes, we observed
that higher doses of MMW triggered an inflammatory response in OEC indicated by
increased expression and secretion of IL-6 and ICAM-1. Additionally, we observed the
loosening of VE-cadherin-associated cell junctions, again underlining a pro-inflammatory
response in OEC after treatment with 100 ug/ml MMW. While numerous studies prove
the anti-inflammatory effect of fucoidan treatment, only few studies exist indicating a
pro-inflammatory effect caused by fucoidan [80, 131, 136]. Jin and colleagues studied the
adjuvant function of fucoidan from Fucus vesiculosus and found that fucoidan induced
the production of pro-inflammatory cytokines in dendritic cells. Fucoidan in combina-
tion with ovalbumin antigen enhanced the antibody production, upregulated MHC class
I and II and increased T cell proliferation in vivo [83]. The same authors published
in another study that fucoidan from Undaria pinnatifida increased the production of
IL-6, IL-8 and TNF-« in neutrophils [82]. To exclude that a bacterial contamination
in the MMW extract resulting from for example enzymatic digestion was responsible
for the observed pro-inflammatory effect, the endotoxin content was quantified. The
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assay resulted in very low endotoxin contents in both, MMW and LMW fucoidan. An
inflammatory response triggered by bacterial impurities can therefore be excluded. By
elucidating the detailed chemical structure of MMW and LMW, we tried to find chemi-
cal properties which are different in MMW and therefore might cause the inflammatory
response in OEC. Next to molecular weight, the extracts differed in sulfate content and
the presence of acetylation. MMW was disulfated at C2 and C4, while LMW was only
sulfated at C2. The general impact of sulfates on the bioactivity of fucoidans was al-
ready discussed in the prior section in a detailed manner. While a lot of literature exists
claiming the importance of sulfates in regard to bioactivity, the role of acetylation is
less studied. NMR analysis revealed that LMW oligosaccharides were acetylated at C3,
while the MMW fraction did not contain acetylations at any significant level. Wang
and colleagues produced an acetylated fucoidan derivate and found that the antioxidant
effect of the derivate was stronger compared to the native fucoidan [182]. On the other
hand, Lapikova et al. observed that native fucoidan, as well as the deacetylated derivate
were both able to inhibit factor Xa to the same extent, concluding that acetylation was
not a determining factor for the observed bioactivity [105]. Probably acetylations do
influence fucoidan’s bioactivity to a certain extent. However, the lack of studies and the
smaller abundance of acetylations in the chemical structure compared to sulfates indi-
cate that acetylations likely play a minor role in determining fucoidan’s bioactivities.
However, an important aspect which very likely influences fucoidan’s bioactivity is its
three dimensional structure. The 3D structure can be altered by charge (sulfates), molec-
ular weight and also branching. While fucoidans from Fucus evanescens were originally
considered as linear polymers [14], this assessment was later revised as some —3,4)-a-L-
Fucp-(1—3)-branch points were identified on desulfated and deacetylated samples [13].
NMR analysis of MMW and LMW indeed showed signals in the MMW fraction that
indicate the presence of branching at low density. In contrast, the LMW oligosaccha-
rides contained short, unbranched units with a lower charge density than the MMW
fraction. Clément et al. compared the effect of branched LMW fucoidan from Ascophyl-
lum nodosum with the effect of the linear polysaccharide. They found that the branched
molecule exhibited a stronger anticomplementary activity. The authors explain that the
presence of side chains reduced the flexibility of the fucoidan backbone. Therefore, it
adopted a 3D conformation which was very similar to the target protein of C4. The
interaction of branched fucoidan with C4 interrupted the complement activation [33].
As already mentioned in the prior section, it is well known that specific sulfated polysac-
charides are able to interact with signaling molecules or receptors and therefore influence
their bioactivity [125]. We can assume that branching altered the conformation of MMW
molecules. Possibly, MMW fucoidan adopted a structure which was able to upregulate
the expression of NFxB and secretion of 1L-6 and TCAM-1 and therefore triggering a
pro-inflammatory response in OEC.

Concluding the second part, enzymatic hydrolysis clearly changed the bioactivity of the
obtained extracts compared to the HMW fucoidan. While HMW FE F3 impaired an-
giogenic processes in OEC and MSC, this was not observed for treatment with MMW
and LMW. In contrast to high doses of MMW, LMW did not provoke an inflammatory
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response in OEC. These results highlight the potential of defined enzymatic processing
to select and tailor fucoidans for specific biomedical applications and also to further
elucidate structure-function relationships in the context of bone regeneration.

