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Abstract

In this thesis, a colorimetric heparin assay and quantitative NMR (qNMR) are used for fucoidan
guantification and compared against an established colorimetric enzymatic L-fucose assay. For the L-
fucose colorimetric assay, the assay procedure was followed as described by the manufacturer. The
fucoidan quantification of the fucoidan standard (= 95 %) (Sigma Aldrich/Merck, obtained from Fucus
vesiculosus) was assumed to be 95% pure and the weight is based on this fucoidan purity. The heparin
colorimetric assay, initially a method for quantification of heparin in blood plasma was adapted from
microplate UV-VIS to cuvette UV-VIS by either quadrupling or quintupling the volumes in the
procedure. A high purity fucoidan standard (> 95 %) (Sigma Aldrich/Merck, obtained from Fucus
vesiculosus) was used to prepare a fucoidan standard curve, and optimization of the standardization
conditions was performed. The fucoidan content of a fine (OEWA-00289) and a crude (OEWA-00038)
fucoidan sample, obtained from Laminaria hyperborea (L. hyp.) by Alginor, were determined using the
optimized heparin col. assay. For the gNMR experiments, calcium formate was selected as a standard
mainly based on the expected lack of overlapping signals with the 'H signals from the fucoidan
structure. The fucoidan standard (295%) (Sigma Aldrich/Merck) and the fine and crude fucoidan

samples from Alginor were quantified with the gNMR method.

The L-fucose colorimetric assay gave a reasonable yield for the fucoidan standard (98.0+0.17%) with
high accuracy and precision, close to the qNMR yield (98.7%). The heparin colorimetric assay gave high
accuracy in the fine fucoidan (OEWA-00289) sample (57.6 £3.4%) and decent precision. The result was
almost identical to the result from the L-fucose assay (57.1 £0.7%) and qNMR (56.8%). The heparin
assay gave low accuracy and low precision when quantifying the crude fucoidan (OEWA-00038) (46.5

15.3%) compared to the L-fucose assay (28.7+0.40%) and gNMR (33.4%).

For fucoidan quantification of cruder solutions with more contaminants, it appears that the precision
and accuracy of the heparin col. assay is lowered. The heparin col. assay has however proven to be a
direct and rapid method of quantifying fucoidan samples from L. hyp. The established L-fucose
colorimetric assay appears to benefit from the fact that impurities in the fucoidan samples are
removed when hydrolyzing the fucoidans into L-fucose monomers with 1M HCI. Hydrolyzing fucoidan
samples for 48 hours at 65°C gives high accuracy and precision but is time consuming. To overcome
this time-consuming step, the temperature can be increased, and time spent hydrolyzing can be
lowered, this will however lower precision and accuracy. The qNMR method appears to be highly
accurate quantifying fucoidan samples of high purity and less affected by contaminants in cruder
fucoidan samples compared to the heparin assay. All three methods were proven to be capable of

quantifying fucoidan samples of different purity.
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Chapter 1 - Introduction

1.1 Motivation

For the past decades there has been a growing interest in utilizing available natural resources in a more
sustainable way. Among the marine resources that are easily available, seaweeds are of great interest
as a source of food, for pharmaceutical and industrial applications, and as fertilizer (seaweed.ie,
16.01.2022; Buschmann, 2017). The major utilization of these plants is found in Asia, where most
species (e.g. Kappaphycus alvarezii, Eucheuma, Saccharina japonica etc.) are harvested for food while
some species, such as Gracilaria, are harvested for agar (McHugh, 2003). Seaweed farming in Asia has
been an alternative to fishing which provides improved economic conditions and relieves pressure on
fishing, which may be even more important in a sustainable oriented future. Harvesting or growing
industrial-scale volumes of seaweeds would potentially provide a sufficient, sustainable biomass to be

processed into a magnitude of products through biorefineries (Buschmann, 2017).

One of the common seaweeds found in the northern hemisphere is the brown seaweed Laminaria
hyperborea (L. hyp.). The seaweed has been harvested for the alginate industry and has a potential in
cultivation due to its high growth rate and having no land competition to terrestrial farming. Using L.
hyp. only for alginate is wasteful as the seaweed contains other valuable polysaccharides such as
laminarin and fucoidan. To make use of more of the seaweed than just alginate, a total utilization
method should be implemented. This would also be in line with Sustainable Development Goal 14 —
Life below water, especially section 14.1; reduce marine pollution and 14.7; increase the economic
benefits from sustainable use of marine resources (Goal 14: DoESA, 2022; Goal 14: Life below water,

2022).

Roughly 5% of L. hyp. consists of fucoidan (Carvalho, 2018; Alginor). Fucoidan has numerous properties
that are valuable in food, pharmaceutics, and health products. The properties of fucoidan depends on
the mass weight of the polysaccharide chains and its sulphation degree (Kopplin, 2018). Some of the
fucoidan is relatively similar to heparin, a naturally occurring glycosaminoglycan used in medication.
Heparin is similar to fucoidan both in structure and in properties such as its anticoagulant effect
(Grauffel, 1989; Cumashi, 2007). Fucoidan might even replace heparin as an anticoagulant in treatment

of thrombosis, with the benefit of no risk of hemorrhage side effect (Soon-Ki, 2012).

For industries to achieve total utilization of L. hyp., reliable and cheap quantification methods of the
desired compounds from the raw material are needed. One way to quantify fucoidan is with a
commercially available Megazyme L-Fucose colorimetric assay (col. assay). The fucoidans are then
hydrolyzed into fucose units which can be quantified with the col. assay through UV-VIS spectroscopy.

This is an expensive and time-consuming method. In this master thesis, two approaches that are more
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direct are examined: heparin col. assay and qNMR. Commercialized heparin col. assay has to the
authors knowledge not before been used to quantify fucoidans. The heparin col. assay takes advantage
of the anticoagulant properties of fucoidans and its similarities to heparin. The anticoagulant
properties are known to depend on the sulphate content, and with a high sulphate content from L.
hyp. fucoidans the heparin col. assay may prove to be usable for quantification. The sulphate groups

are dyed with cationic blue dye and the concentration is determined with UV-VIS spectroscopy.

For the first time known to the author, qNMR will be used to quantify fucoidans. This is a well-
recognized and widely applied analytical tool that has been applied for the quantification of
polysaccharides for the past two decades (De Souza, 2017). Suitable standards will be chosen to

guantify the C-6 alpha proton and the methyl group protons.

Finding reliable, accurate, fast, and cheap solutions to quantify fucoidan may prove challenging
because the structure is not yet determined and because of its relatively viscous nature and
vulnerability to change if the pH is changed. The purpose of this thesis is to advance the knowledge of
guantification of polysaccharides from marine macroalgae with the use of rapid quantification
methods. The thesis is part of the FucoMed project by Alginor ASA in collaboration with the
Department of Chemistry at the University of Bergen (UiB). The project is financed by the Research

Council of Norway. Monica Jordheim (UiB) is lead advisor and Georg Kopplin is co-supervisor.

1.2 Macroalgae

Today there are more than 164 000 species of algae that have been identified, about 12 000 of them
being macroalgae (Guiry, 2012; Kulshreshtha, 2020; Algaebase.org, accessed 22.12.2021). The
macroalgae vary in size, forms, pigments, and functional compounds. They can be classified according
to their ecology, habitat, size, pigments, polysaccharides, cell culture, composition, and morphology.
Macroalgae, also known as seaweeds, are a polyphyletic group of multicellular algae that consists of
chlorophyceae (green algae), rhodophyceae (red algae) and phaeophyceae (brown algae). As the name
indicates, macroalgae are macroscopic in size, in contrary to microalgae which is microscopic in size,
often unicellular, and are best known by the blue-green algae that sometimes bloom and contaminate
rivers and streams. While singular microalgae are not visible to the naked eye - macroalgae are, and
some can grow to enormous lengths, such as the brown seaweed Macrocystis pyrifera, shown in figure
1, which can grow up to 45m long (North, 1978). Usually though, red, and green seaweeds are small,
ranging from a few cm to a meter, while brown seaweeds are usually larger, thicker leather-like

seaweeds that range from 30-60 cm to 2-4 m long (McHugh, 2003).
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Figure 1: Macrocystis pyrifea, aka. giant kelp (Brauder, retrieved 28.01.2022)

Seaweeds are important marine bioresources around the world, being used in human consumption,
fertilizers, hydrocolloids extraction, animal feed additive, extracts for cosmetics and pharmaceuticals,
biofuels, and wastewater treatment (McHugh, 2003; Rocha, 2018). Hydrocolloids such as alginate, agar
and carrageenan can be produced by red and brown seaweed and is used as thickening and gelling
agents. A distribution of some of the seaweed uses is shown in figure 2. Though the interest for marine
algae is rising due to their bioactive natural substances with potential health benefits, they are still

identified as an underexplored resource (Pangestuti, 2011; Rajauria, 2017).

[ Human consumption

e Consumer Food Products
e Thickening Agents
e Clarifying Agents

[ All other uses

Fertilizers
Animal Feed
Pharmaceuticals
Cosmetics
Biofuel

Figure 2: Seaweed global market share (Piconi, 2020).
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Seaweeds grow in the ocean as well as in rivers, lakes, and other water bodies. Algae are the main
contributor for production of oxygen through photosynthesis, as this process is only carried out by
cyanobacteria, algae and plants found on land (Delwiche, 2007). Farming seaweed may thus help lower

the amount of carbon dioxide in the atmosphere.

There are about 2000 brown algae and most of them are marine. Brown algae are usually found in
colder waters where they thrive in the intertidal and sublittoral zones of the oceans (Kasco, last

accessed 21.12.2021). The brown algae around the world have been mapped out and can be seen in

figure 3.

Global dataset of marine forest species of brown macroalgae

@® Raw data @ Fine-tuned data

Figure 3: A fine-tuned global distribution dataset of brown seaweed (Assis, 2020).

Traditional use of seaweed has been traced back to the fourth century in Japan and the sixth century
in China (McHugh, 2003; Buschmann, 2017). However, when the nationals from these countries
migrated to other parts of the world and shared their culture, demand for consumable seaweed in

other countries increased steadily, especially in North America, South America, and Europe.

Seaweeds can be collected from the wild but is now increasingly cultivated. Seaweeds can have high
crop productivities per unit area, with growth rates up to half a meter per day in some species. Marine
macroalgae are autotrophic organisms that utilize dissolved carbon dioxide and nutrients (e.g.,
dissolved inorganic nitrogen and phosphorus) in combination with light for growth and do not require
feed nor fertilizer (Stévant, 2017). Furthermore, the fact that macroalgal growth rates exceed those of

terrestrial plants, have sharpened the interest in cultivation of seaweed biomass (Brinkhuis, 1987),
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shown by a doubling of the global growth of seaweed production from 2006 to 2015 (Piconi, 2020).
Coastal habitat and capacity for aquaculture both in the ocean and in land-based systems means the
seaweed industry does not need to compete with terrestrial crops for diminishing land, fresh water,
or nutrient resources, making the commercialization of macroalgal product highly attractive (Lorbeer,

2013).

In 2016 the four countries Indonesia, South Korea, China, and Japan together stood for more than 90%
of the seaweed consumption worldwide with 162 000 metric tons (MT?). In 2018 China and Indonesia
together produced 86% of all consumable seaweeds. Indonesia was the leading exporter in 2016 with
a 58% market share. Today, more than 95% of the global consumable seaweed production is imported
from Asian countries even though most marine waters provide perfectly capable conditions for

growing seaweeds locally (Piconi, 2020).

Due to their size, macroalgae possess an increased ability to detoxify contaminants, because their large
surface area may provide an enlarged biosorption area for the toxic compounds. Macroalgae are
considered to have a potential to become a major feed stock of renewable energy sources, such as
bioethanol, biodiesel, or biogas. This is because these algal cells contain 15-20% polysaccharides, a
higher quantity than found in terrestrial plants (Kraan, 2013). Using macroalgae as a renewable energy
source might be a waste though, since they often contain compounds that would likely be more

valuable as food, pharmaceutical, cosmetics and industrial use.

Cultivation of kelp and macroalgae in Norway is in an early phase and the cultivation facilities are small.
The first concession for cultivation of algae was assigned in 2014. After five years this grew to 574
concessions distributed in 97 locations. In 2019, 16 companies cultivated 111 tons of saccharina
latissima and alaria esculenta. These are among the easier species to cultivate. The kelp is currently
being cultivated to be used as food, feed and to be manufactured in industries. Although cultivation is
in an early phase and the production is relatively low, there is a high interest and several actors

involved (Nordhaug, 2020).

Including fjords and islands, the 100 000 km Norwegian coastline provide a suitable habitat with
optimal growth conditions for brown seaweed (Ahmad, 2015; Steen, 2019). They thrive in the littoral
zone, more specifically upper sublittoral and intertidal zones, in depths with sufficient light to drive
photosynthesis, but in clear water they can grow at depths around 30-50m (Hurd, 2014). Among the
brown algae species, ascophyllum nodosum and Laminaria hyperborea have been harvested in Norway
for their industrial applications in pharmaceutical, cosmetics, agriculture, nutraceutical, and more
predominately - alginate production (McHugh, 2003; snl stortare, 2021). In production of alginate the

ocean is polluted due to use of the toxic chemical formaldehyde and considerable algae biomass is
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discarded as waste. A total utilization approach would be a more sustainable way of bioprocessing the
algae by preventing pollution of toxic chemicals, (Wekre, Kopplin and Jordheim, 2020) and would also

be in line with the SDG — 14 as mentioned earlier.

1.2.1 Laminaria hyperborea

Laminaria hyperborea (L. hyp.), also known as tangle and cuvie, is a kelp in the Laminariaceae family
and is categorized as brown algae. It consists of a holdfast, a stipe, and the laminate blade that is deeply
divided into linear segments which are renewed every year (Steen, 2019). The color is yellowish brown,

and the older leaves are covered in epiphytes. An illustration of the macro algae is shown in figure 4.

The depths of where Laminaria hyperborea is found mainly depends on light penetration and its
availability to the algae. It is usually found between 0-24 meters depth but has been found at depths
of 32 m (Kain & Jones, 1976).

