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Preface

This thesis is submitted in partial fulfilment of the requirements for the academic title
"Philosophiae Doctor" at the Norwegian University of Science and Technology (NTNU). The work was
performed at the Norwegian Biopolymer Laboratory (NOBIPOL), Department of Biotechnology and
Food Science.

The work herein was conducted under the supervision of Professor of Finn Lillelund Aachmann and
co-supervision Gudmund Skjak-Braek. The work in this thesis was financed by the Norwegian
Research Council, through the MARPOL project (Grant 221576).

The thesis consists of a general introduction, objectives of the conducted studies, summaries of the
research articles, and a general discussion centred around the main topics of the scientific articles.
The research articles that have been published in conjunction with this thesis are presented in the
appendix.
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Summary

Marine polysaccharides, such as fucoidan, alginate and chitosan are garnering increasingly significant
research interest in the field of biomedical applications due to their broad range of bioactive
properties, compatibility with living tissues and their ability to form hydrogels. This thesis presents
in-depth investigations of the properties and potential applications of these marine polysaccharides.

We utilized numerous analytical techniques to characterize the chemical structure of fucoidan from
Laminaria hyperborea. A task that to our knowledge has not been accomplished before.

Using ICP-MS and Raman spectroscopy, we determined a near theoretically complete degree of
sulfation (1.7). HPAEC revealed a structure almost exclusively composed of fucose residues, while
NMR and methylation analysis indicated a 1=3-linked backbone structure with extensive branching.
SEC-MALS uncovered a high average molecular weight (up to 1.4 MDa) and indications of short side
chains.

A highly purified and well-characterized fucoidan sample was used to investigate bioactivity in vitro
using a lepirudin-based human whole blood model. Structural features such as the degree of
sulfation and molecular weight were tailored to enable elucidation of structure—function
relationships. Unmodified fucoidan with a high degree of sulfation and molecular weight was
demonstrated to inhibit coagulation at intermediate to high concentrations, showing similar
inhibitory effects on the complement system. The work underscores the importance of both
molecular weight and the degree of sulfation as key parameters for bioactive properties.

We also explored potential therapeutic effects of fucoidan on ocular diseases, specifically, age-
related macular degeneration (AMD). VEGF secretion and protection from oxidative stress were
investigated. The findings unveiled a positive relationship between molecular weight, bioactivity, and
potential therapeutic effects for highly sulfated fucoidan. Importantly, viability was maintained for
both primary porcine epithelial cells and a human epithelial cell line.

Alginate hydrogels which are attractive biomaterials for applications such as cell encapsulation,
tissue engineering, coatings, and drug delivery, were examined on a fundamental scientific level.
Through CD spectroscopy and molecular dynamic simulations, we obtained strong evidence
supporting a previously hypothesised zipper-like junction zone formation between alginate M-blocks
and chitosan.

Furthermore, we developed and investigated a novel alginate-chitosan gelling system. This system
relies upon crosslinks between poly-MG-blocks and chitosan oligomers and can enable gel strengths
orders of magnitude higher than those observed in poly-M-chitosan hydrogels. Rheological
measurements and molecular dynamic simulations suggested a fundamentally different chain—chain
interaction mechanism involving localized phase-separation.

Gels made from alginates with different block structures were crosslinked with combinations of
calcium and chito-oligosaccharides. We found that up to 50% of Ca?* can be replaced by chitosan
oligomers (under specific conditions) without compromising gel strength or the occurrence of
syneresis, while simultaneously increasing the rate of gelation. The inclusion of chitosan oligomers in
the gelation mechanism allows for customizing gelling kinetics and may enhance hydrogel stability
against electrolytes, a factor of great importance in biomedical applications.
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INTRODUCTION

1 Introduction
1.1 Alchemy, mythology and history

Algae are eukaryotic aquatic organisms that perform photosynthesis. It is a polyphyletic grouping,
not based on a common shared ancestor but on phenotypical characteristics, which can be expressed
by species of multiple biological clades 2. Algae can be divided, according to their size, in microalgae
and macroalgae, with an estimate of approximately 300 000 species, and a genetic diversity much
greater than found in terrestrial plants 2. Macroalgae, also known as seaweeds, are divided into three
taxonomic classes: red (Rhodophyta), green (Chlorophyta), and brown macroalgae (Phaeophyta) .

Seaweeds have populated the earth well before the dawn of mankind and influenced our societies
and culture throughout history to varying degrees 3. Archaeologists found evidences in Britain that
humans have eaten seaweed alongside fish and crustaceans in the Mesolithic era (ca. 10 000 BC) “.
Various seaweeds have been used in medicine, as a staple food and fertilizer on the fields Since
ancient times °.

Although not reaching the same elevated status as in Asia, seaweeds still found their entry into
European culture in various forms. In Ireland kelp (brown seaweed of the order Laminariales), was
considered a gift from the gods, carried by the winter storms, to nourish the agricultural fields and
soil for the forthcoming season 3. The Norse jétunn Agir, the giant of sea and beer brewing, is
commonly portrayed wearing crown made of seaweed. In the city hall of Denmark's capitol
Copenhagen, a large tile mural decorates the presidential stairs, depicting Zgir and his nine
daughters, the personified waves, with seaweed covering their bodies (see Figure 1-1). The artwork
and its prominent location are hinting towards the essential role seaweed in Scandinavian culture °.

Further annotations and endorsements are sowed throughout Greek mythology. Glaucus (Madkog),
a prophetic sea deity, was born a normal fishermen but, after eating a magical herb along the shore,
he gained immortality ’. Potentially a reference to seaweed washed ashore and an early discovery of
fucoidan (see chapter 1.6.2 Bioactive properties of fucoidan)?

Figure 1-1 Tile mural "Zgir og hans dgtre" (1883) by Lorenz Frglich, depicting the aquatic deity Zgir and his nine daughters
partially covered with seaweeds. Located at the presidential stairs in the city hall of Copenhagen 6. Photograph, Kopplin
(2016).
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Figure 1-2 Mosaic of Thalassa (centre) the Greek primordial spirit of the sea, wearing clothes made of seaweed and a crown
of crab-claws. Created during the C5t AD in Antioch, currently at the Hatay Archaeology Museum (Turkey) &.

The Greek deity and spirit of the sea Thalassa (@dAatta) is commonly illustrated wearing a toga
made of seaweed and a crown made of crab-claws (see Figure 1-2). She is attributed to be the origin
of all living fish °. Her husband Pontus (Mévtog), the primordial god of the high seas and water itself,
was born by Gaia and reigned before the arrival of the Olympian gods. He is depicted with seaweed
for his hair and a crown made of crab-claws (Figure 1-3). In the light of current findings, could this
entanglement of crustacean shells and algae along Pontus' crown, be an early forecast of chitosan
and alginate (see chapter 1.4 Alginate), forming molecular networks, able to retain large amounts of
water (see chapter 1.3 Hydrogels)?

While mythology is concealing gained knowledge through figurative speech and might have hidden
early discoveries about marine polysaccharides in blurred allegories, this thesis is aiming to
investigate marine biopolymers and characterize their physical, chemical, and bioactive properties,
through the clear lens of modern-day scientific methods.

Figure 1-3 Mosaic of Pontus, the Greek primordial god and personification of the sea. His beard consists of waves, his hair is
seaweed and his crown is made of crab-claws 7. Created during the C1st— C3' AD in Utica (Tunisia), currently at the Bardo
National Museum in Tunis.
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1.2 Marine polysaccharides

Polysaccharides are polymers of monosaccharide units linked through glycosidic bonds . They
constitute the main source of marine biomass and are present within flora, notably in macro- and
microalgae, and in fauna such as crustaceans and molluscs 2, Marine polysaccharides function
primarily as structural supports in cell walls or as intracellular energy storage compounds 3

Brown seaweed and diatoms synthesize the polysaccharide laminarin, which consists of B-(1=3)-
linked glucose that is partially (1=6) branched. Laminarin primarily serves as a compound for energy
storage, not unlike the terrestrial polysaccharides amylose and amylopectin colloquially known as
starch 1214,

Marine polysaccharides serving primarily structural purposes are numerous. Red seaweed cell walls
are constituted mainly of galactans like carrageenan, a sulfated polymer consisting of galactose and
3,6-anhydrogalactose. Agar, a less sulfated galactan, is also found predominantly in red seaweed,
although not exclusively. In green algae, sulfated polysaccharides comprised of xylose, rhamnose,
iduronic acid and glucuronic

acid known as ulvans are . )

found ™%, In both red and /%_L \A/ITXJ\ %W%w
green seaweeds another i A | i

structural polysaccharide are
the xylose-based xylans.

With a wide variety of
compositions and physico-
chemical properties, marine
polysaccharides are
increasingly  attractive in
research and for applications
such as pharmaceuticals,
nutraceuticals, cosme-
ceuticals, and tissue
engineering ', Particularly
sulfated polysaccharides like
fucoidans from brown
seaweed have emerged as
promising macromolecules,
due to their Dbioactive
properties.  Alginate  and
chitosan are also enticing due
to their ability to form
tailored highly biocompatible
hydrogels 1, This thesis
will  focus the marine

polysaccharides fucoidan, Figure 1-4 Sources of marine polysaccharides illustrated; Laminaria hyperborea
(right) containing alginate (top structure) and fucoidan (centre structure)
distributed throughout the whole plant; chitosan (bottom structure) extracted
Figure 1-4). from shell of crustaceans (bottom).

alginate and chitosan (see
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1.3 Hydrogels

Hydrogels are scaffolds of crosslinked hydrophilic polymer chains able to retain large amounts of
water. They are defined by specific physical properties regarding their dynamic moduli, describing
elastic and inelastic responses to mechanical force 2°. The crosslinks in hydrogels can be established

2122 jonic linkages or junction zones formed through van der Waals

through covalent linkages
interactions 2. Hydrogels can mimic the natural environment of soft biological tissue, making them
an attractive tool for various biomedical applications *#%>. The broad range of different polymers,
polymer mixtures, crosslinkers and crosslinking methods allows for an optimization of these three
dimensional networks, widely utilized for cell encapsulation, as 3D cell growth matrix, as wound

dressing and as tuneable drug delivery system 2672°,

\ \e

” ; crosslink polymer chain

water

Figure 1-5 Schematic depiction of a hydrogel comprised of linear hydrophilic polymer chains, partially crosslinked to a large
network retaining water (right). Alginate cylinder ionically crosslinked with calcium and chitosan oligomers (left).

lonically crosslinked hydrogels generally feature a higher swelling sensitivity towards pH changes
than their covalently crosslinked counterparts, which is particularly utilized in orally applied drug
delivery systems, passing the different pH regimes of the gastrointestinal tract 2>3°. The highly
swollen state of these biomaterials further facilitates the transport of nutrients into and metabolic
waste products out of the hydrogel when cells are incorporated 2*.

The advantage of covalently crosslinked hydrogels lies in their long-term stability. However, this
advantage often comes with a reduced biocompatibility from including crosslinking molecules, which
are not fully biological inert or stem from chemical methods that are harsh towards incorporated
cells 23, Inducing covalent bonds through radical crosslinking is an important method, applied for
example at dextran hydrogels, using glycidyl acrylates crosslinker (containing an epoxy-group) and
N,N,N’N’-tetramethylene-diamine together with ammonium peroxydisulfate, as initiator for the
radical reaction 323, In other common methods polyaldehydes, such as glutaraldehyde

4
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(1,5-Pentanedial), are used to establish covalent bonds between the polymer chains. Polyaldehydes
are particularly effective in presence of macromolecules that contain free amino groups, for instance
chitosans or proteins, linking the individual chains through Schiff-base formation 3#3°. Nevertheless,
the high toxicity of polyaldehydes imposes difficulties applying this method on systems aiming for
cell viability and biocompatibility. A non-toxic alternative to polyaldehydes, for crosslinking chitosan
and proteins, is genipin, a compound extracted from gardenia fruits 3%%,

w@ — %{T %&@7

. » &gﬁ
47 5

Figure 1-6 Modification of alginates (black). Aqueous carbodiimide chemistry is used to separately attach either
benzylamino tetrazine (red) or norbornene methanamine (blue) to the carboxylic acid group through an amid linkage 2t.

Modern methods of copper-free click chemistry have emerged as alternative approach for
synthesizing covalent crosslinks, providing fast reaction rates with high chemoselectivity. Desai et al.
modified alginate polymers, using tetrazine (3-(p-benzylamino)-1,2,4,5 tetrazine) and norbornene
methanamine as functional groups (see Figure 1-6), allowing for intermolecular bond formation
without the need of external crosslinkers, or catalysts, using a bioorthogonal 'inverse electron
demand Diels—Alder' click reaction (see Figure 1-7) 2.

N(N’J

Figure 1-7 Formation of hydrogels using click chemistry 21, Polymers (turquoise) modified with either benzylamino tetrazine
(red) or norbornene methanamine (blue) are mixed and form a covalent crosslink due to a highly chemoselective Diels—
Alder reaction under the loss of N,.

Those modified polymers can also be stimulated by UV-Vis-light, allowing for a minimal invasive
interference in the aqueous polymer solutions containing cells. Short light exposure time and low
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intensity reduces the risk of deleterious effects on the cells 2%, However, these photo initiators still
generate free radicals for initiating the polymerization process and the prior chemical modification of
the polymers impedes on the utilization for these hydrogels in medical applications.

A non-toxic method to covalently link biopolymers such as alginate, chitosan, cellulose and proteins
relies on the natural occurring phenolic compound ferulic acid 3. The antioxidant ferulic acid is
capable of forming crosslinks with polysaccharides and proteins via resonance stabilized free radical
intermediates *. Combinations of covalently and ionically linked hydrogels will further expand the
tool set and possible properties of highly tailored functional hydrogel.

An in-depth presentation of ionically crosslinked hydrogels is included in chapter 1.4 Alginate. All
polysaccharides discussed in this thesis, alginate, chitosan and fucoidan, are suitable candidates for
highly biocompatible hydrogels.

1.3.1 Characterization of hydrogels

Hydrogels can be described as substantially diluted polymer solutions, which retain water through
weak or strong intermolecular crosslinks. These diluted polymer networks are viscoelastic materials,
simultaneously displaying viscous properties of the solution and elastic properties stemming from
the solid scaffold 4. The viscous part is characterized by mechanical energy applied for deformation
being transformed into heat energy (loss through heat dissipation). Energy transformation through
heat dissipation results in a permanent deformation. Elastic properties are characterized by the
storage of mechanical energy induced by deformation and the subsequent restitution of mechanical
energy. In fully elastic material, physical deformation only occurs temporarily and the original shape
will be restored %°. In more colloquial terms, they deform and "bounce back".

Beside concentration and molecular weight (M) of a polymer, elastic properties of a hydrogel are
also strongly related to the number and stability of crosslinks within the polymer network, as well as
the length of the elastic (entropic) polymer segments between adjacent crosslinks and length of
junction zones “. The ratio of viscous versus elastic response defines the material as a viscous fluid,
elastic solid or viscoelastic gel. Rheology is a widely applied method to analyse and characterize these
materials. It determines the loss of energy through heat dissipation and elastic stress response with
high precision. In addition, the kinetics of gelling systems can be observed, which is widely used to
study particularly the formation of gels *%. Young's modulus characterizes the stiffness/elasticity of
a hydrogel. The instrument used to determine the Young's modulus can further give valuable data
about the rupture point (point of failure), highly relevant for the application of hydrogels under

strong mechanical tension e.g. in implants and biomedical purposes -1,

Alongside mechanical properties, spectrophotometric methods such as small-angle X-ray scattering
(SAXS), small-angle neutron scattering (SANS) and Raman provides structural insides into the

hydrogel structure and 3D composition %%,
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1.3.1.1 Rheology

Rheology characterizes physical properties of
materials using two dynamic moduli: the shear
storage modulus (elastic modulus) (G') and the
shear loss modulus (G"). The ratio between the

two moduli is called phase angle (8) and is G
calculated as seen in equation 1. The applied

deformation is referred to as strain (y) and the  Figure 1-8 Schematic depiction of the relation of
storage modulus (G') to loss modulus (G") expressed by

force response from the material as stress (o). In the phase angle (5).

an ideal elastic material (Hookean material) stress

and strain are in phase (6 = 0°). In an ideal viscous

solution (Newtonian liquid) stress and strain are tan § =G_" (1)
90° out of phase, implying a complete dissipation G'

into heat energy >*.

To qualify as a "true gel" G' needs to exceed G" by  Table 1-1 Classification of viscoelastic materials by their
at least a magnitude of two and a phase angle that ~ Phase angle (5)

is frequency (f) independent over a large plateau G'>G" & < 45°
2 . . .

zone. . The mechénlcal deformatlo.n |n. a G'=gG" 5= 45°

rotational rheometer is performed by sinusoidal G'<G" &> 45°

oscillating movements of two plates towards each
other with a known angular velocity (w = 2m - f).
The analysed fluid or gel is placed in between. The
deformation is kept small to avoid inducing any A
permanent disruption of the gel %°. G

To further examine the formed hydrogel, a /

frequency sweep can be performed, plotting G'
and G" over a large range of frequencies (e.g.

0.01-10 Hz). A true gel will display constant values

for the two moduli, while an entangled polymer 0 t

network (not crosslinked) will display a higher loss

modulus at low frequencies and exhibit viscous Figure 1-9 Schematic diagram of the kinetics of a gel
formation. Storage modulus (G') to loss modulus (G")

. n

behaviour. Those systems are also called "false increase over time (t). At the transition point (blue

gel" 54, dotted line) the material changes from viscoelastic
liquid to viscoelastic gel.

1.3.1.2 Axial compression

The Young's modulus is a mechanical property of a material that reflects its stiffness/elasticity. The
material is investigated by compression or elongation measurements, observing and analysing elastic
and plastic deformation. Like rheology, the relation between strain, the applied deformation, and
stress the responding force (F) per area (A) is observed. The Young's modulus (E), reflects the
stiffness/elasticity of a gel and can be obtained by plotting the linear viscoelastic area at the initial
section of deformation, following equation 2, where [ represents the height of the sample, A/ the
length of deformation. By performing compression with high strain, causing plastic deformation and
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breakage of the hydrogel (rupture point), additional data how the gel will behave under strong
mechanical tension can be gained.

F_p.
T=ET (2)

Hydrogel networks are similar to elastic rubber systems in many regards (such as M,, dependence of
the moduli, low phase angle, low frequency dependence), but differ in the mechanism how
mechanical energy is stored. In rubber mechanical energy is stored through a reduction in entropy of

the polymer chains #6°°

, while in hydrogels mechanical energy storage is enthalpy driven, displayed a
negative temperature dependence, as seen in ionically crosslinked alginate *%. This enthalpy driven
process can be largely explained due the thermodynamic energy minimum formed where highly

specific binding pairs interact *.

1.3.1.3 Syneresis

Syneresis is spontaneous contraction of the crosslinked polymer network of a gel, accompanied by
expulsion of liquid to the surface of the shrinking network . The degree of syneresis (S) is simply
measured by the weight loss of a hydrogel, when exuding water is removed while evaporation is
prohibited.

mo—m
—— - 100%

S = e 3)

Where mq represents the initial weight of the formed hydrogel and m is the final weight when no or
no further exudation of water is observed. Syneresis in alginate hydrogels has been investigated and
linked to a reorganization in ionic crosslinkers along the polymer chains, leading to a growth in the
length of junction zones as well as growth in length of flexible polymer segments in between,
resulting in the collapse of the 3D scaffold. SAXS experiments suggested the growing junction zones
as primary driving force for syneresis in alginate hydrogels >°. A further cause for syneresis in alginate
hydrogels can be an overabundance of crosslinkers, resulting in a secondary growth of junction zones

in a "zipper" like fashion %61,
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1.4 Alginate

Alginate is a linear polysaccharide naturally occurring predominantly in the class of brown seaweed
(Phaeophyta) ©, although various bacteria such as Pseudomonas aeruginosa and Azotobacter
vinelandii incorporate alginate as exocellular polymeric material ®*54, Alginates form a polysaccharide
family comprised of the uronic acids (1=4)-linked B-b-mannuronic acid (M-unit) in *C; conformation
and its C5-epimer, a-L-guluronic acid (G-unit) in the C4 conformation (see Figure 1-10, Figure 1-11)
determined through X-ray crystallography .

B-b-mannuronic acid o-L-guluronic acid
COOH
H o OH
H
OH OH
HO H
H H
CHO CHO
HO ————H HO————H
HO ————H HO————H
H————OH H————OH
H———OH HO————H
COOH COOH

Figure 1-10 Haworth (top) and Fischer (bottom) projection of the two C5-epimers B-b-mannuronic acid (left) and
a-L-guluronic acid (right), the two monomer units compiling alginate.

The acid dissociation constant (pK,) for M-units is 3.38, while it is 3.65 for the G-units, cumulating to
3.5 as an approximate pKa-value for alginates %%, Beside the monosaccharide composition (M/G-
ratio), the chemical and physical properties of alginates are also heavily influenced by their molecular
weight and the order of sugar units within the polymer chain, their uronic acid and block sequences.

Alginate blocks are homopolymeric regions of M-units (M-blocks), G-units (G-blocks), or alternating
epimers (MG-blocks) of different length ®’. The composition and distribution of uronic acids and
blocks varies strongly between different seaweed species and even between their plant parts (see
Table 1-2). While the frond (also referred as blade or leaf) has a G-content of about 40% (fraction of
G; Fg = 0.40) the stipe (also referred as stem) contains 60—-70% G, depending on a further separation
of different stipe parts ®*%’. The most extreme examples found in nature are expressed in bacteria.
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Azotobacter vinelandii produces alginate with about 50% G, the most pronounced difference
compared to algal alginate of similar monosaccharide composition are the very long M and G blocks.
Pseudomonas aeruginosa produces an almost pure M-alginate (called mannuronan) with an Fy from
0.90 to 0.96, which can be enhanced by genetic mutation up to Fu = 1.0 884, A structural feature
invariably distinguishing bacterial alginates from their algal polyuronate counterparts, is the presence
of O-acetyl groups, found at C-2 and C-3 position of M-units 7,

Alginates almost exclusively composed of regularly alternating MG-units (poly-MG) can be produced
by a selected enzymatical treatment using C-5-epimerase AlgE4 purified from A. vinelandii. Almost

pure G-alginate (poly-G) can be achieved by purified C-5-epimerase AIgE6 from the same organism 7.

Figure 1-11 Structure model shows lowest energy (most stable conformation) for B-p-mannuronic acid in 4Cy chair
conformation (left) and a-L-guluronic acid in 'C4 chair conformation (right). Sugar units were modelled in Avogadro using
UFF energy optimization.

Table 1-2. Composition and sequence parameters of alginate from algal and bacterial alginates 6467.71-75.

algal source Fe Fm Fee Frvm Fmve Ne>1
Laminaria hyperborea (stipe) 0.68 0.32 0.57 0.28 0.10 14
Laminaria hyperborea (leaf) 0.46 0.54 0.36 0.43 0.18 8
Laminaria digitata 0.41 0.59 0.25 0.43 0.16 6
Ascophyllum nodosum 0.39 0.61 0.23 0.46 0.16 5
Durvillea antarctica 0.32 0.68 0.16 0.51 0.17 4
Laminaria japonica 0.65 0.35 0.18 0.48 0.17 -
Macrocystis pyrifera 0.39 0.61 0.16 0.38 0.23 6
Saccharina latissima 0.55 0.45 0.43 0.33 0.12 -

bacterial source

Azotobacter vinelandii (AlgE4) 0.46 0.53 0.00 0.03 0.46 -
Azotobacter vinelandii (AlgE64) 0.82 0.18 0.73 0.10 0.09 -
Pseudomonas aeruginosa 0 1 0 1 0 -

(epimerase-negative strain)

The main commercial applications for alginates are utilizing this unbranched polyanionic block
copolymer for its potential as viscosifier, for instance in the paper or textile industry, and as
emulsifier, stabilizer and gelling agent in the food industry ¢’. The ability of alginate to form strong
and stable, as well as thermally stable and biocompatible hydrogels through ionic crosslinking

10
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expanded its utilization for a broad range of medical and pharmaceutical applications, from wound-
dressing to drug delivery systems, cell encapsulation and 3D printing 24237677,
The most common ionically crosslinked alginate gels are established by the addition or release of
multivalent cations (e.g. Ca*, Sr* and Ba?*). The properties of the resulting hydrogel are influenced
by the alginate itself as well as by the introduced cation. The affinity of alginate towards divalent
cations increases in the following order: Mg?* < Mn%* < Zn? < Ni** < Co?* < Ca?* < Sr** < Ba?* < Cd*' <
Cu?* < Pb?* 78 This affinity of alginate towards divalent cations is rooted in a characteristic chelate-
type ion-binding between the cation and G-blocks (see Figure 1-12), which is enable by the diaxial
glycosidic linkage between two G-units, forming an intermolecular cavity between two G-blocks able
to coordinate to a multivalent metal ion. This cation-G-block chelate complex is generally referred to
s "egg-box-model" (see Figure 1-12 and Figure 1-13) °*7°, The diequatorial glycosidic linkage
between two M-units stereochemically prohibits the chelate-like coordination between a multivalent
cation and two M-blocks, preventing the formation of a junction zone among them. An investigation
into MG-block coordination to divalent cations revealed that MG-blocks can contribute to the gel
formation and coordinate to metal ions that are already complexed by a G-block and form junction
zones among each other. Even though, these junction zones and resulting gels are weaker than their

G-block equivalent 77.

0
(0]
HO_, fe)
O
. o -
HO

M M
G G

Figure 1-12 Chelate-like complexation of a calcium ion in between adjacent GG-sequences (left) of two alginate chains,
MM-sequences (right); coordination indicated by blue dotted lines.
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Among these alginates crosslinked by
divalent cations, calcium-alginates are the
most utilized and investigated type.
Calcium-alginate hydrogels are intensively
studied and exhibit broad utilization for
cell immobilization and the protection of
cells from the host's immune system
26767780 These ionically crosslinked gels
can be prepared through external gelation
(diffusion method), by surrounding the
dissolved alginate with a Ca?* rich solution,
resulting in a calcium-alginate gel
formation predominately along the
periphery of alginate solution. External
gelation is characterized by rapid gelling
kinetics and is often utilized for the
immobilization of cells or bioactive agents
by the encapsulation in microbeads ®.
During this method a droplets of alginate

solution fall into a reservoir containing
Ca?* and form single gel beads entrapping
its content.

A different method to external gelation is  Figure 1-13 Egg-box model; G-blocks with 8 G-units each are

internal gelation 57 This method is carried forming a j'unction zon.e established by cz.alcium ions (grey)
between alginate a multitude of polymer chains.

out by mixing insoluble calcium carbonate

into the alginate solution, followed by a

controlled decrease of the pH through a slow proton-donator such as the b-glucono-6-lactone

(GDL) &, resulting in the homogeneous release of calcium ions (see Figure 1-14). The internal gelation

is characterized by a slow gel formation homogeneous distribution of polymer chains and junction

zones though out the gel.

As an alternative approach to the crosslinking of alginates by the formation of junction zones
between divalent cations and G-blocks, Khong et al. ¥ has investigated the crosslinking consecutive
M-units of polymannuronic acid with fully deacetylated chitosan oligomers (D-units). These junction
zones are stabilized by a match in charge distance within M-blocks and within chitosan. Both sugars,
mannuronic acid from alginate and glucosamine from chitosan, are in *C; conformation with
diequatorial glycosidic linkages and exhibit a charge distance of 10.4 A 834 whereas the G-blocks (*C4
conformation, diaxial glycosidic linkage) exhibit a shorter charge distance of only 8.7 A 8 and do not
form gels with polymannuronic acid (see Figure 1-15).

12
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Figure 1-14 Slow release of protons by GDL — chemical equilibrium reaction of b-glucono-8-lactone (left), p-gluconic acid

and p-gluconate (right).

The junction zones are established through electrostatic
interactions of the opposite charged M-blocks from
alginate and D-blocks from chitosan. Hydrogen bonds
between the polymer chains, as they are known from
chitin, cellulose and many other polysaccharides 33887,
might contribute in stabilizing the junction zone. To
create this kind of alginate gels, one component (either
alginate or chitosan) needs to be in polymeric form, while
the other one in oligomeric form. The components must
be mixed in a pH regime, where the oligomer is
uncharged. The pH can then be slowly adjusted to reach a
pH regime where both components are charged. Again,
the internal gelation method using GDL is well suitable to
perform this step, creating a homogenous alginate
hydrogel, crosslinked along the M-blocks (see Figure
1-16). Khong et al. demonstrated that this method is an

D b
I?/ \D/ \
|—104A—|
/M\ /M\
|—10.4A—|

G G
g/ \g/ \g
f-87A-

Figure 1-15 Simplified schematic depiction of
intramolecular charge distances. deacetylated
chitosan (top), M-block (centre), G-block
(bottom).

alternative way to ionically crosslink alginates. This crosslinking mechanism is expanding the
versatility of alginate hydrogels, is adding a layer of tunability (stronger pH dependence/response)
and is utilizing the M-blocks for gel formation while keeping a high biocompatibility

D D D

.
HOHzc Hs HOHZC

+ HOHZC
3

“00C

M M

+ HOHZC
3

mwmw

“00C

M M

Figure 1-16 Electrostatic interaction (blue dotted line) between de-N-acetylated glucosamine units (D) of chitosan and

mannuronic acid units (M) of alginate
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1.4.1 Physicochemical properties and characterization of alginate

The chemical characterization of a polysaccharide, includes information about the sugar composition
(for alginate the ratio of mannuronic and guluronic acid), the position and configuration of glycosidic
linkages, the distribution or pattern of monomers within the polymer chain, potential branching
points and the degree and pattern of functional groups (such as sulfate groups introduced through
chemical  modification or 0-2 and 0-3  acetylation occurring in  bacterial
alginates) 8% For a full characterization, no single technique can be applied. However, a
combination of different methods can reveal a conclusive picture of the composition and structure of
any polysaccharide. Spectrophotometric methods such as circular dichroism (CD), have been useful
tools in determining the monosaccharide composition of alginates (see chapter 1.4.1.3). Nuclear
magnetic resonance spectroscopy (NMR) can even reveal the various average block lengths of an
alginate (see chapter 1.4.1.2). Infrared (IR) and Raman spectroscopy can reveal the content of
functional groups such as sulfate and acetyl and to some extent even linkage position at the
monosaccharide ring structure (see chapter 1.6.1.1). These spectrometric methods are none
destructive and require low sample amounts. However, the obtained data through these methods
are always averages over the whole molecule or even molecule mixture. To analyse fine structures of
alginates and other polysaccharides mass spectrometry (MS) is a useful tool, elucidating the
existence of unique linkage patterns and even full sequences °=%3, Further inside on monosaccharide
distributions and patterns in alginates has been gained by the combination of specific alginate lyases
(cleaving the glycosidic linkage through an elimination reaction) with "high performance anion
exchange chromatography with pulsed amperometric detection" (HPAEC-PAD), revealing extremely

long G-blocks even in algal derived alginates %%,

HPAEC-PAD uses a highly alkaline mobile phase (0.01-0.10 mol/L NaOH) is used instead of traditional
mobile phases using Na,SO4, which are used rather for ionic strength than for pH regulation. At high
pH above 12, small differences in the acidity of the hydroxyl groups in carbohydrates (common pK,
values are between 12 and 13) are utilized to achieve a high separation that cannot be obtained at
lower pH. For the stationary phase a polymeric resin is used for non-porous microbeads, carrying
anion-exchanging functional groups, electrostatically attached to larger cation-exchange resin
particles. Although the total loading capacity is much lower than for porous packing materials, the
band broadening is minimized, and achieved resolution is higher %.

Beside the monosaccharide composition and sequences, biopolymers, such as the marine
polysaccharides alginate, chitosan and fucoidan, naturally occur on a broad range of molecular
weights. The extent of this molecular weight distribution is characterized by the term polydispersity
or polydispersity index (PDI). In a copolymer like alginate, where the sugar units are epimers and
therefor have the same molecular weight (Mo), the molecular weight of the polymer (M) is absolutely
related to the degree of polymerization (DP), the number of sugar units in the polymer chain.

M = DP - M, (4)
The molecular weight of a polymer influences its solubility, viscosity in solution and its ability to form
a hydrogel. Due to its polydispersity, the molar mass of an alginate is therefore determined as a

molecular weight average. Most commonly used are the number average (M,), weight average (M)

14



INTRODUCTION

and the z-average (M,), which is most sensitive towards the presence of the largest molecules in the

sample .
M, =Zini'Mi (5)
Xini
Yin; - M} (6)
M, ==L L
xini ' M;
_ Xing- M} (7)
s Xin - M7
M,
PDI = —~ (®)
M,

Further parameters that give insight into the properties of a biopolymer include the intrinsic viscosity
([n]) and the radius of gyration (Rs), also known as the root mean square (rms) radius “°. The radius of
gyration signifies the mass distribution around the centre of mass of the macromolecule (see Figure
1-17). It is an indirect expression of the polymers' degree of expansion, and defined as:

RZ =

The viscosity of a solution is of both biological and
technological importance. Viscosity be
defined as the measure of resistance of a fluid to
deformation (flow) of a given rate (see chapter
1.3.1 Characterization of hydrogels). The
viscosity of a polymer solutions is not only
influence by the molecular weight of a polymer,
but also by the polymer's chain extension and

can

shape, which ultimately constitutes the effective
the
solution. The shape of the hydrodynamic volume
can be seen as approach or conversion towards
three idealized conformations: compact sphere,

hydrodynamic volume occupied within

random coil and rigid rod (see Figure 1-18) . All
of these parameters: molecular weight average,
polydispersity and polymer shape can be analysed
for alginate as well as chitosan and fucoidan using
SEC-MALS (see chapter 1.4.1.1 SEC-MALS).
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Figure 1-17 lllustration of the radius of gyration as the
square mean of each mass (m) and their individual distance
(r) towards a virtual centre of mass.
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solid sphere .

b
-2

random coil rigid rod

Figure 1-18 Haug's Triangle; illustration of the basic shapes of polymers in solution.

In aqueous solution, alginate has an extended random coil conformation due to electrostatic
repulsion and inherent chain stiffness °%8. Because of the extended shape (towards rigid rod),
alginate forms highly viscous solutions. The viscosity of an aqueous alginate solution is dependent on
the alginate's molecular weight, the pH (charge density along the polymer chain and therefore
repulsion and chain stiffness), the salt concentration (high ionic strength shields from electrostatic
repulsion along the chain), as well as the temperature *°. The intrinsic viscosity ([n]) is a polymers
property, describing the inherent viscosity of a polymer in a given solution, independent of its
concentration. It is an extrapolation of the specific viscosity (ns,) towards zero concentration (c).

——s (10)
] = lim

1.4.1.1 SEC-MALS

Size Exclusion Chromatography (SEC) coupled with Multi Angle Light Scattering (MALS) is combining a
chromatographic method, separating molecules according to their molecular weight, in particular
their hydrodynamic volume (see chapter 1.5.1.1), with the ability of molecules in solution to scatter
light based on their size.

Light scattering has become a common technique to determine the molecular weight of polymers
and macromolecules. Light can interact with matter in various ways; absorption, reflection,
transmission, refraction, diffraction, and scattering (see Figure 1-19).

Light scattering is caused by interactions between photons and their character as propagating wave
in an electromagnetic field (light) and the electrons of a molecule or particle . The molecule can be
polarized due to interactions of the electron cloud through the electric field component of the light
wave (see Figure 1-20). An oscillating dipole moment () is induced, given as:
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Transmission Reflection Refraction
u=a-E (11) H s .,

Where a is a factor for the polarizability of the \/ \
molecule and E represents the amplitude of the \
incident light, given as: !

Diffraction Absorption Scattering

E = E, - cos2mvt (12) l l

With v as the frequency of the light wave [

(v=—c- A and t as time. The frequency is
proportional to the wavelength (A) and speed of
light in vacuum (c). The polarizability a is related Figure 1-19 |lllustration of the different possible

to the refractive index (n) by the equation: interactions of light (grey) with matter (turquoise);
absorption as heat energy or re-emission with modified

frequency (waved line).
n? —n3 = 4nNa (13)

Where no is the refractive index of the solvent and N the number of particles or molecules in
solution, which is directly related to the concentration (c). Therefore, the refractive index and
polarizability can be determined experimentally by the refractive index increment (dn/dc), through
simply measuring the refractive index of different known concentration and plotting the slope.

Figure 1-20 Light wave propagating in direction c; Oscillation in the electric field E (red); Oscillation in the magnetic field
(blue); Wavelength A; Molecule (turquoise) surrounded by electrons (grey dots); polarization of the molecule due to
interaction of the electron cloud with the electric field of the light wave (right); Oscillating dipole illustrated by partial
charges 6.

The oscillating dipole of a polarized molecule is a source for electromagnetic radiation. The emission
occurs in the same wavelength as the incident light (elastic scattering) and in all direction .
However, the ratio of the intensity of incident light (lo) versus scattered light (Is) is extreme low and

usually in an order of about 10, given by the formula:
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s 1 (14)
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The scattering of light is dependent on the
wavelength, but also on the size of the molecule or

particle.
Figure 1-21 Illustration of a light wave scattered from a

molecule (turquoise) at angle 6 to the incident light
If the molecules in solution are smaller than 1/20  (dashed arrow).

of the wavelength (Re < A/20) the scattering

becomes practically independent from the

scattering angle (isotropic scattering; scattering intensity follows the distribution of a regular
Rayleigh scattering 1°2). For an Nd:YAG laser with A = 532 nm, this ratio transfers to an Rg of about 25
nm, which includes polysaccharides such as alginate and chitosan up to a molecular weight of
approximately 100 kDa. With increasing molecular weight, the scattering decreases strongly towards
higher scattering angles (anisotropic scattering). From the graphical shape of this decrease,
information about the molecules size and shape (Figure 1-18) can be deducted !®. The main
scattering equation can be formulated as:

K-c 1 (15)
= 124,
Re MW+ 2 c+

Where Rg is a Rayleigh factor accounting for the angular dependence of light scattering, K is an
optical constant relating to the refractive index increment and wavelength and A, (simply called
second virial coefficient) represents the interaction of molecules with the solvent and each other. A,
accounts for the non-ideal character of the solvent and attractive (negative A;) and repulsive
(positive A;) interactions between the molecules 1%. The general angular dependence of scattered
light can be expressed as:

8mta? - I d? (16)
.=, ——-(1 2 Rp=—=o|—
s 0 x4q2 (1 +cos™6) A <1 + cos? 9>

With d as the distance between the light source and the detector (instrument dependent). Large
particles or molecules contain a multitude of scattering centres. These scattering centres are not
moving independently from each other, as for small molecules, but interrelated. This results in very
angular dependent interference patterns. To account for the angular dependent interference and
anisotropic scattering of large molecules the factor P(0) is introduced, leading to the full light
scattering equation.

K-c L (1 16m*RE  , (0 1 (17)
R—BZP(G) (M—W+2A2C+)= 1+TSIH (—>+ <—+2A2C+)
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Polysaccharides naturally occur polydisperse, which makes them more similar to synthetic polymers
than to other biopolymers such as proteins or DNA, regarding their molecular weight distribution %4,
Adding SEC to a MALS setup, fractionates the polydisperse sample into a large array of artificial slices
(usually 1000-5000 depending on the experimental setup) 1®. The concentration of the sample
within each slice is directly proportional to the refractive index determined by an RI-detector
(alternatively a UV detector can be used, depending on the type of sample), while the scattering
intensity is proportional to both, concentration and molecular weight (see equation 15).

Through a set of linear regressions and extrapolations; first to zero-angle (determining the M, at the
intercept (6 = 0) and A, by the slope) followed by a plot to zero-concentration (Zimm-plot), the
radius of gyration Rg can be determined ¥’.

Since SEC-MALS provides My, and Rg data along the molecular weight distribution, the change in Rg
can be plotted against M\, providing information about the shape of the examined molecule. The
slope of a double-logarithmic plot provides us with the shape factor (a):

R;; = BM} - logRg; = alogM; + B (18)

Since B is a constant, the relation of My, to R can be simplified to Rs o« M®. For the idealised shapes
(see Figure 1-18) the radius of gyration will grow by a factor of a = 1 for a rigid rod, a = 0.333 for a
sphere and a = 0.5-0.6 for a random coil shape (in a good solvent), which can be explained by a
simple geometrical examination. Alginate fits similar to chitosan and pullulan best with the model of
a random coil (see Table 1-3), while xanthan, due to its stiff double helical structure fits best with the
model of a rigid rod %,

Table 1-3. Examples for different polysaccharides in a good solvent, with their average molecular weight (My,), second virial
coefficient (A), refractive index increment (dn/dc) and shape factor (a).

polysaccharide Mw Ay (dn/dc) a
alginate 1% 297 kDa 5-10°3 0.151 0.60
chitosan 17 270 kDa 2-6-103 0.142 0.59
pullulan P-1390 806 kDa 2-10* 0.148 0.58
105,108

xanthan 106109 510 kDa 1-10* 0.138 0.90-0.95

By analysing different alginates through classical light scattering, Smidsrgd et al. established in 1973
that the relative chain extension of the three types of building blocks increased in the order
MG < MM < GG, leading to the conclusion of highest flexibility in alginates rich in MG-blocks and
highest stiffness for those rich in G-blocks **°. A second and independent experimental approach to
the study of chain stiffness in polyelectrolytes was established based on the dependence on the
intrinsic viscosity and the ionic strength, the empirical B-parameter or Smidsrgd-Parameter

11 as well as computer models (Monte Carlo model, Markov model)

confirmed these results
performed by Stokke et al. 2, However, later studies by Christensen et al. (2006) saw no difference
in chain extension, chain stiffness and persistence length for the three different blocks, at least

within their given solvent conditions (ionic strength: 0.17 M and 1.0 M) 1%.