7.3 Preliminary Effect of Chemically Extracted and De-
graded Fucoidans

In the third part of the presented thesis, chemically extracted and HyOs-degraded fu-
coidan extracts varying in molecular weight were analyzed in a preliminary study in
regard to their impact on angiogenic processes in MSC-OEC co-cultures.

Fucoidan from Fucus evanescens was chemically extracted and subsequently degraded
using HoOs. The incubation time in HoOo varied, therefore resulting in three extracts
with different molecular weights: CAU1 (26 kDa, MMW), CAU2 (18 kDa, MMW) and
CAU3 (155kDa, HMW). MSC-OEC co-cultures were treated with the extracts and the
expression and secretion of important angiogenic mediators VEGF, SDF-1, ANG-1 and
ANG-2 were quantified. Further, the impact of CAU1, CAU2 and CAUS3 treatment on
the formation of angiogenic tube-like structures was studied. To reveal bioactivity dif-
ferences between native and degraded extracts, one co-culture was additionally treated
with the native extract NatF, as well as with the purified native extract FracC. Equally,
expression and secretion of the same mentioned mediators were quantified.

In contrast to the extracts MMW and LMW (see prior sections), CAU1, CAU2 and
CAUS3 were degraded by radical depolymerization using HyOs. The decreased molecular
weight of CAU1, CAU2 and CAU3 in comparison to the native extracts NatF (539 kDa)
and FracC (371 kDa) proves that radical depolymerization by HyO9 is an effective way
to reduce the molecular weight of fucoidans. It is noteworthy that HoOs incubation time
did not correlate with the resulting molecular weights. CAU3 was incubated longest in
H505 and still had the highest molecular weight of >100kDa. This result shows that
radical depolymerization occurs randomly and that it cannot be used to intentionally
produce fucoidans with specific molecular weights. This is different to enzymatic degra-
dation which can be applied to degrade fucoidans in a defined and predictable manner
[99]. Even though, enzymatic degradation is highly specific, no commercially available
product exists, yet. Radical depolymerization using HoO4 is simple and cheap, therefore
representing a technique for fucoidan degradation which can easily be implemented in
larger scale. Additionally, radical depolymerization has shown to possess anti-microbial
effects on the sample [102].

Sulfate and fucose content were mostly comparable among the extracts. The consistency
of these parameters makes it easier to understand the effect of molecular weight on the
observed bioactivities.

To examine the effect of CAU1, CAU2 and CAUS3 on angiogenic processes, MSC-OEC
co-cultures were treated with the extracts and the formation of prevascular structures
was observed on day four and seven using immunocytochemistry. Because angiogenic
structures were not quantified, the observations and interpretations should only be taken
as preliminary results. The microscopy pictures clearly showed that fucoidan treatment
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did not impair the development of angiogenic structures. Possibly, treatment with CAU2
even increased the formation of angiogenic structures compared to the untreated sam-
ple. These results are similar to the ones obtained for enzymatically-degraded MMW
and LMW which did not impair the formation of prevascular structures either. All men-
tioned extracts, except for CAU3, belong to the group of MMW or LMW fucoidans.
Even though, CAU3 was categorized as a HMW, it is still much smaller than the other
studied HMW fucoidans (155 kDa vs. 400 kDa) which were proven to impair the forma-
tion of prevascular structures (see chapter 3).

Fucoidan staining after treatment revealed that all HoOs-depolymerized extracts were
able to interact with the cell models. The detected amount of fucoidan measured by
the fluorescence intensity was highest for FE_F3 (400-500kDa), followed by the HyOo-
depolymerized extracts (18-155kDa), followed by the fucoidanase-degraded extracts (2-
209kDa). This result indicates that the interaction of fucoidan with the cell models
might be molecular weight-dependent. The importance of molecular weight as a pa-
rameter to define fucoidan’s bioactivity was already elaborately discussed in the prior
section.

CAU1, CAU2 and CAU3 treatment had no effect on the gene expression of angiogenic
mediators and only slightly decreased the secretion of angiopoietins in MSC-OEC co-
cultures. These results are in accordance with the fact that the formation of angiogenic
structures was not altered by treatment with the HoOs-depolymerized extracts.