[ Eulittoral
/ zone
(rarely submerged)

Upper sublittoral zone
(submerged except at low tides)

X = Mid sublittoral zone
j (submerged except at extreme low tides)

Figure 4: Laminaria
hyperborea (Mortensen, last
accessed 01.04.2022) Figure 5: The littoral zones where seaweeds are known to be (Dodson, 2013)

The seaweed is found along the coast of Ireland, Britain, France, and Norway. About 60 million tons L.
hyp. grow along the Norwegian coastline. The seaweed is often found in dense forests 1-2m tall in the
sublittoral zone (McHugh, 2003), shown in figure 5. Since it usually thrives in mid sublittoral zone, at
low tide it may break the water surface, as seen in figure 6. In Norway, it is mainly harvested to be
used in the alginate industry. Harvesting is executed by rotation every fifth year, allowing the beds to

recover. This harvesting method had proven to remove all the adult kelp plants while small kelp plants
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were left undisturbed. With the improved light conditions, they can grow to a height of at least 1 m
within 2-3 years. 150 000 tons of L. hyp. is harvested yearly in Norway (Steen, 2019; snl stortare, 2021;

fiskeridirektoratet, 2021).

Figure 6: Laminaria hyperborea breaking the ocean surface at low tide (algaebase.org)

To extract valuable compounds from Laminaria hyperborea more research in extraction optimization,
purification processes, and characterization and quantification of polyphenols is required. Polyphenols
are high molecular weight compounds with numerous health promoting activities that may reduce risk
of chronic diseases such as cardiovascular diseases, cancer, as well as protecting against diabetes,

obesity, and Alzheimer’s disease (Wekre & Jordheim, 2019; Mateos, 2020).

1.3 Polysaccharides/carbohydrates in Laminaria hyperborea

Though L. hyp. is mainly used in the alginate industry for its high yield of alginate, there are other
valuable polysaccharides present, namely the bioactive polysaccharides called fucoidan and laminarin.
An overview of in L. hyp. composition is shown in table 1. The structures of the polysaccharides in
seaweed vary according to the season, age of population, species, and geographic location (Graham,
2000). Laminarin and fucoidan are mostly interesting for their potential biological activities whereas

alginate is mostly used as an ingredient in food.
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Table 1: Biochemical composition of crude extract obtained from L. hyp. using hydrothermal assisted extraction (Ahmad, 2015)

Component Composition (dry weight extract [mg/g])
Laminaran 368.0 L2.1
Fucoidan 171.210.7
Alginate 189.7 1. 0.2
Mannitol 85.3 10.2
Protein 15.010.8
Dry matter 1561 0.3
Ash 34102
1.3.1 Alginate

Alginate is an anionic polysaccharide mainly found in brown algae. It is made from two copolymers,
guluronic acid and mannuronic acid, seen in figure 7. With traits such as high stability, gelling
properties, and high viscosity, alginate makes for an important industrial polysaccharide (Angra, 2021).
Alginate can be used in textiles, healthcare applications, fish food, printing and to make paint, dye,
welding rods, mold release (Mollah, 2021; ArtMolds, last accessed 04.02.2022). In Norway Laminaria
digitata, and more recently Laminaria hyperborea, is being harvested for alginate extraction. In recent
years however, the harvesting has halted in Canada and United Kingdom because of government
restrictions. Alginate also has numerous applications in the pharmaceutical industry such as stabilizing
agents, gels, and localized drug delivery. Today, alginate hydrogels are widely used for tissue drug

delivery (sciencedirect — alginate, last accessed 04.05.2022).

a-L-guluronate (G) B-p-mannuronate (M)

M G G M M

Figure 7: Components and structure of alginate (sciencedirect — alginate, last accessed 04.05.2022).
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1.3.2 Laminaran

Unlike plants where the main storage is the polymeric carbohydrate known as starch, seaweed like
Laminaria hyperborea stores laminaran (hence the name Laminaria) in the form of chains. There are
two types of laminaran chains, M or G, which differ in their reducing end, as seen in figure 8. G chains
end with a glucose residue whereas M chains end with mannitol residue (Rioux, 2007). Laminaran is

composed of (1,3)-B-b-glucan with B(1,6) branching (Nelson, 1974; Rioux, 2007).
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Figure 8: The figure shows the two types of laminaran chains with either mannitol (A) or glucose (B) attached.

The composition and structure vary according to algae species (Chizhov, 1998). The molecular weight
of laminaran is approximately 5 kDa depending on the degree of branching. Since the molecular weight
of laminaran is lower than other polysaccharides present in seaweed, it can be separated using dialysis
with different molecular weight cutoff membranes (Kadam, 2014). Highly branched laminarin is soluble
in cold water while lower levels of branching induce solubility only in warm water (Ahrazem & Leal,
2002). Laminaran is used in food, but it is more interesting for its biological activities. It has been
reported to exhibit several biologic activities such as anti-inflammatory, anti-apoptotic, anti-tumor

antioxidant and anticoagulant activities (Bohn, 1995; Balboa, 2013; Zargarzadeh, 2020).

1.3.3 Fucoidan

Fucoidans are polysaccharides containing a substantial amount of L-fucose and sulphate ester groups
(Li, 2008). Fucoidans are constituents of brown seaweed and some marine invertebrates such as sea
urchins and sea cucumbers. The polysaccharides were first isolated from brown algae by Kylin in 1913
(Kylin, 1913; Li, 2008). Because of its many bioactivities, Fucoidan has numerous applications in the

health sector. The polysaccharides have antioxidant, anticomplementary, blood lipids reducing,
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antitumor anticancer and antiviral properties, as well as pro- and anticoagulant properties and activity
against hepatopathy, uropathy and renalpathy, gastric protective effects and therapeutic potential in
surgery (Bertau, 2003; Kusaykin, 2008; Li, 2008; Chen, 2016; Kopplin, 2018). Fucoidan may have
applications in anticoagulant drugs, antithrombotic drugs or functional food and medicinal biological
materials with few side effects. Fucoidans may also serve as research reagents to investigate and
distinguish among a variety of interrelated events, such as coagulation, bleeding, thrombosis, and
platelet aggregation (Mourao, 2005; Li, 2008). The antioxidant activity of fucoidan has been found to
be influenced by change in the extraction temperature of fucoidan as well as the sulphate content
(Ardiana, 2020). Low molecular weight fucoidan has been found to be effective for its anti-
inflammatory response, while middle and high molecular weight fucoidan has been found to be more
effective for its anticoagulant activity, which is related to the altering of sulphate groups by changing

Mw to control the binding properties (Hwang, 2016; Tsai, 2017).

The chemical structure and molecular weight of fucoidan differ depending on the species from which
it is extracted, growth environment, season of harvesting and the method of extraction used (Fitton,
2015; Chollet, 2016). Fucoidans isolated from most brown algae are branched and have one of two
types of backbone, as seen in figure 9 (Cumashi, 2007). Type | chains has repeating (1->3)-linked a-L-
fucopyranose residues, whereas type Il chains consist of alternating (1->3)- and (1->4)-linked a-L-

fucopyranose residues.
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Figure 9: Two suggested general fucoidan structures, type | and type I, based on findings from 9 different seaweed sources
(Cumashi, 2007).
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Fucoidans may contain other sugars than fucose such as xylose, arabinose, rhamnose, glucose,
galactose and uronic acid or even protein and acetyl groups. Both molecular weight as well as the
varied percentage shared in sugar and non-sugar components makes the analysis of fucoidan structure

difficult (Fitton, 2016; Cunha, 2016).

Isolating fucoidan is a challenging task, one that often results in degradation of the molecular weight
of the fucoidans. However, with size exclusion chromatography with multi-angle light scattering (SEC-
MALS), a molecular weight average of 469,2 +1,9 kDa, and a molecular number average of 218,6 +0,9
kDa were determined (Kopplin, 2018). This corresponds to a degree of polymerization (DP) of 720. The
DP is then calculated based of every monomer unit containing two fucose units, both disulphated,
giving each monomer a molecular weight of roughly 625 Da. Both type | and type Il fucoidan chain

types are then accommodated for.

The fucoidans from L. hyp. are among the most highly sulphated fucoidans with a degree of sulphation
at 1,7 (53,8% of the total mass weight) (Kopplin, 2018). In other words, each fucoidan fucose unit
consist of 1,7 sulphate groups, meaning it is usually disulphated. Raman spectroscopy has determined

the sulphate groups to be located axial at 4C and equatorial 2C.

Fucoidan is similar to heparin in structure and its ability to inhibit thrombin activity. It may thus be able
to replace heparin as anticoagulant since heparin has an unfortunate high chance of causing
hemorrhage (Grauffel, 1989; Cumashi, 2007). Compared to other sulphated polysaccharides, fucoidans
are highly available from cheap sources. Thus, fucoidans have been gaining researchers attention to

develop drugs, pharmaceutics, cosmetics, and functional food.

The bioactivity of the fucoidan is mainly determined by the mass weight of the polysaccharide and the
sulphation degree (Li, 2008; Wang, 2019). It has also been demonstrated that the anticoagulant effects
of the polysaccharides depend predominantly on the degree of sulphation, to lesser extend on the
molecular weight, whereas branching and sugar composition showed no significant influence on
coagulation (Matsuraba, 2005; Nazarenko, 2010). Fucoidans have a large variety of glycosidic linkages,
branching points, and their random distribution results in a heterogeneous structure. A detailed
structural elucidation of fucoidan is a challenging task because of heterogeneity and nonrepeating
motifs (Kopplin, 2018). The primary structure cannot be determined due to lack of repeating units but,
with a coalescence of analytical techniques, a sensible approximation of a hypothetical structure can

be given, as seen in figure 10.
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Figure 10: Suggested structural fragment of 25 fucose residues applied as building blocks for a full-scale structural model

(DP = 750, Rw = 37nm) of Fucoidan from Laminaria Hyperborea (Kopplin, 2019)

Raman spectrometry and mass spectrometry analysis has revealed that sulphate groups are usually
found at the C-2 position. Though, disulphated structures also occur in some fucoidan alongside C-4

and C-3 monosulphated fucose units (Anastyuk, 2010; Synytsya, 2010; Bilan, 2013).

Industries that aim to make use of fucoidans from L. hyp. needs to find suitable quantification methods
to quantify the fucoidans. Preferably the methods can also quantify different DP fucoidans, considering
the change in properties when the structural integrity is changed. Because of variations in its structure,

molecular weight, and its sulphation degree, there are variations in fucoidans properties.

One way to quantify fucoidan is by hydrolyzing the sugar, thus breaking up the fucoidan units into
fucose units. Hydrolyzing also has the advantage of removing impurities in the process. The fucose
units can be quantified with commercialized fucose col. assays with high accuracy and high precision.
This can, however, be time consuming and expensive since hydrolyzation for many hours is required

to fully break up the fucoidans. Additionally, filtration and pH neutralization are required.

Quantifying sulphated polysaccharides can also be done using a solid-phase colorimetric method. It
has been shown that methylene blue dye binding heparin is not affected by pH among 2 and 12 (Liu,
2006). Dye binding requires a macromolecular form with both carboxyl and sulphate-rich groups. The
carboxyl groups without sulphate groups give no responses. After staining the sulphate groups with

methylene blue, the polysaccharides are immobilized into filter paper, and consequent using optic

23



density (at Asss nm) measurement of the eluted dye from filter paper. This allows for determination of
1-20 ug fucoidan in presence of potentially interfering compounds such as alginic acid, salts, proteins,
DNA and detergents. Many of the colorimetric determination methods of sulphated polysaccharides
are based on interactions with cationic dyes such as dimethyl methylene blue, methylene blue, and
toluidine blue in a solution (Farndale, 1986; Beutlev, 1993; Soedjak, 1994; Liu, 1998; Matsubara, 2005;
Lee, 2012; Ustyuzhaina, 2014). Heparin col. assays follow the same quantification principle, using dye
to quantify the sulphate groups. The change in absorbance upon binding to the sulphate groups can

be measured with UV-VIS spectrometer.

1.4 Comparison of heparin and fucoidan

Naturally occurring heparin is one of the sulphated polysaccharides that is most used as an
anticoagulant, but long-term use may cause hemorrhage (Soon-Ki, 2012). Heparin may also cause
virus-based infections due to that it is mostly obtained from animals. Marine sourced sulphated
polysaccharide fucoidan is an alternative anticoagulant without the hemorrhage downside (Soon-Ki,
2012). Along with fucoidans anticoagulant activity, other biological activities such as antivirus,
anticancer, antitumor, anti-inflammatory, and antioxidant activities have been observed. These
properties make fucoidan an attractive polysaccharide for numerous biomedical applications. (Ozaltin,

2016).

As mentioned, fucoidan and heparin are similar in structure, as seen in figure 11. With the similarities

in structure and properties a hypothesis can be proposed.

Hypothesis: The shared anticoagulant properties of Heparin and fucoidan and similarities in structure,
combined with anticoagulants dependency on a high sulphation degree and polymer length, could mean
that highly sulphated and high Mw fucoidan from L. hyp. is eligible for quantification the same way

heparin is quantified in heparin col. assays.
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Figure 11: Repeating units in the polysaccharides heparin (left) and fucoidan (fucose residues) (right).
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Contrarily to other polysaccharides, the mechanism of anticoagulant activity of fucoidan is related to
the interactions with the natural thrombin inhibitors of antithrombin (AT IIl) and heparin cofactor Il
(HCII), activated factor Il (thrombin), and activated factor X (Chromogenix, 1999). The effect of the
anticoagulant activity of fucoidan depends on its structural properties, such as sulphation degree and
pattern, monosaccharide composition and its molecular weight. Heparin has a lower anticoagulant
activity than fucoidan and using heparin may cause hemorrhage side effects. The same side effect is
not seen with fucoidan (Grauffel, 1989; Soon-Ki, 2012). On the other hand, the structure of fucoidan is

not properly defined yet, which limits its current applications.
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Chapter 2 — Experimental methods

The goal is to find efficient and suitable methods for quantification of fucoidan in fucoidan extracts
obtained from Laminaria hyperborea. The methods should aim to have a high degree of reliability,
accuracy (relationship between experimental and true value), precision (distribution of data values),
as well as being cost and time efficient. Fucoidans from L. hyp have a high sulphation degree and well
filtered fucoidans have been found to have around 1.7 sulphate groups per monomer (Kopplin, 2018).
In this thesis, all calculations are done with the assumption of each fucoidan monomer being
disulphated. Due to difficulties in extracting and isolating the fucoidan, the more isolated the fucoidans
are, the lower molecular weight and sulphation degree is expected. According to Alginor, molecular

weight of fucoidans in L. hyp. may range from 10 kDa to several MDa.

