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Extraction of a seaweed lipid fraction and evaluation of
its ability to prevent lipid peroxidation in  fish oil

MARCUS HANAEUS
Department of Biology and Biological Engineering
Chalmers University of Technology, Gothenburg, Sweden

ABSTRACT

This project is a part of the Sweaweegbroject which aims to evaluate the use of the
seaweed speciesPorphyra umbilicalisand Ulva lactucagrown along the west coast of
Sweden, for high value products . This particular project evaluated the use of the
seaweedas a source oflong chained n-3 polyunsaturated fatty acids (LC n-3 PUFA),
and as a source ofnatural antioxidants able to preserve other LC n-3 PUFA from
oxidation . In a first part of the project, different extract ion techniques (polytron,
sonication and bead beating) were evaluated for their efficiency in extracting lipophilic
compounds (carotenoids, chlorophyll and phenolic compounds) from seaweed into
sunflower oil. In the second part, lipid oxidation in seaweed -fortified fish oil was
studied during storage as well as during in vitro gastrointestinal digestion.

By using a polytron, the highest amounts of carotenoids, chlorophyll and phenolic
compounds were extracted from the seaweed into saunflower oil and fish oil. No
fortification of LC n -3 PUFAs washowever detected in the sunflower oil fortified with
Porphyra umbilicalisor Ulva lactuca The fish oil fortified with Porphyra umbilicalis
experienced 29% less degradation of both eicosapentaenoic acid EPA) and
docosahexaenoic acid (DHA) compared to pure fish oil during storage in room
temperature and daylight for 28 days. The fish oil fortified with Ulva lactuca
experienced 22% and 37% less degradation of EPA and DHA compared to pure fish
oil. The amount of peroxides after 28 days ofstorage was 22% and 21% less in the fish
oils fortified with  Porphyra umbilicalis and Ulva lactuca The amount of
malondialdehyde (MDA) produced was 40% and 434 less in thefish oil fortified with
Porphyra umbilicaliand 70% and 68%ess in the fish oil fortified with Ulva lactucaafter
7 and 28 days of storagecompared to pure fish oil . The amount of 4-hydroxy -2-hexenal
(HHE) and 4-hydroxy -2-nonenal (HNE) was higher in the fish oil fortified with
Porphyraumbilicalis after 7 days, and higher in the fish oil fortified with Ulva lactuca
after 28 days, when compared to pure fish oil. No significant difference was noticed
regarding rancid odor i n the different fish oils . The extracted seaweed compounds had
no preserving effect against oxidation of fish oil during in vitro digestion.

Altogether, the fortifying and stabilizing effects from extracting seaweed with food
oils were lower than expected, which could be due e.g. to LC n-3 PUFA being firmly
bound in lipid classes that are difficult to extract with such a hydrophobic media as
oil. Also, simultaneous extraction of pro -oxidative trace elements with the
antioxidants may have had a counteracting effect on the stability.



ABBREVIATIONS
AA ¢ Arachidonic acid
ALA ¢ Y-linol enic acid
CAT ¢ Catalase
CVD ¢ Cardiovascular disease
DHA ¢ Docosahexaenoic acid
DNPH ¢ 2,4-dinitrophenylhydrazine
DW ¢ Dry weight
EFSA¢ European Food Safety Authority
EPA { Eicosapentaenoic acid
FA { Fatty acids
GC/MS ¢ Gas chromatography-mass spectrometry
GOED ¢ Global Organization for EPA and DHA
HHE ¢ 4-hydroxy -2-hexenal
HNE ¢ 4-hydroxy -2-nonenal
LA ¢ Linoleic acid
LC ¢ Long chained
LC/MS ¢ Liquid chromatography -mass spectrometry
MDA ¢ Malondialdehyde
n-3¢ Omega-3
n-6+ Omega-6
PUFA ¢ Poly unsaturated fatty acids
PVt Peroxide value
ROS¢ Reactive oxygen species
RPM ¢ Rounds per minute
SC¢ Short chained
SGFt Simulated gastric fluid
SIFt{ Simulated intestinal fluid
SOD¢ Superoxide dismutase
SSH Simulated salivary fluid

Keywords : Antioxidants, carotenoids, chlorophyll, fatty acids, fish oil, LC n -3 PUFA,
macro algae, omega3, phenolic compounds, seaweed, sunflower oil, Sweaweed
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1 INTRODUCTION
As a part of the Sweaweed UORNT EUOwUOT PUWOEUUTI Uz UwUOT T UPUwxU
beneficial fatty acids and lipophilic antioxidants , naturally occurring in the seaweed
speciesPorphyra umbilicalisand Ulva lactuca,can be extracted and usedto fortify and
stabilize food grade oils. Hereafter the seaweed species are referred to only by their
genus: Porphyraand Ulva.

1.1 BACKGROUND

Today, many people in the western hemisphere experience a shortage of beneficialn-
3fatty acids (long chain n-3 poly unsaturated fatty acids; LC n-3 PUFA), as westernized
foods are rich in n-6 fatty acids. This is discussed as a contributing reason for
cardiovascular diseases being the world wide leading cause of death[1]. LC n-3 PUFAs
are commonly found in marine foods, such as fatty fish (e.g. herring and mackerel).
As fish in the oceans are on the verge of being overfished, exhausting the eco system,
it is of interest to come up with alternative sources to LC n-3 PUFA. As LC n-3 PUFA
are originally produced in algae and first later in the food chain accumulated in fish,
there are possibilities to reduce our dependence on fish from the oceans If algae are
better explored, algae canbe cultivated for extraction of valuable nutrients , such asLC
n-3 PUFA, or used to feed fish in aquaculture. PUFA however easily goes rancid if not
stored in proper conditions together with antioxidants. Algae naturally contain
antioxidants which might be able to preseve the beneficial LC n-3 PUFA and other
PUFA against oxidation.

1.2 PROJECT DESCRIPTION
Firstly, different physical extraction methods were tested on their ability to extract
pigments and phenolic compounds from seaweed into sunflower oi |. The color change
of the fortified oils was analyzed as a response in these trials These measurements
were used in factorial design to optimize the settings for each method. Sunflower oil
was chosen due to its naturally low content of LC n-3 PUFAS, making it possible to
determine with higher prob ability that the LC n-3 PUFAs in fortified oil s arise from
the seaweed lipid fraction [2]. The method that extracted the highest amount of
pigments and phenolic compounds was chosen. Thefortified oil processed from this
method was analyzed by gas chromatography-mass spectrometry (GC/MS) to
evaluate whether the oil had been enrichedalsowith LC n-3 PUFAs. Secondly,to test
whether the seaweed can be used as a sustainable and novel natural souce of
antioxidants preserving LC n-3 PUFAs in fish oil, the best extraction method was
integrated into a storage study where pur e and fortified fish oil were stored under
daylight and dark condition in room temperature !l YWEOEWEEUOQwDP QIHeUPET 1 u
degradation of fatty acids and the concentration of prim ary and secondary oxidation
products were then quantified. An in vitro digestion study was finally performed on
pure and fortified fish oils to estimate the level of peroxidation occurring in the
stomach and intestine during digestion.



1.3 Am
The project aimed to answer if it was possible to fortify sunflower oil with LC n-3
PUFAs and antioxidants from Porphyra(red seaweed and Ulva (green seaweed and
if so, to quantify the content of these two compound groups. Furthermore, the project
examined whether fortification of fish oil with seaw eed lipophilic antioxidants
decreasd lipid peroxidation during storage and in vitro digestion.

1.4 HYPOTHESIS
?Seaweed can enrich vej®e oils with LC i3 PUFAs?

?Seaweed antioxidants have a preservative effddioaik

1.5 LIMITATIONS
T There will be no experimental work regarding for tification of other food with
LC n-3 PUFA and antioxidants from seaweed. Experimental work will be
limited to fortification of sunflower - and fish oil.

T Only antioxidants extracted with the seaweed lipid fractions will be
examined. Furthermore, they will only be evaluated based on their ability to

prevent lipid peroxidation in fish oil

T Subsequently mentioned methods will be solely tested for extraction of a
seaweed lipid fraction.

T In vitro digestions will only be static, not dynamic.



2 THEORY
This section aims to introduce seaweed and fats (part 2.1-2.3), to then explain the
science behind fatty acids and antioxidants (part 2.4-2.7) as this constitutes the
foundation of the project.

2.1 ALGAE AND SEAWEED
Algae are eukaryote organisms harvesting sunlight, carbon dioxide and nutrients
naturally occurring in the ocean, producing ~A Y i wOl wOUUwx OEOI Uz UwWwEUOC
[3]. There are unicellular (microalgae) and multicellular (macroalgae)algae organisms.
Macroalgae are commonly referred to as seaweed, easily found alongthe coastline
being either red, green or brown. They anchor themselves to rocks, constituting a
habitable environment for smaller aquatic animals. From a biomass point of view ,
there are advantages of growing seaweed compared to land-based biomass
production. Examples being no need for fertilizers and no competition for valuable
area on land. As seaweed extracts nutrients from the ocean and bind carbon dioxide
and nitrogen, they have a positive impact on the environment [4]. Furthermore
seaweeds grow fast and contain various unexplored biomolecules and several
important nutrients, making seaweed an attractive biomass for food ingredients,
chemicals and other bio-based materials. These agantages have led to seaweed
farming being the fastest growing area in aquafarming globally. However, even
though Sweden has a vast coast line, its aquafarming is largdy undeveloped [5].