To assess the bioactivity differences of extracts before and after radical depolymeriza-
tion, one co-culture was treated with native crude and purified extracts NatF and FracC,
respectively. However, these results base upon only one co-culture and should therefore
be interpreted with caution. Both, NatF and FracC had a similar impact on the stud-
ied angiogenic mediators: The HMW fucoidans decreased the expression of all studied
genes. This stands in contrast to the depolymerized extracts which had only an effect
on the expression of ANG-1. In accordance with these results, the HMW fucoidans
decreased the secretion of SDF-1, ANG-1 and ANG-2. The difference between native
and depolymerized extracts on protein level was not as evident as for the gene expres-
sion. These results are similar to the ones obtained for enzymatically-extracted HMW
fucoidans (especially FE_F2 and FE_F3) which significantly decreased the expression
and secretion of the mentioned angiogenic signaling molecules.

The molecular weight of the studied enzymatically-extracted fucoidans was determined
using SEC with pullulan as a calibration standard. The molecular weight of the chemi-
cally extracted fucoidans however was quantified using SEC coupled with a MALS-VIS
detection system. Therefore, it was not completely accurate to compare the molecular
weights of the enzymatically- and chemically extracted fucoidans before.

SEC with a calibration standard is commonly used to determine the molecular weight
of fucoidans [8, 112, 130]. However, it is likely that results from this technique are not
completely accurate and do not display the absolute and true molecular weight of the
fucoidan sample. The determined molecular weight relies on the utilized standard which
is often a narrowly distributed preparation such as pullulan or dextran. The standard
used should reflect the chemical properties of fucoidan in the best way possible to deter-
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mine correct molecular weights [142]. Due to fucoidan’s extremely heterogeneous nature
(charge, branching, 3D structure) however, no such standard exists. SEC with a MALS
detection system allows to determine the accurate molecular weight of fucoidans with-
out the need of an external calibration standard. Here, the molecular weight is directly
quantified from the intensity of the scattered light [188].

To conclude, chemically extracted fucoidans exhibited a comparable bioactivity on an-
giogenic processes in MSC-OEC co-cultures as observed for enzymatically-extracted fu-
coidans with similar molecular weights. However, it is important to note that molecular
weights determined by different techniques cannot be freely compared without restric-
tions. Lven though, SEC with an external standard results in good tendencies for molec-
ular weights of fucoidans, techniques such as SEC-MALS are necessary to determine the
absolute molecular weight of fucoidans.

7.4 Injectable Chitosan-Collagen Hydrogel as a Delivery
System for Fucoidan

In the last part of the presented thesis, a protocol for the production of an injectable
hydrogel-based delivery system for fucoidan was established. By analyzing its physico-
chemical properties and the biological performance, the suitability of the hydrogel for
bone regeneration was evaluated.

The composite hydrogel consisted of chitosan and collagen type 1. 3-GP was included
into the system to achieve thermosensitivity [27]. The addition of an isomeric a5-GP
mixture resulted in the formation of a crumbly, very heterogeneous hydrogel. The gel
containing B-GP however was opaque and homogeneous. «a-GP has a linear structure
and thereby causes less steric hindrance compared to 8-GP. Wu and colleagues prepared
a hydrogel composed of quaternized chitosan and af-GP and report that the isomeric
GP mixture was suitable for the production of thermosensitive hydrogels. They as-
sume that due to its chemical conformation, gelation with a8-GP occurs even faster
[187]. In contrast to Wu et al., we used native chitosan for the production of the hydro-
gel, possibly explaining the different findings. Even though, other studies exist which
successfully established a thermosensitive hydrogel protocol using native chitosan and
af-GP [194, 193], the use of 5-GP has become general usage.

Results from our experiments show that gelation of the hydrogels occurred faster with
increasing B-GP concentrations. Similar to our results, other studies observed as well
that the gelation time decreased with increasing GP concentrations [1, 30]. In accordance
with our results, Kempe and colleagues found that gelation with GP concentrations be-
low 6% did not occur [89]. Hence, a sufficiently high concentration of S-GP should
be chosen in order to achieve appropriate gelation times. GP addition results in the
increase of pH, prevents precipitation of the hydrated gel and generates thermosensitiv-
ity at increased temperatures [151]. The molecular gelation mechanism of chitosan-GP
hydrogels is explained in detail in the Introduction.

Some studies reported cytotoxic effects of high GP concentrations on several cell types
[191, 93]. The cytotoxicity was related to the high osmotic pressure on cells created by
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diffused GP. However, GP concentrations below 10 % in the hydrogel should not affect
cell viability [1]. Life/dead stainings of MSC encapsulated in hydrogels with 6 and 7%
5-GP revealed that most cells remained vital. Therefore, we chose a 3-GP content of
7% as adequate for the hydrogel preparation.