2.1  Extraction

Extracting biopolymers from the cell wall of brown seaweed is a challenging task. The yield, the
structural features and the chemical nature of the polysaccharides are highly dependent on the
conditions on which they are extracted (Li, 2008). A variety of methods have been tested in isolating
high quality fucoidan, but the precise structure is still debatable due to difficulties in the extraction
and purification process (Ragan & Jensen, 1979). The seaweeds are usually extracted for crude
fucoidan with acid as extraction solvent to avoid a release of alginic acid (Geiselman & McConnell,

1981).

The extraction treatment employed affects the composition resulting in change in the properties of
the fucoidan substances (Ale & Meyer, 2013). Extraction with alkaline conditions will generally result
in alginic acid. Extracting with hot water maintains the stability and the overall charge of the molecule,
making higher quality fucoidan which better retains its bioactivity. Acid treatment used as a major step
in the extraction of fucoidans causes degradation and affects the compositions integrity. Using acidic
solvents give a higher fucoidan yield in comparison to water, but the acid may remove the sulphate
groups and break up the polysaccharide into fucose fractions. Using acid at a concentration that
minimizes loss of structural integrity or using greener solvents such as water, may be the most efficient
way to extract high molecular weight fucoidan with sulphate groups intact. Mild extraction procedures
must be implemented to preserve the native fucoidan structure and thus bring out the distinct and

valuable biological properties.

Precipitation of alginate by divalent ions (such as Ca?* or Ba?*) is a common pre-treatment step during

fucoidan extraction (Zayed, 2020). An acidic medium (pKa below carboxylic groups) also helps in
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precipitation of alginate as alginic acid. Therefore, traces of alginate are frequently detected in crude
fucoidan extracts from brown algae. Precipitation can be performed by adding CaCl,. After
precipitation, NaOH can be added (to pH of ~13) to the solution (50-70 °C) to break down the alginate.

Polyphenols can make the solution brown, which may be a result of degradation.

Extraction of fucoidan from L. hyp. have been shown to be close to equally efficient with acidic solvent
(0,1 M HClI) at 80°C for 2 hours and for 24 hours (Ahmad, 2015). Extraction with acid gives a 5/2 ratio
of fucoidan compared to extraction with water. Varying the temperature and solvent could be

investigated further. The crude fucoidan analyzed in this thesis is extracted and filtered by Alginor.

2.2 Ultraviolet-Visible (UV-VIS) Spectroscopy

UV-VIS spectroscopy is an analytical technique that measures the number of discrete wavelengths of
UV or visible light that are absorbed by or transmitted through a sample in comparison to a reference
or blank sample. This property is influenced by the composition of the sample and can provide
information on what is in the sample and at what concentration. Many molecules contain
chromophores which will absorb specific wavelengths of ultraviolet or visible light. Using the Beer
Lamberts law, the absorption of spectra generated from these samples at given wavelengths can be
related directly to the concentration of the sample. Normally UV and UV-VIS spectra are recorded at
high and low pH and the results of both for the samples under question compared with known
standards (Tomasik, 1998; De Caro, 2015; Justin, 2021; ScienceDirect — UV-VIS, last accessed
03.03.2022).

UV-VIS is the preferred method to analyse the samples as the analytes are highly conjugated and are
thus suitable for UV-VIS. In quantitative analysis, UV-VIS offers high sensitivity with a detection limit of
10* to 10°® M, high accuracy (1-5%) and is relatively simple to use. The technique allows sample
recovery and good discrimination between pure compounds without the need for derivatisation.

Furthermore, the device is cheap and accessible (ScienceDirect — UV-VIS, last accessed 03.03.2022).

Kinetic UV-VIS method was performed to check for drift caused by the instrument or the samples. This
is done by measuring the absorbance of a wavelength specific for the analyte as a function of time.
When using the col. assays, if the reaction leading to a change in absorbance had not properly finished,
a change in absorbance over time would be visible. This is especially useful for the heparin col. assay
since the reaction is stopped after 120 seconds of reaction with the dye. A change in absorbance would

mean the reaction was not properly stopped.

A check for drift is performed whenever UV-VIS is used. This is especially useful when using the heparin

col. assay to see if the reaction has not been properly stopped with acetic acid. The UV-VIS used in this
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thesis was the Shidazu UV-1800 UB/Visible Scanning Spectrophotometer; 115 VAC. It provides 1 nm
resolution in a compact double-beam instrument. Features such as full functionality from 190 to 1100
nm, built-in validation software and was run through a computer. Check table 2 for detailed

specifications.

Table 2: Specifications of the Shidazu UV-1800 UV-Visible Scanning Spectrophotometer; 115 VAC, which was used in

analysis.
Stray light <0.02%T at 340 nm, 400 nm; <1.0 %T at 198 nm
Source lamp Deuterium; tungsten-halogen
Beam type Double
Bandwidth 1.0 nm
Minimum wavelength 190 nm
Maximum wavelength 1100 nm
Wavelength accuracy + 0.1 nm
Wavelength reproducibility 0.1 nm
Photometric drift <0.0003 A/hr
Detector Silicon photodiode

2.3 Colorimetric assays

There are several colorimetric (col.) assays used to measure analytes in different ways. These assays
range from simple pH measurements to more complex pharmaceutical or pesticide compounds which
can be valuable in applications such as health monitoring and water testing (Abels, 2021). Col. assays
usually utilize laboratory spectrophotometry. This allows for development of calibration curves and
consistent absorbance measurements. The concentration of the analyte can be determined
guantitatively by comparing the absorbance at wavelengths that are specific to the chromophore of

interest to the calibration curve.

With the fast development of clinical laboratory techniques, assays with increased accuracy and
sensitivity have been developed. Enzymatic assays are one of the assays that can avoid the
disadvantages of low sensitivity and many of the interfering factors that may occur with the
colorimetric method (sciencedirect — colorimetry, last accessed 12.05.2022). The crude extract from L.

hyperborea will include a decent amount of laminarin, mannitol and other carbohydrates as well as
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polyphenols which may create interference in detecting fucose. Thus, the method used to quantify

fucoidan from a crude extract needs to be specific.

2.3.1 L-fucose colorimetric assay quantification

In this colorimetric method, harsh acidic conditions are used to depolymerize and desulphate fucoidan
into monomeric fucose. The fucose monomers can be quantified with a commercially available L-
fucose col. assay from Megazyme which specifically quantifies fucose in the presence of other sugars
and impurities. The L-fucose col. assay is a simple, rapid, and reliable method for the measurement
and analysis of L-Fucose in plant extracts, biological samples, and other materials (Megazyme.com
assay protocol, last accessed 28.01.2022). The col. assay can be used in measurement of a-L-
fucosidases that do not act on chromogenic substrates (Wu, 2021). The quality control criteria for
accuracy and repeatability are to be within 2% of the expected value using pure analytes
(Megazyme.com, 28.01.2022). However, the level of accuracy is obviously analyst and sample
dependent. The detection limit of the L-Fucose col. assay is 0.68 mg/L which is derived from an
absorbance difference of 0.020 with the maximum sample volume of 2.00 ml. The assay is linear over
the range of 0.5 to 100 pg of L-fucose per assay. The col. assay is stable under recommended storage

conditions for more than 2 years.

Extracted and filtered fucoidan are hydrolyzed with heat into fucose units, as seen in figure 12.
Fucoidan is depolymerized and desulphated in these harsh acidic conditions. The L-fucose units can

then be quantified by using the L-fucose col. assay and UV-VIS spectrophotometer.
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Figure 12: Hydrolyzation of fucoidan causes depolymerization and desulphation of the polysaccharide into L-fucose units.

L-fucose is oxidized by the enzyme L-fucose dehydrogenase (L-FDH) in the presence of nicotinamide
adenine dinucleotide phosphate (NADP*) to L-fucono-1,5-lactone with the formation of reduced

nicotinamide adenine dinucleotide phosphate (NADPH), as shown in figure 13.
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Figure 13: Reaction principle of the L-fucose col. assay.

The amount of NADPH in this reaction is stoichiometrically equal to the amount of L-fucose in the
solution. The reduced NADPH gives an increase in the absorbance at 340 nm wavelength, as shown in

figure 14.
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Figure 14: NADP+ and NADPH wavelength difference at 340 nm (Ruyck, 2007)

To quantify fucoidan a standard curve will be obtained with the fucose standard included in the
Megazyme col. assay. With the standard curve in place, a known amount of high purity Fucoidan
(295%) from Fucus vesiculosus delivered from Sigma Aldrich will be hydrolyzed to fucose, pH

neutralized and checked against the standard curve.

Publications determining fucoidan by hydrolyzing fucoidan into L-fucose units have been found to
hydrolyze the fucoidan samples between 1 and 24 hours, at 70 or 80°C (Ahmad, 2015; Turan, 2017).
Periodically analyzed samples of hydrolyzed and desulphated L. hyp. fucoidan (delivered by Nova
Matrix) with 1M HCI at 80°C indicates that hydrolyzation should be done at least for 5 hours for
complete hydrolysis, as seen in figure 15 (Ahmad, 2015). This is the main reason hydrolyzation times

will be done for 6 hours at 80°C, and for 24 and 48 hours at 60°C. Practical reasons, such as temperature
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control and water bath evaporation, were also taken into consideration when optimizing the

hydrolyzation.
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Figure 15: Absorbance of hydrolyzed and desulphated fucoidan measured periodically using L-fucose col. assay (Ahmad,
2015).

Procedure: L-fucose (0.5mg/ml) provided from the Megazyme col. assay was used as standard. Samples
of the standard were diluted with water into five different concentrations ranging from 0.02 to 0.1
mg/ml. In each cuvette series the following was added; sample solution at different concentrations
(0.1 ml), buffer (plus sodium azide, pH 9.5 0.02% w/v) (0.4 ml), NADP+(0.1 ml) and distilled water (2
ml). The solution in the cuvettes were mixed with a glass staff. After three minutes of incubation,
absorbance (blank) was measured at 340 nm three times at 1 minute interval between each reading.
With the blank measured UV-VIS measurements were paused and L-fucose dehydrogenase (0.05 ml)
was added to the cuvettes and mixed with a glass staff. After 10 minutes the reaction was assumed to
be finished and UV-VIS measurements were resumed. 9 readings of the product were performed with
1 minute interval between each reading, in total 12 readings were performed at 340 nm. The standard

curve was quality checked with three parallels and drift check.

When following the procedure of the L-fucose col. assay, equation 1.1 is used to calculate the

concentration of L-fucose.
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Where c is concentration [g/L], V is final volume [mL], Mw is molecular weight of L-fucose, € is the
extinction coefficient of NADPH at 340 nm (6300 Imolicm?), d is light path [cm], v is sample volume
[mL], and AALfucose is measured absorbance at 340 nm subtracted by the blank absorbance at same

wavelength before adding L-FDH.

After standardizing the L-fucose col. assay the fucoidan standard can be tested to see if the fucoidan
yield is close to what is specified. The amount of L-fucose can easily be calculated back to fucoidan by
using the Mw ratio of L-fucose units per disulphated fucoidan monomer, as shown in table 3 below.

This factor was calculated based on the loss of two NaSOs groups per monomer.

Table 3: Theoretical Mw values of fucoidan, L-fucose, one and two NaSO3-groups and the L-fucose/fucoidan relation

Mw (Monosulphat or disulphate groups) [g/mol] 103.053 206.106
Mw (Fucose) [g/mol] 164.16 164.16
Mw (Mono- or disulphated fucoidan) [g/mol] 267.213 370.266
Mw percentage of sulfur in the sugar [%] 55.664
Factor Mw calculating back from Fucose to Fucoidan 0.4434

Procedure: Samples of fucoidan (295% pure) delivered from Sigma Aldrich is weighed with an
assumption of 95% purity. The fucoidan was hydrolyzed in a water bath for either 6, 24 or 48 hours in
HCI (1M, 20-30 ml). For the 6-hour hydrolyzation (6-hh) water bath temperature will be at 80°C based
of figure 15 above. For the 24- and 48-hour hydrolyzation (24-hh and 48-hh respectively) water bath
temperature will be at 60°C to see if lower temperature with longer hydrolyzation time gives a higher
or more accurate yield. The pH of the hydrolyzed acidic L-fucose solutions is measured with litmus
paper and neutralized with NaOH (1M) to a pH from 1 to around 7. The now neutral 6h, 24h and 48h
solutions are each filtered and diluted with distilled water to 100 ml in a volumetric flask. From each

of the hydrolyzed solutions, 3 parallels of the solutions were taken for UV-VIS measurements. Apart
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from diluting the concentrations, the UV-VIS measurements were done the same way as the L-fucose

standard.

If the col. assay proves to be accurate for the fucoidan standard, tests to check the fucoidan content
of cruder samples of Laminara hyperborea delivered from Alginor can be performed the same way as

the fucoidan standard.

2.3.2 Heparin colorimetric assay

Heparin has a relatively similar structure compared to fucoidan, as seen in figure 16. Heparin and
fucoidan are also similar with respect to their polysaccharide nature and high negative charge density
due to sulphation (Pozharitskaya, 2018). Given the similarities in the structures of heparin and
fucoidan, the heparin col. assay may be able to quantify fucoidan similarly to how it quantifies heparin.
The heparin col. assay could then potentially be a cheaper, faster, and a more accurate and precise
way to quantify fucoidan in a sample. The heparin col. assay method is a simple and direct approach
which is sensitive below 1 IU per ml, 9 times more sensitive than metachromatic dyes (Warttinger,
2017). In traditional dye binding assays, the affinity measurements of protein interactions are typically
performed at room temperature or lower, with little or no consideration of the potential impact of the
temperature on these interactions. Higher temperatures favor conformational change and gives more

stable ATIll-heparin complexes (Zhao, 2018).
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Figure 16: General structure of Heparin (left) and Fucoidan (right).
The basis for heparin’s anticoagulant activity in plasma is that it binds to antithrombin. Antithrombin
is the main inhibitor of the coagulation cascade in plasma. When binding, a confirmational change in
the antithrombin molecule is induced. This accelerates the antithrombin inhibition of several serine

proteases such as factors 1Xa, Xlla, Xla, Xa and thrombin (diapharma, last accessed 29.04.2022).
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For quantitative determination of unfractionated heparin or low molecular weight heparin in human
citrated plasma, a heparin col. assay can be used. Heparin is a frequently used antithrombotic
therapeutic. The biological activity of heparin lies in its capability to accelerate the inhibitory effect of
antithrombin (AT) on the coagulation proteases. The amount of low molecular weight heparin or
unfractionated heparin is determined from the anti-FXa activity expressed by the [ATeHeparin]

complex formed in plasma.