19



INTRODUCTION

1.4.1.2 NMR spectroscopy

Nuclear magnetic resonance spectroscopy is focussing on the magnetic properties of certain nuclei.
Beside mass and charge, the nucleus of an atom also has the property of spin. The total nuclear spin
(/) is an accumulation of spins of its nucleons (protons and neutrons). Both protons and neutrons
possess a spin of %. In an isotope with an even number of protons and neutrons (e.g. 12C, *°0, 32S) the
spins will cancel each other out, resulting in an overall spin of /=0 and therefore, have no magnetic
dipole moment. Those atoms cannot be observed by NMR. If the proton or neutron number is odd,
as characteristic spin of I=% is found (e.g. 'H, 3C, N; isotopes is most relevant for NMR).

From quantum mechanical considerations, it can be
deduced that a nuclear spin / will have 2 | + 1 possible A
orientations (i.e. two orientations for /=% nuclei; a low

(B)

energy, B high energy). Without an external magnetic -

Nl=

field (Bo), these orientations are of equal energy. If a
magnetic field is applied, two things will occur: first, the 0- AE
orientations will split into spin states of different energy
levels (AE) and second, spins will start to precess at the +
Larmor frequency (w). The population at the different
energy levels will follow a Boltzmann distribution, 0 B>

(a)

Nl=

where lower energy levels are slightly more populated
than higher energy ones. An NMR signal can be Figure 1-22 Schematic depiction of the energy
observed by exciting nuclei with a radiofrequency (v)  difference (AE) between two spin states (%)

increases with increasing magnetic field (B).
that matches the Larmor frequency 13114,

_ YhBess (19)

AE
2m

AE = hv W = —=YBess

The energy difference (AE) is the product of the effective magnetic field at the nucleus (B), the
gyromagnetic ratio (y) a constant for each nucleus, and the Planck constant (h). The external
magnetic field (Bo) induces a counter magnetic field (B;) in opposite direction in the electron shell,
which partially shields the nucleus from By (shielding). The nuclear spins therefore experience an
effective magnetic field (Befr = Bo - Bj) that determines their spin precession frequency (equation 19).
This electron-induced frequency variation is called the chemical shift (6), which is the main
component of NMR spectra and contains information about the electronic/chemical environment
around the nucleus (i.e. molecular structure), and is influenced by the electron density in its
surrounding. The NMR instrument detects the energy emission when the nucleus relaxes back from
the excited state. From these data valuable information about the molecular structure and
interaction can be obtained. Most notably, the chemical shift (§), providing information about the
composition of the atomic group. Other parameters that can be derived from NMR spectra are: the
coupling constants, providing information about adjacent atom groups; the signal intensity, giving
quantitative information on the detected nuclei; and relaxation time, giving information on the
molecular dynamics. From these data valuable information about the molecular structure and
interaction can be obtained.
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Figure 1-23 'H-NMR spectrum of the anomeric region for alginate from Laminaria hyperborea (300 MHz) recorded at 90 °C.
Numbers (bottom, black) represent the chemical shift & in ppm. Underlining refers to the observed saccharide in specific
saccharide sequences (grey, numbers refer to specific protons of the underlined sugar unit).

NMR is a versatile technique for studying biopolymers such as proteins but also polysaccharides *°.
Many in depth studies have been performed, using NMR to elucidate the sugar composition,
sequences and the average block lengths 91167120 The introduction of high-resolution H and 3C
NMR-spectroscopy makes it possible to determine not only the monad fractions Fv and Fg, but also
the fraction of the four diads (neighbours within the polymer chain) Fes, Fem, Fme and Fuwm, and up to
eight triads Feem, Fmas, Fems, Fmem, Fomm, Fmms and Fuww as demonstrated in Figure 1-23.

The intensity (I) of each signal in the NMR spectrum is directly proportional to the protons (or
carbons, depending on the NMR method) quantity within the molecule. The intensity can be
determined by the area below each signal. The molar fractions within alginate can be calculated with
a set of equations and obligatory relations to each other. Some are exemplified as follows:

I
Fg=—2

" Trota
Fy =1-Fg
Fg = Fem + Fge
1=Fgs+Fgm + Fmg + Fum (20)
Foe = Foem + Faga

Fumee = Foom
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A more detailed relation and elaboration can be found in Grasdalen et al. 1981 & 1983. In addition to
obtaining the quantity of each fraction, even the average block length (Ng>1) can be calculated
follows, elucidating a highly detailed picture of the sugar composition of this linear marine
polysaccharide.

Fg — Fumem (21)

Ngs>1 = Foo
M

High field NMR spectroscopy represents a powerful tool to monitor reactions directly and to deduct
reaction mechanisms. By quantifying reducing end resonances during an acid hydrolysis, Holtan et al.
(2006) demonstrated that G-M glycosidic linkages were hydrolysed faster than M—G linkages
(up to 12.8 times at pH 2.8 and 100 °C) . Providing evidence of an intramolecular catalysis of the
glycosidic cleavage through protons directly donated by the undissociated carboxyl groups.

1.4.1.3 Circular dichroism

Circular dichroism (CD) spectroscopy is an absorption spectroscopic technique, where the difference
in absorption (A) of left-handed circular polarised light (LCP) and right-handed circular polarised light
(RCP) by a medium is measured. CD occurs if a molecule contains one or more chiral chromophores
(light-absorbing groups). Molecules that absorb LCP and RCP differently are optically active 12%122, The
CD of a chiral molecule is wavelength (A) dependent and can be expressed as follows:

AA = Arcp — Agrcp (22)

Electromagnetic radiation consists of oscillating electric and magnetic fields (waves) perpendicular to
each other and to the direction of propagation (see Figure 1-20). Most light sources emit those
waves oscillating at random angles perpendicular to the propagation direction.

Linear polarized light occurs when the electric field vector oscillates in a single plane. All polarised
light states can be exemplified as the sum of two linearly polarised states at right angles to each
other (usually referenced to as vertically and
horizontally polarised light) displayed in Figure
1-24. If the vertically and horizontally polarised
state are in phase with each other, the resultant
wave ceases to be linear polarized. If the
vertically and horizontally polarised states are
out of phase, the resultant light wave will
oscillate elliptically. If the two linear polarized

states are out of phase by exactly % of the
wavelength, the resultant light will be circular
polarized (see Figure 1-24). Here, the electric

field vector maintains a constant magnitude  Figure 1-24 Circular polarized light (red) illustrated as the
sum of two linearly polarized light states perpendicular
i i . to each other. The vertically (blue) and horizontally
full rotation occurs in a distance equal to the (green) state are out of phase by % wavelength, resulting

wavelength). In linear polarized light the in circular oscillation, propagating in direction c.

while rotating around the propagation axis (one
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direction of the vector direction stays constant while the magnitude oscillates. In circularly polarized
light the vector magnitude stays constant while the direction oscillates. Although CD and optical
rotation, which is measured using a polarimeter, are closely related, the CD of a chiral molecule can
only be obtained at wavelengths that are being absorbed by the molecule %,

CD is used to analyse all types and sizes of chiral molecules but finds its most important applications
in the study of large biomolecules, since the CD spectrum of a macromolecule is not only the sum of
chiral units but can reveal structures of higher order and detect conformational changes. The
secondary structure of proteins can be distinguished between a-helix, B-sheet, and random coil
structure of proteins as well as of mixtures thereof. Changes in conformation can be observed and
plotted against changes in the chemical environment. Important factors that are often analysed are
temperature, pH, solubility and interaction with other molecules 121124125,

Beside the absorption AA, other common units to express the CD are the molar absorptivity Ag,
which is related to the absorption by the Lambert-Beer law, accounting for the concentration (c) of
the sample and the length (I) of the sample cuvette, as well as the degree of ellipticity 6, which is a

legacy unit, derived from a geometric examination of the difference in absorption of LCP and RCP 122,

A=¢-c-1l Ae = ELcp — €RrcP 6 =AA-32.982 (23)

The polysaccharide xanthan, which naturally occurs in a double helical structure, has been studied by
Matsuda et al. (2009) monitoring the denaturation and renaturation of its double helix, along
gradients of temperature, ionic strength, and sample concentration, using a CD spectrometer and
SEC-MALS. The critical denaturation temperature was determined to be 80 °C while renaturation and
aggregation patterns strongly depend on sample and salt concentration 1.

Alginate has been studied through 15
circular dichroism in various ways. The
three types of blocks M-blocks, G-blocks
and MG-blocks differ essentially in their

10

circular dichroism spectra (see Figure

1-25). While the poly-G lies completely
in the area of negative ellipticity, poly-
M shows an intense positive band
between 190-210 nm, predominantly 10
caused by n=Tt* transitions '?°. Morris
et al. (1975) found that the M/G ratio
can be calculated by the ratio of peak 01 = = =S
height to trough depth. However, it has 190 200 210 220 230 240 250
been found that the CD spectrum of Alnm]

& BA o

alternating MG-sequences, is not  Ffigure 1-25 Circular Dichroism (CD) spectrum of three different

identical to an equimolar mixture of  alginates; poly-M (green), poly-G (blue) and poly-MG (red); sample
) ) concentration 0.4 g/L, recorded at pH = 4.5, T=25°C,|=1cm.
poly-M and poly-G. This made it

possible, through a linear equation, to
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determine the block composition of an
alginate in a fast, non-destructive way,
requiring low sample volumes '?’. Due to
the availability of pure poly-MG, Donati
et al. (2003) improved this equation by
determining coefficients for all three
diads (Fumm, Fes, Fme+em) from pure M-, G-
and MG-polymers, increasing the
accuracy of determining the block

composition of an alginate %5,

Further has CD spectroscopy been used
to investigate the coordination of
alginate to calcium ions, giving
additional insight in the formation of
hydrogels and the associated "egg-box"
formation (see Figure 1-13). Donati et al.
(2005) recorded CD spectra of poly-M,
poly-G and poly-MG with and without
the addition of calcium 1%, After the
addition of Ca®* a coordinating effect,
leading to a change in polymer
conformation (higher order), was clearly
demonstrated for both poly-G and poly-
MG (albeit to a lesser degree in the
latter polymer), whereas poly-M showed
no conformational changes in presence
of calcium (see Figure 1-26). The findings
provided further evidence to the egg-
box-model (for G-blocks) and indicate
the ability of poly-MG to form cavities
along the polysaccharide chain, suitable
to accommodate divalent cations in a
chelate type of binding, although weaker
than for poly-G. In combination with
Young's modulus, rheology and syneresis
analysis the presence of MG/MG
junction zones as well as GG/MG
junctions in calcium alginate hydrogels
was suggested.

CD spectra of alginate coordinated with
the positively charged  aromatic
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Figure 1-26 CD spectra of three of three different alginates (solid
line), upon addition of calcium ions (dotted line); poly-M (top), poly-
MG (centre) and poly-G (bottom); illustration taken from Donati et al
(2005).

compound pinacyanol, have been shown to form different kinds of aggregates both at different

concentration levels as well as for either guluronate-rich or mannuronate-rich alginate

129
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1.5 Chitosan

Chitosans are derived from one of nature's most abundant biopolymers, chitin. They form a family of
linear polysaccharides consisting of (1=4)-B-linked 2-acetamido-2-deoxy-D-glucopyranose (GIcNAc or
A-unit) and its de-N-acetylated analogue 2-amino-2-deoxy-D-glucopyranose or shorter glucosamine
(GIcN or D-unit) shown in see Figure 1-27. These polycationic polysaccharides can be prepared with
varying degree of acetylation (Fa) and polymerization (DP) *3°. The amine-group of the D-unit has a
pKa-value of ca. 6.5 317133, Therefore, the pH value effects the overall charge of the polymer and
many of its properties such as its water-solubility 134

0-D-glucosamine N-acetyl-p-glucosamine
©HOH CH,OH
H o) H H o) H
H H
OH H OH H
HO OH HO OH
H NH, H HN—ﬁ—CHs
CHO CHO
I
H————NH, H———F——NHCCH,
HO—————H HO—————H
H——OH H———OH
H——OH H———OH
CH,OH GH,OH

Figure 1-27 Haworth (top) and Fischer (bottom) projection of the two monosaccharides a-b-Glucosamine (left) and
N-acetyl-a-p-glucosamine (right), the two monomer units compiling chitosan.

Chitosan is usually generated by de-N-acetylation of chitin, through a chemical treatment of chitin in
strong alkaline conditions 37138, In nature, chitin exists in three different crystalline allomorphs: the
a-, B- and y-form 3. These differ in the alignment of the polymer chains or orientation of the
microfibrils. The most common form is a-chitin, where the adjacent polymer chains run in opposite
directions (antiparallel). This structure is stabilized by inter- and intramolecular hydrogen bonds (see
Figure 1-28). The polymer chains eventually crystallize and form microfibrils by self-assembly %,

While in a-chitin, the layers of polymer chains are arranged in an anti-parallel fashion, B-chitin has a
parallel chain arrangement 140141 |n this parallel alignment, in B-chitin the poly-N-acetylglucosamine
chains only form intramolecular hydrogen bonds, and no H-bonds between the chains. The result of
this parallel arrangement is higher flexibility than in the antiparallel arrangement of a-chitin 42,

Nevertheless, B-chitin still provides an enormous structural strength 142144,
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Figure 1-28 Structure of a-chitin with chitin polymer chains running in antiparallel direction (arrow direction towards the
non-reducing end). The crystal structure is stabilized by intramolecular hydrogen bonds (green) and intermolecular
hydrogen bonds (blue). [illustration adapted and modified from Khong (2013) 145].

In y-chitin, the third allomorph, every third polysaccharide chain is arranged antiparallel to the two
preceding ones (see Figure 1-29). y-Chitin has been isolated from mushrooms ¢, while B-chitin has
been found in the exoskeleton of insects, the cell wall of microalga, squid-bones and fungi 881467148,

However, the most common form of chitin

in nature remains a-chitin, which is the
major structural polysaccharide for building
the hard exoskeletons of crustaceans and
insects 1*°,

a-chitin B-chitin y-chitin
In every organism, chitin is found covalently

crosslinked to other structural components,  Figure 1-29 lllustration of the poly-N-acetylglucoseamine chain
arrangement within the three different crystalline forms of

except for the B-chitin found in diatoms. "o 8- and y-chitin

Covalent linkages have been determined
towards glucans in fungal cell walls, either
directly, as glycosidic linkage or via peptide bridges '*°. In crustaceans, the peculiar hardness of their
exoskeleton is achieved through mineralization, especially calcification through CaCOs, of their chitin
shell. In terrestrial insects sclerotization, the crosslinking through phenolic compounds plays a bigger

role in hardening the shell 10151,
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Chitosan from crustacean shells, the main industrial source for chitin, is generated by first
demineralizing the shells in acid, using acid concentrations from 0.25 to 2 mol/L (most often HCI)
and for 1to 48 h at temperatures from 0 to 100 °C 2,

2 HCl + CaCO; — CaCl; + H20 + CO, 1

Beside dissolving the calcium carbonate and related salts within the shell, the present acid is also
catalysing the hydrolysis of the glycosidic linkages in the chitin molecules, leading to a
depolymerization. Partial de-N-acetylation occurs in addition. However, it has been shown that the
rate of acid-catalysed de-N-acetylation at the given conditions is much lower than the rate of
depolymerization %3, In order to reduce the partial depolymerization of the polysaccharide chains,
organic acids, such as formic-, acetic-, and citric acid, have been tried for demineralization too,
leading to longer polymer chains (higher My) but reduced yield 1>,

After demineralization, a deproteination is performed, using alkaline conditions at elevated
temperatures. Usually NaOH or KOH are used at concentrations from 0.125 to 5.0 mol/L, and
temperatures ranging from 30 to 100 °C but also up to 160 °C 3%, Similar to the demineralisation
the harsh alkaline environment also leads to a partial deacetylation and depolymerization, although
the alkaline hydrolysation rate of glycosidic linkages is relatively slow in most sugars, including
GlcNAc and GlcN in chitosan. Still, in order to chemically break the relatively stable peptide bonds
within the proteins, and between proteins and chitin, the right deproteination conditions have to be

chosen according to the targeted chitin or chitosan °.

The de-N-acetylation is performed at even harsher conditions in 50% NaOH solution (about 19 mol/L)
and at high temperatures up to 121 °C *3°. Chitosan with a low degree of acetylation (Fa) and high
molecular weight can be obtained through a multi-step de-N-acetylation process '*®. The reported
activation energies, for the de-N-acetylation of GlcNAc, range from 16.2 to 56 kJ/mol 758, while
the activation energy for the alkaline hydrolysis of glycosidic linkages (starch and cellulose) has been
reported ranging from 105 to 249 kJ/mol %8159,

Analog to alginates and their M- and G-units, the content of A- and D-units in chitosan is given as a
fraction of acetylated and deacetylated sugar units (GIcNAc and GlcN), the Fa or more commonly
referred to as the degree of acetylation (DA) and deacetylation (DD), with the definition:

DA = NGIcNAc —1-DD (24)

NgieNac T NGleN

The A and D distribution in chitosan always appears in random order, which is the necessary
consequence of the chemical deacetylation method. Most commercial chitosans have an Fa between
0.001 and 0.70 and are in an M, range from 300-500 kDa 3.
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Figure 1-30 Section from a chitosan chain with an Fa = 0.25; Monosaccharide units: de-N-acetylated glucosamine (D) units,
N-acetyl-glucosamine (A).

Chitosan, just as alginate, can form stable, fully biocompatible hydrogels, through ionic crosslinking.
Research studies have shown that beside using alginate oligomers as a crosslinker, applying the
internal gelation method (setup: chitosan polymers and alginate oligomer, see chapter 1.4), chitosan
can also form hydrogels with multiple negatively charged oligomers such as tripolyphosphate,
applying a diffusion method using a semipermeable membrane ¥%°, The external gelation via
dropping a chitosan solution into a reservoir containing polymeric polyanions is also applicable.

Long chitosan chains, able to form viscous hydrogels or strong fibres with unique properties, due to
their polycationic nature, can further be used to prepare oligomer fragments, referred to as
Chito-oligosaccharides (CHOS). Both chemical and enzymatical methods can be utilized, resulting in
CHOS with different DP, Fa and sequence patterns CHOS #*. An extensive study on chitinase B (Chi-B),
revealed that this enzyme cleaves chitosan only if an acetyl unit is present in -1 chain position,
therefore always leaving an acetylated monosaccharide unit at the reducing end of the sugar chain, a
further tool to generate and modify tailored CHOS 8161,

For the chemical preparation of CHOS, acid hydrolysis is commonly used. The acid catalysed
hydrolysation cleaves the glycosidic linkage with 2 to 3 orders of magnitude faster for A-A and A-D
linkages than for D—A and D-D linkages, where a positively charged amino group is in close proximity
to the glycosidic linkage. It further has been found that the rate of acid catalysed de-N-acetylation is
54 times lower than the hydrolysis of a glycosidic linkage prior to a D-unit 2. An additional chemical
method for generating CHOS is the degradation with nitrous acid (HNO,), which leads to the
formation of 2,5-anhydro-D-mannose at the reducing end 1. Here the chain scission occurs as a
result of the de-amination of GIcN followed by the formation of the furanose ring, while A-units
(GlcNAc) remain unaffected.
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CHOS have attracted much attention in recent years as they have been suggested to exhibit
numerous biological effects, which are utilizes for instance for tumour growth inhibition, as inhibitors
for fungal growth on crops or as vectors in gene therapy 18160161163 Chitosan is known for its high

164,165 166,167

biocompatibility, biodegradability and low toxicity , and even antiviral and antibacterial

effects have been shown 8168-170,

Those properties while simultaneously being the only naturally occurring polycationic biopolymer
makes chitosan suitable for a magnitude of applications pharmaceutical and medical field such as
drug delivery systems, implants and wound healing devices Y173, Tailoring of chitosans with respect
to DP, polydispersity, Fa and acetyl distribution is providing tools for controlling their function and
properties in relation to their biological effects and makes them a highly suitable material for
developing new biomaterials and biomedical applications.

1.5.1 Chemical characterization of chitosan

The parameters with the highest impact on chitins and chitosans properties are the molecular weight
(My), the degree of acetylation (Fa), and for chitin the degree of crystallinity (x). Crystallinity refers
to the degree of structural order within a solid. In a perfect crystal, all atoms and molecules are
arranged in a repetitive pattern of identical unit cell towards all directions in space, expressing long-
range order. Chitin polymer chains stabilize by inter- and intramolecular hydrogen bonds (see Figure
1-28), increasing the hardness of the material and reducing its solubility 7. The degree of
crystallinity of a polymer refers to the mass fraction in crystalline state versus in amorphous state.
The degree of crystallinity is usually determined through X-ray diffraction, especially powder X-ray
diffraction (XRD), by comparing the intensity of the diffracted X-rays from crystalline regions (l¢)
against the halo intensity diffracted from the amorphous region (l.) 1°. Beside XRD, which is the most
common technique, the crystallinity can be determined by calorimetric methods such as differential
scanning calorimetry (DSC) or calorimetric combustion, comparing the combustion enthalpy (or
melting enthalpy for DSC respectively) of the analysed sample (Hs) with values obtained from ideal
crystals (Hc) and fully amorphous material (Ha) of the same polymer 76,

I.  Hg—H (25)
I.+1, H;,—H,

Xc =

In addition to chitin, a biopolymer where crystallinity has a large impact on its characteristics and
applications is cellulose, which is found in the cell wall of all three types of macroalgae; red, green
and brown seaweed 87177179,

The molecular weight of polymeric chitin and chitosan can be analysed using SEC-MALS, similar to
other polysaccharides like alginate and fucoidan (chapter 1.4.1.1). However, the low solubility of
highly acetylated chitin limits the applicability. Further does the pK,-value of ca. 6.5 (for deacetylated
glucosamine units) need consideration for adjusting the pH of the eluent in the chromatographic
system. The degree of polymerisation (DP) and DP-distribution of chitosan and chito-oligosaccharides
(CHOS) can be determined precisely by coupling size exclusion chromatography with an Rl-detector
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(see chapter 1.5.1.1). The degree of acetylation can be easily determined by UV-spectroscopy. The
absorbance maximum for N-acetyl glucosamine is found at Amax = 201 nm, where the absorbance is
approximately 130 times stronger than for glucosamine, which can be neglected %181, Further
common methods to determine the Fa are IR-spectroscopy, focussing on the carbonyl stretching
vibration at wavenumber vc-o = 1663 cm™ and 1626 cm™ of the acetyl group ¥%, and destructive
methods such as elemental analysis, measuring the nitrogen content in relation to carbon, where a
C/N-ratio of 5.145 represents fully de-N-acetylated chitosan an 6.861 fully acetylated chitin 184185
and pyrolysis coupled with gas chromatography (GC), where chitin or chitosan is pyrolyzed at about
450 °C, forming acetaldehyde beside various other volatile nitrogen and carbon containing
compounds, enabling the calculation of the Fa **¢. However, both pyrolysis and elemental analysis are
very sensitive towards impurities of proteins (N).

Furthermore, circular dichroism (see chapter 1.4.1.3) can be used to determine the degree of
acetylation, detecting an n—m* transition, located around 211 nm. This transition is independent of
the a-B-anomeric equilibrium, degree of polymerization, pH and ionic strength 187188,

NMR spectroscopy (1.4.1.2) has been proven to be a powerful tool for analysing various aspects of
chitosans and especially CHOS. Chitin's poor solubility in most solvents reduces the applicability of
this technique. However, Einbu & Varum (2008) obtained *H-NMR spectra of chitin, dissolved and
hydrolysed in concentrated DCI (37% wt.) 2. In this experiment, the solubility was increased by
heating the chitin, suspended in DCl up to 40 °C for (30 min.). The Fa was calculated based on the
intensity of the H-1 and H-2 proton signals coming from GIcNAc versus GIcN. Albeit, in those strongly
acidic conditions, potential deacetylation has to be considered. An additional approach is to estimate
the Fa based on the intensities of the methyl group protons, located at the acetyl group versus the
combined intensity of the H-2 to H-6 protons along the pyranose ring .

1.5.1.1 Size Exclusion Chromatography (SEC)
Chromatography is a collective term for several e @
separation methods that separate molecules or
particles based on their size (Mw and shape), )4 ’ U oA
total charge, polarity or volatility 0. Size E ?“ “f 'ﬂ
exclusion chromatography (SEC) utilizes porous

materials, such as silica, alumina, kieselguhr

(diatoms), polyamide, polycarbonate and J-L'V}, \( ‘i "

polyacrylonitrile as well as organic materials

such as agarose-dextran-composites
(Superdex®) or large covalently crosslinked /%J
cellulose particles (Spherilose®) as stationary

phase, while the mobile phase can be any
i Figure 1-31 Schematic depiction of the SEC principle. An
eluent that dissolves the analysed sample eluent (flow direction, blue arrow) is passing through a

properly and in case of charged molecules, column filled with porous material (grey). Polymers
(turquoise) are passing the porous material in different paths
(cyan arrows) according to their size, leading to different
elution times.

provides sufficient ionic strength and pH buffer

capacity 1.
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SEC separates molecule mixtures along their hydrodynamic volume (influenced by their molecular
weight, shape, and charge). The stationary phase consists of spherical porous particles with roughly
defined pore sizes. The eluent within these pores can be assigned to the stationary phase too. The
mobile phase is the solvent (eluent) that flows between the spherical porous particles. Eluent
exchange from the mobile phase to the porous stationary phase is rather caused by diffusion than by
directional flow 2.

If the polydisperse sample is dissolved in a small volume of the mobile phase (eluent) and injected
into the SEC-system, the molecules of various size and shape travel through the column filled with
porous packing material (stationary phase). Molecules with a hydrodynamic volume significantly
larger than the pore size of the packing material are excluded from diffusion into the pores and elute
faster. They are only present in the interstitial liquid with little to no retention. Smaller particles can
enter the different pores, leading to longer retention times due to diffusion. The smaller the
molecules, the deeper and more frequent the pores can be entered, and the longer the retention
time (see Figure 1-31). The degree of retention in the column depends on the hydrodynamic volume
of the molecules relative to the pore size. The separation capacity (dependant on column material,
column, length, eluent and sample) can be expressed by the plate number, which sets the total
retention time (peak maximum) in relation to the peak width 2. The plate number is a pure
theoretical value, helping to evaluate the performance of an SEC system.

In addition to the DP, DP distribution and even determining acetylation !, SEC is mainly used for
preparative separation (fractionation) of molecules as well es for purification. All three aspects can
be seen in Figure 1-32. The DP distribution can be determined by calculating and comparing the area
of each oligomer peak (blue dotted lines). After separation through the SEC columns, fractions of
individual oligomers or oligomer mixtures can be isolated (red line). Additional purification occurs
due to removal of salt, which naturally exposes the longest retention time (salt peak) *°2.
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Figure 1-32 Chromatogram of a chitosan oligomer mixture (blue dotted line); DP of each oligomer (bold black numbers);
isolated hexamer fraction (red line) re-run on the SEC-system.
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1.6 Fucoidan

Fucoidans are sulfated polysaccharides, predominantly consisting of the sugar unit L-fucose (see
Figure 1-33). They are mostly found in brown seaweeds (Phaeophyta) %3, but also occur in
echinoderms, marine invertebrates like sea urchins, sea cucumbers, and sea stars ***°’. Fucoidans
are a diverse group of bio-molecules with highly heterogeneous structures. Their chemical structures
differ in terms of sugar composition, glycosidic linkages, branching points, molecular weight, degree

of sulfation as well as degree of acetylation 129,

o-L- Fucose (Fucoidan) o-L-fucose residue
H
H
OR1
OR; H
| ]
R
CHO Q==
HO————H H
q
H————OH RO H Ri: - CCH,
R - SO;Na
H———OH H ORy 3
-H
HO————H H——OR -R,
o - Fuc, Gal,
CH; n Gle, Xyl, Man
CH, ManA, LGulA

Figure 1-33 Haworth (top) and Fischer (bottom) projection of a-L-fucose (left) and an a-L-fucose residue within fucoidan
(right), displaying the multiplicity of residues, functional groups and branching points.

The first isolation and partial characterization of "fucoidin" (former term) was conducted by Harald
Kylin in 1913 2%, The name fucoidan was introduced in 1959 by McNeely in order to conform with
IUPAC nomenclature, recommending the suffix '-ose' for monosaccharides and '-an' for
polysaccharides based on this particular sugar residue 2°22%, The term fucoidan has changed over

time, covering a large array of fucose containing sulfated polysaccharides (FCSP).

In order to systematize the nomenclature of this highly diverse group bio-macromolecules, Deniaud-
Bouét et al. (2017), have extensively discussed structural features of FCSPs and attributed IUPAC
recommendations accordingly 2%. Deniaud-Bouét recommends the term fucan for FCSPs if the
backbone structure is based on fucosyl residues while the term fucoidan should be used for FCSP
with a diverse backbone structure containing various neutral sugars and/or uronic acids. Under this
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definition, fucoidans include a great diversity of polysaccharides of heterogeneous composition (i.e.
fucogalactans, fucoglucuromannans, xylofucoglucuromannans) and origin %2, Consequently, a
correct denomination of FCSPs requires not only knowledge about the monosaccharide composition,
but also a structural elucidation, in particular of the backbone structure, which to this day is a
challenging task. Instead of a full structural characterization, in most studies only aspects of the
molecular structure or composition are investigated. Due to the high prevalence in literature and
commercial products, the well-established term fucoidan will be used in this thesis synonymously
with FCSP, comprising the entirety of this diverse group of fucose containing sulfated
polysaccharides.

Different structural characteristics will lead to different chemical, physical and in particular bioactive
properties 2929, Highly relevant for the emerging market of medical and pharmacological fucoidan
applications (see in chapter 1.6.2.).

To provide an overview of the differences in monosaccharide composition, molecular weight, degree
of sulfation (DS), degree of acetylation (Fa), and branching, Table 1-4 shows the chemical
composition of various fucoidans that have been intensely studied over the last decades.
Furthermore, suggested backbone structures, repeating units and determined structural fragments
are provided, to the extent that these highly complex marine polysaccharides are elucidated so far.

Homogeneous chemical structures with strict glycosidic linkage patterns can be found in fucoidans
isolated from the phylum of echinoderms, marine animals with approximately 7000 described living
species, with no freshwater or terrestrial representative 2°, Most echinodermal fucoidans are
sulfated homopolymers composed of fucose-oligosaccharide repeating units, which only slightly
differ in patterns of sulfation or fucosylation 21%?!2, Some of these fucans are even reported to be
fully linear (e.g. Thelenota ananas, Lytechinus variegates, Arbacia lixula), showing much less
complexity than their algal counterparts 1°>%13, Even with a regular fucose backbone structure, fucans
found in brown seaweed remain highly heterogenous, often containing significant portions of
galactose, xylose, glucose, mannose, uronic acids, rhamnose and other sugars, and are highly and
randomly branched 2. According to their sugar composition fucans can be further classified into
xylofucans, containing predominantly fucose and xylose (e.g. Punctaria plantaginea) or
galactofucans, containing mostly fucose and galactose (e.g. Saccharina longicruris, Undaria
pinnatifida, Sargassum polycystum, Laminaria japonica) 199205214217,

The backbone structure of most fucoidans consists of (1=3) and (1—4) glycosidic linkages (e.g.
Ascophyllum nodosum, Fucus serratus, Fucus vesiculosus) 1%18220_Side chains are most often linked
through (1=2) or (1—4) glycosidic linkages. The sulfate content also varies considerably from 14.5%
as in Cladosiphon novae up to 53.8% in Laminaria hyperborea 2%,
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Table 1-4. Overview of chemical composition and structure suggestions of fucoidans from different algal and echinodermal
sources. The sugar composition is given relative to 100%, different uronic acids as summarized as UrA. The sulfate content
is based on the total dry weight (w/w), (* sulfate content is calculated based on provided DS). The average molecular
weight My, is based on the highest reported values so far (only including purified but not deliberately degraded fucoidans).

Algal source

Ascophyllum
nodosum

Chorda filum

Cladosiphon
okamuranus

Cystoseira
sedoides

Fucus distichus

Fucus
evanescens

Fucus serratus

Fucus
vesiculosus

Sugar

composition [%]

Fuc:
Gal:
Glc:
Man:
Xyl:
UrA:
Fuc:
Gal:
Glc:
Man:
Xyl:
UrA:

Fuc:
Gal:
Glc:
Man:
Xyl:
UrA:
Fuc:
Gal:
Glc:
Man:
Xyl:
UrA:
Fuc:
Gal:
Glc:
Man:
Xyl:
UrA:
Fuc:
Gal:
Glc:
Man:
Xyl:
UrA:
Fuc:
Gal:
Glc:
Man:
Xyl:
UrA:

Fuc:
Gal:
Glc:
Man:
Xyl:
UrA:

54.5
9.6
23
5.3
9.0
19.3

76.9
23
31
1.5
traces
15.4

54.0

3.8
1.2
40.9

96.2
1.9

1.9
traces

94.8
2.6

2.6
traces

56.0
10.8
4.5
4.7
5.4
18.5

53.2
10.2
4.5
6.3
4.9
21.0

NaSO3
[%, w/w]
24.4

17

16.3

23.6

Mw
[kDa]
1486

200

642

85

181

602

1328
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Structure

(suggestion)

Backbone:

[—3)-a-L-Fuc(2S057)-(1—4)- a-L-Fuc(2,3-diSO5’)-
(1~]

Substituents:

Other sugar residues mostly located at C-4
Backbone:
[—3)-a-L-Fuc-(1—3)-a-L-Fuc-(1—3)-a-L-Fuc-(1—3)-
a-L-Fuc-(1—3[a-L-Fuc-(1—2)])-a-L-Fuc-(1—]

Substituents:

Sulfate groups mainly located at C-4, partially at
C-2, partial acetylation at C-2

Backbone:
[—3)-a-L-Fuc(4S057)-(1—3[a-D-UrA-(1—2)])-a-L-
Fuc(4S05)-(1—3)- a-L-Fuc-(1—3)- a-L-Fuc-(1—]

Substituents:
Most sulfate groups located at the C-2 and C-3
position

Backbone:
[—3)-a-L-Fuc(2,4-diSO37)-(1—4)-a-L-Fuc(2S037)-
(1=]

Comment:
O-acetylation detected in traces in IR and NMR
Backbone:
[—3)-a-L-Fuc(2S057)-(1—4)-a-L-Fuc(2S037)-(1—]

Comment:

Alternating 1—3 and 1—4 linkages with sulfate at
C-2 position, partly acetylated at C-4

Backbone:
[—3)-a-L-Fuc(2S057)-(1—4)-a-L-Fuc(2S037)-(1—]

Fragments:

[—3)-a-t-Fuc-(1—4[a-L-Fuc-(1—4)-a-L-Fuc(1—3)])-

a-L-Fuc-(1—4)-a-L-Fuc-(1—]

Substituents:

Sulfate groups mainly located at C-2, partially at
C-4, acetyl groups were detected at C-4 of 1—3
linked fucose residues

Backbone:

[—3)-a-L-Fuc(25057)-(1—]

Ref.

198,20
0,219,2
22

223

198,22
4,225

198,22
7-229

198,22
7,230,2
31

198,21
8,231

198,23
1,232
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Algal source

Laminaria
digitata

Laminaria
japonica

Laminaria
hyperborea

Saccharina
latissima

Undaria
pinnatifida

Sugar

composition [%]

Fuc:
Gal:
Glc:
Man:
Xyl:
UrA:
Fuc:
Gal:
Glc:
Man:
Xyl:
UrA:
Rha:

Fuc:
Gal:
Glc:
Man:
Xyl:
UrA:

Fuc:
Gal:
Glc:
Man:
Xyl:
UrA:

Fuc:
Gal:
Glc:
Man:
Xyl:
UrA:

62.2
133
29
3.5
3.9
14.5
46.4
20.5
6.5
8.7
3.6
10.3
3.2

97.8
2.2
traces

72.7
9.1
4.4
2.0
2.4
9.5

50.9
44.6

0.3
4.2

NaSO;
[%, w/w]

27.5

30.6*

53.8

29.6

30.2

Mw
[kDal
454

144

1548

1401

1246
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Structure
(suggestion)

Backbone:
[—3)-a-L-Fuc(2,4diSO37)-(1—4)-a-L-Fuc(4S037)-
(1—3)- a-L-Fuc(2S037)-(1—3[a-L-Fuc-(1—2)])-a-L-
Fuc-(1—]

Fragments:
[—6)-B-p-Gal(3,4diSO5)-(1—6)-R-D-Gal(4S03)-
(1~]

Substituents:

Galactose fragment mostly connected to C-4,
most sulfate groups at C-2 and C-3

Backbone:
[—3)-a-L-Fuc(2,4diS0O37)-(1—3)-a-L-Fuc(4S037)-
(1—3[a-L-Fuc(2,4diSO5’)-(1—3)-a-L-Fuc(4S05’)-
(1—2)])-a-L-Fuc(2,4diS05)-(1—]

Fragments:
[—3)-a-L-Fuc(2S057)-(1—3[a-L-Fuc(2,4diSO3)-
(1—4)])-a-L-Fuc(2,4diSO3)-(1—]

Comment:

Almost fully sulfated structure with a 1—3
backbone and a high amount of short side chains
connected at C-2 or C-4 position

Backbone:
[—3)-a-L-Fuc(4S057)-(1—3[a-L-Fuc-(1—2)])-a-L-
Fuc(2,3-diSO5’)-(1—3)- a-L-Fuc-(1—]

Fragments:
[—6)-B-p-Gal-(1—6[R-D-Gal-(1—4)- a-L-Fuc-
(1—3)])-B-p-Gal-(1—]

[—2)-a-D-Man-(1—4)-B-p-UrA-(1—2)-a-p-Man-
(1—4[a-L-Fuc-(1—3)])-R-p-UrA-(1—]

[=4)-R-D-Xyl-(1—4)-B-0-Xyl-(1~]

Substituents:

Fucose branching mainly at C-2, other sugars
mostly connected at C-4, sulfate groups at both C-
2 and C-4 auf fucose residues

Backbone:
[—3)-B-p-Gal(4Ac)-(1—3)-B-D-Gal(2,4diSO5)-
(1—3)-a-L-Fuc(2Ac,4505°)-(1—4)-a-L-Fuc-(2S03)-
(1—3)-a-L-Fuc(2S05,4Ac)-(1—]

Comments:

High degree of acetylation Fa = 0.24, often
referred in literature as galactofucan (although
the backbone structure is not exclusively
composed of fucose)

Ref.

198,23

233-
235

209,23

198,19
9,207,2
31

237-
239
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Echinodermal Sugar NaSO3 Mw Structure Ref.
source composition [%] | [%, w/w] [kDa] (suggestion)
Arbacia lixula Fuc: 100 13.1* - [—4)-a-L-Fuc(2S03)-(1—4)-a-L-Fuc(2S05)-(1—4)- | 1952

Gal: - a-L-Fuc-(1—4)-a-L-Fuc-(1—4)-(1—] !

Glc: -

Man: - Comment:

Xyl: - Fully linear and highly regular fucan

UrA: -
Holothuria Fuc: 100 24.9* 616 [—2[a-L-Fuc-(1—4])-o-L-Fuc-(1—3)-a-L1-Fuc(2503)- | 24°
edulis Gal: - (1—3)-a-L-Fuc(2505)-(1—3)- a-L-Fuc-(2,4-diS05)-

Glc: - (1_,]

Man: -

Xyl: - Comment:

UrA: - Highly regular tetrasaccharide repeating backbone

unit with a single unsulfated fucose residue as
side chain

Lytechinus Fuc: 100 45.5* 290 [=3)-0-L-Fuc(2503)-(1—*3)-a-L-Fuc(45037)-(1—3)- 194,21
variegates Gal: - 0-L-Fuc(2505)-(1-3)-a-L-Fuc(2505)-(1-3)-(1~] | *

Glc: -

Man: - Comment:

Xyl: - Fully linear and highly regular fucan

UrA: -
Ludwigothurea | Fuc: 100 27.7% 554 [=2[a-L-Fuc-(1—4])-a-1-Fuc-(1=3)-a-l-Fuc(2503)- | 24!
grisea Gal: - (1—3)-a-L-Fuc(2505)-(1—3)- a-L-Fuc-(2,4-diSO3)-

Glc: - (1~]

Man: -

Xyl: - Comment:

UrA: -

Regular tetrasaccharide repeating
unit with a single unsulfated fucose residue as
side chain in about every second tetramer

The dry matter content of fucoidan ranges from 5—-10% for most seaweeds, but higher numbers such
as 11.6% for Ascophyllum nodosum or even 18.2% for Fucus vesiculosus have been reported 200232242,
Despite the large dry matter content allocated to fucoidans, the exact function this biopolymer fulfils

within the seaweed is still not fully understood.