To improve the biomimetic properties of the hydrogel, collagen type I was added into
the formulation. As our experiments show, 1.5 mg/ml collagen improved the adhesion
and spreading of encapsulated MSC. Additionally, collagen accelerated the gelation time
by approximately one minute. Saravanan et al. explain in their review that collagen in-
teracts with chitosan predominantly via hydrogen bonds between chitosan/collagen and
GP, respectively water, via electrostatic interactions between amine groups (chitosan)
and carboxyl groups (collagen), via Van der Waals and hydrophobic interactions. Col-
lagen fibrillogenesis is triggered by the pH decrease (during gelation) and temperature
increase, therefore supporting the gelation process [151]. In accordance with our results,
Wang and Stegemann showed that the addition of collagen resulted in stiffer, faster
gelating hydrogels [183]|. Dang and colleagues report an improved pH stability and bio-
compatibility for 1.929 cells of hydrogels containing collagen compared to hydrogels with
pure chitosan [37]. Further, Ding and colleagues showed that thermosensitive chitosan-
collagen hydrogels exhibited good biocompatibility with MSC and supported osteoblast
differentiation [41]. It becomes clear that the addition of collagen comes with a lot of
advantages in regard to the chemical and physiological properties of the hydrogel.

The integration of fucoidan into the thermosensitive hydrogel system was achieved by
premixing the fuocidan and §-GP solution before adding it into the chitosan-collagen
mixture. The addition of pure fuoidan solution into the chitosan, chitosan-collagen or
chitosan-collagen-GP mixture always resulted in the formation of macroscopic aggre-
gates. Fucoidan addition did not impair the gelation process and did not alter the pH
of the sol or of the hydrogel. Integration of high fucoidan amounts (500 p/ml) increased
the turbidity of the resulting sol. Also, fucoidan addition reduced the swelling capacity
of the hydrogel measured by decreased ESRs.

Rheological measurements revealed that hydrogels containing 100 ug/ml fucoidan gelated
after 1 min at 37°C. This was comparable to hydrogels without fucoidan which needed
around 75s to reach the gel point. This gelation time seems appropriate for medical
applications; it is long enough to allow the application via injection and to allow the
gel adapting to the defect shape. On the other hand, it is short enough to prevent long
waiting times and to avoid the immediate release of encapsulated fucoidan.
Temperature sweep tests demonstrated that the gelation temperature for hydrogels con-
taining 100 ug/ml fucoidan was 35.5°C. The gel point of hydrogels without fucoidan oc-
curred at 36.8°C. Hence, hydrogels with fucoidan tentatively started to gelate at slightly
lower temperatures than gels without fucoidan. The gelation of the hydrogels at 37°C
or slightly lower temperatures is advantageous for a medical application. The cool sol
can be applied at room temperature, but it will quickly start to gelate once exposed
to the physiological body temperature. Several studies have been shown that the gela-
tion temperature is determined by a combination of different parameters, such as 8-GP
content, chitosan concentration, molecular weight, as well as degree of deacetylation
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[30, 36, 6]. Increased S-GP content and increased chitosan concentrations results in a
decreased gelation temperature [30, 36]. Further, higher molecular weight and degree of
deacetylation decrease the gelation temperature as well [6].

In contrast to other polysaccharides such as chitosan for example, fucoidan alone is not
able to form hydrogels. Koo et al. demonstrated that aqueous fucoidan solutions exhibit
low viscosity and can be characterized as pseudoplastic fluids [98]|. This is in accordance
with Citkowska and colleagues who showed that the viscosity of aqueous fucoidan solu-
tions increased with increasing fucoidan concentration [31]. Due to its sulfate residues,
fucoidan usually has an overall negative charge. Various studies have shown that fu-
coidan is able to form films or hydrogels with oppositely charged polysaccharides based
on the formation of electrostatic interactions [156, 107]. The results from the rheological
measurements, swelling experiments and the visual appearance (turbidity) indicate that
the integration of fucoidan into the chitosan hydrogel system increased the degree of
interconnectivity inside the gel. Swelling experiments revealed that hydrogels contain-
ing high amounts of fucoidan (500 ug/ml) absorbed less water than hydrogels wit no or
less fucoidan. We assume that the additional molecular interactions resulted in gelation
at lower temperatures and that the increased matrix interconnectivity hindered water
uptake into the gel, therefore reducing the swelling capacities of hydrogels containing
500 pg/ml fucoidan.