I.  Heparin + AT — [AT e Heparin]
Il.  [AT e« Heparin] + FXa (excess) — [FXa » AT  Heparin] + FXa (residual)
Nl.  FXa (residual) + S2732 — Peptide + pNA

S-2732: Chromogentic substrate, Suc-lle-Glu(y-pip)-Gly-Arg-pNA e HCl lyophilized with
detergent and mannitol as bulking agent.
Factor Xa: Lyophilized bovine FXa containing Tris buffer, EDTA, NaCl, dextran sulphate and

bovine serum albumin.

Factor Xa (FXa) is added to a mixture of undiluted plasma and the chromogenic substrate S-7232. When

heparin and AT are complexed, two competing reactions occur simultaneously:

1. Inhibition of FXa by the [ATeHeparin] complex.

2. Reaction of FXa with S-2732 resulting in cleavage of pNA.

The pNA release measured at 405 nm is inversely proportional to the heparin level in the sample. By
subtracting the wavelength at 490 nm, any impurities pre-reaction should be neglected, as seen in the
UV-VIS spectra of pNA in figure 17. This is the reason 490 nm was chosen for the blank measurements.
Whether or not the heparin col. assay can be used to quantify the amount of fucoidan in a given sample

in water without human citrated plasma, is yet to be tested.
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Figure 17: UV-VIS spectra of pNA (Baraniraj, 2011).

To reduce the influence from heparin antagonists, such as platelet factor 4, dextran sulphate is

included in the reaction mixture.

As mentioned in the introduction, fucoidan is relatively similar to heparin in structure and shares many
of its properties such as anticoagulant and antithrombin activities. With the similarities in structure
and properties, it is possible that the already developed heparin col. assay is also able to quantify

fucoidan with the same principles.
Principle of the method used in this quantification experiment:

I.  Fucoidan + AT — [AT e Fucoidan]
Il.  [AT e Fucoidan] + FXa (excess) — [FXa » AT « Fucoidan| + FXa (residual)
Nl.  FXa (residual) + S2732 — Peptide + pNA

The spearman correlation coefficient (rs) between anti-Xa activity and heparin concentration has been
determined by spiking plasma samples to be 1.0. Variation of the coefficient was at most 5% within
run as well as day-to-day variability (Birki, 2018). Though the heparin col. assay seems to be reliable,
these tests were done in plasma, and the accuracy and reliability may differ when using the assay

without plasma.
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To quantify fucoidan with the heparin col. assay, a standard curve will be obtained by using a high
purity (295%) fucoidan standard from Fucus vesiculosus delivered from Sigma Aldrich. The procedure
delivered from the Heparin col. assay was adapted from microplate UV-VIS to manual assay cuvette
UV-VIS by simply quadrupling the volumes of the procedure. Beyond this, the recommended

procedure provided by the producer was followed.

The mass weight of the Sigma Aldrich fucoidan standard is unknown (Sigma Aldrich: product number
F8190). A cruder fucoidan from the same seaweed, Fucus vesiculosus, delivered by the same
manufacturer has mass weight ranging from 20 kDa to 200 kDa, with an average of 134 kDa (Burbach,
2016). The anticoagulant properties of heparin and fucoidan depend on the molecular weight and DS
of the polysaccharide (Reis, 2008; Kopplin, 2018). This could have an impact on the heparin col. assay
standard curve, and thus also on the amount of fucoidan that is quantified in the fine and crude

fucoidan solution.

In the following procedures three different fucoidan standard solutions are used to make standard

curves. The concentration and use of each fucoidan solution is listed in table 4.

Table 4: Overview of the Sigma Aldrich fucoidan solutions used in standardization of heparin colorimetric assay.

Solutions of Concentration Use

Sigma Aldrich [mg/ml]

Fucoidan (295%)

from F. ves.

1 1.028 Standardizing heparin col. assay, quantification of both
crude fucoidan samples from Alginor.

2 2.02 Optimize standard curves and reproduce achieved results.

3 2.20 Establish a standard curve in room temperature and find
out if temperature is a variable.

Procedure of fucoidan solution 1: A sample of Fucoidan (295% pure) from Sigma Aldrich was weighed
(25.7 mg) and diluted in water (25 ml) to achieve a working concentration of 1.028 mg/ml. The working
sample (1.03 mg/mL) along with dilutions of the working sample (0.8, 0.6, 0.4, and 0.2 mg/ml) were
used to make the standard curve. The volumes in the procedure of the col. assay were quadrupled to
give a volume suitable for the UV-VIS cuvettes as well as to prevent bubbles. The recommended
procedure in the heparin col. assay manual was followed. A volume of the samples (0.60 ml) was
transferred to separate test tubes, mixed with distilled water (1.2 ml), and incubated for 6 minutes at
37°C. Pre-heated S-2732 (0.2 ml, 37°C) was mixed into each test tube, followed by pre-heated Factor
Xa (0.2 ml, 37°C) and shaken thoroughly for 2 minutes. Change in colour from colourless to slight blue
was observed. The reaction was stopped with 20% acetic acid (0.2 ml) and UV measurements were

taken. Absorbance at 490 nm were measured and subtracted to the absorbance measured at 405 nm.
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12 readings were performed at 30 second intervals and a standard curve with three parallels was
obtained as well as a check for drift. The same procedure was followed for the crude (OEWA-00038)

and fine fucoidan (OEWA-00289) samples with different working concentrations.

Procedure of fucoidan solution 2: A sample of Fucoidan (295% pure) from Sigma Aldrich was weighed
(20.2 mg) and diluted in water (10 ml) to achieve a working concentration of 2.02 mg/ml. The working
sample along with dilutions of the working sample (1.8, 1.4, 1.0 and 0.6 mg/ml) were used to make the
improved standard curve. The volumes in the procedure of the col. assay were quintupled to give a
volume suitable for the UV-VIS cuvettes as well as to easily prevent bubbles. The recommended
procedure in the heparin col. assay manual was followed. A volume of the samples (0.75 ml) was
transferred to separate test tubes, mixed with distilled water (1.5 ml), and incubated for 6 minutes at
37°C. Pre-heated S-2732 (0.25 ml, 37°C) was mixed into each test tube, followed by pre-heated Factor
Xa (0.25 ml, 37°C) and shaken thoroughly. Change in colour from colourless to slight blue was
observed. The reaction was stopped with 20% acetic acid (0.25 ml) and UV measurements were taken.
Absorbance at 490 nm were measured and subtracted to the absorbance measured at 405 nm. 12
readings were performed at 30 second intervals and a standard curve with three parallels was obtained

as well as check for drift.

Procedure of fucoidan solution 3: A sample of Fucoidan (=295% pure) from Sigma Aldrich was weighed
(22.0 mg) and diluted in water (10 ml) to achieve a working concentration of 2.20 mg/ml. The working
sample along with dilutions of the working sample (1.8, 1.4, 1.0 and 0.6 mg/ml) were used to make the
room temperature standard curve. The volumes in the procedure of the col. assay were quintupled to
give a volume suitable for the UV-VIS cuvettes as well as to easily prevent bubbles. The recommended
procedure in the col. assay manual was followed. A volume of the samples (0.75 ml) was transferred
to separate test tubes, mixed with distilled water (1.5 ml). S-2732 (0.25 ml, 20°C) was mixed into each
test tube, followed by pre-heated Factor Xa (0.25 ml, 37°C) and shaken thoroughly. Change in color
from colorless to slight blue was observed. The reaction was stopped with 20% acetic acid (0.25 ml)
and UV measurements were taken. Absorbance at 490 nm were measured and subtracted to the
absorbance measured at 405 nm. 12 readings were performed at 30 second intervals and a standard

curve with three parallels was obtained as well as a check for drift.

2.4 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy is one of the most essential and useful tools to analyze and elucidate the structure
of polysaccharides (Yao, 2021). The “Web of Science” database shows a clear uptrend of articles

related to the use of NMR spectroscopy. During the past decades the strength of the superconducting
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magnets that provide 'H resonance frequencies have increased drastically from below 100 MHz in the
1960’s to up to 1.2 GHz in 2020 (Castaing, 2021). Today, 300 and 600 MHz NMR spectrometers are
routinely used in many research laboratories and industries. Stronger magnets and high-end
electronics and computers have made the technique more accurate and sensitive by lowering the

signal to noise ratio (S/N) and increasing the resolution of the spectrums.

2.4.1 Quantitative Nuclear Magnetic (QNMR) Spectroscopy

NMR spectroscopy directly observes the nuclear spins of the atoms in a molecule. Thus, in principle
the technique has quantitative capabilities and can be used in quantification analysis (JEOL — qNMR,
last accessed 27.03.2022). Quantitative NMR (QNMR) is used for determination of concentration and

purity of molecules.
There are basically three types of gNMR applications.

1. The concentration of products and impurities down to ppm level

2. Purity determination of standards for other techniques like HPLC. This requires high accuracy
and precision.

3. Composition of complex mixtures. Many compound classes at the same time (e.g.

metabolomics).

The first method, determination of concentration, is the gNMR application used in this thesis. The
concentration of the analyte can be determined with a known concentration of a standard in the

sample, illustrated in figure 18.
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Figure 18: gNMR method overview (Quantitative NMR, retrieved 28.03.2022)

NMR signal intensities are expressed as equation (1.2). Where Ix and Is represent the area of the
integrated NMR peaks of the standard and the analyte, Ha and Hg represent the number of protons
the standard and analyte integral represent, and Ca and Cg represent the concentration of the standard

and the analyte.

1 HyC
(1.2) A _TAxA
Ip HgpCp

If the sample varies over time (e.g., biological variation), or is subject to sample inhomogeneity, this
will have an impact on the gqNMR results. Some standards may also change over time. Inaccurate
weighing and pipetting are some of the common errors with an inexperienced operator. Especially
since you need the weight of both the analyte and the internal standard. As long as the sample is
homogenous, only a duplicate analysis (two samples with one measurement for each sample) is

necessary to exclude incidental sample preparation errors (Schoenberger, 2019).

The NMR and gNMR experiments were performed at a Bruker AVANCE NEO 600 MHz instrument which
was installed in 2017 at the Norwegian NMR platform (NNP) building. The instrument is equipped with
a cryogenic prove with four RF-channels (1H, 13C, 15N, and 31P). It features new generation of
electronics (NEO), which gives improved dynamic range, quicker control, and scalability. The automatic
sample changer (Samplelet) automatically switches the samples. NNP also provides 850 MHz analysis.

The added quality of resolution from 850 MHz is not necessary for the experiment.

The salts potassium phthalate monobasic (KHP) and calcium formate, figure 19, are standards that are
suited for qgNMR experiments with fucoidan. KHP has two meta and two para protons that should in

total give rise to two signals with the same area and at slightly different chemical shifts. Calcium
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formate should give one signal from its two protons. KHP operates at 8.2 ppm — 7.5ppm and has a pH
of 4. The pH could be a problem since fucoidans composition is vulnerable to pH change. Calcium
formate does not have this issue and could therefore be used instead. Calcium formate operates at 8.5

— 7.5 ppm and is a slightly cheaper standard than KHP.

OK O

OH M
O 2 Y
Figure 19: Potassium phthalate monobasic (left), Calcium formate (middle), and fucoidan fracture (right).

When quantifying fucoidan, the C6 alpha proton and the three protons in the methyl group are the
protons used for quantification against the protons in the standard. The C6 beta proton is in the
aromatic “forest” and is thus impossible to integrate. The area found from integration of the peaks,
the measured known concentrations of the standard and analyte, as well as the proton relation is used

in equation (1.2) to calculate the concentration of the analyte.

The parameters of the T1 and 1H gNMR experiments are shown in table 5 and table 6.

Table 5: Parameters of proton T1 NMR test experiment. Table 6: Parameters of 1H gNMR experiments.
NS 8 NS 128
P1 8 P1 8
D1 10 D1 30
TE 298 TE 298
1TD 10 1TD 65536
27D 16384 27D 65536
1Sw 2 1SW 19,8368
2SW 19,8368 2SW 19,8368
01P 6.175 o1p 6,175
02pP 6.175 o2p 6,175
Sl 8192 Sl 65536
AUNM au_zg AUNM au_zgpc
ANMP proc_2dtl ANMP proc_1d
FNTYPE 0 FNTYPE 0
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Procedure: One parallel with L-fucose with KHP was first analyzed, followed by one parallel with
calcium formate. The standard that gave the least deviation in yield had two more parallels taken and

was chosen to be used for fucoidan gNMR experiments.

One parallel of fucose (11.1 mg) and KHP (2.6 mg), and a total of three parallels of fucose (11.4 mg, 2.9
mg, and 5.5 mg) and calcium formate (0.5 mg, 0.9 mg, and 1.6 mg) was respectively weighed and
diluted with deuterium oxide (0.75 ml) into separate 20 ml sample glasses and stirred thoroughly. The
parallels were pipetted into 5 mm tubes and capped with coded closed caps provided by Bruker.
Samples were placed in the NMR apparatus, proton NMR was performed with iconNMR and a

spectrum was obtained.

One parallel of fucoidan (5.1 mg) and calcium formate (0.8 mg) was weighed and diluted with
deuterium oxide (0.75 ml) into a 20 ml sample glass and stirred thoroughly. The solution was pipetted
into 5 mm tubes and capped with coded closed caps provided by Bruker. The same parameters for

fucoidan as for L-fucose.

The same procedure was followed for fine fucoidan (4.5 mg) with Ca(HCOO), (2.8 mg), and crude
fucoidan (1.4 mg) with Ca(HCOO); (1.5 mg). Spectrums are shown in appendix 1. Number of scans (NS)

was set to 128 seconds for the gNMR experiments since it requires only a few minutes longer.
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Chapter 3 — Results and discussion

3.1.1 Initial test analysis — quantitative assays

In the initial testing of practical issues related to the colorimetric method set-up, samples volume,
reaction time and instrument drift were some of the factors of main concern. After attempts to
standardize L-fucose with an available microplate UV-VIS instrument and a cuvette UV-VIS instrument,
it was concluded that cuvettes were the most user friendly. This was mainly due to the viscous nature
of the solutions, making it easier to pipette into the larger volume cuvettes without quantitative error.
Cuvette UV-VIS was further used for both L-fucose and heparin col. assay. The assays are based on
time dependent reactions leaving a colored product to be detected, this warrants training in operating
fast and efficient to get reliable and linear results. The laboratory work constituted of much trial and
errorin learning how to use the col. assays and pipettes properly, especially with the heparin col. assay.
For the col. assay UV-VIS measurements, checks for drift were performed in all series by measuring the
absorbance 12 times in 30 or 60 second intervals. The drift checks were important to determine if the

reaction had finished properly. The initial measured absorbance was always used in the calculations.