Due to its high molecular weight and similar distribution throughout the seaweed, fucoidan often has
been suggested as a structural polymer, providing flexibility and toughness to the seaweed cell wall
structure 24324, Deniaud-Bouét et al. (2014) suggested an association of fucoidan with cellulose
microfibrils, based on a series of sequential extraction experiments, by utilizing enzymatic (alginate
lyase and cellulase) as well as chemical degradation methods, followed by an analysis of the obtained
extracts 2*4. The results of these experiments suggest that fucoidans act as major crosslinking glycans
in brown algal cell walls, interlocking the cellulosic scaffold (see Figure 1-34). However, no direct or
intermediated link between cellulose and fucoidan has yet been proven. A different suggestion is
related to the high number of charges along these polyanionic macromolecules. The high degree of
sulfation might play a major role in ion retention, which contributes to the regulation of the osmotic

pressure in an saline environment 2%

. This functional suggestion is further supported by the
widespread occurrence of fucoidans in marine invertebrates, which, belonging to the animal
kingdom, do not contain cell walls. The occurrence of fucoidans in various marine organisms appears
not correlated with phylogenetic distances but with a convergent adaptation to a high salt

environment 2%,
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In addition fucoidan facilitate water and ion retention in extracellular matrices, to cope with osmotic
stress and effects of desiccation during low tide and exposure 24724,

However, structural, and functional purposes of polysaccharide are not mutually exclusive. Fucoidans
might primarily serve for regulating the osmotic pressure, while simultaneously providing a
significant cell wall-reinforcement. Differences in the cation selectivity of polyanions alginate and
fucoidan, combined with their distinct in situ localization, are likely to result in gradients of cation
distribution throughout the wall, further influencing physical and metabolic processes, displaying

structural and functional properties equally 2%°.

Fucoidan's bioactive properties have been investigated to great extend (see chapter 1.6.2). These
bioactive properties appear not to be related to salinity or osmotic pressure regulation, but to the
ability of these sulfated marine polysaccharides to mimic the structure of mammalian
glycosaminoglycans 2*. Glycosaminoglycans (GAGs), also known as mucopolysaccharides, are present
in every mammalian tissue. GAGs do not only act as lubricant within the mucus and joints, newer
studies also suggest a key role in cell signalling functions, which serve to modulate a vast amount of
biochemical processes 2*°. Among these processes are the regulation of cell growth and proliferation,

21 The similarity between the

promotion of cell adhesion, wound repair and anticoagulation
carbohydrate moieties of GAGs and fucoidans might be the key factor in the signal transmission or

inhibition 2%,

Cellulose (single chain)
Cellulose (microfibril)
Cellulose synthase

(enzyme partially included
in cell membrane)

Alginate (G-block with Ca2*)

Alginate (M-block or MG-block)

Fucoidan (with short side chains)

Arabinogalactan protein

Putative structural protein
(cross-linked with phlorotannins)

&
=
$6080
b,
S
wip

;: “§" Phlorotannins
© lodine

G s

10 nm

Figure 1-34 Cell wall model for brown algae. Cellulose microfibrils are sparse and with a ribbon shape and together with
alginates and fucoidan form the major part of cell wall polymers. Fucoidan is potentially acting as cross-linker between
cellulose microfibrils and proteins. Phlorotannins and other polyphenols might also act as a cross-linker between proteins
and polysaccharides, both via covalent bonds as well as hydrophobic interactions. Large amounts of iodide are also found in
the wall, but its association with other polymers remains elusive [illustration adapted and modified from Charrier et al.
(2019) 13].
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1.6.1 Chemical properties and characterization of fucoidan

The complete structural characterization requires of fucoidan the combination of multiple of
analytical methods, as well as a deliberate reduction in molecular complexity through chemical and
enzymatic methods such as desulfation, hydrolysis and fractionation.

Total sugar analysis is essential to determine the sugar composition of a fucoidan. To achieve a
complete hydrolysis with reduced risk of oxidation reactions, the polysaccharides are hydrolysed in
the presence of 2 M trifluoroacetic acid (TFA) at 121 °C for 1.5 h 22253, The resulting neutral
monosaccharides are then dissolved in dimethyl sulfoxide (DMSO) and converted to sugar alcohols
by reducing the C1 aldehyde group with sodium borohydride NaBH; 2°*. Subsequently acetic
anhydride is used to convert the sugar alcohols into alditol acetates, which can be separated through
gas chromatography (GC) in high resolution 2°>2%, For the determination of uronic acids, the TFA
hydrolysates should be analysed using high-performance anion-exchange chromatography (HPAEC)
as described in chapter 1.4.1.

The degree of sulfation (DS), the average number of sulfate groups per monosaccharide residue, is
determined by quantifying the total sulfur (S) content relative to the total fucose content (see
equation 26, wherein w refers to the weight fraction and M to the molar mass in g-mol?), or
depending on the polysaccharide, in relation to the total sugar content and composition 7.

w(S) - M(SO; + Na — H) _ (26)
M) =1 — w(fucose)

w(S0,) =

DS = w(S0,) - M(fucose — H,0) (27)
" M(SO; + Na — H) - w(fucose)

Inductively coupled plasma mass spectrometry (ICP-MS) is the most reliable method to determine
the S content in polysaccharide samples. The injected sample passes through the heating zones of
the plasma torch. Therein it is dried, vaporized, atomized, and ionized. At temperatures between
6000-7000 °C elements are reliably and ionized, representing the elemental composition of the
sample 2%, An alternative method is the sulfur quantification through combustion in a CNS elemental
analyser, wherein sulfur is measured in form of SO,. However, this thermal decomposition is a highly
endothermic process, which requires temperatures significantly above 1000 °C 257:259.260,

R,SO; —>» 2RO+ SOZT

Most elemental analysers are utilized to detect organic sulfur, which is covalently linked sulfur found
in thiol groups or disulfide bridges. The detection of sulfates requires specialized equipment
operating at higher temperatures.

Furthermore, the sulfate content can be estimated through FTIR and Raman spectroscopy. Even
though this method is less quantitative and requires a wide range of reference samples (fingerprint
scans), it also provides information on the position of the SO.-group at the monosaccharide residue
(see chapter 1.6.1.1).
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Solvolytic desulfation is a widely used method for liberating SO4-groups from polysaccharides,
without severe hydrolysation of glycosidic linkages %%!. Chemical modification through solvolytic
desulfation has been demonstrated for heparins, heparan sulfate, chondroitin sulfates,
carrageenans, fucogalactans and fucoidans 262264, The technique usually involves heating the
pyridinium salt of the sulfated polysaccharide in an aprotic solvent like DMSO, dimethyl formamide
or dioxane in the presence of extra pyridine and small amounts of water or methanol. The reaction
mechanism (see Figure 1-35) partially suggested by Ryo Takano (2002) involves the formation of a
sulfur trioxide pyridine complex 26°.

H O
L Oxfo
R—0—SO;  + Ny — 1 + R—O—H
| N
= |
/
H
o o I
|| =
s 4 of ) —e—m Sel + |
s | P Ny _
= + Pyridine

Figure 1-35 Suggested reaction mechanism for the solvolytic desulfation of carbohydrates through the formation of a sulfur
trioxide pyridine complex.

Monosaccharide linkage analysis or glycosidic linkage analysis is a useful tool to identify branching
points within the polysaccharide, identify terminal sugar moieties as well as providing clues on the
backbone structure 22, A complete desulfation of the fucoidan molecule is a prerequisite for a
successful glycosidic linkage analysis. The analysis is performed by methylating the polysaccharide,
using CHsl in an alkaline aprotic environment (e.g. NaOH dissolved in DMSO) 2%, Subsequently the
glycosidic linkages are hydrolysed, converted into alditol acetates. Thereafter, analysis is conducted
in a similar manner to the total sugar analysis described above.

NMR spectroscopy (1.4.1.2), particularly 2D NMR is a powerful method for elucidating the structure
of fucoidans. COSY (Correlation Spectroscopy); helps to establish neighbouring connectivities in the
sugar rings via H, H —scalar couplings. From the appearance of cross peaks, the magnitude of the
scalar coupling and thereby the relative stereochemistry along the sugar ring can be deduced. TOCSY
(Total Correlation Spectroscopy); is useful for oligo- and polysaccharides because monosaccharide
spin systems can be determined, and protons can usually be assigned to different monosaccharide
units. The signal dispersion is typically best in the anomeric region. HSQC (Heteronuclear Single
Quantum Correlation) is a powerful technique to identify anomeric protons/carbons and helps to
distinguish CH from CH, moieties. To track the connection between neighbouring C/H groups H2BC
(Heteronuclear 2-Bond Quantum Correlation) are used. HMBC (Heteronuclear Multiple Bond
Correlation); provides information on connections across a glycosidic bond 27,

Chizhov et al. (1999) confirmed the presence of a homofucan in the brown seaweed Chorda filum,

when he combined COSY and TOCSY spectra and demonstrated that all anomeric signals belonged to
a-fucopyranoside residues. Through HMQC he provided evidence that previously found acetate was
not an impurity but a constituent of the polysaccharide ?22. Chevolot et al. (2001) used a ROESY
spectrum to prove that the previously confirmed sugar residues 2,3-disulphated fucose and 2-
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sulphated fucose form an alternating repeating disaccharide unit 2°. When analysing fucoidan from
Fucus serratus, using COSY, TOCSY and HSQC, Bilan et al. (2006) identified a-fucose, B-xylose and
B-galactose, as well as the two main of glycosidic linkages constituted by (1=3)- and (1—4)-linked
a-L-fucose residues 28,

Enzymatic modification through fucosidases or sulfoesterases is another tool to simplify or alter the
fucoidan structure and gain further information on the structural characteristics. Sakurama et al.
(2012) isolated a GH29 enzyme (BbAfcB) from Bifidobacterium bifidum and found that it acted
exclusively on terminal a-(1=3/4)-fucose linkages 2%%. Daniel et al. (2001) studied sulfoesterase from
the marine mollusk Pecten maximus on fucoidan from Ascophyllum nodosum. Through assigning the
carbon chemical shifts for each of the three isomers, 2-O-, 3-0-, and 4-O-sulfated-L-fucose, used as
reference values in the NMR spectra, a high regioselectivity for the 0-2 position of the
fucopyranoside on algal fucoidan was evident 2%,

1.6.1.1 Infrared and Raman spectroscopy

Through infrared and Raman spectroscopy the energy difference between the ground state and
different vibrational states of molecules or molecule groups is studied. Vibrational spectroscopy is
widely used to provide information on chemical structures, to identify substances from the
characteristic spectral patterns (fingerprinting scans), and to determine either quantitatively or semi-
quantitatively the amount of a substance in a sample or matrix 2.

The energy difference between the ground state and vibration
states can be described using the model of an harmonic
oscillator, where the reduced mass (m;,) is based on the atoms

involved in the oscillation movement and the force constant 1
(f) corresponding the strength of the with the covalent
sometimes ionic) bond 2%,
( ) / symmetric stretch \
Raman active
h
AE = — - L (28)
2n m,

Only discrete energy levels in the electron cloud of a molecule

are allowed (quantization), which implies that only distinct /

vibration modes are allowed. The number of possible vibration B  Fasen
modes, also called the degrees of freedom or vibrational

freedom (Fy) is defined by the number of atoms (N) in a

molecule, minus the translational freedom (Fr, usually 3 for

the movement in space) and rotational freedom (Fg, usually 3, 1

but 2 for linear molecules):

_ symmetric deformation
Fy=3N—Fr —Fg (29) Raman active

N

The energy changes detected in vibrational spectroscopy are  Figure 1-36 Schematic depiction of the

those required to cause nuclear motion. Light with a  three possible vibration modes for a
. three-atomic nonlinear molecule.

wavelength corresponding to the energy gap between the

ground state and the vibration state (AE = h - v), can either be
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absorbed during promotion to a higher state, or emitted during relaxation. Infrared spectroscopy
detects the photon absorption, Raman spectroscopy the emission of photons during these
vibrational energy state transitions. For a vibrational mode to absorb infrared light, it must result in a
periodic change in the dipole moment of the molecule. These vibrations are labelled IR active. On
the other hand, for a vibrational mode to be Raman active, the dipole moment has to stay constant,
while the molecular polarizability must change during the vibration. Asymmetric vibrations are most
often IR-active and symmetric vibrations are usually Raman-active (see Figure 1-36). Thus IR and
Raman spectroscopy are complementary methods to examine the vibrational modes of molecules .

Raman spectroscopy is based on Raman scattering. In Raman scattering, the light interacts with the
molecule and distorts (polarizes) the electron cloud around the nuclei, forming a short-lived state
(virtual state). In most cases the electrons will immediately return from the unstable virtual state to
the ground state, emitting photons of identical wavelength (elastic scattering). This is the dominant
process and called Rayleigh scattering (see also chapter 1.4.1.1). However, if nuclear motion is
induced during the electron cloud distortion, the molecule may return to a vibrational state instead
of the ground state, emitting a photon with less energy than the incident light (see Figure 1-37). The
frequency difference between the incident light and the emitted light is called the Raman shift and
proportional to the energy gap between the ground state and vibrational mode. Raman scattering is
inelastic. If a molecule returns from the virtual state to an excited vibrational state, the emitted
photon lost energy (stokes scattering). In the less likely event that the molecule already has been in
an excited vibrational state and then gets distorted by incident light, the emitted photon gains the
corresponding energy (anti-Stokes scattering) 2%,

s
E
excited S,
electronic 1
state
-—T-
- - [ —
virtual
state
vibrational] V3 y
state vz Y
V1 A 4 Y
ground S -
state 0 Raman Scattering Rayleigh Scattering Raman Scattering Infrared Absorption
anti-Stokes Stokes
I
1 Raman Shift I Raman Shift I
1 anti-Stokes I Stokes ]
1 I 1 1 |
I Av= — I Av= —— x 1
0 Ay Astokes
I |
I I |
1 | 1 >
Aanti-stokes Ag AS!okes A

Figure 1-37 Jablonski diagram showing the origin of Rayleigh and Raman scattering, and the energy transitions relevant for
vibrational spectroscopy. The virtual state is a short-lived distortion of the electric field by the incident light; Energy (E),
electronic states (S), vibrational states (v), wavelength (A), frequency (v).
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Vibrational spectroscopy is widely leveraged in industry for rapidly and cost-efficient identification of
polysaccharides from various seaweeds. Both infrared and Raman spectroscopy can be applied
directly on the milled raw material and identify the raw material quality and distinguishing between
species through identification of the polysaccharide contained such as agar, carrageenans and
polygalactans. The polysaccharides are identified predominantly through characteristic symmetric
and antisymmetric vibrations of sulfate groups. The vibration bands depend on the sulfate position
along the monosaccharide as well as on the sugar species 27%?7!, Different glycosidic linkages can be
qualitatively distinguished both through Raman and IR spectra #’2.

According to Mackie (1971) the M/G ratio of an alginate can be estimated semi-quantitatively using
IR and characteristic bands at 808 and 787 cm’, assigned to mannuronic and guluronic acid,
respectively 273, In combination with formic acid hydrolysis, Chandia et al. (2001) demonstrated that
infrared spectroscopy can be used to accurately determine the M/G ratio of alginate extracted from
Lessonia trabeculata. The mannuronate rich fraction presents two bands at 893 and 822 cm™ while
the guluronate rich fraction showed four characteristic bands at 947, 903, 813 and 780 cm™. The
estimates of M/G ratio were shown to correspond with quantifications using NMR 274,

Through surface-enhanced Raman scattering (SERS) of sodium alginates, Campos-Vallette et al.
(2010) distinguished between the three alginate block structures, homopolymeric M-blocks and G-
blocks, as well as alternating MG-block (see chapter 1.4). A distinct asymmetric stretching vibration
for the carboxyl group was detected with a band at 1545 cm™ for MG-blocks, 1598-1616 cm™ for
MM-blocks, and 1642-1644 cm™ for GG-blocks, as well as characteristic ring breathing vibrations for
the different block structures 27>

In 1993 Patankar et al. used infrared spectroscopy to revise the suggested structure of fucoidan from
Fucus vesiculosus. Due to an absorption at 844 cm™ with a small shoulder at 833 cm™, he suggested
the presence sulfate groups in axial C-4 position. Shoulder bands at 820 cm™ indicated sulfate in
equatorial C-2 and C-4 position 276,

Raman spectroscopic analyses on N- and O- sulfated heparin standards have revealed strong bands
from symmetric S-O stretching vibrations at 1039 and 1055 cm?, respectively. Through direct
comparison with infrared spectra, it has been demonstrated that Raman is the superior
spectrophotometric method for a qualitative and quantitative characterization of sulfation in
polysaccharides 7.

Recently (2021) Ptak et al. investigated different fucoidan extraction methods and the
complementary use of infrared and Raman spectroscopy to analyse crude fucoidan extracts from
Fucus vesiculosus. Major advantages highlighted by the authors are the minimal sample preparation
requirements, short measurement times, and the detection and potential classification of impurities.
Furthermore, through the complementary use, structural insight is gained that would be otherwise
unattained from each technique used in isolation (see Table 1-5) 27,
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Table 1-5. Vibrational bands relevant for the characterization of fucoidan; & and v refers to bending and stretching

vibrations, t refers to torsion vibrations, s to symmetrical and as to anti symmetrical modes.

Wavenumber [cm™] Vibrational mode Assignment Activity | Ref.
428 8(pyranoid ring C-O-C) Carbohydrate Raman 279
8(pyranoid ring C-C-C)
571 8(pyranoid ring C-C-0) Carbohydrate Raman 279
t(C-0)
608 8s(pyranoid ring C-C-0) Carbohydrate Raman 279
726 8(pyranoid ring C-C-0) Carbohydrate Raman 279
826 8(2C-0-5) Sulfate ester at C-2 at (1=3)- Raman | 278
linked a-L-fucose
838 v(2C-0-S), Sulfate ester at C-2 Infrared | 237,271,278
v(a-pyranoid ring C-C) a-L-fucose
839 5(4C-0-S) Sulfate ester at C-4 Raman 277,280
965 v(C-0in C-0-C) Glycosidic linkage Infrared | 281
5(C-0-H) B(C-O-H)
970-1200 v(pyranoid ring C-C) Carbohydrate Raman 270,281-283
v(C-0)
993 v(glycosidic C-O) Carbohydrate Infrared | 281
Vas(C-0-C) Raman
v(C-C)
v(C-0),
R(C-C-H)
v(pyranoid ring C-O)
v(pyranoid ring C-C)
R(C-C-H)
1014-1030 5(C-0O-H) Carbohydrates Infrared | 278,281
v(C-C) Fucoidan
v(C-0-S)
1066 v5(0=5=0) Sulfate group Raman 237,271,284
v(2C-0-S) Sulfate ester
1078 v(C-0) Carbohydrate Infrared | 279,281,285
v(C-C) Raman
5(C-0-H)
1160 v(C-0) Carbohydrate Infrared | 281
1217 v(S=0) Sulfate group Infrared | 280
1257 v(S=0) Sulfate group Infrared | 280
1273 Vas(0=5=0) Sulfate group Raman 280
1277-1279 T(CH,) Methyl group Infrared | 281
Raman
1336 v(C-0) Carbohydrate Raman 281
8(C-0-H)
1387 85(CH3) Methyl group Infrared | 286
1446 v5(CO0) Alginate Raman 275
1454 85(CHs) Methyl group Raman 237
1611-1616 Vas(COO) Alginate Raman | 275
1636 v(C=0) Double bond stretching Infrared | 278
v(C=C)
v(C=N)
1650-1800 v(C=0) Carbohydrate Raman 278
2947 v(C-H) Carbohydrate Raman | 286,287
3409 v(O-H) Carbohydrate Infrared | 281
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1.6.2 Bioactive properties of fucoidan

Fucoidans isolated from brown seaweeds have gained considerable attention due to a large array of
promising bioactive properties such as antiangiogenic, immunomodulatory, anti-inflammatory,
antidiabetic, antiviral and anticancer properties 2%, A major research field is the structure function
relation of fucoidan. Numerous original research papers as well as review papers have attempted to
correlate biological activities with distinct structural features such as molecular weight, degree of
sulfation and branching 1982062782892  Although a detailed structure—function relation remains
elusive in many cases, a correlation of structural features with selected observed bioactive responses
and their underlying mechanism will be approached in this chapter.

1.6.2.1 Anti-inflammatory properties of fucoidan

Inflammation is broadly characterized as an innate physiological defence response, a response to
cues such as damaged or malfunctional tissue, pathogens, or noxious compounds 2°%?%2 Acute
inflammation refers to responses that last for a few days, typically observable by signs such as
swelling, redness, heat, pain, and loss of function. These overt signs of inflammation are mediated by
several signalling molecules resulting in vasodilation, increased blood flow and permeability at the
site of inflammation 2°%?%2 |n short, these responses permit greater access and recruitment of host
immune cells to respond to inflammatory cues. Controlled inflammatory responses are beneficial.
However, inflammation may extend to months or years leading to chronic inflammation, for instance
by failing to eliminate the causative inflammatory agent or persistent cues caused by endogenous
mechanisms such as autoimmunity. Chronic inflammatory responses are associated with the
pathogenesis of several diseases such as arthritis, cardiovascular diseases, diabetes, obesity,
neurodegenerative diseases and tumour development 2%,

Cytokines are small proteins secreted by the cells and function as signalling molecules in
inflammatory and immune responses. Cytokines are divided into pro- and anti-inflammatory
cytokines. Pro-inflammatory cytokines include (IL-1B, IL6, and TNF-a) act to intensify the existing
disease, whereas anti-inflammatory cytokines (IL-4, IL-10, IL-11, and IL-13) reduce inflammation and

288,293-295 The effects of fucoidan on NF-kB-mediated inflammatory response in rats

promote healing
with acute myocardial infarction was demonstrated by Lu et al. (2019). It was reported that fucoidan
downregulated NF-kB-signalling as well as IL-6 and TNF-a secretion, effectively improving the
inflammatory condition and reducing myocardial injuries in the rats 2. Fucoidan has been shown in
numerous studies to effectively downregulate pro-inflammatory cytokines and has been suggested

as a potential therapeutic agent against inflammatory conditions 2’.

Chemokines, a type of cytokines, are a family of low molecular weight proteins that to guide the
migration of leukocytes 24, Based on their chemical structure, particularly their cysteine residues,
chemokines are assigned to four groups: C chemokines (lymphotactin), C-C chemokines (MCP-1,
monocyte inflammatory protein), C-X-C chemokines, and CXXXC chemokines 2**, Numerous studies
have shown an anti-inflammatory effects of fucoidan, based on inhibited chemokine secretion 2882%,
Wang et al. (2016) for instance demonstrated that the chemokine CCL3 (also known as MIP-1a) was
inhibited by fucoidans in the male C57BL/6J mice model, that were fed a high-fat, high-sucrose diet.
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The authors claim that the CCL3 downregulation resulted in a reduced inflammatory response in high

glucose stressed-activated pancreatic islet cells and protected those cells against apoptosis 2882%,

Toll-like receptors (TLRs) are a group of pattern recognition receptors located on the outer cell
membranes and endosome membranes 3%, TLRs recoghize molecular motifs, pathogen-associated
molecular patterns (PAMPs) associated with exogenous microorganisms, such as bacteria, viruses,
and pathogens. TLRs also recognize damage-associated molecular patterns (DAMPs), released from
necrotic cells or extracellular matrix molecules that upregulate following injury. TLRs are a part of the
innate immune system 3%, Microbial metabolites that activate TRLs trigger an intracellular signalling
cascades, including NF-kB, which induces the production of pro-inflammatory cytokines and
chemokines 26, Dutot et al. (2019) investigated the anti-inflammatory effect of fucoidan in the
respiratory tract against poly (I:C) inflammatory responses. It was observed that fucoidan treatments
led to a reduction of poly (I:C)-stimulated inflammatory responses in human primary bronchial
epithelial cells, attributes to a downregulation of TLR3 gene expression 3%,

1.6.2.2 Antiangiogenic properties of fucoidan
Angiogenesis, the formation of new blood vessels, occurs during tissue growth and repair and
healing processes, but it is also regarded as a hallmark for pathological tissue development such as

tumour progression and various diabetic and inflammatory diseases 28%303:304,

Unfortunately, in most cases, the chemical structures of the fucoidans used in the biological
experiments were not fully characterized and a detailed structure—function relation requires further
investigation. However, a review study by Ustyuzhanina et al. (2014) found that angiogenetic
properties highly depend on the molecular weight. While antiangiogenic activity is connected to
high-molecular weight fucoidans, proangiogenic activity can be induced by low-molecular weight
fucoidans 2%, When tested with otherwise similar fucoidans, an increasing degree of sulfation was
found to positively correlate with antiangiogenic and anti-tumour activities 3°>3¢ Clément et al.
(2010) studied the influence of branching on the bioactivity of fucoidans. It was found that branched
fucoidan oligosaccharides displayed higher anti-complementary activity than linear counterparts,
when tested with a similar degree of sulfation. It is speculated that receptor recognition might be
tight to chain stiffness and chain conformation just as much as molecular weight and degree of
sulfation 278290307,

Although a direct correlation of structural properties and bioactive properties remains difficult, this
group of sulfated polysaccharides has demonstrated high potential as agents for regulating both
inflammatory response systems as well as angiogenesis.

The bioactive properties of fucoidan likely stems from its structural similarities to the carbohydrate
moieties in glycosaminoglycans like heparin, heparan sulfate and Chondroitin sulfate. Those GAGs
play a key role in cell signalling processes and the modulation of vast amounts of biochemical
processes 2*%° Heparan sulfate proteoglycans are components of the cell surface and extracellular
matrix and were shown to play an important role in angiogenesis 3%-31° |nteractions of heparan
sulfate proteoglycan fragments with growth factors, cytokines and chemokines have been
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demonstrated. The formation of ternary complexes of heparan sulfate fragments with receptors has
been shown, resulting in competitive inhibition 31*3!3, Robinson et al. (2006) revealed that for an
interaction between the vascular endothelial growth factor (VEGF) and heparan sulfates chains, the
polysaccharide should contain two highly sulfated oligosaccharide domains, flanked by a partially
sulfated fragment, showing that both sulfation degree and sulfation pattern play an important role
for the bioactivity 3!*. Due to their heterogenous structural patterns in terms of sulfation, sugar

composition and branching, fucoidans have were observed to induce similar angiogenic effects 2%,

The influence of fucoidans on signal molecules, known to be involved in the regulation of
angiogenesis, has been investigated in numerous studies. Growth factors, particularly VEGF and
fibroblast growth factors (FGF), which activate cell migration and tube formation play a key role in
angiogenesis 31316 The inhibition or reduced secretion of vascular endothelial growth factors is of
key importance to reduce angiogenesis. Dithmar et. al. (2014) studied the influence of commercial
fucoidans on the VEGF secretion and antiangiogenic effects on porcine and human retinal pigment
epithelium (RPE). Fucoidan displayed no toxicity and did not diminish proliferation or phagocytosis,
but reduced wound healing in RPE cells and RPE/choroid explants 37, Retinal pigment epithelium was
chosen due to the connection of choroidal neovascularisation (an abnormal formation of new vessels
from the choroidea into the retina of the eye) and age-related macular degeneration (AMD), a
leading cause for blindness in the industrialized countries. The authors suggest fucoidan as an
effective agent to reduce VEGF expression and as a potential therapy against exudative AMD 377,

1.6.2.3 Anticancer properties of fucoidan

The anticancer properties of fucoidan are multifaceted and can interact with the formation of
tumours on multiple levels 318, After cardiac disorders, cancer is the second biggest cause of death in
industrialized countries, accounting for every fourth death. Cancer is a complex disease caused
primarily by acquired genetic changes that provide tumour cells an upside in terms of
proliferation 31°. The predominant methods of cancer treatment worldwide are surgery, radiation-,
and chemotherapy, but their extensive side effects limit their benefit and curative effect. The quest
for low-toxicity marine drugs that can prevent or treat cancer, or support established methods and
mitigate their side effects is a research area with high focus 318,

The anticancer and antimetastatic activities of fucoidans were demonstrated for cells of diverse

histogenesis, including human lung, breast, colon, prostate, liver and bladder cancer cells 32%32¢,

Cancer development is a dynamic and long-term biological process, involving a plethora of
components and interactions and a stepwise progression that eventually leads to metastasis.
Fucoidan can inhibit the tumorigenesis by four different mechanisms: (I) cell cycle arrest, (Il)
induction of apoptosis, (I1l) antiangiogenic- and (1V) anti-inflammatory activities 32,

(1) Alekseyenko et al. (2007), transplanted Lewis lung cancer cells in C57BL/6 mice and observed that

tumour mass and metastasis were significantly reduced in mice administered with 25 mg/kg (injected
intraperitoneally) fucoidan 322. Fukahori at al. (2008) demonstrated that fucoidan therapy (22.5
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mg/mL) induced a cell cycle arrest in the Go/M phase and inhibited cell growth in vitro in human

cancer cell lines 3%,

() Apoptosis, the programmed and desired cell death, is an essential homeostatic function of normal
cells in multicellular organisms. Inhibition of apoptosis is however a common feature of cancer cells.
Fucoidan can promote apoptosis in cancer cells by activating apoptotic signalling. In human
lymphoma HS-Sultan cell lines, fucoidan (100 pg/mL) suppresses tumour growth and promotes
apoptosis 324325,

(1) The antiangiogenic properties of fucoidan, as described above, are an important tool in limiting
access of neoplastic cells to nutrients and oxygen. Cancer cells rely on an adequate supply of both to
proliferate. Antiangiogenic therapy has proven to be an effective way to slow tumour growth and can
support conventional cancer treatment 3%, The combination of fucoidan extracted from Cladosiphon
novae-caledoniae with conventional anticancer drugs such as tamoxifen, cisplatin, and paclitaxel was
shown to inhibit cell growth and cell cycle in MCF-7 breast cancer cells as well as promoting
apoptosis 327, For fucoidan extracted from Laminaria japonica, a tumour growth inhibition of 33-47%

for nasopharyngeal carcinoma cells was determined in vivo and in vitro studies 3%.

(IV) Another major factor the development of cancer is inflammation. According to recent studies, up
to 20% of human cancers are related to chronic and unresolved inflammations, caused by viral and
bacterial infections, exposure to irritants, or autoimmune diseases 2832, Thus, inhibition of excessive
inflammatory responses is a critical factor to mitigate the risk of cancer development. Aspects of
immune modulation through fucoidan involve cytokine inhibition, chemokine inhibition, and
inhibition of toll-like receptors (see 1.6.2.1).

1.6.2.4 Anticoagulant properties of fucoidan

Blood coagulation is initiated by coagulation factors to stop the flow of blood though injured vessels
when abnormal vascular conditions occur, or when exposure to non-endothelial surfaces at sites of
vascular injuries is detected 3. Through the interference of endogenous or exogenous anti-
coagulants with coagulation factors, the blood coagulation can be stopped . Heparin (a sulfated
glycosaminoglycan usually extracted from porcine tissues) is the most commonly used
antithrombotic/anticoagulant drug. However, side effects from heparin such as thrombocytopenia,
haemorrhagic effect, and ineffectiveness in congenital or acquired antithrombin deficiencies, and
incapacity to inhibit thrombin bound to fibrin are well documented 33332, Wang et al. (2010)
demonstrated that fucoidan from Laminaria japonica displayed several anti-coagulant activities
similar to heparin 2*. The anticoagulant activity of sulfated polysaccharides has been shown to
depend on their molecular weight, their sulfation degree, and also the distribution of sulfate groups
in the repeating units as well as on the structure of the polymeric backbone 2. Although the anti-
coagulant effect of heparin remains higher than for various analysed fucoidans, the absence of
documented side effects so far suggests the potential use of fucoidan as substitute or support for

heparin as anticoagulative treatment 23,
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2 Objectives of the thesis

Marine polysaccharides are the subject of increasing research interest in the field of biomedical
applications due to a wide range of bioactive properties, compatibility with living tissues and their
ability to form hydrogels. Chemical, physical, and bioactive properties of three marine
polysaccharides fucoidan, alginate and chitosan were investigated in this thesis.

Objective 1:  Fully characterize the chemical structure of fucoidan from Laminaria hyperborea
(Paper 2)

Objective 2:  Elucidate structure—function relationships of fucoidan from Laminaria hyperborea
and assess bioactive properties (Paper 2 and 3)

Objective 3:  Investigate alginate-chitosan polyelectrolyte hydrogels, including their gelling
properties and interaction mechanism (Paper 1 and 4)

In Paper 2, numerous analytical techniques were utilized to thoroughly characterize the chemical
structure of fucoidan from Laminaria hyperborea. A task that to our knowledge has not been solved
before. Among the techniques were NMR spectroscopy, ICP-MS, SEC-MALS, Raman spectroscopy,
and monosaccharide analysis as the primary tools employed to achieve the first objective.

Several bioactive properties of this complex group of fucose containing polysaccharide have been
reported. However, most studies lack a detailed structural characterization or even purified fucoidan
samples. Thus, there is a need to investigate the bioactive properties of fucoidans using well-
characterized macromolecules to establish a comprehensive structure—function relationship. In
Paper 2, our aim was to investigate the influence of molecular weight and degree of sulfation on
bioactive properties of fucoidan applied in a lepirudin-based human whole blood model. To obtain
samples of fucoidan tailored to specific degrees of sulfation and molecular weights, we employed
chemical modification through solvolytic desulfation and mild acid hydrolysis, respectively. In Paper
3, we evaluated the bioactivity of fucoidan from L. hyperborea in ocular cells. We assessed cell
viability, protection from oxidative stress, and the secretion of vascular endothelial growth factor
(VEGF). Furthermore, we examined the relationship between these parameters and the molecular
weight of fucoidan.

Alginate gels crosslinked with chitosan oligomers were investigated in Paper 1 and 4. The interaction
between these polyelectrolytes were studied on a macroscopic and microscopic level. The gelling
mechanism and the potential formation of junction zones between chitosan and alginates with
different block structures were systematically investigated in Paper 4. To achieve this, we employed
circular dichroism spectroscopy, rheology, as well as molecular dynamic simulations. In Paper 1, we
examined the mechanical properties, gelling kinetics, and syneresis using chitosan oligomers to
partially replace calcium ions for crosslinking. With Papers 1 and 4, our goal was to expand the
theoretical framework for understanding the interaction mechanisms underlying the formation of
alginate-chitosan oligomer hydrogels. Furthermore, we aimed to uncover additional tools for
tailoring alginate hydrogels relevant in various biomedical applications including tissue engineering,
coatings or as delivery systems for pharmaceuticals, nutraceuticals, and other bioactive compounds.
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3 Summary of the papers

Paper 1: Alginate gels with a combination of calcium and chitosan oligomer mixtures
as crosslinkers

In this paper we investigated a concept of ionic gelation of alginates using chitosan oligomers as
crosslinkers. Because chitosan oligomers crosslink alginate's M-blocks, while calcium ions (Ca%") form
junction zones with G-blocks, it was hypothesised that a combination of chitosan oligomers and
calcium ions might positively impact gelling parameters such as gel strength, gelling kinetics, or
syneresis.

Alginate from Laminaria hyperborea with an intermediate G content (Fs = 0.46), and high G content
(Fe = 0.68), derived from leaves and stipes, respectively, were used in this study. The alginates were
characterized using NMR and SEC-MALS. The chitosan oligomers mixture (MCO) was characterized
through NMR and SEC. An internal method of gelation was applied using GDL and two different
crosslinkers, Ca?* and MCO (DP, = 3.96, FA = 0.045), as well as combinations of Ca?* and MCO.

Firstly, the maximum concentration of crosslinker before the onset of syneresis was determined for
each alginate crosslinked with MCO or Ca?* individually. For pure calcium-alginate gels, the maximum
concentrations of calcium without significant syneresis were 15 and 16.5 mM for leaf alginate, and
stipe alginate respectively. Using MCO for crosslinking alginate gels, the maximum MCO
concentration was 25 mM (calculated as the molar concentration of the D-unit monomer) for both
alginates.

Alginate gel cylinders (10 g/L) and various combinations of crosslinker concentrations were evaluated
through uniaxial compression and rheology. By uniaxial compression, the Young's modulus of
hydrogels was determined, using the linear slope region obtained from the force-deformation curves
at low deformation (< 5% strain). Syneresis was determined by weighing the cylinder after careful
removal of expulsed water after 24 h of gel formation. Gelling kinetics were analysed through
rheology with a low oscillation frequency (1 Hz) and strain (0.001) to ensure that measurements did
not disrupt the gelation process.

This study showed chitosan oligomers and calcium ions can be used simultaneously to crosslink
alginate applying internal gelation. It was demonstrated that up to 50% of the calcium can be
substituted with chitosan oligomers without a reduction in final gel strength or increase in syneresis
for intermediate-G leaf alginate, and up to 25% for high-G stipe alginate respectively. The rheological
experiments revealed a faster gel formation for MCO crosslinked alginate gels, and a higher final gel
strength for Ca?* crosslinked alginate. However, the gels with mixed crosslinkers reached a final gel
strength similar to calcium crosslinked alginate while displaying fast gelling kinetics similar to MCO
crosslinked alginate, providing additional tools to modulate the gel formation and tailor the
properties of an alginate gel.
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Paper 2: Structural Characterization of Fucoidan from Laminaria hyperborea:
Assessment of Coagulation and Inflammatory Properties and Their
Structure-Function Relationship

The aim of this study was to characterize fucoidan isolated from Laminaria hyperborea to obtain
structure—function relationships. Furthermore, fucoidan was tailored to elucidate how molecular
weight and degree of sulfation affect bioactivity in human whole blood.

To elucidate the complex and heterogeneous structure of the purified fucoidan (pFuc) molecule, a
combination of several analytical techniques was applied. Through total sugar analysis a sugar
composition of almost exclusively fucose (97.8%) and a smaller percentage of galactose (2.2%).
Glycosidic linkage analysis showed (1—3)-a-L-fuco-pyranose (31.9%) to be the dominant residue,
followed by 1-2 linked (13.2%) and 1-4 linked (7.7%) fuco-pyranose as well as high degree of
branching (22.4%). Through SEC-MALS a molecular weight of M,, = 469 kDa was determined. The
slope a = 0.78 of a Mark-Houwink-Sakurada plot, and the slope b = 0.65 of an RMS conformation
plot indicated a flexible random coil shape of the molecule, suggesting a highly flexible backbone
with short side chains. ICP-MS revealed a sulfate content of 53.8%, corresponding to a calculated
degree of sulfation (DS) of 1.7, or near complete 02 and 04 sulfation of the macromolecule. Raman
spectroscopy determined SO, located axial at 4C and equatorial at 2C as well as an absence of
acetylation. By NMR, chemical shifts (proton and carbon) were assigned and revealed a highly
heterogeneous structure in terms of glycosidic linkages. Combining the results from NMR, glycosidic
linkage analysis and SEC-MALS, a 1=3-linked backbone structure was suggested, together with an
additional five possible structural fragments (equal ratio).

A fully desulfated fucoidan (dsFuc) derivative was produced via solvolytic desulfation. Briefly, the
sodium counterions of fucoidan were exchanged with pyridinium ions, using cation exchange
columns. The pyridinium-fucoidan was solved in DMSO at 80°C for 30 minutes. The lower molecular
weight fucoidan sample was obtained via mild acid hydrolysis at pH = 3.0, 70°C, 30 minutes (hFuc).

The bioactivity of all samples (pFuc, hFuc, dsFuc, using sulfated alginate and heparin as references)
was assessed using a lepirudin-based whole blood model. The immediate responses by coagulation
and complement cascades were measured by prothrombin factor 1 and 2 (PTF1.2) and the terminal
complement complex (TCC), respectively. Cytokines involved in inflammation were detected in a 27-
plex cytokine assay. Fucoidan with a high My, and high DS inhibited coagulation, complement and the
cytokines PDGF-BB, RANTES, and IP-10, while activating MCP-1. These effects were obtained at a
concentration of 1000 pg/mL and partly at 100 pg/mL. However, at low concentration (10 ug/mL), a
coagulation stimulating effect of highly sulfated fucoidans (DS = 1.7, My = 469 kDa or 20.3) was
obtained. This indicates a level of complexity in the effects linked to the sulfation degree requiring
further studies to provide mechanistic insights.

Through comparison of the well-defined samples pFuc, hFuc, dsFuc, sulfated alginate and heparin it
was demonstrated that the anticoagulant effects of these polysaccharides depend predominantly on
the degree of sulfation, to lesser extend on the molecular weight, whereas branching and sugar
composition showed no significant influence on coagulation.
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The finding that fucose is the principal sugar unit combined with near complete theoretical sulfation
is observed provides a high overall simplicity of the analysed biopolymer isolated from L. hyperborea.
Nevertheless, the large variety of glycosidic linkages, branching points and their random distribution,
still results in a heterogeneous structure. Due to the lack of repeating units a fully defined primary
structure cannot be determined but through combination of several analytical techniques, a
reasonable approximation of a hypothetical structure of the fucoidan molecule was achieved.
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Figure 3-1 Graphical abstract — (Middle) possible structural fragment of 25 fucose residues elucidated in this study;
(Bottom) structural fragment applied as building blocks for a full-scale structural model (DP = 750, Rw = 37 nm) of fucoidan
from L. hyperborea. Atom colour: H = white, C = grey, O = red, S = yellow; (Top) Depicting the structure—function relation for
the analysed fucoidans, showing an increase of various bioactive properties with increase in molecular weight and degree
of sulfation.
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Paper 3: Effects of Sulfated Fucans from Laminaria hyperborea Regarding VEGF
Secretion, Cell Viability, and Oxidative Stress and Correlation with Molecular
Weight

In this study we further investigated the bioactive properties of fucoidan (herein referred to as
sulfated fucan), with respect to secretion of vascular endothelial growth factor (VEGF), protection
from oxidative stress and cell viability in ocular cells.