2.2 THE SWEAWEED PROJECT
Sweaweeds a five-year project funded by the Swedish Foundation for Strategic
Research (SSF) in 2015. Together with seven othefirUl EUET wx UONT EVUwP U wh |
research program Biological production systemAll projects aim to promote industrial
x UOET UUT UwUT EVWEEOWET wEw x EUU w-iabed €conbniyl Oz Uw i
Sweaweeds an interdisciplinary collaboration betw een Chalmers University of
Technology, the University of Gothenburg (GU) and the Royal Institute of Technology
(KTH) . The Sweaweetkam is divid ed in five work packages. The first aims to optimize
farming and breeding conditions for the red and green seaweed Porphyraand Ulva,
Figure 1, naturally growing along the west coast of Sweden. The second work package
aims to make protocols for the disintegration of biomass. The third to fifth work
package aims to isolate food ingredients, extract fine chemicals and bio-based
materials [5].



Figure 1 Picture of Pophyra (red) and Ulva (green). Collected in Heligoland, Germi
198908-08 and 198%9-10, and gathered from commons.wikimedia.org

2.3 LIPIDS

Triglycerides, being the most common type of lipid class in oils, have a glycerol
backbone connected to three fatty acids,Figure 2. When consumed, enzymes in our
intestine will degrade the triglyceride into free fatty acids and monoglycerides. Lipids
with high amount of saturated fatty acids are commonly solid in room temperature ,
hence called fats Lipids with high amount of monounsaturated or polyunsaturated
fatty acids (one or more double bonds respectively) leads to thelipids commonly being
liquid in room temperature , hence called oils.

C18:1n-9 (omega-9)
Monounsaturated o Long chained

\/\/\/\/\/\/\/\/\”/ C20:5n-3 (omega-3)
C18:.0

o Poly unsaturated
Saturated Short chained

Figure 2. An example of a triglyceride where the glycerol backbone is marked in red i
three fatty acids in black. Created in ChemDraw Professional 15.0



2.4 FATTY ACIDS IN THE BODY
Unsaturated fatty acids, especially long chained polyunsaturated fatty acids ( LC-
PUFASs), are more health promoting compared to saturated fatty acids. Consumption
of LC-PUFAs have gained much publicity due to their effect in suppressing the
pathogenesis of cardiovascular diseases (CVDs), autoimmune diseases, cancer, and
inflammatory diseaseg[6]. To promote beneficial effects for human health, the position
of the first double bond on the LC-PUFA is of utmost importance. Depending on if the
first double bond is positioned on the third or sixth carbon on the aliphatic chain,
counting from the methyl group, the LC -PUFA will be given the nomenclature of
omega-3 (n-3) or omega-6 (n-6) respectively. The beneficial health effects are especially
emphasized in the LC n-3 PUFA eicosapentaenoic acid (EPA, 20:5) and its elongated
and desaturated form docosahexaenoic acid (DHA, 22:6)[7], the latter being important
for e.g. normal brain function [8]. LC-PUFAs are oxidized in the body, leading to
synthesis of signaling molecules called eicosanoids [9]. Eicosanoids from EPA
posses®s antiinflammatory properties, while eicosanoids derived from the LC n-6
PUFA arachidonic acid (AA, 20:4) possesses preinflammatory properties [9]. It has
been suggested that the greatest positive effect for human health is achieved when the
ratio of n-6 to n-3 isbalanced, close to 12:1[10]. It is believed that humans evolved on
a diet where this ratio was satisfied [10]. However, the modern western diet is often
lacking n-3 in favor to n-6, leading to the ratio going as high as 2025:1[10]. The human
body can itself convert the essential short chained (SC)n-3 Cie-/ 4 % -limdfenic acid
(ALA, 18:3) to the beneficial EPA and DHA [11]. However, both ALA and the essential
n-6 Cie-PUFA linoleic acid (LA , 18:2 is competing over the same enzyme, elongating
and desaturating their aliphatic tails [11]. Having higher levels of n-6 in the diet
occupies the enzymes, preventing them to convert ALA to EPA/D HA [7]. It is
described that the conversion of ALA to EPA/DHA can beas low as0.2-15% in humans
[12]. Due to this, an increased content of LC n-3 PUFAs in food is desired [9]. The
European Food Safety Authority (EFSA) consider that an adequate intake for an adult
consist of 0.5% ALA, in terms of the daily energy intake, and that 250mg EPA+ DHA
is consumed [13].

2.5 SOURCES OFLC N-3PUFA

The current source of LC n-3 PUFAs arederived primarily from wild -caught pelagic
fish [14]. The fish is either used to process fish oil, or to feed salmons in aquaculture.
The resource is far from sustainable as fish populations in our oceans are on the verge
of being overfished [14]. Wild -caught fish are also sensiive towards pollutions, which
leads to requirements for high control and careful processing of the fish oil before
reaching the common public [12]. To be able to feeda growing population with high
guality food, a more sustainable source of LC n-3 PUFA is needed. This as the demand
for fish oil is estimated to reach the maximum production rate from wild -caught fish
by the year of 2017 according to the Global Organization for EPA and DHA (GOED)
[15]. By this time the fish oil derived from wild -caught fish can no longer sustain the
growing fish oil industry [15]. As fish itself is not the primary producer of the LC n-3



PUFAs, algae are foundto be the sourcefurther down the food chain [16]. As LC n-3
PUFAs are consumed, they accurnulate in larger concentrations through the food
chain [16]. Algae are easy to cultivate as their requirements are limited to sunlight and
nutrients naturally occurring in the oceans [16]. Algae are often divided into micro -
and macroalgae (seaweed) the former which can accumulate up to ~50% fat on a dry
weight basis while the latter contain 1-7% of the dry weight, which makes extraction
more difficult [17]. However, the fat content depends both on specie and seasonal
change, meaning that there is room for optimization in the cultivation of seaweed as a
source of LC n-3PUFA [17]. There is alsoroom for optimization when it comes to more
effective extraction methods being applicable to raw materials with relatively low fat
content. Biosynthesis of LC n-3 PUFAs in microalgae is already carried out on a
commercial scale, and research strive to increase the production of high value
microalgae oils further [18]. Regarding seaweed, research onfat accumulation and
extraction is quite limited and needs further attention. Fortifying foods with marine
LC n-3 PUFAs EPA and DHA can leadto the productio n of so called functional foods
as the RUFAs provide the food with increased nutritional value which can be the basis
for functional health claims [19]. A prere quisite for successful production of functional
food containing LC n-3 PUFA, is to ensure the stability of the PUFAs [20].

2.6 LIPID PEROXIDATION

Oxidation of fatty acids (Il ipid peroxidation ) is especially prominent in foods
containing PUFAs as they consist of many carbon-carbon double bonds [21]. It leads
to not only shorter shelf life and unpleas ant taste and odor changes of the food
product, but also loss of aforementioned nutritional value [22]. The change in taste and
odor is caused e.g. by the production of short chained a ldehydes with high vo Iatility.
Some of the aldehydessuch asmalondialdehyde (MDA), 4-hydroxy -2-hexenal (HHE)
and 4-hydroxy -2-nonenal (HNE) also have mutagenic and carcinogenic properties
[23]. MDA is a general aldehyde produced during lipid peroxidation, whereas HHE
and HNE is specifically synthesized from n-3 and n-6 PUFA respectively [24]. The
oxidation process is induced either by enzymes (e.g. lipoxygenase)[25], prooxidants
such as iron and copper, or reactive oxygen species (ROS) formed by light
(photooxidation) or metabolic processes in oxygenated environments [26]. An
example of ROS mediated by light is the excited state of molecular oxygen called
singlet oxygen. In this molecule, one of thetwo valence electrons have changed its spin
to achieve the opposite compared to its neighbor, creating a short-lived molecule
which quickly stabilize by pairing the two electrons, creating a long-lived singlet
oxygen. This form of oxygen is linked to peroxidat ion of fatty acids [27]. Other
common ROS areradicals such asthe hydroxyl ( OH), hydr operoxyl (HO: ) and
SUPEROXIDE (Oz ). Superoxide can together with hydrogen peroxide (H202) undergo
the Haber-Weiss reaction, catalyzed by ferric/ferrous (Fe®/Fe**) ions, to create
hydroxide (  OH), hydroxyl and singlet oxygen [28].