With the L-fucose col. assay, temperature control and evaporation of the water bath and fucoidan
solution were optimization problems that took time to overcome due to the long hydrolyzation times.
Through trial and error, an appropriate volume of 1M HCl was determined that would not evaporate
overnight. To limit evaporation of the water bath, an improvised lid of aluminum foil was made around

the bottle neck of the volumetric flasks as to not react with the HCl vapor.

3.2  L-fucose colorimetric assay standardization

The L-fucose col. assay was standardized with the L-fucose standard included in the assay. The
measured values and resulting calibration curves are given in concentration (mg/ml) and is shown
together with drift checks in section 3.2.1. The fucoidan yield of the fucoidan standard (>295%) and the
fine (OEWA-00289) and crude fucoidan (OEWA-00038) were determined and is shown in section 3.2.2,

3.2.3 and 3.2.4 respectively.

3.2.1 L-fucose standard curve
The two parallels of the standard curves are shown in table 7 and 8. The concentration of the dilutions,
their respective volume, absorbance, theoretical mass, and calculated concentration is listed in the

five series.
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Table 7: Values used to make the L-fucose standard curve (P1).

Fucose standardization of L-Fucose col. assay P1
Serie 1 Serie2 Serie3 Seried4 Serie5

Absorbance 0.1442 0.1198 0.0907 0.0618 0.0301
Concentration (Fucose) [mg/ml] 0.1 0.08 0.06 0.04 0.02
Volume total (ml) 0.1 0.1 0.1 0.1 0.1
Mass Fucoidan [mg] 0.01 0.008 0.006 0.004 0.002
Megazyme calculation method

for concentration [mg/ml] 0.100 0.083 0.063 0.043 0.021

Table 8: Values used to make the L-fucose standard curve (P2).

Fucose standardization of L-Fucose col. assay P2
Seriel Serie2 Serie3 Seried4 Serie5

Absorbance 0.1513 0.1191 0.0911 0.0583 0.0306
Concentration (Fucose) [mg/ml] 0.1 0.08 0.06 0.04 0.02
Volume total (ml) 0.1 0.1 0.1 0.1 0.1
Mass Fucoidan [mg] 0.01 0.008 0.006 0.004 0.002
Megazyme calculation method

for concentration [mg/ml] 0.104 0.082 0.063 0.040 0.021

The standard curve obtained from P1 (blue) and P2 (orange) along with their respective equation is
shown in figure 20.

Standard curve L-Fucose col. assay
0,16
y =1,431x + 0,0035
0,14 R?=0,998 @

0,12 R
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Figure 20: Standard curve L-fucose with two parallels, formula of P2 was used.

The drift check for parallel 1 is shown in figure 21 while parallel 2 is shown in figure 22 in appendix 1.
Drift checks that gave little or no drift for L-fucose experiments can be seen in the appendix 1.
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Figure 21: Drift check of L-fucose standard curve P1.

In table 7 and 8 the yield of the L-fucose is highlighted in yellow. The concentration of fucoidan is
highlighted in green and were calculated using the col. assays method of calculation that is shown in
equation (1.1). The same highlighting colors will be used in other tables when quantifying the fucoidan
standard and the cruder fucoidan solutions. The L-fucose standard provided by the L-fucose col. assay
was used to make an exemplary standard curve, as shown in figure 20. Using either the standard curve
or the assays own calculation method gave strikingly equal yield of L-fucose. The made standard curve
should thus give results intended by the L-fucose col. assay manufacturer. For every L-fucose col. assay
experiment, the amount of L-fucose detected was calculated back to fucoidan by the fucoidan/L-fucose
ratio (0.4434) shown in table 7 and 8. The standard curves parallels P1 and P2 are almost identical. Due
to a slightly higher number in coefficient of determination (R?), the formula of P2 was chosen as

standard curve. There was no drift detected in either P1 or P2, as shown in figure 21 and 22.

3.2.2 Quantifying the fucoidan standard using L-fucose col. assay

For quantification of the (295%) fucoidan standard from Sigma Aldrich with the L-fucose kit, an
assumption was made that the fucoidan was 95% pure. The fucoidan standard was weighed in at a
mass (9 mg) that would give a concentration suitable for the standard curve without the need of
extrapolation. The fucoidan standard was hydrolyzed in water bath with 1M HCl at 80°C for 6 hours or
60°C for 24 or 48 hours. The acidic solutions were filtered and neutralized with 1M NaOH to a pH
around 7 into a volumetric flask. The volumetric flask was filled to the meniscus and quantification

with the L-fucose col. assay could commence. The same procedure is done for the fine (OEWA-00289)
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and crude (OEWA-00038) fucoidan samples. Parameters used to quantify the fucoidan standard

(295%) are shown in table 9. The drift checks from all parallels are shown in appendix 1.

Table 9: L-fucose quantification of Sigma Aldrich Fucoidan (295%) with assumed purity of 95%

Sigma Aldrich Fucoidan solution, assuming purity = 95%

6-hour hydrolyzation 24-hour hydrolyzation 48-hour hydrolyzation

P1 P2 P3 P1 P2 P3 P1 P2 P3
T(water bath) [C] 80 80 80 65 65 65 65 65 65
m(Sigma Aldrich
Fucoidan)[mg] 9 9 9 9 9 9 9 9 9
V(Total) [ml] 100 100 100 100 100 100 100 100 100
C(Sigma Aldrich
Fucoidan) [mg/ml] 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09
Absorbance 0.053 0.058 0.063 | 0.055 0.052 0.052 | 0.058 0.058 0.058
C(Fucose) Using std.
Curve 0.035 0.039 0.042 | 0.037 0.035 0.035| 0.039 0.039 0.039
m(Fucose) calculating
back w/ std. Curve [mg] 3.534 3.925 4236 | 3.700 3.501 3.494| 3918 3.905 3.911
Factor: Fucose/Fucoidan  0.443  0.443 0.443 | 0.443 0.443 0.443 | 0.443 0.443 0.443
m(Fucoidan) [mg] 7.970 8.851 9.553 | 8344 7.896 7.881| 8.836 8.806 8.821
Fucoidan in Crude [%] 88.56 98.34 106.14 | 92.71 87.73 87.57 | 98.18 97.85 98.01
Average [%] 97.7 £8.81 89.3+2.92 98.0 £+0.17

As seen from table 9, the L-fucose col. assay provided seemingly accurate and reliable results for the
Sigma Aldrich fucoidan standard (=295%) from Fucus vesiculosus. The yield of the 48-hour hydrolyzation
(48-hh) proved to be the most stable and had little variation between the parallels, as seen in table 9.
It has thus been confirmed that 65°C is a high enough temperature to hydrolyze fucoidan if enough
time is spent hydrolyzing. Hydrolyzing the fucoidan standard for 6 hours at 80°C gave a high yield, as
was expected from figure 15. However, the shorter the time spent hydrolyzing the standard, the higher
the standard deviation appears to be. The variation in the yield of the parallels of the 6-hour
hydrolyzation (6-hh) was higher than the 24-hh, and much higher than the 48-hh, though the average
yield of the 6-hh was similar to the 48-hh. If the standard is 95% pure as assumed, an average yield of
100% should be achieved. The average yield for the 48-hh is 98% and appears thus to be 2% off from
expected value. However, since the limit of detection (LOD) for the L-fucose assay is 2%, the 48-hh is
within expected yield. In other words, with 95% purity assumed and a LOD at 2%, 100% of the fucoidan
standard was hydrolyzed and desulphated into L-fucose units with the 48-hh. As can be seen from

figure 23, 24 and 25 in appendix 1, hardly any drift was detected.
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3.2.3 Quantification of fine fucoidan (OEWA-00289)

Parameters used to quantify the fine fucoidan from Alginor are shown in table 10. The drift check of

all parallels can be observed in appendix 1.

Table 10: L-fucose quantification of highly filtered fucoidan from L. hyp. (Alginor)

Fine fucoidan OEWA-00289

6-hour hydrolyzation 24-hour hydrolyzation 48-hour hydrolyzation

P1 P2 P3 P1 P2 P3 P1 P2 P3
T(water bath) [C] 80 80 80 65 65 65 65 65 65
m(Crude)[mg] 198 198 198 197 197 197 198 198 198
V(Total) [ml] 100 100 100 100 100 100 100 100 100
C(Crude) [mg/ml] 1.98 1.98 1.98 1.97 1.97 1.97 1.98 1.98 1.98
Absorbance 0.678 0.697 0.713| 0.695 0.685 0.689 | 0.752 0.752 0.768
C(Fucose) Using std.
Curve 0.449 0.462 0.472 | 0461 0.454 0.456| 0.499 0.498 0.509
m(Fucose) calculating
back w/ std. Curve
[mg] 4492 46.17 47.23 | 46.06 4540 4564 | 49.85 49.79 50.85
Factor:
Fucose/Fucoidan 0.443 0.443 0.443 0.443 0.443 0.443 0.443 0.443 0.443
m(Fucoidan) [mg] 101.32 104.12 106.51 | 103.87 102.39 102.93 | 112.44 112.30 114.69
Fucoidan in Crude [%] 51.17 52.59 53.79 | 52.73 5198 52.25| 56.79 56.72 57.92
Average [%] 52.5+1.31 52.3+0.38 57.1+0.68

The fucoidan yield of the fine fucoidan solution from L. hyp. was similar for 6-hh and 24-hh, as seen in

table 10. The highest yield was again given by the 48-hh, with roughly 5% more fucoidan detected than

for both the 6-hh and the 24-hh. Variance between the parallels were relatively low for all

hydrolyzation times with the largest variance for the 6-hh. Drift checks in the parallels showed little to

no drift, as can be seen in figure 26, 27 and 28 in appendix 1.

3.2.4 Quantification of crude fucoidan (OEWA-00038)

Parameters used to quantify the crude fucoidan from Alginor is shown in table 11. The drift checks

from all parallels are shown in appendix 1.

Table 11: L-fucose quantification of less filtered fucoidan from L. hyp. (Alginor).

Crude Fucoidan OEWA-00038

6-hour hydrolyzation 24-hour hydrolyzation | 48-hour hydrolyzation

P1 P2 P3 P1 P2 P3 P1 P2 P3

T(water bath) [C] 80 80 80 65 65 65 65 65 65
m(Crude)[mg] 217 217 217 204 204 204 217 217 217
V(Total) [ml] 100 100 100 100 100 100 100 100 100
C(Crude) [mg/ml] 2.17 217 217 | 2.04 2.04 2.04 217 217 217
Absorbance 0.399 0.392 0.397| 0.303 0.317 0.319| 0.411 0.414 0.422
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C(Fucose) Using std. Curve 0.265 0.260 0.263 | 0.201 0.210 0.211 | 0.273 0.274 0.280
m(Fucose) calculating back

w/ std. Curve [mg] 26.48 26.00 26.32 | 20.13 21.01 21.14 | 27.27 27.43 27.99
Factor: Fucose/Fucoidan 0.443 0.443 0.443| 0.443 0.443 0.443 | 0.443 0.443 0.443
m(Fucoidan) [mg] 59.72 58.64 59.36 | 45.40 4739 4769 | 61.51 61.87 63.12
Fucoidan in Crude [%] 27.52 27.02 27.35| 2226 23.23 2338 | 28.35 2851 29.09
Average [%] 27.30 £0.25 22.95 +0.61 28.65 +0.39

The fucoidan yield from the crude fucoidan had a somewhat similar trend to the fucoidan standard,
with a low yield detected for the 24-hh and high yield for both the 6-hh and 48-hh. In contrast to the
fucoidan standard, the crude fucoidan yield had low deviation for all hydrolyzations. The yield of the
6-hh was relatively similar compared to the 48-hh, and in contrary to the fucoidan standard, with low
deviance between their respective parallels. It would thus seem that the increased temperature made
up for the less time spent hydrolyzing. No sign of drift was observed when quantifying the crude

fucoidan, as can be seen in figure 29, 30 and 31 in appendix 1.

Interpreting the results of the fucoidan standard and the fine and crude fucoidan, it should be taken
into consideration that the water bath in the 6-hh was 15 C° higher than the 24-hh and 48-hh. The
added time spent hydrolyzing could make up for the lower temperature. The average yield of the 24-
hh was lower than the average yield of the 6-hh for all fucoidan samples. The standard deviation of
the 24-hh was however lower in general compared to the 6-hh. In figure 15, hydrolyzation of fucoidan
at 80 C° were done at several intervals within 400 minutes before determining the fucoidan yield with
L-fucose col. assay. After 300 minutes, the change in absorbance was minor. Thus, the 6-hh method
should have adequate time to break the polysaccharide into L-fucose groups, which is also shown in
the results in this thesis. However, when hydrolyzing at 65 C°, 24 hours seem to be insufficient time

for a high yield. 48 hours of hydrolyzation provided the highest yield with the least variance.

The L-fucose col. assay has previously been used to determine fucoidan in a sample and was also
proven to be successful in this thesis. To compare the L-fucose col. assay with the heparin col. assay
and qNMR, the results from the 48-hh samples are used since this was the method that gave the
highest yield and the least variation. To which extent temperature and hydrolyzation time affects the

results can be researched further.

Publications determining fucoidan by hydrolyzing fucoidan into L-fucose units have been found to
hydrolyze the fucoidan samples between 1 and 24 hours, at 70 or 80°C (Ahmad, 2015; Turan, 2017).
From the results in this thesis, it would make sense to always use the 48-hh as it gave the highest yield

and a generally low deviation, and it is thus likely to be closer to true value. The fucoidan yield of the
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Sigma Aldrich standard from F. ves., as well as the fine (OEWA-00289) and crude (OEWA-00038)
fucoidan is then found to be 98.0 £0.17%, 57.1 +0.68% and 28.7 +0.40% respectively.

3.3  Heparin colorimetric assay

The heparin col. assay is normally used in automated microplates. Because of the fucoidan solutions
viscous nature, the manual was adapted to be used with cuvettes at the UV-VIS instrument. This would
limit human error when pipetting the solutions. The volumes in the manual procedure were simply
quadrupled or quintupled to give samples with appropriate volume for the cuvettes. Since the
procedure of the heparin col. assay was done according to the manual, strict timing was required when
performing the experiment. This includes timing the preheating, pipetting, stirring and reaction time
with a stop clock according to the manual. After much practice pipetting in a mechanically timed

fashion, a standard curve was obtained.