Three fucans from Laminaria hyperborea with different molecular weight were prepared, chemically
characterized, and evaluated. High molecular weight sulfated fucan (My = 1548.6 kDa, Fucl) was
extracted with warm water and purified through ultrafiltration. Lower-molecular-weight samples (M
= 499 kDa, Fuc2; 26.9 kDa, Fuc3) were obtained by mild acid hydrolysis of ultrapurified sulfated
fucan, followed by dialysis. The sulfated fucan samples were analysed through SEC-MALS, ICP-MS,
and GC. All samples showed a high degree of sulfation (DS) of about 1.7 sulfate groups per sugar unit,
confirming the molecular weight as the key difference between the samples, ensuring high
comparability for bioactivity assessments.

Bioactivity (cell viability, oxidative stress protection and VEGF secretion) was measured in in vitro cell
cultures using human-derived cell lines uveal melanoma (OMM-1), retinal pigment epithelium (ARPE-
19) and porcine-derived primary cells from retinal pigment epithelium (RPE).

It was found that Fuc2 and Fuc3 were antiproliferative for OMM-1, but not for ARPE. Fucl protected
OMM-1. VEGF secretion was lowered with all fucans except Fuc3 in ARPE-19 and RPE. Furthermore,
it was found that the cell viability of ARPE-19 and RPE was not influenced by any L. hyperborea fucan
for up to three days of treatment; this excludes toxic effects important for further studies.

The sulfated fucan origin and extraction method for the three sulfated fucan samples was the same
isolating molecular weight average (Fucl > Fuc2 > Fuc3) as the experimental variable.

The results suggest a positive correlation between molecular weight of sulfated fucans and biological
activity. As a potential therapeutic agent for ocular disease, a higher molecular weight sulfated fucan
may elicit greater effects.
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Paper 4: Alginate gels crosslinked with chitosan oligomers - a systematic
investigation into alginate block structure and chitosan oligomer interaction

The concept of alginate gels crosslinked with chitosan oligomers was further researched in this
publication. The interaction of these polyelectrolytes, the gelling mechanism and the potential
formation of junction zones was systematically investigated.

Three alginates with fundamentally different block structures, poly-M, poly-G, and poly-MG, were
selected for ionic crosslinking with chitosan oligosaccharides (CHOS). Interactions were investigated
using circular dichroism (CD), rheology, and computer simulations.

Strong evidence was obtained, supporting the previously proposed gelling principle of poly-M
alginate crosslinked with chitosan oligomers due to matching in charge distance between the two
polyelectrolytes °. Furthermore, a unique high gel strength poly-MG chitosan gelling system was
revealed.

CD spectroscopy showed an increased chiroptical activity for the poly-M chitosan gelling system,
indictive of induced conformational changes and higher ordered structures. The increased chiroptical
activity change was also greater for CHOS with higher DP. For poly-G and poly-MG no change in
chiroptical activity was detected upon addition of CHOS.

Rheological measurement revealed a storage modulus (G') of < 900 Pa for poly-MG (1%) CHOS (0.3%)
hydrogels, orders of magnitude greater than for CHOS crosslinked poly-M. Upon addition of salt (50—
500 mM NaCl) to poly-M CHOS gelling systems, the gel formation slowed down and the final gel
strength decreased with increasing amounts of salt. This effect was likely caused by competition at
the junction zones between the charged polyelectrolytes and the NaCl ions. This is in line with the
suggested model of zipper-like junction zones between CHOS and poly-M. However, for the ionically
crosslinked poly-MG chitosan hydrogels the gel strength increased upon the addition of salt (G' <
1600 Pa at 50 mM NaCl), suggesting a stabilization of the junction zones through hydrophobic
interactions and/or a phase separation, which to our knowledge has not been reported before.

Molecular dynamics (MD) simulations were applied to further investigate these findings, comparing
interaction energies, charge distances and chain alignments. MD simulations showed an increase in
interaction energies between chitosan and alginate upon the addition of NaCl for poly-MG, while for
poly-M and poly-G the addition of NaCl decreased the interaction energies with chitosan.
Furthermore, for poly-MG CHOS gelling systems upon addition of salt, a higher number of
interactions (contact points) was calculated than for any other simulated gelling system.

The high gel strengths especially upon the addition of salt, the data obtained from MD simulations,
as well as the observed turbidity of the poly-MG chitosan gelling system, simultaneously with CD
measurements having shown no systematic alignment or induced conformational change, implies a
fundamentally different effect supporting the chitosan poly-MG junction zones.

The described CHOS poly-MG gelling systems displaying high gel strengths, are known to be highly
biocompatible and have revealed a high tolerance to a broad range of salt concentrations present in
various biological systems. Accordingly, the findings herein may support the biomedical use of
poly-MG chitosan gels and provide additional tools for tailoring alginate hydrogels.
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Figure 3-2 Graphical abstract — Text: " Differences in charge distances between distinct alginate block structures crosslinked
with chitosan oligomers lead to differences in structural characteristics & gelling properties"; (Bottom and left) schematic
depiction of the intramolecular charge distances along each side of the used poly- and oligosaccharide chains. lonic
interactions of potentially aligned charged de-N-acetylated chitosan and a charged alginate M-block indicated (light blue
circles). Monosaccharide units: glucosamine (D), mannuronate (M), guluronate (G); (Middle) snapshot of structure
alignment from molecular dynamics simulations of a 2:1 alginate:chitosan systems to exemplify how the alginate oligomers
(colour pink) can wrap around the chitosan oligomer (colour grey); (Top right) circular dichroism spectra of poly-M with
chitosan DP = 8 at different concentrations, showing a clear shift in the CD absorption bands, indicating changes in the
secondary structure of the alginate; (Right) diagram of the final gel strength of alginate (poly-M and poly-MG) gel
crosslinked with chitosan oligomers. The diagram depicts the final gel strength determined after 5 h versus the degree of
polymerization of chitosan crosslinker.
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4 General discussion

Polysaccharides have been integral to the evolution of human history and technological
development. Beginning with the simple cultivation of plants for consumption, our comprehension of
polysaccharides has evolved into an expansive scientific field covering polysaccharide structure and
chemistry. We have come to recognize the vital roles polysaccharides play in our biology and
physiology. As our understanding expands, it paves the way for new challenges, inquiries, and
opportunities that are yet to be addressed.

Within the field of polysaccharide science, there are still uncharted waters within the fundamental
elucidation of polysaccharide structures. There are also insights to be discovered in how these
structures interact with biological systems to trigger responses. Of particular interest to the applied
branches of polysaccharide science is the prospective utility of these versatile macromolecules in
biomedical applications.

Certain polysaccharides, such as alginates, possess the ability to form hydrogels. Generally non-toxic
and well-tolerated in biological systems, these are ideal for use with cells and tissues. Accordingly,
these polysaccharides are sought-after in tissue engineering applications to produce tissue culture
models, biological scaffolds, or in cell encapsulation for therapy, as well as drug delivery systems.

The potential uses of polysaccharides are not confined to hydrogels. In solution, polysaccharides may
also prove beneficial, given their properties such as immunostimulatory, antiviral, and anti-
inflammatory effects. The subsequent section will discuss both the application of polysaccharides in
hydrogels and the biological activities of polysaccharides in solution.

The chapter will outline the most important aspects and innovative findings from the research
conducted. The discussion will also revolve around how the work both contrasts with and contributes
to the existing body of knowledge in the field of polysaccharide science.

4.1 Structural characterization of fucoidan from Laminaria hyperborea
(Paper 2)

Detailed structural elucidation of fucoidans is challenging due to their extensive heterogeneity and

lack of repetitive motifs within the macromolecule. In this study we combined the analytical results

from various spectroscopic, spectrometric and chromatographic methods and performed a

comprehensive structural characterization of a purified fucoidan from L. hyperborea.

For a full structural characterization of fucoidan, a series of complementary analytical approaches is
required. Most fucoidan studies are subject to at least one of the following three limitations: (I) Only
a limited set of structural features are analysed, (ll) the fucoidan is insufficiently purified or
fractionated, or (lll), chemical alteration such as depolymerization and subsequent purification may
conceal structural features.
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Chevolot et al. (2001) relied only on methylation analysis and NMR spectroscopy for analysing
fucoidan from Ascophyllum nodosum, revealing a fucose disaccharide repeating backbone-

29 However, to obtain those results, the fucoidan was depolymerized to

structure
fucooligosaccharides with a DP of 8 to 14. This depolymerization may obfuscate characterization of
larger branching patterns as well as the overall shape of the molecule. A subsequent study by Foley
et al. (2011) analysed higher molecular weight fucoidan from A. nodosum, revealing the presence of
galactose, xylose and glucose. One limitation in the latter study was that the fucoidan fraction was
likely somewhat too crude to provide definite and precise characterization 333, Anastyuk et al. (2010)
utilized tandem MALDI and ESI mass spectrometry to characterize fucoidan from Laminaria
cichorioides. Their study demonstrated MALDI-TOFMS as an effective tool for elucidating various

34 However, due to absent

structural fragments, sulfation patterns and glycosidic linkages
complementary analysis by NMR or NMR in conjunction with methylation analysis, structural

characterization is limited to a qualitative nature.

An extensive structural characterization of fucoidan from the sea cucumber species Holothuria
tubulosa was carried out by Chang et al. (2016) 3%°. Methylation analysis and NMR spectroscopy was
used to determine glycosidic linkages and branching. Enzymatic degradation, using a fucoidanase,
was applied to cleave glycosidic linkages in the polymer chain without desulfation. These low
molecular weight fractions revealed glycosidic linkage patterns. Furthermore, the locations of sulfate
groups were determined using NMR spectroscopy. While highly informative for fucoidans derived
from echinoderms, these fucoidans exhibit greater structural homogeneity compared to those
sourced from algae, as presented in this study (Paper 2). Therefore, employing a similar approach
would unlikely yield NMR spectra of comparable quality. In Paper 2 (supplementary material) a
depolymerization approach yielding similar results was conducted. Mild acid hydrolysis as well as a
subsequent fractionation through size exclusion chromatography was performed. Neither the
hydrolysis nor the fractionation led to simpler and more uniform spectra. Instead, complexity
increased, suggesting that glycosidic linkages and branching points are randomly distributed in
fucoidan from L. hyperborea. In recent years a plethora of fucoidan degrading enzymes from various
microbial organisms have been discovered, selectively cleaving glycosidic linkages and sulfate
groups 3%, Applying these fucoidanases and sulfatases could circumvent increasing complexity
through degradation and potentially elucidate fine structures occurring within these heterogenous
algal molecules 3%,

To elucidate the structure of the polymer, a series of complementary analytical approaches, i.e.,
NMR, ICP-MS, Raman spectroscopy, and monosaccharide linkage analysis were performed on a
highly purified high molecular weight (469 kDa, DP = 750) fucoidan from L. hyperborea (pFuc).
Additionally, a desulfated derivative of the same batch of fucoidan was produced (dsFuc). An almost
complete desulfation was achieved by a modified version of the solvolytic desulfation procedure
from Inoue et al. (1976) %1. However, SEC-MALS data showed that also a significant depolymerization
(7.3 kDa, DP = 40) occurred, which must be considered in further structural assessment.

Glycosidic linkage analysis revealed (1=3)-linked fucose as the most abundant (31.9%) unit in the
polymer (see Table 4-1), followed by (1—2)-linked fucose (13.2%) and (1—4)-linked fucose (7.7%).
The combined number of branched fucose residues (adding up to 22.4%) matches with the number
of terminal fucose residues, proving the length of desulfated fucoidan samples as sufficient and
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internally verifying the data. Similar to the past work by Cumashi et al. (2007) on fucoidan from
L. digitata *°%, the results obtained in Paper 2 suggest 1—3 as the dominant glycosidic linkage in the
backbone. On the other hand, the backbone structure was revealed to contain a high number 1-2,3
branching points resembling those revealed in S. latissima. In short, these similarities may be
explained phylogenetically as all the aforementioned sources of seaweed are of the Laminariales
species.

Table 4-1. Linkage analysis of the desulfated fucoidan, performed in three technical replicates. Molecular percentage and
the corresponding standard deviations are indicated.

t-Fuc 1,2-Fuc 1,3-Fuc 1,4-Fuc 1,2,3-Fuc  1,2,4-Fuc  1,3,4-Fuc 1,6-Gal 1,4,6-Gal 1,3,6-Gal
Mol% 23.2 13.2 31.9 7.7 13.1 4.5 4.8 0.8 0.5 0.4
SD 2.2 0.5 1.0 0.2 1.1 0.5 0.2 0.1 0.1 0.0

A total sugar analysis was performed on the unmodified pFuc. Gas chromatography revealed a
monosaccharide content of mostly fucose (97.8 + 0.2 %) and a minor galactose constituent
(2.2 £ 0.2 %). These results were also supported by proton NMR data. Two strong signals in the
anomeric region with an approximate ratio of 1:2 likely reflect the ratio of (1=2) to (1—3)-fucose
obtained from the glycosidic linkage analysis. Furthermore, strong signals in the methyl region,
correspond to the C-6 methyl protons of fucopyranose. The ratio between the integral for the
anomeric proton {H-1} (5.1-5.8 ppm; Integral: 1.000), internal pyranose ring protons {H-2,3,4,5} (3.6-
5.1 ppm; Integral: 4.186) and methyl group protons {H3-6} (1.0-1.8 ppm; Integral: 3.122) supports the
results from the monosaccharide analysis consisting largely of fucose units. Giving another indication
that the molecular structure in dsFuc is representative of the structure occurring pFuc. Due to the
high molecular weight of pFuc NMR signals were too broad to extract more structural data from the
spectra but comparison between the modified and unmodified fucoidan gave additional confirmation
in the validity of the obtained data from both NMR as well as total sugar analysis.

The complexity of the spectra increased following mild acid hydrolysis. This increase was likely
caused by the formation of new reducing and non-reducing ends, which diversifies the formerly near
completely sulfated a-L-fucopyranose units with similar glycosidic linkage patterns. Solvolytic
desulfation was a key step to achieve a more homogenous fucoidan without severe depolymerization
allowing for 2D NMR spectroscopic measurements and assignment of chemical shifts for structural
elucidation. The uniformity of the spectra obtained from unmodified pFuc, compared to the complex
spectra following mild acid hydrolysis, reinforces the hypothesis of a (1= 3)-linked main chain.

ICP-MS emerged as an important tool to accurately determine the degree of sulfation. While Raman
spectroscopy can assign the location of the sulfate group along the sugar ring, it is not as
quantitatively accurate as ICP-MS. Although vibrational spectroscopy is often referred to as a semi-
quantitative method. On the hand with a larger array of fucoidan samples with known sulfate
concentration (calibration curve) Raman spectroscopy could likely be used to quantify the degree of
sulfation, while retaining the advantage of revealing the position of the sulfate groups 27333,
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Raman spectroscopy revealed no vibration between 1650-1800 cm™. These bands are related to C=0
vibrations and their absence verifies the absence of acetyl groups and uronic acids in pFuc 3%¥. This is
in good agreement with the results from proton and carbon NMR. Furthermore, a comparison
between the pFuc and dsFuc showed that the sulfate groups in axial 4C position (839.8 cm™) were
entirely removed by the desulfation treatment whereas the sulfate group in 2C remained to a minor
extent, as indicated by the less affected band at 1065.3 cm™.

SEC-MALS was used to determine the molecular weight of the molecule in addition to the overall
shape, chain conformation and branching pattern. Two different plot types have been used to verify
the shape of polymer. An RMS conformation plot, where radius of gyration (R,) was plotted against
M and a slope (b) of 0.65 was obtained, resembling a random coil vector model (sphere b = 0.3;
random coil b = 0.5; rigid rod b = 1) and a Mark-Houwink-Sakurada plot ([n] versus M), which
resulted in a slope (a) of 0.78, also aligning with the theoretical value of a random coil shape (sphere
a = 0; random coil a = 0.8; rigid rod a = 1.8), both plots indicating a large polymer with a highly
flexible chain #°. Combined with the results from the monosaccharide linkage analysis of a dominant
glycosidic linkage and a high interception of branching points, the overall structure of a large, highly
flexible molecule with short side chains can be deduced.

Fucoidan from L. hyperborea displays a complex and diverse structure. Thus, numerous combinations
of glycosidic linkages and sulfate group positions are likely present in the molecule. Nevertheless, by
combining the results from all mentioned analytical methods, a set of five possible structural
fragments (equal ratio) was suggested. In short, the scientific value of the work herein (Paper 2) lies
within broadening the understanding of fucoidan by more accurate representations of its structure.

4.2 Structure—function relationship and bioactive properties of fucoidan
(Paper 2 and 3)

In Paper 2 and 3 we addressed the structure—function relationship of fucoidan and its bioactive
properties. To investigate bioactivities, we sought to mitigate the presence of impurities and
therefore we used highly purified fucoidan. Furthermore, to acquire a conclusive set of data we also
conducted a meticulous characterization of fucoidan samples. To isolate which structural features
were interlinked with activities we modified distinct structural features, while keeping others as
similar as possible, thus retaining comparability between the samples.

Tsou at al. (2022) investigated antitumor and antioxidant effects of fucoidan extracted from
Sargassum ilicifolium. The kelp was sampled from five different regions along the Taiwanese
coastline and the fucoidan was extracted at two different temperatures 34°. The cytotoxicity and
potential anticancer activity of these fucoidan extracts was assessed in vitro using three cell lines:
Murine fibroblasts from adipose tissue (L929), human epithelial carcinoma cells from lung tissue
(A549) and human epithelial carcinoma cells from colonic tissue (HCT116). Notably, none of the
extracts showed toxicity to the non-cancerous cell line (L929). However, one extract obtained at
lower temperature decreased the viability of the cancerous cell line derived from human lung tissue
(A549).
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The work of Tsou et al. offers an interesting look into some bioactive properties of fucoidans, while
simultaneously illustrating the complex nature of fucoidan's bioactivity as revealed by the variable
responses in different cell types. The samples were rigorously characterized for their degree of
sulfation, monosaccharide composition and polyphenol content. Nevertheless, the considerable
differences between the samples arguably obfuscate a clear path to revealing which structural
properties lead to biological functions. In a recent review by Weelden et al. (2019), the structure—
function relationship of fucoidan in relation to its anticancer properties was investigated. The
bioavailability of fucoidan was examined in addition to some biological pathways in which fucoidan
might interact 1. In a similar vein as what could be inferred from Tsou and co-authors' study,
Weelden et al., highlight the lack of conclusive structure—function relationships. They point out that
one of the complicating factors is the compositional diversity of fucoidans, which can vary widely due
to differences in extraction methods and species origins.

Lastly, a review by Ale et al. (2011) provided an in-depth discussion on bioactive properties, collating
data on anticoagulant, antitumour and immune-response activity and linking these with structural
features 3%2. Ale et al., argued that the presence or potential presence of impurities such as
polyphenols, mannitol, alginate and laminarin, are likely to confound interpretations of
structure—function relationships in fucoidan.

In short, the current body of literature underscores the need for the methodology we employed for
the fucoidan samples in our research (Paper 2 and 3). In the present work, structural features such as
degree of sulfation and molecular weight were tailored for between-sample comparability to isolate
structure—function relationships. In our studies (Paper 2 and 3) impurity was mitigated by extensive
ultrafiltration of the fucoidan samples, graphene filtering and subsequent analyses of endotoxin
concentration. This approach may provide a framework for future work on fucoidan by minimizing
confounding variables to reveal accurate structure—function relationships (see Table 4-2).

Table 4-2. Data overview of fucoidan samples used in Paper 2 and 3. Degree of sulfation (DS), weight average molar mass
(M), number average molar mass (M), degree of polymerization (DP), number average radius of gyration (R,), Z-average
radius of gyration (R,), intrinsic viscosity determined by SMV1 ([n]), slope of a Mark-Houwink-Sakurada plot (a: [n] versus
M), slope of an RMS conformation plot (b: Ry versus M).

PAPER 2 DS My [kDa] M, [kDa] DP Rn [nm] [n] [mL/g] a b
pFuc 1.70 469 218 750 27.4 98 0.78 0.65
dsFuc 0.12 7.3 5.8 40 - 6 - -
hFuc 1.70 20.3 10.6 37 - 5 - -

PAPER 3 DS Mw [kDa] M, [kDa] DP R, [nm] b
Fucl 1.70 1548 1021 3512 83.0 0.66
Fuc2 1.70 499 241 829 47.1 0.66
Fuc3 1.70 26.9 13.9 48 - -

Sulfated polysaccharides are recognized as integral components of the extracellular matrix (ECM).
The ECM s, briefly described, a three-dimensional structure composed of biomolecules within
tissues 343, Sulfated polysaccharides, through their anionic charge, mediate interactions with various
signal molecules such as growth factors and cytokines. These interactions regulate cellular behaviour
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such as migration, proliferation, and differentiation. Further, sulfated polysaccharides have been
found to display a range of both pro and anti-inflammatory responses 344, Accordingly, these
biomacromolecules pose great interest for various biomedical and tissue engineering applications.

Clinically, the most used sulfated polysaccharide is heparin, with an estimated annual production of
100 tonnes 3%, Despite the diverse bioactivity of sulfated polysaccharides, heparin is used mainly for
its anticoagulatory properties. A limitation of sulfated polysaccharides naturally present in the ECM is
rapid turnover which may constrain their use as biomaterials intended for long-term implantation 34,
A key disadvantage with for instance heparin is the complex and extensive extraction process
typically from animal tissues (e.g. pork intestines) which has a history of contamination with fatal
consequences 3%,

In Paper 2, bioactive properties of fucoidan were investigated in vitro using a lepirudin-based human
whole blood model 837, The effects on coagulation and complement were measured by
prothrombin factor 1 and 2 (PTF1.2) and the terminal complement complex (TCC), respectively. A
coagulation inhibitory effect was seen by all fucoidan samples at the highest concentration (1000
pg/mL), but at an intermediate concentration (100 pug/mL) this effect was maintained only for the
native purified fucoidan (pFuc), and not for the hydrolysed (hFuc) nor the desulfated fucoidan
(dsFuc). With respect to the complement system, inhibition was observed for native fucoidan (pFuc)
at intermediate and high concentration. This suggests that both the molecular weight and degree of
sulfation of fucoidan influence the inhibition of coagulation and the complement system. Similarly
for cytokines, significant increases were seen observed for native fucoidan in the case MCP-1,
whereas IP-10, PDGF-BB and RANTES were significantly reduced. These differences are likely
attributable to the positive charge of these cytokines and thus electrostatic interactions with the
sulfate groups of fucoidan. Furthermore, higher molecular weight appeared to be associated with
more extensive effects.

Given the clear relationship between sulfation and bioactivity for fucoidan from L. hyperborea,
exclusively the molecular weight was varied in Paper 3. In this research study, the potential
therapeutic effects on ocular diseases, specifically, age-related macular degeneration (AMD) were
examined. The effect of fucoidan was studied in vitro using primary porcine retinal pigment epithelial
cells (RPE), and human-derived cell lines uveal melanoma (OMM-1), and immortalized retinal
pigmented epithelium (ARPE-19). Naturally, it is important to ensure the safety of fucoidan for
therapy of diseases such as AMD. Both primary RPE and ARPE-19 showed no decrease in viability
which holds promise for future in vivo studies to further investigate the safety. Interestingly, only the
uveal melanoma (OMM-1) showed decreased viability when exposed to intermediate (Fuc2, 499 kDa)
and low molecular weight (Fuc3, 26.9 kDa) fucoidan. While not the objective of the present study,
this may point to other promising bioactivities of fucoidan, such as anti-cancer activity. In wet AMD
an overproduction of vascular endothelial growth factor (VEGF), leads to formation of abnormal
blood vessels causing blindness. Thus, treatments that mitigate excess VEGF expression may also
prevent blindness 348, Another contributing to the loss of vision in AMD is oxidative stress, which if
substantial may lead to cell death 3. In Paper 3, both VEGF secretion and protection from oxidative
stress was investigated and moreover seem to suggest a positive relationship between molecular
weight and bioactivity. While anti-oxidative properties of fucoidans have been suggested previously,
as highlighted by Weelden et al., the literature may in part be confounded by the presence of
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contaminants 3*3°, Antioxidative properties may be readily explained by the presence of
polyphenols. However, the use of an ultra-pure fucoidan such as herein, makes this reason unlikely.
Furthermore, a direct radical scavenging mechanism based on the structure of fucoidan seems
unlikely. The present work may suggest that fucoidan does in fact elicit protection from oxidative

stress, but indirectly, by interaction with innate cellular mechanisms of antioxidant systems 3°1-3>3,

A relevant aspect not investigated in our studies, is the absorption and bioavailability of the different
fucoidans. While a high molecular weight fucoidan might higher bioactivity, a potential downside
could be a lower absorption through the intestinal track if it is administered orally. In China fucoidan
from Saccharina japonica is applied as active pharmaceutical ingredient against renal diseases such
as chronic renal failure, acute kidney injury and diabetic nephropathy 3. For this medical application
low molecular weight fucoidan was shown to be more effective, likely due to higher bioavailability
and uptake into the bloodstream.

In brief, there is much left to be uncovered for the use of fucoidan as a therapeutic macromolecule.
The work performed for this thesis highlights some of the fundamental bioactivities of fucoidan in
vitro in human blood as well as a potential biomedical use in the treatment of ocular diseases.
Importantly, a structure—function relationship was demonstrated revealing the degree of sulfation
and molecular weight to be key parameters in bioactivity. These effects were demonstrated in a
thoroughly characterized and pure fucoidan.

4.3 Alginate—chitosan hydrogels: gelling properties and interaction

mechanism (Paper 1 and 4)
Alginate and alginate hydrogels are widely used in medical products, cosmetics and in the food
industry. The properties of these hydrogels depend on the type of alginate (mainly molecular weight
and block structure) as well as on the type of crosslinker and crosslinking mechanism. Alginates have
the innate to form physically crosslinked gels in the presence multivalent cations such as Ca*, Sr** or
Ba?*. This mechanism has traditionally been explained by the egg-box model, in which G-blocks on
alginate chains coordinate around and cooperatively bind calcium cations 7°.

Alginate—chitosan junction zones established between the M-blocks of an alginate chain and
chitosan oligomers were investigated as an alternative ionic crosslinking mechanism for alginates by
Khong et al. (2013). They demonstrated in their study that fully de-acetylated chitosan D-blocks
successfully crosslink poly-mannuronate (poly-M), forming stable hydrogels, but do not crosslink
poly-guluronate (poly-G). The suggested explanation for the formation of stable junction zones
between alginate M-blocks and chitosan D-blocks was a match in charge distance along the
polysaccharide block structures *°. This proof of concept sparked the need for a further investigation.

In Paper 4, three alginates with fundamentally different block structures, poly-M, poly-G, and poly-

MG, have been investigated upon ionic crosslinking with chitosan oligosaccharides (CHOS) with a
defined degree of polymerization.
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In brief, the results obtained, strongly support the previously proposed gelling principle of poly-M
alginate crosslinked with chitosan oligomers. The gel strength increased with the DP of the CHOS,
due to the formation of more stable junction zones.

To study the formation of junction zones in ionically crosslinked hydrogels and to investigate the
interaction mechanism is a challenging task. Few analytical techniques are suited to examine the
interactions in aqueous conditions. Our attempts to characterize the interactions through NMR were
hampered by precipitation of the poly- or oligosaccharides, when these were added in equal
amounts. Furthermore, the obtained spectra displayed a strong peak broadening without noticeable
signal shifts (data not published).

In a study by Donati et al. (2005), the ionic crosslinking of three different alginates (poly-M, poly-MG
and poly-G) using calcium ions was analysed via circular dichroism spectroscopy (CD) 2. A clear
change in circular polarized light absorption occurred when poly-G was crosslinked with calcium ions.
This indicates a chain—chain association when G-sequences bind calcium by a chelate-type
interaction. This potential formation of a higher ordered structure is often described as the "egg-box"
model °*1%%. Donati and co-authors also demonstrated the interaction of calcium ions with
polyalternating MG-blocks, albeit with a less pronounced change in chiroptical activity compared to
poly-G. Furthermore, no change in CD absorption occurred for poly-M, demonstrating CD
spectroscopy as a suitable technique to examine ionic crosslinks in alginate gels.

In Paper 4, a series of experiments similar to the work of Donati et al., was drafted. The chiroptical
properties were investigated for three different alginate block types upon the addition of
stoichiometric amounts of chitosan oligomers. The CD spectra revealed an increased chiroptical
activity for poly-M chitosan gelling systems. This is indicative of induced conformational changes and
the formation of higher ordered structures %128 in agreement with the previously proposed
"zipper-like" junction zones between chitosan and mannuronan (see Figure 4-1). No similar change in
chiroptical activity was observed for poly-MG nor for poly-G chitosan oligomer gelling system.
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Figure 4-1 Schematic illustration of the interaction between a chitosan oligomer (black) and poly-M alginate (green) at
different pH levels. Monosaccharide units: glucosamine (D), mannuronate (M). At pH < 8 the amino groups of chitosan are
mostly uncharged, while the carboxyl groups of alginate are mostly charged. At pH 4.0-5.0 both chitosan and alginate are
predominantly charged, leading to ionic crosslinking of the two components and a zipper-like chain alignment due to the
similar charge distance in both compounds.
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Even though no induced structural effects were observed in the CD spectra for MG-blocks, the poly-
MG-CHOS gels displayed high gel strengths during rheological experiments, orders of magnitude
above their poly-M counterparts. This observation was unexpected and may allude to a
fundamentally different mechanism of gelation. Thus, additional experiments to further describe the
gelling system were needed.

A known and well-described phenomenon is the deceleration of gelling kinetics and reduction in gel
strength upon the addition of salt to ionically crosslinked hydrogels 3°°7357. The salt ions shield
attractive electrostatic forces of the ionic crosslinker and polyelectrolyte and reduce the entropic
driving force for electrostatic interaction. Greater concentrations of salt might therefore result in a
weaker gel, a collapse of the gel network or precipitation of the polymer 3%,

To evaluate the influence of salt on the gelling properties of this mixed polyelectrolyte gelling
system, both poly-M and poly-MG chitosan gels were prepared with varied NaCl concentrations
present and measured using rheology. The addition of salt (NaCl) that led to a decelerated gel
formation and lower final gel strength for the poly-M gelling system. However, the opposite effect
was displayed for poly-MG with an increase in gel strength by a factor of four. This may also be
indicative of a fundamentally different crosslinking mechanism.

An additional observation, indicating a different formation of junction zones came from the visual
appearance of the gels. While poly-M-CHOS gels appeared mostly transparent, their poly-MG
analogue was highly turbid. Possibly pointing towards a stabilisation of the junction zones through
hydrophobic interaction or local phase separation 3%°.

To gain further insight into the formation of junction zones, binding energies, chain alignments were
investigated, and computer simulations performed. Alginate block oligomers (DP = 12 and 24) and
chitosan oligomers (DP = 4 and 8) were used for these experiments. Within the scope of the
simulations, no major differences in binding energy between CHOS and the three different alginate
block types were observed. Nevertheless, the calculations confirmed that the chitosan-MG-complex
was the only simulated chain association where the binding energy increased upon the addition of
salt. This suggests an additional stabilization of the junction zone by hydrophobic interactions, not
present in poly-M-chitosan-hydrogels. On the other hand, calculations of the coulomb potential
(charge-based interactions) and Lennard-Jones potential (hydrophobic interactions) revealed only
small contributions of hydrophobic interactions. Therefore, hydrophobic interactions alone are
unlikely to account for the large difference in gel strength between the two gelling systems.

Additionally, the CHOS poly-MG hydrogel might be stabilized through a local phase separation effect
along the junction zone. Although this remains speculative, the increasing turbidity during the poly-
MG chitosan hydrogel formation as well as the gel strength compared to the poly-M gel supports this
hypothesis. Unfortunately, results regarding a potential phase separation were not obtained due to
the low molecular weight alginate block-units and the confined virtual space in which the simulations
were performed. Another possibility is that phase separation requires the aggregation of multiple
junction zones, which are known to exist for calcium crosslinked alginates 3¢°. Future simulations
could address this limitation and incorporate a higher number of polyelectrolyte pairs.
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The examined chitosan poly-MG gelling systems in this study, did not only display high gel strengths,
but they are also known to be highly biocompatible and are stable in a broad range of salt
concentrations. This stability may be relevant in application for hydrogels applied in various
biological systems, for coating, drug delivery or cell encapsulation 361,

Boisseson et al. (2004), modified alginates by covalently linking long hydrophobic alkanes (octadecyl
and dodecyl chains) to the polysaccharide backbone, improving the hydrogel stability against salt
(NacCl) 362, Crosslinking the MG-Blocks of an alginate with chitosan oligomers might be a more elegant
solution to improve the stability against salt without the need for a harsh chemical modification of
the biopolymer chain.

Combinations of crosslinkers were investigated in Paper 1. After Khong et al. (2013) demonstrated
that chitosan oligomers form junction with alginate M-blocks. We hypothesised that adding CHOS to
commercial alginates, such as leaf and stipe alginate from Laminaria hyperborea, might increase the
overall gel strength due to the formation of additional junction zones. However, all initial tests
adding CHOS to known formulations for calcium alginate hydrogels led to syneresis (expulsion of
water and shrinkage). Since syneresis is an undesired effect in most commercial and biomedical
applications, a different design for the study was opted for.

First, the highest concentration of crosslinker applicable without the occurrence of syneresis was
determined for each alginate and crosslinker separately. These maximum concentration of Ca% or
CHOS before syneresis were defined as 100%. Combinations of crosslinkers were performed based
on a percentage wise substitution (e.g., 75% of max. Ca?* were combined with 25% of max. CHOS).

Both leaf and stipe alginate produced weaker hydrogels when crosslinked solely with a commercial
CHOS mixture (DP, = 3.96), than their calcium crosslinked counterparts. On the other hand, the trend
in gel strength between the two crosslinker concentration maxima for each alginate was not linear. It
was shown that up to 50% of calcium in the leaf alginate sample and 25% in the stipe alginate sample
could be substituted with chitosan oligomers, without compromising gel strength. In addition, the
samples with high gel strength and combinations of calcium and chitosan crosslinker displayed faster
gelling kinetics compared to calcium alone. A possible explanation could be that CHOS are
protonated faster, since protons released through GDL can arrive at the oligosaccharide almost
instantly due to the tunnel-effect in water. Calcium ions, on the other hand, are restrained by the
gradual dissolution of CaCOs particles. Additionally, the higher ratio of GDL to CHOS compared to the
gels crosslinked exclusively by CHOS might contribute to faster gelling kinetics.

Despite calcium ions being generally considered safe, Chan & Mooney (2013) pointed out that the
release of calcium ions from alginate gels can promote inflammatory responses in vitro and
in vivo 363, The knowledge gained in Paper 1 may provide an approach to minimize the release of
calcium and related inflammatory responses, while maintaining the mechanical properties of the
desired alginate hydrogel.

The choice of a chitosan oligomer mixture (DP, = 3.96) is a clear limitation in the study performed in
Paper 1. Even though the goal of the experimental setup was to target M- blocks and G-blocks, the
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results obtained in Paper 4 indicate a large potential contribution from MG-blocks crosslinked with
chitosan oligomers (DP 2 7), which should be studied in the future.

Both studies (Paper 1 and 4) expand the understanding of alginate hydrogel crosslinking and provide
additional tools for tailoring hydrogels. CHOS or composite CHOS-Ca?* hydrogels may be relevant for
applications within physiological conditions. MG-blocks crosslinked with chitosan oligosaccharides
displayed exceptionally high gel strengths, while simultaneously showing high stability towards
exposure to salt. M-blocks crosslinked with CHOS showed faster gelling kinetics and a different
sensitivity towards pH-changes. Furthermore, it was shown that CHOS and Ca*" crosslinking
mechanisms are compatible and can be leveraged for faster gelation while maintaining high gel
strength.
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5 Future perspective and concluding remarks

This work conducted in conjunction with this thesis was motivated by the growing interest in marine
polysaccharides. These materials are both abundant in nature and they possess great potential for a
multitude of biomedical applications. The focus of this thesis was on fucoidan, alginate, and chitosan.

The conducted research included a thorough characterization of the molecular structure of fucoidan
from L. hyperborea. It was determined that fucoidan from L. hyperborea is near a complete
theoretical degree of sulfation (1.7). It is composed almost exclusively of fucose residues, has a high
molecular weight (up to 1.4 MDa), and displays extensive branching with short side chains. Although
our current results point towards a heterogenous and random distribution of structural features,
future studies could leverage enzymes i.e. fucoidanases and novel desulfatases, to further elucidate
structural patterns 336337,

A highly purified and well-characterized fucoidan was used to investigate bioactivity in vitro using a
lepirudin-based human whole blood model. Structural features such as the degree of sulfation and
molecular weight were tailored for between-sample comparability to isolate structure—function
relationships. Unmodified fucoidan with a high degree of sulfation and molecular weight was
demonstrated to inhibit coagulation at intermediate to high concentrations with similar inhibitions of
the complement system. The work highlighted the importance of both the molecular weight and the
degree of sulfation as parameters for bioactive properties in further studies.

Based on the relationship between sulfation and bioactivity, a series of fully sulfated fucoidans, with
different molecular weight, was tested for its potential therapeutic effects on ocular diseases,
specifically, age-related macular degeneration (AMD). VEGF secretion and protection from oxidative
stress were investigated and moreover indicated a positive relationship between molecular weight,
bioactivity and potential therapeutic effects. While assessing the cell viability of three types of cell
lines against the different fucoidans, no decrease in viability was observed for any of the epithelium
cell lines. However, highly sulfated low and intermediate molecular weight fucoidan decreased the
cell viability of uveal melanoma (OMM-1) cells. These results may indicate a potential for anti-cancer
activity, while retaining viability in non-cancerous cells. The anti-cancer activities of fucoidan may be
of interest in future studies related to biomedical applications 4.

Alginate hydrogels which are attractive biomaterials in tissue engineering, coatings and drug delivery,
were examined on a fundamental scientific level. Interaction mechanisms and binding energies were
characterized. To bridge the gap to applied science and real-world use, commercially available
alginates from L. hyperborea were also used. The formation of junction zones between alginate M-
blocks and fully de-acetylated chitosan oligomers, proposed as a zipper-like gelling concept by Khong

19, Strong evidence was obtained for the

et al. (2013), was further investigated in this thesis
formation of secondary structures due to an alignment in charge distance of the oppositely charged
polyelectrolytes. Furthermore, an alginate-chitosan gelling system was investigated showing
crosslinking of poly-MG-blocks with chitosan oligomers. This gelling system displayed gel strengths
orders of magnitude higher compared to their poly-M counterparts as well as stronger gels in the
presence of salt. This is contrary to what has been observed for traditional ionically crosslinked

hydrogels, pointing towards a fundamentally different chain—chain interaction mechanism 357362,
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While alginate is commonly crosslinked by calcium ions, here we chose to replace a fraction with
chitosan oligosaccharides. Up to 50% of Ca%" ions could be replaced by chitosan oligomers (under
given conditions) without a loss in gel strength, while simultaneously increasing the rate of gelation.
In short, the addition of chitosan oligomers as part of the gelation mechanism affords customization
of gelling kinetics as well as a reduction in the use of calcium which can act inflammatory in
hydrogels aimed for biomedical use %3, Lastly, the alginate crosslinking demonstrated herein may
confer greater hydrogel stability when used in biological systems containing electrolytes, which is a
commonly highlighted hurdle for long-term applications 242%3%77:361,

There is great potential for composite hydrogels of alginate and fucoidan 3. Alginate hydrogels
provide a good vantage point for tissue engineering and cell encapsulation. On the other hand these
are still considerably dissimilar to the microenvironment provided partly by proteoglycans in the
extracellular matrix 3%, Sulfated polysaccharides can promote cell fates that may be desirable in
tissue engineering applications such as maintenance of phenotypes and proliferation 3. Sulfated
polysaccharides have also shown promise in reducing fibrotic responses that hinder the survival of
encapsulated cells in therapy 3¢773%, A promising attempt to emulate the glycosaminoglycan rich
environment found in the ECM, while maintaining the gelling properties, was attained through
chemical sulfation of alginate 368379371 However, mixed gels with incorporating fucoidan might
provide similar properties without the need of harsh chemical modifications that fundamentally alter
the structure of alginate and typically involves the use of solvents ¢4,

Additional experiments were performed, incorporating high molecular weight fucoidan into a
calcium-alginate hydrogels (see Figure 5-1). Preliminary results indicated (data not published) that
even integrating substantial amounts of fucoidan, only marginally altered the gelling properties,
pointing towards a wide range of biomedical applications utilizing various physical, chemical and
bioactive properties of these marine polysaccharides 346372373,
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Figure 5-1 Comparison of the kinetics of gelation for calcium alginate gels, with and without added fucoidan. G' and G"
were determined as a function of time. All solutions had a composition of 10 g/L stipe alginate from L. hyperborea, 1.2 g/L
CaCO3 and 3.1 g/L GDL. Samples with added high molecular weight fucoidan at 7 g/L (red and purple line) displayed only
minor differences in kinetics and final gel strength compared to samples without added fucoidan (green and blue line).
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Alginates are polysaccharides that are widely used in relation to their ability to form gels. Recently we
reported that alginates may also form gels with chitosan oligomers as crosslinkers (Khong, Aarstad,
Skjak-Brak, Draget, & Varum, 2013). The purpose of the present study was to characterize alginate gels
crosslinked with calcium and chitosan oligomers. Using two different alginates of similar molecular
weights but different chemical composition, i.e. guluronic acid content of 46 and 68%, we found that
both alginates could form homogeneous gels with calcium and chitosan oligomers separately and with-
out syneresis. Systematic combinations of calcium and chitosan oligomers as crosslinkers were tested,
showing that up to 50% of the calcium could be substituted with chitosan oligomers without reduction in
gel strength or increased syneresis for the alginate with the lowest guluronic acid content. Furthermore,
the kinetics of the combined gels were different from pure calcium alginate gels.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Chitosans form a family of linear polysaccharides consisting
of (1— 4)-B-linked 2-acetamido-2-deoxy-D-glucopyranose (Glc-
NAc or A-unit) and its de-N-acetylated analogue (GIcN or D-unit).
These polycationic derivatives of one of Nature’s most abundant
biopolymers (chitin) can be prepared with varying degree of poly-
merization (DP) and degree of acetylation (F,) (Varum & Smidsred,
2005). The amine-group of the D-unit has a pKj-value of ca.
6.5 (Anthonsen & Smidsrgd, 1995; Strand, Temmeraas, Varum, &
@stgaard, 2001; Tsukada & Inoue, 1981) and therefore the amount
of charges also influences properties as their water-solubility as a
function of pH (Varum, Ottgy, & Smidsrad, 1994).