For a schematic example oflipid peroxidation, see Figure 3. Reaction (1) in Figure 3
shows OH scavenging a hydrogen from a fatty acid (LH) [29]. This reaction yields a
lipid radical (L ) reacting with molecular oxygen (O 2), (2) Figure 3. The peroxyl radical
(LOO ) created reacts with other fatty acids, (3) Figure 3. This reaction yields another
lipid radical and lipid h ydroperoxide (LOOH), (4) Figure 3. Being a primary lipid
oxidation product, lipid hydroperoxides can decompose to secondary lipid oxidation
products such as shat chained aldehydes with strong smell and aforementioned
mutagenic and carcinogenic properties. The lipid peroxidation cycle can to some
extent terminate itself when two free radicals meet and react with each other.

W L
(3)(‘»4)
o

H—O
CI IJ (1) HO (Z)G,:(B ~ @)
2 .

HO\O
\)\/\/L 0 SN T \)\/\/" \)\/\/L

Figure 3.Schematic overview of lipid peroxidation modified in ChemDraw Professione
from I.S. Young and J. McEneny (20(3)]

Lipid peroxida tion not only occurs during storage, but also during digestion of food

containing PUFA [31]. Consuming food rich in prooxidants , such as chlorophyll and

trace metals found in seaweed,have been shownin vitro tolead to a significant pY 4 Y 6 Y k A w
increase in lipid peroxidation in the gastrointestinal tract [32]. In the gastric tract, the

oil is still in a droplet but exposed to lipase sactive at the low pH and high temperature

pt Af"ABw(OQwUTlT T wbOUI UUPOEOQwxT EUIl wUT T wdpPOwbHU
degrading the triglycerides. The free fatty acids are here highly vulnerable for lipi d
peroxidation. The production of aldehydes is inevitable . For the intestinal fluid, the

lethal concentration 50 (LC50) over a 16 hour period are 600-3000uM MDA and 20

60uM HHE and HNE [33]. The LC50 tells which concentration that induce death in

50% of the endothelial cells[33].

2.7 ANTIOXIDANTS AND PROOXIDANTS
The presence of atioxidants along with the PUFA is crucial in order to reduce the
lipid peroxidat ion to a minimum. Antioxidants d o this by inhibit the formation of, or
scavenge ROS or lipid radicals [32]. There are enzymatic antioxidants such as
superoxide dismutase (SOD) and catalase (CAT),and non-enzymatic antioxidants
such as carotenoids and phenolc compounds [34]. Carotenoids are present in the
chloroplast of plant system. During the absorption of light in photosynthesis,
chlorophyll is oxidized. If photosynthetic processes cannot cope with the light
intensity, the chlorophyll wil | be oxidized into its triple state working as a
photosensitizer to form singlet oxygen. Carotenoids actively quench triple chlorophyll
and scavenge singlet oxygento thereby protect the photosynthetic membrane from
oxidation [34]. The content of chlorophylls and carotenoids in oil s are therefore of
utmost importance. A chlorophyll concentration of 2ppm in pu rified olive oil



increased the peroxide formation by more than threefold if stored in light conditions
[35]. However, in dark condition an increase of chlorophyll did not affect the peroxide
formation [35]. In contrast Fakourelis etal. (1987) showed that E w-acfrotene
concentration of 20ppm caused half as much peroxide formation as the control when
stored in light condition [35]. Another antioxidant feature of carotenoids is the
absorption of light between 400-500nm, protecting other molecules from
photooxidation [36]. Due to this relationship of chlorophylls and caroteno ids, it is
wanted to decrease the concentration of chlorophylls and increase the concentration
of carotenoids in the fortified oils later in this report.

Phenolic compounds donate a hydrogen atom to radicals to thereby terminate lipid

peroxidation and make sure it does not propagate indefinitely [37]. Examples of these
are tocopherols/-trienols which donates a hydrogen to lipid peroxyl radical,
terminating the peroxidation chain reaction showed in Figure 3 [38]. In the body,
oxidized tocopherols/ -trienols can be regeneratedthrough reduction by ascorbic acid

to dehydroascorbate [39]. Regeneration of ascabic acid is possible through the thiol

redox cycle generated by GSHreductase using NADPH as a substrate[39].

Synthetically produced antioxidants and commercially available natural antioxidants
have shown lower effect than desired in the preservation of some food enriched with
LC n-3 PUFAs [20]. Furthermore, synthetically produced antioxidants are restricted
due to health risks in humans [40]. In addition to this, many natural antioxidants are
extracted from herbs, and the extracts are provided with strong flavor and color which
do not always match with the food product. This has led to the searchfor novel natural
antioxidants to retain the nutritional value of food sensitive to oxidation, both during
storage and digestion [19]. The presence ofLC n-3 PUFAs in seaweedlead to the belief
that antioxidants (such as carotenoids and phenolic compounds) naturally found in
seaweedcan also be used to preserveother LC n-3 PUFAs[19]. It was recently shown
that seaweed extractsmanaged to prevent lipid peroxidation in  fish systems with high
LC n-3 PUFAs [41].



3 MATERIALS AND M ETHODS

3.1 CRUDE COMPOSITION OF SEAWEED BIOMASS

Both species of seaweed werecollected at Tjarné, Sweden the 20" of June 2016and

stored in -20[ "umtil 27" of September 2016when the seaweedwere ground, using a

KitchenAid Artisan 5KSM150with Food Grinder Attachment (FGA) &nd the 5mm hole

plate. Half of each biomass was portioned into 50ml FisherScientificcentrifuge tubes

and stored in New Brunswick Scientific Ultra Low Temperature Freezer UsB8UY [ " 6 w3 1 1 w
other half was put in a Heto Drywinner (DW) 655 freeze dryer with condensed wall
temperature at -k K[ " wE O E wx 094 ORa(Aftdr Tudays af fréeze drying, the dry

biomass was portioned and stored likewise the wet biomass.

3.1.1 DRY WEIGHT
The dry weight of the wet biomass was calculated by drying a triplicate of 5g o f wet
biomass for each speE DI OWDOWE whuyY k[ " wOYIl OQwoOYIithedw®titol U8 w3 T
cool down in a dry desiccator before weighed.

3.1.2 TOTAL LIPID CONTENT

The lipid content of the seaweed was quantified gravimetrically after performing
extraction of total lipids with a method developed by Lee et al(1996) and later modified
by Undelandet al.(2002). A triplicate of 1g freeze dried biomass from each speciewere
weighed in 50ml centrifuge tubes where 10ml ice-cold 1:1 mixture of chloroform and
methanol were added. A polytron (Ultra Turrax IKA® T18 basigwas used at 14000rpm
to homogenize the sample. The polytron was thereafter cleanedin another 10ml ice-
cold 1:1 mixture of chloroform and methanol. This volume was then added to the tube
containing the biomass. A volume of 6.16ml 05% NaCl (Sdcarlay) was added
whereafter the tubes were vortexted for 30 secondsin a Scientific Industries VortexGenie
2. The tubeswere then centrifuged in a Heraeus Multifuge 1 SR for 6 minutes at 2000g
EQOEWK[ "6w3T 1 wOOP | Was fahstefdad tip@-uégled iglass tubes by
using a glass syringe. The glass tubesvere weighed again before left to evaporate in
room temperature with a constant flow of N 2-gas.The glass tubeswerefinally weighed
again, yielding the total lipid content of the seaweed.

3.1.3 FATTY ACID COMPOSITION

To determine the fatty acid composition, an in-house method for direct fatty acid

methylation published by Cavonius et al(2014)was used [42]. A duplicate of 50mg

freeze dried biomass from each specieswas weighed and put into glass tubes. As

internal standard, 100ul 1mg/ml C17:0 in toluene was added to each sample. Oneml|

of toluene, and 1ml of 10% HCI in m ethanol were added to each tube before incubated
for2hOUUUWE UwA Y[ " 6 w3 Isioppéibyaddin® B.2mbrod@Hu® Hlldwed

by vortexing. Four ml petroleu m ether and 1ml diethyl ether were added whereafter

the tubes were vortexted before centrifuged for 6 minutes at 2500gatK [ " 6 w3 1 I wOUT E
upper phase was transferred to fresh tubes using a glass syringe. The ®lvents were

A oA~ s A N o~ A



each tube before injection to an Agilent 7890GC system equipped with a J&W DB-wax

column (30mx0.25mmx0.25um) and interfaced with an Agilent 5975 Ctriple -axis MS

detector in electron impact mode. The injection volume was 1ul with a 15: 1 split at an

POOI OwUI Ox1 UEUUUT wOl wl Akf"dw' 1 OPUOwWPEUWUUI Eu
Ol whOO¥OPOWUT UOUTT OUUWUT 1T wx UOT UEinucstiieh wx UOT U
DOEUI EUI wK{ " v Otbeteafttr ®OEYK EVOw@Puy OPOwWwUOwWI t+ y[ "
temperature was held for 5 minutes. GLC Reference Standard: 488m Nu-Chek Prep,

Inc. was used as external standard.The data was gathered and analyzed by using the

software MSD ChemSation E.02.01.11&ith minimum peak area set to 300 000 area

counts.