To our knowledge, no study exists which developed and characterized thermosensitive
chitosan-collagen hydrogels with integrated fucoidan. To date, most studies investigated
fucoidan as a component of nanoparticles, serving as a delivery system for drugs. The
putative applications are manifold: anti-cancer, antibacterial, to treat pulmonary dis-
eases or diabetes [116, 176, 77, 175]. The integration of fucoidan into hydrogels is less
investigated in comparison to nanoparticles. However, some studies exist which devel-
oped hydrogel systems containing fucoidan. Carvalho and colleagues prepared ionically-
crosslinked hydrogels with collagen, chitosan and fucoidan and found that gels con-
taining all three polysaccharides possessed better mechanical properties than hydrogels
with only two polysaccharides [22]. Sezer and colleagues prepared chitosan-fucoidan
hydrogels and found in contrast to our results that hydrogels with fucoidan absorbed
more water and had greater swelling capacities. The authors associate the results with
the hydrophilic nature of fucoidan [156]. Murakami and colleagues found that hydro-
gel sheets composed of alginate, chitosan and fucoidan improved the regeneration of
healing-impaired wounds in rats [126]. Karami and colleagues produced silibinin-loaded
fucoidan-chitosan hydrogels and found that the formulation supported skin protection
against UVB radiation [87]. Other studies describe the preparation of chitosan-fucoidan
hydrogels for the encapsulation of angiogenic growth factors [128] or the development of
alginate-fucoidan composite hydrogels for enhancing chondrogenesis of stem cells [88].
Additionally, some approaches are described which utilize covalent cross-linking to create
hydrogel containing fucoidan. Lu and colleagues prepared genipin crosslinked hyaluronic
acid-fucoidan-gelatin hyrogels fo the delivery of platelet-rich plasma [115]. A study from
Hsu and colleagues presents the production of methacrylated hyaluronan and fucoidan
to create photo-crosslinkable hydrogels [75].
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In almost all biomaterial approaches which include fucoidan, the polysaccharide rather
represents a structural element with beneficial properties, such as enhancing the bioac-
tivity of the encapsulated drug or altering mechanical properties of the hydrogel. To our
knowledge, no study exists which integrates fucoidan into a hydrogel and determines
its release profile comparable to a drug. Our experiments suggest that around 60 % of
the encapsulated fucoidan got released from the hydrogel within two days. Only 20 %
of the fucoidan remained inside the hydrogel after six days. These results indicate that
fucoidan was not permanently immobilized inside the matrix. Its interactions with the
other components were reversible, allowing the release of fucoidan into the supernatant
over a specific period of time.

To use a biomaterial in the medical context, biocompatibility is a crucial requirement.
It is defined as "the ability of a material to perform with an appropriate host response
in a specific application" [186]. Interaction of human cells with the material is especially
important for applications dealing with tissue regeneration. Here, the biomaterial is con-
tinuously in direct contact with the injured tissue, providing a platform for adjacent cells
to migrate into the defect and initiate its regeneration [161]. To assess the biocompati-
bility of the thermosensitive chitosan-collagen hydrogel with integrated fucoidan, MSC
and OEC were encapsulated (3D) and cultured on top (2D) of the hydrogel. Life/dead
stainings revealed that 3D- and 2D-cultured MSC were elongated and adhered well to
the hydrogel after six and also after ten days. SEM images demonstrate that MSC were
deeply embedded into the hydrogel and interacted predominantly with the collagen por-
tion. 2D-cultured OEC adhered and were vital after six days. However, encapsulated
OEC exhibited a very small, round shape, demonstrating an impaired capability to elon-
gate. DNA quantification for 3D-cultured MSC revealed equal DNA amounts on day
one and six, indicating that MSC did not proliferate. VEGF secretion of 3D-cultured
MSC was increased from day one to day six. However, no differences in VEGF secre-
tion were detected between hydrogels with and without fucoidan. These results show
that the developed hydrogel-based delivery system is biocompatible with both cell types.
MSC can be encapsulated along with fucoidan into the hydrogel to support healing pro-
cesses, However, to encapsulate OEC alone, structural adjustments of the hydrogel are
needed. Also a co-encapsulation of OEC with another cell type such as MSC might help
to improve the biocompatibility.

To conclude, thermosensitive chitosan-collagen hydrogels represent a possible delivery
system for fucoidan and stem cells. The physicochemical properties of the hydrogel-based
delivery system are suitable for medical applications. The biomaterial is compatible with
human MSC and OEC with a limitation for OEC encapsulation.

