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ABSTRACT

Novel preservation techniques and addition of antioxidative and functional ingredients need to be
implemented to maintain the prime quality and ensure the storage stability, to meet the demand of the
global market for health-promoting functional seafood. The objective of this thesis was to investigate
the effect of packaging and chilling preservation techniques on quality changes of fresh lean fish and
study the potential application of algal polyphenols as novel natural antioxidants to prevent lipid
oxidation of fish muscle and fish protein based products.

The key reasons for quality deterioration of perishable seafood products are bacterial growth and
changes caused by oxidative and enzymatic reactions. Modified atmosphere packaging (MAP) in
combination with superchilled storage was effective in retarding microbial growth and extending the
prime quality shelf life of fresh cod loins. However, lipid oxidation may not be effectively inhibited
and contributes to quality changes. The extraction and characterisation of antioxidant activity of algal
polyphenols and their inhibitory effect on lipid oxidation in fish model systems was therefore the main
focus of the studies. Among the ten species screened by in vitro antioxidant tests, Fucus vesiculosus
were found to possess the highest total phlorotannin content (TPC) and the greatest radical scavenging
activities. Subfractions rich in oligomeric and polymeric phlorotannins exhibited potent DPPH radical
scavenging activity, comparable to or even higher than several commercial antioxidants. Successive
ultra-filtration showed that phlorotannins in F. vesiculosus are mainly composed of high molecular
weight polymers. But no clear correlations were observed between degree of polymerisation,
molecular size and chemical antioxidant activities. The chemical antioxidant activities of F.
vesiculosus extract/fractions did not adequately reflect their ability to prevent lipid oxidation in fish
model systems. The oligomeric subfractions at 300 mg/kg were highly effective in inhibiting lipid
oxidation while polymeric subfractions only had slight retarding effect. Additionally, all the
subfractions separated by Sephadex LH-20 column and ultra-filtration showed potent in vitro ROS
(Reactive Oxygen Species) scavenging ability in a mononuclear cell-based bioassay as well as high
ACE (angiotensin converting enzyme) inhibitory activities, demonstrating the multiple bioactive
properties of phlorotannins. The efficiency of enzyme-assisted extraction of algal polyphenols is
species and enzyme-dependent. Protease treatment enhanced the extraction of polyphenols and other
hydrophilic antioxidant components from Palmaria palmata but negative effects were observed for F.
vesiculosus and Laminaria hyperborea. The studies provide first evidence on the inhibitory effects of
phlorotannin-rich extract and fractions on lipid oxidation in fish model systems. Valuable information
gained on antioxidant properties and possible health promoting effects of phlorotannins derived from

marine algae, are not only of academic interest but also of great practical value for the food industry.

Keywords: Seaweeds; Fucus vesiculosus; phlorotannins; antioxidant; lipid oxidation; antioxidant

assay; fish model systems; shelf-life; MAP; superchilled storage



AGRIP

borf er 4 nyjum adferdum asamt proéun & nattarulegum andoxunarefnum til ad auka geymslupol
unninna sjavarafurda og styrkja framleioslu & hollu markfaedi ur sjavarafurdum. Markmid verkefnisins
var ad rannsaka ahrif nyrra pokkunaradferda og undirkelingar a gedi fersks fisks jafnframt pvi ad
einangra og rannsaka virkni fjélfendla Gr pdrungum og nota sem nystarleg nattirleg andoxunarefni til
ad koma i veg fyrir oxun i fiski og unnum afurdum ur fiskproteinum.

Adalastaedur gedaryrnunar sjavarafurda er vegna orveruvaxtar og oxunar (praa). Samvirkni loftskiptra
pakkninga og undirkelingar reyndist arangursrik til ad viohalda ferskleika og auka geymslupol
porskhnakka, en oxun fjolomettadra fitu i fiski geeti einnig valdid gaedaryrnun vid pessar adstedur.
Nyting 4 fjolfenélum Gr pérungum sem natturleg andoxunarefni i fiskafurdir var adalvidofangsefni
rannsoknarinnar sem folst i skodun & virkni mismunandi patta Gr porungum med in vitro
andoxunarpréfunum og virkni peirra i fiskmodel kerfum. Rannséknir & tiu tegundum af islenskum
poérungum syndu hasta innihald af fjolfenélum og haa andoxunarvirkni hja tegundinni Fucus
vesiculosus (isl. bélupang).

Grofhreinsadir phlorotannin utdreettir ur F. vesiculosus hofou framurskarandi in vitro andoxunarvirkni,
sem var samberileg vid eda meiri en tilbuin andoxunarefni. Frekari pattun 4 phlorotanninum med
orsiun syndi ad pettir med haerri moélpunga voru yfirgnaefandi i F. vesiculosus, en engin fylgni var a4
milli fjollidunar, mélpunga og in vitro andoxunarvirkni. Einnig kom 1 lj6s ad andoxunarvirkni utdratta
og undirpatta af phlorotannin ur F. vesiculosus, sem var mald med in vitro proéfum, gaf ekki
samberilega mynd af virkni peirra og profanir i fiskkerfum. Undirpeettir af falidu einingum (300
mg/kg) voru mjog ahrifarikir til ad hemja oxun, en fjollidu pettir hofou adeins litilshattar virkni.
Einnig var synt fram & i einkjornunga kerfum, ad mismunandi undirpaettir h6fou hemjandi ahrif & virk
oxunarefni (ROS, reactive oxygen species) auk blodprystingslekkandi ahrifa (ACE, angiotensin
converting enzyme prof). Ensim hvatadur utdrattur med proteasa medhondlun jok nytni fjolfendla og
annarra vatnssakinna andoxunarefna Ur sdlvum (Palmaria palmata), en reyndist ekki gagnlegur fyrir
F. vesiculosus og Laminaria hyperborea. Rannsoknirnar syndu fram a andoxunarvirkni pérunga og
sannreyndu i fyrsta sinn hemjandi ahrif phlorotannin-rikra tdratta og undirpatta Gr F. vesiculosus a
lipidoxun 1 fiskkerfum. Mikilvaegar upplysingar, sem fengist hafa i pessari rannsékn um
andoxunareiginleika porunga og jakvaeda svorun i lifvirkni profunum, gefa visbendingar um hugsanleg
heilsubaetandi ahrif phlorotannina ur sjavarpérungum. Nidurstodurnar eru ekki eingdngu visindalega

mikilvaegar heldur er einnig moguleiki 4 hagnytingu i matvelaionadi.

Lykilord: borungar; Fucus vesiculosus; phlorotannins; andoxunarefni; lipidoxun; andoxunarprof;

fiskkerfi; geymslupol; MAP; undirkaeling
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Abbreviations

ACE Angiotensin I converting enzyme
ANOVA  Analysis of variance
ARP Antiradical power

DPPH 2,2-diphenyl-1-picrylhydrazyl (radical scavenging assay)
GC-MS Gas chromatography-mass spectrometry

GC-O Gas chromatography-olfactometry

Hb Haemoglobin

HMW High molecular weight

HP Haemeprotein

LMW Low molecular weight

MAP Modified atmosphere packaging
ORAC Oxygen radical absorbance capacity
PCA Principle component analysis

PGE Phloroglucinol equivalents

PLSR Partial least squares regression

PUFA Polyunsaturated fatty acids
QDA Quantitative descriptive analysis
ROS Reactive oxygen species

TBARS Thiobarbituric reactive substances

TES Total extractable substances
TMA Trimethylamine
TPC Total phenolic content

TVB-N Total volatile basic nitrogen
TVC Total viable count
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AIMS

The overall aim of this study was to underpin the development of added value, health

promoting functional seafood. This was achieved by investigation of the combined effects of

packaging and superchilling on quality changes and shelf life of fresh lean fish and by

exploring the potential application of algal polyphenols as novel natural antioxidants to

control lipid oxidation and quality deterioration in fish muscle and fish protein based products.

The study was divided into the following tasks:

Evaluate the combined effect of modified atmosphere packaging and superchilled
storage on shelf-life and quality changes of fresh cod loins.

Screen for antioxidant activities in various types of Icelandic seaweeds to justify the
selection of species with high antioxidant potentials for possible applications in fish
products and functional food formulations.

Evaluate the suitability of different commercial enzymes for enhanced extraction of
water-soluble antioxidant ingredients from abundant red seaweed Palmaria palmata.
Develop the extraction and separation methods and characterise the antioxidant
properties of phlorotannin components from F. vesiculosus to gain a basic
understanding of how molecular size and degree of polymerisation may influence the
antioxidant activity.

Investigate the contribution of phlorotannins to the overall antioxidant activity and
how intrinsic antioxidant characteristics, molecular size may influence the antioxidant

effect on hemoglobin-mediated lipid oxidation in fish model systems.

In order to demonstrate other possible health promoting effects of phlorotannins, an additional

aim was to study their in vitro ROS scavenging and ACE inhibitory activities.



1 INTRODUCTION

In the search for effective natural antioxidants based on seaweed to improve the oxidative
stability of seafood products, it is crucial to understand the complex mechanisms of lipid
oxidation in fish muscle and the chemical and physical factors influencing the effectiveness of
antioxidants. The knowledge on the chemical structure of algal polyphenols, the structure-
antioxidant relationship and extraction methods is prerequisite for the development of
seaweed based antioxidants. Because antioxidants behave differently in different antioxidant
assay system, a better understanding on the chemistry behind the antioxidant tests and their
merits and limitations is needed.

Herein the scientific background related to the PhD study is put into perspective by giving a
general overview of lipid oxidation and natural antioxidants. Studies on algal polyphenols as
novel natural antioxidants are reviewed and the papers of the thesis are put in context to

clearly demonstrate how the PhD work is giving new evidence beyond the state of art.

1.1 Lipid oxidation in fish and fish products

Lipid oxidation is a major cause of quality deterioration in muscle foods during processing
and storage. Due to high level of polyunsaturated fatty acids and low content of antioxidants,
fish products are more susceptible to lipid oxidation than other muscle foods (Tichivangana
and Morrissey 1985). The susceptibility of fish tissue to oxidation is dependent not only on
total amount of lipids, but also on fatty acid composition and their location in fish muscle
tissue. Lipid oxidation in fish is initiated in the intracellular phospholipid fractions of muscle
cell membranes. Therefore, oxidative deterioration is a problem in both fatty and lean fish
species. Lipid oxidation leads to the development of undesirable odours and flavours that
limit the shelf-life of fish products and their utilisation in convenience seafood-based products.
Moreover, the consequent decrease in nutritional values and generation of potentially toxic
reaction products has become an increasing concern. Accumulated scientific evidence
indicates that lipid oxidation products are involved in the etiology of atherosclerosis as well as
in many other human pathologies such as inflammation, cancers, aging and Alzheimer’s

disease (Halliwell, 1997; Valko et al., 2007).



1.1.1 Mechanisms of lipid oxidation

Lipid oxidation in fish can be initiated, promoted and accelerated by a number of mechanisms.
These include haemeprotein-mediated lipid oxidation; enzymatic and non-enzymatic
generation of highly reactive, unstable radical oxygen species; the production of singlet

oxygen and thermal- or iron-mediated homolytic cleavage of hydroperoxides (Kubow, 1992).

1.1.1.1 Haemeprotein-mediated lipid oxidation

Haemeproteins (HP) are the primary and endogenous catalysts of lipid oxidation in fish
muscle. The redox state and source of HP directly influences their ability to initiate lipid
oxidation. Oxidised HP (such as met-haemoglobin and met-myoglobin) and/or deoxygenated
HP (deoxy-HP) have been reported to be more potent pro-oxidants than oxygenated HP at
post mortem pH values (Richards and Hultin, 2000; Richards and Hultin, 2003; Undeland et
al., 2003b; Undeland et al., 2004).

Deoxy-Hb is able to initiate lipid oxidation at low lipid hydroperoxide concentrations.
Although the exact mechanism by which deoxy-Hb accelerates lipid oxidation is not fully
understood, it acts as a potential initiator through a pathway that appears independent of lipid
hydroperoxide (Richards and Hultin, 2000). The presence of deoxy-Hb can accelerate the rate
of met-Hb formation compared to fully oxygenated Hb (Shikama & Matsuoka, 1986).
DeoxyHb-stimulated met-Hb formation can be explained by the high spin state of ferrous
heme iron in deoxy-Hb and easier access of reactive oxidants to the heme crevice (Richards et
al., 2002). Lowering the pH within post-mortem pH causes increased deoxygenation of Hb
(Manning et al., 1998; Richards et al., 2002).

It is well accepted that the oxidised forms of HP are the most active in catalysing lipid
oxidation and breaking down lipid hydroperoxides into secondary oxidation products. The
formation of met HP (met-Hb and met-Mb) is highly correlated with lipid oxidation in muscle
foods. Baron et al. (1997) reported that met-Mb is an effective prooxidant at acidic pH and in
the presence of preformed hydroperoxides.

During the autoxidation process of HP, oxygen is released from oxy-HP to form ferric (Fe*")
met-Hb, met-Mb and superoxide anion radical via a proton or deoxygenerated HP mechanism.
oxy(+2)HP + H" — met (+3)HP + «OOH
deoxy(+2)HP + O, — met(+3)HP + Oy
The superoxide anion radical can rapidly be converted into hydrogen peroxide.

2 oxy(+2)HP — 2 met (+3)HP + 20,
20, +2H" — H,0, + 0,

2



The formation of met haemoproteins is critical to the onset of lipid oxidation since the ferric
form HP can break down preformed lipid hydroperoxides to stimulate formation of
compounds capable of initiating and propagating lipid oxidation (Everse and Hsia, 1997). In
addition, Met-Hb and met-Mb are more readily to unfold and release their heme moiety
compared to oxy-HP or deoxy-HP (Hargrove et al., 1996). The released hemin is the critical
entity that drives HP-catalysed lipid oxidation in fish muscle.

Met HP further react with either liberated H>O, or lipid hydroperoxides to form highly
reactive ferryl Hb and ferryl Mb radicals. Hydrogen peroxide activation of met-Hb and met-
Mb is a necessary step in the conversion of Met HP to pro-oxidants. Interaction between Met
HP and H,0O; is a complex mechanism, resulting in the formation of the highly reactive
perferryl derivatives (Grunwald and Richards, 2006). The prooxidative activity of ferryIMb
was found to be independent of pH and of lipid concentration, therefore, ferrylMb can be
highly effective prooxidant both under the conditions found in muscle food and under

physiological conditions (Baron and Andersen, 2002).

1.1.1.2 Engzymic initiation systems

Several endogenous enzyme systems in fish tissue have been reported to be involved in the
initiation of lipid peroxidation. Among them, lipoxygenases and peroxidases catalyse the
formation of highly reactive hydroperoxides which can further propagate the lipid

peroxidation chain reaction, especially under high storage temperature.

Lipoxygenase-catalysed lipid oxidation: Lipoxygenases (LOXs) catalyse the oxidation of
polyunsaturated fatty acids containing a (Z,Z)-1,4-pentadiene moiety to produce their
corresponding hydroperoxide fatty acids with Z E-diene conjugation. In fish blood tissues,
LOX activity in platelets is higher than that found in plasma or erythrocytes. The most active
LOXs are in the gill and skin tissues, followed by brain, ovary, muscle, eye, liver, spleen, and
heart, which has less than 10% of those found in gill and skin (Pan and Kuo, 2000).

Unlike lipid autoxidation, oxidation reactions catalysed by LOX are characterised by the
common features of enzyme catalysis: substrate and conformation specificity, optimal activity
under optimal conditions (temperature and pH) and high susceptibility to heat treatment. LOX
isozymes have been shown to possess a high degree of substrate and conformation specificity.
The number and position of pentadiene groups in the polyunsaturated fatty acid molecule
have great impact on the end-products of the oxidation (Cadwallader, 2000; Hsieh and
Kinsella, 1989).



NADH-dependent oxidase systems: In addition to LOXs, NADH-dependent oxidase
systems have also been reported in fish muscle microsomes or fish tissue (Han and Liston,
1987; Soyer and Hultin, 2000). In muscle systems, both sarcoplasmic reticulum (SR) and
mitochondria membranes have been demonstrated to generate active oxygen species in the
presence of NAD(P)H and ferric iron. The difference between fish and other muscle systems
is its significant activity at low refrigeration temperatures and at frozen temperatures. In
microsomes from beef and chicken, NADPH is the favoured reducing agent over NADH,
whereas in microsomes including SR of several marine fish species, the enzymic system

utilises NADH preferentially (McDonald and Hultin, 1987).

1.1.1.3 Singlet oxygen generation systems

It is well known that the autoxidation of unsaturated lipids can be greatly catalysed or
accelerated by exposure to light through direct photooxidation or photosensitised oxidation.
Singlet oxygen ('O,) is highly reactive in photooxidation deterioration since it is more
electrophilic than triplet state oxygen (‘O,), reacting approximately 1500 times faster with
methyl linoleate than normal triplet oxygen (Nawar, 1996). Hydroperoxides formed by singlet
oxygen can further propagate the autoxidation of the unsaturated fatty acids. Lipid oxidation
in seafoods can be initiated and promoted by the production of singlet oxygen. Compared

with other food lipids, seafood lipids are particularly susceptible to photooxidation.

1.1.1.4 Effect of LOXs and haemoglobin on volatile profiles and odour characteristics

Because of the different mechanism and kinetic involved in LOX and HP-mediated lipid
oxidation, the profiles of the produced volatile compounds and odour characteristics of the
oxidised lipid can vary significantly. Fu ef al. (2009) compared the effect of LOXs and Hb on
the kinetics of lipid oxidation in silver carp (Hypophthalmichthys molitrix) mince model
systems. The model containing LOXs produced distinctive fishy odour whereas strong
oxidised oil dominated in model with added Hb. Hexanal, 1-penten-3-ol and 1-octen-3-ol
were identified as the major odour active compounds developing during Hb induced oxidation
while LOX system was more characterised by fishy odours contributed by cis-4-heptenal,

heptanal and 2,4-heptadienal.

1.1.1.5 Cooperative actions of different pro-oxidative systems in fish muscle
The mechanisms of lipid oxidation in fish muscle is very complex, involving not only

enzymic initiation systems but also oxidation initiated and promoted by other mechanisms



such as photosensitised and HP-catalysed oxidation. The rapid oxidation of fish lipids can be
attributed to the cooperative actions of these pro-oxidative systems in fish muscle.

By rapid production of hydroperoxides postmortem, the lipoxygenase may act as an important
initiator to activate the process of lipid autoxidation. It is also responsible for the rapid
generation of fresh fish odours in some fish species (Josephson et al., 1984). However, it
should be stressed that most volatile compounds (i.e. hexanal, cis-4-heptenal, 2,4-heptadienal
and 2,4,7-decadienal) contributing to the characteristic painty, fishy and cod liver oil-like
odours in stored fish and fish oils are produced via autoxidation of PUFA. The oxidised
haemeproteins such as met-Hb and met-Mb are the most potent pro-oxidants and the major
contributor to lipid oxidation in fish muscle. It was observed that the pro-oxidative activity of
HP remained longer than that of LOXSs in herring and sardine (Medina et al., 1999). This may
be due to the instability of LOXs. The hydroperoxides generated during lipid oxidation may
cause the oxidation or modification of sulphydryl groups of LOX, leading to the inactivation
of LOXs at the later stage of oxidation. Similarly, rapid onset of lipid oxidation was found in
minced carp model containing LOX, but it had lower PV and TBARS values at the later stage
compared to Hb induced oxidation system (Fu ef al., 2009).

1.1.1.6 The impact on the quality of fish and fish products

Lipid oxidation is one of the main mechanisms responsible for quality deterioration in fish
and fish products, resulting in undesirable changes in aroma and flavour, texture, colour and
nutritive value. In addition, primary lipid oxidation products (hydroperoxides) and secondary
lipid oxidation products (aldehydes and ketones) can react with other food components such
as proteins, vitamins. These interactions could either form complexes that limit the
bioavailability of these nutrients, alter the functional properties or lead to the formation of
toxic products.