3.3.1 Standard curves obtained with Sigma Aldrich fucoidan and drift checks for parallels

The Sigma Aldrich fucoidan standard from F. ves. was used to make the standard curve. For the
standardization used in the quantifications, fucoidan solution 1 was used, see table 4.

Table 12: Relevant concentrations of fucoidan (295%) from solution 1 and their respective absorbances used to standardize
heparin col. assay.

Sigma Aldrich fucoidan standardization with heparin col. assay

Serie 1 Serie2 Serie3 Seried4 Serie5

V [ml] 0.6 0.6 0.6 0.6 0.6
C (Fucoidan) [mg/ml] 1.028 0.8 0.6 0.4 0.2
P1 Absorbance 0.7263 0.7409 0.768 0.7628 0.813
P2 Absorbance 0.7839 0.8256 0.8211 0.8589 0.8468
P3 Absorbance 0.6911 0.692 0.7193 0.7433 0.7381

The first parallel of the heparin col. assay standard curve and its formula are shown in figure 32.
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Figure 22: Heparin col. assay standard curve using Sigma Aldrich fucoidan solution 1, P1.

The drift check of the first parallel is shown in figure 33. Drift is detected in series 4 and 5.
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The second parallel of the heparin col. assay standard curve and its formula are shown in figure 34.
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Figure 23: Drift check of the heparin col. assay standard curve P1.
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Figure 24: Heparin col. assay standard curve using Sigma Aldrich fucoidan solution 1, P2.

The drift check of said parallel is shown in figure 35. Drift is detected in series 4.

Absorbance

1,2

0,8
0,6
0,4

0,2

100

Drift check P2

200

Time [s]

300

400

500

—@— Seriesl
—@— Series2
—@— Series3

Series4

—@— Series5

Figure 25: Heparin col. assay standard curve using Sigma Aldrich fucoidan P2.
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The third parallel of the heparin col. assay standard curve and its formula are shown in figure 36.
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Figure 26: Heparin col. assay standard curve using Sigma Aldrich fucoidan solution 1, P3.

The drift check of said standard curve parallel is shown in figure 37.
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Figure 27: Heparin col. assay standard curve using Sigma Aldrich fucoidan P3.



A comparison of the three standard curve parallels is presented in figure 38.
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Figure 28: Comparison of heparin col. assay standard curves using Sigma Aldrich fucoidan P1, P2 and P3.

The first indication of a successful standardization came when the tintless solution changed colour
from tintless to blue tint. This was the first indication of the heparin col. assay being successful in
binding the dye to the sulphate groups of the fucoidans. From the standard curves in figure 32, 34 and
36 there is a clear degree of quantification. Relatively high levels of drift were observed in series 1 for
P1 and in series 4 for all three parallels, shown in figure 33, 35 and 37. This is likely due to the reaction
not being properly stopped with acetic acid. If the reaction was not properly stopped with acetic acid
after its designated two minutes of reacting, the dye would still be free to bind to the sulphate groups,
prolonging the reaction time. This would be shown as an increase in absorbance in the drift check.
Another possible explanation of the drift could be that bubbles could have been formed when pipetting

the solution into UV-VIS cuvettes.

The comparison of the standard curves in figure 38 show that the parallels had similar slope but started
at different absorbances. The difference could be explained by small variations in reaction time due to
human error. The dye had only 120 seconds to bind itself to the sulphate groups, meaning every second
could have an impact on the measured absorbance. In this thesis the reaction time was left unchanged,

however it would be highly recommended for future work to explore reaction time as a factor.

The implications of using a fucoidan standard from a different seaweed was addressed in the

experimental methods. The difficulties in extracting fucoidan with high polymer degree (DP) and
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degree of sulphation (DS), and how these properties matter to the anticoagulant ability was also
addressed. The DP and DS of the Sigma Aldrich fucoidan standard is unknown. Extracting and isolating
fucoidans is difficult and both polymer degree and sulphation degree are at risk of being lowered in
the process of obtaining a fucoidan standard with high purity. Because of these difficulties, it is likely
that the DP and DS of the fucoidan standard is lower than in a more crude fucoidan sample from the
same seaweed species, delivered by the same manufacturer. The crude fucoidan samples had mass
weights ranging from 20 kDa to 200 kDa, with an average of 134 kDa (Burbach, 2016). This corresponds
to an average DP of 816. The sulphate content was found to be 7-11%, which means it is relatively far
from the sulphate content in L. hyp. fucoidan. The DS for L. hyp. fucoidan has, as previously mentioned,
been found to be 1.7 (Kopplin, 2018). Additionally, fucoidan from L. hyp. is known to have high
molecular weight and high DS (Kopplin, 2018). In this thesis the fucoidan was assumed to be
disulphated. The implication of standardizing the heparin col. assay with a fucoidan standard that likely
has lower DP and DS than the fucoidans it is quantifying, should be investigated further. Fucoidan
standards with relatively high DP and DS, preferably from L. hyp., could be more viable than fucoidan
from F. ves. when quantifying fucoidan from L. hyp. with heparin col. assay. Quantifying crude fucoidan

solutions from F. ves. should also be investigated.

The standard curve with coefficient of determination was closer to 1 (P2) was chosen as the parallel

used for quantification of the fine (OEWA-00289) and crude (OEWA-00039) fucoidan samples.

3.3.2 Quantification of fucoidan from fine fucoidan (OEWA-00289)
All relevant data for quantification of the fine fucoidan from Alginor is listed in table 13. The calculated
fucoidan concentration found using the standard curve is marked in yellow and the fucoidan yield is

marked in blue.

Table 13: Fine fucoidan (Alginor) solution using heparin col. assay

Fine fucoidan solution OEWA-00289

P1 P2 P3
m(Crude)[mg] 101 101 101
V(Total) [ml] 25 25 25
C(Crude) [mg/ml] 4.04 4.04 4.04
Absorbance 0.5881 0.6136  0.596
C(Fucoidan) Using std.
curve [mg/ml] 2.445 2.175 2.361
m(Fucoidan) [mg] 61.114 54.382 59.029
Fucoidan in Crude [%] 60.509 53.844 58.444
Average [%] 57.60 £3.41
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The results are highlighted in blue in table 13. The highest difference between two parallels for the
heparin col. assay were found at 6.7% for two of the parallels (P1 and P2) and the lowest difference

were at 2.1% (P1 and P3) for the fine fucoidan.

The heparin col. assay gave an average fucoidan yield of 57,6 £3,4% for the fine fucoidan solution. The
result is quite similar to the L-fucose col. assay at 57,1 £0.7%. However, the average standard deviation
using the L-fucose col. assay (+0.68%) is considerably lower than when using the heparin col. assay
(+3.41%). The deviation could be caused by the short reaction time which makes small differences in
pipetting and stirring more evident in the result or discrepancies in homogeneity in some of the
reagents. Increasing the reaction time could let the dye bind itself more easily and more evenly to the

sulphate groups.

The drift check of the heparin col. assay for P1, P2 and P3 is shown in figure 39.
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Figure 29: Drift check of fine fucoidan with the heparin col. assay. Measurements done every 60 seconds

The drift check shown in figure 39 indicate some level of drift, for instance for P3 where the absorbance
shifted from about 0.597 to 0.587, a change of 0.01. However, this is not even close to the level of drift
detected in series 4 for all parallels in the standard curve in figure 33, 35 and 37, where a change in

absorbance of roughly 0.1 is observed.

The results from table 13 and the drift check in figure 39 indicate that the heparin col. assay can
quantify the fine fucoidan (OEWA-00289) sample but is less precise than the L-fucose col. assay.

Methods to optimize the quantification should be researched further.
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3.3.3 Quantifi

ication of fucoidan from crude fucoidan (OEWA-00038)

All relevant data for quantification of the crude fucoidan from Alginor is listed in table 14. The

calculated fucoidan concentration found using the standard curve is marked in yellow and the fucoidan

yield is marked i

n blue.

Table 14: Crude fucoidan (Alginor) solution using heparin col. assay.

Crude Fucoidan OEWA-00038

P1 P2 P3
m(Crude)[mg] 106 106 106
V(Total) [ml] 25 25 25
C(Crude) [mg/ml] 4.24 4.24 4.24
Absorbance 0.6144 0.6563  0.6279
C(Fucoidan) Using std. Curve
[mg/ml] 2.1668 1.7244 2.0243
m(Fucoidan) [mg] 54.171 43.110 50.607
Fucoidan in Crude [%] 51.105 40.670 47.743
Average [%)] 46.51 £5.33

In figure 40 the drift check of all three parallels of the crude fucoidan quantification with heparin col.

assay is shown.
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Drift check of crude fucoidan with the heparin col. assay with measurements every 30 seconds.

Quantification of the crude fucoidan (OEWA-00039) gave an average result of 46.5 £5.3%, as seen in

table 14. The highest difference between the parallels were 10,4% (P1 and P2) and the lowest

difference was at 3,4% (P1 and P3). The average yield makes for a significantly higher result than

observed from t

he L-fucose col. assay at 28.65 +0.39%. The result from the heparin col. assay indicates
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that it is possibly not as specific as the L-fucose assay, meaning that the dye is binding to contaminants
in the sample, thus lowering the accuracy and precision. Another possible explanation could be
differences in homogeneity in the fucoidan solution or, more likely, in the one or both of the reagents

(5-2732 or FXa) since it is specified they need to be inverted before use.

A lack of precision for the heparin col. assay is observed with a standard deviation that is more than
10 times higher than for the L-fucose assay. The drift checks in figure 40 detected a shift in absorbance
of roughly 0.01 for the crude fucoidan, which is small compared to the shift in absorbance measured

in the drift check for the heparin col. assay standard curve of 0.1, shown in figure 33, 35 and 37.

It appears that with a lower purity of the fucoidan sample a less precise result is to be expected when
guantifying with the heparin col. assay method. In extracts from L. hyp., only fucoidan have sulphate
groups in its structure. The L-fucose col. assay measured roughly twice as much fucoidan in the fine
solution than in the crude solution. The heparin col. assay measured 1.2 times more fucoidan in the
fine solution than in the crude solution. The heparin col. assay seems to be less accurate and less
specific than the L-fucose col. assay. By comparing the deviation of the fine and crude yield it would

appear that for the heparin col. assay, the cruder the solution is, the less accurate the method is.

3.3.4 Improving the standard curve

A new standard curve for the heparin col. assay was made to improve the coefficient of determination
and reduce drift. The concentration of fucoidan was doubled, solution 2 table 4, and the volumes of
the reagents were quintupled instead of quadrupled to better avoid bubbles. The total volume of the
reagents along with their respective concentrations and absorbances for each parallel and series are

listed in table 15.

Table 15: Relevant concentrations of fucoidan (295%) from solution 2 and their respective absorbances used as an attempt
to optimize standardization of heparin col. assay.

Sigma Aldrich fucoidan solution 2 opt. standard curve
Seriel Serie2 Serie3 Serie4 Serie 5

V (Diluted fucoidan) [ml] 0.75 0.75 0.75 0.75 0.75
C (Fucoidan dilutions) [mg/ml] 2.02 1.8 1.4 1.0 0.6
P1 Absorbance 0.4991 0.5224 0.5281 0.5362 0.5628
P2 Absorbance 0.5613 0.5652 0.5704 0.5800 0.6023

The first parallel of the standard curve can be seen in figure 41. The drift check gave no indications of

drift and can be seen in appendix 2.
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Figure 31: Standard curve with Sigma Aldrich fucoidan solution 2 P1.

The second parallel of the standard curve can be seen in figure 43. The drift check of said parallel gave

no drift and can be seen in appendix 2.
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Figure 32: Standard curve with Sigma Aldrich fucoidan solution 2 P2.

A comparison of the two parallels is shown in figure 45.
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Figure 33: Comparison of standard curves with Sigma Aldrich fucoidan solution 2 P1 and P2.

The experience handling the assays led to an improved standard curve with both R? values way above
the standard curve used for quantification, as shown in figure 41 and 43. The best parallel in the
standard curve used for quantification had a R? value at 0,871 while R? value for the new standard
curve for one of the parallels were at 0,911. Both parallels had no indication of drift, as seen in figure

42 and 44. A comparison of the two parallels is shown in figure 45.

3.3.5 Standardization at room temperature

To see whether the col. assay was affected by operating at room temperature (20°C) instead of 37°C,
a third fucoidan solution was made. Solution 3 in table 4 was used and the volumes of the reagents
were quintupled to better avoid bubbles. The total volume of the reagents along with their respective
concentrations and absorbances for each parallel and series are listed in table 16. One outlier was

removed from each parallel because they gave no absorbance, likely due to pipetting mistake.

Table 16: Relevant concentrations and their respective absorbances for standardization of Sigma Aldrich fucoidan (295%)
solution 3 with T=293K. *= Outliers.

Fucoidan standard solution 3 with T=293K
Seriel Serie2 Serie3 Seried Serie 5

V (Diluted fucoidan) [ml] 0.75 0.75 0.75 0.75 0.75
C (Fucoidan dilutions) [mg/ml] 2.20 1.80 1.40 1.00 0.60
P1 Absorbance 0.4806 *0.4824 0.4866 0.4863
P2 Absorbance 0.4444 0.4444 0.4504 0.4552 *
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The first parallel of the standard curve (T=293K) is shown in figure 46. The drift check gave no

indications of drift and can be seen in appendix 2.
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Figure 34: Standard curve with Sigma Aldrich fucoidan solution 3 P1 with room temperature.

The second parallel of the standard curve (T=293K) is shown in figure 48. The drift check gave no

indications of drift and can be seen in appendix 2.
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Figure 35: Standard curve with Sigma Aldrich fucoidan solution 3 P2 with room temperature.

59



A comparison of the two parallels is shown in figure 50.

Comparison of standard curve parallels for heparin col. assay
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Figure 36: Comparison of standard curves P1 and P2 with T=293K.

A comparison of the standard curve parallels at normal operating temperature (310 K) and room

temperature (293 K) is shown in figure 51.
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Figure 37: Standard curve comparison of fucoidan solution 2 (P1 and P2) and fucoidan solution 3 performed at room
temperature (P1 T=293 K and P2 T=293 K).
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From looking at the standard curves in figure 46, 48 and the comparisons in figure 50 and 51, it is
evident that the lowered temperature seems to have an impact. The results showed a significant
decrease of change in absorbance between the concentrations. The change in absorbance is so small
that it is getting close to the limit of detection for the UV-VIS instrument (10 to 10°). Almost no drift
was detected in either parallel, as seen in figure 47 and 48 in appendix 2. Comparing the improved
standard curve with the room temperature standard curve, shown in figure 51, the difference in slope
is evident. A higher temperature lets the polysaccharides move more easily around in the solution due
to the added energy and thus easier bind to the dye within the 2-minute reaction time. From an article
written by Zhao in 2017, it was proclaimed the heparin col. assay was not affected by temperature
changes. In other words, theory contradicts the results. It should then be noted that the heparin col.
assay is meant to be used with plasma, while in the experiments in this thesis it was used in deionized
water. Some of the reagents may not work as intended when used in room temperature without

plasma.