7.5 Conclusions & Future Perspectives

Fucoidans are sulfated polysaccharides found in the cell wall of brown algae. Since the
first discovery by Kylin in 1913, many researchers dedicate their work to this versatile
sugar. Indeed, fucoidan is multifaceted in many ways. It possesses bioactivities on a
wide range of physiological processes; angiogenesis, osteogenesis, inflammation, coagu-
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lation and apoptosis, to name only a few. These bioactivities make fucoidan interesting
as a therapeutic agent in the medical industry. However, not only its bioactivities are
manifold, so is also its chemical structure and composition. Most fucoidans consist of a
sulfated fucose backbone, but the amount of fucose units and sulfates, as well as their
locations differ. Further, Fucoidans can variate in their monosaccharide composition,
molecular weight, degree of branching, existence of acetylation and three dimensional
conformation. Algae species, harvesting season, location and extraction technique are
only some parameters which take influence on the chemical structure of fucoidan. Today
it is clear that fucoidan’s bioactivities depend on their chemical structure. The hetero-
geneous nature of fucoidans makes it very difficult to predict bioactivities of individual
extracts. This impedes a straightforward use of the polysaccharide in the highly regu-
lated medical industry.

This thesis aimed to elucidate the bioactivity of different fucoidans in conjunction with
its chemical properties in the context of bone regeneration using human MSC and EC.
The different parts of the presented thesis are schematically summarized in Figure 7.1.
Part I mainly investigated the effect of enzymatically-extracted fucoidans on angiogene-
sis, osteogenesis and inflammation. Part II analyzed the potential of defined enzymatic
hydrolysis as a tool to tailor fucoidan’s bioactivities. The effect of intact and hydrolyzed
fucoidans on angiogenesis and inflammation was compared. Part III studied the effect
of chemically extracted and degraded fucoidans on angiogenesis. Finally, Part TV dealt
with the development of an injectable thermosensitive hydrogel-based delivery system
for fucoidan as a potential application in regenerative medicine.

It was found that all studied HMW fucoidans exhibited reducing effects on angiogenic
mediators and the formation of angiogenic structures. Highly pure fucoidans (mea-
sured by a high fucose content and absent alginate impurities) with an increased sulfate
content exhibited the strongest inhibitory effect on angiogenesis, osteogenesis and in-
flammation. This was related to a decreased expression and secretion of angiogenic and
inflammatory mediators, to the impairing effect on the formation of angiogenic structures
and to reduced osteoblast differentiation. MMW and LMW fucoidan extracts obtained
from enzymatic hydrolysis lost the anti-angiogenic properties which were observed for
HMW FE_F3 fucoidan. MMW and LMW did not impair the formation of prevascular
structures and had only a minor effect on the expression and secretion of angiogenic me-
diators. These differences were mostly attributed to the different molecular weights. In
contrast to LMW, MMW caused an inflammatory response in OEC. Hence, enzymatic
hydrolysis clearly changed the bioactivity of the obtained extracts. These results prove
the potential of defined enzymatic processing to select and tailor fucoidans for specific
biomedical applications. Chemically extracted and degraded fucoidans did not impair
the formation of angiogenic structures similar to the enzymatically degraded extracts.
Native chemically extracted HMW fucoidans mostly reduced expression and secretion
of angiogenic mediators stronger than the degraded extracts with a lower molecular
weight. A hydrogel-based delivery system for fucoidan which is injectable at lower tem-
peratures and starts to gelate at 37°C within 1 min was established. The hydrogel was
biocompatible with OEC and MSC with a limitation for OEC encapsulation.
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Figure 7.1: Summary and conclusions of the results presented in
the current thesis. The thesis investigated the bioactivity of different
fucoidan extracts on molecular processes relevant for bone regenera-
tion. Bioactivities of enzymatically-extracted and -depolymerized ex-
tracts (Part I and IT) were compared to chemically extracted and de-
graded fucoidans (Part III). A thermosensitive, injectable hydrogel as a
delivery system for fucoidan was developed for the potential use in re-
generative medicine (Part IV).