Interactions between lipid oxidation products and proteins cause undesirable property changes
of proteins including texture deterioration, decrease in protein solubility, change in colour and
loss of nutritive value. Oxidised lipids induce remarkable conformation change of protein by
altering the surface charges, increasing hydrophobicity, inducing unfolding and denaturation
of protein molecules or forming protein-lipid complexes. Since functional properties of
proteins are related to protein surface properties, conformational changes in the protein
structure can significantly affect functional properties important to final products such as
solubility, viscosity, water-holding capacity, gel-forming ability and emulsifying capacity

(Xiong and Decker, 1995).



The complexation between lipid oxidation products and free amino acids or free amino groups
of proteins result in the formation of yellow intermediary products such as imines, pyridine
derivatives and aldolization products (Pokorny and Sakurai, 2002). These intermediary
products can further polymerize into dark brown pigment with macromolecule. On the other
hand, the basic groups in proteins can catalyze aldol condensation of carbonyls compounds
produced from lipid oxidation, leading to the formation of brown pigments (Nawar, 1996).

Oxidative modification of proteins by hydroperoxides and secondary lipid oxidation products
results in alteration of the nutritive value of proteins as manifested by marked reduction in the
digestibility of protein as well as limitation of the amount and the degree of amino acid
availability. Several essential amino acids such as lysine and methionine are highly

susceptible to lipid oxidation products (Frankel, 1998).

1.2 Prevention of lipid oxidation by natural antioxidants

In the food industry, it is a common practice to use antioxidants as food additives to control
lipid oxidation processes, retard the development of rancid off-flavours, improve colour
stability and maintain the nutritional value of various fresh and further processed food
products.

Many synthetic antioxidants, such as butylated hydroxyanisole (BHA), butylated
hydroxytoluene (BHT), tert-butylhydroxyquinone (TBHQ) and propyl gallate have been
widely used for more than 50 years. Because of the potential health hazards, their use as food
additives 1is under strict regulation in many countries. Moreover, their antioxidant
effectiveness is largely dependant upon the type of food systems. For example, BHT and a-
tocopherol have been reported to be ineffective in retarding the oxidative deterioration in
complex food system as fish muscle (He and Shahidi, 1997). The growing consumer
preference for natural food products and the increased concern for the quality and safety in

food industry have led to increased research on natural antioxidants.

1.2.1 Antioxidant effects in food systems

Great efforts are being devoted to the search for abundant, cheap and sustainable sources of
natural antioxidants. Numerous studies have focused on natural antioxidants in terrestrial
plants and their application in food systems to prevent oxidation. The antioxidant properties
of various plant crude extracts such as those of rosemary, sage, oregano, clove, basil, green

tea have been studied in different food systems. Agricultural and industrial by-products of



plant original are abundant and cheap sources of natural antioxidants (Balasundram et al.,
2006).

Extensive studies have also been carried out on purified compounds extracted from vegetal
biomass including polyphenols, alkaloids, carotenoids, terpenoids, sterols and tocopherols.
Among these natural antioxidant compounds investigated, the most abundant and active one is
polyphenols. Different types of polyphenolic compounds have been identified from grape
seeds, grape pomace, citrus seeds and peels, apple pomace and potato peel waste. Previous
studies have shown that plant-derived polyphenolic compounds are promising natural
antioxidants for control of oxidative deterioration of various muscle foods such as red meat,
poultry and fish. The addition of tea catechins at a level of 300 mg/kg was shown to exhibit
extraordinary antioxidant property toward lipid oxidation of meat lipids (Tang et al., 2001).
The antioxidative effect of tea catechins was better than that of a-tocopherol at the same
concentration. Flavonol-enriched fraction derived from cranberry crude extract and white
grape dietary fiber concentrate was also reported to provide excellent oxidative stability in an

ice stored cod mince model system (Lee et al., 2006b; Sanchez-Alonso et al., 2007).

1.2.2 Synergistic and antagonistic effects of antioxidants

In food and biological systems, antioxidants are present in naturally occurring combinations
and the interaction between different groups of antioxidants plays an important role for their
overall effects. It has been well established that appropriate combinations of antioxidants are
more effective in preventing lipid oxidation than single antioxidants.

Synergism between antioxidants may arise via several different mechanisms (Becker ef al.,
2004):

e Regeneration of highly active antioxidant in the system by other less effective

antioxidants or oxidation retarders.

e Interaction of antioxidants with different polarities, i.e. different phase distributions.

¢ Interaction of antioxidants with different mechanisms of action.

e Synergies between antioxidants and substances without antioxidant activity.
Cooperative effects between a-tocopherol and different plant polyphenols is one of the most
extensively studied antioxidant synergism. The synergistic effects have been tested in various
model systems including homogenous solutions of peroxidating methyl linoleate, bulk oil,
o/w emulsions, low density-liposomes and liposomal suspensions (Becker et al., 2007;
Pedrielli and Skibsted, 2002; Roberts and Gordon, 2003). Results from these studies have

shown that a-tocopherol could be regenerated from their oxidised forms by quercetin,
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catechin and other plant polyphenols in different model systems via sparing effect.
Polyphenols may also act as sacrificial antioxidants and are rapidly consumed during the
scavenging of free radicals, protecting tocopherols against radicals generated in the water
phase. The combinations of different mechanisms may be involved in the synergy between
tocopherol and polyphenols where polyphenols act as a transition metal chelator and
tocopherol as radical scavengers, thus protecting each other against reactive oxygen species
(Altunkaya et al., 2009). In the heterogeneous systems, these synergistic effects may also be
related to their solubility characteristics and distribution in different phases (Graversen et al.,
2008).

Optimal blend of antioxidants has been demonstrated as an effective antioxidant strategy to
enhance the oxidative stability and shelf life of muscle foods. It has been found that
combinations of three antioxidants with different mechanisms of action was more effective in
minimizing lipid oxidation in n-3 PUFA-fortified meat products and the effects was superior
to the use of any single antioxidant alone (Lee et al., 2006a). In this cooperative antioxidant
defence system, phenolic antioxidants in rosemary extract serve as radical scavengers, sodium
citrate as transition metal chelator and sodium erythorbate as reductant (Figure 1). They
function cooperatively to ensure maximisation of the oxidative stability through controlling
several crucial stages of the oxidation pathway. Paiva-Martins et al. (2003) reported a
synergistic effect among olive oil phenolic compounds, a-tocopherol and ascorbic acid in the
liposome systems. Olive oil phenols mainly act as scavengers against aqueous peroxyl
radicals near the membrane surface and recycle a-tocopherol. a-tocopherol further assists in
the defence against aqueous peroxyl radicals as well as scavenges the chain propagating lipid
peroxyl radicals within membranes. They also suggested a possible role of ascorbic acid in
helping scavenge aqueous radicals and regenerating olive polyphenols and a-tocopherol from
their oxidised forms in the liposomal suspension. Strong synergistic antioxidant effects were
also observed between bovine serum albumin (BSA) and several phenolic antioxidants in
another study (Almajano and Gordon, 2004). The presence of BSA in sunflower oil-in-water
emulsions led to a marked increase in antioxidant activity of epigallocatechin gallate (EGCQ),
caffeic acid and Trolox, although BSA itself did not show any significant antioxidant activity.
Synergy between these water-soluble antioxidants and BSA could be explained by the
complexation of these phenolic compounds with BSA via hydrophobic interactions and
hydrogen bonding. Due to the surface active nature of the protein, the formed BSA-
antioxidant adduct could be concentrated at the oil-water interface where the oxidation is

initiated and exert their antioxidant effects towards lipid oxidation.
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However, other studies revealed that a-tocopherol exerted a strong antagonistic effect with
different polyphenol-rich plant extracts in lard and sunflower oil (Banias et al., 1992; Hras et
al., 2000). A clear negative interaction was observed between o-tocopherol and certain
phenolic acids (rosmarinic and caffeic acids) during AAPH-induced oxidation of linoleic acid
in an aqueous dispersed system (Peyrat-Maillard et al., 2003). Becker et al. (2007) reported
that the combination of a-tocopherol and quercetin produced an antagonistic effect in purified

high olein sunflower oil.

Multicomponent antioxidant

systems S
Chelates
metals
Radical quencher Reductant Sequestrant
(rosemary extract) (sodium erythorbate) (sodium citrate)

Figure 1. Cooperative antioxidant defence system consisting of rosemary extract, sodium citrate and sodium
erythorbate (Lee ef al., 2006a).

These studies clearly show that the synergism and antagonism of antioxidant combination is
system-dependent. A multitude of factors can influence the synergistic or antagonistic effects
in different model systems: the chemical structure of antioxidant molecules and the possible
formation of stable intermolecular complexes; structural organisation of the lipid; polarity,
solubility and other physical properties of the antioxidants; microenvironment of the reaction
medium, especially the concentration of available antioxidants at the site of oxidation (Peyrat-

Maillard et al., 2003; Becker et al., 2007).

1.2.3 Limitations and safety issues

It must be stressed however, that natural antioxidants also have various drawbacks that limit
their large-scale application in food industry. The antioxidant performance of natural
compounds is generally less effective than the synthetic antioxidants and larger amounts of
natural antioxidants need to be added to food to achieve the same effect. The actual
antioxidant effectiveness depends to a large extent upon food composition and particular
processing and storage conditions. Plant-derived polyphenols are known to be prone to
complex with proteins. The formation of covalently bound polyphenol-protein complexes
may have negative impact on the antioxidant capacity of polyphenols as well as in vivo
bioavailability of both proteins and polyphenols (Shahidi and Naczk, 2004). Many of the
phenolic-rich extracts have intense characteristic odour, bitter taste and distinct colour, which

adversely affect the sensory properties of food products (Gomez-Guillen and Montero, 2007).
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Natural antioxidants have been generally considered safe for human consumption and the
potential risk to human health has not been adequately investigated (Frankel, 2007). There is
increasing evidence to suggest that caution should be exercised when assessing the safety of
natural antioxidants. The complex chemical composition of plant extracts makes isolation and
identification of compounds with the desired antioxidant activity a difficult task. In many
studies, only the crude plant extract was used for evaluation of antioxidant activities which
contain variable amounts of identified and unidentified compounds. Well-designed and well-
controlled toxicological in vitro or in vivo cell or animal studies are recommended to evaluate

the potential risk of toxicity of crude natural antioxidant extracts (Kruger and Mann, 2003).

1.3 Algal polyphenols as novel natural antioxidants

1.3.1 Occurrence and chemical structure

The antioxidant activities of different classes of polyphenolic compounds derived from
terrestrial plants are well documented. Marine macroalgae are also gaining interest as a
potential source of polyphenols. A series of polyphenolic compounds such as catechins (e.g.
gallocatechin, epicatechin and catechin gallate), flavonols and flavonol glycosides have been
identified from methanol extracts of several red and brown algae (Santoso et al., 2002; Yoshie
et al., 2000; Yoshie-Stark et al., 2003). Phlorotannins, the dominant polyphenolic secondary
metabolites only found in brown algae (Phacophyta), have recently attracted considerable
research interest because of their diverse biological activities. They have been identified from
several brown algal families such as Alariaceae, Fucaceae and Sargassaceae.

Phlorotannins are mainly stored within cell organelles, called physodes, which are round to
elliptical, vesicle-like, strongly refractive bodies observed in the cytoplasm of brown algae
(Ragan and Glombitza, 1986; Schoenwaelder 2002). Moreover, it has been reported that
phlorotannins tend to be concentrated within the outer cortical layers as well as the mitotic
meristematic and meiotic sporogenous tissues in some species of brown algae (Ragan and
Glombitza, 1986).

Phlorotannin concentrations vary dramatically among different taxonomic groups as well as
among different geographical areas. The concentrations of phlorotannins in marine brown
algae have been reported to range from undetectable to over 20% of algal dry mass (DM)
(Ragan and Glombitza 1986). Intertidal fucoids generally contain higher amounts of
phlorotannins than subtidal kelp species and the highest levels are found in Fucales and

Dictyotales (Ragan and Glombitza 1986; Van Alstyne et al., 1999). Our study also
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demonstrated significantly higher levels of total phlorotannin content (TPC) in three fucoid
seaweeds (F. vesiculosus, F. serratus and A. nodosum) found on Icelandic seashores, whereas
L. digitata contained very small amount of TPC (Wang et al., I1).

Previous studies have shown that there are often significant intraspecific and intraplant
variations in TPC of brown algae. The variations appear to be correlated with plant size, age,
tissue type as well as environmental factors such as salinity, nutrient and light availability,
season and water depth (Pavia and Toth, 2000). Biological factors such as herbivore grazing
intensity and mechanical wounding have also been found to have some effects. Hemmi et al.
(2005) investigated the phlorotannin allocation patterns among different tissue types of F.
vesiculosus and detected significant within-plant difference. The lowest concentration was
found in the receptacles and the highest concentration in the basal parts. However, no
significant relationship was found between the apical longitudinal growth and phlorotannin
content in the receptacles, or in apical and basal parts. Seasonal variation in phlorotannin
levels was reported for F. vesiculosus, higher TPC levels generally occurred in summer and
early autumn whereas lower amounts were observed during winter (Connan et al., 2004).
Moreover, sun exposed F. vesiculosus and A. nodosum plants were found to have
substantially higher TPC than their shaded counterparts, supporting the important photo-
protective roles of phlorotannins (Pavia & Toth, 2000).

Natural phlorotannins are oligomers and polymers of phloroglucinol (1,3,5-trihydroxybenzene)
rather than monomers. The molecular weight of phlorotannins ranges from 126 Da to 650 kDa.
It has been suggested that the structural types of phlorotannins can differ dramatically at
different developmental stages. In young thallus, they may occur in algal cells in the form of
fairly short oligomers. These oligomers may convert into longer and more complex
phlorotannin polymers during the growth and development of the thallus (Koivikko et al.,
2005).

Based on the type of structural linkages between the phloroglucinol sub-units (diphenylethers
or biphenyls) and on the number of additional hydroxyl groups, phlorotannins can be
systematically classified into six major subclasses: phlorethols, fucols, fuhalols,
fucophlorethols, isofuhalols, and eckols (Ragan and Glombitza, 1986; Targett and Arnold,
1998). The chemical structures of common brown algal phlorotannins are presented in Table

1.
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Table 1. Chemical structures of common brown algal phlorotannins.
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Fucols are phlorotannin polymers in which the phloroglucinol units are connected only by C-
C (aryl-aryl) bonds and possess linear, angled and branched structures. The phloroglucinol
units in phlorethols are linked only by C-O-C (aryl-ether) bonds. Fucophlorethols contain
both biaryl and aryl-ether linkages. Fuhalols are connected exclusively via ether bonds in a
regular sequence of para- and ortho-arranged ether bridges. Eckols are characterised by the

occurrence of at least one three-ring moiety with a dibenzo-1,4-dioxin unit substituted by a
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phenoxyl group at the C-4 position. They are usually of low molecular size and have been
isolated only from some specific genera of brown algae including Ecklonia, Eisenia and
Alarieae. Isofuhalols and endofucophlorethols are small, specialized groups isolated from
specific algal genera such as Chorda filum. Moreover, some phlorotannins can also be

sulphated or halogenated (Glombitza and Pauli, 2003; Ragan and Glombitza, 1986).

1.3.2 Antioxidant properties of algal polyphenols

1.3.2.1 In vitro antioxidant properties

Different species of seaweed display varying degrees of antioxidant activity. Brown algae
generally contain higher levels of TPC than green and red algae and possess better antioxidant
capacities. In particular, several species of brown seaweeds such as Ecklonia cava, Ecklonia
kurome, Fucus vesiculosus, Fucus serratus, Fucus spiralis, Hizikia fusiformis and Sargassum
ringgoldianum have been reported to exhibit superior antioxidant activity in vitro, which is
well correlated with their content of TPC (Cerantola et al., 2006; Karawita et al., 2005; Nakai
et al. 2006; Shibata et al., 2008).

In a survey on 25 common seaweed species from the Japanese coast, fifty percent ethanol
extract of S. ringgoldianum was found to have the highest radical scavenging activity (Nakai
et al., 2006). The partially purified phlorotannin-rich fraction exhibited potent superoxide
anion scavenging activity, which was around five times higher than that of catechin.

More recently, several phlorotannin derivatives including eckol, phlorofucofuroeckol A,
dieckol and 8,8'-bieckol were isolated and identified from the Japanese Laminariaceous
brown algae FEisenia bicyclis, Ecklonia cava and Ecklonia kurome and their antioxidant
properties were evaluated by various antioxidant assays, including DPPH and superoxide
anion radical scavenging activities as well as inhibition of phospholipid peroxidation in the
liposome system (Shibata et al., 2008). The scavenging activities of these phlorotannin
compounds against DPPH and superoxide anion radicals were found to be around 2 to 10
times higher than those of catechin, a-tocopherol and ascorbic acid. These phlorotannin
oligomers also had significant protective effects against peroxidation of phospholipid
liposomes.

Many studies have shown that phenolic compounds are the main contributors to the
antioxidant activity of various seaweeds. A positive correlation between TPC and antioxidant
activity of different seaweed extracts has been well documented. Nagai and Yukimoto (2003)
observed that the TPC of various seaweed extracts were positively correlated with both their

antioxidant activity in a linoleic acid model system and the scavenging capacities against
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DPPH and superoxide anion radicals. High degree of correlation between TPC and DPPH
radical scavenging activity has also been reported for different solvent extracts (R =0.971)
(Siriwardhana et al., 2003) as well as different organic and aqueous fractions of H. fusiformis
(R*=0.921) (Karawita et al., 2005). However, it should be pointed out that several other
studies have also found poor or low correlation coefficients between TPC and antioxidant
activity of some seaweed extracts. Other active compounds such as fucoxanthin and sterols in
solvent extracts and sulphated polysaccharides, proteins or peptides, ascorbic acid, glutathione
and mycosporine-like amino acids (MAA) in water and enzymatic extracts may also

contribute partially to the overall antioxidant activity.

1.3.2.2 In vivo antioxidant activities

Although algal polyphenols, especially phlorotannins isolated from several brown algae have
been reported to possess extraordinary antioxidant activity in vitro, their possible antioxidant
effects in biological systems are not entirely convincing, mainly because of lack of reliable in
vivo data. A few recent studies have shed some light on the antioxidant properties of algal
polyphenols in vivo and their potential application in pharmaceutical and nutraceutical fields.
The antidiabetic and antioxidant effects of methanol extract from brown alga Ecklonia
stolonifera (MEE) were recently studied in KK- A” diabetic model mice (Iwai et al., 2008).
Continuous administration of diets containing MEE for 4 weeks inhibited lipid peroxidation
in plasma, red blood cells, liver and kidney of unfasted KK-AY mice in a dose-dependent
manner. The formation of plasma thiobarbituric acid-reactive species (TBARS) was almost
completely inhibited in both low and high MEE diet groups and the levels were significantly
lower than those in control group. The potent antioxidant activity of MEE appeared to have
beneficial effect for the prevention of diabetic oxidative stress and related complications. The

effective components in MEE were identified as phlorotannin compounds.

1.3.3 Antioxidant mechanism

The precise mechanisms underlying the antioxidant effects of algal polyphenols have not been
fully elucidated. The putative mechanisms include free radical scavenging, singlet oxygen
quenching, transition metal ion chelating and reducing capacities.