Chito-oligosaccharides (CHOS), i.e. shorter fragments of chi-
tosans composed of the same building units and glycosidic linkages,
canbe prepared using both chemical and enzymatic methods. CHOS
have attracted much attention in recent years as they have been
suggested to exhibit numerous biological effects (Aam et al., 2010;
Nilsen-Nygaard, Strand, Varum, Draget, & Nordgard, 2015).

Alginates form a polysaccharide family (occurring in brown
algae and bacteria) comprised of (1 — 4)-linked [3-p-mannuronic
acid (M-unit) in the 4C; conformation and its C5-epimer, o-L-

* Corresponding author.
E-mail address: kjell. m.varum@ntnu.no (K.M. Varum).
1 These authors contributed equally to the paper.

http://dx.doi.org/10.1016/j.carbpol.2016.09.006
0144-8617/© 2016 Elsevier Ltd. All rights reserved.

guluronic acid (G-unit) in the 'C4 conformation with a pK,-value
of ca. 3.5. These linear polyanionic block copolymers are composed
of homopolymeric regions of M-units (M-blocks) or G-units (G-
blocks), interspaced by regions of alternating epimers (MG-blocks)
of different length (Draget, Moe, Skjak-Brak, & Smidsred, 2006).
Hydrogels are cross-linked hydrophilic polymer chains able
to capture large amounts water, defined by specific properties
regarding their dynamic (Ross-Murphy, 1984). The cross-links in
hydrogels can be established through covalent linkages (Desai,
Koshy, Hilderbrand, Mooney, & Joshi, 2015; Li, 2010) or through
ionic linkages (Mi et al., 1999). Ionically crosslinked hydrogels gen-
erally feature a higher swelling sensitivity to pH changes than
their covalently crosslinked counterparts, which extends their
potential applications since a further tuning of the hydrogel to
their specific environment becomes possible (Cuan et al., 1996).
Chitosan is known for its high biocompatibility, biodegradabil-
ity (Nordtveit, Varum, & Smidsred, 1996; Varum, Myhr, Hjerde,
& Smidsred, 1997) and low toxicity (Koping-Hoggard et al., 2001;
Strand, Danielsen, Christensen, & Varum, 2005). Moreover, antimi-
crobial effects (Dutta, Tripathi, Mehrotra, & Dutta, 2009; Felt, Carrel,
Baehni, Buri, & Gurny, 2000; Liu, Guan, Yang, Li, & Yao, 2000;
Mellegard, Strand, Christensen, Granum, & Hardy, 2011) have been
shown, which are beneficial for applications such as drug delivery,
implants (Xia, Liu, Zhang, & Chen, 2011) and wound healing (Ong,
Wu, Moochhala, Tan, & Lu, 2008; Ueno, Mori, & Fujinaga, 2001).
Tailoring of chitosans with respect to DP, polydispersity, F4 and
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acetyl distribution is providing tools for controlling their function
and properties in relation to their biological effects.

Alginates are able to form ionically crosslinked hydrogels in
the presence of multivalent cations (e.g. Ca2*, Sr2* and Ba2*).
Calcium-alginate gels are intensively studied and widely used for
cell immobilization and protection of the cells from the host’s
immune system (Draget & SkjaK-Braek, 2011; Leong et al., 2015;
Strand, Merch, & Skjak-Brak, 2000). These gels can be prepared
through internal gelation or a diffusion method (Draget et al., 2006).
The internal gelation provides a mechanism where insoluble cal-
cium carbonate is mixed with an alginate solution, followed by a
controlled lowering of the pH through a proton-donator such as the
slowly hydrolyzing D-glucono-8-lactone (GDL), causing a homoge-
neous release of the calcium ions and subsequent gel formation.
The calcium ions show specific interactions with the G-units and
form junctions zones specifically between G-blocks (Sikorski, Mo,
Skjdk-Brak, & Stokke, 2007). Khong, Aarstad, Skjak-Braek, Draget,
and Vdrum (2013) has shown the possibility of forming junc-
tion zones between consecutive M-units (using polymannuronic
acid) crosslinked with fully deacetylated chitosan oligomers, and
it was found that at the same conditions only very weak gels
were formed using polyguluronic acid (poly-G). This new gelling
system, also induced by the homogeneous lowering of the pH
thereby charging the chitosan oligomers using the slowly hydrolyz-
ing proton-donator GDL, provides a new possibility of crosslinking
alginates. The suggested reason for this difference in the gelling
properties between alginate composed of poly-M and poly-G is
the match in charge distance between the chitosan and poly-M
(4C; conformation, diequatorial glycosidic linkage) of about 10.4 A
(Minke & Blackwell, 1978; Serbotten, Horn, Eijsink, & Varum, 2005)
whereas the G-blocks (1 C4 conformation, diaxial glycosidic linkage)
exhibits a shorter charge distance of only 8.7 A (Atkins, Mackie, &
Smolko, 1970).

It seems then that Ca?* and chitosan oligomers can provide
crosslinkers for alginates where calcium ions are crosslinking
through the G-blocks and the chitosan oligomers most effectively
through the M-blocks. For certain cell lines immobilized in calcium
alginate gels it has been found that the calcium ions can have neg-
ative effects (Chan & Mooney, 2013). Here we have undertaken a
study of gelling properties of two different alginates of different
composition using combinations of the two crosslinkers, where we
have applied the internal gelation method (see Scheme 1) with the
two different crosslinkers and measured the gel strength (Young’s
modulus) and syneresis as well as the gelling kinetics of the new
gels.

2. Experimental
2.1. Materials

The mixture of chitosan oligomer mixture (MCO) was pro-
vided by Koyo Chem Co Ltd (lot number 121017WG). MCO was
characterized by Size Exclusion Chromatography (see Fig. 1 in
Supplementary material). The number-average degree of polymer-
ization (DP,) and the degree of acetylation (F,) of the MCO as
well as degree of and the individual oligomers (see Table 1 in
Supplementary material) were determined by 'H NMR (see Fig.
2 in Supplementary material) as described previously (Serbotten
et al,, 2005). Two alginate samples (provided by FMC Biopoly-
mer AS, Drammen, Norway) were isolated from stipe and from
leaf of Laminaria hyperborea. Data for chemical composition and
sequences and the molecular weight average are given in Table 1.
Chemical composition and sequences in terms of diads, triads and
average block length were determined by 'H NMR and 3C NMR
as described previously (Grasdalen, Larsen, & Smidsrad, 1977).

Weight and number average molecular weight were determined
by SEC-MALLS. D-Glucono 3-lactone (GDL) was purchased from
Sigma-Aldrich. CaCO3 was (Reag. Ph Eur) was purchased from
Merck. Other chemicals were of analytical grade and used without
any further purification.

2.2. Gel preparation

Alginate samples were dissolved in distilled water at a concen-
tration of 3% (30 mg/mL). MCO was dissolved in distilled water at a
concentration of 10% and the pH was adjusted to 8.0 by 1M NaOH.
1.0 g of the alginate solution was weighted into a glass vial and a
maximum of 182 pL of the MCO (amount determined by syneresis
experiments) was added together with distilled water to obtain
a total volume of 2 mL. The mixture was stirred for 10 min and
26.6 mg of GDL were dissolved in 1 mL distilled water right before
adding to mixture followed by intensive stirring. Ca?* cross linked
alginate gels were prepared by adding a suspension of a maximum
of 3.6 mg CaCO3; (amount determined by syneresis experiments)
and 1 mL of distilled water to 1 mL alginate solution. The mixture
was stirred for 10 min and 12.9 mg of GDL were dissolved in 1 mL
distilled water right before adding to the mixture followed by inten-
sive stirring. Determined amounts for MCO and CaCO3; were set as
100%. Used amounts in the mixed gels (0-100%) are based these
values (see details of calculations in Supplementary material).

Gel cylinders were made by placing aqueous solution of sodium
alginate and solution of chitosan oligomers mixture, containing
dispersed CaCO3 and freshly dissolved GDL, in the cylinder wells
(diameter =16 mm, length =18 mm) of the 24-well plate and cov-
ering the cylinders with a lid. After 24 h the gels were taken out and
ready for the measurement.

2.3. Syneresis and gel strength

Syneresis was measured as final gel weight after gentle wiping
off excess water relative to the initial gel weight determined by the
total volume of the gelling solution in each well. Gel strength was
determined by compression measurements of the gel cylinder until
rupture by using a texture analyzer (TA.XT.-Plus Texture Analyzer
from Stable Micro Systems, Surrey, UK) equipped with a cylindrical
probe (P/35, diameter =35 mm) operated at a speed of 0.10 mm/s.
A minimum of three parallels were determined. Young’s modulus
was calculated from the slope of the initial zone of the resulting
stress-strain curve, defined as the ratio of tensile stress to tensile
strain. Rupture strength was determined as the force when the gel
ruptured. The height and diameter of each gel were manually mea-
sured by a digital caliper. A load cell with a capacity of 5kg was
used and the instrument was calibrated prior to the measurement.

2.4. Rheological measurement

The rheological characterization of the mixed alginate gels was
performed using a Stresstech Rheometer (RheoLogica Instruments,
Sweden) fitted with a cone-and-plate geometry (cone angle of 4°
and diameter of 40 mm). To prevent drying of the samples during
measurement, the sample was covered with a layer of low-viscosity
silicon oil. A minimum of two parallels were performed for each
kinetic gelling experiment.

The test methods employed were oscillatory time and stress
sweep at a constant temperature of 20°C. For time sweep, the
experiments were performed at a low oscillation frequency (1 Hz)
and a small strain (0.001) to ensure that the measuring conditions
did not disrupt the gelation process. The strain sweep, at a constant
frequency of 1Hz, was used to determine the linear viscoelastic
region (LVR) of the hydrogels. Frequency sweep experiments were
performed in the linear viscoelastic region (0.01-10 Hz) with a con-
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Scheme 1. Schematic illustration of the combined internal gelation of alginate crosslinked with calcium and MCO. D: glucosamine, M: mannuronate unit, G: guluronate unit,

GDL: D-Glucono d-lactone.

stant strain of 0.001 and a delay time of 0.033 min between the
measurements to characterize the viscoelastic properties as a func-
tion of frequency.

3. Results and discussion
3.1. Characterization of chitosan oligomers

The size distribution of the mixed chitosan oligomers (MCO)
was characterized (See Fig. 1 in Supplementary material), show-
ing a dominance of oligomers with DP from 2 to 6. The higher DP
oligomers (DP > 7) are in lower amounts, although oligomers with
DP up to 20 can be identified. Isolated fractions were collected and
characterized by "H NMR spectroscopy to determine their degree
of acetylation (Fa), see Table 1 in Supplementary material. The
oligomers with DP 5 or less were all fully de-N-acetylated, while
the hexamer had a F5 of 0.05 and then gradually increasing with
increasing DP up to 0.28 (DP > 19), as seen in the anomer region of
the TH NMR spectra of isolated chitosan oligomer fractions (Fig. 2
in Supplementary material). Anomeric reducing end protons of a
D-unit are found at 5.43 ppm (a-form) and at 4.92 ppm (B-form).
The absence of a- and -anomer of reducing end A-units (at 5.19
and 4.61 ppm) for oligomers with DP < 5 shows that these chitosan
oligomers fractions are fully de-N-acetylated (Ishiguro, Yoshie,
Sakurai, & Inoue, 1992). The internal D-units resonate between 4.8
and 4.9 ppm while the internal A-units resonate at 4.6 ppm which
can be seen in the spectra of oligomer fractions with DP > 6 (Varum,
Anthonsen, Grasdalen, & Smidsrod, 1991). Also, the A-units seem
are not found at the reducing end of any of the acetylated oligomers
(see Fig. 2 in Supplementary material), as no resonances of reducing
end A-units could be identified.

3.2. Characterization of alginates

Two alginate samples isolated from stipe and leaf of L. hyper-
borea with similar molecular weight were used for the gel
experiments. The content of guluronate and mannuronate (Fg and
Fum), diad sequences and selected triad sequences together with
average block lengths of these alginates (Grasdalen, Larsen, &
Smisrod, 1981; Grasdalen, 1983) were determined (see Table 1).

3.3. Gel strength and kinetics of gelation as function of added GDL

The two commercially available alginates with quite differ-
ent composition (high and low G-content) but similar molecular
weights (Table 1) were used for the gelling experiments. The pK,-
value of the carboxyl groupsis about 3.5 (Haug, 1964), and therefore

1000
100 +
=
g
o
final
H
10 4 P
—7g/L 43
——6g/L 4.5
5g/L 5.3
4g/L 63
1 d
0 100 200 300 400 500 600

t [min]

Fig. 1. Kinetics of gelation as a function of GDL concentration. To a leaf alginate
solution (10g/L) a fixed amount of MCO (7 g/L) was added, and then increasing an
amount of GDL (4-7 g/L) was added and the G’ was determined as a function of time.
G” and delta are not shown in the Figure for reasons of clarity.

will be fully charged at neutral pH. The intrinsic pK,-values of the
amino-groups has been determined for fully de-N-acetylated MCO
with increasing chain length (monomer to heptamer) and found
to be ca. 6.7 for the higher DP oligomers whereas the dimer had
a pK;-value of 7.6 (Tsukada & Inoue, 1981), which means that the
total MCO will be mainly uncharged at the pH 7.5 which is the pH
where MCO and alginate is mixed (see Experimental for details).
Even though the neutral solubility decreases with increasing chain
length and decreasing F (Varum et al., 1994), no precipitation was
observed at pH 7.5. This can be explained by the increase in Fp
with increasing chain length (Varum et al., 1994). The gelation was
performed as previously described (Khong et al., 2013). The kinet-
ics of gelation were followed by measuring the storage modulus
(G’) and the loss modulus (G”) as a function of the time. The pH at
the apparent equilibrium was measured in addition. For all exper-
iments a fixed MCO conc. of 7 g/L and alginate conc. of 10 g/L was
used.

A frequency sweep control experiment without adding the pro-
ton donating substance D-glucono-8-lactone (GDL) was performed
(data not given) that showed liquid like properties of the alginate
MCO solution at pH 7.5 (G” higher than G’, phase angle close to 90°)
at a broad frequency range (0.01-10Hz).

Fig. 1 shows the time dependence of the storage modulus of a
leaf alginate crosslinked with MCO with increasing amounts of GDL.
For all different mixtures a phase transition from predominant vis-
cous to predominant elastic properties, where G’ exceeds G” and
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Table 1

Chemical composition, block length (determined by 'H NMR and '*C NMR (*) spectroscopy), Number and Weight average Molecular Weights and Polydispersity Index (PI)

(determined by SEC MALLS) of the two Alginates.

alginate source Fo Fum Feo Fum Fumc Foce Fuvmm NG -1 Num > 1 Mw (10° gmol-1) M, (10% gmol-") PI
L. hyperborea stipe 0.68 0.32 0.57 0.28* 0.10* 0.53 0.17* 14 3.2* 270 97.4 2.78
L. hyperborea leaf 0.46 0.54 0.36 0.43* 0.18* 0.20 0.19* 4.8 3.6" 220 105.4 2.09
the phase angle drops below 45°, occurring within the first minute, 1000
A

which indicates a fast gelling system (G” and & are not depicted
here). For the 7 g/L GDL mixture G’ increases rapidly during the first
2 h of the measurement, starts to level off and prolongates into an
apparent equilibrium after approx. 130 min. However, the ongo-
ing small inclination indicates that some reorganization within
the hydrogel network continues. For the remaining samples the
apparent equilibrium approaches after approx. 180 min (6 g/L GDL),
210 min (5g/L GDL) and 250 min (4 g/L GDL). These results show
that the amount of GDL added to a solution with a fied concentra-
tion of alginate and MCO has direct influence on the gelling kinetics,
the final pH and the final gel strength, as previously shown in algi-
nates composed only of M-units (poly-M) (Khong et al., 2013).

3.4. Kinetics of gelation as function of the MCO concentration

Furthermore, the gelling kinetics of the two alginates were fol-
lowed by measuring the storage modulus (G’) and the loss modulus
(G™)asafunction of the time, for a series of experiments with a fixed
conc. of alginate (10g/L), an increasing conc. of MCO (4-8 g/L) and
a stoichiometrically adjusted amount of GDL corresponding to the
number of introduced amino groups through MCO and a final pH
of 4.4 (detailed calculations given in Supplementary information).
Fig. 2 shows the time dependence of the storage modulus (G’) with
increasing amounts of MCO. It emerges that a higher concentration
of MCO crosslinkers is leading to more rigid gels. A similar increase
in G’ with increasing chitosan oligomer mixture concentration was
also observed for poly-M (Khong et al., 2013). The gelling kinetics
are similar for all MCO and GDL concentration with a rapid increase
of G’ in the start, followed by an approaching equilibrium after
170 min for the leaf alginate (Fig. 2A) and 130 min for the stipe
alginate (Fig. 2B). This is different from the kinetics of gelling with
poly-M and MCO, where the rates of gelling was found to increase
with increasing MCO concentrations, which could be attributed to
a higher number of junctions in the gel network with increasing
crosslinker concentration (Khong, 2013). However, care should be
taken to directly compare the gelling kinetics described by Khong
(Khong, 2013) with the current gelling system as the gelling sys-
tems are different both with respect to the MCO crosslinker that
were used (different DP-distribution), and as the crosslinker in the
gelling system described herein is a mixture of calcium and MCO.

The kinetics of gelling is influenced both by the concentration
of the proton donator GDL (Fig. 1) and by the concentration of the
proton acceptor and crosslinker MCO. This can be explained by the
fact that the protons donated by GDL become equally distributed
among the MCO. To form a stable junction zone it is estimated that
the chitosan oligomer should have at least four positively charged
D-units (with a strong increase of gel strength for every further
charged D-unit) (Khong, 2013). If MCO concentration is increased
and the GDL concentration is increased equally then the kinetics
will be the same, which was also reflected by pH measurements
during the experiment (data not given).

Fig. 2 shows that stipe alginate forms weaker gels than leaf
alginate at the same MCO concentration, but reaches the equilib-
rium earlier. This difference in gel strength can be explained by
the alginate composition (see Table 1). Stipe alginate has a similar
mannuronic acid block length (Ny - 1) and contains a small fraction
of very long M-blocks (Aarstad, Tendervik, Sletta, & Skjak-Breaek,
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Fig. 2. Kinetics of gelation as a function of MCO added. (A) Leaf alginate. (B) Stipe
alginate.

2012)butalower fraction of mannuronic acid (Fy;) compared to leaf
alginate. However, the M-block length distribution of the leaf algi-
nate has not been determined. It could be that the gelling kinetics
could be important for the final gel strength, and that the difference
between the two alginates of different chemical composition could
be explained by differences in the possibility of reorganization of
the crosslinkers in the gel, as has been suggested for alginate acid
gels (Draget et al., 2000).

3.5. Gel strength and syneresis of mixed gels

The dependence of Young’s modulus (E) and syneresis as a func-
tion of the concentration of MCO and Ca2* was determined for the
two alginates (see Figs. 3 and 4). A set of experiments were designed
where the concentrations of MCO and calcium were systematically
varied. For pure calcium-alginate gels, the maximum concentra-
tions of calcium (100%) without significant syneresis were 15 and
16.5 mM for leaf and stipe alginate, respectively, while for chitosan
oligomer alginate gels the maximum MCO (100%) concentration
without significant syneresis was 25 mM (calculated as the molar
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Fig.3. Gelstrength (Young’s modulus)and syneresis of 1% alginate gels as a function
of calcium concentration. (A) Gel strength as determined by the Young’s modulus. (B)
Syneresis, left dashed line: max. Ca2* conc. before syneresis occurs in leaf alginate,
right dashed line: max. Ca?* conc. before syneresis occurs in stipe alginate.

concentration of the D-unit monomer) for both alginates. Accord-
ingly, when preparing a leaf alginate with a mixture of 50% calcium
and 50% MCO, the calcium concentration is reduced to 7.5 mM and
the MCO concentration to 12.5 mM. Detailed values for the concen-
tration of calcium, MCO and GDL are given in the Supplementary
information.

In Fig. 5 is shown the results (Young’s modulus and syneresis)
with the leaf alginate when gels were prepared with only calcium
as crosslinker, only MCO as crosslinker as well as mixtures of the
two crosslinkers. It can be seen that the calcium-alginate gels are
clearly stronger than the MCO-alginate gels with E of 6 and 3 kPa,
respectively. However, mixed gels with half the calcium concen-
tration can also be prepared without significant reduction in gel
strength (E). Pure calcium-alginate gels with a 50% reduction in
calcium concentration would result in a drastic reduction in E to
less than 2 kPa, while a 25% reduction in the calcium concentra-
tion would result in a gel with a E of 2.8 kPa (yellow triangles in
Fig. 5A). Clearly, mixed calcium-MCO alginate gels can be made
with a drastic reduction in calcium-concentrations without reduc-
tion in the gel strength. These gels could be applied in systems
where a reduced calcium concentration is preferred, e.g. for immo-
bilization of calcium-sensitive cells. Such gels can also be made
without significant syneresis (Fig. 5B).

In Fig. 6 is shown the results of similar gel experiments with the
stipe alginate. For this alginate, the expected results of a stronger
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Fig.4. Gelstrength (Young's modulus) and syneresis of 1% alginate gels as a function
of MCO concentration. (A) Gel strength as function of MCO concentration (conc.
related to (GIcN),). (B) Syneresis, dashed line: max. chitosan conc. before syneresis
occurs in (both) alginates.

calcium-alginate gels was found, and a more drastic reduction in
the gel strength was seen when using only MCO as cross-linker (E
of 12 and 1.8 kPa, respectively; see Fig. 6A). However, for the mixed
gels with stipe alginate, the calcium concentration could not be
reduced as much as for the mixed gels with leaf alginate without
areduction in the gel strength (Fig. 6A). Pure calcium-alginate gels
with a 25% reduction in calcium concentration would result in a
drastic reduction in E to 3 kPa. With the mixed gels the gel strength
can be maintained with a 25% reduction in calcium concentration.
Pure calcium-alginate gels with a 25% reduction in calcium con-
centration would have a E of 3kPa, i.e. a more than 70% reduction
(yellow triangles in Fig. 6A). For a mixed stipe alginate gel with a 50%
reduction of calcium-concentration, this gel would still maintain
more than 70% of the gel strength (yellow triangles in Fig. 6A). Such
stipe alginate gels can also be made without significant syneresis
(Fig. 6B).

3.6. Kinetics of gelation of the mixed gels

We also measured the gelling kinetics of the mixed gels for the
two alginates were followed by measuring the storage modulus
(G’) and the loss modulus (G”) as a function of the time Fig. 7.
The concentrations of all components are identical to the set of
experiments previously described. In Fig. 7A is shown the kinet-
ics of gelling of leaf alginate crosslinked with calcium (100%), MCO
(100%) and the mixed gels (50% calcium and 50% MCO). Clearly, the
fastest gel formation is in the gelling system with the MCO. The
slowest gel formation is with the calcium that is released from the



Y. Feng et al. / Carbohydrate Polymers 156 (2017) 490-497 495

’ ]
s lA il o
&
= 5+
ES
3 4 T [ Leaf alg.
o
£ 3m 1 A without
Wy | 1 chitosan
8 1
> 1|
0% 25% 50% 75% 100% Ca?*
100% 75% 50% 25% 0% Chitosan
20%
B
16%
2 12% T
o
g
S 8%+
4% +
i1} @ m
o
0% j : L
0% 25% 50% 75% 100% Ca?*
100% 75% 50% 25% 0% Mco

Fig.5. Gel strength and syneresis of leaf alginate crosslinked with varying amounts
of MCO and calcium (100% Ca?*: 1.2 g/L, 100% MCO: 6 g/L). (A) Gel strength as Young’s
modulus, squares: mixture of Ca** and MCO. For comparison the gel strength of
alginate when only calcium is added has been included (triangles). (B) Syneresis,
squares: mixture of Ca?* and MCO.)

14
— 12+ A %
©
a
= 10 +
@
s s
= 1
3 * © Stipe alg.
£ 6
»
w4 | A without
3 A chitosan
> 24 L4
0 t t } {
0% 25% 50% 75% 100% Ca?*
100% 75% 50% 25% 0%  Chitosan
20%
B
16% T
2 12% +
o
o
S g9
Z 8% T
4% T 'S
3
0% L2 : .
0% 25% 50% 75% 100%  ca?
100% 75% 50% 25% 0% Mco

Fig.6. Gelstrength and syneresis of stipe alginate crosslinked with varying amounts
of MCO and calcium (100% Ca2*: 1.3 g/L, 100% Chit: 6 g/L). (A) Gel strength as Young’s
modulus, squares: mixture of Ca>* and chitosan. For comparison the gel strength of
alginate when only calcium is added has been included (triangles). (B) Syneresis,
squares: mixture of Ca?* and chitosan.

1000

A
100 4 /’—___
10 4

1.2 g/L Ca + 0.0 g/L MCO
0.6 g/L Ca + 3.0 g/L MCO

G'[Pa]

1 4
| 0.0g/L Ca + 6.0 g/L MCO
0.1 t t + + +
0 50 100 150 200 250 300
t [min]
1000
B
100 1
w
=
o
i 1.2 g/L Ca +0.0 g/L MCO
——0.9g/LCa+1.5g/LMCO
0.0g/L Ca + 6.0 g/L MCO
1 + + + + +
0 50 100 150 200 250 300
t [min]
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solid calcium-carbonate. This is most probably because the rate-
limiting step in the gel formation with calcium is the dissolution
and release of calcium from the solid calcium-carbonate (Draget,
Ostgaard, & Smidsrad, 1990), while in the alginate-MCO gelling sys-
tem the rate-limiting step is the release of protons from GDL (which
in turn protonates the chitosan oligomers). The gelling kinetics of
the mixed gels is in between the calcium and the MCO gelling sys-
tems. The mixed gel reveals an incorporation of both properties,
the gelling kinetics of the MCO crosslinked gel and the gel strength
of the calcium-alginate gel. A possible explanation could be that
the MCO gets protonated faster because of the higher ratio of GDL
to MCO (see Fig. 1) compared to the pure MCO crosslinked gel. For
stipe alginate (Fig. 7B) the difference in gelling kinetics and in gel
strength between the pure calcium-alginate gel and the pure MCO
crosslinked gel is even more pronounced. Both can be explained by
the alginate composition (see Table 1) as previously described for
pure MCO crosslinked gels.

The mixed gel shows similar behavior for stipe and leaf alginates,
with a gel strength similar to pure calcium-alginate gel but with
faster gelling kinetics. The onset of gelation of the mixed gel is not
as fast as for the pure MCO crosslinked gel. This can be explained
by the lower concentration of MCO (1.5 g/L for 25%) which is not
enough to form a gel on its own but the gelation proceeds faster
for mixed gel (approached equilibrium after 250 min) as for the
pure calcium-alginate gel (approached equilibrium after 400 min)
as soon as enough Ca?* is released to form a gel.
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4. Conclusions

Homogeneous alginate gels crosslinked with both calcium and
chitosan oligomers can be prepared by internal gelling using a pro-
ton donor to simultaneously release calcium ions and protonate
chitosan oligomers. Up to 50% of the calcium in alginate gels could
be substituted with chitosan oligomers without loss in gel strength
or change in syneresis, which means that the new gels have poten-
tial new applications for e.g. immobilization of calcium-sensitive
cells.
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SUPPLEMENTARY MATERIAL

A. Characterization of chitosan oligomers and alginates
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Figure 1. Size exclusion chromatogram of MCO. The number of units in the oligomer peak is given in bold
numbers, the degree of acetylation (FA) in parenthesis, e.g. 6 (0.05) means the oligomer with 6 units and Fa of

0.05.
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Figure 2. 'H NMR of separated oligomers and fractions of MCO. Showing gradually increasing acetylation with
increasing chain length. DP from bottom to top: 2, 3, 4, 5, 6, 7-9, 10-18, 219



Table 1. Degree of acetylation (Fa) and content in the chitosan oligomer mixture. DP, = 3.96,
total Fa=0.045.

DP 2 3 4 5 6 7-9 10-18 >19
content 98% 227% 255% 191% 70% 57% 66% 3.6%
F 0 0 0 0 0.05 0.13 0.19 0.28

A



B. Experiments for the preparation of mixed gels with calculation

Mol masses [g/mol] Determined max. conc. [mmol/L]
Alginate-unit 199.12 MCO-unit (100%) as (GIcN), 12.5
CaCO; 100.09 Ca”* (100%) for leaf alg. 15

GDL 178.14 Ca?* (100%) for stipe alg. 16.5

Chitosan-dimer (MCO DP,=3.96) 404.34

Table 2. Amount of the crosslinkers MCO and Ca?* at different ratios related to the determined max. conc.

Ratio 100 75 50 25 0 %

MCO-unit 12.5 9.4 6.3 3.1 0.0 mmol/L
Ca?* (leaf alg.) 15.0 11.3 7.5 3.8 0.0 mmol/L
Ca?* (stipe alg.) 16.5 12.4 83 4.1 0.0 mmol/L

Table 3. Complete composition of leaf alg. gels at different ratios of the combined crosslinkers MCO and Ca?*

SAMPLE 1 2 3 4 5 Units
MCO ratio 0 25 50 75 100 [% of max.]
Ca?* ratio 100 75 50 25 0 [% of max.]
MCO amount 0.00 3.79 7.58 11.37 15.16 mg
MCO conc. 0.00 1.26 2.53 3.79 5.05 g/L
GlcN-units 0.00 6.25 12.50 18.75 25.00 mmol/L
MCO stock sol. (100 g/L) 0.0 37.9 75.8 113.7 151.6 pl
CaCOs3 amount 4.50 3.38 2.25 1.13 0.00 mg
Ca* conc. 1.50 1.13 0.75 0.38 0.00 g/L
Ca?* units 15.00 11.25 7.50 3.75 0.00 mmol/L
Alg. stock sol. (15 g/L) 2.00 2.00 2.00 2.00 2.00 mL
Alg. Amount 30.00 30.00 30.00 30.00 30.00 mg
Alg. conc. 10 10 10 10 10 g/L
Alg. Units 50.22 50.22 50.22 50.22 50.22 mmol/L
NaOH vol. (1 mol/L) 0.0 9.4 18.8 28.1 37.5 ul
GDL amount 16.05 15.39 14.72 14.05 13.38 mg
H20 vol. (for GDL sol.) 1000.0 9433 886.7 830.0 773.4 pl

Final vol. 3.00 3.00 3.00 3.00 3.00 mL




Example:
Preparation of leaf alginate gel cross-linked with 50% MCO and 50% calcium. (See Table 4 on the
previous page, Sample 3)

Sample

Volume 3ml
Alginate conc. 10 g/L
MCO ratio 50%
Ca? ratio 50%

1. Required amount of MCO
m(MCO) = 0.0125 mol - L™ - 0.5-0.003 L- 404.34g-mol™! = 7.58 mg
Added as stock solution (100 g/L) = 75.8 uL
Equalling a final conc. of 12.5 mmol/L
2. Adjusting MCO solution to pH = 8 with NaOH (1 mol/L)

0.025mol-L™1-0.5-0.003L-0.5 10 ®mol-L™*-0.003 L

V(1M (NaOH)) = Tmol L1 + Tmol L2 =18.8 uL
— I _/
~ ~
neutralizing MCO adjusting pH

3. Mixing the alginate stock solution (15 g/L) with the pH adjusted MCO solution and the calcium
carbonate

Required amount of CaCOs;
m(CaCO3) = 0.015mol-L™1-0.5:0.003 L-100.09 g- mol~! = 2.25 mg

Equalling a final conc. of 7.5 mmol/L

4. Adding a freshly prepared GDL solution through intensive stirring
Required amount of GDL (adjusted for MCO, CaCOs and pH)
m(GDL) = (0.025mol-L™1-0.5-0.003 L+ 0.015mol-L™1-0.5-0.003 L2 + 107 mol
-L71-0.003L)-178.14 g -mol™! = 14.72 mg
Required amount of H,O to solve the GDL

m(H,0) = 3mL — 2mL — 75.8 uL. — 37.5 uL. = 886.7 pL
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ABSTRACT: The structure of fucoidan isolated from Laminaria hyperborea was elucidated
and chemically tailored in order to obtain a clear structure—function relationship on bioactive
properties with a minimal amount of variations among the tested molecules. Analysis revealed
a sugar composition of 97.8% fucose and 2.2% galactose. Analysis of the glycosidic linkages
showed (1—3)-a-L-fuco-pyranose (31.9%) to be the dominant residue, followed by 1—2-
linked (13.2%) and 1—4-linked (7.7%) fuco-pyranose as well as a high degree of branching
(22.4%). Inductively coupled plasma mass spectrometry (ICP-MS) revealed a sulfate content
of 53.8% (degree of sulfation (DS) = 1.7). Raman spectroscopy determined SO, located axial
at 4C and equatorial at 2C as well as an absence of acetylation. SEC-MALS analysis
determined a high molecular weight (M,, = 469 kDa), suggesting a highly flexible main chain
with short side chains. Both chemical shifts of the fucoidan, proton, and carbon were assigned
by NMR and revealed a highly heterogeneous structure in terms of glycosidic linkages.
Bioactivity was assessed using a lepirudin-based whole blood model. The immediate responses
by coagulation and complement cascades were measured by prothrombine factor 1 and 2
(PTF1.2) and the terminal complement complex (TCC). Cytokines involved in inflammation were detected in a 27-plex
cytokine assay. Fucoidan with a high M, and DS inhibited coagulation, complement, and the cytokines PDGF-BB, RANTES,
and IP-10, while activating MCP-1. These effects were obtained at the concentration of 1000 ug/mL and partly at 100 ug/mL.
In low concentrations (10 ug/mL), a coagulation stimulating effect of highly sulfated fucoidans (DS = 1.7, M,, = 469 kDa or
20.3) was obtained. These data point to a multitude of effects linked to the sulfation degree that needs further mechanistic
exploration.

KEYWORDS: sulfated fucans, desulfation, NMR, Raman, SEC-MALS, inflammation

H INTRODUCTION Depending on the algal species, the structure of fucoidan

Fucoidans are sulfated polysaccharides found in brown algae and varies in terms of sugar composition, glycosidic linkages,

essentially consist of L-fucose. They exhibit high and strongly branching,' and degree of sulfation and acetylatif)n. While
diversified biological activities such as anticoagulant, antiin- some fucoidans, also known as galactofucan, contain predom-

flammatory, antitumor, and antiviral activities.' ™ inantly fucose and galactose (e.g., Saccharina longicruris,

The term fucoidan has changed over time, covering a large S““i‘“’]”;"“ latissima, Sargassum polycystum, Laminaria japon-
array of fucose-containing sulfated polysaccharides (FCSP), ica),”""" others comprise substantial amounts of additional
including polysaccharides with a fucose backbone structure monosaccharides such as glucose, mannose, xylose, and uronic
(fucans), FCSPs of heterogeneous compositions (i.e., fucoga- acids.® The backbone of these macromolecules largely consists
lactans, xylofucoglucuromannans) and of different origin. In of (1-3) and (1—4) glycosidic linkages as dominant in most
order to systematize this highly diverse group, biomacromole- backbone structures (e.g., Fucus vesiculosus, Fucus serratus,
cules, Deniaud-Bougét et al. (2017) have extensively discussed Ascophyllum nodosum).>'>~"* The structures vary in complexity
structural features of FCSPs and attributed [UPAC nomencla-
ture recommendations accordingly.(’ Due to the high prevalence, Received: August 20, 2018
the authors of this study continue to refer to this diverse group of Accepted: November 14, 2018
polysaccharides with the well-established term of fucoidan. Published: November 15, 2018
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from linear 1—3-linked main chains that carry a few branched
fucose residues (Chorda filum) to highly complex and heavily
branched backbone structures (e.g., Analipus japonicus, Undaria
pinnatifida).">~"” The sulfate content also varies considerably
from 14.5% in Cladosiphon novae up to 36.8% in Laminaria
saccharina.">"’ Mass spectrometry and Raman spectroscopy
analysis revealed that sulfate groups are most commonly found
at the C-2 position. However, disulfated structures also occur in
some fucoidans alongside C-3 and C-4 monosulfated fucose
units.”?**" With the exception of fucans from invertebrates,
regular, repetitive patterns in fucoidans in terms of intercepting
sugar units, glycosidic linkages, branching points, sulfation, or
acetylation are extremely rare."*>

It has previously been shown that the degree of sulfation is
related to anticoagulative effects and that angiogenesis is highly
dependent on the molecular weight of the polymers.”** Highly
sulfated fucoidans were also shown to inhibit endothelial cell
migration and vescular tube formation and to selectively
stimulate the secretion of various antigens and block the
infection of human cell lines with HIV, herpes, and cytomegalo
viruses.”*> A detailed structural elucidation of fucoidans
remains extremely challenging due to their high heterogeneity
and lack of repetitive motifs. This further hinders the
establishment of a relationship between structure and
bioactivity. Most studies on the bioactive properties of fucoidans
involve only loosely characterized chemical structures and
assessments of biological activities that essentially rely on
comparative analyses of fucoidans from different algal sources.
As a result, the activities observed are typically linked to
common structural features and, disregard the possible influence
of finer structural differences, as well synergistic or antagonistic
effects of different glycan epitopes.”””*

Here we present a detailed structural characterization of a
purified fucoidan from L. hyperborea. The polymer was analyzed
using a series of complementary approaches, i.e,, NMR, ICP-
MS, Raman spectroscopy, and monosaccharide linkage analysis.
To establish a clear structure—function relationship, the
structure of the purified fucoidan was tailored using a mild
desulfation method or hydrolysis in mild acidic conditions. The
bioactivity of the native and modified polymer was further
evaluated, focusing on blood coagulation, complement, and
cytokine responses in a lepirudin-based human whole blood
model.* To our knowledge, this is the first study that combines
a detailed structural characterization of a fucoidan polymer from
Laminaria hyperborea with the analysis of its structure—function
relationship using a controlled modification of multiple
structural features.

B EXPERIMENTAL SECTION

Materials and Methods. Fucoidan from L. hyperborea was

manufactured by FMC BioPolymer (Sandvika, Norway) under GMP
as a nonsterile bulk powder and ultrapurified and spray-dried by
NovaMatrix as previously described (Halling et al., 2015) and will be
referred to as purified fucoidan (pFuc).”’ All other starting materials
were received from commercial sources with purities >99%. Hydro-
lyzed fucoidan (hFuc) was generated by mild acid degradation of pFuc
with HCl at pH 3.0 and 70 °C for 30 min to achieve a similar degree of
polymerization (DP) as for the desulfated fucoidan (dsFuc).
Sulfated alginate (SAlg) was synthesized from ultrapure alginate (Fg
0.67, M,, = 199 kDa) provided by FMC Biopolymer using
chlorosulfonic acid (99%; Sigma-Aldrich, St. Louis, MO, USA) and
formamide (Merck, Whitehouse Station, NJ, USA) as previously
described.”

1881

The low molecular weight heparin (M,, = 12—14 kDa) from LEO
Pharma (Ballerup, Denmark) was used as a control.

Desulfation. A complete desulfation was performed by a modified
version of the solvolytic desulfation procedure from Inoue et al.
(1976).° Sodium cations were exchanged with pyridinium ions by
dissolving 150 mg of pFuc in water and rinsing the solution through an
AG SOW cation exchange resin (Bio-Rad), which was beforehand
equilibrated with pyridine (Sigma-Aldrich). The effluent was
neutralized with 0.3 mL of pyridine and lyophilized. The fucoidan-
pyridinium salt was dissolved in 15 mL of DMSO (Sigma-Aldrich), and
75 uL of water was added. The mixture was kept at 80 °C for 30 min and
subsequently dialyzed (12K molecular weight cutoff) against 1 M NaCl
and distilled water prior to lyophilization.