The results from the current thesis in conjunction with the literature suggest differ-
ent possibilities how fucoidan alters signaling pathways in the studied cell models and
thereby provokes the observed bioactivities. Fucoidan’s negative charge probably allows
it to interact with proteins. These can be surface receptors or signaling molecules. By
blocking surface receptors, fucoidan prevents binding of the ligand, thereby impairing
downstream signaling pathways. On the other hand, fucoidan can possess a similar con-
formation as the ligand, activate the receptor and enhance downstream signaling (Figure
7.1 (1)). By binding to the cell surface it might mimic sulfated glycosaminoglycans which
often function as co-receptors for signaling activation (Figure 7.1 (2)). The interaction
of freely diffusible fucoidan with signaling molecules might prevent their binding to the
receptor (Figure 7.1 (3)). However, the integration and temporary immobilization of
fucoidan inside a hydrogel might cause the reverse effect. Bound signaling molecules are
temporarily immobilized and concentrated, triggering the activation of signaling path-
ways (Figure 7.1 (4)).

All mentioned possibilities rely on the interaction of fucoidan with different molecular
structures. In turn, these interactions rely on the chemical composition of fucoidan,
explaining the varying observed effects between different extracts. In the current thesis,
especially the contribution of molecular weight, fucose content (purity), sulfates, acety-
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lation and branching were studied and discussed. Most chemical parameters affect each
other and cannot be seen in an isolated manner. In the end, almost all chemical prop-
erties determine the three dimensional conformation of the fucoidan extract.

In the future, an increased attention should be drawn to the resolution of the three
dimensional structure of fucoidan molecules. It is common use to determine some basic
parameters such as molecular weight and sulfate content and thereby declare the fu-
coidan as sufficiently chemically characterized. However, literature and results from the
presented thesis clearly demonstrate that it is not as easy as that. Molecular weight,
sulfates or other chemical properties never determine the bioactivity of fucoidans alone.
These properties cannot be seen as isolated parameters, but must be analyzed as a unit.
To further elucidate the structure-function relationship of fucoidans, an emphasis must
be put on analyzing how the individual chemical properties contribute to the three di-
mensional structure of fucoidan. Further, it must be analyzed in detail which impact
different conformations have on cellular molecular processes. To tackle this task, tech-
niques need to be developed which allow the determination of 3D conformations in a
standardized and simple way. Also methods which determine the individual chemical
properties must be improved and standardized. For example, techniques omitting the
use of external calibration standards need to be further established in order to determine
accurate molecular weights.

Without doubt, it is always advantageous to know how a potential therapeutic agent
acts on molecular processes and how observed effects can be explained. Nevertheless, if a
fucoidan extract exhibits reproducibly good therapeutic effects, proven in in vitro and in
vivo studies, it is not absolutely necessary to know the exact molecular mechanism. It is
however extremely important for the medical use that the chemical composition of this
fucoidan is stable and does not vary between batches. Therefore, extraction procedures
need to be highly standardized and guarantee the continuous production of fucoidans
with the same chemical structure. Results from the presented thesis have shown that
defined enzymatic fucoidan processing after extraction can be a helpful tool to achieve
this requirement.

Further, biological test systems need to be standardized in order to study fucoidan’s
bioactivity, but also to screen different extracts for a potential medical uses. These
test systems should reflect human physiological processes as close as possible. Only well
studied and tested fucoidans which show high medical potential in vitro should be tested
in vivo. Ex vivo models, especially in the area of bone regeneration, could close the gap
between in vitro and in vivo studies.

Finally, to apply fucoidan in the medical context, delivery systems and formulations
specific to the application are needed. Even though, studies exist which describe bioma-
terials with integrated fucoidan, the research on this topic is still sparse. The constant
demand for suitable biomaterials has fostered the research in this sector and led to the
development of many promising materials, such as intelligent hydrogels, nanoparticles
or bioprintable scaffolds. Already existing materials can be adapted to the integration of
fucoidan to create formulations which enable the use of fucoidan as a bioactive compound
for medical purposes.
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Appendix A. Appendix

A.1 OEC and MSC Donor Information

Table A.1: Donor information and passage numbers for OEC and MSC
used in the presented thesis.