3.1.4 PIGMENTS AND PHENOLIC COMPOUNDS

The concentration of pigments and phenolic compounds in the seaweed were
extracted according to a method described by Veideet d. (2015)[43]. A triplicate of 0.5g
of dry Porphyraand Ulva was extracted in 5ml 80% acetone in 13mlFisher Scientific
centrifuge tubes sealedwith aluminum foil to protect light sensitive compounds. The
tubes were put in a Heidolph Reax Potary incubator set on 30rpm in room temperature
overnight. The tubes were then centrifuged for 5 minutes at 30009, and the supernatant
transferredto 5ml Fisl 1 Uw2 EPIT OUPiue&E ws x x1 OEOUI aw

3.1.4.1 PIGMENTS
The absorbance of the samples were measured at the wavelengths 663, 647 and 470nm
using an Agilent Technologies Cary 60 UVis spectrophotometer with a 10mm Quartz
cuvette from Hellma Analytics[44]. The spectrophotometer was blanked with 80%
acetone The data was gathered by using the Cary WinUV ScanApplicationfrom Agilent
TechnologieBy using absorption coefficients for leaf pigment extracts in 80% acetone
solvent acquired by Hartmut K. Lichtenthaler(1987, an estimation of the amount of
carotenoids and chlorophyll was calculated according to Equation (1) ¢ (3) [44]:

Equation (1) # #EIT Ol D@l & b
Equation (2) # #EI1 1T OI"DE @it v h

Ao P.TUTLTT, &t
# # Aol 0AIEA s PAG varg

pwy
The total concentration of chlorophyll was calculated by adding the concentration of
chlorophyll A and B from Equation (1) and (2). The total concentration of carotenoids

was calculated by using Equation (3). The concentration isin the unit [ pg pigment/mi
extract]; easily converted to [ug pigment/g dry seaweed] (ppm) .

Equation (3)
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3.1.4.2 PHENOLIC COMPOUNDS

An external standard curve had to be made where phloroglucinol was diluted in 80%
(v/v) acetone in mQ-H20 to concentrations ranging between 0-100pg/ml [43]. One ml
of the phloroglucinol in acetone was mixed with 500ul 10%(v/v) SigmaAldrich Folin
Ciocalteu reagent in mQ-H:20 [43, 45] After 5 minutes, 500ul of 7.5%(w/v) reagent
grade NaHCOs in mQ-H20 was added whereafter the absorbance was measured at
765nm using a 10mm Quartz cuvette [43, 45] The data was gathered by using the
software Cary WinUV Simple Reads Applicatioirom Agilent Technologies The
spectrophotometer was blanked with the aforementioned ratio of 80% acetone, Folin
Ciocalteu reagent and NaHCOs. The standard curve can be seen inFigure A.l1 in
Appendix A.

The concentration of phenolic compounds in the acetone extractfrom part 3.1.4was
estimated by replacing 1ml of phloroglucinol in acetone with 1ml acetone extract in
the aforementioned method . The equation derived from the standard curve was then
used to calculate the concentration of phenolic compounds/dry seaweed [ug /g] (ppm ).

3.2 EXTRACTION OF SEAWEEDINTO SUNFLOWER OIL
Four in house physical extraction | @ U B x O(pdytian,beadbeater, sonicator bath
and sonicator probe) were examined to facilitate extraction of lipophilic compounds
from the seaweed into sunflower oil (Brokelmann + Co Oelifle GmbH +Co, Germany
purchased from the local market (Coop Konsum, LandglaWhen using the polytron,
sonicator bath and the sonicator probe, 0.5g of dry weight seaweed biomass in freeze
dried or wet form was mixed with 4.5g oil in 13ml centrifuge tubes. Giving a dry
biomass to oil weight ratio of 1:9. When using the bead beater, both masses were
doubled to cope with the larger 50ml centrifuge tubes needed to run the bead beater.
The mixtures were vortexed to make the samples as homogenous as possible. The
centrifuge tubes were kept on ice to keep astable temperature just above @ " OQOwWET | OUI 1
the extraction methods were conducted. After extraction the tubes were centrifuged
for 2 minutes at 4000g, to remove the seaweed debris and leave a clean fortified oil as
the supernatant. The supernatant was transferred to fresh 5ml Eppendorf tubes, put
on ice and amalyzed according to part 3.2.2

3.2.1 OPTIMIZATION OF EXTRA CTION METHODS
As physical extraction methods generate heat, which might promote lipid
peroxidation, the temperature profile was measured on pure sunflower oil for each of
thel RUUEE UD OO wrd ogtiey Bosed $uitable ticheudpans for which the extraction
methods would be run. The extraction methods were conducted in a duplicate on
separate days. Factorial design (seel'able 1 for a general layout) was applied in order
to determine the most optimal settings for each method. Sample number 0 is pure
sunflower oil which was treated the same as the fortified oils to be able to compare the
effect each extraction method per se had on the seaweed biomass. By using

appropriate factorial designs together with replicates, results from analysis of

11



lipophilic compounds and color were Table 1. General*-factorial design used wher
used to create ANOVA -tables, able to Ul UUDOT wOT T webi il
estimate which parameters that were

. -/[+ Porphyra/Ulva Dry/Wet Short/Long  Low/High
of largest importance for each

Specie State Time Power level
disintegration method. A normal o 0 0
distribution was assumed for all ; - -
replicates, and the results are i .
reported as means and standard 4 + - -
deviation. For all statistical analysis, 2 - +
. N - s A PN = + - +
YwPEUwWUI Uw UOuwtyledy - . N
normal distribution. The extracted 8 + + + -
amounts of lipophilic compounds 9 - - - +
. 10 aF - Bis

and total change in color for the four |, ) . .
iBUUEEUDOOW]@UDXO 12? + + - +
part 3.2.1can be seen inAppendix B 13 - - + *

. . 14 + - b +
together with the statistical data. The 15 ) . . N
general experimental design for 15 + + + +
fortification of sunflower oil is shown
in Figure 4.

3.2.1.1 POLYTRON
The polytron used was an Ultra Turrax IKA“ T18 basicFor this study the frequencies
of 14000rpm and 24000rpm were tested. It was not possible to measure the
temperature continuously, why t he temperature profile was constructed by measuring
4 separate runs on each power level. The times of 60 and 120 secorsdwere chosen as
levels in a 2*-factorial design shown in Table 2.

3.2.1.2 BEADBEATER
A Retsch MM40Mbeadbeater with washed glass beads (21200um) from SigmaAldrich
was used with inserts for 50ml centrifuge tubes. For a normal sample with 1g seaweed
(DW) and 9g sunflower oil, 1ml of glass beads were used. The beadbeater did not offer
the opportunity to measure the temperature continuously. Therefore the temperature
profile was constructed by measuring 6 separate runs on 1200 and 1800 rpm. The times
of 60 and 300seconds were chosen to be the levels in the 2factorial design shown in
Table 3.

12
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Figure 4. Approach used for extraction and analysis of fortified sunfloweFAikE fatty
acids. GC/MS = Gas chromatography mass spectrometry



Table 2. The 2*-factorial design use Table 3. The 2*-factorial design use

for evaluation othe polytron for evaluation othe beadbeater

Specie State Time [min] Freq. [rpm] Specie State Time [min] Freq. [rpm]
0 0 0 1 14000 0 0 0 1 1200
1 Porphyra Dry 1 14000 1  Porphyra Dry 1 1200
2 Ulva | Dry 1 14000 2 Ulva Dry 1 1200
3 | Porphyral Wet 1 14000 3 Porphyra Wet 1 1200
4 Ulva  Wet 1 14000 4 Ulva @ Wet 1 1200
5 | Porphyra Dry 2 14000 5 | Porphyra Dry 5 1200
6 Ulva | Dry 2 14000 6 Ulva Dry 5 1200
7 | Porphyra Wet 2 14000 7 Porphyra Wet 5 1200
8 Ulva  Wet 2 14000 8 Ula  Wet 5 1200
9 | Porphyra Dry 1 24000 9 | Porphyra Dry 1 1800
10| Ulva | Dry 1 24000 10/ Ulva Dry 1 1800
11 | Porphyral Wet 1 24000 11 Porphyra Wet 1 1800
12/ Ulva  Wet 1 24000 12 Ulva @ Wet 1 1800
13 Porphyra Dry 2 24000 13 Porphyra Dry 5 1800
14| Ulva  Dry 2 24000 14 Ulva | Dry 5 1800
15 | Porphyra; Wet 2 24000 15| Porphyra Wet 5 1800
16 Ulva  Wet 2 24000 16 Ulva @ Wet 5 1800

3.2.1.3 SONICATOR BATH
An Elma S15ultrasonic bath filled with water at Table 4. The 23-factorial desigr
ambient temperature was run with 13ml centrifuge used for evaluation of the
tubes inserted in a floating piece of Styrofoam. High  sonicatorbath
frequency sound waves are spread in the water bath,

to some extent penetrating the plastic centrifuge Specie State  Time [min]

tubes and interacting with the sample. The 0 0 1
i ) 1 Porphyra Dry 1

frequency could not be changed for this equipment, , Dry 1
so it remained constant at 37kHz. The increase in 3 porphyra Wet 1
temperature when using the sonicator bath was 4 uUlva Wet 1
measured continuously, starting with the oil being 5 Porphyra Dry 5
equal to the surrounding water at ~2q " The times 6 Ulva  Dry 5
of 60 and 300 seconds were chosen to bthe levels in 7 Porphyra Wet 5
8 Ulva  Wet B

the 2-factorial design shown in Table 4.