The potent free radical scavenging activities of plant and algae-derived phenolic compounds
have been well documented and extensively reviewed (Nakai et al., 2006; Rice-Evans et al.,
1997; Shahidi and Naczk, 2004a). Polyphenols have been found to possess the ability to

capture free radicals, particularly peroxy radicals, which are the key reactive
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intermediates/chain propagators, thereby terminating the chain reaction (Shahidi and Naczk,
2004a). Phenolic compounds can easily transfer a hydrogen atom to lipid peroxyl radicals,
resulting in the formation of a stable phenoxyl radical and less reactive cis, trans-lipid
hydroperoxide

LOOes + ArOH — LOOH + ArOe
On the other hand, it has also been suggested that phenolic compounds can deactivate lipid
peroxyl radicals by single electron transfer (Ou et al., 2002)

LOO+ + ArOH — LOO + ArOH"

LOO™ + ArOH" — LOOH + ArOs
The less reactive aroxyl radicals (ArOe) are obtained during this reaction, as their structures
are stabilised through electron delocalisation. The aroxyl radicals may also react with lipid
peroxyl radicals and convert them to more stable products with quinone structures, which
does not initiate or propagate further oxidation of lipids (Canadanovic-Brunet et al., 2006;
Rice-Evans et al., 1997).
However, there are contradictory reports in the literature regarding metal chelating capacities
of polyphenols. Some studies have shown that polyphenols derived from different plants as
well as brown algae are potent ferrous ion chelators (Chew et al., 2008; Senevirathne et al.,
2006) and metal chelating ability are dependent upon their unique phenolic structure and the
number and location of the hydroxyl groups (Santoso et al., 2004). In contrast, other authors
have reported that metal chelation played a minor role in the overall antioxidant activities of
several plant-derived phenolic compounds (Rice-Evans et al., 1996). In agreement with this
finding, our study on ten species of Icelandic seaweeds showed that ferrous ion-chelating
ability of seaweed extracts correlated neither with TPC, nor with DPPH radical scavenging
activity or ORAC (Wang et al., II). Phlorotannin-rich solvent extracts and fractions were less
effective in chelating ferrous ion than crude water extracts (Wang et al., II; Wang et al., IV).
Other algal constituents such as polysaccharides, proteins or peptides may be more effective
chelators than phlorotannins.
Reducing power has been suggested as an important indicator of the overall antioxidant
capability of phenolic antioxidants. In general, the reducing properties are associated with the
presence of reductones, which exhibit their antioxidant activities through the action of
breaking the free radical chain by the donation of a hydrogen atom (Gordon, 1990).
Reductones are believed not only to react directly with peroxides but also to prevent peroxide
formation via reacting with certain precursors of peroxide. Algal polyphenols may act in a

similar way as reductones since they possess intrinsic ability to donate electrons and react

15



with free radicals, converting them to more stable end product and block free radical chain
reaction. Due to a common underlaying mechanism (electron/hydrogen donation), there is a
fairly good linear correlation between TPC, the reducing activity and DPPH radical-

scavenging activity (Duan et al., 2006; Wang et al., IV).

1.3.4 Structure-antioxidant activity relationship

It is believed that the strong antioxidant activity of brown algal phlorotannins is attributed to
their unique molecular skeleton (Ahn et al., 2007). The antioxidant potency of polyphenols is
highly related to phenol rings which act as electron traps to scavenge peroxy, superoxide-
anions and hydroxyl radicals. Phlorotannins from brown algae have up to eight interconnected
rings. They are therefore more potent free radical scavenger than other polyphenols derived
from terrestrial plants, including green tea catechins, which only have three to four rings
(Hemat, 2007).

Unlike plant-derived polyphenols, the relationship between molecular structure and
antioxidant activity of phlorotannins has been poorly investigated to date. Several lines of
evidence indicate that oligomeric and polymeric phlorotannins are more potent antioxidants
than the monomer phloroglucinol. Oligomerisation of phloroglucinol appears to be crucial for
the antioxidant activity. Nakamura et al. (1996) observed that the fractions containing
phlorotannin oligomers of higher MW such as dieckol, phlorofucofuroeckol and 8-8' bieckol
were more effective to extend the induction time of autoxidation of methyl a-linolenate than
LMW fractions containing phloroglucinol and eckol. However, research aimed at clarifying
the correlation between the antioxidant capacity and specific structural features of
phlorotannins has yielded contradictory findings. Cerantola et al. (2006) isolated two types of
structurally distinct phlorotannins from Fucus spiralis extracts and compared their DPPH
radical scavenging activity. The first polymer had relatively simple structure and belonged to
the fucol subclass whereas the second one was more complex and linked through aryl-aryl
and aryl-ether bonds, thus belonged to the fucophlorethol subclass. Both polymeric
phlorotannins showed equally high scavenging activity in comparison to ascorbic acid and
phloroglucinol monomer, indicating that there was no clear association between the type of
structural linkages and radical scavenging activity of phlorotannins. On the contrary, several
other studies showed that the presence of O-bridge linkages (ether linkages) and the number
and arrangement of phenolic hydroxyl groups in phlorotannin skeleton have profound
influence on the antioxidant property. Phlorotannin compounds extracted from Ecklonia

species such as E. cava and E. stolonifera, harvested from Jeju island of Korea, have been
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reported to possess extraordinary antioxidant potential than the other species collected from
the same area (Shin ef al., 2006). The phlorotannins of E. cava and E. stolonifera belong to a
unique polyphenolic category, characterised by a dibenzo-1,4-dioxin unit in the molecular
skeleton. The unique structure appears to be restricted to some specific brown algae such as
Eisenia and Ecklonia species and may be responsible for their potent antioxidant activities
compared with the other brown algae. Moreover, several phlorotannin oligomers isolated
from these species, including eckol, phlorofucofuroeckol A, dieckol, and 8,8'-bieckol were
found to possess varying degrees of scavenging activities against DPPH and superoxide anion
radicals (Shibata et al., 2008). The differential radical scavenging properties of these
phlorotannin polymers were assumed to be related to the number of hydroxyl groups attached

to the eckol skeleton.

1.3.5 Extraction methods

1.3.5.1 Organic solvent extraction

Solvent extraction is one of the most frequently used methods for the recovery of polyphenols
from plants and marine macroalgae. Both the extractant type and solvent polarity are
important factors that influence the extraction efficiency. Extraction of various classes of
phenolics from different plant and algal material requires the development of different solvent
systems with appropriate polarities. Phenolic compounds are generally more soluble in polar
organic solvents than in water. The effective extractants recommended are aqueous mixtures
of methanol, ethanol and acetone (Waterman and Mole, 1994).

Koivikko et al. (2005) compared the extraction efficacy of soluble phlorotannins from F.
vesiculosus by using eight extractants with different polarities. 70% aqueous acetone was
found to be the most efficient solvent. Acetone has been assumed to possess the ability to
inhibit protein—polyphenol complex formation during extraction (Hagerman, 1988) or even
break down hydrogen bonds formed between phenolic group and protein carboxyl group
(Kallithraka et al., 1995). Therefore, higher extraction efficiency can be achieved by using
this solvent.

In addition to extraction efficiency, the antioxidant activities of seaweed extracts are highly
dependent on the types of solvent used. Change in extractant polarity alters its efficacy to
extract a specific group of antioxidant compounds and influences the antioxidant properties of
the extracts. In a study carried out by Anggadiredja et al. (1997), the methanol extract of

Sargassum polycystum was found to exhibit higher antioxidant potency (evaluated by the
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thiocyanate method) than the diethylether and n-hexane extracts, whereas the n-hexane extract

of Laurencia obtusa was more effective than the diethylether and methanol extracts.

1.3.5.2 Engzyme-assisted aqueous extraction

Currently, organic solvent extraction is still widely used for the extraction of polyphenolic
compounds from marine algae. Because of the increased public awareness and the growing
environmental and safety concerns of using large amounts of some organic solvents, there is a
great need to develop new extraction techniques. Moreover, the structural complexity and
rigidity of the algal cell wall hinders the effective extraction and recovery of the intracellular
bioactive constituents. As one of the promising techniques, enzyme-assisted aqueous
extraction of polyphenols and other antioxidant ingredients from algal biomass offers several
advantages over conventional water and solvent extraction methods. This technique allowed
for simple and efficient production of natural antioxidants from seaweeds on an industrial
scale (Heo et al., 2005). It does not use any organic solvent or other toxic chemicals during
extraction. Improved extraction efficiency of phenolic compounds and higher antioxidant
activity have been reported for enzymatic extracts from several brown algae, as compared
with water and organic extract counterparts (Heo ef al., 2005; Athukorala et al., 2006).

The proposed mechanism of enzymatic extraction is that cell wall-degrading enzymes can
help to soften and macerate the algal tissue, weaken or disrupt the cell wall structure, break
down complex interior storage materials, therefore facilitating the release of the intracellular
polyphenols and other bioactive compounds (Siriwardhana et al., 2008). Furthermore, the
breakdown/releasing of HMW polysaccharides and proteins may contribute to enhanced
antioxidant activities.

The composition and antioxidant properties of enzymatic extracts from seaweeds are strongly
dependant on seaweed species and specificity of the enzyme employed. In a study by Heo et
al. (2005), seven species of brown algae were enzymatically hydrolysed by different types of
commercial carbohydrases and proteases. Considerable differences in DPPH radical
scavenging activity were observed among different seaweed species as well as different
enzymatic treatments. Enzymatic extracts obtained from E. cava generally possessed higher
DPPH radical scavenging capacity in comparison with other seaweed species. Particularly,
Celluclast (carbohydrase) extract and Protamex (protease) extract exhibited approximately 70%
scavenging activity at concentrations of 2 mg/ml, which were even higher than that of the

synthetic antioxidant BHT at the same concentration. On the other hand, some enzymatic
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extracts of E. cava and S. coreanum (especially Alcalase extract) exhibited rather weak DPPH

scavenging activity.

1.3.5.3 New processes based on the use of sub- and supercritical fluids

In recent decades, several highly efficient and environmentally friendly techniques have been
developed for the extraction of natural antioxidants from different vegetal biomass, including
supercritical fluid extraction (SFE), subcritical water extraction (SWE), accelerated solvent
extraction (ASE) and pressurized fluid extraction (PFE). The advantages of these extraction
techniques include high selectivity, higher extraction efficiency, shorter extraction times, low
operating temperature, reduction or elimination of the use of toxic and hazardous solvents and
the generation of waste solvent.

Among these new technologies, SFE (especially using CO2 as extraction fluid) has been
considered as one of the most promising techniques for the extraction of natural antioxidants
suitable for use in food, cosmetic or pharmaceutical industry. The most intensely studied
antioxidants extracted from plant materials by supercritical carbon dioxide (SC-CO;) are
phenolics, carotenoids, terpenoids, alkaloids and tocopherols. Supercritical or subcritical CO,
extraction coupled with ethanol and/or methanol as a modifier has been successfully applied
to extract polyphenols from grape seeds, olive leaves, rosemary leaves, pistachio hulls, wine
industry by-products as well as apple and grape pomaces. SC-CO; (coulped with ethanol as
co-solvent) was found to yield higher polyphenol recoveries from white grape pomace than
traditional solid—liquid extraction (Pinelo et al., 2007). SC-CO, extracts also exhibited higher
DPPH radical scavenging activity. However, little research has been conducted to examine
the potential of sub- and supercritical CO, and other novel extraction techniques for the

extraction of polyphenols from seaweeds.

1.3.6 Safety issues and health aspects

In order to direct seaweed based antioxidants into different food products or supplements for
human consumption, the extraction and purification techniques is of prime importance. Up to
now, organic solvents are still widely used in the extraction and purification of polyphenols
from plant and marine algae. The extraction solvent must be adequately selected to meet the
requirements set by EU regulations. According to the Annex I of the Directive 2009/32/EC of
the European Parliament and of the Council on the approximation of the laws of the Member
States on extraction solvents used in the production of foodstuffs and food ingredients

(Recast), ethanol, ethyl acetate, propane, butane, acetone, carbon dioxide, nitrous oxide are
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the solvents authorised to be used in compliance with good manufacturing practice (GMP) for
all uses. Hexane, methyl acetate, ethylmethylketone, dichloromethane, methanol and propan-
2-ol are the solvents authorised to be used under specified conditions with different maximum
residue limits in the extracted foodstuff or food ingredient. In addition to solvent extraction,
the extraction efficiency of other environmentally friendly technologies such as supercritical
fluid extraction, subcritical water extraction, enzyme-assisted extraction and membrane
separation system need to be investigated.

Polyphenol-rich crude extracts from edible seaweeds have been generally considered safe for
human consumption. Recent toxicity studies further proved that oral administration of crude
seaweed extracts and partially purified phlorotannins did not cause any toxic effects in rats or
mice. A toxicity test was carried out to examine possible adverse effects of crude
phlorotannins from brown algae, Ecklonia kurome. Results showed that there was no adverse
effect in mice at level corresponding to a human dose of 90.0 g/60 kg per day in males and
64.3 g/50 kg per day in females (Nagayama et al., 2002). The crude ethanol extracts from F.
vesiculosus didn’t show any relevant toxic effects following a four week daily treatment in
rats (Zaragoza et al., 2008). However, more toxicological in vitro or in vivo cell or animal
studies are required to get supportive evidence (Kruger and Mann, 2003).

Recent studies have revealed that algal polyphenols, especially phlorotannins derived from
brown algae not only exhibit potent antioxidant activity but also possess many other bioactive
properties, including anti-inflammatory, anti-allergic, anti-tumour, anti-diabetic, antibacterial,
HIV-1 reverse transcriptase and protease inhibitory activities (Plaza et al., 2008). In order to
direct algal polyphenols into commercial applications as health-promoting natural
antioxidants or functional food ingredients, substantial scientific evidence is needed (Codex
Alimentarius, 2004; IFT Expert Report, 2005). Well-designed and well-controlled human
intervention studies need to be carried out to systematically evaluate the possible health-
promoting effects of new ingredients like algal polyphenols, to meet the requirements of the
new legislations of health claims for foods (Asp and Bryngelsson, 2008; Regulation (EC) No.
1924/2006).

1.4 Methods to evaluate the antioxidant capacity in vitro and in food systems

1.4.1 Merits and limitations of various in vitre antioxidant assays

A wide variety of in vitro chemical tests have been developed to evaluate the antioxidant

capacity of natural antioxidants of different origin. The most widely employed antioxidant
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tests are those measuring the free radical scavenging capacity, the uptake of oxygen, the
inhibition of induced lipid autoxidation, the chelation of the transition metals and the reducing
power (Decker et al., 2005; Prior et al., 2005).

There is no universal antioxidant which is highly effective in all food systems and
antioxidants behave differently in media with different polarities and phase states. And also
no single one-dimensional assay is sufficient to identify the possible mechanisms involved in
the antioxidant reactions (Frankel and Meyer, 2000). When selecting appropriate antioxidant
methods to assess the antioxidant activity of potential antioxidant, the primary factors to
consider are the possible mechanisms of antioxidant action and the relevance of these actions
to what might occur in the target substrate. With regard to the initial screening experiment, the
use of multiple in vitro tests based on different mechanisms is necessary to gain a more
comprehensive antioxidant profile. It should also be noted that the reaction conditions,
substrate and antioxidant concentration used in different antioxidant assays may have a great
influence on the antioxidant effectiveness. Analysis conditions, substrate, and antioxidant
concentration should simulate real food or biological systems as closely as possible (Frankel,
2007; Frankel and Meyer, 2000).

Huang et al. (2005) and Prior et al. (2005) summarise the chemical principles of various
antioxidant capacity assays and established a classification depending upon the chemical
reactions involved: (1) assays based on hydrogen atom transfer (HAT) reaction and (2) assays

based on single electron transfer (ET) reaction.

1.4.1.1 HAT methods

Most HAT assays are kinetics-based, and use a competitive reaction scheme in which
antioxidant and substrate kinetically compete for peroxyl radicals thermally generated through
the decomposition of azo compounds. Among the methods based on HAT, the most
frequently employed are oxygen radical absorbance capacity (ORAC) and total radical
trapping antioxidant parameter (TRAP).

The HAT mechanisms of antioxidant action can be summarised by the reaction:

ROO- + AH/ArOH — ROOH +A-/ArO-

Oxygen radical absorbance capacity (ORAC): ORAC assay has been increasingly
employed by academics and the food industry as a method of choice to evaluate the
antioxidant capacities of foods. The validity and evaluation of this assay has been supported

by the U.S. Department of Agriculture. In 2007, an updated database was released as part of
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the USDA nutrient database where list the ORAC value for 277 commonly consumed foods
in the United States.

The ORAC assay has several advantages over other antioxidant capacity assays. ORAC
measure the radical scavenging activity against the peroxyl radical, which is the most
prevalent free radical in both food and biological systems. The reaction is conducted under
physiological conditions and therefore is believed to be more biologically relevant. The AUC
approach allows the quantification of both the time course and degree of inhibition (Huang et
al., 2005). A modified ORAC assay can measure the antioxidant capacity of both hydrophilic
and lipophilic antioxidant components in a given sample (Huang et al., 2002). It can also be
adapted to determine the antioxidant action against other reactive oxygen species.

However, ORAC assay is relatively complicated and time consuming. ORAC involves the
complex reaction of azo compounds such as AAPH to generate peroxyl radicals. This reaction
is highly sensitive to temperature variations and may lead to great intra-assay variability and
diminished run-to-run reproducibility even when performed under temperature controlled
conditions. The reference standard Trolox is not structurally related to any phenolic
compounds exhibiting antioxidant activity in foods (Frankel, 2007). This assay has also been
criticised because the oxidative deterioration and antioxidant protection of fluorescent
probe/target does not mimic a critical biological substrate (Frankel, 2007; Frankel and Meyer,

2000).

1.4.1.2 ET-based assays
ET-based assays involve two components in the reaction mixture, antioxidant and the oxidant
(or probe). The reaction is based on the following electron-transfer reaction (Huang et al.,
2005):

probe (oxidant) + e- (from antioxidant) — reduced probe + oxidized antioxidant
The reaction probe itself serves as oxidant that abstracts an electron from the antioxidant,
causing colour change of the probe. The degree of the colour change is proportional to the
concentration as well as antioxidant potency of the antioxidant.
ET assays include Trolox equivalent antioxidant capacity (TEAC) assay, ferric
reducing/antioxidant power (FRAP) assay, total phenols assay, ABTS radical scavenging
assay, 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay and CUPRAC (cupric
ion reducing antioxidant capacity) assay (Huang ef al., 2005; Prior et al., 2005).

Total phenols assay by Folin-Ciocalteu reagent: The principle of total phenols assay

involves electron-transfer reaction between phenolic compounds (or other reductants) and
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molybdenum under alkaline conditions, resulting in the formation of blue complexes that can
be detected spectrophotometrically at 725-765 nm (Magalhaes et al., 2008). Instead of
measuring the total amount of phenolic compounds, the FCR actually reflect a sample’s
reducing capacity. In many plant and seaweed samples, a fairly good linear correlation was
generally found between TPC and antioxidant activity evaluated by ET-based assays (such as
DPPH, FRAP and TEAC). Accordingly, in our study, very high association was observed
between the TPC of a variety of seaweed extracts and DPPH scavenging capacity (R > 0.9).
There was also a strong correlation between TPC method and ORAC, a HAT-based assay
(Wang et al., II). Therefore, the FCR assay was recently proposed for the determination of
total reducing capacity of samples, which reflects the cumulative capacity of both phenolic
and non-phenolic compounds to reduce the FC reagent (Prior ef al., 2005; Magalhaes et al.,
2009).

FCR method has several advantages: it is easy to perform, inexpensive and reproducible. It
has been reported that under proper conditions, this method produces a constant amount of
blue pigment which is predictable from the reaction with suitable known phenols (Singleton
and Rossi, 1965; Chun and Kim, 2004).

FCR assay is performed in aqueous media, thus it is not applicable for lipophilic
antioxidants/matrices. It should also be noted that the Folin—Ciocalteau method is not an
absolute measurement of the amount of phenolic compounds. A range of non-phenolic
substances can interfere with this assay, resulting in overestimation of TPC compared to the
chromatographic method (Prior et al., 2005). In addition, various phenolic compounds have
different responses in this assay, which were affected by both the position and degree of
hydroxylation (Ma and Cheung, 2007). The estimated TPC of the sample is also strongly
dependent on the employed standard. If the standard used for calibration is highly reactive and
gives a higher absorbance value, the calculated TPC values of the samples will be lower.
Therefore, the choice of a suitable phenolic standard is important. With regard to the
quantification of algal polyphenols (phlorotannins) in brown algae, the recommended
standard is phloroglucinol monomer since phlorotannins are the only phenolic group in brown
algae and phloroglucinol is the only commercially available standard. However, the use of
phloroglucinol has been criticised because phlorotannins in seaweed samples consist of
structurally distinct oligomers and polymers. When a polymeric mixture is analysed using a
monomer as a standard, the response of shorter and longer polymers to FC reagent cannot be
discriminated. The use of “self-standards” purified from the algal material itself has therefore

been proposed (Appel, et al., 2001; Koivikko, 2008).
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2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay: It was originally
believed that the DPPH assay was a hydrogen transfer reaction but later studies suggested the
reaction mechanism is mainly based on an ET reaction whilst the hydrogen atom abstraction
is only a marginal reaction path (Foti et al., 2004; Huang ef al., 2005).