Mass Spectrometry. Sulfur contents were determined by
dissolving 5.0 mg of dried fucoidan (70 °C for 90 min) in 15.0 mL of
1 M HNO;. The samples were analyzed by high-resolution inductively
coupled plasma mass spectrometry (HR-ICP-MS) at the NTNU
Depatment of Chemistry (Trondheim, Norway). The sulfation degree
was calculated by using a mass balance equation, assuming that every
sulfate group is associated with a sodium counterion.

SEC-MALS. The molecular weight of fucoidan was measured by size-
exclusion chromatography (SEC) using an HPLC system fitted with
online multi-angle static light scattering (MALS) and with viscometry
(VISC) detectors. The measurements were performed at ambient
temperature using two serially connected columns of TSK G-
6000PWXL and 5000 PWXL or TSK 4000 PWXL and 2500 PWXL.
The column outlet was connected to a Dawn HELEOS-II multi-angle
laser light scattering photometer (Wyatt, USA) (4, = 663.8 nm)
followed by an Optilab T-rEX differential refractometer and finally a
ViscoStar II differential viscometer. The eluent was 0.15 M NaNO;/
0.0l MEDTA (pH = 6,1 =0.17 M), and the flow rate was 0.5 mL/min.
Samples were filtered (pore size = 0.8 um) before injection. The
injection volume was 100—500 L, and the sample concentration was
adjusted to obtain the best possible light scattering signal without
influencing the RI profile (overloading). The data were collected and
processed using the Astra (v. 6.1) software (Wyatt, USA).

Refractive Index Increment (dn/dc),. The (dn/dc), was
determined for pFuc and dsFuc with a series of eight concentrations
each measured on an Optilab rEX differential refractometer (Wyatt,
USA) at Ay = 658.0 nm. Prior to the analysis, the samples were
extensively dialyzed at pH 6 against a 0.05 M Na,SO, solution,
containing 0.01 M EDTA.

Intrinsic Viscosity Measurements. An Ubbelohde capillary
viscometer (Schott-Gerite) equipped with an AVS 310 control unit
and PC-operated titrator was used to perform the measurements and
sequential dilutions. Five concentrations (10—2 g/L) were analyzed at
20.0 °C with 4 repetitions each. Automatic data acquisition and
calculations were used, applying a Huggins, Mead—Fouss, Billmeyer,
and Herman plot.

Raman Microspectroscopy. Raman microspectroscopy was
performed at room temperature using a Renishaw InVia Reflex
spectrometer equipped with a 785 nm laser. The pure fucoidan
samples were scanned extendedly from 200 to 3200 cm™" (integration
time = 30 s, 3 accumulations). Sample sizes of less than 0.5 mg gave
sufficient resolution due to the microscope array. No further sample
preparation was necessary.

Monosaccharide Analysis. Total sugar analysis was performed as
described by Mélida et al. (2013).** The samples were hydrolyzed in
the presence of 2 M trifluoroacetic acid (TFA) at 121 °C for 1.5 h. Myo
inositol was used as an internal standard. For the determination of
uronic acids, TFA hydrolysates were analyzed by high-performance
anion-exchange chromatography (HPAEC). For neutral sugar analysis,
the monosaccharides in the hydrolysates were converted to alditol
acetates (Albersheim et al,, 1967)°" and separated and analyzed by GC/
EI-MS as described by Mélida et al. (2013). Monosaccharide linkage
analysis was performed by methylation using the CH;I/NaOH method
(Ciucanu and Kerek, 1984; Mélida et al, 2013).>* The resulting
partially methylated alditol acetates were analyzed by GC/EI-MS.
Three replicates for each of the samples were analyzed using inositol as
a standard.
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Table 1. Linkage Analysis of the Desulfated Fucoidan, Performed in Three Technical Replicates”

t-Fucp 1,2-Fucp 1,3-Fucp 1,4-Fucp 1,2,3-Fucp
mol % 232 13.2 319 7.7 13.1
SD 22 0.5 1.0 0.2 1.1

1,2,4-Fucp 1,3,4-Fucp 1,6-Galp 1,4,6-Galp 1,3,6-Galp
4.5 4.8 0.8 0.5 0.4
0.5 0.2 0.1 0.1 0.0

“Molecular percentage and the corresponding standard deviations are indicated.

NMR Spectroscopy. The purified fucoidan (10 mg) was first
dissolved in 1 mL of 99.9% D,O (Chiron) and lyophilized in order to
reduce the residual water signal. Subsequently, the sample was dissolved
in 595 uL of D,0, and 5 uL of 1% 3-(trimethylsilyl)-propionic-2,2,3,3-
d, acid sodium salt (TSP) (Sigma-Aldrich) was added for a chemical
shift reference. The desulfated fucoidan (25 mg) was dissolved in 1 mL
0f99.9% D,0, and the solution was lyophilized. Residual DMSO from
the desulfation procedure (see above) was used as a chemical shift
reference.

All homo- and heteronuclear NMR experiments were recorded on a
Bruker Avance 600 MHz or Bruker AVIIIHD 800 MHz (Bruker
BioSpin AG, Filladen, Switzerland) equipped with a S mm cryogenic
CP-TCI z-gradient probe. All NMR recordings were performed at 25
°C.

For the chemical shift assignment of desulfated fucoidan, the
following spectra were recorded: 1D proton, 2D double quantum
filtered correlation spectroscopy (DQF-COSY), 2D total correlation
spectroscopy (TOCSY) with a 70 ms mixing time, 2D '*C
heteronuclear single quantum coherence (HSQC) with multiplicity
editing, 2D '*C heteronuclear 2 bond correlation (H2BC), 2D C
HSQC-['H,'H]TOCSY with a 70 ms mixing time on protons, and 2D
heteronuclear multiple bond correlation (HMBC) with BIRD filter to
suppress first-order correlations.

The spectra were recorded, processed, and analyzed using the
TopSpin 3.2 or 3.5 software (Bruker BioSpin AG).

Purification for Inflammatory Property Assessment. Poly-
saccharide samples were purified through graphene filters (Millistak+
MCR4023CL3) for 24 h in a circular flow. Endotoxin content was
measured by the LAL assay using the manufacturer’s recommendations.
The polysaccharide samples had final endotoxin levels of 6.9—38 EU/g
and thus were considered ultrapure with respect to endotoxin (below
100 EU/g).

Viability by High-Throughput Screening (HTS). Purified
fucoidan (pFuc), hydrolyzed fucoidan (hFuc), desulfated fucoidan
(dsFuc), sulfated alginate (SAlg), and heparin samples were tested on
various human cell lines (HOP 92, UACC-62, SF-295, A498, OVCAR-
3, MDA-MB-468, COLO 205, SW-620, DU-145, HL-60 (TB), IMR-
90). The viability was determined by quantification of the ATP content
after 24 h of exposure to various concentrations (highest 333 mg/mL)
of the samples. The ATP amount after lysis was determined through
luminescence by the CellTiter-Glo luminescent cell viability assay from
Promega Biotech AB (Madison, USA).

Assessment in Whole Blood. The ability to activate coagulation
and inflammatory properties was investigated by a lepirudin-based
human whole blood model. This model was first described by Mollnes
et al. (2002)*° and later modified for alginate materials (Rokstad,
2011°%). The model is based on specific inhibition of thrombin by
lepirudin, while maintaining the reactivity of the upstream coagulation
factors and all of the complement factors as well as the leukocytes.
Briefly, fresh human blood was withdrawn in polystyrene vials
containing lepirudin (50 ug/mL final conc). Immediately after, for
each condition, 500 yL of fresh blood was added to a 100 L saline/
polysaccharide solution and 100 uL of PBS. The final concentration of
the ultrapurified polysaccharides was 10, 100, and 1000 yg/mL, and the
control heparin was 20 IE/mL as previously described in Samstad
(2014).** The samples were incubated under continuous rotative
agitation, for 30 min (for complement) or 4 h (for coagulation and
cytokines) at 37 °C. To stop further reactivity by complement and
coagulation, EDTA was added to a final concentration of 10 mM.
Subsequently, the samples were centrifuged (3000 rpm, 15 min), and
plasma was aliquoted and stored at —20 °C until further analysis. Blood
from six healthy donors were used running in total six experiments.
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Complement Activation. The human terminal complement
complex (TCC) ELISA kit (Hycult Biotech, Uden, The Netherlands)
was used for quantification of human TCC in the blood plasma,
according to the manufacturer’s protocol.

Coagulation Activation (PTF1.2). The Enzygnost prothrombin
F1+2 ELISA kit was used to detect prothrombin fragments 1 and 2,
following the manufacturer’s recommendations. PTF1.2 is a cleavage
product formed upon the cleavage of prothrombin to thrombin and is
thus reflecting the initial coagulation activation steps. Of note, PTF1.2
is not diverging between the intrinsic or extrinsic pathway of
coagulation, since it is formed in the common pathway upon the
second last step of thrombin formation.

Quantification of Cytokine Induction. The cytokine induction
potentials were quantified using the Bio-Plex Human cytokine 27-Plex
Panel (Bio-RadLaboratories, Hercules, CA). The following analytics
were included: IL-1 beta (IL-1/3), IL-1 receptor antagonist (IL-1ra), IL-
2,1L-4,1L-5,1L-6, IL-7, IL-8 (CXCL8), IL-9, IL-10, IL-12, IL-13, IL-1S,
IL-17, eotaxin (CCL11), basic fibroblast growth factor (bFGF),
granulocyte colony stimulating factor (GCSF), granulocyte-macro-
phage colony stimulating factor (GMCSF), interferon gamma (IFN-g),
chemokin (C-X-C motif) ligand 10 (IP-10 or CXCL10), monocyte
chemoattractant protein 1 (MCP-1 or CCL2), macrophage inflamma-
tory protein-l-alfa (MIP-la or CCL3), macrophage inflammatory
protein-1-beta (MIP-1b or CCL4), platelet derived growth factor-BB
(PDGFBB), regulated upon activation T-cell expressed and secreted
(RANTES or CCLS), tumor necrosis factor alpha (TNF), and vascular
endothelial growth factor (VEGF). The multiplex analyses were
performed as recommended by the manufacturer using half amounts of
beads.

Statistical Analysis. The GraphPad Prism Software v.7.01 was
used for statistical analysis. A one-way ANOVA followed by a Dunnet’s
multiple comparison test was applied, including a saline control for
comparison. Values at p < 0.05 were considered statistically significant.

Ethics. The use of human whole blood for basal experiments was
approved by the Regional Committees for Medical and Health
Research Ethics (REC) under REC Central [REK2009/2245]. The
experiments were in accordance with their recommendation and
followed the guidelines of the Helsinki declaration.

B RESULTS AND DISCUSSION

Monosaccharide Analysis Reveals Fucose as the
Almost Exclusive Sugar Unit. The GC profile of fucoidan
revealed the presence of fucose (retention time = 8.1 min) and
galactose (17.2 min) together with traces of glucose (18.5 min)
(Figure S1). Mol % values for each of the components were
calculated taking into consideration the chromatographic
response factors for each of the monosaccharides, leading to a
content of 97.8 + 0.2 fucose and 2.2 + 0.2 galactose, resulting in
a fucoidan composition almost entirely made of fucose. The
traces of glucose may arise from minor impurities.

Glycosidic Linkage Analysis Shows Extensive Branch-
ing. Glycosidic linkage analysis revealed 1,3-linked fucose as the
most abundant (31.9%) unit in the polymer (see Table 1),
followed by 1,2-linked fucose (13.2%) and 1,4-linked fucose
(7.7%). The added number of branched fucose residues (22.4%)
matches with the number of terminal fucose residues, proving
the length of desulfated fucoidan samples as sufficient and
internally verifying the data, pointing toward a dominant 1—3
backbone structure, as previously determined in L. digitata,
intercepted with a high number of 1—2,3 branching points as
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Table 2. Data Overview of Fucoidan Samples Used in This Study”

DS M,, [kDa] M, [kDa] DP R, [nm]
pFuc 1.70 469 218 750 37.1
dsFuc 0.12 7.3 5.8 40
hFuc 1.70 20.3 10.6 37

R, [nm] dn/dc [7] [mL/g]  [n]* [mL/g] a b
274 0.115 98 121 0.78 0.65
0.140 6 8
0.115 s 7

“Degree of sulfation (DS), weight average molar mass (M,,), number average molar mass (M,,), degree of polymerization (DP), weight average
radius of gyration (R,,), number average radius of gyration (R,), refractive index increment (dn/dc), intrinsic viscosity determined by SMV" ([5]),
intrinsic viscosity determined by an Ubbelohde viscometer ([17]*), slope of a Mark—Houwink—Sakurada plot (a = [57] versus M), slope of an RMS

conformation plot (b = R, versus M).

assigned in S. latissima, showing similarities to fucoidans of
related Laminariales species.®

SEC-MALS Reveals a Large, Flexible Molecule with
Short Side Chains. The (dn/dc), for pFuc and dsFuc was
determined to be 0.115 (+0.001) mL/g and 0.140 (+0.002)
mL/g, respectively (Table 2). Through SEC-MALS analysis, a
molecular weight average (M,) of 469.2 (+1.9) kDa, a
molecular number average (M,) of 218.6 (+0.9) kDa were
determined, resulting in a degree of polymerization (DP,) of
720 monomer units for pFuc. (See below; a chromatogram of
the full molecular weight distribution is given in Figure S2.) The
radius of gyration as the weight average (R,,) was found to be
34.4 nm and 27.4 as the number average (R,). In addition to the
SMV analysis, the intrinsic viscosity ([#]) was also determined
with use of an Ubbelohde viscometer (as Huggins, Mead—
Fouss, and Billmeyer plots) resulting in 121 mL/g for pFuc. The
process of desulfation lead to a slight depolymerization, by
simultaneously hydrolyzing the glycosidic bonds. The lowest
degree of sulfation, while remaining structurally representative,
was achieved for desulfated fucoidan (dsFuc) with a DS = 0.12
(see below) and DP,, = 37.

The overall shape of the molecule was determined through an
RMS conformation plot, where R, was plotted against M and a
slope (b) of 0.65 was obtained, being closest to the random coil
vector model (sphere b = 0.3; random coil b = 0.5; rigid rod b =
1).** A Mark—Houwink—Sakurada plot ([5] versus M), which
resulted in a slope (a) of 0.78 (Figures S2 and S3), also aligns
with the theoretical value of a random coil shape (sphere a = 0;
random coil a = 0.8; rigid rod a = 1.8), both indicating a large
polymer with a highly flexible chain.

Combined with the results from the monosaccharide linkage
analysis of a dominant glycosidic linkage and a high interception
of branching points, the overall structure of a large, highly
flexible molecule with short side chains can be deduced.

Mass Spectrometry Revealed a High Degree of
Sulfation. The degree of sulfation of pFuc was determined
from the sulfur (S) content of the polymer using HR-ICP-MS.
The sulfur content of 16.92% (+0.39%) correspond to a sulfate
content (SO;” + Na* — H) of 53.8%, which results in 1.70
sulfate groups per sugar unit.

w(S)-M(SO; + Na — H)

w(SO,) = M) =1 — w(fucose)
(1)
DS — w(SO,)-M(fucose — H,0)
B M(SO; + Na — H)-w(fucose) (2)

where w = mass fraction, M = molar mass [g mol™'], and DS =
degree of sulfaaon.

Since a fucose unit (C¢O4H,,) in a polysaccharide chain
possesses only 2 theoretically available hydroxyl groups, a
sulfation degree (DS) of 1.70 translates to 85% of all possible

1883

hydroxyl groups being sulfated, which displays an almost fully
sulfated fucoidan molecule. This represents, to our knowledge,
the highest sulfation degree for a full fucoidan polymer reported
to date."*°

For the dsFuc, a sulfur content of 2.48% (+0.05%) was
determined, equivalent to a sulfate content of 7.9% and a DS of
0.12, showing that 93% of the former sulfate groups could be
removed through the given desulfation procedure.

Sulfation Analysis by Raman Microspectroscopy. The
Raman spectra corresponding to the native and desulfated
fucoidans are presented in Figure 1 and Table 3. Characteristic
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Figure 1. Raman spectra of purified fucoidan (blue) and desulfated
fucoidan (green) from S00 to 3100 cm™.

Table 3. Assignment of the Chemical Groups in Raman
Spectra of Fucoidan from L. hyperborea®

wavenumber [cmfl] assignment
582.9 5,(0=8=0)
822.5 5(2C—0—S)
839.8 5(4C—0—S)
890.8 &(p-anomeric C—H)
997.9 v,(C—0—S), v(glycosidic C—O)
1065.3 v,(0=$=0), 2C—0—S$
~970—-1200 y(pyranoid ring C—C, C—0)
1262.4 1,,(0=$=0)
1340.9 5,(CH,)
1452.5 5,(CH,)
~1650—1800 v(C=0)
2946.7 v(C—H)

“5 and v correspond to bending and stretching vibrations,
respectively, and s and as correspond to symmetrical antisymmetrical
modes, respectively.
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Figure 2. 'H and *C NMR (A and B) analysis of desulfated fucoidan (recorded in D,O at 800 MHz and 25 °C)

vibration bands for fucoidan are found at 1452.5 cm™" and were the very intense Raman band at 1065.3 cm™", which originates

assigned to symmetric CH; deformations, from the fucose 6C from symmetric sulfate ester stretching vibrations.*®

methyl group. An associated symmetric CH, deformation was Most fucoidans exhibit strong peaks between 1650 and 1800

detected at 1340.9 cm™.>"7%%7 A further characteristic peak is cm™’, which are related to C=0 vibrations. The absence of such
1884 DOI: 10.1021/acsabm.8b00436
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Table 4. Proton and Carbon Chemical Shifts [ppm] of Desulfated Fucoidan (Top) and Purified Fucoidan (Bottom) from

Laminaria hyperborea”

glyc link. H-1 C-1 H-2 C-2 H-3
1-2 5.38 92.6 4.06 69.2 3.99
1-3 5.19 95.5 3.85 66.6—67.1 4.01
1-4 521 96.6
1-23 5.44 924 4.06 69.2 3.86
1>t 5.11-5.05 96.3 4.31 67.2
1-2 8.8
1-3 REN
1-4

“Determined in D,0O at 800 MHz and 25°C.

C-3 H-4 C-4 H-5 C-5 H-6 C-6
67.8
75.6 431 67.1 121-1.25 16.1
4.37 68.8 132 16.9
73.4
129
1.32

signals verifies the absence of acetyl groups as well as uronic
acids.”’

A small peak at 890.8 cm ™ originated from f-anomeric C—H
deformations, which correlates to either $-glycosidic linkages or
reducing end fucose residues in f-configuration. The corre-
sponding a-anomeric C—H deformation at around 860.0 cm™"
is overlapped by stronger sulfate bands and can therefore not be
identified clearly.*"*’

Vibrations related to sulfate groups or sulfate esters were
found in various parts of the spectra. Beside the very intense
Raman band at 1065.3 cm™, strong bands occurred at 839.8
cm™!, correlating to an axial 4C—O—S bending vibration with
a shoulder at 822.5 cm™ caused by a 2C—O—S bending.”>*
Raman bands at 1262.4 cm™" were assigned to antisymmetric
0=S=0 stretchings.”"*' The envelope around 582.9 cm™
reflects a variety of different symmetric and antisymmetric
internal SO, vibrations.**~**

A semiquantitative evaluation of the degree of sulfation (DS)
of the sulfated and desulfated fucoidan can be achieved through
relating the C—H stretching vibration bands found at 2800—
3000 cm™** as well as the (fucose) methyl group vibrations at
1452.5 and 1340.9 cm™" to the various sulfate bands. These C—
H and CHj; vibration bands provide an internal standard.
Changes in sulfate concentration are in agreement with the
decrease in the intensity of each sulfate peak.

A comparison between the native and desulfated fucoidan
shows that the sulfate group in axial 4C position (839.8 cm™)
was almost entirely removed by the desulfation treatment,
whereas the sulfate group in 2C remained to a greater extend, as
indicated by the former shoulder peak (822.5 cm™) as well as by
the less affected band at 1065.3 cm™'. These data provide
information about different susceptibilities toward the desulfa-
tion method used above. The O=S=O stretching band at
1065.3 cm™ is commonly used to estimate the degree of
polysaccharide sulfation because of its high intensity even
though a general overlap with C—O and C—C vibrations
between 970 and 1200 cm ™' coming from the pyranoid ring and
O—C—O stretching vibrations originating from glycosidic
linkages occurs.*”**"’ In this study, the highest agreement
between the DS measured by mass spectrometry (removal of
93% of sulfate groups) and the calculated DS from Raman band
integrals was found for the bands at 582.9 cm ™" (80% reduction)
and at 12624 cm™' (75% reduction). These signals can
therefore be recommended for a quantifive estimation of DS,
in addition to the commonly used 1065.3 cm™ peak, which
displayed just 65% reduction due to overlaps with other
vibration bands.

NMR Spectroscopy. The proton spectra of the purified
(pFuc) and desulfated fucoidan (dsFuc) are given in the Figure
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S4. The proton spectrum of pFuc reveals two broad and
dominant signals in the anomeric region as well as strong signals
in the methyl region, which correspond to the C-6 methyl
protons of fucopyranose. The ratio between the integral for the
anomeric signals {H-1} (5.1-5.8 ppm; integral = 1.000),
internal {H-2,3,4,5} (3.6—5.1 ppm; integral = 4.186), and
methyl {H3—6} (1.0—1.8 ppm; integral = 3.122) protons
supports the results from the monosaccharide analysis of a
polysaccharide almost exclusively consisting of fucose units. No
acetyl or carboxylic acid signals could be detected in the 1D
proton and carbon spectra (Figure 2). This is in good agreement
with the results from the monosaccharide analysis and
vibrational spectroscopy (see above) displaying no other
functional groups than sulfate. The broad signals for pFuc did
not allow extracting more structural relevant data for the sample.

Previously, desulfation of fucoidans has been shown to reduce
the complexity for the NMR spectra, without significant
depolymerization and effect on the glycosidic linkages. This
pretreatment of the sample allows the use of 2D NMR
spectroscopy for the assignment of the resonances.'**
Desulfation lead to an overall alteration of the chemical shifts
for dsFuc toward higher fields as a result of the removal of
deshielding effects of the sulfate groups (Figure S4). Desulfation
also caused a partial depolymerization of the sample, which also
contributed resolving the signals. Altogether, after desulfation,
the few broad signals have split up into many individual sets of
signals being more dependent on the individual sugar linkage
and their inner molecular environments. Due to the complexity
of the resulting spectra, only the main fucoidan components
were possible to assign. Those main monosaccharide residues
were assigned by starting at the anomeric signal and then
following the proton—proton connectivity using TOCSY, DQF-
COSY, and *C H2BC and 3C HSQC-['H,'H] TOCSY
spectra. *C HSQC is used for assigning the carbon chemical
shifts. The fucose units were identified by comparison of the
chemical shift to literature values,">™° chemical shift calcu-
lations generated with CASPER,* and matching intensity to
data obtained from the monosaccharide linkage analysis (Table
4). The *C HMBC spectrum was used to identify the glycosidic
linkages for the main monosaccharide units of dsFuc (Table S).

The most intense signals can be assigned to 1—3-linked a-1-
fuco-pyranose units (Figure 2) with the following correlations
(obtained from the DQF-COSY, H2BC, and HCCH-TOCSY)
forming an anomeric H-1/C-1 signal at 5.19/95.1 ppm, followed
by H-2/C-3 at 3.85/66.1 ppm and H-3/C-3 at 4.01/75.38 ppm.
Except for the chemical shifts of H-4/C-4, the rest of the signals
could be assigned to 1—3-linked a@-L-fuco-pyranose.

The anomeric signals corresponding to 1-2 and 1-2,3
glycosidic linkages can be found separated at 5.38/92.6 and
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Table 5. Crosspeak Assignment from "H/"*C HSQC (Figure
3) of dsFuc

crosspeak coord H/C [ppm] assignment

A 5.44/92.6 {H-1/C-1} 12
B 5.43/90.8 {H-1/C-1} 12
C 5.38/92.4 {H-1/C-1} 12,3
D 5.23/92.9

E 521/96.6 {H-1/C-1} 1-4
E 5.19/95.2 {H-1/C-1} 1-3
G 5.15/95.5 {H-1/C-1} 13
H 5.11/96.2 {H-1/C-1} 13
i 5.06/96.3 {H-1/C-1} 1t
J 5.04/96.5 {H-1/C-1} 1t
K 431/672 {H2/C2} 1>t
L 4.06/69.2 {H2/C2} 12
M 3.85/66.6 {H2/C2} 13
0 3.83/68.3 {H2/C2} 13
P 1.24/16.1 {H-6/C-6} 1-3
Q 1.32/16.9 {H-6/C-6} 1~4

5.44/96.6 ppm, respectively (Figure 3 and Table $).
Furthermore, the anomeric crosspeak of 1—4-linked a-L-fuco-
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Figure 3. HSQC NMR spectrum of desulfated fucoidan recorded in
D,O at 800 MHz and 25 °C. Anomeric (I), inner sugar ring 2H—SH
(I1), methyl group (III) region. Crosspeaks (A—Q).

pyranose could be assigned from the 5.21/96.6 ppm signals.
Chemical shift calculations done by CASPER* are supporting
these assignments, predicting a H-1 shift of 5.38 ppm for 12,
5.24 ppm for 1—4, and 5.22 ppm for 1—3-linked a-L-fuco-
pyranose.

The fucose methyl group displays a cluster of proton signals
between 1.21 and 1.25 ppm with a separated signal at 1.32 ppm
attributed to 1—4-linked @-L-fuco-pyranose.”"” The correlated
SH/5C signals were found at 4.21/67.1 ppm and 4.37/68.8,
ppm respectively. The purified highly sulfated fucoidan showed
fewer but broader proton signals than the desulfated fucoidan
due to its higher molecular weight and degree of polymerization.
However, some anomeric protons within pFuc could be
assigned (see Table 4), such as 5.35 ppm for the dominant
1-3 glycosidic linkage and 5.55 ppm for the 1-2- and 1-2,3-
linked fucose residues. Furthermore, methyl protons were
determined at 1.29 ppm, and signals of 1—4-linked fucose
residues were shifted to 1.32 ppm.
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Mild acid degradations lead to sharper signals but increased
the complexity drastically (Figure SS), which can be attributed
to the diversification of otherwise almost fully sulfated a-L-fuco-
pyranose units with a similar glycosidic linkage pattern through
the formation of new reducing and nonreducing ends. The high
homogeneity of the pFuc spectrum in contrast to the increased
complexity of the mildly acid hydrolyzed spectra supports the
argument for a 1— 3-linked main chain deduced by glycosidic
linkage analysis and SEC-MALS as well as NMR analysis for
dsFuc.

Five possible structural fragments (equal ratio) of desulfated
fucoidan are suggested in Scheme 1, and assigned in accordance
with data obtained from NMR, Raman, and glycosidic linkage
analysis.

Scheme 1. Suggested Structural Fragments (I-V) of
Desulfated Fucoidan from Laminaria Hyperborea, Occurring
in an Equal Ratio

o-t-Fuc(1

o

| ~>3)vavL~Fuc~[1~>3)~a~L~Fu)Cv[1~>3)-(1'L-Fuc~(l~> IV —3)-a-L-Fuc-(1-3)-a-L-Fuc-(1—
2)

T
a-L-Fuc-(1—3)-a-L-Fuc-(1

—3)-a-L-Fuc-(1—3)-a-L-Fuc-(1—3)-a-L-Fuc-(1—
2)

o-L-Fuc-(1
2) nc-L-Fuc-Ml

2)
a-L-Fuc-(1 m-L-Fu)c-H
4)
m ~>3)ru—L—Fuc—(1~>3)ru—L—Fu;:—(1ﬁB)—u—L—Fuc—(la \" —»3)-&-L-FLIC-(1&3)—0,-L-FLI)C-[1A
2) 2)
a-t-Fuc-(1 a-t-Fuc-(1
2) 2)

B
a-L-Fuc-(1—3)-a-L-Fuc-(1 a-L-Fuc-(1-3)-a-L-Fuc-(1

Effect on Coagulation and Inflammatory Properties.
Effect on Coagulation. The coagulation activation potential
measured by the cleavage product PTF1.2 in human whole
blood demonstrates the impact of molecular size, degree of
sulfation, as well as the concentration of fucoidan (Figure 4). An
inhibitory effect was seen by all fucoidan samples at the highest
concentration (1000 pg/mL), contrasting with the data
obtained for the saline control representing background
stimulation (Figure 4A). This effect was maintained for a ten
time lower dose of pFuc (100 yg/mL), but not for the hFuc and
dsFuc (Figure 4B), demonstrating both the dependence of
molecular weight and degree of sulfation for coagulation
inhibition. In contrast to the inhibitory effects at 1000 and
100 pg/mL, the lowest concentration of 10 yg/mL resulted in a
stimulatory effect by the sulfated pFuc and hFuc, resulting in an
increased PTF1.2 concentration, but not for dsFuc (Figure 4C).
The lack of stimulation after desulfation indicates the
importance of sulfate groups for biological activity. This is
further supported by similar outcomes in the presence of SAlg,
representing a polysaccharide backbone of mannuronic and
guluronic acid-containing sulfated groups.

The concentration-dependent effect on coagulation sheds
light on previous contradictory findings demonstrating both
pro- and anticoagulant properties of fucoidans.**™>* The
concentration effects might be explained by two different
mechanisms, involving inhibition of coagulation proteins and
stimulation of monocytes to express tissue factor (TF). A direct
inhibitory effect has been shown by the fucan derived from
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Figure 4. Coagulation activation measured as plasma PTF1.2 (nmol/
mL) following exposure of pFuc, hFuc, or dsFuc in a lepirudin-based
human whole blood for 4 h. Fucoidans were incubated in low-activating
(polystyrene) conditions at concentrations of 10 (C), 100 (B), or 1000
(A) ug/mL. Significant values are given as p < 0.05 (*), p <0.01 (**),p
<0.001 (***), p <0.0001 (**¥#) compared to the saline control. Data
are expressed as the mean value of 6 donors + SEM.

Punctaria plantaginea involving binding of thrombin and FXa,
the latter in assistance with antithrombin III (ATIII).>> The
inhibitory effect at high concentrations of fucoidan in the
current study could be explained by such interactions and would
affect the common pathway of coagulation. Since our blood
model is based on the specific inhibition of thrombin, the
inhibitory effects in the current study rather involves the
interaction with fXa-ATIII than thrombin. The extrinsic
pathway of coagulation is initiated by monocytes expressing
TF following stimulation and is activated following blood
activation in polystyrene vials.”* Activation can be mediated
through complement CSa—CS5aR1 and LPS—TLR4 interac-
tions.>> Although yet unexplored in relation to monocyte TF,
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fucoidan has been described to trigger cytokines through
TLR4,%° and thus, this could be a possible activation pathway
promoting coagulation.

Effect on Complement. The effects of fucoidan on
complement TCC are shown in Figure 5. Among the different
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Figure 5. Complement activation following exposure of pFuc, hFuc, or
dsFuc measured as the soluble terminal complement complex (TCC).
Samples were incubated in lepirudin anticoagulated human whole
blood for 0.5 h. Fucoidans were incubated in low-activating
(polystyrene) conditions under exposure at concentrations of 100
(B) or 1000 (A) ug/mL. Significant values are given as p < 0.05 (*),p <
0.01 (**), p <0.001 (***), p <0.0001 (****) compared to the control
saline value. Data are expressed as the mean value of 6 donors + SEM.

fucoidan samples, pFuc most efficiently inhibited complement
with a significant effect at the concentration of 1000 yg/mL
(Figure SA). This confirms the importance of both molecular
size and degree of sulfation for biological activity. Reducing the
concentration of pFuc 10-fold significantly maintained the
inhibitory effect (Figure SB). At a dose of 10 ug/mL, no changes
on TCC formation (inhibition or activation) was found (data
not shown). The strongest inhibition of complement was
provided by SAlg (Figure SA,B), which could be explained by its
ability to associate with the anticomplement factor H (fH), as
previously demonstrated.”” We cannot exclude a similar
mechanism of the sulfation groups in fucoidan, but this needs
further exploration. The inhibitory effect of fucoidan on
complement might also contribute to a reduced coagulation
activation as previously demonstrated.”* Still, a pFuc concen-
tration of 100 pg/mL inhibited coagulation, but not comple-
ment, thus pointing to the involvement of additional
independent factors.

Effect on Cytokines. Of the 27 cytokines evaluated,
significant changes following the treatment with fucoidan
samples were detected for only 4 cytokines (Figure 6), namely,
MCP-1 (CCL2), IP-10 (CXCL10), PDGF-BB, and RANTES
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Figure 6. Effects on cytokines concentrations (pg/mL) of MCP-1 (CCL2) [A, B], PDGF-BB [C, D], IP-10 (CXCL10) [E, F], VEGF [G], and
RANTES (CCLS) [H] following exposure of pFuc, hFuc, or dsFuc in a lepirudin-based human whole blood for 4 h. Significant values are given as p <
0.05 (*), p <0.01 (**), p <0.001 (***), p <0.0001 (****) compared to the saline control value. Data are expressed as the mean value of 6 donors +

SEM.

(CCLS). The monocyte attractor chemokine MCP-1 was
significantly elevated upon addition of pFuc in a 1000 or 100
pug/mL dose compared to the saline control (Figure 6A,B).
Interferon y-induced protein 10 (IP-10) is reported to possess
several functions among being a chemoattractor for mono-
cytes.*>**%? A significant inhibition was found upon addition of
pFuc and hFuc at a concentration of 1000 yg/mL (Figure 6E,F).

The growth factor PDGF-BB was significantly decreased by
pFuc at 1000 and 100 zg/mL, and hFuc and dsFuc displayed no
decrease in PDGF-BB concentration, relating the inhibition
again to molecular size and degree of sulfation. Platelets produce
and secrete PDGF-BB as well as RANTES;*® thus, this
inhibition could be due to reduced activation of the platelets,
in consistence with previous findings of inhibition of thrombotic
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Scheme 2. Possible Structural Fragment of 25 Fucose Residues Applied as Building Blocks for a Full-Scale Structural Model (DP
=750, R,, = 37 nm) of Fucoidan from L. hyperborea®
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activities.*® Other effects that might be involved are possible saccharide linkage analysis and NMR revealed 1—3 glycosidic
electrostatic interactions between the negatively charged bonds with the interception of 1—2 and 1—4 branching points
sulfated groups with positively charged cytokines. Of note, the to be the dominant glycosidic structure (suggested fragments
basal isolelectric point of MCP-1, PDGF-BB, RANTES, and IP- given in Scheme 1). ICP-MS and Raman spectroscopy
10 are above 9 (https://www.phosphosite.org/homeAction. determined a sulfate content of 53.8% (DS = 1.70) as well as
action); thus, they are expected to be highly positive charged the position of certain sulfate groups and the lack of acetylation.

mediators under physiological conditions. Cytokines as IL-15, SEC-MALS revealed a high molecular weight (M,, = 496 kDa,
IL-6, TNF, and IL-8 have previously been shown to be DP = 750) and indicated a highly flexible chain with short side

dependent on an initial complement activation where blockm% chains.

of complement activation completely inhibits these cytokines.® In order to obtain a full concept structure, an oligomer
The complement inhibition by the pFuc alginate could thus building block of 25 fucose residues was designed in full
explain the lack of significant responses of the pro-inflammatory agreement with all data from NMR, ICP-MS, Raman, and

cytokines IL-15, IL-6, TNF, and IL-8 (Figures S6 and S7). Of monosaccharide linkage analysis (shown in Scheme 2).
note, RANTES and PDGF-BB have been among the cytokines Although, the branching points of this 25 sugar unit fragment

that show a partly complement dependency.* Also, previously could be arranged in random order, the overall chemical and
reported inhibition of the growth factor VEGF>** could not be physical properties would be very similar for every possible
confirmed for this particular fucoidan (Figures S6 and §7), combination. The tertiary structure was calculated and
which might be explained by different binding properties due to optimized by GaussView 5.0 and applied to a full-scale model
the high diversity of fucoidans. of 30 building blocks (DP = 750) simulated in BIOVIA
Materials Studio to fit a radius of gyration of 37 nm previously
B CONCLUSIONS AND FUTURE PERSPECTIVES determined by SEC-MALS and is in line vvlthéarevious structure
Structure. The finding that fucose is the principal sugar unit suggestions derived from SAXS experiments.
combined with the fact that almost full sulfation is observed Bioactivity. Through comparison of the well-defined
provides a high overall simplicity of the analyzed polysaccharide samples pFuc, hFuc, dsFuc, SAlg, and heparin, it was
molecule isolated from L. hyperborea. Nevertheless, the large demonstrated that the anticoagulant effects of these poly-
variety of glycosidic linkages, branching points, and their saccharides depend predominantly on the degree of sulfation, to
random distribution still results in a heterogeneous structure. lesser extend on the molecular weight, whereas branching and
Due to the lack of repeating units, a fully defined primary sugar composition showed no significant influence on
structure cannot be determined, but through the combination of coagulation.
several analytical techniques, a reasonable approximation of a The measurement of a terminal complement complex as a
hypothetical structure of the fucoidan can be given. Mono- parameter of initial inflammation suggested that both sulfation
1889 DOI: 10.1021/acsabm.8b00436
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and high molecular weight were necessary to induce anti-
inflammatory effects. Accordingly, the strongest inhibition was
displayed by pFuc and SAlg, respectively.

Among the 27 cytokines, four, namely, MCP-1, IP-10, PDGEF-
BB, and RANTES, showed a significant response to pFuc, the
polysaccharide displaying both a high degree of sulfation and
high molecular weight. The reduced secretion of PDGF-BB and
RANTES is likely connected to platelet inhibition; thus, the
effects on platelets warrant further explorations. Moreover, the
strong stimulatory effect of pFuc on MCP-1 points to a pattern
recognition stimulation that also warrants further investigations.
The mechanisms behind the coagulation activation following
low-concentration pFuc and dFuc are suggested to involve the
interaction with PRRs and induction of monocyte TF, which
also warrants further exploration in the near future.
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FIGURE S4: *H NMR of purified fucoidan (red) and desulfated fucoidan (blue) at 600 MHz, 298 K and in D20.

Table S1: 'H NMR Signal intensities of purified fucoidan

Shift [ppm] Identification Intensity

5.1-5.8 H1 1.000
3.6-5.1 H2-H5 4.1864
1.0-18 -CHs 3.1224
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FIGURE S5: 'H NMR of purified fucoidan degraded at pH 3.5 and 50°C for 5 (red) 10 (blue) and 60 (green) min. 600
MHz, 298 K and in D20. Complexity increases with lower molecular size.
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Abstract: Background: Sulfated fucans show interesting effects in the treatment of ocular diseases
(e.g., age-related macular degeneration), depending on their chemical structure. Here, we compared
three purified sulfated fucans from Laminaria hyperborea (LH) regarding cell viability, oxidative
stress protection, and vascular endothelial growth factor (VEGF) secretion in ocular cells. Methods:
High-molecular-weight sulfated fucan (M, = 1548.6 kDa, Fucl) was extracted with warm water
and purified through ultrafiltration. Lower-molecular-weight samples (My =499 kDa, Fuc2;
26.9 kDa, Fuc3) were obtained by mild acid hydrolysis of ultrapurified sulfated fucan and
analyzed (SEC-MALS (Size-exclusion chromatography-Multi-Angle Light Scattering), ICP-MS,
and GC). Concentrations between 1 and 100 pg/mL were tested. Cell viability was measured
after 24 h (uveal melanoma cell line (OMM-1), retinal pigment epithelium (RPE) cell line
ARPE-19, primary RPE cells) via MTT/MTS (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide/3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
assay. Oxidative stress protection was determined after 24 h (OMM-1, ARPE-19). VEGF secretion was
analyzed via ELISA after three days (ARPE-19, RPE). Results: Fuc2 and Fuc3 were antiproliferative
for OMM-1, but not for ARPE. Fucl protected OMM-1. VEGF secretion was lowered with all fucans
except Fuc3 in ARPE-19 and RPE. The results suggest a correlation between molecular weight
and biological activity, with efficiency increasing with size. Conclusion: The LH sulfated fucan
Fucl showed promising results regarding VEGF inhibition and protection, encouraging further
medical research.