3.2.1.4 SONICATOR PROBE

A Branson Sonifier 256onnected to a 3mm ultrasonicator probe was used with the tip

of the probe inserted half-way into the sample volume. The probe has similar

technology asthe previously mentioned sonicator bath, but the soundwaves originate

directly in the sample instead of in a surrounding water bath. The sonicator probe has
two adjustable settings. The output level controls the frequency of the sonic wave
originating from the probe. For a specific sample; the frequency is proportional to the
power of the sonication delivered at each pulse. The duration of each pulse is
controlled by the second setting; duty cycle.

14



For creation of the temperature profile, the duty cycle was set to 50% (medium setting),

and the output level was chosen to 3 and 6 (medium and high). The temperature was

measured continuously with an Armatherm GTH 1160digital thermometer as the

samples were standing on ice. Due to the rapidly increasing temperature and large

variation of settings, it was decided that no specific time levels would be chosen.

Instead the ability to continuously measure the temperature decided the time for each

different combination of duty cycle and output level. The temperature limit was

El EPEl EwWUOWET wUIl OwUOOwt Y " OwUPOPOEUWUOWUT T wUi
equipment.

To be able to find an optimum setting for
duty cycle and output level, the duty cycle Y . W a
was chosen to range between 2660% and U 60%@—

the output level was chosen to range T

between 2-6 in a 2*factorial design with Y

center points as shown in Figure 5. Single 40%
replicates were run in the corner points and $

a triplicate was run for the center point to c

be able to calculate the error of the method. L 20%@ ____________ a
Only one species of seaweed (lva) was E

extracted to give more time to find an
optimal setting. Also it was not possible to
extract the wet seaweed with the sonicator
probe, as it turned into an non-extractable
slime during extraction.

OUTPUT LEVEL

Figure 5 The 2-factorial design used
evaluate the first test of the sonicator p

For the second test a 3-factorial design with output level 4 -6 and a duty cycle between
30-50%was used. The center point was run in triplicate . The experimental design can
be seen inFigure 6. The third test was run in order to evaluate the duty cycle. The
output level was therefore kept constant on 5, asthe duty cycle ranged between 40-
80% Each setting was tested in a duplicate. A fourth test was designed to examine
whether dry Porphyrahad a different optimum compared to Ulva. Due to that the red
seaweed was gelling much more than the green, it had to be disintegrated further in a
coffee grinder. This allowed the sonicator probe to come in contact with the oil and

extract the seaweed. A 3*-factorial design was conducted according to Figure 7. A
triplicate was run on the center point, and single runs on the surrounding points.
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Figure 6. The 3-factorial design used to  Figure 7. The 3-factorial design used to
evaluate the second test of the sonicat evaluate the fourth test of the sonicatc
probe probe

3.2.2 ANALYSIS OF FORTIFIEDOILS
3.2.2.1 TOTAL CHANGE IN COLOR

The color of the sunflower oils when fortified with seaweed biomass was analyzed by
using a Minolta Colorimeter CR400to measure the total color change on 1ml of oil for
all chosen methods. One ml was pipetted into white lids ( Cerbo laboratory lid 30from
Nolatg and the average out of 5 measurements was recordd. The Minolta Colorimeter
measured the color in the Hunter color measurement system where L* represent
lightness from black to white (0 -100), a* represents green to red, and b* represents blue
to yellow [46]. A total change in color indicates that pigments from the seaweed have
been extracted to the oil. The data was gathered byusing the software SpectraMagic
NX Color Data Software CM5100w

3.2.2.2 PIGMENTS AND PHENOLIC COMPOUNDS

To measure the concentration of pigments and phenolic compounds, 0.5g of oil was
dissolved in 5ml 80% acetone and thereafter analyzed as described in part3.1.4

3.2.2.3 FATTY ACID COMPOSITION
The fatty acid composition was measured on the extraction method that was
considered most promising. The method to measure the fatty acid composition in the
fortified oils is similar to the method described in part 3.1.3 with a few exceptions:
Twenty mg of oil was used instead of 50mg freeze dried seaweed. The concentration
of the internal standard C17:0 was 10mg/ml instead of 1mg/ml. Finally, twice the
volume of iso-octane was used to dilute the samples.

1€



Table 5. The best setting for each extraction method

Method Time/Degrees Power level/Frequency
Polytron 2 min 24000rpm
. R Output level: 5
Sonicator Probe t YIS Duty cycle: 60%
Beadbeater 5 min 1800 rpm
Sonicator Bath 5 min -
Soaking in room Lyl
temperature

3.2.3 COMPARING THE BEST SHTING OF EACH METHOD

The best settings for each method were evaluated against each other. The effect of
having the seaweed soaked insunflower oil in room temperature and subjecting it to
vortex 4 times, was also tried. The best setting for each methodcan be seen inTable 5.
To be able to compare the extraction methods, dry biomasswas used in all cases. For
this experiment, the biomass was further ground in a coffee grinder to achieve a more
homogenous powder, and by that more comparable results. A duplicate was run for
eac method. A two sample t -test assuming equal variance was performed to compare
the results between the different methods.

3.2.4 EFFECTOF HEAT ON EXTRACTION
The polytron and sonicator probe were found to be the two most promising extraction
methods. To evaluate whether the extraction temperature had any impact on the
extractability Ow UT 1 w i @ U b xuddd @tlireit optirial (béttings and run on dry
Porphyramixed with sunflower oil until the sample temperature reached 30 andk Y [ "
To evaluate the effect of heaton extractability , another set of samples were left in a
huY Y dvénwntil the oil temperature reached 30 andk Y [ The samples were vortexed
vigorously before and after the heat treatment. A duplicate was run for each method
and temperature. Once again, a two sample ttest assuming equal variance was
performed.

3.2.5 ANALYSIS OF THE MOSTPROMISING METHOD
Using the polytron at 24000rpm until 50 & was reached wasthe most successful
method to extract carotenoids, and gave thelargest change in color, see part4.2.3 The
fatty acid composition of the fortified oil by using this method was analyzed. To
increase the probabiity to identify any difference in the fatty acid composition, 0.5g of
dry seaweed was extracted in 2g sunflower oil instead of 4.5g sunflower oil as used
previously. The polytron was run for 3 minutes at 24000rpm to reach 50 £. Also a blank
with pure sun flower oil was treated the same. A duplicate of each oil was methylated
followed by GC/MS analysis according to method described in part 3.2.23. A two
sample t-test assuming equal variance was performed to detect any differences
between the oils.
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3.3 EXTRACTION OF SEAWEEDINTO FISH OIL

3.3.1 EFFECT OF HEAT ON LIAD PEROXIDATION IN F ISH OIL

Using the polytron at 24000rpm, extracting the samples for 7 minutes until the

Ul Ox1 UEUUUT wi EEwUPU]I OwUOwWKkYS " wPEUwWiI OUOEwWUOWE
to fortify sunflower oil, see results in part 4.2.3 Since this method involves heating the
OPOWUOwWKkYSf " OwPUwPEUWOI wbOUI Ul U0wUOwWI YEOUEUI
exerting fish oil to heat. Cod liver oil (hereafter referred to as fish oil) supplied from

Lysi hf(Reykjavik, Iceland) with a natural content of 300ppm vitamin A and no added

antioxidants was used. The fish oil was thawed and divided into 3 separate Eppendorf

tubes. One tube remained on ice whereas the other two were hé&c U1l EwU Owt Y wE OE wk
EwhYY[ " wOY]l O6w( OwUOOOwhk YwUTl EOOEUWUOwWT T EQwU]
kY[]"B8w OwEOEOCaUPUwWOl wxl UORPEIT wYEGBILiuap/ 5Aw b
determine the amount of primary oxidation the oil undergoes when heated. A two

sample t-test assuming equal variance was executed to detect the differences in PV.