The antiradical capacity of antioxidants in DPPH assay have been interpreted in many
different ways including percent inhibition, percentage of residual DPPH, ECs, value,
antiradical efficiency (AE) and ascorbic acid equivalent antioxidant capacity (AEAC).
Although percent inhibition has still been widely used in some studies, direct comparison of
the relative activity of different samples is not feasible. Another parameter commonly used is
the ECsy value. ECsg value is independent of the sample concentration and thus is more useful
than percent inhibition in comparing relative activity of samples with varying degrees of
antioxidant activities. However, the linear relationship between percentage of inhibition and
antioxidant concentration is valid only in very limited concentration range and special care is
thus needed to accurately calculate the ECsy value. Another parameter used to characterise the
antioxidant compounds is antiradical efficiency (AE, AE = 1/(ECsp Tgcso)). It combines both
stoichiometry (ECsg) and the time needed to reach the steady state to ECsy concentration
(Tecs0) and has been shown to be a more discriminatory calculation of antioxidant scavenging
capacity than ECsq (Sanchez-Moreno et al., 1998).

DPPH method has been used extensively as a simple and rapid method in pre-screening of
new antioxidants from natural resources. The 2,2-diphenyl-1-picrylhydrazyl radical is stable,
commercially available, and does not have to be generated before assay. Unlike other free
radicals such as hydroxyl and superoxide anion radicals, the use of the stable DPPH radical
has the advantage of being unaffected by certain side reactions, such as enzyme inhibition and
metal ion chelation (Wettasinghe and Shahidi, 2000).

However, DPPH radicals are artificially generated, long-lived nitrogen radicals which bear no
similarity to the highly reactive and transient peroxyl radicals. The ability of an antioxidant to
scavenge DPPH radical may not reflect its real activity with food lipid radicals (Huang ef al.,
2005; Frankel, 2007). The reaction of DPPH with an antioxidant is strongly influenced by
both the solvent and the pH of the reaction medium. Moreover, carotenoids presented in many
plant extracts can interfere with the spectrophotometric measurements (Wettasinghe and

Shahidi, 2000).

Reducing power assay: The reducing power of a compound has been found to be a

significant indicator of its potential antioxidant capacity. A direct correlation between
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antioxidant activities and the reducing power of certain plant extracts has been reported by
several authors (Duh, 1998; Kumaran and Karunakaran, 2006).

Reducing power assay is simple to perform, inexpensive, speedy and reproducible. It can be
easily automated and adapted to microplates, which allows analysis of large numbers of
samples in one run.

Reducing power assay actually reflects only the ability of an antioxidant to reduce Fe (III) to
Fe (II) in a redox linked colorimetric reaction, which is not physiologically and
mechanistically relevant to the real activity of antioxidants in foods or biological systems.
Although reducing power of a compound is an important feature for its overall antioxidant
activity, not all reductants that are able to reduce Fe’" are antioxidants. Conversely, an
antioxidant that are highly effective in reducing the prooxidants may not be able to efficiently
reduce Fe(IIl) (Prior and Cao, 1999). This method cannot detect antioxidants that act by
radical scavenging, particularly some biologically relevant antioxidants (e.g. glutathione,

cysteine and other thiol-containing compounds).

1.4.1.3 Ferrous ion-chelating ability

Ferrozine is a commercially available sulfonated ferroin and can combine with ferrous iron to
form a stable complex. The absorbance of the complex is directly proportional to the iron
concentration of the sample. Ferrous ion-chelating assay is simple to perform, inexpensive
and has acceptable reproducibility. It is robust and can be performed using automated, semi-
automatic or manual methods.

The major limitation of this method is that it does not evaluate other important properties of
chelating agents which are essential to understand a compound's ability to suppress iron
catalysed ROS generation, such as iron (III) selectivity, availability of coordination sites,
affinity towards iron ions, rigidity of ligand conformations and stoichiometry of complex
formation (Moore and Yu, 2008). Because the formation of ferrous-ferrozine complex is a
time-dependent reaction, consistent timing between sample addition, mixing and absorbance
measurement is required for optimal repeatability. Moreover, pigments present in plant and
seaweed extracts may interfere with this method. In this case, a control sample which contains
the plant or seaweed extracts (without the addition of ferrozine) should be included in each

measurement (Wang et al., II).

1.4.1.4 Limitation of chemical reaction-based antioxidant tests
In recent years, there is growing concern about the claimed antioxidant effects of some natural

antioxidants which are only based on simple and fast antioxidant tests. Many of these widely
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used in vitro assays, for example, DPPH and ORAC, monitor scavenging activity against a
single target radical under limited reaction conditions which are not relevant to real foods and
biological systems and do not take into consideration important factors such as bioavailability,
distribution, cellular uptake and metabolism of the antioxidants (Frankel, 2007; Frankel and
Meyer, 2000). The reaction is generally carried out in the absence of any oxidation substrates
such as lipids or proteins. These chemical antioxidant assays do not always predict the
efficacy of the antioxidant in complex foods and biological tissues where multiple oxidative
reactions may occur simultaneously and not only the intrinsic antioxidant property but also
the physical location and orientation of antioxidant, the interaction with other food
components and environmental conditions (e.g., temperature, pH and ionic strength) are
crucial for the antioxidant effectiveness (Decker et al., 2005). These in vitro antioxidant tests
are useful in initial screening of new antioxidants or in comparing different foods for their
antioxidant capacity. But the antioxidant effectiveness of a potential antioxidant should not be
based solely on the chemical antioxidant capacity and need to be verified in relevant model

systems, eventually in real foods and biological systems.

1.4.2 Cell culture models to evaluate potential health effects

In vitro cell culture models have the advantage of relatively well-controlled variables and are
generally more biologically relevant than the popular chemical reaction based assays because
they reflect some aspects of cellular uptake, metabolism and location of antioxidant
compounds within cells (Wolfe and Liu, 2007). Cell models have been demonstrated to be
very useful for monitoring the quantity and through which cellular pathways the studied
antioxidant was taken up by the cell. They also provide useful information about the
mechanism of antioxidant reaction and dose-response relationships. Compared with full-scale
clinical trials, cell-based assays are relatively cheap, fast and reproducible and therefore can
serve as an intermediate testing methodology which has been increasingly used in recent
antioxidant studies (Honzel et al., 2008).

Various cell-based systems have been developed to examine whether antioxidant candidates
can limit ROS production or protect the cell from oxidative damage under physiologically
relevant conditions. The cellular models frequently used for evaluation of antioxidant
potential in foods and dietary supplements include human monocyte-based assay, cellular
antioxidant activity (CAA) assay and cell-based antioxidant protection in an erythrocyte
model (CAP-e) (Gunnarsson et al., 2006; Honzel et al., 2008; Wolfe and Liu, 2007). Among

these cell-based systems, a cellular model comprising of human mononuclear cells and
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isoluminol/luminol has been proven as a sensitive method for testing ROS scavenging activity
of food-derived antioxidants (Gunnarsson et al., 2006). It is a high throughput method with
sufficient reliability and reproducibility as biomarkers of in vivo oxidation (Raghavan et al.,
2008).

However, cell behaviour is closely connected with source of cells, cell growth cycle and
number of passes in cell culture. Complex interactions among different kinds of molecules in
the cell may give rise to distinct cycles of activities. Molecules from other parts of the
organism or even other organisms can also affect cell behaviour. The reproducibility of results
within and across the laboratories can be poor (Schaich, 2008). Natural antioxidant mixture
generally exhibit nonlinear dose-response in cell-based antioxidant assay. The overall
antioxidant effect depends on the interaction between different antioxidant compounds in the
tested samples and the type of the cell model. Simple numerical approaches commonly used
in chemical antioxidant assays can not be used for the interpretation of complex, nonlinear
dose-response relationship (Honzel et al., 2008).

To achieve a more consistent and reliable evaluation of the antioxidant performance of tested
samples in complex cellular systems, the choice of appropriate cell culture model, the
standardisation of the cell culture conditions and assay procedure as well as appropriate
analysis and interpretation of nonlinear dose-responses data is of critical importance (Honzel

et al., 2008).

1.4.3 Evaluation of antioxidant effects in food model systems

It is preferable that antioxidant study be performed under realistic conditions of food
production, distribution and storage. However, the oxidative changes during storage are often
too slow to be detected within a convenient time frame. Detailed studies of antioxidants in
real food systems are complicated and usually difficult to control due to the complex nature of
most food systems and could be influenced by many unknown factors (Frankel, 2005). It is
not suitable for initial antioxidant screening experiments because it is expensive and time-
consuming. Various simplified model systems such as bulk oils, emulsions, bilayer structures
(microsomes, liposomes) and different types of skeletal muscle, which mimic the main
features of a specific food system, have therefore been developed and widely employed to
evaluate the antioxidant efficiency of potential antioxidants. In contrast to simplistic one-
dimensional chemical assays, the antioxidant effectiveness of tested samples in model
systems is evaluated in the presence of relevant oxidation substrates and therefore could

provide much more useful information for predicting their performance in real foods or
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biological systems. It must be stressed however that great care should be taken when selecting
methods (markers) to monitor the oxidation process of the model and extrapolating the results
obtained from model study to real food systems. The complexities of food and biological
systems can often contradict the validity of the existing analytical methodology. To achieve a
more comprehensive understanding of the precise antioxidant mechanisms, careful selection
of model systems and monitoring of storage conditions is very important. It is also preferable

to use more than one model system and more than one assay (Frankel, 2007).
1.4.3.1 Model systems for evaluating the antioxidant efficacy in muscle foods

Washed fish mince model system: Washed fish mince model has demonstrated to be an
ideal matrix for oxidation study of fish muscle because it has intact myofibrillar proteins and
membranes which resembles the structure of fish muscle, but has low content of
triacylglycerols (Decker et al., 2005; Richards and Hultin, 2000; Undeland, 2003b). Sufficient
washing with water and phosphate buffer can remove most aqueous pro- and antioxidants and
the influence of endogenous pro- and antioxidants on the oxidation process is avoided.
Exogenous oxidation catalysts (Hb) can then be added under controlled level to initiate lipid
oxidation (Undeland, 2003a; Undeland, 2003b). Using washed fish model also allows easy
manipulation of oxidation conditions such as pH, moisture content and temperature. The
oxidative changes can be monitored within an appropriate experimental time frame.
Compared with other model system such as bulk oil, emulsions or microsomes, the study of
the antioxidant effectiveness of antioxidants in washed fish model can provide much more
accurate predictions of their performance in real fish systems.

However, it has been reported that washed fish model occasionally fails to respond to Hb-
mediated oxidation when they have very low moisture content (around 65-75%). This can
bring some difficulties especially when large amount of tested antioxidant solution needs to
be added into the model system. Results from a recently study showed that several
noncontrollable and controllable factors are associated with this nonresponse, among which
different a-tocopherol level and different degrees of disruption in the myofibrillar structure
were suggested as the most important factors (Sannaveerappa et al., 2007). The washing step
is not effective in removing endogenous membrane-bound antioxidant a-tocopherol, which
located deep within the membrane. There are often interspecific and intraspecific variations in
a-tocopherol contents of fish. The variations are correlated with seasons of catch, the size or
the age of the fish, tissue type as well as the diet. Sannaveerappa et al. (2007) reported that o-

tocopherol concentration of the nonresponding model was about two times higher than that of
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the oxidising model. It was also observed that the nonresponding model had a more disrupted
myofibrillar structure compared to its oxidising counterpart. Furthermore, they observed the
absence of myocommata which suggested the onset of swelling in the stable model. The
swelling or gelation could be a physical obstacle that prevents the added Hb to reach
membranes. Therefore, special care should be taken during model preparation to control the
degree of myofibrillar disruption, washing pH and washing temperature.

As discussed before, the mechanisms of lipid oxidation in fish muscle is very complex,
involving not only Hb-catalysed systems but also oxidation initiated by other mechanisms.
Hb-initiated lipid oxidation in washed fish muscle model does not reflect other mechanisms
involved in the oxidation of real fish muscle, for example, the important role of LOXs and the
cooperative actions of different prooxidative systems. An antioxidant that is highly effective

in preventing Hb-initiated lipid oxidation may not be able to efficiently inhibit LOX activity.
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2 OVERVIEW OF THE STUDIES

The thesis includes five studies as illustrated in Figure 2. Initially, an investigation was
carried out to explore the effect of combined MAP and superchilled storage on the quality
changes of fresh cod loins (I). Further, to enhance the quality of fish products with extended
shelf life, the focus was shifted towards investigation on the potential of different types of
underutilised Icelandic seaweeds as an optimal source of natural antioxidants for the
development of new fish products. Extensive antioxidant studies were carried out on common
Icelandic seaweeds to select the species with high antioxidant potentials (IT). Extraction and
separation techniques were evaluated and the antioxidant properties of algal polyphenols were
characterised by in vitro antioxidant assays (II, III, IV). In the follow-up study, the antioxidant
effectiveness of phlorotannin-containing extract and fractions was further tested in fish model
systems (V). The possible health promoting effects were evaluated by measuring the ROS

scavenging ability in a mononuclear cell-based bioassay (IV) and ACE inhibitory activity.
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Antioxidant assays Solvent extraction
DPPH radical scavenging ("I’ IV) Pol)_/phenol
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Oxygen radical absorbance Fractionation methods
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Figure 2. Overview of the study design

The innovation of the research was to characterise the antioxidant activity of algal
polyphenols using a multiple-method approach which includes well documented in vitro

antioxidant assays, cellular model as well as fish muscle and protein isolate model systems.
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The aim was to get better understanding of antioxidant properties of polyphenols (especially
phlorotannins) derived from marine algae and the relative contribution of algal polyphenols to
the overall antioxidant activity of seaweed extracts. By using fish models which closely
resemble the real fish systems, the results should allow better prediction of the antioxidant
efficacy of seaweed extracts and partially purified fractions in real fish products.

The information gained is not only of academic interest but also of great practical value for
the fish industry. The outcome of the study provides a necessary basis to enhance and broaden
the potential utilisation of algal polyphenols in the development of novel fish products with
improved oxidative stability, flavour quality and nutritional value as well as in health-
promoting functional food formulations.

Paper | The objective was to study the shelf life and quality changes of fresh cod loins under
MAP and superchilled storage conditions by sensory, physical, chemical and microbiological
methods. The emphasis was on the evolution pattern of prime quality related sensory
characteristics.

Paper Il The antioxidant activities of ten species of common Icelandic seaweeds were
evaluated by assaying for DPPH radical scavenging activity, ORAC and ferrous ion chelating
ability. The correlations between TPC and antioxidant activities were studied in order to
evaluate the role of algal polyphenol to the overall antioxidant activity and the possible
mechanisms of antioxidant action.

Paper 11 The objective of the study was to investigate the effect of enzyme treatments on the
extraction of polyphenols and other water-soluble antioxidant components from P. palmata.
The potential to improve the antioxidant activity were assessed by three in vitro antioxidant
assays.

Paper 1V The efficiency of different solvent systems on the extraction of phlorotannins from
F. vesiculosus was investigated. Further fractionation was carried out by solvent partitioning,
Sephadex LH-20 chromatography and ultra-filtration. The antioxidant activity of different
subfractions was characterised using a multiple-method approach, including in vitro
antioxidant tests as well as a mononuclear cell-based bioassay.

Paper V The ability of various F. vesiculosus extract and fractions to inhibit hemoglobin-
mediated lipid oxidation in washed cod muscle model and cod protein isolates was studied.
The objective was to understand the relationships between the intrinsic antioxidant

characteristics, molecular size and the antioxidant effectiveness in fish model systems.
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3 MATERIALS & METHODS

3.1 Storage experiment

Fresh cod loins were obtained from Nyfiskur Company (Iceland). A total of 260 fresh cod
loins were randomly divided into 4 sample groups and kept under different storage conditions.
Al and A2 were packed in polystyrene boxes; M1 and M2 were MA packed (50% CO,/ 45%
N2/ 5% O,). A1 and M1 were stored at 1.5 + 0.2 °C; A2 and M2 were at -2.0 = 0.3 °C from d
0tod4and-0.9+0.3 °C from d 4 to d 21. Packing and first sampling (d 0) was on day 3 post
catch (I).

3.2 Sensory evaluation

The Quantitative Descriptive Analysis (QDA) method introduced by Stone and Sidel (1985)

was used to evaluate the cooked samples of cod loins (I).

3.3 Chemical measurements

Total volatile basic nitrogen (TVB-N) and trimethylamine (TMA) were determined by the
methods described by Malle & Poumeyrol (1989) (I).

3.4 Microbial analysis

Total viable psychrotrophic count (TVC) and H,S-producing bacteria were enumerated on
modified Long and Hammer's agar and iron agar (IA) as described by Van Spreekens (1974)
and Gram et al. (1987). Nitrite—Actidione—Polymyxin (NAP) agar was used for counts of
lactic acid bacteria (LAB) according to Davidson and Cronin (973) (I).

3.5 Algal materials

For antioxidant screening experiment, ten species of Icelandic seaweeds, including eight
brown algae, two red algae and one green algae were collected in Hvassahraun coastal area
nearby Hafnarfjordur, southwestern Iceland on March 19th and May 16th, 2007 (Table 2, II).

The red algae Palmaria palmata used for enzyme-assisted extraction study was collected

from the same area on October 12th, 2007 (III) and the brown algae Fucus vesiculosus used
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for solvent extraction, partially purification, characterisation and fish model study was

collected on October 15th, 2008 (IV and V).

3.6 Solvent extraction

Based on our preliminary experiment and other studies, polar solvents were found to be more
efficient to extract algal polyphenols than water and apolar solvents (Koivikko et al., 2005).
Therefore, the extraction efficiency of various polar solvent systems was further compared in
this study, including ethanol/water (80:20, v/v), ethanol/water (50:50, v/v), methanol/water
(80:20, v/v), ethyl acetate/water (80:20, v/v) and acetone/water (70:30, v/v) (IV). The

extraction was performed according to Wang et al. (II).

Table 2. List of seaweeds screened for antioxidant activity (IT)

Scientific name

Common name

Icelandic name

Phaeophyta (Brown algae)

1. Fucus vesiculosus Linnaeus Bladder wrack Bolupang
2. Fucus serratus Linnaeus Toothed wrack Sagpang
3. Ascophyllum nodosum (Linnaeus) Knotted wrack; Egg wrack Kloépang
LelJolis
4. Alaria esculenta (Linnaeus) Dabberlocks Marinkjarni
Greville
5. Laminaria hyperborea (Gunnerus) Cuvie; North European kelp Storpari
Foslie
6. Saccharina latissima (Linnaeus) Sugar kelp; Sea belt Beltispari
Lane, Mayes, Druehl and Saunders
7. Laminaria digitata (Hudson) Oarweed; Tangle kelp Hrossapari
Lamouroux
Rhodophyta (Red algae)
8. Palmaria palmata (Linnaeus) Dulse Sol
Kuntze
9. Chondrus crispus Stackhouse Irish moss Fjorugros
Chlorophyta (Green algae)
10. Ulva lactuca Linnaeus Sea lettuce Mariusvunta

Fucus vesiculosus

Palmaria palmata

(Picture: Karl Gunnarsson, with permission)
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3.7 Solvent partitioning

The crude 80% ethanol extract was fractionated on the basis of polarity. The extract was
partitioned successively with n-hexane, ethyl acetate (EtOAc) and r-butanol, yielding four
fractions including the n-hexane-, EtOAc-, n-butanol-soluble fractions and the aqueous

residue (Figure 3, IV and V).
3.8 Gel filtration on Sephadex LH-20 column

The EtOAc soluble fraction, which showed the highest TPC, DPPH scavenging and reducing
capacity, was subjected to gel filtration on Sephadex LH-20 column and eluted stepwise with
solvent systems of decreasing polarity from 50% aqueous MeOH, 75% aqueous MeOH, pure
MeOH, MeOH/acetone 5:1, MeOH/acetone 3:1 to MeOH/acetone 1:1, yielding six
subfractions (LH-1 to LH-6) (Figure 3, IV and V).