More experiments with the heparin col. assay could be performed, however there was a sudden stop
from the distributor who delivered the assays, thereby limiting the experiments that could be

performed.

3.4 Quantification of fucoidan using the quantitative NMR method
The peaks of interest for L-fucose and to which proton(s) they originate from is shown in figure 52,
where calcium formate was used as standard. The same peaks are used when quantifying fucoidan. All

NMR spectrums can be seen in appendix 1.
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Figure 38: 1H NMR of L-fucose with calcium formate as standard. The alpha and beta C6 proton and the beta and alpha
methyl group is highlighted.

To determine which gNMR standard to use for quantification of fucoidan, some consideration is
needed. The standard should not react with the analyte, the pH in the solution should not change
dramatically since this will change the fucoidan composition, the peaks of the standard should be
either between 2-3ppm or -more preferably - further downfield than 6 ppm. The salt potassium
phthalate (KHP) was first chosen as the standard. It is a known standard for gNMR and it should not
precipitate in the solutions that are analyzed. Though KHP has a pH at 4, which could be problematic
for fucoidan, it also gives two proton peaks, one from the two para protons and one from the two
meta protons. If the peak from the meta protons and the peak from the para protons two peaks are
similar, easy to integrate and give similar values, this could indicate that the spectrum has been

processed well and integration is done correctly.

Relaxation time (T1) of fucose with, KHP as standard and D20 as solvent, was found to be 4.804
seconds. Proton NMR experiments should be theoretically set to 5 times higher than the T1 value.
Since proton experiments are relatively fast it was set to more than 6 times T1 (30 seconds) to ensure

the analyte were fully relaxed after each scan.

Integration was done in one of two ways. One way of integrating will be referred to as broad
integration in this thesis and is only used as a supplement to the L-fucose standard quantification. This
integration was done to see how close to the expected result it is possible to come when integrating
all peaks in a broader manor. The other way of integrating had a high focus on similar slope, which is
the standard way of integrating peaks in gNMR and was used for quantification of all samples. The
broad integration gave results that made sense when quantifying the L-fucose, while sharper

integration with higher focus in slope gave results that made sense for fucoidan. Thus, for L-fucose a
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broader integration is included for the parallels not considered to be an outlier. Normal integration
with high focus on slope is done in all fucoidan gNMR results. The area of the peaks highlighted with
red in the table 17 to 25 and their respective concentrations highlighted with yellow, are used with

formula (1.2) to calculate L-fucose yield, which is also highlighted in red at the bottom of each table.

3.4.1 gNMR of L-Fucose (299.9%) standard

Table 17 shows all relevant parameters to quantitatively determine the amount of a weighed L-fucose
standard. The concentration of the internal standard (KHP) and L-fucose is marked in yellow. The area
found when integrating the peaks in the spectrum is shown in red. The qNMR vyield and deviation is

also shown in red.

Table 17: 1H NMR results from Sigma Aldrich L-Fucose (99.9% purity)
Calculation of yield is done using the average calculated concentration of the methyl- and alpha group.

L-Fucose proton NMR with KHP P1 (broad integration)

KHP (meta KHP (para Methyl Beta Alpha group
protons) protons) group group meta  L-Fucose
Sigma Aldrich Purity [%] 299.9
m [g] 0.0026 0.0026 0.0111
Mw [g/mol] 204.22 204.22 164.16
n [mol] 1.273E-05 1.273E-05 6.762E-05
Sample
volume [L] 0.00075 0.00075 0.00075 0.00075 0.00075 0.00075
C [mol/L] 0.01698 0.01698 0.09016
n [protons] 2 2 3 1 1
Area in
spectrum 1 1.0012 7.5474  1.6522 0.8600
Factor alfa/beta (source) 0.55 0.45
Calculated C [mol/L] 0.08541 0.0649
Std. Deviation for calc. C 0.0145
Average C [mol/L] 0.07515
Calculated m [g] 0.00925
gNMR vyield [%] 83.4
Deviation in C [%] 16.65

The vyield, highlighted in red in table 17, varies substantially on the integration of the peaks, also
highlighted in red, and the areas can be difficult to integrate similarly. This should be put into

consideration when evaluating the yield. The gNMR results of broad integration of KHP and L-fucose
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(299.9%) standard in D20 gave a relatively high average deviation of 16.65% from the expected L-
fucose yield. The deviation is likely caused by overlapping peaks in for the alpha and beta methyl

groups.

In hopes of having less overlapping alpha and beta methyl peaks and lowering the average deviation
at least below 10%, a parallel with the gNMR standard calcium formate was tested. Calcium formate
is a salt that gives only one peak in the spectrum, it does not precipitate in solution and has the
advantage of not lowering the pH like KHP. Broad integration of the peaks gave once again the lowest
deviation. After the initial parallel with calcium formate, two more parallels were taken. Since calcium

formate is the standard that is used later, both ways of integrating are shown for comparison.

Table 18 shows all relevant parameters for the first parallel to quantitatively determine the amount of
a weighed L-fucose standard with calcium formate. The concentration of the internal standard (calcium
formate) and L-fucose is marked in yellow. The area found when integrating the peaks in the spectrum

is shown in red. The gqNMR yield and deviation is also shown in red.

Table 18: 'H NMR results from Sigma Aldrich L-Fucose (99.9% purity)
Calculation of yield is done using the average calculated concentration of the methyl- and alpha group.

L-Fucose standard proton NMR P1

Methyl

Ca(HCOO0), group  Betagroup Alpha group L-Fucose
Sigma Aldrich Purity [%] >99.9
m [g] 0.0005 0.0114
Mw [g/mol] 130.11 164.16
n [mol] 3.8429E-06 6.944E-05
Sample volume [L] 0.00075 0.00075 0.00075 0.00075 0.00075
C [mol/L] 0.00512 0.09259
n [protons] 2 3 1 1
Area in spectrum 1 32.1266 5.7745 4.3592
Factor alfa/beta (source) 0.55 0.45
Calculated C [mol/L] 010974 0.0993
Std. Deviation for calc. C 0.0074
Average C [mol/L] 0.10451
Calculated m [g] 0.01287
gNMR vyield [%] 112.9
Deviation in C [%] 12.87

Integration with high focus on slope gave a deviation of 12.87% at best when using calcium formate.

Table 19 shows a broad integration of the first gNMR parallel with calcium formate.
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Table 19: 'H NMR results from Sigma Aldrich L-Fucose (99.9% purity) with broad integration
Calculation of yield is done using the average calculated concentration of the methyl- and alpha group.

L-Fucose standard proton NMR P1 (broad integration)

Ca(HCOO), Methyl group Betagroup Alpha group L-Fucose
Sigma Aldrich Purity [%] >99.9
m [g] 0.0005 0.0114
Mw [g/mol] 130.11 164.16
n [mol] 3.8429E-06 6.94E-05
Sample volume [L] 0.00075 0.00075 0.00075 0.00075 0.00075
C [mol/L] 0.00512 0.09259
n [protons] 2 3 1 1
Area in spectrum 1 30.7884 5.7745 4.1152
Factor alfa/beta (source) 0.55 0.45
Calculated C [mol/L] 0.10517 0.0937
Std. Deviation for calc. C 0.0081
Average C [mol/L] 0.09944
Calculated m [g] 0.01224
gNMR vyield [%] 107.4
Deviation in C [%] 7.40

The broad integration gave results closer to what was expected for the L-fucose standard. Using
calcium formate as standard, the broad integration method had a lower deviation at 7.40% compared

to the normal integration at 12.87% for the first parallel, shown in table 18 and 19.

Table 20 shows all relevant parameters for the second parallel to quantitatively determine the amount

of a weighed L-fucose standard with calcium formate.

Table 20: 'H NMR results from Sigma Aldrich Fucose (99.9% purity)
Calculation of yield using the average calculated concentration of the methyl- and alpha group.

L-Fucose standard proton NMR P2

Ca(HCOO0); Methyl group Beta group  Alpha group L-Fucose
Sigma Aldrich Purity [%] >99.9
m [g] 0.0009 0.0029
Mw [g/mol] 130.11 164.16
n [mol] 6.9172E-06 1.766E-05
Sample volume [L] 0.00075 0.00075 0.00075 0.00075 0.00075
C [mol/L] 0.00922 0.02355
n [protons] 2 3 1 1
Area in spectrum 1 5.0361 0.566
Factor alfa/beta (source) 0.45
Calculated C [mol/L] 0.03097 0.0232
Std. Deviation for calc. C 0.0055
Average C [mol/L] 0.02708
Calculated m [g] 0.00333
gNMR yield [%] 115.0
Deviation in C [%] 14.98
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Table 21 shows a broad integration of the second gNMR parallel of L-fucose with calcium formate.

Table 21: 'H NMR results from Sigma Aldrich Fucose (99.9% purity) P2 broad integration
Calculation of yield is done using the average calculated concentration of the methyl- and alpha group.

L-Fucose standard proton NMR P2 (broad integration)

Ca(HCOO), Methyl group Betagroup Alpha group L-Fucose
Sigma Aldrich Purity [%] >99.9
m [g] 0.0009 0.0029
Mw [g/mol] 130.11 164.16
n [mol] 6.9172E-06 1.766E-05
Sample volume [L] 0.00075 0.00075 0.00075 0.00075 0.00075
C [mol/L] 0.00922 0.02355
n [protons] 2 3 1 1
Area in spectrum 1 4.5779 0.5727
Factor alfa/beta (source) 0.45
Calculated C [mol/L] 0.02815 0.0235
Std. Deviation for calc. C 0.0033
Average C [mol/L] 0.02581
Calculated m [g] 0.00318
gNMR vyield [%] 109.6
Deviation in C [%] 9.58

Parallel 2 of L-fucose with calcium formate gave higher deviation than P1, as seen in table 20 and 21.
Broad integration is, once again, around 5% closer to expected result when integrating in a broad

manor for the second parallel.

Table 22 shows all relevant parameters for the third parallel to quantitatively determine the amount
of a weighed L-fucose standard with calcium formate. The results are however considered an outlier

and no broad integration was performed.

Table 22: 'H NMR results from Sigma Aldrich Fucose (99.9% purity) P3. Calculation of yield is done using the average
calculated concentration of the methyl- and alpha group.

L-Fucose standard proton NMR P3,

outlier
Methyl

Ca(HCO0O0), group Beta group  Alpha group L-Fucose
Sigma Aldrich Purity [%] 299.9
m [g] 0.0016 0.0055
Mw [g/mol] 130.11 164.16
n [mol] 1.2297E-05 3.3504E-05
Sample volume [L] 0.00075 0.00075 0.00075 0.00075 0.00075
C [mol/L] 0.01640 0.04467
n [protons] 2 3 1 1
Area in spectrum 1 8.0741 1.4453
Factor alfa/beta (source) 0.55 0.45
Calculated C [mol/L] 0.08826 0.1053
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Std. Deviation for calc. C 0.0121

Average C [mol/L] 0.09679
Calculated m [g] 0.01192
gNMR vyield [%] 216.7
Deviation in C [%] 116.67

The third parallel shown in table 22 had a spectrum that could not be processed properly and is thus
considered an outlier. In general, calcium formate gave a yield closer to what was expected than KHP

did.

In addition to possible discrepancies in integration, there is a factor that could have affected the result
for L-fucose quantification; the C6 alpha/beta relation. The relation is relevant in L-fucose since it has
both C6 alpha and C6 beta protons, while fucoidan has only C6 alpha protons. The alpha/beta relation
for L-fucose is theoretically 0.45 when calculating the yield for the alpha group, as described by
Francisco Bazerra (Bazerra, 2020). This means that there are 0.45 C6 alpha protons and 0.55 C6 beta
protons, added together they make up 1 proton. Calculating the yield of the L-fucose equation 1.2
using only the alpha group, the result needs to be divided by 0.45 to make up for the fact that only the
alpha group is being used. Deviations in this factor can have relatively large impacts on the results. A
deviation of this factor could be the cause of the deviation observed, giving a result higher than 100%.
In which case, the relation (0.45) is too low compared to true value. To exemplify, if the C6 alpha/beta

relation was 0.59 instead of 0.45, the result of P1 would be 100.1% instead of 112.9%.

In the fucoidan gNMR experiments it will become evident that the deviation observed in L-fucose
gNMR, seen in table 18, does not matter when quantifying fucoidan, table 23, 24 and 25, with the
gNMR method.

3.4.2 gNMR analysis of fucoidan standard
As mentioned earlier, fucoidan has no C6 beta protons and the possibly problematic alfa/beta ratio is
not an issue when quantifying fucoidan. In table 23 the fucoidan standard is quantified with gNMR

using calcium formate.

Table 23: gNMR of Fucoidan standard from Fucus vesiculosus >95%
*=95% purity was assumed when fucoidan was weighed in for quantification

Fucoidan standard

Methyl Beta Alpha
Ca(HCOO0)2 group group group L-Fucose Fucoidan
Sigma Aldrich Purity [%] 295
m [g] 0.0008 0.0051
Mw [g/mol] 130.11 164.16 370.266
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Fucose/Fucoidan factor 0.4434 0.4434

n [mol] 6.15E-06 3.11E-05 1.38E-05
Sample volume

[L] 0.00075 0.00075 0.00075 0.00075 0.00075 0.00075
C [mol/L] 0.00820 0.04142 0.01837
n [protons] 2 3 1 1

Area in

spectrum 1 4.5146 0 0.7056

Factor alfa/beta (source) 0.55 0.45

Calculated C [mol/L] 0.024674 0.01157

Std. Deviation for calc. C 0.00927

Average C [mol/L] 0.01812

Calculated m [g] 0.0050
gNMR Yield [%] 98.7
L-fucose col. assay yield [%] 98.0*
Deviation yield [%] 0.7%*

The fucoidan (295%) standard from F. ves. had a gqNMR yield of 98.7%, as seen marked in red in table
23 and the L-fucose col. assay is highlighted in green along with the deviation between the two
methods. For the gNMR method, the fucoidan standard was weighed in without the assumption of
95% purity as was with the L-fucose col. assay. Thus, comparing the gNMR result and the L-fucose col.
assay result, it is important to remember that when quantifying with the L-fucose col. assay the
fucoidan was weighed in assuming it was 95% clean, which then gave a 98% vyield, while the gNMR is
weighed in without assuming the fucoidan is 95% clean. This means that if the gNMR method is correct
and the fucoidan standard is indeed 98.7%, the L-fucose col. assay result should in fact be slightly lower

than 98.0%.