3.3.1.1 PEROXIDE VALUE

Analysis of PV was done according to the method by Shantha and Deckgi994), later
modified by Undeland et al(2002)[47, 48] A duplicate of 0.15g of each of the above oils
were mixed with 2ml ice -cold 2:1 mixture of chloroform and methanol, whereafter
diluted 10 times to a total volume of 2ml. 1.33ml ice-cold 1:1 mixture of chloroform
and methanol was added together with 33.4ul ammonium thiocyanate in mQ -H:20
(0.3g/ml). After 2 seconds of vortexing, 33.4pl iron (ll) chloride solution was added,
followed by another 2 seconds of vortexing. The iron (ll) chloride solution was
acquired by dissolving BaClz*2H20 with 0.4M HCI (0.008g/ml) and FeSos*7H20 with
mQ-H20 (0.01g/ml). Equal volumes of these solutions were then vortexed 1 minute,
whereafter the upper phase was acquired after centrifuging 3 minutes at 3000g. The
absorbance at 500nm was reorded after 20 minutes of dark incubation in room
temperature. As blank, a 2:1 mixture of chloroform and methanol was used. A
standard curve was made from cumene hydroperoxide (CPO) diluted in a 2:1 mixture
of chloroform and methanol to concentrations of 0 to 30uM. The standard curve can
be seen inFigure A.2 in Appendix A . The standards were then treated as the fish oll
samples in 2:1 mixtures of chloroform and methanol.

3.3.2 FORTIFICATION OF FISH OIL

The aforementioned polytron method was used in order to evaluate whether the
extracted antioxidants from the seaweed were able to stabilize the PUFAs in fish oil.
A new batch of fish oil supplied from Lysi hf(Reykjavik, Iceland) with a natural content
of 388pm vitamin A and no added antioxidants, was acquired. A triplicate of freeze
dried and coffee grinded Porphyraand Ulva was weighed to 4g in each of three 50ml
centrifuge tubes. To keep the weight ratio of biomass to oil at 1:9, 369 offish oil was
added to each tube except the tubes containing pure fish ol where 40g of fish oil was
added. The samples were vortexed and immediately put on ice before the extraction
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method was applied . The pure and fortified fish oil was obtained and used to measure
lipophilic compounds and fatty acid composition. Furthermore the oils were used to
study the effects of storage- and an in vitro gastro intestinal digestion on lipid
peroxidation. SeeFigure 8 for an overview of the fortif ication of fish oil.

el atatlie.
Freeze dried Freeze dried
Vortex
% =

Fish oil
Polytron 24000rpm to 50°C
Centrifuge and extract the
fortified oil (supernatant)
[F—
4
E
<
-80°C
20°C 8C Initial samples
i Measure:
St t
orage over ime * Lipophilic compounds
Measure: In vitro digestion
» FA composition with GC/MS Measure:
* Peroxide value (PV) * Aldehydes with LC/MS

* Aldehydes with LC/MS
*  Perception (sensory analysis)

Figure 8. Approach in the analysis of oxidative stability of fortified fish oils during sto
and in vitro digestion
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3.3.2.1 PIGMENTS AND PHENOLIC COMPOUNDS

The pigments and phenolic compounds in the fish oil control and the fortified fish oils
were measured as described in part3.2.2.2

3.3.3 STORAGE STUDY OF PURE AND FORTIFIED FISH OIL
Nine ml from each of the fish oil control and fortified fish oil was pipetted into 50ml
centrifuge tubes. One set wasE OY 1 Ul EwDOWEOQUODPOUOwWI OPOWE OE w x
AnothersetwasE OY1 Ul EwbPOWEOUOPOUOwWI OPOWEOSEwWx U0 wb OwU
set of samples was prepared and put in room temperature where it was exposed to
daylight. A sample size of 500ul from each oil was taken after 3 and 7 days, and
thereafter at a weekly interval until 6 weeks had passed. Samples were put in 1.5ml
Microcentrifuge Tubsand flushed with N 2 before storedin -WY [ " 6 w

3.3.3.1 CHANGES IN FATTY ACID COMPOSITION

The fatty acid composition of the oils at day of fortification and after 28 days of
daylight storage at room temperature was measured with GC/MS as described in part
3.2.2.3 This was preformed to be able to detect the degradation of fatty acids during
storage. The result was analyzed with a two sample t -test assuming equal variance.
This allowed comparis on of the fatty acid patterns between fish oil control and fish oil
fortified with Porphyraand Ulva. Statistical datafrom the two sample t -test assuming
equal variance are shown in Appendix C.

3.3.3.2 CHANGES IN PEROXIDE VALUE
Peroxide value was measured on the samples from day 0 and 28by using the same
method as described in part 3.3.1.1 However, the oils were diluted 20 and 200 times
for the 0 and 28 day samples respectively.

3.3.3.3 CHANGES IN REACTIVE ALDEHYDES

Malondialdehyde (MDA), 4 -hydroxy -2-hexenal (HHE) and 4-hydroxy -2-nonenal

(HNE) was measured by using the same method asTullberg etal. (2016 [31]. In 1.5ml
Microcentrifuge Tubes80mg of each oil was weighed and mixed with 420ul m Q-H:2O.

BHT (0.1g/ml, 45M in MeOH) and EDTA (0.02M in m Q-H:20) was added in volumes

of 20ul and 40ul respectively. The tubes were vortexed for 10 seconds and then left in

room temperature for 5 minutes befOUT wET OUUDPI UT 1T Ewl wOPOUUI UwE
supernatant was transferred to fresh 1.5ml Microcentrifuge Tubeswhereafter the

samples were derivatized with 25ul 2,4-dinitrophenylhydrazine (DNPH) (2mg/ml,

10mM in MeOH) . The tubes were vortexed for 10 secads and left to incubate in room
temperature for 60 minutes. The samples were then extracted twice, with 500pl
dichloromethane whereafter the samples were vortexed for 10 seconds and

E1 OQUUDPI UT T Ewl wOPOUUIT UwE U w rsiwyry tyahsterfed 1o Kefv" 6 w3 T 1
1.5ml Microcentrifuge Tubeand left to evaporate in room temperature with a constant

flow of N 2. When the tubes were dry, they were diluted with 250 ul MeOH and left for

5 minutes in room temperature followed by vortexing for 10 seconds and centrifuged

NN A~ N AN A~ A
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on LC/MS. Standards were prepared by using different ratios of MDA , HHE (1mg in
100pl MeOH) and HNE (1mg in 100ul EtOH) . The MDA was prepared with 1mM
1,1,3,3tetraethoxypropane (TEP) hydrolysed in 1% H-SOQ: i OU whul Y OBDOWE Owl k [ "

The analyses were performed on an Agilent 1260 HPLC systenconnected to a binary

pump, an autosampler, a column oven with a Phenomenex Lulbbwp!l kK Y OO0OA Kt OOAL 4
Ci8 coumn P B UT wE wl UE Eand & UMwEtettaricopfled ao an Agilent 6120
quadrupoldan the APCI negative mode. The sample injection volume was 15ul and the

flowrate of the mobile phase was 700ul/min. The two mobile phases consisted of

20mM acetic acid (HAc) in water (A) and MeOH (B). The program started out with

30% A and 70% B for 2 minutes. For the following 8 minutes, the ratio changed linearly

to 5% A and 95% B. This setting was kept for 10 minutes whereafter another linear

increase of mobile phase B to 98% was performed during 5 minutes. This setting was

kept stable during 2 minutes before mobile phase B decreased to 70% during 1 minute.

This setting was then kept until the end of the program afte r 40 minutes. N2 was used
EUWEwWOI EUOPATl Uwl EVWEUWKYxUDPT OwUi 1l wEUuabpOl weod
EOQEwWKK Y[ " wUThddath iiab @alyizedia fhe in selected ion monitoring (SIM)

mode, using the Agilent ChemStatiorsoftware. Molecules of the mass to charge ratio

(m/z) 234, 293 and 335 were collected a®ns corresponding to MDA, HHE and HNE

when derivatized with DNPH.

3.3.3.4 SENSORY ANALYSISOF RANCID ODOR
A panel of two trained panelists took part in a blind test where they estimated the
rancid odor of the different oils by drawing an X on a 10cm line corresponding to a
rancidity intensity of 0-100 The sensory analysis was done after 0, 3, 7, 10, 15, 21 and
28 days.