80% EtOH extract

| Extracted with n-hexane

Hexane fraction Aqueous layer

| Extracted with EtOAc

EtOAc fraction Aqueous layer

| Extracted with n-BuOH

SephadexLH-20 Ultrafiltration . .
I__I I__I BuOH fraction Aqueous residue
LH-1 =-- LH-6 U-1 === U5

Figure 3. Flow diagram for extraction and fractionation of phlorotannins from F. vesiculosus (IV and V)

3.9 Preparation of different molecular weight subfractions

The EtOAc soluble fraction was also sub-fractionated into five fractions (>100, 30-100, 10—
30, 5-10 and <5 kDa) of different molecular weight by using a series of Centricon filters

(Figure 3, 1V).
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3.10 Enzyme-assisted extraction of algal polyphenols and other antioxidant components

3.10.1 Enzymatic extraction

Eleven commercial enzymes including six proteases and five carbohydrases were evaluated
for extraction efficiency of hydrophilic antioxidant ingredients from the red algae P. palmata
(III). The enzymatic extraction was performed according to the method of Heo et al. (2003)
with slight modifications.

Eleven commercial enzymes as well as three carbohydrases produced by Prokaria, Matis ohf
(Iceland) were compared for their efficiency in extracting phlorotannins from two brown

algae, F. vesiculosus and L. hyperborea.

3.10.2 Fractionation of Umamizyme hydrolysate of P. palmata

Umamizyme hydrolysate was further fractionated into three subfractions, namely crude
polyphenol, crude polysaccharide and LMW aqueous fractions and the antioxidant activity
was evaluated in order to gain a basic understanding of the relative contribution of different

constituents to the overall antioxidant capacity of P. palmata hydrolysate (III).
3.11 Determination of total phenolic content

The total phenolic content (TPC) of seaweed extracts and fractions was determined in
accordance with a protocol described by Turkmen et al. (2005) and Koivikko et al. (2005) (11,
II1,). Many studies have shown that phlorotannins are the only phenolic group detected in
brown algae (Jormalainen and Honkanen, 2004; Koivikko et al., 2007). Folin-Ciocalteu
colorimetric method has also been widely used to estimate the total phlorotannin content in
brown algae. Therefore, TPC represented total phlorotannin content of F. vesiculosus extracts

and fractions in IV and V.
3.12 In vitro antioxidant assays

3.12.1 DPPH radical scavenging activity

The method of Sanchez-Moreno et al. (1998) was used for measuring the DPPH radical
scavenging ability of seaweed extracts and fractions. L-ascorbic acid, BHT and a-tocopherol
were used as reference standards (II, III, IV and V).

The calibration curve made with DPPHe between 4.15 x 10~ and 4.15 x 107* g/l was used to

calculate the remaining concentration of DPPHe in the reaction medium.
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The ECs, value was calculated as the concentration of sample or standard antioxidant (mg/ml
or pg/ml) required to scavenge 50% of the DPPHe in the reaction mixture. Its reciprocal, the

antiradical power (ARP, ARP = 1/ECs() was also calculated.

3.12.2 Oxygen radical absorbance capacity (ORAC)

The ORAC assay was performed according to Davalos et al. (2004) with slight modifications.
Mx300 real-time PCR System (Stratagene Inc., La Jolla, CA) was used for the fluorescence
measurements controlled by MxPro computer program (11, III).

The ORAC value was calculated and expressed as micromoles of Trolox equivalents per gram

extract (umol of TE/g extract) using the calibration curve of Trolox.

3.12.3 Ferrous ion-chelating ability assay

The Ferrous ion-chelating ability was determined according to the method of Decker and
Welch (1990) with minor modifications. L-ascorbic acid, citric acid and EDTA-Na, were

used as reference standards (II, III, IV and V).

3.12.4 Reducing power

The reducing power was measured as described by Benjakul ez al. (2005). The results were
expressed as mg of ascorbic acid equivalents (ASE) per gram of extract or fractions (IV and

V).

3.13 Fish model study

3.13.1 Preparation of hemolysate and quantification of haemoglobin

Hemolysate was prepared within 24 h of blood collection according to the method of Richards
and Hultin (2000). The concentration of haemoglobin was determined by the HemoCue
system of plasma/low Hb microcuvettes and photometer (Jonsdottir et al., 2007). A standard
curve with serial bovine haemoglobin solution (ranging from 0-70 pmol/l) was used for

calibration (V).

3.13.2 Washed cod mince

The washed cod mince was prepared according to the method of Richards and Hultin (2000)
V).
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3.13.3 Preparation of protein isolates by alkaline solubilisation

Protein isolate model was prepared from cod white muscle according to Kristinsson et al.

(2005) with some modifications (V).

3.13.4 Preparation of oxidation system

The preparation of oxidation system was based on Richards and Hultin (2000) and Undeland
et al. (2004). Seaweed extract and fractions were added at 300 mg/kg model. Propyl gallate
(PG) was added at 100 mg/kg model. 50% aqueous ethanol (v/v) was used as carrier solvent

at 1% of the final model weight (V).

3.13.5 Thiobarbituric Reactive Substances (TBARS)

Samples were taken periodically according to the procedure described by Undeland et al.
(2002). TBARS were determined according to direct extraction method (Serensen and
Jorgensen, 1996). TBARS values, expressed as pmol malondialdehyde per kg of sample
(umol MDA/kg), was calculated using malondialdehyd-bis-(diethyl acetate) as a standard (V).

3.13.6 Sensory analysis

Four to five trained panelists participated in the sensory assessments. Sensory evaluation was
conducted under standardised conditions. Capped samples were allowed to rest for 45 min on
ice between panelists’ sessions, in order to recover equilibrium in the headspace of the
samples. The panelists judged the samples according to the intensity of rancid odour on an

unscaled line (100 mm long) ranging from not detectable (0) to dominant (100) (V).

3.13.7 Volatile compounds by gas chromatography

Sample was weighed (4.5 — 5.0 g) into a 5 ml sealed vial for headspace Solid Phase
Microextraction (HS-SPME) / Gas Chromatography analysis (GC-O and GC-FID). Heptanoic
acid ethyl ester was used as an internal standard. Separation, identification and quantification
of volatile compounds collected by the SPME technique was done by combined GC-O and
GC-FID analysis as described by Jonsdottir ef al. (2007) (V). Gas Chromatography-Mass

Spectrometry (GC-MS) was used to confirm the identity of volatiles but not for quantification.
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3.14 Chemiluminescence assay for the detection of reactive oxygen species

Mononuclear cells were isolated from the blood of human volunteers using BD Vacutainer
method as described by Raghavan et al. (2008). Chemiluminescence (CL) technique
(Gunnarsson et al., 2006) was used for detecting ROS produced by PMA-stimulated human

mononuclear cells.

3.15 ACE inhibitory activity

ACE inhibitory activity was measured according to Vermeirssen et al. (2002) with
modifications. In brief, 20 ul sample or standard solution was mixed with 10 ul of 0.2 U/ml
angiotensin converting enzyme from rabbit lung (Sigma-Aldrich, St. Louis, MO) and the
mixture solution was pre-incubated at 37°C for 15 min in a microplate. Subsequently 170 pl
of the substrate solution (0.5 mM N-[3-(2-Furyl)acryloyl]-Phe-Gly-Gly in 50 mM Tris-HCI
buffer, pH 7.5, containing 300 mM NaCl) was added with a multi-channel pipette. The
microplate was quickly placed in a microplate reader (POLARstar OPTIMA, BMG
LABTECH GmbH, Offenburg, Germany) and the absorbance at 340 nm was recorded every
minute for 60 min. The microplate reader was thermostated at 37 °C and the plate was
automatically shaken prior to each reading. 20 ul Tris-HCI buffer (50 mM, pH 7.5, with 300
mM NacCl) instead of sample solution was used as a control. The ACE inhibitory activity (%)

was calculated as

(1-(Asanpte! Aconor) ¥ 100)
Where Agumpie 1 the slope of the sample with inhibitor and Aconior 1s the slope of the control.
The concentration of extract/fractions needed to inhibit the ACE by 50% (ICsp) was
determined by assaying algal samples at different concentrations and plotting the ACE
inhibition percentage as a function of sample concentration, as described by Shalaby et al.

(2006).

3.16 Statistical analysis

Analysis of variance (ANOVA) was applied to the experimental data set using the Number
Cruncher Statistical Software, NCSS 2000 (NCSS, Kaysville, Utah, USA). Significant
differences were determined by one way ANOV A and Duncan's Multiple-Comparison Test or

Tukey-Kramer Multiple-Comparison Test was used to determine the statistical difference
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between sample groups. Significance of differences was defined at the 5% level (p<0.05) (I, II,
I, IV and V).

Sensory attributes were analysed using Principal Component Analysis (PCA) in the statistical
program Unscrambler® (Version 9.5, CAMO, Trondheim, Norway). Full cross-validation was
used in the validation models (I).

Multivariate comparison of TPC and antioxidant activity of 10 species of algae was
performed by the Unscrambler 9.7 software package (CAMO AS, Trondheim, Norway). The
main variance in the data set was detected using PCA. All data were mean centred and scaled
to equal unit variance prior to PCA. Full cross-validation was used in the validation models
(ID).

Partial least square regression (PLSR) was used to test the quantitative correlation between
TPC and antioxidant properties of all the water and 70% acetone extracts. DPPH, ORAC and
chelating activity were used as X predictors and TPC as Y response factor (II).

The panelists’ performance was analysed using PanelCheck V1.3.2 (V).
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4 RESULTS & DISCUSSION

4.1 Combined application of modified atmosphere packaging (MAP) and superchilled
storage on the quality of fresh cod loins

4.1.1 Shelf-life extension

An overview of the initial values for the microbial, TVB-N, TMA, pH and estimated values at
sensory rejection for all experimental groups as well as shelf-life estimation are shown in
Table 3 (I). Based on the sensory evaluation of cooked cod loins by QDA (average QDA
scores for attributes related to spoilage = 20), the expected total shelf-life (days from catch) of
traditional chill-stored cod loins was about 9 d. Chilled MA packaging and superchilled
storage alone increased the shelf-life to 14 d and 16 or 17 d, respectively. When MAP and
superchilled storage were combined, a synergistic effect was observed and the total shelf-life
was further extended to at least 24 d. When using TVB-N value (35 mg N/100g) as a criterion
to determine the end of shelf-life, a relatively shorter shelf-life was estimated in agreement
with earlier studies (Olafsdottir et al., 2006). The difference between sensory and chemical
estimated shelf life is around 1 d for chill and superchill-stored samples and 2 d for chilled
MA packaging group (Table 3, I).

Table 3. Overview of shelf-life estimation, measured initial values for the microbial, TVB-N, TMA, pH and

final estimated values at sensory rejection for all experimental groups. (I)

.. Estimat alues at sen rejection
Initial values S ed values at sensory rejectio

Al A2 M1 M2

Estimated shelf-life (d)* 9 16-17 14 >24

Estimated shelf-life(d)” 8 16 12 24
TVC (log,oCFU/g) 4.7 7.5 7.9-7.9 7.4 >7.4
H,S-producer counts 2.6 6.7 7.5-7.5 5.7 >5.5
LAB counts Nd 5.6 6.4-6.5 6.2 >6.0
TVB-N (mg N/ 100g) 10.8 42.0 36.6-59.2 46.1 >36.3
TMA (mg N/ 100g) 0.0 30.2 25.5-44.8 334 >24.0
pH 6.63 7.15 6.99-7.14 6.97 >6.84

a) Total shelf life, including days from catch, based on the sensory evaluation of cooked loins (average QDA
scores for attributes related to spoilage = 20)

b) Total shelf life, including days from catch, based on TVB-N = 35 mgN/100g
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4.1.2 Retaining the prime quality characteristics

PCA analysis was carried out to study the sensory characteristics of different sample groups.
The samples differed mainly with regard to odour and flavour attributes along PC1 which
appeared to be substantially linked to the duration of storage. At the beginning of storage, the
sweet odour and flavour, metallic flavour, boiled milk and vanilla odour were prominent.
These characteristics became less evident as storage time progressed, but least change was
observed in superchilled MA packed samples (M2) as seen by location of all M2 samples on
the left side of the plot before d 15 (Figure 4, I). PC2 primarily explained variation between
samples with regard to texture attributes. Superchilled MA packed cod loins had more meaty

texture compared to other sample groups.

PC2
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Figure 4. PCA: Bi-plot of scores (samples) and loadings (sensory attributes). AMO-initial sample; F = Flavour,
O = Odour, A = Appearance, T = Texture; Dotted lines indicate evolution of each sample group with storage

time. (I)

It was also noted that the superchilled MA packed sample (M2) received significantly higher
scores for sweet, boiled milk and vanilla odour, sweet and metallic flavour on days 11, 13 and
15 (p<0.05) than groups A2 and M1 (I). This is also clearly shown in Figure 5 and Figure 6.
The combination of MAP with superchilled storage resulted in a better maintenance of
characteristic “fresh fish” odour and flavour after 11 d storage, compared with MAP or

superchilled storage alone. This is of great important because MA packaging usually extends
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Figure 5. Radar plot of QDA odour attributes
(mean scores) of different storage groups on d 11.
AMO-initial sample; O=Odour; Groups M1 was
stored at 1.5 °C; A2 and M2 at -1.0 °C. (I)

Figure 6. Radar plot of QDA flavour attributes
(mean scores) of different storage groups on d 11.
AMO-initial sample; F=Flavour; Groups M1 was
stored at 1.5 °C; A2 and M2 at -1.0 °C. (I)

the period of moderate to low quality (neutral taste period) rather than earlier stage of prime

quality (Sivertsvik et al., 2003).

4.1.3 Limitations and future research

In this study, MAP combined with superchilled storage led to the change of the textural
properties. Superchilled MA packed cod loins had more meaty texture compared to other
sample groups after 7 d storage, which could be explained by the temperature fluctuation
during the first 4 d storage. Strict temperature control is crucial to avoid negative impact on
the texture caused by ice crystal formation when the storage temperature is approaching the
freezing point of the fish (I).

Most of the previous studies on the new preservation technologies have mainly focused on
sensory, microbiology and chemical analysis. Few studies have been carried out on lipid
oxidation and enzymatic degradation under MA or superchilled storage. The application of
MA packaging, superchilling and storage at subzero temperatures can effectively control
microbial growth and extend the shelf life of fish and fish products. However, the spoilage
pattern may also change. Oxidative changes and enzymatic degradation may not be
effectively inhibited or even become more pronounced, limiting the shelf life. Increased
enzymatic activity has been reported to occur in superchilled fish (Foegeding ef al., 1996). A
better understanding of the process of quality deterioration and the methods to delay and/or
prevent lipid oxidation and enzymatic degradation is a potentially interesting topic for future

research.
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4.2 Screening of antioxidant activity in Icelandic seaweeds

To justify the selection of the most appropriate species with high antioxidant potential for
possible application as natural antioxidants in fish products or marine functional food
ingredients, the pre-screening experiment was carried out using ten species of common
seaweeds found on Icelandic seashores.

Significant differences in total phenolic content (TPC) were observed among different
seaweed species. Brown algae generally contained higher amounts of polyphenols than red
and green algae. Fucoid species, especially F. vesiculosus and F. serratus were found to be

richest in polyphenols (II).

Chondrus crispus o

Palmaria palmata [ @Water extracts
Ulvalactuca [ O070% acetone extracts
Laminaria digitata
Saccharina latissima-new blade
Saccharina latissima-old blade
Alaria esculenta
Laminaria hyperborea-new blade
Laminaria hyperborea-old blade

Ascophyllum nodosum

Fucus serratus

Fucus vesiculosus
I

0 500 1000 1500 2000 2500 3000

ORAC value (Trolox equivalents, pmol/g extract)

Figure 7. Oxygen radical absorbance capacity (ORAC) of water (WE) and 70% acetone extracts (AE)

from selected Icelandic seaweeds. Values are means + S.D. (n = 3). (II)

The radical scavenging activities evaluated by both DPPH and ORAC showed similar trends
(II). Among the seaweeds studied, 70% acetone extract of F. vesiculosus and F. serratus
exhibited the highest scavenging activity against DPPH and peroxyl radicals (Figure 7, II).
Because of lack of ORAC data on seaweeds, our results cannot be evaluated by comparing
with ORAC values of other seaweed species. However, the ORAC values of the fucoid
species in the present study were comparable to or even higher than those reported in the
literature for various high antioxidant fruit and spice extracts (Huang et al., 2002; Elisia et al.,
2007; Su et al., 2007).

The ferrous ion-chelating activity of seaweed extracts showed a very different pattern when
compared with DPPH and ORAC results. All the water extracts were more effective in
chelating ferrous ion than their acetone extract counterparts (Figure 8, II). It was also noticed

that water extracts from two red algae (P. palmata and C. crispus) with significantly lower
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Figure 8. Ferrous ion-chelating activity of water (WE) and 70% acetone extracts (AE)

from selected Icelandic seaweeds. Values are means + S.D. (n = 3). (II)

levels of TPC as well as weaker radical scavenging activities, exhibited equivalent chelating
effects as fucoid species.

PCA was carried out to gain a clearer overview of the similarities and differences among
different algal species and to investigate the correlation between TPC and different
antioxidant activities (II). Combining the information obtained from the score and the loading
plots, it can be concluded that different seaweed samples can be discriminated and ranked
according to their TPC, ORAC and DPPH along PC1 (Figure 9, II). It was noted that TPC,
ORAC and DPPH radical scavenging activity were closely loaded on PCl1, indicating that
TPC and free radical quenching activities were highly correlated with each other (II). PC2
mainly explained variation between samples with regard to ferrous ion-chelating ability.
Moreover, ferrous ion-chelating capacity loaded heavily on the second component while TPC
had low loading, which illustrated that no clear correlation existed between TPC and chelating
capacity.

Pearson correlation analysis further demonstrated strong correlations between TPC, DPPH
radical scavenging activity and ORAC value of seaweed extracts. On the other hand, ferrous
ion-chelating ability of seaweed extracts correlated neither with TPC, nor with DPPH or
ORAC (II).

Based on these analyses, it can be speculated that algal polyphenols mainly act as potent free
radical scavengers and primary, chain-breaking antioxidants. In contrast to what has been
reported by Chew et al. (2008), our results showed that algal polyphenols are probably not
effective metal chelators as other algal components such as high molecular weight

polysaccharides, proteins or peptides (II).
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Figure 9. PCA score plot of total phenolic content (TPC) and antioxidant activities (AA) (DPPH, ORAC and
ferrous ion-chelating activity) of water (WE) and 70% acetone extracts (AE) from selected Icelandic seaweeds
(F. ves, F. vesiculosus; F. ser, F. serratus; A. nod, A. nodosum; L. hyp, L. hyperborea; A. esc, A. esculenta; S. lat,
S. latissima; L. dig, L. digitata; U. lac, U. lactuca; P. pal, P. palmata; C. cri, C. crispus). Brown seaweeds are

indicated by italics; red seaweeds by underline; green seaweeds in bold font. (II)

4.3 Extraction of algal polyphenols

This section reports the preliminary results on factors influencing TPC of seaweeds and a
more detailed study of the effect of solvent type on the extraction efficiency of algal
polyphenols.