Keywords: fucoidan; fucan; age-related macular degeneration; VEGF; oxidative stress; Laminaria
hyperborea; brown seaweed extracts; proliferation; molecular weight; retinal pigment epithelium

1. Introduction

Laminaria hyperborea (LH), commonly known as tangle or cuvie, belongs to the large brown
seaweed family of the Laminariaceae (alias kelp). It mainly grows in the northeast Atlantic Ocean,
especially around Scandinavia. LH, like all brown algal species, contains fucose-containing sulfated
polysaccharides (FCSP), commonly known as fucoidan, as a cell wall component. FCSP predominantly
based on sulfated L-fucose residues are defined as sulfated fucans [1]. FCSP are a very heterogeneous
group of polysaccharides with strong variations in sugar composition, degree of branching and
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sulfation, and molecular weight. Their structure depends on different aspects, like species, harvest
time, place, and extraction method [2]. This heterogeneity in structures also leads to a variety of
different biological activities. Sulfated fucans have been described as being able to reduce oxidative
stress and inflammation, as well as being capable of interfering with vascular endothelial growth factor
(VEGF) and blood lipids [3]. These properties render sulfated fucans very interesting for medical
purposes, especially for the treatment of age-related macular degeneration (AMD) [4]. AMD is the
main cause of blindness in the industrialized world and may cause an irreversible loss in central vision
in the elderly due to the degeneration of photoreceptors within the macula lutea. This may happen
in two ways: starting in the early phase with the deposition of drusen and an accumulation of lipid
peroxidation products (lipofuscin), it may progress to dry AMD, where retinal pigment epithelium
(RPE) degeneration is followed by a death of photoreceptors, leading to geographical atrophy of the
retina as a late stage [5,6]. In wet AMD, the major growth factor of blood vessels, VEGE, is abnormally
increased, leading to the growth of blood vessels under and into the retina. Followed by edema and
sometimes bleeding, it leads to a disruption of the retina [5]. The pathology of AMD is based on four
molecular mechanisms that increase the risk of this illness: inflammation, complement activation,
oxidative burden, and disturbed VEGF generation [5,7-9]. The only therapy possibility is repeated
anti-VEGEF injections into the eyes of the patient [10], which slows down the pathology of wet AMD.

Because of their biological activities, FCSP are very interesting as possible new therapeutics for the
treatment of AMD [3]. We showed previously that commercial sulfated fucan from Fucus vesiculosus
reduces VEGF and the angiogenesis of RPE cells [4]. We also described the protective effects of
Saccharina latissima (SL) sulfated fucan for ARPE-19 cells against oxidative stress insult; this fucan also
lowered VEGF in ARPE-19 and RPE cells [11]. Other extracts from Fucus serratus, Fucus distichus subsp.
evanescens, and Laminaria digitata also inhibited VEGF secretion in ARPE-19 cells [11]. The chemical
structure and composition of sulfated fucan from LH has been previously described [12]. It was shown
that the biological activity of LH sulfated fucan is dependent on the molecular weight and the degree of
sulfation [12]. LH sulfated fucans with higher molecular weight and degree of sulfation were capable to
reduce coagulation and had anti-inflammatory effects [12]. Stefaniak-Vidarsson et al. (2017) described
the anti-proliferative effects of Laminaria sulfated fucans in activated human macrophages and showed
that these sulfated fucans triggered tumor necrosis factor-a and interleukins 6 and 10 [13]. However,
only few reports about the activity of LH sulfated fucans can be found in the literature. Because of
the described connected effects to molecular weight and to the high degree of sulfation, as well as the
different species-dependent structures and activities, we tested LH sulfated fucans additionally to the
other mentioned species to find the best sulfated fucans for further AMD-relevant research.

With this study we wanted to investigate whether these LH sulfated fucans display toxic effects
and whether they are capable of interfering with VEGF secretion and the oxidative burden in ocular
cells, with a view to making an important step further to new AMD treatment possibilities. For this
purpose, three pure sulfated fucans from LH were tested; these fucans differed only in their molecular
weight and were harvested at the same time, at the same place, with the same extraction method to
achieve high comparability.

2. Results

2.1. Structural Characterization of the Sulfated Fucans

Monosaccharide anion-exchange chromatography of Fucl revealed a sugar composition of 97.0%
+ 0.1% fucose (retention time 3.134 min) and 3.0% + 0.1% galactose (retention time 7.910 min). Neither
uronic acid residues nor glucose were detected.

Mass spectrometry of Fucl revealed a sulfite content (-SO3) of 29.44%, which converts into a
sulfation degree (DS) of approximately 1.7 sulfate groups per sugar residue (Table 1). Both (sugar
composition and DS) are in full agreement with the previously elucidated molecular structure [12].
An overlay of the Raman spectra from samples Fucl, Fuc2, and Fuc3 showed no change in the relative
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intensities of the sulfate group vibrations (822.5 cm™!, 839.8 cm™!, 1065.3 cm™!, 1262.4 cm™1) and
methyl group vibrations (1340.9 cm™!, 1452.5 cm™1), indicating an equal ratio between the two groups
and thereby showing that no desulfation occurred during the mild acid hydrolysis.

SEC-MALS (Size-exclusion chromatography-Multi-Angle Light Scattering) analysis of Fucl
revealed a very high molecular weight average of My, = 1548 (+ 4.1) kDa [14], resulting in an average
degree of polymerization (DP,) of 3512, with an approximated average monosaccharide unit weight
of 290 g/mol [12]. The molar mass was broadly distributed between 300 kDa and 7 MDa, displaying
coherent results throughout different injected volumes (50 puL and 100 puL, ¢ = 1 g/L, see Figure 1).
The radius of gyration as the Z-average (R,) was found to be 83.0 nm. The overall shape of the molecule
was determined through an rms conformation plot (rms radius [nm] versus M [g/mol], see Figure 2),
displaying a slope (b) of 0.66 and thus indicating an overall random coil shape of the molecule (sphere
b = 0.3; random coil b = 0.5; rigid rod b = 1) [15]. Considering the previously reported high degree
of branching of the molecule, while having obtained the same sugar composition and degree of
sulfation as shown in Kopplin et al. (2018) [12], the obtained shape of a random coil for an LH sulfated
fucan molecule 3 times bigger supports the previously suggested overall structure of a large, highly
flexible main chain with short side chains. Fuc2 and Fuc3 showed almost identical structural features,
only differing in their degree of polymerization.

g
1.0x10 7

Molar Mass (g/mol)

6.0 70 8‘0 9.0 100
volume (mL)
Figure 1. SEC-MALS (Size-exclusion chromatography-Multi-Angle Light Scattering) chromatogram of
the high-molecular-weight sulfated fucan (Fucl) giving M [g/mol] versus V [mL]; 50 uL injection (pink),
100 pL injection (green). The molar mass is plotted as a dotted line, the refractive index is displayed as
an overlay.

Table 1. Data overview of the sulfated fucan samples used in this study. Degree of sulfation (DS), weight
average molar mass (My ), number average molar mass (Mp), degree of polymerization (DP), Z-average
radius of gyration (R,), refractive index increment (dn/dc), and slope of the RMS conformation plot
(b = rms versus M).

DS My [kDa] M, [kDal] DP, R,[nm] dn/dc b

Fucl 17 1548 1021 3512 83.0 0.115  0.66
Fuc2 17 499 241 829 47.1 0.115 0.66
Fuc3 17 26.9 13.9 48 - 0.115 -
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Figure 2. Rms conformation plot of the high-molecular-weight sulfated fucan (Fucl) giving the rms

radius [nm] versus M [g/mol], 100 pL injection. The slope (b) = 0.66 indicates a random coil.

2.2. Effects on Cell Viability

The uveal melanoma cell line OMM-1 was treated with the three LH sulfated fucans
for 24 h; after that, an MTS (3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium) assay was conducted. In all three cases a dose-dependent decrease in
cell viability starting with 1 pg/mL could be seen (Figure 3), but only Fuc2 and Fuc3 showed significant
effects: 50 and 100 pg/mL Fuc2 lowered cell viability to 83% + 5% (p < 0.01) and 76% =+ 6% (p < 0.001),
respectively. Quantities of 10, 50, and 100 pg/mL Fuc3 reduced cell viability even further to 87%
+ 6%, 76% =+ 5%, and 70% =+ 9%, respectively. Fucl, the sulfated fucan with the highest molecular
weight, showed no significant effects on cell viability but showed a tendency at 100 pg/mL, which is
not significant because of the higher variability.

a) Fucl b) Fuc2 c) Fuc3
140 140 140 < .
120 120 * * 120 " -
* * *
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g 60 g 60 g 60
R R R
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pg/ml sulfated fucan yg/ml sulfated fucan pg/ml sulfated fucan

Figure 3. Cell viability was tested in uveal melanoma cell line OMM-1 after treatment with Laminaria
hyperborea (LH) sulfated fucans Fucl (a), Fuc2 (b), and Fuc3 (c) for 24 h. Cell viability was determined
via MTS (3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
assay and is shown as the mean and standard deviation in relation to a 100% control. Significance was
evaluated with ANOVA; * p < 0.05, ** p < 0.01, *** p < 0.001 compared to control (1 = 4).

The human RPE cell line ARPE-19 was treated with the three LH sulfated fucans for 24 h and
tested with a consecutive MTS assay. Only 50 pg/mL Fucl increased cell viability slightly (Figure 4).
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Figure 4. Cell viability was tested in retinal pigment epithelium (RPE) cell line ARPE-19 after treatment
with LH sulfated fucans Fucl (a), Fuc2 (b), and Fuc3 (c) for 24 h. Cell viability was determined via MTS
assay and is shown as the mean and standard deviation in relation to a 100% control. Significance was
evaluated with ANOVA compared to the control (n = 4); * p < 0.05.

Primary porcine RPE cells were treated with the three LH sulfated fucans for 24 h and tested with
an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. The 10 pg/mL Fucl
lowered viability slightly, but not to a biologically relevant degree (Figure 5). This paved the way for
extended incubation times to measure VEGF secretion after 72 h (see below).

a) Fucl b) Fuc2 c) Fuc3
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Figure 5. Cell viability was tested in RPE cells after treatment with LH sulfated fucans
Fucl (a), Fuc2 (b), and Fuc3 (c¢) for 24 h. Cell viability was determined via MTT
(3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide) assay and is shown as the mean and
standard deviation in relation to an untreated control (100%). Significance was evaluated with ANOVA
compared to the control (n = 3); * p < 0.05.

2.3. Oxidative Stress Protection

Oxidative stress protection by sulfated fucans from brown seaweed was already shown before for
OMM-1 with Fucus vesiculosus sulfated fucan from Sigma-Aldrich [16] and with sulfated fucans from
other seaweed, especially from SL, which was also protective for ARPE-19 [11]. So, these two cellular
model systems are suitable for testing LH sulfated fucans.

Starting with the melanoma cell line OMM-1, stress induction with 1 mM H,0O; led to decreased
cell viability of between 49% and 57% (Figure 6). The addition of 1-100 pug/mL Fuc2 showed no
protection. The same outcome was achieved via treatment with Fuc3, which significantly reduced
viability at 100 pg/mL (44% + 9%, p < 0.05). Also, 50 pg/mL Fuc3 showed a slightly antiproliferative
effect which was not significant. Only the sulfated fucan with the highest molecular weight, Fucl,
had significant protective effects at 10 pg/mL (65% + 7%, p < 0.05).

RPE cells have the important role of protecting the cells of the retina against oxidative burden [7].
The RPE cell line ARPE19 was described to be rather resistant against hydrogen peroxide [17]. However,
treatment with 0.5 mM tert-butyl hydroperoxide (TBHP) has a significant, consistent effect on the cell
viability of ARPE-19 after 24 h, as previously shown [11].
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Figure 6. OMM-1 cell viability after treatment with Fucl (a), Fuc2 (b), and Fuc3 (c) and stress insult
after 30 min incubation with the sulfated fucans. The oxidative agent was 1 mM H,O,, which reduced
cell viability to under 60% in all cases. Viability was tested via MTS assay and is shown as the mean and
standard deviation in relation to an untreated control (100%). The 10 pug/mL Fucl showed significant

protective effects for the cell line. Significance was evaluated via ANOVA; */* p < 0.05, versus 0 ug/mL
sulfated fucan + 1 mM H,O, (n = 4).

Cell viability was effectively lowered to nearly 30% through oxidative stress with TBHP, but all
LH sulfated fucans lowered the viability additionally to a lesser extent (Figure 7); the strongest effect

was from 100 pg/mL of the Fuc3 sulfated fucan, which lowered the viability even further down to 18%
+1% (p < 0.05).
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Figure 7. ARPE-19 cell viability after treatment with Fucl (a), Fuc2 (b), and Fuc3 (c) and stress
insult after 30 min incubation with the sulfated fucans. The oxidative agent was 0.5 mM tert-butyl
hydroperoxide (TBHP), which reduced cell viability to nearly 30% in all cases. Viability was tested
via MTS assay and is shown as the mean and standard deviation in relation to an untreated control
(100%). No sulfated fucan showed a significant protective effect for the RPE cell line. Significance was
evaluated with ANOVA; * p < 0.05, ** p < 0.01, ** p < 0.001, versus 0 pug/mL sulfated fucan + 0.5 mM

TBHP (1 = 4).
2.4. VEGF Secretion

The effect of the three LH sulfated fucans on the secretion of VEGF was determined in the primary,
porcine RPE cells and the human RPE cell line ARPE-19. ARPE-19 secreted nearly 4 times less VEGF
compared to the primary RPE cells (ARPE-19: 66 pg/h and RPE: 243 pg/h). The VEGF content secreted
into the supernatant of the cells was collected for ARPE-19 over 24 h and for RPE over 4 h because of
the higher VEGF outcome. At this time point a medium exchange with added sulfated fucans was
performed. The VEGF content [pg/mL] was normalized to the cell viability (after 72 h sulfated fucan
treatment), giving the ratio of VEGF/cell viability (in arbitrary units [arb. unit]). The cell viability of
both cell types with all sulfated fucans and all test concentrations was essentially unaffected (data not
shown).

The secreted VEGF was lowered by all tested sulfated fucans in ARPE-19 (Figure 8). Fuc3 reduced
VEGEF to 0.84 + 0.05 [arb. unit], p < 0.001, and Fuc2 lowered it to 0.66 + 0.01 [arb. unit], p < 0.001,
at 100 ug/mL. The effect of Fuc2 and Fuc3 on VEGF was concentration dependent. This did not apply
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for Fucl, the sulfated fucan with the highest molecular weight, which reduced VEGF to 0.48 + 0.04
[arb. unit], p < 0.01, at 50 pg/mL and had the strongest effect of all sulfated fucans at this concentration.
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Figure 8. Vascular endothelial growth factor (VEGF) secretion of ARPE19 cells after incubation with
Fucl (a), Fuc2 (b), and Fuc3 (c). VEGF content was analyzed with ELISA and normalized to cell viability.
All LH extracts reduced VEGF content with 50 ug/mL Fucl as the most efficient. Significance was
evaluated with ANOVA; * p < 0.05, ** p < 0.01, *** p < 0.001 compared to the control (n = 4).

Due to the high amount of VEGF production in RPE cells, weaker effects could be expected,
but again VEGF was reduced by Fuc2 and Fucl (Figure 9). Fuc3, the smallest LH sulfated fucan,
seemed to increased VEGF secretion at 10 ug/mL (1.21 + 0.04 [arb. unit]); however, this change was not
significant. Fuc2 reduced VEGF at 50 pg/mL to 0.64 + 0.12 and at 100 pg/mL to 0.63 + 0.10 [arb. unit],
p <0.01, and Fucl reduced VEGF at 50 pg/mL to 0.30 + 0.09 [arb. unit], p < 0.001. Once more, Fucl had
the highest efficiency and, similar to what was seen in ARPE-19, again showed the strongest effect at
50 pg/mL.

a) Fucl b) Fuc2 c) Fuc3
14 14 1,4
1,2 1,2 1,2
£10 210 E 10
5 5
0,8 0,8
o g
Sos < £o6 g 0 6
s s £
2 04 2 04 £ 04
0,2 0,2
0,0 0,0
co 1 10 50 100 co 1 10 50 100
ug/ml sulfated fucan pg/ml sulfated fucan ug/ml sulfated fucan

Figure 9. VEGF secretion of RPE cells after incubation with Fucl (a), Fuc2 (b), and Fuc3 (c). VEGF content
was analyzed via ELISA and normalized to the cell viability. Fuc2 and Fucl reduced the VEGF content.
Significance was evaluated via ANOVA; * p < 0.05, **p < 0.01, compared to the control (1 = 3).

3. Discussion

The different biological effects of sulfated fucans make them very interesting for medical research,
but each sulfated fucan should be exactly characterized because of the high heterogeneity concerning
these biological effects. Effects that are beneficial for the treatment of AMD were already described [2].
In this study we compared three purified sulfated fucans extracted from LH by Alginor ASA.
The chemical structure was previously characterized and differs among the three samples only by
the molecular weight average, which makes comparison in relation to the molecular weight possible.
The aim was to prescreen these extracts as to whether they are suitable for further AMD-related research.
To our knowledge, LH sulfated fucans had not been tested for this purpose before. Oxidative burden
and VEGEF secretion are two important factors in the risk of developing AMD and were therefore the
main focus of this study. Because RPE cells are the target of the pathological mechanisms, they were
chosen as the cellular models. The melanoma cell line OMM-1 acted as a model for oxidative stress
protection as it is more susceptible to oxidative stress than the RPE cells.
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First, the LH sulfated fucans were tested for their effects on the viability of primary RPE cells
and the RPE cell line ARPE-19. In both cases there were no significant effects, which is in line with
earlier studies like that by Bittkau et al. 2019, which reported that sulfated fucans in general are
not antiproliferative for adherent cell lines [18]. However, this is dependent on the specific fucoidan
and model system. For example Banafa et al. described antiproliferative effects of Fucus vesiculosus
sulfated fucan in human breast cancer cells [19]. It was demonstrated that it arrests the cell cycle
at G, has pro-apoptotic properties, and enhances ROS formation [19]. Fuc2 and Fuc3 showed cell
viability lowering effects in the melanoma cell line OMM-1, which could be desirable for possible use
in anticancer treatments. They both have a size below 500 kDa, so the effects could be connected to the
molecular weight and structure. Possibly, these sulfated fucans interfere with fibronectin, disturbing
the adherence of the tumor cell line [20]. Of note, the attachment of OMM-1 to well plates is rather
weak and the cells have no tight junctions, in contrast to the RPE and ARPE-19 cell lines. In addition,
OMM-1 cells were treated at subconfluence and the sulfated fucans could slow down the proliferation
of this cell line, whereas the RPE cells were already confluent.

Because oxidative burden is considered one of the main causes of the development of AMD [7],
the capability of the sulfated fucans to lower oxidative stress induced by TBHP or H,O, was investigated.
In ARPE-19, no protective effects could be detected, and 100 pg/mL Fuc3 had a cumulative toxic
effect (also for OMM-1), which means that the smallest LH sulfated fucan enhanced the toxic effect
of TBHP and H,O,. The same outcome was achieved for the OMM-1 cell line, except for the biggest
sulfated fucan Fucl, which was protective. These results are in contrast to those for the sulfated fucans
of Sargassum angustifolium, in which the antioxidant activity through the scavenging of radicals and
reducing power increased with decreasing size of the sulfated fucan (size range from 421 to 64 kDa) [21].
Because Fuc2 and Fuc3, which were also in that range, had no effect at all, and due to the absence
of polyphenols by virtue of the high purity, it could be assumed that Fucl had no scavenging effect
but rather interacted with the antioxidant defense system of the OMM-1 cell line. The RPE cells have
an already improved antioxidant defense system, controlled via Nrf-2 (transcription factor nuclear
factor erythroid 2-like 2), because of the high accumulation of oxygen radicals in the photoreceptors [7].
We already showed before that several sulfated fucans have protective effects in the OMM-1 cell line,
but rarely do they in the ARPE-19 cell line [11,16]. OMM-1 cells have decreased superoxide dismutase
activity [22], which could mean that the protective effects of ARPE-19 are concealed by already existing
antioxidant enzyme activity. That sulfated fucans can activate superoxide dismutase and Nrf-2 was
shown previously [23-26].

A further important factor, mainly for the development of wet AMD, is the secretion of VEGF,
which supports the angiogenesis of blood vessels in the eye. ARPE-19 cell lines and the primary RPE
cells were tested for their VEGF output after sulfated fucan treatment for three days. The secreted
VEGF was normalized to the cell viability. As shown before, primary RPE cells produce significantly
more VEGF compared to the cell line [11] (nearly 4 times more than ARPE-19); therefore, any significant
reduction of the growth factor in primary RPE cells is even more remarkable. All three LH sulfated
fucans decreased VEGF significantly at 50 and 100 pug/mL, with efficiency decreasing with smaller
size in the RPE and ARPE-19 cells. This reducing effect could be due to the direct binding of VEGF,
which inhibits the activation of the VEGF receptor. The negatively charged side chains of sulfated
fucans can interact with the positively charged residues of the VEGF molecule, which could explain
the interference in the binding between VEGF and its receptor [27]. This corresponds to findings in the
literature [28,29]. It could be assumed that bigger size of the sulfated fucan is more efficient in VEGF
inhibition. Also, direct interaction with the VEGF receptor (VEGF-R) [28] or the suppression of the
VEGF and VEGF receptor genes could be possible, as VEGF has been shown to be involved in its own
regulation [3,30-33]. Additional VEGF binding assays should be performed to determine the affinity
of the fucoidan to the growth factor, which should be considered for further studies with LH sulfated
fucans. Even more striking is the effect in the RPE cells, in which Fucl and Fuc2 also decreased VEGF
despite the higher secretion. For both cell types, 50 g/mL Fucl had the strongest effect. Fuc3 showed a
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tendency to stimulate VEGF secretion in RPE cells; however, this was not significant and its biological
relevance is therefore uncertain. Nevertheless, it is of interest, as this small sulfated fucan may interact
with VEGEF differently to its high-molecular-weight counterpart, possibly by binding to VEGF in a
VEGF-R-activating manner [34] The DS is also an important factor for the angiogenesis influencing
effect [29], but the DS for all three sulfated fucans was the same.

The monosaccharide analysis by anion-exchange chromatography revealed a polysaccharide
almost exclusively composed of fucose (97.0% fucose, 3.0% galactose). In addition, the sulfite content
(-SO3) of 29.44% (DS = 1.7) determined by ICP-MS is in strong agreement with data from the previously
elucidated LH sulfated fucan structure [12]. The obtained rms conformation plot slope (b) of 0.66
through SEC-MALS revealed a random coil shape for both Fucl and Fuc2, further supporting the
previously suggested long backbone structure (1—3 glycosidic linkages) with short side chains at 1—2
and 1—4 branching points. Therefore, the main difference between Fucl, Fuc2, and Fuc3 was the
degree of polymerization, directly associating the effects on proliferation, oxidative stress protection,
and VEGEF secretion with one structural property.

It has been shown that fucoidan, due to its high degree of sulfation, is able to bind to FGF (fibroblast
growth factor) receptors, similar to heparin, heparan sulfate, and sulfated alginate [35-37]. Further has
it been shown that the binding and inhibition of chemo- and cytokines, such as transforming growth
factor-p1 (TGF-f1), by sulfated fucans is size dependent. Even though the underlying mechanism is
not yet resolved, a similar binding preference could play a role [38].

Koyanagi et al. demonstrated that highly sulfated fucans are able to bind VEGF [29].

In addition, it has been found that polymers with conjugated inhibitors have a higher inhibitory
effect on tumor necrosis factor-a (TNF-«) if the inhibitors are attached to higher-molecular-weight
polymers; this is due to an increased diffusion time [39]. Since the binding of VEGF to highly sulfated
fucans has been proven, a similar effect of increased diffusion time could play a role.

FCSP are a diverse group of macromolecules with heterogeneous molecular structures. Still,
due to its almost exclusive fucose sugar composition and the full sulfation of almost every sugar unit,
LH sulfated fucan is rather homogeneous in nature, even when hydrolyzed to different molecular
weight averages. Hence, it can be speculated that biological effects on cells and the metabolism
are less likely caused by chemical reaction or direct receptor interactions only expressed by Fucl
and not Fuc2 and Fuc3, but rather by physical and steric interactions such as stronger cell surface
adhesion or stronger entanglement with proteins (cadherins or cytokines) due to the higher average
molecular weight.

For further clarification, other FCSP with similar My, but lower DS [14] should be included in future
studies, as well as high-molecular-weight hyaluronic acids, alginates, and sulfated alginates [40,41] to
better elucidate and distinguish the effects caused by molecular size, charge density, and degree of
sulfation and to determine if branching points and sugar composition play an additional role. Potential
FCSP—cytokine binding needs to be investigated to exclude potential masking of the determined VEGF
secretion. Finally, a chromatographic fractionation of high-molecular-weight LH sulfated fucan should
be applied to narrow down the molecular weight range and the polydispersity and to get access to
LH sulfated fucan fractions of even higher molecular weight, potentially amplifying the previously
expressed effects and directly relating them to specific molecular weight ranges.

From the results taken together, the sulfated fucan Fucl from LH with a molecular weight average
of 1548 kDa seems to be best candidate for further research concerning AMD-relevant mechanisms.
It did not lower the cell viability of primary RPE cells, and 50 pug/mL inhibited VEGF most efficiently.
High molecular weight appears to be desirable for VEGF inhibition. We tested several sulfated fucans
from different algal species previously; sulfated fucans from SL were also effective in oxidative stress
protection in the OMM-1 and ARPE-19 cell lines, and 10 pug/mL SL sulfated fucan inhibited VEGF in
ARPE-19 and RPE cells [11]. The molecular weight for this sulfated fucan was 1407 kDa (unpublished
data), so it is comparable to Fucl, which also lowered VEGEF significantly at 10 pg/mL in RPE and
ARPE-19. This renders SL and LH sulfated fucans as promising candidates for further AMD-related
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studies. Of note, the pure LH sulfated fucan in this study can be sustainably reproduced in high
amounts for further experiments in perfusion cultures or in vivo studies. Furthermore, because of
its protective effect in the sensitive OMM-1 cell line, it could be considered for future studies with
neuronal model systems concerning oxidative stress protection. For further research, tests concerning
inflammation, lipid metabolism, and complement systems would be of additional interest.

4. Material and Methods

4.1. Cell Culture

The uveal melanoma cell line OMM-1 [42] was provided by Dr. Sarah Coupland. RPMI 1640
(Merck, Darmstadt, Germany) was used for cultivation (with 10% fetal calf serum (Linaris GmbH,
Wertheim-Bettingen, Germany) and 1% penicillin/streptomycin (Merck, Darmstadt, Germany)).

The human RPE cell line ARPE-19 [43] was purchased from ATCC. The cultivation medium was
HyClone DMEM (GE Healthcare, Miinchen, Germany) with 1% penicillin/streptomycin, 1.2% HEPES,
1% non-essential amino acids (all from Merck, Darmstadt, Germany), and 10% fetal calf serum,
as previously described [11].

Primary porcine RPE cells were prepared as described before [30,44]. RPE cells were detached
from porcine eyes by trypsin incubation and cultivated in HyClone DMEM (GE Healthcare, Miinchen,
Germany) supplemented with penicillin/streptomycin (1%), HEPES (2.5%), non-essential amino acids
(1%) (all Merck, Darmstadt, Germany), and 10% fetal calf serum.

ARPE-19 and RPE were treated at confluence, and OMM-1 cells were treated at subconfluence.

4.2. Sulfated Fucan

Extraction: Freshly frozen LH was thawed, blended into small particles (< 3 mm), and kept in
90 °C HyO for 6 h. The solution was filtered (2025 um particle retention) using a vacuum pump;
CaCl, was added to the filtrate and it was filtrated again (5 um particle retention). The newly obtained
filtrate was purified through ultrafiltration (300 kDa MWCO) and lyophilized.

Hydrolyzation: Lower-molecular-weight samples were obtained by mild acid hydrolysis of the
ultrapurified sulfated fucan at pH = 3.0, 70 °C, and 5 min for Fuc2 and 35 min for Fuc3. The hydrolysates
were cooled in ice water, dialyzed again with distilled water for 3 h (12 kDa MWCO), and lyophilized.

The purified and dried LH sulfated fucans Fucl, Fuc2, and Fuc3 were dissolved in 5 mg/mL
Ampuwa bidest (Fresenius, Schweinfurt, Germany). Before testing, the extracts were filtered with
0.2 um Sarstedt filters (Niimbrecht, Germany) and further diluted in adequate medium to the
concentrations mentioned in 4.6, 4.7, 4.8 and 4.9.

4.3. Monosaccharide Analysis

The sulfated fucan samples were hydrolyzed using 3 mol/L trifluoroacetic acid (TFA) at 95 °C
for 12 h. The hydrolyzed monosaccharides were fractionated and analyzed through ion-exchange
chromatography equipped with a CarboPac PA20 (Thermo Fisher Scientific Inc., Waltham, MA,
USA) column.

4.4. Sulfate Content

The sulfate content of the ultrapurified sulfated fucan Fucl was externally analyzed using an
Agilent 7500 Series quadrupole ICP-MS. The sulfate content of the hydrolyzed sulfated fucans was
analyzed by Raman spectroscopy as previously described [12]. Raman spectra were recorded at room
temperature using a Horiba Jobin—Yvon LabRAM HR system equipped with a Raman microscope
(HORIBA Ltd., Kyoto, Japan).
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4.5. Molecular Weight Determination

The molecular weight of the sulfated fucan was determined by size-exclusion chromatography
(SEC) in the form of HPLC equipped with online multiangle static light scattering (MALS).
The measurements were performed at ambient temperature using a Shodex LB-806 and a 2500
PWXL column as a separator. The measurement was executed with a Dawn HELEOS-8+ multiangle
laser light scattering photometer (Wyatt, Santa Barbara, CA, USA) (Ag = 660 nm) and a subsequent
Optilab T-rEX differential refractometer. The mobile phase was 0.10 mol/L Na,HPO, (pH = 7), and the
flow rate was 0.2 mL/min. The injection volumes were 50 puL and 100 uL, with 1 g/mL. The data were
obtained and processed using Astra (v. 7) software (Wyatt, Santa Barbara, CA, USA).

4.6. Oxidative Stress

To induce oxidative-stress-related cell death, OMM-1 cells were treated with 1 mM H,O, and
ARPE-19 cells were treated with 500 uM TBHP as previously established [11,16] to reduce cell viability
to nearly 50% (tested via MTS assay, see below). Before insult with the oxidative agents, cells were
incubated with 1, 10, 50, and 100 pg/mL LH extracts.

4.7. Methyl Thiazolyl Tetrazolium (MTT) Assay

The widely used MTT assay [45] was conducted as previously described [4,11] and was used
after taking supernatants for the VEGF ELISA (see below) and after 24 h sulfated fucan (1-100 pg/mL)
stimulation. The cells were incubated with 0.5 mg/mL MTT for 2 h and dissolved in DMSO. Measurement
was taken at 550 nm with an EIx800 (BioTek Instruments Inc., Bad Friedrichshall, Germany).

4.8. MTS Assay

The CellTiter 9%6® AQueous One Solution Cell Proliferation Assay from Promega Corporation
(Mannheim, Germany) was used to measure the cell viability after 24 h treatment with 1-100 pug/mL
LH extracts and in parallel to determine any protective effects after insult with oxidative stress.
The abovementioned media and supplements were used without phenol red. To each well, 20 ul MTS
was added, and the plates were incubated for 1 h.

4.9. VEGF ELISA

ARPE-19 and RPE supernatants were collected after treatment with LH extracts (1, 10, 50,
and 100 pg/mL) on Day 3 after stimulation [11]. Medium with sulfated fucan was exchanged 24 h
(ARPE-19) or 4 h (RPE) before collecting supernatants. Human VEGF DuoSet® ELISA was used for
ARPE-19, whereas the Human VEGF Quantikine® ELISA was used for RPE supernatants (both R&D
Systems, Wiesbaden, Germany). ELISAs were performed according to the manufacturer’s instructions.
Untreated cells and medium samples were tested as controls. To set the VEGF secretion in relation to
the cell viability, MTT assay was conducted after collection of the supernatants on Day 3.

4.10. Statistics

Experiments were independently repeated at least three times. Statistics were calculated in
Microsoft Excel (Excel 2010, Microsoft) and GraphPad PRISM 7 (GraphPad Software, Inc. 2017).
p values of <0.05, calculated via ANOVA, were considered significant. The diagram bars and lines
represent the mean and standard deviation, respectively.

5. Conclusions

The aim of this study was to investigate the effects of three pure sulfated fucans from
Laminaria hyperborea, which differed in their molecular size. The sulfated fucan origin and extraction
method were the same, and they differed only in the molecular weight average (Fucl > Fuc2 > Fuc3),
paving the way for comparable data. To test whether they are suitable for further testing for potential
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treatment of, e.g., AMD, different tests regarding oxidative stress protection (MTS), cell viability
(MTT/MTS), and VEGEF interference (VEGF ELISA) in ocular cells (OMM-1, ARPE-19, and RPE) were
performed. The cell viability of ARPE-19 and RPE was not influenced by up to three days of treatment;
this is important for further studies because it excludes toxic effects. Fuc2 and Fuc3 lowered the
cell viability of the melanoma cell line OMM-1 and should therefore be tested in further tumor cell
lines as to whether this is cell line specific or in general for tumor cells, which could pave the way
for anticancer studies. Fucl, the biggest sulfated fucan, was the only one which showed protective
effects against oxidative stress (in OMM-1). Fuc3 reduced VEGF secretion in ARPE19 but stimulated
VEGF secretion in primary RPE cells. Conversely, Fuc2 and Fucl inhibited VEGF in ARPE-19 as well
as in RPE, with the strongest effect seen for 50 pg/mL Fucl. Altogether, the results showed that the
biological activity of sulfated fucans is dependent on the molecular weight, and the desired effect for
the treatment of ocular diseases increases with the size of the sulfated fucan.
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Three alginates with fundamentally different block structures, poly-M, poly-G, and poly-MG, have been
investigated upon ionic crosslinking with chitosan oligosaccharides (CHOS), using circular dichroism
(CD), rheology, and computer simulations, supporting the previously proposed gelling principle of poly-
M forming zipper-like junction zones with chitosan (match in charge distance along the two
polyelectrolytes) and revealing a unique high gel strength poly-MG chitosan gelling system. CD
spectroscopy revealed an increased chiroptical activity exclusively for the poly-M chitosan gelling
system, indicative of induced conformational changes and higher ordered structures. Rheological
measurement revealed gel strengths (G’ < 900 Pa) for poly-MG (1%) CHOS (0.3%) hydrogels, magnitudes
of order greater than displayed by its poly-M analogue. Furthermore, the ionically crosslinked poly-MG
chitosan hydrogel increased in gel strength upon the addition of salt (G’ < 1600 at 50 mM NaCl),
suggesting a stabilization of the junction zones through hydrophobic interactions and/or a phase
separation. Molecular dynamics simulations have been used to further investigate these findings,
comparing interaction energies, charge distances and chain alignments. These alginates are displaying
high gel strengths, are known to be fully biocompatible and have revealed a broad range of tolerance to
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1 Introduction

Alginate is a linear polysaccharide predominantly occurring in
nature in the class of brown seaweed Phaeophyta,’ although
various bacteria such as Pseudomonas and Azotobacter vinelandii
incorporate alginate as exocellular polymeric material.>* Algi-
nates form a polysaccharide family composed of (1 — 4)-linked
B-p-mannuronic acid (M-unit) in *C; conformation and its C5-
epimer, o-i-guluronic acid (G-unit) in the 'C,; conformation
with a pK,-value of circa 3.5. These unbranched polyanionic
block copolymers are composed of homopolymeric regions of
M-units (M-blocks), G-units (G-blocks), and regions of alter-
nating epimers (MG-blocks) of various lengths.*®

Chitosans form a family of linear polysaccharides consisting
of (1 — 4)-B-linked 2-acetamido-2-deoxy-p-glucopyranose
(GleNAc) and its de-N-acetylated analogue (GlcN). These poly-
cationic derivatives of chitin can be prepared with varying
degrees of acetylation (F,) and polymerization (DP).® The amine-
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salt concentrations present in biological systems, proving high relevance for biomedical applications.

group of the D-unit (GlcN) has a pK,-value of circa 6.5, and
therefore their water-solubility correlates with their F, and the
surrounding pH.*’

Oligomer fragments of these polysaccharides, referred to as
CHito-OligoSaccharides (CHOS), can be prepared using chem-
ical or enzymatic methods. CHOS have attracted increasing
attention in recent years as they have been associated with
numerous biological effects.”*** Chitosan is known for its high
biocompatibility, biodegradability'>'® and low toxicity.'”*®

Moreover, antimicrobial effects have been shown,'*?* which
are relevant for applications such as drug delivery, wound
healing and implants.**"* For the development of novel appli-
cations, chitosans with a tailored DP, polydispersity, F, and
acetyl distribution are providing another tool for influencing
the functions, physical properties and biological effects of
biomaterials.

Hydrogels are networks of cross-linked hydrophilic polymer
chains able to retain large amounts of water. They are defined
by specific physical properties regarding their dynamic moduli,
describing elastic and viscous response to mechanical force.>
Cross-links within hydrogels can be established through
hydrogen bonds* and hydrophobic interactions.>®* Ionically
crosslinked hydrogels are stronger affected by changes in pH
and exhibit a higher sensitivity towards swelling than their
covalently crosslinked counterparts. These different properties

© 2021 The Author(s). Published by the Royal Society of Chemistry
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broaden their spectrum of applications since further adjust-
ments to their specific environment are possible.*

The most common ionically crosslinked alginate gels are
established by the addition or release of multivalent cations
(e.g. Ca®*, Sr** and Ba’"). Calcium-alginate hydrogels are
intensively studied and exhibit a broad utilization for cell
immobilization and the protection of cells from the host's
immune system.*** These ionically cross-linked gels can be
prepared through a diffusion method or internal gelation.* The
internal gelation method is carried out by mixing insoluble
calcium carbonate into the alginate solution, followed by
a controlled decrease of the pH through a slow proton-donator
such as the p-glucono-3-lactone (GDL), which results in the
homogeneous release of calcium ions and a subsequent gel
formation. The calcium ions show specific interactions with the
G-units and create junction zones between G-blocks (egg-box
formation) and partially MG-blocks.*

As an alternative to the formation of junction zones between
the G-blocks with divalent cations, cross-linking consecutive M-
units of polymannuronic acid with fully deacetylated chitosan
oligomers has been previously investigated and the gelling
concept, gel strength, kinetics and swelling properties have
been characterized.***” These junction zones are stabilized by
a match in charge distance between chitosan and poly-M (*C,
conformation, diequatorial glycosidic linkage) which are both
at 10.4 A (ref. 38 and *) whereas the G-blocks ('C, conforma-
tion, diaxial glycosidic linkage) exhibit a shorter charge distance
of only 8.7 A (ref. 40) and do not form (strong) gels with
chitosan.

To gain further insight into this new gelling concept, we
isolated fully de-N-acetylated chitosan oligomers of different DP
and systematically applied these CHOS as crosslinker to highly
purified and characterized poly-M, poly-G and strictly alter-
nating poly-MG (Fg = 0.47, Fg = 0) alginate.*!

Through rheological methods detailed information about
gel strength and gelling kinetics have been obtained. During
this characterization, it has been discovered that while poly-G
does not form gels at all, poly-MG is able to form up to 10-
fold stronger gels than its poly-M analogue.

This counterintuitive phenomenon that the strongest
hydrogel is formed by an alginate deviating in charge distance
from its crosslinker chitosan, has been further investigated
through circular dichroism in order to determine potential
structures of higher order or conformational changes within the
alginate molecule,” as well as through molecular dynamics
simulations to calculate differences in interaction strengths,
ionic bond lengths and alignments, ruling out different expla-
nations for this peculiar phenomenon and refining the previ-
ously presented gelling concept.

2 Experimental
2.1 Materials

Alginates. High molecular weight mannuronan (poly-M) was
isolated from a C-5 epimerase negative mutant of Pseudomonas
fluorescens according to Holtan (2006).** Poly-MG was synthe-
sized by epimerizing a poly-M alginate using AlgE4 epimerase as

© 2021 The Author(s). Published by the Royal Society of Chemistry
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previously described.* The enzyme processively epimerizes
every second mannuronic acid residue into guluronic acid,
converting the substrate almost entirely into a strictly poly-
alternating MG-sequence (Fg = 0.47, Fgg = 0).** A guluronic
acid enriched alginate (poly-G) was prepared by in vitro epime-
rization with recombinantly produced C-5 epimerase AIgE6 as
previously described.** The intrinsic viscosity of all 3 alginates
was determined using an Ubbelohde capillary viscometer
(Schott-Gerite) equipped with an AVS 310 control unit and PC-
operated titrator. Nine concentrations (10 to 0.5 g L™, solvent
0.1 M NaCl) were analysed at 20.0 °C with 4 repetitions each.
Automatic data acquisition and calculations was used, applying
a Mead-Fouss, Huggins, Billmeyer, and Herman plot.

The molecular weight average was measured by Size-
Exclusion Chromatography (SEC) using an HPLC system fitted
with online Multi-Angle static Light Scattering (MALS) Dawn
HELEOS-II multi-angle laser light scattering photometer (Wyatt,
U.S.A.) (A, = 663.8 nm) followed by an Optilab T-rEX differential
refractometer. The eluent was 0.15 M NaNO3/0.01 M EDTA (pH
=6, 1= 0.17 M) and the flow rate was 0.5 mL min_". The data
were collected and processed using the Astra (v. 6.1) software
(Wyatt, U.S.A.).