3.3.4 LIPID OXIDATION DURIN G IN VITRO DIGESTION
The in vitro digestion was performed by following a standardized in vitro digestion
method developed by Minekus etal. (2014)hereafter referred to as the Infogest-protocol
[50]. Reagent grade salts together with enzymes and extracts originatin g from fungi
and porcine were used to create simulated digestive fluids . To be able toprepare the
simulated fluids , enzymatic activity had to be measured through a number of assays
described in Appendix D. Activities of enzymes can be seen inTable 6. Simulated
salivary, gastric and intestinal fluids (SSF, SGF, SIF) were prepared as seen iffable 7.
The salt solutions were prepared beforehand and stored in the freezer (| Y[ " Aw D Ouw
volumes of 10ml in 13ml centrifuge tubes. On the day of digestion, 2.5ml of the
enzymes, CaClk and bile salts were mixed with the 10ml to give the final concentrations
as seen inTable 7.
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Table 6. Measuredactivities of enzymes used during digestion. 3@pendix D for
definitions of U and TBU

Enzyme Activity
Y-amylase fronporcine pancreas 1.60 £ 0.35U/mg
(A3176, SigmaAldrich)
Lipase from Rhizopus oryzae 7.24 + 0.61 TBU/mg
(80612,SigmaAldrich)
Pepsin from porcine gastric mucosa 705.99 + 19.18 U/mg
(P7000,SigmaAldrich)
Lipase in Pancreatin from porcine pancreas 34.24 + 3.44TBU/mg
(P1750,SigmaAldrich)
Trypsin in Pancreatin from porcine pancreas 268 = 0.17 U/mg
(P1750,SigmaAldrich)

Table 7. Concentration of salts and enzymes in SSF, SGF and SIF. The numbers
within brackets are theoncentrations/activities in the reaction mixture when taking the-s
by-step addition and dilution factor into account

Salts SSF [mM] SGF [mM] SIF[mM]
KCI 15.1 (7.550) 6.9 (7.230) 6.8 (7.013)
KH 2PO4 3.7 (1.850) 0.9 (1.375) 0.8 (1.088)
NaHCO3s 13.6 (6.800) 25 (15.90) 85 (50.45)
NacCl 47.2 (23.60) 38.4 (31.00)
MgCl 2(H20)s 0.15 (0.075) 0.12 (0.100) 0.33 (0.214)
NH 4COs 0.12 (0.060) 1 (0.530) (0.265)
Enzymes SSF [U/ml] SGF [U/mI] SIF [U/ml]
Y-amylase from porcine pancreas
(A3176, SigmaAldrich) 150 (75.00)
Lipase from Rhizopus oryzae
(80612,SigmaAldrich) 16 (8.000)
Pepsin from porcine gastric mucosa
. . 4 2
(P7000,SigmaAldrich) 000 (2000
Lipase in Pancreatin from porcine pancreas
2 127
(P1750,SigmaAldrich) 555 (1278)
Trypsin in Pancreatin from porcine pancreas
(P1750,SigmaAldrich) 200 (100.0)
Further additions SSF [mM] SGF [mM] SIF [mM]
CaClz(H20) 1.5 (0.750) 0.15 (0.045) 0.6 (0.525)
Bile salts 20 (10.00)

For the SSF, the concentration off-amylase together with the associated concentration
of CaClzwas decided according to the Infogest-protocol. For the SGF,the concentration
of lipase from Rhizopus oryzawas decided to be 8U/ml [31, 51] The concentration of
pepsin together with the associated concentration of CaCl-was decided according to
the Infogest-protocol. It was assumed that the calcium present in the SGF was enough
to maintain the lipase active. For the SIF, the concentration of pancreatin was based on
trypsin activity as in the Infogest -protocol. The lipase activity then natural ly follows
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to the activity shown in Table 7. According to data acquired from Zangenberg et al.
(2001), Porcinebile extract(B8631,SigmaAldrich) contained 49% (w/w) bile salts [52].
The net molecular weight of bile salts in porcine bile extract is 483.13 g/mol[53]. To get
a concentration of 10mM in the final mixture according to the Infogest -protocol,
246.5mg was included in the SIF, giving a bile extract concentration of 2.0% (w/v). A
similar concentration was used by Larsson et al(2012) when 2.5% of the SIF was bile
extract [54].

To monitor the production of selected reactivealdehydes during the course of in vitro
digestion, 4 withdrawal points were chosen The first withdrawal was after weighing
the oils and the second to fourth withdrawal at the beginning (after the addition of
SIF), middle and end of the intestinal stage. The digestion was done in duplicate on
different days and began with adding 50mg of pure and fortified fish oils to 200ul mQ-
H20 in separate 5ml Eppendorf tubes. Blank s for each intestinal withdrawal point was
also prepared, asPorcinebile extractcontains some fats which are prone to undergo
lipid peroxidation. These blanks contained 250ul mQH:20. To initiate the mouth phase
250ul SSFwas added, raising the pH to 7. The tube was then vortexed for 2 seconds.
After 2 minutes the gastric phase was initiated by adding 500ul SGF andadjusting the
pH to 6.5 with the addition of 10ul 1M HCI . The tubes were flushed with N 2 for 4
seconds, before closing the lid and vortexing for 2 seconds. From this point forward
the tubes were always flushed with N 2 for 4 seconds and vortexed for 2 secomls when
opened. The tubes were then incubated in darkness int A foh am ELMI S3.01.016
orbital shaker (50rpm) for 60 minutes before the pH was decreased t02.8 by adding
12upl 1M HCI . Thedecreasein pH in the gastric phase was done according to the study
performed by Sams etl. (2016),showing that the pH in our gut increase to 57 after
the intake of food, to then dynamically return to pH 1-15 after 3 hours [55]. After
another 60 minutes of incubation, the intestinal phase was initiated by adding 1000ul
SIF, raising the pH to 7. The tubes were then put backin the incubator on the orbital
shaker (200rpm) for 90 minutes before ending the in vitro digestion. The samples were
storedin-WY [ " wOOUPOwWEOEOaAl EB

3.3.4.1 REACTIVE ALDEHYDES
Approximately 80mg of the pure and fortified fish oil from the first withdrawal point
was mixed with 420ul m Q-H20 to work as zero samples. This was done in order to get
an understanding of the oxidation -status of the different fish oils before they entered
the in vitro digestive system. The other samples, including the blanks, consisted of a
500ul digestive fluid from the beginning, middle and end of the intestinal stage. The
aldehydes were analyzed as described in part 3.3.3.3
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4 RESULTS

4.1 CRUDE COMPOSITION OF SEAWEED BIOMASS

4.1.1 DRY WEIGHT
Porphyrahad the dry weight of 15.3% + 04, and Ulva had the dry weight of 18.6% * 03.

4.1.2 TOTAL LIPID CONTENT
Porphyrahad a fat content of 2.0% +0.2, and Ulva had a fat content of 2.1% +0.4 dry
weight basis.

4.1.3 FATTY ACID COMPOSITION
The fatty acid composition for Table 8. Relative fatty acid composition of total fa
Porphyraand Ulva can be seen acids(% of total fatty acidsfrom Porphyra and Ulva :
in Table 8. Porphyracontained standard deviation (n=2). N/A = not available
no short chained (SC n-3

PUFAs, but 2.% SC n-6 Fagf gid osi;rphyc:aozfy o43tyUIVao 02%
. . . . o+ 0. 0 . o+ 0. 0
PUFAs. However, it contained C15:0 0.18% + 0,00% | 0.08% + 0,00%
428% LC n-3 PUFAs (£.1% C16:0 2521% + 0.47% | 22.32% + 0.82%
EPA), and 192% LC n-6 C16:1 0.93% + 0.04% 3.12% + 0,00%
PUFAs. Ulva on the other hand Cl16:2 0,00% = 0,00% 1.74% + 0.01%
contained 38.9% SCn-3 PUFAs ~ ©164n3 N /A 9.37% x 0.07%
c17:1 N / A 3.68% + 0.05%
(20.8% ALA), and 12.8% SCn-6 C18:0 0.59% + 0.01% | 0.15% + 0,00%
PUFAs. When it comes to the c1s:1 5.84% + 0.13% | 9.83% + 0.04%
longer more beneficial PUFAsS,  C18:2 n6- LA 2.48% + 0.05% | 10.86% * 0.01%
U|Va On|y Contained 40%LC n- C18:3 n6 0.44% = 0.01% 1.96% + 0.05%
3 PUFAs and 21% LC n-6 C18:3n3-ALA N / A 20.80% + 0.08%
C18:4 n3 N / A 8.68% + 0.03%
PUFAS. Ta,ble 8 shows that the C20:1 n9 1.89% + 0.02% | 0.06% + 0.01%
two species have a very C20:2 n6 0.74% = 0.04% 0.12% + 0.02%
different composition of fatty C20:3 n6 6.42% + 0.02% | 0.42% + 0.02%
acids, where the Ulva have C20:4n6-AA 11.99% + 0.22% 0.98% + 0.05%
more SC fatty acids and the C20:4 n3 0.71% = 0.05% 0.35% + 0.03%
Porphyramore LC fatty acids in ~ C205 N3-EPA | 42.07% 0.85% | 0.99% + 0.05%
C22:0 N / A 0.58% + 0.02%
contrast to one another. Based C22:1 n9 0.21% + 0,00% | 0.32% + 0.05%
on the seaweed dry weight, the C22:4 n6 N / A 0.53% + 0.12%
total fatty acids contributed C22:5n3 N / A 2.62% + 0.32%
with 2.23% + 0.009 of the €22:6n3-DHA N/ A N/ A

Porphyraand 2.14%6 + 0.003 of
the Ulva.
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4.1.4 PIGMENTS AND PHENOLIC COMPOUNDS
SeeFigure 9 for a picture of Porphyraand Ulva extracted in 80% acetone.Notice that
even the red seaweed yields a green acetone extractThe result of chlorophyll,
carotenoids and total phenolic compounds can be seenFigure 10. The Ulva contained
more of each lipophilic compound compared to Porphyra
2 " A 3000
il] 2000

ppm
1000

0

B 600
400
ppm
200
0 424.5 530,1
C 15000
10000
ppm
5000
7578,5 12537,6
0
Porpyra Ulva

Figure 9. Picture of Figure 10. Concentration of (A) chlorophyll, (B)
Porphyra (left) and Ulva  carotenoids and (C) total phenolic compounds extract
(right) extracted in 80% from dry Porphyra and Ulva standard deviation (n=3)
acetone

4.2 EXTRACTION OF SEAWEED INTO SUNFLOWER OIL
In this section, the results from the different physical extraction methods of seaweed
in sunflower oil are evaluated. The extractions are graded based on their ability to
increasethe concentration of chlorophyll, carotenoids and phenolic compounds , and
changethe color of the oil. Sunflower oil was used in this aspect due to its low content
of LC n-3 PUFA, thus facilitating the chances of finding an LC n-3 PUFA enrichment.