Significant intraplant variations in TPC of brown algae are well documented. The variations
are species-dependent and influenced by plant size, age, tissue type as well as environmental
factors such as salinity, nutrient and light availability (Pavia and Toth, 2000). In the screening
experiment, intra-thallus variations in TPC were observed both in L. hyperborea and S.
latissima. Old blades had higher TPC values compared to new blades (II). This is in
agreement with earlier studies by Connan et al. (2004) who reported that there was a high
correlation between the age of the tissues and TPC for L. hyperborea. Large seasonal
fluctuations in TPC have been reported for brown fucoid algae (Pavia and Toth, 2000). The
TPC is generally higher in summer and early autumn whereas lower levels were observed
during winter, supporting the important photo-protective roles of phlorotannins. In the present
study, we observed that TPC levels of both water and 70% acetone extracts from F.

vesiculosus samples collected in October, 2008 were much higher than those collected in
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early spring (March, 2007) (II and IV). The information is of practical importance for future
utilisation and production of seaweed-based antioxidants and warrant furthered investigation.
The type of extractant had an impact on the amount of total extractable substances (TES). For
most screened seaweed species, the TES of water extracts were higher than those of 70%
acetone extracts and large differences were observed for U. lactuca, P. palmata and C.
crispus (II). These seaweeds are known to contain high levels of water-soluble components,
such as soluble polysaccharides, protein and peptides (Galland-Irmouli ef al., 1999) which
were poorly extracted by 70% acetone. With regard to F. vesiculosus, TES generally
decreased with decreasing polarity of the extractant (IV).

Type of solvent also influenced the extraction efficiency and selectivity of phenolic
compounds. But no direct relationship was observed between the amount of TES and the TPC
of the extracts. For most seaweed species, TPC of 70% acetone extracts was higher than those
of water extracts (II). Polar solvents were more efficient to extract phlorotannin compounds
from F. vesiculosus than water and apolar solvents and the highest TPC was recorded in 70%
acetone extract (IV and unpublished data). However, 80% ethanol also showed considerable
ability to extract phlorotannins and the use of ethanol would obviously be preferred for the

extraction of food-grade natural antioxidants.
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Figure 10. DPPH radical scavenging activity of different solvent fractions of F. vesiculosus

compared with standard antioxidants. Values are means = S.D. (n = 3). (IV)
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4.4  In vitro antioxidant activity—different solvent fractions

Solvent partitioning was carried out to evaluate the role of phlorotannins in the antioxidant
activity of the crude 80% ethanol extract from F. vesiculosus and to test the effectiveness of
EtOAc in concentrating phlorotannins. Among the four fractions obtained, the EtOAc-soluble
fraction showed the highest TPC, followed by the n-butanol fraction and aqueous residue. The
lowest level of TPC was found in the n-hexane fraction (IV). Ethyl acetate has been widely
used to selectively extract polyphenolic compounds of intermediate polarity from various
plants. The results of the present study also demonstrated the effectiveness of EtOAc in
concentrating/enriching phlorotannins from crude F. vesiculosus extract. In accordance with
TPC result, the highest DPPH scavenging and reducing activities were detected in EtOAc

fraction, whilst the other fractions showed lower activities (Figure 10, IV).

4.5 In vitro antioxidant activity—phlorotannin oligomers versus polymers

Phlorotannins from F. vesiculosus were observed to have a strong adsorption affinity for the
Sephadex LH-20 gel, mainly due to the formation of hydrogen-bonding between the phenolic
hydroxyl groups and the ether oxygen atoms of the gel (Kantz ef al., 1990; Shahidi and Naczk,
2004b). Phlorotannin polymers containing many phenolic hydroxyl groups are adsorbed more
strongly on the column than monomers and oligomers. Using appropriate eluent systems
allows separation of oligomers and polymers based on hydrogen-bonding properties. In this
study, phlorotannin oligomers were eluted first from the gel by aqueous methanol. Gradual
desorption of polymeric phenols was achieved by stepwise increase in the acetone
concentration of acetone—methanol elution mixture. The carbonyl oxygen of acetone has been
reported to serve as a strong hydrogen bond acceptor and enables displacement of complexed
polymeric phenols from Sephadex LH-20 column (Jerez et al., 2007).

The majority of the phlorotannin constituents in EtOAc fraction were eluted from the column
in the last three subfractions, accounting for about 78% of the total amount recovered (Table 4,
IV). It may therefore be assumed that phlorotannins in F. vesiculosus comprise mainly
polymeric phlorotannins.

Different Sephadex subfractions showed varying degrees of antioxidant activities (Table 4,
IV). The highest DPPH radical scavenging activity was found in LH-2 and LH-3, which was
comparable to those of the positive controls AscA and BHT, and was significantly higher than

that of a-tocopherol. There was no clear trend in the chemical antioxidant activity among
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Table 4. Relative yields, total phlorotannin content (TPC) and antioxidant activities of different Sephadex

subfractions from EtOAc fraction of F. vesiculosus. (IV)

Subfractions Relative yields TPC DPPH Fe”" chelating Reducing power

(%)? (g PGE/100 g)®  ECso (ug/ml)? ability (%) (mg ASE/g)”
LH-1 73+13¢ 82.7 + 1.5 423+0.17° 46.5+ 1.4° 760.3 £ 63.9°
LH-2 75+0.5¢ 96.6 £0.9° 2.79 +0.05¢ 28.5+0.4° 790.3 + 61.3°
LH-3 7.4+0.9¢ 97.0 + 0.7 2.82 +0.03¢ 30.5 + 0.8% 822.3 +29.2°
LH—4 12.7 0.3 85.0 + 0.9 3.89+0.07° 323+ 1.1 717.8 + 56.4°
LH-5 462 +2.4 91.3+£2.4° 3.50 +£0.13° 38.0+£0.5° 785.8 + 77.1°
LH-6 18.9+2.0° 87.5+1.2% 3.71£0.07* 419+ 1.8° 780.5 £ 82.1°
Total % recovery ! 754+13

Each value is expressed as means + S.D. (n = 3).

Values in the same column followed by different superscript letters are significantly different (P < 0.05).
Y Total % recovery from 300 mg of EtOAc fraction loaded on the Sephadex LH-20 column.

? Relative yields are expressed as (%) weight of individual freeze-dried fraction.

) TPC, g phloroglucinol equivalents (PGE) /100g extract.

9 ECs, concentration of extract (ug/ml) required to scavenge 50% of the DPPHe in the reaction mixture.
*) ASE, ascorbic acid equivalents.

oligomeric and polymeric phlorotannin-rich subfractions, but the differences in the reducing
and DPPH scavenging activities appeared to be explained by the relative TPC levels.
Phlorotannin oligomers and polymers did not seem to differ markedly in chemical antioxidant
activity. This is in agreement with a previous study that found no association between the type
of structural linkages and DPPH scavenging activity of phlorotannins isolated from another

Fucoid species, F. spiralis (Cerantola et al., 2006).

4.6 Isthere any correlation between MW and in vitro antioxidant activity?

At present, very little information is available concerning the MW distribution of
phlorotannins in F. vesiculosus as well as the relationship between MW and antioxidant
activity. In this study, EtOAc-soluble fraction was fractionated by sequential ultrafiltration
through Centricon membranes of different NMWL to yield five subfractions. Subfraction with
MW > 100 kDa was the most abundant and represented about 73.9% of the total amount
recovered, indicating that highly polymerised phlorotannins are the largest pool of phenolic
compounds in F. vesiculosus (Table 5, IV).

Subfractions with high levels of TPC such as 10-30 kDa, 30-100 kDa and 5-10 kDa, generally
exhibited strong DPPH radical scavenging activity and reducing power (Table 5, IV). There
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Table 5. Relative yields, total phlorotannin content (TPC) and antioxidant activities of different MW

subfractions from EtOAc fraction of F. vesiculosus. (IV)

Subfractions Relative yields TPC DPPH Fe”" chelating Reducing power
(%)* (g PGE/100 g) ECs, (ug/ml ) ability (%) (mg ASE/g)

> 100 kDa 73.9 + 1.6° 87.8+2.3° 3.80+0.13° 45.1+1.0° 881.3 +40.2°

100-30 kDa 9.6+ 0.6 95.4 + 1.3 3.58+0.07° 47.6+1.3° 899.0 + 38.0°

30-10 kDa 3.3+0.3° 97.0 + 1.5 3.07 +0.04° 36.6+1.8° 910.7 +27.5%

10-5 kDa 27+0.2° 94.8 + 0.5 2.91+0.09° 33.7+0.6° 822.0 + 40.3%®

<5kDa 10.4 +0.9° 83.1+1.8° 3.62+0.11° 25.1+0.2° 734.0 + 43.0°

Each value is expressed as means + S.D. (n = 3).
Values in the same column followed by different superscript letters are significantly different (P < 0.05).
* Relative yields are expressed as (%) weight of individual freeze-dried fraction

seemed to be no direct relationship between the molecular size of phlorotannin compounds

and in vitro antioxidant activity.

4.7 Enzyme-enhanced extraction of antioxidant components from P. palmata

In this study, eleven commercial enzymes were evaluated for the extraction efficiency of
hydrophilic antioxidant compounds from P. palmata. All the proteases tested showed greater
capacities to enhance the recovery of phenolic compounds than water extraction. On the
contrary, the TPC of the hydrolysates prepared with carbohydrases were generally lower. In
particular, Umamizyme exhibited the highest extraction efficiency of polyphenols, which was
approximately 3.0-fold higher than that of the water extract. The relatively lower TPC of both
water and carbohydrase extracts could be partly due to the formation of protein—polyphenol
complexes during the extraction (Siriwardhana et al., 2008). The use of proteases
substantially converts proteins into small peptides and free amino acids and reduce the
complex formation between protein and algal polyphenols, which could explain the improved
extraction efficiency of phenolic compounds by proteases observed in the present study.
Another explanation for the decreased TPC in carbohydrase extracts could be due to the
release of oligosaccharides and simple sugars during the degradation of cell wall

polysaccharides (Figure 11, III).
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Figure 11. Total phenolic content (TPC) of different enzymatic extracts from P. palmata compared to water
extract (WE). Values are means + S.D. (n = 3). Protease extracts are indicated by dark gray bars; Carbohydrase

extracts by light gray bars; Water extract by white bars. (III)

The DPPH scavenging activity and ORAC of enzymatic extracts showed similar trend as TPC.
The higher radical scavenging capacities of protease extracts could be linked to the improved
extraction efficiency of phenolic compounds. Moreover, the liberation of LMW peptides and
amino acids might also contribute to the enhanced scavenging activities (III).

A different pattern was observed for metal chelation. All the enzyme treatments had a
negative impact on the chelating ability of the extracts. Algal dietary fibres are well known
for their excellent metal binding capacity. The enzymatic degradation of these dietary fibres
into oligosaccharides and simple sugars might reduce the chelating capacity to different extent,
depending on the composition and structure of degradation products. There was no clear
correlation between TPC and chelating capacity of P. palmata hydrolysates, supporting our
previous finding that algal polyphenols were not effective metal chelators (II).

The relative contributions of crude polyphenol, crude polysaccharide and LMW aqueous
fractions to the overall antioxidant activity of Umamizyme extract were studied. Crude
polyphenol fraction showed the highest scavenging activity on both DPPH and peroxyl
radicals, confirming the key role of algal polyphenols as primary, chain-breaking antioxidants
(I). HMW polysaccharides contributed greatly to the ferrous ion-chelating and DPPH
quenching activities of the hydrolysate. LMW peptides, amino acids as well as some of the
mycosporine-like amino acids (MAAs) might be the major contributors for the moderate

radical scavenging capacity of LMW aqueous fraction (Table 6, III).
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Table 6. DPPH radical scavenging activity, ORAC and ferrous ion-chelating ability of crude polyphenol,

polysaccharide and LMW aqueous fractions from Umamizyme extract of P. palmata. (111)

DPPH scavenging® ORAC®
Sample Fe?" chelating ability (%)
(ARP) (umol TE/g extract)
Crude polyphenol fraction 54+03 629.5+15.2 57.2+2.9°
Crude polysaccharide fraction 48+0.3 102.9+£2.8 943 +1.8°
LMW aqueous fraction (<5 KDa) 24+0.1 130.7+3.4 20.5+ 1.6¢

Each value is expressed as means + S.D. (n = 3).

* ARP, antiradical power (ARP=1/ECs,), ECsy: concentration of extract (mg/ml) required to scavenge 50% of the
DPPH?e in the reaction mixture.

® ORAC, oxygen radical absorbance capacity; TE, Trolox equivalents.

¢ was tested at concentration of 2.5 mg/ml.

4 was tested at concentration of 5.0 mg/ml.

4.8 Enzyme treatment on the extraction of phlorotannins from F. vesiculosus and L.

hyperborea

All the tested proteases and carbohydrases increased the amount of total extractable
substances (TES) to different extent compared with water. However, enzyme treatments did
not improve the recovery of phlorotannin compounds and the TPC of all the enzymatic
extracts was lower than that of cold water (unpublished data). Accordingly, the antioxidant
activities of F. vesiculosus extracts evaluated by DPPH- scavenging activity and ORAC were
all lower in enzyme-assisted extraction system compared with water extraction (Figure 12 and

unpublished data).
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Figure 12. Oxygen radical absorbance capacity (ORAC) of different enzymatic extracts from F. vesiculosus
compared to water extract (WE). Values are means = S.D. (n = 3). Protease extracts are indicated by dark gray

bars; Carbohydrase extracts by light gray bars; Water extract by white bars.
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The higher extraction yield but lower TPC and lower antioxidant activity of enzymatic
extracts suggested that components other than phlorotannins were extracted and contributed to
the yield. It can be assumed that the content of cell-wall-bound phlorotannins in F.
vesiculosus 1s much lower than that of soluble phlorotannins. Therefore, the breakdown of
HMW polysaccharides and proteins by these cell wall degrading enzymes contributed to
higher yield without improvement of phlorotannin extraction and antioxidant activities of the
hydrolysates. This finding is in accordance with a previous study by Koivikko et al. (2005),
showing that the concentration of soluble phlorotannins in the cytoplasm of F. vesiculosus
was around an order-of-magnitude higher than in the cell wall.

A similar trend was observed for L. hyperborea. The hydrolysis of the algae cell wall
materials by these enzymes increased the TES but negatively impacted phlorotannin
extraction and antioxidant activities (unpublished data). It could be inferred that no advantage
could be gained in terms of commercial enzyme preparations to enhance the extraction of

phlorotannins from this species.

4.9 Antioxidant effects of F. vesiculosus extract/fractions in fish model systems

In order to investigate the antioxidant performance of F. vesiculosus extract/fractions in fish
model systems, to evaluate the contribution of phlorotannins to the overall antioxidant effect
and to gain a basic understanding of how intrinsic antioxidant characteristics, molecular size
may influence their antioxidant effectiveness, several extract and fractions of different purity,
polarity and molecular size were chosen for model study. Crude 80% EtOH extract,
phlorotannin-enriched EtOAc fraction, Sephadex subfraction LH-2 which was rich in
phlorotannin oligomers and LH-5 which was rich in phlorotannin polymers were used in
washed cod model. Instead of the 80% EtOH extract, two more subfractions LH-3 and LH-6

were tested in cod protein isolates.

4.9.1 Antioxidant effect in washed cod model-crude extract versus phlorotannin-
enriched fraction

In washed cod model system, the addition of 80% EtOH extract and phlorotannin-enriched
EtOAc fraction prolonged the lag time of both rancid odour and TBARS formation, but to
different extent (Figure 13 (a) and (b), V). EtOAc fraction showed a greater inhibitory effect
than the crude 80% EtOH extract, which could be attributed to its higher level of TPC.
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Figure 13. Effect of F. vesiculosus extract and fractions on the formation of (a) rancid odour, (b) TBARS in
washed cod model. F. vesiculosus extract and fractions were added at 300 mg/kg model and propyl gallate (PG)

was at 100 mg/kg model. Results are expressed as average + standard deviation from duplicate samples. (V)

Therefore, the active components responsible for the inhibition of lipid oxidation in washed

cod mince could be phlorotannins.

4.9.2 Antioxidant effect in washed cod model-phlorotannin oligomers versus polymers

Two subfractions (LH-2 and LH-5) derived from separation of the EtOAc fraction on
Sephadex LH-20 column showed very different antioxidant activity in washed cod model
system. The addition of the oligomeric subfraction (LH-2) was highly effective in preventing
lipid oxidation and the formation of rancid odour and TBARS was complete inhibited
throughout the entire storage period (Figure 13 (a) and (b), V). Its effectiveness at 300 mg/kg
level was comparable to that of 100 mg/kg PG, which is known as one of the most effective
antioxidants in muscle food systems. On the contrary, polymeric subfraction (LH-5) only
exerted a slight retarding effect. The antioxidant potency of subfraction LH-2 was also

supported by the slowest rate of redness loss (V).

4.9.3 Antioxidant effect in cod protein isolates—phlorotannin oligomers versus

polymers

Owing to the different antioxidant behaviour of subfractions LH-2 and LH-5 observed in
washed cod model, the main focus of cod protein isolate study was to compare the antioxidant
effectiveness of various Sephadex subfractions.

Although different amount of membrane lipids can be removed during acid- and alkali-aided
protein isolation, the residual membrane phospholipids still readily undergo oxidation in the

presence of strong prooxidants like Hb, which limit their effective utilisation (Nolsege and
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Undeland, 2009). In this study, we observed that the process of Hb-mediated lipid oxidation
of protein isolates was slower and less pronounced than in the washed cod model despite a
similar fat content and fatty acid composition. In the control group with Hb, the maximum
level of TBARS was only up to 40 pmol MDA/kg of sample after 3 days of ice storage
(Figure 14, V). The slower oxidation rate of cod protein isolates could not be explained by the
reduction of lipids after alkaline treatment or different amounts of susceptible polyunsaturated
fatty acids. Previous studies have suggested that membrane phospholipids may become more
buried and less accessible to pro-oxidants upon acid treatment followed by isoelectric
precipitation (Kristinsson and Hultin 2004; Pazos et al., 2005; Vareltzis and Hultin, 2007). It
is possible that a similar conformational change of the membranes also occurred at alkaline
pH conditions, thus possibly explaining the difference between the isolate and washed muscle.
Although the rate and extent of oxidation was less in protein isolates than washed cod muscle,
the inhibition of lipid oxidation by different Sephadex subfractions showed a similar pattern

as in washed cod model.
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Figure 14. Effect of F. vesiculosus fractions on the formation of TBARS in alkali-solubilised cod muscle protein
isolates. F. vesiculosus extract and fractions were added at 300 mg/kg model and propyl gallate (PG) was at 100

mg/kg model. Results are expressed as average + standard deviation from duplicate samples. (V)

4.9.4 Partitioning behaviour—oligomer vs. polymers

The partitioning study showed that most of the phlorotannins in different Sephadex
subfractions were more soluble in the water than in the oil phase. A simple or direct
relationship could not be established between the polarity of the subfractions and their

antioxidant potency in fish model systems, which reflects the complexity of the mechanism
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involved in antioxidant protection in a heterogeneous fish matrix. (V). Because of the
hydrophilic nature of phlorotannin oligomers, they are not likely to partition preferentially
into the hydrophobic region of the membrane. Instead, they might be localised in close
proximity to the membrane surface. Several studies have shown that directing antioxidants
into muscle cell membranes can enhance the oxidative stability of muscle tissue (Ballesteros,
2009; Kathirvel and Richards, 2009; Raghavan and Hultin, 2004). But our study indicated that
the antioxidant potency of phenolic antioxidants in fish model systems may not necessarily
depend on their ability to penetrate into the membrane. Instead, the protective effect conferred
by phlorotannin oligomers may be due to the antioxidant reactions occurring in the aqueous

phase or other mechanisms that are not yet well understood.

4.9.5 Antioxidant mechanisms—oligomer vs. polymers?

The exact mechanisms accounting for the differential antioxidant effects of different
phlorotannin components in fish models are not clear. One possible explanation can be that
the small size and high polarity of phlorotannin oligomers in LH-2 and LH-3 may allow them
to locate close to the polar surface of the membrane to effectively scavenge radicals generated
in the aqueous phase. Therefore, phlorotannin oligomers may mainly act as the first line of
defense by scavenging aqueous phase radicals before they attack the membranes, rather than
as scavengers of chain-propagating lipid peroxyl radicals within the membrane. Several plant-
derived polyphenols such as catechins and olive oil phenols were shown to regenerate o-
tocopherol effectively (Mukai et al., 2005; Paiva-Martins et al., 2003). Similarly,
phlorotannin oligomers may also have the capacity to regenerate the endogenous antioxidant
a-tocopherol in fish muscle. On the other hand, the bulky size of highly polymeric
phlorotannins in LH-5 and LH—6 may sterically hinder their interactions with the membrane
bilayer, which could partly explain their lack of effect in both systems. In addition, these
subfractions might also contain HMW complexes formed between phlorotannins and other
macromolecules like proteins or carbohydrates. The complexation may greatly impair the

ability of phlorotannins to protect membrane phospholipids from oxidation.