OEC

No. Passage No. Sex Age Blood type
74 9 m 37 AB—+

147 5,8, 10 f 25 A+

152 7,9 - - -

252 4,5,6, 11 w 20 A+

264 5,6 m 66 0

274 4,7 m 62 A+

MSC

No. Passage No. Sex Age Blood type
15-1 4 50 -

16-2 4,5 57 -

17-4 5 - - -

18-1 5 m 48 -

18-4 4,5 m 78 -

18-7 5 f 69 -

18-8 4,5 m - -

19-2 4,5 f 76 -
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A.2. NMR Spectroscopy

A.2 NMR Spectroscopy

A) B)
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Residue H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 H6/C6
MMW A 5.37/99.8 4.52/76.1 4.30/75.0 4.93/81.4 4.45/68.9 1.30/17.0
B 5.35/99.5 4.41/775 4.35/68.6 3.99/84.0 4.36/696 1.34/16.9
LMW A 5.33/95.4 4.68/74.1 4.38/68.5 3.92/73.5 4.64/69.0 1.23/16.5
B 5.25/100.1 4.58/74.9 4.23/73.9 4.13/70.0 4.40/684 1.28/16.8
o} 5.35/95.3 4.69/74.2 5.38/71.0 4.13/80.9 4.60/69.1 1.38/16.9
(OAc)*
D(a-anomer)  5.47/91.8 4.56/74.9 4.09/74.2 4.11/70.1 4.24/672 1.23/165
* acetyl: 2.25/22.1 ppm and 174.6 ppm
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Figure A.1: 'H-13C HSQC spectra (800 MHz instrument, 323 K) of
the fucoidanase hydrolysis products A) MMW and B) LMW. The cor-
responding table is shown in C). Residual Tris buffer signal is indicated
by an asterisk. For the MMW spectrum, acetyl group signals are largely
absent, while di-sulfation is observed in this fraction. For the LMW spec-
trum acetyl group signals are evident near 2.25 (1H)/22.1 (13C) ppm.
Di-sulfation is not observed in this fraction. The position of the broad-
ened D3 signal is indicated by a dashed circle. D) Spectral region of the
'H-'3C HSQC recorded on MMW. Arrows indicate the CH groups at
C1 and C4 for a minor (2.4 %) unit, whose chemical shifts are consistent
with a —3,4)-a-L-Fucp(2-SO3 )-(1—3)- branch point [33]. The presence
of 3,4-branch points in the F. evanescens fucoidan was previously pos-
tulated by [13]. 143



Appendix A. Appendix

A.3 Certificate

Certificate of Analysis

of Analysis Chitosan 95/100

HEPPE MEDICAL CHITOSAN GmbH
CEO: Dipl. Biotechnol. Katjo Richter

Heinrich-Damerow-StraBe 1
D-06120 Halle (Saale)

Tel: +49 (0) 345 27 996 300
Fox: +49 (0) 345 27 996 378
info@medical-chitosan.com
www.medical-chitosan.com

HypoVereinsbank Halle (Saale)

Product line:

Product:

CAS:

Product No.:

Batch No.:

Storage conditions:
Production date:

Chitoceuticals

Chitosan 95/100
9012-76-4

24704

212-021118-01

< 25°C, dry and well closed
02.11.2018

Account: 356 864 832 BLZ: 800 200 86
SWIFT: HYVE DE MM 440
1BAN DE33 8002 0086 0356 8648 32

Volksbank Halle (Saale) eG

Account: 0001 160 966 BLZ: 800 937 84
SWIFT: GENO DE F1 HAL

IBAN. DE83 8009 3784 0001 1609 66

VAT.ID: DE 249 728 508

Expiry date: 02.11.2021 Amisgericht Stendol HRB 5561
B
|
| Parameter Method Limit Result
Appearance of solid product HMC QK-PA-0001 white to light yellow complies
Appearance of solution HMC QK-PA-0002 clear, colorless to complies
slightly yellowish
Degree of deacetylation HMC QK-PA-00 03 =292.6% - 94.6 %
V/isCOSity (1% in1 % acetic acid, 20 °C) HMC QK-PA-0004 71 - 150 mPas 116 mPas
Ashes suiphated) HMC QK-PA-0005 <1% 0.2 %
Dry matter content HMC QK-PA-0006 290 % 95.6 %
Insolubles HMC QK-PA-0010 SOV complies
Heavy metals
Pb HMC QK-PA-0019 < 40 ppm complies
Hg HMC QK-PA-0020 <0.2 ppm compligs
o Cd HMC QK-PA-0020 <0.5 ppm complies
As HMC QK-PA-0020 < 0.5 ppm gomplies
Protein content HMC QK-PA-0008 <05 % complies
Microbiological tests
Total bacterial count HMC QK-PA-0022 < 1000 CFU/g substance complies
Yeast & mould HMC QK-PA-0022 < 100 CFU/g substance complies
For reference
Molecular weight (by GPC): 100 - 250 kDa
- *
Halle e) 02,2019
Tk éé
orsten Richter Page: 1/1
Head of QA/QC Rev: 02
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