4.2.1 OPTIMIZATION OF EXTRA CTION METHODS
Diagrams showing extracted lipophilic compounds and total change in color for all
extraction methods can be seen inAppendix B together with the statistical data (F-
values) for the methods where factorial design was used. The temperature profile for
all extraction methods is shown in Figure 11.

25



100 —e— Polytron 14000rpm

80 —e— Polytron 24000rpm
60 —e— Beadbeater 1200rpm
£ 40 —e— Beadbeater 1800rpm
S — Sonicator bath
20 ==z - .
Sonicator probe level 3
0 —e— Sonicator probe level 6
0 60 120 180 240 300
Time [s]

Figure 11 Temperature profile for all extraction methods

4.2.1.1 POLYTRON
As can be seen inFigure 11 the temperature of the sunfloweroil Ul EET | Ewt Y[ " wEOE
after 120 seconds at 14000rpm and 24000rpm respectivelyExtracting seaweed with
the polytron at these settings for 60 and 120 seconds lead tdhe highest concentrations
of chlorophyll and carotenoids being extracted in the oil fortif ied by Ulva. The oil were
also darker, more green and yellow, compared to the oil fortified by Porphyra
Extraction with wet seaweed lead to more chlorophyll A being extracted. Running the
extraction two minutes instead of one increased the concentration of chlorophyll and
carotenoids, and also lead to a darker, more green and yellow oil compared to running
the extraction one minute. The higher frequency level increased extraction of
chlorophyll and carotenoids, but decreased the concentration of total phenolic
compounds in the sunflower oil . It also lead to the fortified oils being darker, more
green and yellow. The significant oY & Y iicge&s& in pigments and total difference in
color makes the polytron setting at 24000 for 2 minutes themost successful

4.2.1.2 BEADBEATER

The temperature profile for the beadbeater run at 1200 and 1800rpm is shown inFigure
11. The final temperature in the sunflower oil E1 Ul Uwk wODOUUI UwBEahEwOOU
neither frequency. The only difference found was that the amount of chlorophyll A
increased when extracting Ulva compared to Porphyra The state, time and frequency
did not have any impact on the extraction. However, w hen analyzing the statistics for
the second run by itself, the concentration of total chlorophyll was higher when
extracting Ulva compared to when extracting Porphyra Longer extraction time lead to
more carotenoids being extracted. Higher frequency lead to more carotenoids and less
phenolic compounds being extracted. The concentration of carotenoids was still less
compared to what was achieved with the polytron. The high concentration of
chlorophyll compared to carotenoids made this method less interesting than the
polytron . When looking at the concentration of total phenolic compounds, it was in
general higher compared to what was achieved with the polytron. When it come s to
the change in total color, sunflower oil extracted with Ulva had a darker, more green
and yellow color. Extracting wet seaweed lead to a darker oil, compared to when
extracting dry seaweed. A prolonged extraction time lead to a n increased green and
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yellow color of the oil. Higher power level lead to a dark er, more green and yellow oil.
The final choice of method was to run the beadbeater at its highest frequency
(1800rpm) for 5 minutes. The choice of wet or dry biomasswill be further discussed at
a later stage.

4.2.1.3 SONICATOR BATH
The temperature profile for the sonicator bath shown in Figure 11went stagnant at
thuf " Owi OUEUUEUDOT wE wE b U w hexenperidnéntaf 300 Lcotd® U D O w U
The total color of the fortified oil could not be recorded for the dry samples, as the dry
seaweed soaked up the oil,leaving too little behind for measuring both the absorbance
and the color. The concentration of total phenolic compounds between species and
states were significantly oY & Y diff¢grer® WBorphyrain the wet state gave the highest
concentration of phenolic compounds. The oil fortified w ith Ulva gave once again rise
to the greenestcolor. Due to optimization limitations, since the equipment only had
one setting, this experiment was only conducted once. A longer extraction time should
lead to further extraction; hence 5 minutes was chosen as the optimal setting.
Altogether, the sonicator bath was considered to contribute with little added value,
compared to what could be extracted with simply just letting the seaweed lay in the
sunflower oil for 3 hours. This hypothesis was tested in part 4.2.2

4.2.1.4 SONICATOR PROBE
The temperature profile for the sunflower oil during evaluation of the sonicator pro be
is shown in Figure 11. After 70 seconds of sonicating, the temperature was just below
KYS]" wi OUWEOUT whidniwhs & kigur@reagd i® teriperature compared to
xUl YPDPOUUWOI Ul OEUS6 wW3T 1T wUI Ox1 UEUUUI wUI EET 1 E whu
medium and high output level , respectively.

Due to measurement of phenolic compounds giving vague results with high variation ,
it was excluded in the optimization of the sonicator probe. Instead the optimization
was performed based on extraction of pigments and total change in color. The result
from the first factorial design showed that the combined effect of duty cycle and
output level was significant Y & Y vifek Aaoking at the total chlorophyll
concentration. Meaning that extraction s where both duty cycle and output level were
either high or low, were the most successful ones The same interaction effect also
yielded a more green oil. It is probable that this could be explained by the different
extraction times needed for thl wOPOwUOwUIT EET wt Y[ " 6 wdok BET DOT w!
secondswhen both settings were low, and 106 secondsvhen both settings were high.
In the other points, U1 E E T D Qdokudetydeti 2@ and 38 seconds The oils fortified
on output level 6 becamedark er, more green and yellow oils compared to when output
level 2 was used. For all color measurement, the pure quadratic effect of the center
point was significant VY & Y, inYfidatikg that an optimum setting might exist within
the experimental design.
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For the second experimental setup, output level 5 yielded a greener and more yellow
fortified oil compared to both output level 4 and 6. This lead to output level 5 being
the most successfulsetting. However, it wa s still unclear which duty cycle should be

selected. A third test was conducted where the whole span of duty cycles (40-80%)
with a 10% interval on output level 5 were tested. Statistical analysis could not describe
any significant ¢p¥0.05)changein pigment concentration, nor color change related to
duty cycle. When the duty cycle was 60%, the highest level of extracted carotenoids
was recorded. The same was observed whent came to the total change in color, where
a duty cycle at 60% vyielded a darker more green and yellow fortified oil . This is the
duty cycle setting which was chosen as the optimal setting, to be used in the
proceeding experiments. A fourth test with the sonicator probe was conducted , to
check whether dry Porphyrahad the same optimum for duty cycle and output level .
Statistical analysis could only show that output level 5 yielded the most yellow oil

compared to output level 4 and 6. As this was the only thing that could be concluded

from the experiment with dry Porphyrag the optimal settings remained on output level

5 and duty cycle 60% for the future experiments.

4.2.2 COMPARISON OF THE EXTRACTION METHOD S

A picture of t he fortified oils can be seen inFigure 12. The extraction of pigments and
phenolic compounds from Porphyracan be seen inFigure 13, and the total change in
color can be seen inFigure 14. The same data forUIva is represented in Figure 15 and
16 respectively. The samples that were stored in room temperature for 3 hours, and
were subjected to vortex 4 times, had higher levels of carotenoids extracted than both
the beadbeater and sonicator bath.This fact made both these methodsless interesting,
as they do not provide any additional value. The polytron was most successful for
extraction of pigments, and the sonicator probe most successful for extraction of
phenolic compounds. The sonicator probe also showedlow concentration of extracted
chlorophyll compared to the polytron . These two extraction methods were considered
the two most promising. Another experiment was conducted comparing these two
methods, where the extraction temperature was taken into account.

Figure 12 Picture of the oil$n duplicatesvhen measung color. On the first row from left
to right: pure sunflower oil, Porphyra and Ulva with beadbeater, Porphyra aradiitexed
in room temperature. Orhie second rofrom left to right: Porphyra and Ulva with polytror
Porphyra and Ulva in sonicator bath, Porphyra and Ulva with sonicator probe.
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