4.9.6 Can in vitro antioxidant tests predict the antioxidant effect in fish model system?

It was also of interest to examine whether chemical reaction-based antioxidant tests could be
used to predict the antioxidant effect of phlorotannin antioxidants in complex fish systems.
The results of the present study indicated that in vitro antioxidant tests did not consistently

reflect the relative ability of phlorotannins to inhibit lipid oxidation in fish models.
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Subfraction LH-2, which had the second highest TPC and reducing power and the strongest
DPPH radical scavenging activity, completely prevented the initiation of lipid peroxidation in
both washed cod mince and cod protein isolates (V). Interestingly, however, LH-5 with the
third highest TPC level and considerable DPPH scavenging activity and reducing power
(Table 4, Paper IV), showed a very weak inhibitory effect in both model systems (V). These
results substantially reinforce the findings from early research that the ability of phenolic
compounds to prevent lipid oxidation in food systems is determined not only by their inherent
antioxidant properties, but also by other factors such as chemical structure, molecular size,
location and orientation in targeted substrate as well as interactions with other food

ingredients.

4.10 ROS scavenging activity of different subfractions in a mononuclear cell-based

bioassay

In addition to potent antioxidant activity, algal polyphenols have been shown to possess
interesting multifunctional properties. In this study, the ROS scavenging ability of F.
vesiculosus subfractions was evauated in a monocyte-based cell model. All the subfractions
separated by Sephadex LH-20 column and ultra-filtration exhibited potent in vitro ROS
scavenging ability. At a concentration of 2.4 pg/ml, all the ultra-filtered subfractions showed
a significantly high ability to scavenge ROS (generated by the stimulation of mononuclear
cells) compared to the control (Figure 15, IV). The average ROS quenching ability appeared

to increase with a decrease in MW of the subfractions, but the difference was not statistically
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Figure 15. Effect of different MW subfractions of F. vesiculosus on PMA stimulated chemiluminescent
emission of freshly prepared human mono-nuclear cells. The concentration of cells used for this assay was 5 x
10° cells/ ml. The reaction was started using 5 units of HRP. The samples were added at a final concentration of

2.4 pg/ ml of reaction mixture. (IV)
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significant. However, the chemiluminescence quenching ability was not reflected in their

DPPH radical scavenging activity, reducing power and iron chelating ability (IV).
4.11 Preliminary study on the ACE inhibitory activity

Some plant-derived polyphenols like tannins and procyanidins have been reported to possess
ACE inhibitory activity (Actis-Goretta et al., 2003; Liu et al., 2003). However, little data are
available regarding the effects of algal phlorotannins against ACE activity.

The inhibitory effect of three fractions from the 80% EtOH extract of F. vesiculosus increased
with the increase of the concentration. The EtOAc-soluble fraction exhibited the highest ACE
inhibitory activity with an ICs value of 2.5 pg/ml, followed by n-butanol fraction (ICsp=21.8
pg/ml), while the aqueous residue was far less effective (ICso= 1166.1 pg/ml).

All the subfractions separated by Sephadex LH-20 column showed potent ACE inhibitory
activity (Figure 16a). The highest level of inhibition was observed in subfractions LH-2 and
LH-3 while the lowest was in LH—6. Further fractionation of EtOAc fraction by ultra-
filtration afforded six subfractions with ICsy values ranging from 1.7 to 31.0 pg/ml (Figure
16b). The fractions with low MW were found to possess significantly higher activity than the
high MW fractions.
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Figure 16. ACE inhibitory activity (ICs, value) of subfractions separated by Sephadex LH-20 column (A) and
ultra-filtration (B) from EtOAc fraction of F. vesiculosus. Different letters in each figure indicate significant

differences between the fractions (p < 0.05).

Although the mechanism of ACE inhibition by polyphenolic compounds has not been fully
elucidated, the inhibitory effects of flavonoids and procyanidins has been suggested to be due
to the generation of chelate complexes with the zinc atom within the active center of the

angiotensin I-converting enzyme (Wagner et al., 1991). The relative potency seems to be
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related to the number and arrangement of free hydroxyl groups in the polyphenol molecules,
which has profound influence on their affinity for the enzyme and the number of available
binding sites (Kang et al., 2003; Ottaviani ef al., 2006). The impact of molecular size of
phlorotannins is not clear, but the higher activity of low MW peptided than high MW peptides
are well documented (Je et al., 2004; Raghavan and Kristinsson, 2009). The differential ACE
inhibitory effects of various Sephadex and ultra-filtrated subfractions observed herein might
be explained by their relative ability to interact with ACE. The low MW phlorotannin
oligomers may have high affinity to the enzyme and possess the ability to bind to the active
site of the ACE, whereas the bulky size of high MW phlorotannin polymers may sterically
hinder their interactions with the enzyme. More detailed studies are needed to gain a better

understanding of the mechanism of the action.
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5 CONCLUSIONS

The studies provided better understanding of antioxidant properties of algal polyphenols
(especially phlorotannins) derived from marine algae and the relative contribution of algal
polyphenols to the overall antioxidant activity of seaweed extracts. The integrated use of in
vitro antioxidant tests, mononuclear cell-based bioassay and fish model systems verified the
complex mechanisms involved in the antioxidant effect of algal polyphenols in different
systems and gave a more comprehensive antioxidant profile than a single test.

Various seaweed species collected from southwest coast of Iceland contained different levels
of TPC and possessed varying degrees of antioxidant activity. Intertidal fucoid species
(especially Fucus vesiculosus and Fucus serratus) with high level of TPC exhibited potent in
vitro antioxidant activities. A phlorotannin-enriched fraction from F. vesiculosus had much
higher radical scavenging capacity and reducing power than the other fractions and the
original crude extract. In particular, all the subfractions separated by Sephadex LH-20
column and ultra-filtration showed very promising in vitro ROS scavenging activity. Further
testing of the phlorotannin-containing extract and fractions in fish model systems
demonstrated the potential application as natural antioxidants in fish products. The
effectiveness of oligomeric subfractions at 300 mg/kg level was comparable to that of 100
mg/kg propyl gallate, which is known as one of the most effective antioxidants in muscle food
systems. This fucoid species warrants further exploration as a viable source of natural
antioxidants with broad potential applications in fish products, functional foods and
nutraceuticals.

Protease treatment enhanced the extraction of water-soluble polyphenols and other
antioxidant components from P. palmata. The improved radical scavenging capacities of
protease extracts could be attributed to the improved extraction efficiency of phenolic
compounds as well as the liberation of LMW peptides and amino acids. However, negative
effects were observed in two brown algae, F. vesiculosus and L. hyperborea. Enzymatic
treatments increased the extraction yield but negatively impacted on phlorotannin extraction
and antioxidant activities. These results suggest that the effectiveness of enzyme-assisted
extraction of polyphenols from seaweeds is species and enzyme-dependent. The merits and
disadvantages of enzymatic extraction of phenolic antioxidants from a particular species
should be carefully evaluated.

PCA and Pearson correlation analysis revealed that there were strong positive correlations

between TPC, DPPH radical scavenging activity and ORAC of various seaweed extracts. On
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the contrary, ferrous ion-chelating ability correlated neither with TPC, nor with DPPH or
ORAC. In the enzyme-assisted extraction study, the crude polyphenol fraction derived from
the Umamizyme extract of P. palmata possessed the highest peroxyl radical scavenging
activity, whereas the crude polysaccharide fraction was more effective for chelating ferrous
ions. Moreover, the DPPH scavenging and reducing activities were found to be positively
correlated with the TPC among the crude extracts and different solvent fractions of F.
vesiculosus. These studies clearly demonstrated that algal polyphenols mainly act as potent
free radical scavengers and primary, chain-breaking antioxidants. Algal polyphenols do not
appear to be very effective metal chelators as other algal constituents like HMW sulphated
polysaccharides, proteins or peptides.

Careful selection of in vitro antioxidant tests based upon different reaction mechanisms help
to understand the intrinsic antioxidant properties of seaweed extracts, which is very useful in
initial antioxidant study. However, the chemical antioxidant activity did not consistently
correlate with their relative ability to inhibit lipid oxidation in fish model systems. The
antioxidant effectiveness of phlorotannins in heterogeneous fish muscle may not rely solely
on the intrinsic reactivity toward radicals, but also on other factors such as the molecular size,
location and orientation at the membrane interface, environmental conditions (e.g.,
temperature, pH and ionic strength) as well as interactions with other food ingredients.

The specific mechanisms by which these phlorotannin components prevented lipid oxidation
in fish models have not been established. Several explanations have been put forward in this
thesis to explain the differential antioxidant effects of oligomeric and polymeric phlorotannins.
Owing to the small size and high polarity, phlorotannin oligomers are likely to be localised
close to the polar surface of the membrane and effectively scavenge radicals generated in the
aqueous phase before they attack the membranes. This may possibly indicate that
phlorotannin oligomers act mainly as the first line of defense rather than as scavengers of
chain-propagating lipid peroxyl radicals within the membrane. We suggest further that the
antioxidant potency of phlorotannin antioxidants in fish model systems may not necessarily
depend on their ability to penetrate into the membrane. The ability of oligomeric
phlorotannins to regenerate the endogenous antioxidant a-tocopherol may be another possible
mechanism. The poor activity of polymeric phlorotannin-rich subfractions may be attributed
to their bulky size, which sterically hinders their interactions with the membrane bilayer. In
addition, these subfractions might also contain HMW complexes formed between
phlorotannins and other macromolecules like proteins or carbohydrates. The complexation

may greatly impair the ability of phlorotannins to protect membrane phospholipids.
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The studies provide a necessary basis and more importantly will stimulate future research to
enhance and broaden the value add utilisation of seaweeds. Seaweed derived phlorotannins
showed great potential for future development of novel fish products with enhanced oxidative
stability and nutritional value. The preliminary results also suggested the potential

applications of phlorotannins in the formulation of functional foods and nutraceuticals.
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6 FUTURE PERSPECTIVES

The application of new packaging and chilling preservation techniques and the addition of
functional and bioactive ingredients is of great importance for the maintenance of the prime
quality and the storage stability of seafood based products. The use of seaweed derived
polyphenol antioxidants may offer a new approach to enhance their oxidative stability and
nutritional value.

Marine algae are an attractive source of natural antioxidants with remarkable and diverse
health-promoting properties. The results from the studies clearly showed that phlorotannins
are one of the most active ingredients responsible for the superior antioxidant activity of F.
vesiculosus. The antioxidant effects of F. vesiculosus extract and fractions in fish model
systems suggest the great potential of phlorotannin compounds as natural antioxidants in fish
and fish products. The potent ROS quenching and ACE inhibitory activities demonstrate the
additional health promoting effects of phlorotannins. These findings warrant further
investigations to explore their potential nutraceutical and pharmaceutical applications.

The antioxidant effects of algal polyphenols in food systems have rarely been evaluated. More
studies are necessary to investigate the efficacy of phlorotannin antioxidants in different food
systems and the stability during food processing and storage. Other aspects which may
influence their application in food products should also be investigated. Phlorotannins derived
from brown algae generally have an unpleasant bitter or pungent taste and distinct colour,
which may negatively affect the sensory quality of food products. The interactions between
phlorotannin compounds and proteins may modify the functional properties of proteins and
influence the bioavailability of both proteins and phlorotannins. All these issues are of critical
importance for future food applications.

In order to direct seaweed based antioxidants into different food products or supplements for
human consumption, the extraction and purification techniques are of prime importance.
Solvent extraction and fractionation were shown to be effective for the extraction and
separation of phlorotannin components from F. vesiculosus in the present study. But the
extraction solvent must be adequately selected to meet the requirements set by EU regulations.
Due to the increased public awareness and the growing environmental and safety concerns of
using large amounts of some organic solvents in the production of food ingredients, it is
necessary to develop effective and environmentally friendly technologies for the extraction,
separation and purification of algal polyphenols, including supercritical fluid extraction,

subcritical water extraction, enzyme-assisted extraction and membrane separation system.
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Further optimisation and scale-up of these new technologies is crucial for successful
commercial developments. Enzyme-assisted extraction can be an alternative extraction
method for some seaweed species, but further studies are needed to gain a better
understanding of the distribution pattern of phenolic compounds in algal tissue, the structure
and organisation of algal cell walls, the mechanism of the interaction between enzyme and
target substrate in algal tissue as well as the kinetics and mechanisms of enzyme-enhanced
liberation of phenolic compounds from different seaweed species.

The use of a combination of methodology based on different mechanisms is recommended to
build a more complete picture of the antioxidant capacity of algal polyphenols. The
antioxidant effect of phlorotannins is system dependant and it is important to conduct studies
in appropriate models which closely mimic the targeted food system. Washed fish mince
model has the advantage of mimicking the main features of fish muscle and can provide
useful information for predicting the antioxidant effect of algal polyphenols in real fish
systems. It must be stressed however that washed fish mince model also has its limitations.
The mechanisms of oxidative deterioration in fish muscle are very complex. Different
prooxidative systems such as lipoxygenase (LOX) and haemeproteins act cooperatively to
initiate the rapid lipid oxidation. Hb-initiated lipid oxidation in washed fish mince model does
not reflect other mechanisms involved in the oxidation of real fish muscle, for example, the
important role of LOXs and the cooperative actions of different prooxidative systems.
Therefore, further studies are needed to investigate the efficiency of phlorotannins towards
other oxidative processes in fish muscle. The antioxidant effects of algal polyphenols also
need to be further confirmed in real fish systems.

The results from the present and previous studies have shown that brown algal phlorotannins
possess extraordinary antioxidant and other bioactive properties. However, studies of seaweed
derived antioxidants are still in their infancy and continued research efforts are needed in
order to develop this underutilised resource into a food grade antioxidant or dietary food
supplement. Purification, characterisation and structural analysis of phlorotannin compounds
need to be performed to gain a better understanding of exact mechanisms involved in the
antioxidant protection and the structure-antioxidant activity relationship. Well designed in
vivo, animal and human clinical studies should be carried out to systematically evaluate their
health benefits and potential risks. The impact of processing conditions on the stability and
bioavailability of algal polyphenols needs to be investigated. The adverse interaction or

complexation of polyphenolic compounds with other food ingredients (proteins,
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carbohydrates and lipids) as well as the possible formation of toxic, allergenic or carcinogenic
substances should also be addressed.

More work is needed to understand their bioavailability in vivo. The stability during
gastrointestinal digestion, the absorption in the gastrointestinal tract as well as the effects of
metabolic transformation and degradation on the antioxidant activity of algal polyphenols

warrant further investigation.
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Combined Application of Modified Atmosphere
Packaging and Superchilled Storage to Extend
the Shelf Life of Fresh Cod (Gadus morhua) Loins

T. WANG, K. SVEINSDOTTIR, H. MAGNGSSON, AND E. MARTINSDOTTIR

ABSTRACT: Development of new technologies and preservation methods to offer conveniently packed fish with suf-
ficient keeping quality is important to meet increasing demand for value-added fresh fish products on the market.
The aim of this study was to investigate the effect of combined application of modified atmosphere packaging (MAP)
and superchilled storage on the shelf life of fresh cod loins. Fresh cod loins were packed in polystyrene boxes and in
MA (CO2/N»/03: 50%/45%/5%) on day 3 postcatch and stored at chilled (1.5 °C) and superchilled (—0.9 °C) tem-
peratures. Quantitative descriptive analysis (QDA) and physical, chemical, and microbial analyses were carried out
during the 21 d of storage. Superchilled storage alone compared with traditional chilled storage in polystyrene boxes
increased the total shelf life (days from catch) of cod loins from 9 to 16 or 17 d. Chilled MA packaging increased the
shelf life from 9 to 14 d and when MAP and superchilled storage were combined, a synergistic effect was observed
and the shelf life was further extended to at least 21 d. It is noteworthy that the characteristic fresh and sweet taste
can be maintained longer under such conditions. This could contribute to enhanced eating quality of fresh cod fillets
for consumers in distant markets. However, MAP combined with superchilled storage resulted in different textural
properties. Superchilled MA packed cod loins had more meaty texture compared to other sample groups after 7-d

storage.

Keywords: fresh cod loins, modified atmosphere packaging (MAP), quality changes, shelf life, superchilled

storage

Introduction
he interest to extend the shelf life of fresh fish has promoted
research on optimizing handling, refrigeration, and transport
practices as well as packaging methods to maintain the high quality
and safety of the products.

Modified atmosphere packaging (MAP) can significantly prolong
the shelf life of a variety of seafoods at chill temperatures. Numer-
ous studies have been carried out on the effect of MAP on the
shelf life and quality retention of cod. The reported shelf life of MA
packed cod ranges from 10 to about 20 d at 0 to 3 °C (Woyewoda
and others 1984; Dalgaard and others 1993; Guldager and others
1998; Sivertsvik 2007), depending on initial microbiological qual-
ity, storage temperature, gas mixture, packaging materials, gas to
product volume ratio, and so on (Church 1998; Sivertsvik and others
2002). However, some limitations of this packaging method were
also reported. Modified atmosphere packaging usually extends the
neutral taste period of fish rather than the initial fresh quality pe-
riod (Shewan and others 1953). Too high CO, concentrations in
the atmosphere may have negative impact on drip loss, color, tex-
ture, and flavor in the product. These can be explained by the pH
drop caused by CO, dissolving in the muscle tissue, resulting in
a decrease in the water-holding capacity of the proteins, the de-
naturation of muscle and pigment protein, as well as the develop-
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ment of sour odor and flavor (Huss 1995; Randell and others 1997;
Masniyom and others 2002; Poli and others 2006).

Superchilling is one of the few promising techniques with the po-
tential to preserve the prime quality of fresh fish. Different types of
novel refrigeration systems have been widely used for the preserva-
tion of seafood products at subzero temperatures (—4 to 0 °C) such
as slurry ice or ozone-slurry ice combined refrigeration system
(Pifieiro and others 2004; Campos and others 2005, 2006), refrig-
erated seawater (Kraus 1992), subzero temperatures during storage
(—2 and —3 °C) (Sivertsvik and others 2003), and the use of a cool-
ing agent like dry ice (solid carbon dioxide) or a combination of
dry ice and water ice (Jeyasekaran and others 2004, 2006). By us-
ing a new CBC (combined blast and contact) cooling technique fol-
lowed by superchilled storage (—1.5 °C), the sensory shelf life of the
cod fillets could be extended for at least 3 d compared to tradition-
ally processed fillets stored at 0 °C, resulting in a shelf life of 15 d
(Olafsdéttir and others 2006b).

Modified atmosphere packaging has been shown to perform an
effective synergy with superchilling in prolonging the shelf life of
Atlantic mackerel (Scomber scombrus L.) fillets, smoked blue cod,
and Atlantic salmon (Salmo salar) fillets (Penney and others 1994;
Hong and others 1996; Sivertsvik and others 2003). The exact syn-
ergy mechanism is not yet fully elucidated but probably associated
with increased dissolution of CO, at the superchilled temperature
as well as the inhibition of specific spoilage organisms (SSOs) in the
product (Sivertsvik and others 2003). Earlier studies in our laborato-
ries showed that combined use of CBC cooling technique, MAP, and
superchilled storage led to an increased sensory shelf life of 3 to 4 d
compared to superchilled aerobic storage in expanded polystyrene
(EPS) boxes (16 d) (Lauzon and Martinsdottir 2005). However, there
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is little information available in the literature documenting the ef-
fect of combined application of modified atmosphere packaging
and superchilled storage on the shelf life of fresh cod loins. There-
fore, the objective of the present study was to determine the shelf
life and quality changes of fresh cod loins under MAP and super-
chilled storage conditions, with an emphasis on the evolution pat-
tern of sensory characteristics.