The yield from the L-fucose col. assay, where 95% purity was assumed, was 98%, giving a deviation to
gNMR of 0.7%. The broad gNMR integration gave a lower yield at 95.6% and thus a deviation of 2.4%
to the L-fucose col. assay. Integration with focus on slope is more accurate for fucoidan while broad

integration is more accurate for L-fucose.

3.4.3 gNMR of fine fucoidan (OEWA-00289) sample
In table 24 the fine fucoidan from Alginor is quantified with gNMR using calcium formate.
Table 24: gNMR of the fine fucoidan from Alginor.

Fucoidan Fine solution
Methyl Beta Alpha
Ca(HCOO0)2 group group group L-Fucose Fucoidan

m [g] 0.0028 0.0045
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Mw [g/mol] 130.11
Fucose/Fucoidan factor

n [mol] 2.152E-05
Sample volume

[L] 0.00075
C [mol/L] 0.02869
n [protons] 2
Area in

spectrum 1

Factor alfa/beta (source)
Calculated C [mol/L]

Std. Deviation for calc. C
Average C [mol/L]
Calculated m [g]

gNMR yield [%]

L-fucose col. assay yield [%]
Deviation in yield [%]

0.00075

0.663

0.01268

0.00075

0.55

0.00075

0.1

0.45
0.00574
0.00491
0.00921

164.16
0.4434
2.741E-05

0.00075
0.03655

370.266
0.4434
1.215E-05

0.00075
0.01620

0.0026
56.8
57.1
0.26

The fine Alginor fucoidan had a gqNMR vyield of 56.8% while the L-fucose col. assay had an average of

57.1%, giving an average deviation of 0.3%. It appears that qgNMR and L-fucose col. assay are almost

identical when quantifying solutions with little contamination.

3.4.4 gNMR of crude fucoidan (OEWA-00038) sample

In table 25 the crude fucoidan from Alginor is quantified with gNMR using calcium formate.

Table 25: gNMR of the crude fucoidan from Alginor.

Fucoidan Crude solution

Methyl Beta Alpha

Ca(HCOO0)2 group group group L-Fucose Fucoidan
m [g] 0.0015 0.0014
Mw [g/mol] 130.11 164.16 370.266
Fucose/Fucoidan factor 0.4434 0.4434
n [mol] 1.153E-05 8.527E-06  3.781E-06
Sample volume
[L] 0.00075 0.00075 0.00075 0.00075 0.00075 0.00075
C [mol/L] 0.01537 0.01137 0.00504
n [protons] 2 3 1 1
Area in
spectrum 1 0.1963 0 0.0441
Factor alfa/beta (source) 0.55 0.45
Calculated C [mol/L] 0.00201 0.00136
Std. Deviation for calc. C 0.00046
Average C [mol/L] 0.00168
Calculated m [g] 0.0005
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gNMR vyield [%] 334
L-fucose col. assay yield [%] 28.65
Deviation in yield [%] 4,75

The crude Alginor fucoidan gave a qNMR vyield of 33.4%. This leaves a deviation of 4.75% to the L-
fucose yield which was 28.65%. From the spectrum in appendix 3 it is evident that there is more
contamination in the crude fucoidan than in the fine fucoidan. The crude gqNMR spectrums are more
difficult to integrate and are thus susceptible to contamination in the same area as the C6 alpha proton
and the methyl group. This could lead to lower quantification accuracy and precision. The deviation
between the col. assay and gNMR is higher for the crude fucoidan than the fine fucoidan, and it is
perhaps more likely this is due to gNMR being more accurate in quantifying fucoidan than the L-fucose
col. assay. When looking at the quantification of the Sigma Aldrich fucoidan standard, an assumption
of 95% purity was taken, resulting in a yield of 98%. The same assumption was not done when
quantifying the fucoidan standard with gqNMR, which gave a yield of 98.7%. With this is mind, it is more
likely that the gNMR yield is closer to true value. Especially when determining the yield of the fucoidan

standard.
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Chapter 4 — Conclusion and further work

The established L-fucose col. assay method of quantifying fucoidan seem to have relatively high
accuracy and precision when enough time is spent hydrolyzing the polysaccharide into L-fucose units.
Quantification of fucoidan by gNMR and heparin col. assay were introduced. Both methods were
successful in quantifying fucoidan to varying degrees. The hypothesis is thus confirmed, heparin
colorimetric assays can indeed quantify fucoidan to some extent. A compact table showing the average
yield of the different methods is shown in table 26. The gNMR method seems to be highly accurate
when quantifying the fucoidan samples. If quantification of the fucoidan standard with qNMR (98.7%)
is the true fucoidan purity, it means that the assumption made when quantifying the fucoidan standard
using the L-fucose col. assay, weighing in fucoidan based on 95% purity, is slightly incorrect. Thus, the
L-fucose col. assay result from the fucoidan standard should in fact be slightly lower than the calculated

yield (<98.0%).

Quantifying the fine fucoidan (OEWA-00289), the qgNMR method gave a result almost identical to the
L-fucose col. assay, as seen in table 26. For the crude fucoidan (OEWA-00038), gNMR gave a higher
yield than the L-fucose col. assay, as seen in table 26. The crude fucoidan gives a more contaminated
spectrum which could have an impact when integrating the peaks of interest. Additionally, it is likely
that the hydrolyzation performed to break the polymer into L-fucose units also removes many of the
impurities in the solution. It is however likely that gNMR becomes more accurate than the L-fucose

col. assay the more filtered the solution is. Giving each method their respective strength.

Table 26: Summary of the average results from the quantification methods. *= 95% purity was assumed during weighing.

Fucoidan
Quantification method standard Fine fucoidan Crude fucoidan
L-fucose col. assay yield [%] (48-hh) *98.0 +0.17 57.1+0.7 28.65 +0.4
Heparin col. assay yield [%] X 57.6 3.4 46.5 5.3
qNMR vyield [%] 98.7 56.8 33.4

The accuracy of the heparin col. assay is high for the fine fucoidan solution, with an average yield
almost identical to the two other methods. However, the precision is lower with a standard deviation
that is five times larger than the standard deviations of the L-fucose col. assay. With cruder, more
contaminated fucoidan solutions, the precision of the L-fucose col. assay remains, while it falters for
the heparin col. assay. The heparin col. assay gave a higher yield than both gNMR and L-fucose, which
may suggest that the heparin method is more affected by contaminants in the crude fucoidan. In
contrast to results from Zhao (Zhao, 2018), the heparin col. assay also seems to be affected by

temperature change, as seen from the standard curve that was made in room temperature. The
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difference may however be subject to the modification of the heparin col. assay, using samples in

water without plasma.

A table of the advantages and disadvantages of the methods explored in the thesis is shown in table

27.
Table 27: Advantages and disadvantages of the methods explored.
Method Advantages Disadvantages
L-fucose col. assay e Removes impurities during e Time consuming
hydrolyzation. hydrolyzation and pH
e Relatively accurate in solutions of neutralization steps.
varying purity. e More energy required
e High accuracy
e Reliable proven method
e Easy procedure
Heparin col. assay e Fast direct method e Unproven method
e Seemingly accurate for more e Hard procedure that is
filtered solutions prone to human error
e Can be mechanized for higher e Acetic acid can easily
accuracy form bubbles in
e Potential to be more accurate if cuvettes.
the method is optimized e Unreliable in crude
solutions
qNMR e Fast e Contaminants may
e Reliable proven method lead to integration
e High accuracy in filtered solutions errors
e Expensive apparatus

Companies that aim to make use of seaweeds with high fucoidan content will always need methods to
quantify the valuable content from their raw material. The heparin col. assay and gNMR method
appears to be suitable methods of doing so. Both methods are direct ways of quantifying fucoidan,
which means they are exceptionally faster than L-fucose col. assay. Several time-consuming steps such
as hydrolyzation, filtration and pH neutralization are superfluous. These two direct methods would

lead to a quicker way of determining the amount of fucoidan from extracts. However, it is likely that
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only the heparin col. assay would be competitive to the L-fucose in terms of costs. Although gNMR

seems like a solid method of quantifying polysaccharides, not all industries have easy access to it.

Companies, such as Alginor, that aim for total utilization of fucoidan rich seaweeds, could already
benefit from the heparin col. assay method of quantification for the more filtered fucoidan, and
furthermore if the method is optimized. The heparin col. assay, and possibly also qNMR, is however
not as accurate when quantifying cruder fucoidan. To summarize, the cruder the fucoidan solution is
the more viable the L-fucose col. assay is due to the hydrolyzation step. The more filtered the solution

is the more viable the direct methods are.

Further research should aim to optimize the heparin col. assay for quantification of fucoidan.
Increasing the precision and accuracy of the col. assay should be top priority. In that regard,
experiments that determine the effect of temperature, reaction time, and fucoidan origin should be
done. Standardization could be done with fucoidan standards from a different seaweed species that
are already on the market such as Macrocystis pyrifera, or preferably from L. hyp. if it is available.
Increasing reaction times above 2 minutes would give the reagent dye more time to bind itself to the
sulphate groups, possibly leading to higher accuracy and precision. Performing quantification with
different temperatures could influence how easily the dye binds itself to the sulphate groups and
should be tested further, also in combination with different reaction times. It would also be interesting
to see at what extent the degree of sulphation matters to the standardization and quantification of
the heparin col. assay. Especially since the fucoidan used to standardize the heparin col. assay is

expected to have a much lower sulphation degree than fucoidan from L. hyp.
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Appendix 1: Drift checks of selected L-fucose col. assay experiments

In figure 22, the drift check for the second parallel for the L-fucose col. assay standard curve is

shown.
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Figure 39: Drift check of L-fucose standard curve P2.
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In figure 23 a drift check of the three parallels of the 6-hh L-fucose quantification of the Sigma Aldrich

fucoidan standard is shown.
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Figure 40: Drift check of the three parallels of the 6-hh fucoidan standard.
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In figure 24 a drift check of the three parallels of the 24-hh L-fucose quantification of the Sigma Aldrich

fucoidan standard is shown.
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Figure 41: Drift check of the three parallels of the 24-hh fucoidan standard.

In figure 25 a drift check of the three parallels of the 48-hh L-fucose quantification of the Sigma Aldrich

fucoidan standard is shown.

Absorbance

0,07
0,06
0,05
0,04
0,03
0,02

0,01

-0,01

48h Hydrolyzed fucoidan standard

—e—r1
——P2
—o—P3

50 100 150 200 250 300 350

Time [s]

Figure 42: Drift check of the three parallels of the 48-hh fucoidan standard.
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In figure 26 a drift check of the three parallels of the 6-hh L-fucose quantification of the fine fucoidan

from Alginor is shown.
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Figure 43: Drift check of the three parallels of the 6-hh fine fucoidan.
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In figure 27 a drift check of the three parallels of the 24-hh L-fucose quantification of the fine fucoidan

from Alginor is shown.
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Figure 44: Drift check of the three parallels of the 24-hh fine fucoidan.

In figure 28 a drift check of the three parallels of the 48-hh L-fucose quantification of the fine fucoidan

from Alginor is shown.
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Figure 45: Drift check of the three parallels of the 48-hh fine fucoidan.
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In figure 29 a drift check of the three parallels of the 6-hh L-fucose quantification of the crude fucoidan

from Alginor is shown.
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Figure 46: Drift check of the three parallels in 6-hh fucoidan crude.
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In figure 30 a drift check of the three parallels of the 24-hh L-fucose quantification of the crude

fucoidan from Alginor is shown.
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Figure 47: Drift check of the three parallels in 24-hh fucoidan crude.

—e—r1
——p2
—e—P3

88



In figure 31 a drift check of the three parallels of the 48-hh L-fucose quantification of the crude

fucoidan from Alginor is shown.
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Figure 48: Drift check of the three parallels in 48-hh crude fucoidan.
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Appendix 2: Drift check of optimized and room temperature heparin

col. assay standard curves

In figure 42 a drift check of the five series in P1 for the optimized standard curve is shown. The standard

curve is made using fucoidan solution 2 shown in table 4.
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Figure 49: Drift check for standard curve with Sigma Aldrich fucoidan solution 2 P1
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In figure 44 a drift check of the five series in P2 for the optimized standard curve is shown. The standard

curve is made using fucoidan solution 2 shown in table 4.
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Figure 50: Drift check for standard curve with Sigma Aldrich fucoidan solution 2 P2.
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In figure 47 a drift check of the five series in P1 for the room temperature standard curve is shown.

The standard curve is made using fucoidan solution 3 shown in table 4.
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Figure 51: Drift check of standard curve with Sigma Aldrich fucoidan solution 3 P1 with room temperature.

In figure 49 a drift check of the five series in P2 for the room temperature standard curve is shown.

The standard curve is made using fucoidan solution 3 shown in table 4.
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Figure 52: Drift check of standard curve with Sigma Aldrich fucoidan solution 3 P2 with room temperature.
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Appendix 3: *H NMR and gNMR spectrums
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Figure 53: T1 experiment of fucose (299.9%), with KHP as internal standard and D20 as solvent.
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Figure 54: 1H NMR of fucose (299.9%), with KHP as standard and D20 as solvent.
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Figure 55: 1H NMR of fucose (299.9%) with calcium formate as standard and D20 as solvent P1.
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Figure 56: 1H NMR of fucose (299,9%) with calcium formate as standard and D20 as solvent P1, broad integration.
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Figure 57: *H NMR of fucose (299,9%) with calcium formate as standard and D20 as solvent P2.
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Figure 58: 1H NMR of fucose (299,9%) with calcium formate as standard and D20 as solvent P2, broad integration.
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Figure 59: 1H NMR of fucose (299,9%) with calcium formate as standard and D20 as solvent P3, considered an outlier.
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Figure 60: gNMR of fucoidan (295%) from Fucus vesiculosus, with calcium formate as standard and D20 as solvent.
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Figure 61: gNMR of fine fucoidan from Alginor, with calcium formate as standard and D20 as solvent.
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Figure 62: gNMR of crude fucoidan from Alginor, with calcium formate as standard and D20 as solvent.
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