Chitosan oligomers. Fully de-N-acetylated chitosan (F, =
0.001) was prepared by a further heterogeneous de-N-acetyla-
tion of a commercially available chitosan (Kimica, Japan). Fully
de-N-acetylated chitosan oligomers were prepared by enzymatic
hydrolysis of the fully de-N-acetylated chitosan using
a commercial chitosanase from Streptomyces griseus (Sigma
C9830) and a subsequent separation using size exclusion
chromatography.*

In addition a chitosan oligomer mixture (DP, = 3.96, Fy =
0.045) provided by Koyo Ltd Co (Japan), lot number 121017WG
was used in comparison.”’” p-Glucono d-lactone (GDL) was
purchased from Sigma-Aldrich (U.S.A.). All other chemicals
were of analytical grade and used without any further
purification.

2.2 Gel preparation

The different alginates were dissolved in distilled water at
a concentration of 3% (30 g L™"). The selected chitosan oligo-
mers were dissolved in distilled water at a concentration of 10%
and the pH was adjusted to 8.0, using 1 M NaOH. 1.0 mL of 3%
alginate solution was weighted into a glass vial and a maximum
of 182 uL of the selected chitosan oligomer solution (equaling
0.6% final concentration, see ESI{) was added together with
distilled water to obtain a total volume of 2 mL. The mixture was
stirred for 10 minutes. 15.95 mg of GDL were solved in 1 mL
distilled water right before adding to mixture (final alginate
concentration of 1%) followed by intensive stirring for 30 s and
immediate casting on the rheometer bottom plate.

2.3 Rheological measurements

Rheological measurements were performed with a Kinexus
rheometer (Malvern Instruments, United Kingdom), using
a 40 mm serrated plate probe and a serrated bottom plate with
a1 mm gap.
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Table 1 Characterization of alginates through their monad and diad
fraction, their molecular weight and number average and their intrinsic
viscosity

[n]
Alginate Fg Fy  Foe Fom Fum M, [kDa] M, [kDa] [mLg ']
Poly-M  0.00 1.00 0.00 0.00 1.00 232 104 740
Poly-MG 0.47 0.53 0.00 0.47 0.07 158 65 534
Poly-G  0.88 0.12 0.83 0.05 0.07 225 105 727

The test methods employed were oscillatory time and stress
sweep at a constant temperature of 20 °C. For the time sweep,
the experiments were performed at a low oscillation frequency
(1 Hz) and a shear strain (0.001) to ensure that the measuring
conditions did not disrupt the gelation process. The strain
sweep (0.0005 to 0.1), at a constant frequency of 1 Hz, was used
to ensure the strain lays in the linear viscoelastic region (LVR) of
the hydrogels. Frequency sweep experiments were performed in
the linear viscoelastic region (0.01 to 10 Hz) with a constant
strain of 0.001 and a delay time of 2 seconds between the
measurements to characterize the viscoelastic properties as
a function of frequency. Three parallels were performed for
each experiment.

2.4 Circular dichroism

Circular dichroism spectra were recorded using a Chirascan™
V100 equipped with a Chirascan™ monochromator using two
synthetic, single-crystal quartz prisms. All samples were

0.18
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recorded in distilled water at 25 °C. A quartz cuvette with 5 mm
optical pathlength was used and an array from 180 to 260 nm
was scanned with a bandwidth of 1 nm, a time constant of 3 s
(scan rate 20 nm min ). The stock solutions of the different
alginates and chitosan oligomers were prepared short before
the experiments and adjusted to pH 4.5 to ensure strong
interaction between the chitosan oligomers and the alginate.?”
The final concentration of alginate was kept constant at 0.4 g
L™, the chitosan oligomer concentration was systematically
increased from 0.1 to 0.8 g L%,

2.5 Molecular dynamics simulations

Molecular dynamics (MD) simulations were carried out using
GROMACS (version 5.1.4).% Initial configurations, consisting of
the different types of alginates and chitosan tetramers or
octamers, were created using the 3D builder tool in Maestro.*”
These initial geometries were optimized at the B3LYP-D3/6-31**
level of theory using Jaguar,*® and the different configurations
we considered are detailed in Section 3.6. After the geometry
optimization, the configurations were converted to GROMACS,
and the OPLS-AA force field was used to model the interac-
tions.” Coulombic forces were obtained using the smooth
particle mesh Ewald (PME) method,* van der Waals interac-
tions were truncated at 1.4 nm, and dispersion corrections were
applied to the energy and pressure terms. Further, periodic
boundary conditions were applied in all directions, and all
bonds were constrained using the LINCS algorithm.** Following
a geometry optimization using a steepest descent algorithm as
implemented in GROMACS, the alginate-chitosan molecules
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Fig. 1 Size exclusion chromatogram of chitosan (F4 = 0.001) degraded by chitinase from Streptomyces griseus (blue dotted line). Isolated
chitosan hexamer (red line). The number of glucosamine units in the oligomer peak is given in bold numbers.
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were solvated by adding ions (Na* and Cl~) and water molecules
using the TIP4P model of water,”* in agreement with experi-
mental concentrations and electroneutrality. To equilibrate the
solvated system, a short (100 ps) MD simulation was carried out
using the thermostat of Bussi et al (2007) (with a target
temperature of 300 K and a coupling parameter of 0.1 ps) and an
isotropic Berendsen barostat (with a target pressure of 1 bar,
coupling parameter of 2 ps and isothermal compressibility of
4.5 x 10° bar™").5*** Production MD simulations were then
carried out in the isothermal-isobaric ensemble where the
temperature was controlled using the same thermostat as
detailed above, and the pressure was controlled with an
isotropic Parrinello-Rahman barostat (same settings as given

50
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above).”® The equations of motion were integrated using a Leap-
Frog integrator with a time step of 2 fs and the production
simulations were carried out for 100-350 ns in which we
monitored the interactions and the configurations.

3 Results

3.1 Characterization of alginates

The three different types of alginate of poly-M, poly-G and poly-
MG used in this study, were selected based on their guluronic
acid (G) and mannuronic acid (M) composition as well as their
diad fraction Fgg, Fumg and Fyy (see Table 1). Monad and diad
composition were determined using NMR spectroscopy
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Fig. 2 Influence of NaCl concentration on the kinetics of gelation for (A) poly-M and (B) poly-MG. Alginate concentration at 10 g L™* (1%),
chitosan octamer concentration at 3 g L™ (0.3%), GDL at 2 g L%, NaCl concentration added at 0 mM (red), 50 mM (blue), 150 mM (green),
500 mM (purple). G’ was determined as a function of time. G” and delta are not shown in the figure for reasons of clarity.
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according to Grasdalen et al. (1981, 1983), revealing three algi-
nates with different almost exclusively homopolymeric block-
structures.”®*” Additionally, the three samples were selected
based on their molecular weight average (M,) and intrinsic
viscosity ([n]), to mitigate the influence of their molecular size
on the conducted gelling experiments.***

3.2 Characterization of chitosan oligomers

The isolated chitosan oligomers through SEC-fractionation,
showed a purity of =95% with only minor impurities from the
sequentially neighboring oligomers DP,,, (see Fig. 1).

3.3 Gel strength and kinetics of gelation as function of
chitosan oligomer length

The three types of homogeneous block-polymers poly-M, poly-
MG and poly-G were tested against a set of purified chitosan
oligosaccharides (CHOS), consecutively increasing in degree of
polymerization from DP = 5 to 9 (see Fig. 2). The kinetics of
gelation were followed by measuring the storage modulus (G')
and the loss modulus (G”) as a function of time (¢). The CHOS
concentration (w/v%) was identical for each setup and the pH
was monitored, resulting in a final pH of 4.35 & 0.05 (measured
after 5 h). This pH has previously been found to give the
strongest CHOS-alginate gels while simultaneously showing
small pH related deviations in gel strength.’”

In agreement with previously reported data, poly-G displayed
no signs of gel formation for any chitosan oligomer indepen-
dent of DP and concentration.*® Through rheological measure-
ments of poly-G chitosan oligomer gelling systems high phase
angles (6) close to 90° were obtained, representative of a viscous
solution (see ESIt). An increase in chitosan oligomer concen-
tration to half of the poly-G concentration (or higher), lead to
a precipitation of the alginate, likely caused by non-specific
electrostatic interactions.

50

45 |

DP

View Article Online

Paper

When comparing poly-M with poly-MG the mannuronic acid
homopolymer showed faster gelling kinetics, reaching an
apparent equilibrium after about 20-30 min for all different
chitosan DPs (Fig. 2A), while the poly-MG gelling system
reached the apparent equilibrium after approximately 60-
90 min (Fig. 2B).

For all CHOS-poly-M gelling systems, the phase transition
from predominant viscous (G’ < G”) to predominant elastic (G’ >
G") properties, where the phase angle drops below 45°, occurred
within the first minute, which indicates a fast gelling system (G”
and ¢ are not depicted here). For poly-MG the phase transition
occurred after about 5 minutes for DP = 6-9 and after 30 min
for DP = 5.

The smallest CHOS capable of forming poly-M gelling
systems is the fully de-N-acetylated chitosan tetramer.””
However, poly-MG was not capable of forming a gel with chi-
tosan at DP = 4, neither with a pure tetramer nor with
a commercial chitosan oligomer mixture (DP, = 3.96) (see
ESIt). For DP = 4 the viscoelastic properties of poly-MG are
mimicking the ones of poly-G, resulting in a precipitation of the
alginate instead of a gel formation. CHOS at DP = 5 are the
shortest fully de-N-acetylated chitosan oligomers capable of
establishing a poly-MG hydrogel. Those poly-MG chitosan gels
at DP = 5 expressing a lower G’ than their poly-M counterpart.
While the chitosan hexamer displays in a similar G’ value in
poly-M and poly-MG systems. For CHOS with a DP = 7 poly-MG
expresses a sharp increase in gel strength, displaying a storage
modulus orders of magnitude greater than for poly-M.
Furthermore, a different trend for both types of alginate can
be observed. While an increase in chitosan oligomer DP leads to
an increase in gel strength in both types of alginate, the relative
increase between consecutive oligomers becomes smaller in
poly-M systems (see Fig. 3). In poly-MG systems on the other
hand, the formed gels exhibit a strong increase in the storage
modulus towards DP = 9, both in absolute and relative
amounts.
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Fig. 3 Final gel strength as a function of degree of polymerization of chitosan. (A) Poly-M; (B) poly-MG. Alginate concentration at 10 g L™ (1%).
Chitosan concentration at 3 g L™* (0.3%). GDL at 2 g L™*. G’ value determined after 5 h.
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Alginate-CHOS gelling systems with chitosan oligomer DPs
= 10 have been prepared, but the formed hydrogels were
inconsistent in texture due to a decreasing solubility at pH 8 of
the higher chain length CHOS and measurements showed
strong deviations.'®*

A frequency sweep control experiment of the poly-MG CHOS
nonamer system was performed, without adding the proton
donator p-glucono-8-lactone (GDL), showing liquid like prop-
erties at pH 7.5 (phase angle close to 90°) along a broad
frequency range from 0.01 to 10 Hz (see ESIt). Those findings
are in agreement with previously measured poly-M and poly-G
systems.***” To control for temperature related effects on the
gel formation potentially caused by an increased or decreased
molecular mobility, both poly-M and poly-MG were gelled at
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4 °C, 20 °C and 40 °C, using the CHOS octamer. After 5 h the
temperature was adjusted to 20 °C where no significant differ-
ence in final gel strength between the 3 samples gelled at
different temperatures could be observed (data not shown).

3.4 Gel strength and kinetics of gelation as function of salt
concentration

Chitosan (DP = 8) crosslinked alginates hydrogels made from
either poly-M or poly-MG were tested against a set of different
salt (NaCl) concentration. The kinetics of gelation were followed
by measuring the storage modulus (G') and the loss modulus
(G") as a function of time (¢). Since both, alginate as well as
chitosan oligomers are introduced in their salt form, the
formation of each ionic bond between the carboxyl and amino
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Fig. 4 Influence of NaCl concentration on the kinetics of gelation for (A) poly-M and (B) poly-MG. Alginate concentration at 10 g L™* (1%),
chitosan octamer concentration at 3 g L™ (0.3%), GDL at 2 g L%, NaCl concentration added at 0 mM (red), 50 mM (blue), 150 mM (green),
500 mM (purple). G’ was determined as a function of time. G” and delta are not shown in the figure for reasons of clarity.
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Fig.5 Circular dichroism spectra of (A) poly-M with chitosan DP = 4; (B) poly-M with chitosan DP = 8; and (C) poly-MG with chitosan DP = 4 and
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groups will release one NaCl equivalent. At a chitosan oligomer
concentration of 3 g L™ this leads to an initial NaCl concen-
tration of maximum 15 mM.

After adding 50 mM NacCl to the chitosan poly-M gelling
system, a decrease to two thirds of the original gel strength was
observed (see Fig. 4). An addition of 150 mM NacCl decreased the
gel strength to one third of the original gel strength. When
500 mM NaCl were added, no stable gel formation was observed
any longer. Beside the decrease in gel strength, the gelling
kinetics slowed down as well. The apparent equilibrium for the
plain mannuronate chitosan sample occurred after 20 minutes,
followed by 40 min for the 50 mM NaCl sample and 100 min for
the 150 mM NaCl sample. A decrease in both gel strength and
gelling kinetics is well described for alginates and other ioni-
cally crosslinked hydrogels.**

For poly-MG crosslinked with the chitosan octamer an
almost opposite effect upon the addition of salt was observed.
Instead of a decrease, the gel strength quadrupled when 50 mM
NaCl was added to the gelling system. Upon an addition of
150 mM NacCl, the storage modulus G’ was about three times
higher than for the equivalent mixture without added salt. In
contrast to the poly-M counterpart, the poly-MG chitosan
system could form a stable gel upon the addition of 500 mM
NaCl. The obtained gel strength for this high salinity mixture
was reduced to about half of the original poly-MG chitosan
octamer gelling system. The gelling kinetics for the poly-MG
CHOS gelling systems showed to be almost not effected upon
an increase in salt concentration, except for the highest salt
concentration at 500 mM which displayed a decrease in gelling
kinetics. The apparent equilibria occurred after 50, 60, 70 and
130 min for 0, 50, 150 and 500 mM of added NacCl, respectively.

3.5 Circular dichroism

The pure poly-M, poly-MG and poly-G alginate samples were
analyzed through circular dichroism and spectral changes upon
the addition of chitosan oligomers were investigated. The CD
spectra of the three pure types of alginate are in agreement with
previously reported data.** The poly-G lies completely in the
area of negative ellipticity, while poly-M shows an intense
positive band between 190-210 nm, originating from n—m*
transitions (with minor contributions of w—m* transitions
below 200 nm).”* The CD spectrum of alternating MG-
sequences, lies in between although is not identical to an
equimolar mixture of poly-M and poly-G (see ESI}).**® By
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addition of chitosan oligomers with a degree of polymerization
of 4 to poly-M alginate (Fig. 5A), the positive band between 190-
210 nm shows a strong increase while the trough at 210-240 nm
is deepened, suggesting an alignment of chitosan oligomers
and poly-M alginate into a higher ordered conformation.®” An
increase in chitosan tetramer concentration from 0.5 to 1.0 to
2.0 times the alginate concentration (based on monosaccharide
unit concentration, see ESIT) does not increase this effect. The
bands only increase for the amount that chitosan itself adds to
the cumulative measurement value (see ESIf). By addition of
chitosan octamer, the effect at half-concentration towards the
alginate was almost identical to the effect observed when using
the DP = 4 oligomer but increased further at equal concentra-
tion of chitosan and alginate. Double-concentration of DP = 8
showed an even further increase of this effect, which was higher
than the cumulative contribution to the CD band by the chito-
san itself. The peak maxima for all poly-M-DP = 8 setups can be
found at 199 nm. The trough minima are located at 220 nm (and
217 nm for pure poly-M, respectively). A cross section for all
parallels was found at 214 nm.

The CD spectrum of poly-MG displayed no change upon
addition of both chitosan DP = 4 and DP = 8 at half-
concentration of the alginate. Equal concentration lead to
a precipitation and concealed the alginate bands. Poly-G (see
ESIt) followed the same trend as poly-MG, exhibiting no CD
change induced through chitosan oligomers at half-
concentration. An equal concentration of chitosan and poly-
MG lead to precipitation of the aggregate.

3.6 Molecular dynamics simulation

Different sets of alginate dodecamers consisting of only M-, G-
or strictly alternating MG-units were simulated interacting with
chitosan tetra- or octamers. The chitosan and alginate oligo-
mers, their concentration and ratio to each other were varied, as
well as the present salt concentration. Water molecules were
added to the system to make the concentration of alginate equal
to 0.05 M. For the salt concentration, two different cases were
considered: a low concentration system where ions (Na* and
Cl7) were added to make the whole system electroneutral and
a high concentration system where ions were added to match
the experimental concentrations.

When simulating one M-oligomer, one G-oligomer, or one
MG-oligomer (all with DP = 12) interacting with chitosan of DP
= 4, no significant difference in molecular distance or

A. Initial structure (geometry optimized).

-

FeyF
542'333&9 \"&,M’M X @

B. Geometry after 200 ns.

Fig. 6 Snapshots from a MD simulation of the MG-oligomer (DP = 12) and the chitosan oligomer (DP = 4) (Na* and Cl~ ions are not shown).
(Left) The initial geometry optimized configuration. (Right) The configuration after a MD simulation lasting 200 ns, showing some distortions

compared to the initial structure.
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alignment emerged. Histograms showing the interaction
potential energies between the alginate and chitosan are shown
in Fig. 7 and snapshots from the simulation of the MG-oligomer
are shown in Fig. 6. In all these simulations, the alginate olig-
omer and the chitosan oligomer remain bounded.

When applying a chitosan octamer to a M-, G-, or alternating
MG-dodecamer in 1:1 ratio, only small differences were
revealed. However, within the margin of error, the interaction of
chitosan with the G-oligomer appears to be slightly stronger.
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The interactions between the alginate and the chitosan as well
as simulation snapshots are shown in the ESL.{

The simulations of alginate and chitosan oligomersona2 : 1
ratio, closer to the conditions in the macroscopic gelling
system, where junction zones are formed between two alginate
segments ionically crosslinking through chitosan, revealed that
the strongest interaction between chitosan and alginate
occurred for the MG-oligomers with a high salt concentration.
This was closely followed by the G-alginate (with a low salt
concentration), which in macroscopic systems precipitates
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Fig. 7 Average (A) and histograms (B) of the interaction energies between alginate oligomers (DP = 12) and a chitosan oligomer (DP = 4). The
average interaction energy is lowest for the G-oligomer and largest for the M oligomer, however there are significant overlaps between the
distributions of the interaction energies in this case. These simulations were carried out for 200 ns for systems with a low concentration of salt. A

more negative potential energy corresponds to a stronger interaction.
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Initial structures
(geometry optimized).

Geometry after 350 ns
(high salt concentration).
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Geometry after 350 ns
(low salt concentration).

Fig. 8 Snapshots of structures from MD simulations of the 2 : 1 alginate : chitosan systems. For the G-oligomer, space filling structures are also
depicted to exemplify how the alginate oligomers (color pink) can wrap around the chitosan oligomer (color gray).

upon the addition of chitosan oligomers.*® Fig. 9 shows the
interaction energies in those cases, and shows Fig. 8 snapshots
of different configurations from the MD simulations. These
snapshots show that the alginate oligomer can distort its
structure and wrap around the chitosan oligomer in order to
better align charged groups. This effect is more pronounced in
low salt concentration systems and for the G-oligomer. To
further compare these distortions, Fig. 10 shows the root mean
squared displacement (RMSD) for the alginate—chitosan system,
compared to the geometry optimized vacuum structures. This
figure shows that the largest deviation from the vacuum struc-
ture occurs for the G form of the alginate, while the values are
comparable for the two other forms.

Interestingly, within the scope of the simulated salt
concentrations, MG-oligomers were the only ones showing an
increase in interaction (lower interaction energy) with an
increase in salt concentration, while M- and G-homooligomers
showed a decrease. This hints towards an additional stabiliza-
tion of the chitosan-MG-junction zones through hydrophobic
interactions.®*®

Due to the distortion of the molecular structures (as shown
in Fig. 8 and 10), the charge distances given in Scheme 1 may
change. These charge distances were monitored in the MD
simulations by calculating the 3D charge distances for every
second carboxyl group or amino group along the polysaccharide
chains (see Fig. 11 which show these distances for the sand-
wiched 2 : 1 alginate : chitosan system). An overlap in charge

© 2021 The Author(s). Published by the Royal Society of Chemistry

distance between poly-M alginate and chitosan was previously
hypothesized to establish a zipper-like junction zone between
two polymer chains along the opposing sides of a chitosan
oligomer (see Scheme 1 and ESIt).** The calculated charge
distances, anticipating freely moving molecules in vacuum,
were compared with previous measurements obtained from X-
ray crystallography.*-*

The simulated oligomers showed a varying degree of good
agreement for the calculated charge distances versus distances
obtained from crystal diffraction (see Table 2). For chitosan and
poly-M the measured values and calculated values are almost
identical. However, we note that the values for chitosan span
a small range (10.6-11.1 A) when solvated in water. In general,
the simulated structures have a larger range of possible stable
conformations when solvated in water, and this is reflected in
the calculated distances. In particular, the carboxyl groups at
the ends of the alginate oligomers exhibit some more freedom
in the simulations with water compared to the vacuum struc-
ture. For poly-G the simulation delivered a charge distance 6.9%
longer than the one obtained from the crystal structures (8.7
versus 9.3 A). However, it should be considered that poly-
saccharide crystal structures are often stabilized by intermo-
lecular hydrogen bonds, which can lead to slight distortions of
atomic bond angles and dihedral angles. Those distortions will
not occur for isolated molecules in vacuum or may average out
in solution.
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Fig. 9 Averages (A) and histograms (B) of interaction energies for the 2

: 1 alginate : chitosan systems considered, obtained in MD simulations

lasting 350 ns. The average interaction energy is lowest for the MG-alginate system with a high salt concentration, while it is largest for the M-

alginate system with a high salt concentration.

The calculated intramolecular charge distance for poly-MG
(9.8 A) is intermediate of the values determined for poly-M
(10.6 A) and poly-G (9.3 A) and still relatively close to the
value for chitosan (10.6-11.1 A). This relative overlap in interval
distances of poly-MG and chitosan might explain why longer
chitosan oligomers are able to form stable hydrogel scaffolds,
like poly-M, while CHOS applied to poly-guluronate just leads to
a precipitation. Interestingly, we see that the strongest inter-
actions are not obtained for systems where the calculated
charge distances in alginate and chitosan are “best” matched.
This can be explained by the observed distortions in the

13790 | RSC Adv, 2021, 1, 13780-13798

structures (see Fig. 8) which may lead to alignment of charged
groups.

To further characterize the chitosan alginate junction zone,
the number of contacts between carboxyl and amino groups for
various compositions of chitosan and alginate oligomers has
been determined. Hereby, contact refers to a distance criterion
of =3 A in between any NH;" with any COO~ group. For the
chitosan octamer interacting with a single dodecamer of each
type of alginate (see Fig. 12), the average number of contacts for
the M-, and G-alginate was slightly above 4, while being slightly
below 4 for the MG-alginate. The average number of contacts

© 2021 The Author(s). Published by the Royal Society of Chemistry
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was reduced at high salt concentration for all three types of
alginate.

The calculation of contact points for alginate and chitosan
oligomers on a 2 : 1 ratio revealed an average slightly below 8
(see Fig. 13), for G- and MG-segments ionically crosslinked with
the chitosan octamer (low salt concentration), while showing an
average of 7 contacts for the M-alginate complex. When the salt
concentration was increased, the number of contacts decreased
for M- and G-alginate, while it increased for the MG-segments to
an average above 8. A further noteworthy observation, M-
alginate showed a maximum of 8 contacts chelating the chito-
san octamer, while G- and especially MG-alginate showed
a major distribution towards 9 and 10 contact points. A calcu-
lation on the type of interactions, comparing the force field
contributions for charge-based interactions (Coulomb) with
hydrophobic interactions (Lennard-Jones), revealed that the
interaction between the chitosan and alginate is dominated by
coulombic interactions in all cases (see ESIf).

© 2021 The Author(s). Published by the Royal Society of Chemistry

4 Discussion

Poly-MG alginate gel crosslinked with chitosan oligomers
showed the ability to form hydrogels which are orders of
magnitude stronger than their poly-M counterparts. Further, an
increase in chitosan oligomer DP led to a higher relative
increase in gel strength for poly-MG compared to poly-M, sug-
gesting a different underlaying crosslinking mechanism for the
two different types of alginate block structures.

To investigate the association and binding of chitosan olig-
omers to the different alginate block structures, a set of circular
dichroism experiments was performed, comparing the three
alginate types upon the addition of CHOS at various DPs and
concentrations.

Circular dichroism has been used in the past as a sensitive
and reliable method to investigate the diadic composition of
alginates, as well as characterizing the interaction of calcium
ions with the three different types of block structure.*>** It was
previously demonstrated that the chiroptical properties of
carboxyl chromophores, including guluronic and mannuronic

RSC Adv, 2021, 11, 13780-13798 | 13791
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Table 2 Polymer charge distance for every second carboxyl or amino
group along the polysaccharide chain. Comparison of previously
determined charge distances through crystal structure analysis versus
calculated distances for the MD simulations.3®-4°

MD simulations

Polymer Crystal (A) in water (A)
Chitosan 10.4 10.6-11.1
Poly-M 10.4 10.6
Poly-MG — 9.8

Poly-G 8.7 9.2-9.3

acid, strongly depend on the local ring geometry, *C, versus 'C,
conformation and neighbouring units.®**

Alginate exhibits strong CD bands between 190-230 nm,
originating from n — w* transitions of the carboxylic acid
group (with some contributions from = — 7* transitions below
200 nm).*>”°

The chain-chain association expressed when G-sequences
are ionically connecting through calcium in a chelate type
binding, have been previously described using circular
dichroism. The interpretation of CD spectral intensity changes
as a consequence of G-block dimerization through calcium
(“egg-box” formation) are widely accepted.®” Morris et al. (1975)
demonstrated a linear change in band intensity when the
concentration of calcium ions was increased at constant poly-
guluronate concentration, whereas no change was observed
when applied for poly-mannuronate. This clearly indicated
a conformational effect on the poly-G chain (secondary struc-
ture) induced by Ca*'. No similar effect was observed for the

13792 | RSC Adv, 2021, 11, 13780-13798

Intramolecular distances between alternating carboxyl groups (left) or amino groups (right) in alginate and chitosan oligomers from the

poly-M analog. Donati et al. (2005) extended this investigation
using enzymatically produced strictly alternating poly-MG
alginate.*” Variations in molar ellipticity, showed an induced
conformational effect through Ca*" on MG-blocks similar to
poly-G (albeit with smaller intensity differences).

In this study, a similar approach was conducted, comparing
chiroptical properties of three different alginate block types
upon the addition of stoichiometric amounts of CHOS. Since
the CD bands of carboxylic acid groups are influenced by their
protonation, the pH of all CD sample solutions was adjusted to
4.5 in advance (strong interaction of alginate and CHOS previ-
ously determined).®” The molar ellipticities of the three
different pure alginates and two chitosans were in excellent
agreement with earlier reported data.**”

The addition of chitosan tetramers to poly-M at half the
alginate concentration, lead to an elevated positive peak at
199 nm and a deepened negative ellipticity with a minimum at
220 nm. The observed CD change aligns with the concept of
“zipper like” junction zones between chitosan and mannur-
onan, proposed by Khong et al. (2013) due to their match in
charge distance. The structural effect induced by the chitosan
tetramer at half the poly-M concentration, does not further
increase at equal and double concentration of tetramer to
alginate, suggesting a sandwich like conjugation of chitosan in
between two poly-M chains. When the chitosan octamer is
applied, the effect at half the alginate concentration overlaps
with the effect induced by CHOS DP = 4. However, unlike for
the tetramer, the gain in molar ellipticity doubles when the
CHOS DP = 8 concentration is increased to equal concentration
of alginate.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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A possible interpretation could be a more rigid conforma-
tional change by the chitosan octamer due to less flexibility
along the 2/1 helical alginate chain. More likely however, is that
the chitosan octamer is able to form more stable associations
with isolated alginate segments, due to its four charges per side,
ionically stabilizing the association instead of two charges per
side for the tetramer.

The fact that the induced conformational effect further
increases when the octamer concentration is increased to
double the alginate concentration, gives more validity to this
hypothesis. When the chitosan DP = 8 concentration is twice
the alginate concentration, a further stabilization of the algi-
nate chain might occur by CHOS associating from both sides of
the alginate chain.

None of these induced structural effects, detected by CD
spectroscopy, was observed for poly-G or poly-MG. Additionally,
an equal concentration of CHOS lead to precipitation of the
polysaccharide aggregates for both poly-G and poly-MG. The CD
results for poly-M provide further evidence for the “zipper like”
gelling concept, where probably a match in charge distance
between chitosan and mannuronan, leads to a conformational
change in the polymer chain and to the formation of a higher
ordered structures.*”> While none of these induced structural
effects was observed for MG-blocks, the poly-MG-CHOS gelling
systems still displays high gel strengths during rheological
experiments, orders of magnitude above their poly-M analogue
(when chitosan DP > 6). This suggest a fundamentally different
gelling mechanism, underlaying the formation of chitosan-
poly-MG junction zones.

A clue to the different underlaying gelling mechanism might
be taken from the visual appearance of the hydrogels. While
poly-M-CHOS gels are clear and almost fully transparent, poly-
MG-CHOS gels were visually observed to be highly turbid,
indicative of a possible phase separation.®®

According to gel theory, ionically crosslinked hydrogels are
weakened upon the addition of salt. The salt ions are shielding
off attractive electrostatic forces of the ionic crosslinker and
reduce the entropic driving force for electrostatic interaction,
leading to a decrease in gel strength and gelling kinetics,
potentially even to the collapse of gel network or precipitation.”™
If the junction zone, however, is stabilised through a phase
separation, the addition of salt increases the difference in
polarity between the solvent and junction zone and is further
stabilising the association.

Nowak et al. (2003) demonstrated for amphiphilic poly-
peptide hydrogels, containing hydrophilic charged segments of
poly-i-lysine and poly-L-glutamic acid as well as hydrophobic
segments of poly-L-leucine, that the hydrogels (at 3.0 wt%) are
increasing in gel strength when 50 mM NaCl is added to the
system, up until 250 mM NacCl. Simultaneously an increasing
turbidity was observed. For amphiphilic polypeptide hydrogels
at 1.0 wt% (or lower), a weakening of the gels and subsequent
precipitation upon the addition of salt was detected. The
combination of hydrophobic and hydrophilic segments for the
hydrogels showed a unique tolerance towards different pH and
salt conditions, attributed to self-assembly of hydrophobic R-
helical domains.®®”* A similar approach was conducted by
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Boisseson et al. (2004), who modified alginates covalently link-
ing long hydrophobic alkanes (octadecyl and dodecyl chains) to
the polysaccharide backbone. The hydrogels beads were formed
through ionotropic gelation using the alginate dropping
method into calcium solution. The addition NaCl in the CaCl,
solution increased the stability of the calcium alginate hydro-
gels due to increasing hydrophobic interactions of the alkyl side
chains and reduced swelling of the beads.®

To investigate a stabilization through a phase separation and
potentially the involvement of hydrophobic interactions stabi-
lizing the poly-MG-CHOS junction zones, rheological experi-
ments have been conducted analyzing poly-M and poly-MG
crosslinked with a pure chitosan octamer upon the addition of
0, 50, 150, 500 mM NaCl. The transparent poly-M-chitosan gel
followed the trend of a typical ionic tropic gelation, displaying
reduced overall gel strength and slower gelling kinetics with an
increasing salt concentration. Further supporting the zipper-
like gelling concept of the two biopolymers. The turbid poly-
MG chitosan octamer gelling system on the other hand,
showed a sharp increase in gel strength (approx. doubling of G')
when 50 mM NaCl was introduced. Furthermore, no decelera-
tion of the kinetics was observed. Unlike poly-M, the alternating
MG-blocks were able to form a hydrogel at the highest applied
salt concentration of 500 mM. Those results suggest the stabi-
lization of junction zones either through hydrophobic interac-
tions between chitosan and alginates MG-blocks or through
a phase separation based on a more efficient compensation of
charges in the chelate like complex, creating a localized
segment with low polarity. This, to our knowledge, not been
reported before.

The rheological results upon the addition of NaCl, as well as
the appearance are aligning with previously reported studies on
phase separations within hydrogels.**7>7®

To gain further inside into the formation of junction zones,
chain alignments and binding energies, computer simulations
of alginate block oligomers (DP = 12 and 24) and chitosan
oligomers (DP = 4, 8) were performed. The interactions of
alginate and chitosan at different concentration, ratio, DP, and
salt concentration have been calculated. Within the scope of the
simulations, no particular conformation of CHOS and alginate
strongly differed from the other alginate block types and asso-
ciations, nor did the binding energies reveal large differences
between binding energies and junction zones. Nevertheless, the
strongest interaction for a sandwich type chelation (junction
zone) was observed for the chitosan octamer chelated in
between two MG-blocks at high salt concentration. Further was
the chitosan-MG-complex, the only simulated chain association
where the binding energy increased upon the addition of salt
instead of decreased suggesting an additional stabilization of
the junction zone by hydrophobic interactions, not present in
poly-M-chitosan-hydrogels. Calculations on the coulomb and
Lennard-Jones potential revealed only small contributions of
hydrophobic interactions.

When calculating the number of contacts between the chi-
tosan octamer and the different alginates, the contact number
for M-alginate was close to but never exceeded 8 (the number of
available amino groups), giving further evidence to the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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previously hypothesised zipper-like chain alignment of these to
poly- and oligosaccharides. For the chitosan octamer chelated
by MG-alginate the number of contacts was close to 8 but with
a significant distribution towards 9 contacts. Upon the addition
of salt, those values further increased, showing an average
number of contacts above 8 with even a significant distribution
at 10 contacts.

The high number of contacts indicates a very compact
junction zone formation for CHOS-poly-MG. While the data for
poly-M chitosan junction zones clearly indicates a gel formation
based on poly-ionic interactions, for MG-alginate we suggest (at
least) two different interaction mechanism working simulta-
neously: electrostatic and hydrophobic.

The calculated distance of consecutive charges along MG-
blocks (9.8 A) will be close enough to chitosan (10.5 A) to
initiate a Manning condensation between the two block coun-
terions and electrostatic interactions will be the predominant
factor for the formation of chitosan poly-MG junction zones.”
However, it was demonstrated through molecular dynamics
that hydrophobic interactions (Lennard-Jones) still contribute
to some extent. At various ionic strengths, the different
processes would contribute to the formation of junction zones
to a different extent, which is observed both at the increase in G’
as well as the delay in gelling kinetics upon the addition of NaCl
to the CHOS-poly-MG gelling system.

The CHOS poly-MG hydrogel might be further stabilized
through a precipitation or local phase separation effect along
the junction zone. Although this effect remains speculative, the
increasing turbidity during the poly-MG chitosan hydrogel
formation as well as the gel strength with magnitudes of order
greater than for the equivalent poly-M gel supports this
hypothesis.

Alternatively, the increasing turbidity with increasing gelling
time could be attributed to a formations of higher order
(random) structures as seen with (e.g.) alginic acid gels
described through SAXS experiments.”® Also an additional
formation of hydrogen bonds within the poly-MG chitosan
junction zone has to be considered.**”

5 Conclusion

Strong evidences have been obtained, supporting the previously
proposed gelling principle of poly-M alginate crosslinked with
chitosan oligomers due to a match in charge distance between
the two polyelectrolytes.®® CD spectroscopy revealed an
increased chiroptical activity for poly-M chitosan gelling
systems, indictive of induced conformational changes and
formation of higher ordered structures.*>*"

A unique chitosan oligomer poly-MG gelling system was
described using circular dichroism beside rheology and
computer simulations. Rheological measurement revealed gel
strengths magnitudes of order higher than displayed for its
poly-M analogue. Furthermore, a strong increase in gel strength
upon the addition of 50 and even 150 mM Nacl for the chitosan
and poly-MG gelling system was detected, suggesting a stabili-
zation of the junction zones through hydrophobic interactions
and/or a phase separation, which to our knowledge has not

© 2021 The Author(s). Published by the Royal Society of Chemistry
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been reported before. Those findings were supported by
molecular dynamics simulations, showing an increase in
interaction energies between chitosan and alginate upon the
addition of NaCl for poly-MG, while for poly-M and poly-G the
addition of NaCl decreased the interaction energies with chi-
tosan. CD measurements showed no systematic alignment or
induced conformational change within the poly-MG chitosan
system, which further implies a fundamentally different effect
supporting the chitosan poly-MG junction zones. The high gel
strengths, especially upon the addition of salt, as well as the
turbidity of the poly-MG chitosan gelling system are indictive of
a more complex formation of junction zones within these
hydrogels, than seen within comparable ionically crosslinked
alginate gelling systems.®®

The described CHOS poly-MG gelling systems are displaying
high gel strengths, are known to be fully biocompatible and
have revealed a high tolerance to a broad range of salt
concentrations present in various biological systems, which
might prove poly-MG chitosan gels highly relevant for
biomedical applications.
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Figure S1: Kinetics of gelation of poly-G alginate concentration at 10 g/L (1%) with chitosan oligomers DP = 9 and
concentration at 3 g/L (0.3%). GDL concentration 2 g/L. G' (blue line) and G" (red line), was determined as a
function of time.
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Figure S2: Frequency sweep of poly-MG (1.0%) and CHOS DP = 9 (0.3%), without GDL. G' (blue diamonds), G"
(red squares). All measurements performed at 20°C.



Table S1: Complete composition of alginate hydrogels, used for rheological experiments. Alginate was ionically
crosslinked with chitosan oligosaccharides (CHOS) at various CHOS/Alginate monosaccharide unit ratios. The
amounts of NaOH was adjusted to reach pH to 8 when mixing CHOS and Alginate. The amount of Glucono &-
lactone (GDL) was adjusted to reach a final pH of 4.35 + 0.05. For calculations based on the monosaccharide ratio,
the molar masses 199.12 g/mol and 197.62 g/mol were assigned to the sodium alginate unit and to the glucosamine
chloride unit respectively.

SAMPLE 1 2 3 4 5 Unit
Monosacch. unit ratio: CHOS/Alginate 0.2 0.3 0.4 0.5 0.6
Alginate solution (30 g/L) added 1.00 1.00 1.00 1.00 1.00 g
Alginate amount 30.00 30.00 30.00 30.00 30.00 mg
Alginate concentration (final) 10.00 10.00 10.00 10.00 10.00 g/L
CHOS amount 6.08 9.12 12.16 15.20 18.24 mg
CHOS solution (100 g/L) added 60.8 91.2 121.6 152.0 182.4 ul
CHOS concentration (final) 2.03 3.04 4.05 5.07 6.08 g/L
NaOH (1 M) added 14.9 22.4 29.8 37.3 44.7 ul
GDL amount 5.32 7.98 10.63 13.29 15.95 mg
GDL concentration (final) 1.77 2.66 3.54 4.43 5.32 g/L
H,0 added (final Vol. 3 mL) 1924 1886 1849 1811 1773 ul
300
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-
£ 150 ~
(4]
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Figure S3: Kinetics of gelation as a function of time. Alginate concentration (poly-M: light blue, poly-MG: dark blue)

at 10 g/L (1%). Chitosan oligomer mix (DPn = 3.96, FA = 0.045) concentration at 7 g/L (0.7%). GDL at 2 g/L. G’
was determined as a function of time. G” and delta are not shown in the Figure for reasons of clarity.
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Figure S4: Circular dichroism spectra of poly-M (green), poly-MG (red), poly-G (blue) and chitosan DP = 4 (purple)
and DP = 8 (light blue). All measurements were performed at pH = 4.5 and T = 25°C with a sample concentration
of 0.4 g/L.
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Figure S5: Circular dichroism spectra of poly-G (blue line) and poly-G upon addition of chitosan DP = 4 (red). The
alginate and chitosan concentration was at 0.4 g/L. All measurements were performed at pH = 4.5 and T = 25°C.
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Figure S6: Average (A) and histograms (B) of the interaction energies between alginate oligomers (DP = 12) and
a chitosan oligomer (DP = 8), obtained in MD simulations lasting 100 ns. The average interaction energy is lowest
for the G oligomer with a low concentration of salt and largest for the MG-oligomer with a high concentration of salt.

A. Initial structure (geometry optimized). B. Geometry after 100 ns.

Figure S7: Simulation snapshots of the alginate G-oligomer and a chitosan oligomer (DP = 8) for a low
concentration of salt (salt ions are not shown). (Left) The initial geometry optimized structure. (Right) The structure
after a MD simulation lasting 100 ns. In this case, distortions of the molecular structures allow for a closer approach
of charged groups in the molecules.
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Figure S8: Average interaction energy between alginate (DP = 12) and chitosan (DP = 8) oligomers for 2:1
alginate:chitosan mixtures and high and low ion (Na*/CI") concentrations.
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Scheme S1: Schematic illustration of the interaction between a chitosan oligomer (black) and poly-M alginate
(green) at different pHs. Monosaccharide units: glucosamine (D), mannuronate (M). At pH < 8 the amino groups of
chitosan are mostly uncharged, while the carboxyl groups of alginate are mostly charged. At pH 4.0-5.0 both
chitosan and alginate are predominantly charged, leading to ionic crosslinking of the two components and a zipper-
like chain alignment due to the similar charge distance in both compounds.
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