Material and Methods

Experimental design

The cod was caught with long line close to Sandgerdi Southwest
off Iceland in November 2005, bled, and stored in fish tubs con-
taining flake ice. The average weight and length of the whole cod
samples were 2.9 & 0.5 kg and 69 + 4 cm, respectively. The fish was
gutted and headed the following day at Nyfiskur Co. (Iceland) and
stored overnight in ice until further processing into loins 2-d post-
catch. Fresh cod loin samples were taken directly from the process-
ing line, and 5 kg cod loins (around 12 piece of loins) were placed
in each of the insulated EPS boxes (160 x 400 x 263 mm) with false
bottom, covered with plastic sheet and ice mats, and transported to
the laboratory. The boxes were stored in a chilled storage chamber
at 1 to 2 °C overnight before the storage trial started 3-d postcatch.
A total of 260 fresh cod loins were randomly divided into 4 sam-
ple groups and kept under different storage conditions (Table 1).
Three to 6 boxes of cod loins were directly kept at ambient temper-
ature of 1.5 °C (group Al) and at —2.0 °C for the first 4 d followed by
—0.9 °C for the remaining period (group A2). For sample groups
M1 and M2, 1 to 2 cod loins (around 500 g) were packed in trays
(EPS, Linstar E 39-34) with a built-in absorbent drip pad. Each tray
was put into a vacuum bag (55PA/60LDPE, 25 x 40 cm, Samhentir
VGI, Gardabaer, Iceland). Following removal of the air, a gas mixture
(50% CO,/45% N,/5% O,) was injected to modify the atmosphere.
Group M1 was stored at 1.5 °C and group M2 at —2.0 °C for the first
4 d followed by —0.9 °C for the remainder.

During the storage trial, samples were taken from the 4 differ-
ent groups at predetermined time intervals (Table 1). At each sam-
pling time, 3 separate loins from groups Al and A2 were homog-
enized aseptically and used first for microbiological analysis, then
for TVB-N, TMA, and pH measurement. Four to 6 loins from groups
Al and A2 were used for sensory evaluation of cooked loins (QDA).
For groups M1 and M2, 3 separate packs of cod loins from each
group were used for microbiological, TVB-N, TMA, and pH mea-
surements, and 2 separate packs from each batch were used for
evaluation of drip loss and QDA. Gas composition of the modified
atmosphere was determined for all 5 packs.

Temperature profile

Temperature data loggers (Stow Away®, Onset Computer Corp.,
Mass., U.S.A.) were used during all periods of chilled and super-

Table 1 — Experimental design.

chilled storage to monitor the temperature of the ambient storage
environment. One logger was placed at the top of boxes in each cold
chamber to follow the environment variations of each storage con-
dition. Temperature recordings were done at 3-min intervals.

Sensory evaluation

The quantitative descriptive analysis (QDA) method introduced
by Stone and Sidel (1985) was used to evaluate the cooked cod loins.
Nine to 12 panelists of the Icelandic Fisheries Laboratories’ sensory
panel participated in the QDA of the cooked samples. The mem-
bers of the panel were previously trained in QDA for different cod
products. Prior to the shelf life study, 1 session was held for train-
ing by using cod loin samples with different storage time in ice. The
descriptors developed by Bonilla and others (2007) for fresh cod fil-
lets and Magnusson and others (2006) for desalted cod fillets were
used as a basis for this experiment during the training session. The
list of descriptors was adapted to describe fresh and MA packed
loins during the storage trial and the intensity of each attribute for a
given sample was discussed under the guidance of the panel leader.
The sensory attributes were evaluated using an unstructured scale
(from 0% to 100%). Limit of sensory rejection was defined when the
average QDA score for spoilage related attributes was above 20 as
suggested by Magnusson and others (2006).

Samples weighing about 40 to 50 g were taken from the cod loins
and each sample was placed in an aluminum box (8 x 5 x 4 cm)
coded with 3-digit random numbers. The samples were cooked for
7 min in a steam oven preheated to at least 95 °C (Convotherm Elek-
trogerdte GmbH, Eglfing, Germany). A plastic lid was put on each
box when removed from the oven and then served to the panelists.

All sample observations were conducted according to Intl. Stan-
dards (ISO 1988). The samples were evaluated randomly in dupli-
cate in 1 to 2 sessions. A computerized sensory registration sys-
tem (FIZZ Network, version 2.0, 1994-2000, Biosystémes, Couter-
non, France) was used for data recording and for further process-
ing. Average scores of the judges were calculated for each sample
from different storage groups and the reported values are the aver-
age of the duplicate samples.

Chemical measurements

Total volatile basic nitrogen (TVB-N) and trimethylamine (TMA)
were determined in triplicate by the methods described by Malle
and Poumeyrol (1989). The TVB-N measurement was performed
by direct distillation into boric acid using a Kjeldahl-type dis-
tillatory (Struer TVN distillatory, STRUERS, Copenhagen, Den-
mark). The acid was back-titrated with diluted H,SO4 solu-
tion. To determine TMA, the same method was used as for
TVB-N but adding 20 mL of 35% formaldehyde to the distil-
lation flask to block the primary and secondary amines. The
TVB-N and TMA content were expressed in mg N/100 g cod
tissue. The pH was measured in triplicate by mixing 5 g of
mince with 5 mL of deionized water using a Radiometer PHM80

Treatment codes Storage temperature (°C)

Packaging method Sampling days®

A1 1.5+0.2
A2 —-2.0+0.3°
—-0.9+0.3°
M1 1.5+0.2
M2 —-2.0+0.3°
—-0.9+0.3°

0,1,4,7
0,1,4,7,11,13, 15,18

Polystyrene boxes
Polystyrene boxes

0,1,4,7,11,13, 15,
0,1,4,7,11,13, 15, 18, 21

Plastic trays, MA packed
Plastic trays, MA packed

aPacking and 1st sampling (day 0) was on day 3 postcatch.
®From days 0 to 4.
°From days 4 to 21.
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(Radiometer Analytical A/S, Copenhagen, Denmark). The pH me-
ter was previously calibrated with buffer solutions of pH 7.00 +
0.01 and 4.00 & 0.01 at 20 °C.

Microbial analysis

Total viable psychrotrophic count (TVC) was determined by
spread-plating aliquots on the surface of modified Long and Ham-
mer’s medium (LH) plates containing 1% NaCl (Van Spreekens
1974), incubated aerobically for 5 d at 15 °C. Selective counts of
H,S-producing bacteria were enumerated on iron agar (IA) plates
as described by Gram and others (1987) with the exception that 1%
NaCl was used instead of 0.5%. The plates were incubated at 15 °C
for 5 d. Lactic acid bacterial (LAB) counts were evaluated by spread-
plating aliquots on nitrite-actidione-polymyxin (NAP) (Davidson
and Cronin 1973) plates and incubated at 22 °C for 5 d under mi-
croaerophilic conditions.

In all experiments, cooled maximum recovery diluent (MRD,
Oxoid) was used for dilutions. The samples were analyzed in
triplicate.

Gas and drip loss measurements

The gas composition in the headspace of all packs from MA
storage was analyzed with a PBI Dansensor (Checkmate 9900,
Denmark) by penetrating a needle through a gas-tight septum prior
to opening the packs. The drip loss of the samples from groups M1
and M2 was measured in duplicate by gravimetric method after the
samples had been kept for up to 1 h at refrigeration temperatures

(2to 4 °C). The mass of the drip (Ag) was divided by the initial mass
of the product (g) and expressed as Ag/g (percent).

Statistical analysis

Analysis of variance (ANOVA) was carried out on all measured
quality attributes in the statistical program NCSS 2000 (NCSS,
Utah, U.S.A.). The program calculates multiple comparisons using
Duncan’s test to determine which sample groups are different. Sig-
nificance of differences was defined at the 5% level (P < 0.05).

Principal component analysis (PCA) was conducted on sen-
sory data using Unscrambler® (version 9.5, CAMO, Trondheim,
Norway).

Results and Discussion

Ambient temperature profiles during storage

The average temperature of the cold chamber 1, in which groups
Al and M1 were stored, was 1.5 & 0.2 °C. Cold storage chamber 2,
in which groups A2 and M2 were stored, was —2.0 °C = 0.3 °C from
days 0 to 4 and —0.9 £ 0.3 °C after day 4 throughout the study pe-
riod. Ice crystal formation was observed in cod loins stored under
superchilled temperature at the early stage of storage at —2.0 °C.

Sensory evaluation
PCA was performed on QDA attributes to study the main ten-
dencies in the data and to investigate the effect of different storage

10 - PC2 A2-d1 T-tenderness
T-mushy
i O-BOilMﬂk.. ............... o Al1-d7
] 0-Vaniiila A2 AP s, d
SGsweet || T _7
b AMQ. F-sweet )
i 27| F-metallic T-juicy A2-g13
05 i A2-d4 e
| M1-d13
-TMA
| F-TMR 7
. 0-BaitPOt i
| S Al A-Discoloration S
M1zt — A
] MTGAy o in | e -putri ;
| M2edd. e F-bitter A2-d15
M1-d7 A-colour
i F-sour
M2-d18 O-Tcloth
05 — M2-d13 O-putrid
4 e, O-sour
L >
T-meaty
] M2-d11 M2-d15 M2-d21
1o - M2-d7 oy
06 04 02 0 02 04 06 08 10
QDA cod loins  X-expl: 72%, 17%

Figure 1 —PCA: Biplot of scores (samples) and loadings (sensory attributes). AMO-initial sample; F = flavor, O = odor,
A = appearance, T = texture; dotted lines indicate evolution of each sample group with storage time.
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conditions on the sensory quality of cod loins. Principal compo-
nent 1 (PC1) and principal component 2 (PC2) accounted for 72%
and 17% of the experimental variance between sample groups, re-
spectively (Figure 1). The samples differed mainly with regard to
odor and flavor attributes along PC1 which appeared to be sub-
stantially linked to the duration of storage. Fresh sample (AMO) lo-

cated on the left side of the PCA plot received the highest scores
for the attributes characteristic for cod at the beginning of stor-
age time, such as sweet odor and flavor, metallic flavor, boiled milk,
and vanilla odor. These characteristics became less evident as stor-
age time progressed, but least change was observed in group M2 as
seen by location of all M2 samples on the left side of the plot before

Table 2—-Mean sensory scores of QDA attributes of cooked cod loins under different storage conditions.

A
Odor Appearance
Storage period (d) Group Sweet BoilMilk BoilPot Vanilla Tcloth TMA  Sour Putrid Color Discolor
0 AMO 56 54 69 62 7 0 4 0 11 12
1 A1l 57 46 36 29 4 0 2 0 13 15
A2 54 50 37 31 5 0 3 0 19 23
M1 54 42 33 28 4 0 3 0 19 19
M2 54 43 39 28 6 0 2 0 11 16
Significance
4 A1 50 37 39 23 6 1 4 0 19 24
A2 48 39 32 27 6 1 3 0 20 21
M1 49 39 33 24 8 0 4 5 21 23
M2 49 37 35 22 6 1 4 0 17 20
Significance
7 A1 21° 20 23 8 322 382 262 172 342 43%
A2 372 34 30 15 130 2° 50 10 210 28«
M1 34 33 32 15 19° 40 11° 40 26 37
M2 472 39 36 16 9° 2> 5° o° 19° 25¢
Significance sokok * ok ok ok ook ok ook
11 A2 16° 14° 18° 5° 312 242 15 10 28 352
M1 220 17° 17° 6° 332 252 192 132 24 28
M2 372 312 332 162 6° 1b 4b 1P 16 220
Significance * * * ok ok ok * *
13 A2 24 212 22 9 24° 24° 140 10° 26 33
M1 11° 9P 11° 4 402 612 30? 252 29 40
M2 35? 232 322 11 7° 3° 6° 40 25 31
15 A2 7° 7° 50 1P 41 502 472 502 28 46
M2 292 272 312 62 18 6° 10° 8° 21 33
Significance o o ok * sk ok sk
B
Flavor Texture
Storage period (d) Group Sweet Metallic Sour Bitter TMA Putrid Soft Juicy Tender Mushy Meaty
0 AMO 61 65 7 7 0 0 61 71 79 32 43
1 Al 59 54 4 5 0 0P 60 65 69 26° 482
A2 47 51 5 7 2 1@ 72 65 77 502 30°
M1 58 51 4 4 0 0 58 69 67 34° 452
M2 63 58 4 3 0 o° 56 70 67 25> 522
Significance * * *
4 Al 52 44 6 6 2 0 52 57 55° 30 39
A2 44 42 6 6 3 0 57 61 712 44 32
M1 50 46 6 6 1 0 52 62 54 21 44
M2 44 42 6 10 2 0 46 50 55° 27 39
Significance * *
7 A1 22b 150 252 222 312 182 778 572 772 592 14
A2 432 29 7° 9 3° 10 742 582 75° 562 18°
M1 432 352 8° 9 3° 10 57° 532 58° 25° 48°
M2 512 452 5° 10° 10 0P 39° 43° 40° 14° 612
Significance ok *ok Hokok ok sk ok *x Hokok ok ok
11 A2 230 15° 11 172 172 122 65?2 54 70 522 21
M1 21b 17° 15 182 242 132 572 51 61 382 32°
M2 392 322 6 5° 2b 1b 42b 45 46 20° 612
Significance * * ok * ok Hx ok ook
13 A2 20 12 13 16 22° 11 712 56 72 582 19°
M1 10P 6° 182 19 382 16 63? 53 63 512 170
M2 342 262 6° 7 4 5 51b 51 53 2gv 443
Significance * * * o o =
15 A2 > 6° 12 372 262 332 40?2 58 52 61 34 21b
M2 312 29 > 8° > 6° 20 1b 47 44 42 21 473
Significance * Hokk ok okk okok * *
aAMO: Initial sample; groups A1 and M1 were stored at 1.5 °C, A2 and M2 at —1.0 °C.

bValues in the same column followed by different superscript letters are significantly different (* P < 0.05; **P < 0.01; **P < 0.001).

S14 JOURNAL OF FOOD SCIENCE—Vol. 73, Nr. 1, 2008



Shelf life of superchilled MAP cod loins. ..

day 15. With extended storage, the samples were more described
by boiled potato odor, then by bitter and sour flavor, discolored ap-
pearance, putrid flavor, putrid and sour odor, table-cloth odor, TMA
flavor, and odor. These changes occurred over different time peri-
ods in the 4 sample groups and corresponded well with the process
of quality deterioration evaluated by chemical and microbial anal-
ysis. Juicy, meaty, tenderness, and soft texture contributed little to
PC1. On the other hand, PC2 primarily explained variation between
samples with regard to texture parameters. Cod loins appeared to
be juicier and more tender at the very beginning of storage. Tender,
mushy, and soft texture described group A2 to a greater extent than
other groups. Group M2 showed a trend toward meaty texture and
M2 samples were all located on the lower part of the plot after 7 d.
Group Al showed some tendency to mushy and soft texture at the
end of storage time.

Previous studies have shown that shelf life extension of fresh
fish can be gained by MA packaging, but usually the period of
moderate-to-low quality (neutral taste period) is prolonged rather
than earlier stage of prime quality. At neutral phase, the fillets are
described as being neutral in odor and flavor and have lost their dis-
tinct and pleasant fresh, sweet taste (Shewan and others 1953). The
detailed evaluation of changes in sensory attributes shown herein

---&--- AMO
—0—A2
O-sweet —e—MIl
60 —o—M2
O-putrid 0O-BoilMilk
O-sour 0-BoilPOt

O-TMA O-Vanilla

O-Tcloth

Figure 2—Radar plot of QDA odor attributes (mean
scores) of different storage groups on day 11. AMO-initial
sample; O = odor; groups M1 was stored at 1.5 °C; A2 and
M2 at -1.0 °C.

indicated that the combination of MAP with superchilled storage is
effective to extend the earlier stage when characteristic fresh QDA
odor and flavor attributes are prominent (Table 2). This is in agree-
ment with previous studies of Lauzon and Martinsdéttir (2005) in-
dicating that characteristic “fresh fish” taste can be maintained
longer by superchilling the fillets during processing in combina-
tion with MAP and superchilled storage. It also needs to be high-
lighted that group M2 received significantly higher scores for sweet,
boiled milk and vanilla odor, sweet, and metallic flavor on days 11,
13, and 15 (P < 0.05) compared to groups A2 and M1 (Table 2). This
is clearly demonstrated in Figure 2 and 3. The combination of MAP
with superchilled storage resulted in a better maintenance of char-
acteristic fresh odor and flavor after 11-d storage compared with
MAP or superchilled storage alone. Accordingly, the development
of unpleasant odor and flavor was effectively delayed under the su-
perchilled MAP condition. In addition, superchilled MA packed cod
loins received higher scores for meaty texture and lower scores for
soft, tenderness, mushy texture on day 11 (Figure 4). This could be
correlated to higher drip loss caused by cell destruction due to slow
freezing during the first 4-d storage. These results strongly suggest
that MAP in combination with superchilled storage is a very advan-
tageous technology to effectively guarantee the high eating quality

-+ A AMO
—0— A2
T-soft —e— Ml
80 —o0— M2
T-meaty T-juicy

T-mushy "KT-tenderness

Figure 4 —Radar plot of QDA texture attributes (mean
scores) of different storage groups on day 11. AMO-initial
sample; T = texture; groups M1 was stored at 1.5 °C; A2
and M2 at -1.0 °C.

F-putrid F-metallic

F-TMA F-sour

F-bitter

Figure 3—Radar plot of QDA flavor attributes (mean
scores) of different storage groups on day 11. AMO-initial
sample; F = flavor; groups M1 was stored at 1.5 °C; A2
and M2 at -1.0 °C.

100
00| —m—aAl
oo 801 —0— A2
§ 701 —e—Ml
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-3 0 3 6 9 12 15 18 21 24
Catch day Storage time (days)

Figure 5-—Total volatile basic nitrogen (TVB-N) forma-
tion of cod loins during storage. Groups A1 and M1 were
stored at 1.5 °C, A2 and M2 at -1.0 °C. Means of 3 sam-
ples.
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of fresh fish products, but careful temperature monitoring is also
important to ensure the texture of superchilled products at a desir-
able level.

Chemical measurements

TVB-N values increased throughout the storage period for all
groups (Figure 5). The initial lag phase for group Al was 4 d and
extended to 7 d for A2 and M1. After this time, TVB-N content in-
creased rapidly. With regard to group M2, the production of TVB-
N was effectively delayed and showed an almost horizontal profile
up to day 13, indicating a significantly lower production of volatile
bases under this condition. For TMA (Figure 6), the changing pat-
tern was similar to that of TVB-N. High TVB-N production was gen-
erally correlated with high TMA production in groups Al, A2, and
M1. TMA accounted for 70% to 80% TVB-N at sensory rejection
time. The increase of pH values was most rapid in group Al. Lower
pH values were recorded for the other groups (A2, M1, and M2) at
the early stage of storage. A rapid increase of pH was observed from
day 7 (M1) and 13 d (A2) onward. This is in agreement with TVB-N
and TMA measurements. Interestingly, no marked increase in pH
was noticed in group M2 except an increasing trend at the end of
the storage period. Accordingly, in group M2 the pH value was al-
ways below 7 (Figure 7).

—m— Al
—0— A2
—e— M1

—0—M2

TMA-N mg N/100 g
3

20
10
0- ; 7 T T T
-3 0 3 6 9 12 15 18 21 24
1‘ Storage time (days)
Catch day

Figure 6 —Trimethylamine (TMA) formation of cod loins
during storage. Groups A1 and M1 were stored at 1.5 °C,
A2 and M2 at —1.0 °C. Means of 3 samples.

7.8
—.—
76 | Al
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7.4
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=
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6.6 1
6.4
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6.0 : : ‘ : ‘ ‘ ‘ ‘
30 3 6 9 12 15 18 21 24
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Figure 7—Changes in pH during storage of cod loins.
Groups A1 and M1 were stored at 1.5 °C, A2 and M2 at
—1.0 °C. Means of 3 samples.
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Microbial analysis

The results from TVC on LH agar are shown in Figure 8. The mi-
crobial count of the fresh cod loins at the onset of the experiment
was 5.3 x 10* colony forming units (CFU)/g. The microbial num-
bers increased most rapidly in the cod loins stored in polystyrene
boxes at 1.5 °C (Al). MA packaging (M1) and superchilled stor-
age (A2) effectively delayed the microbial growth. The lowest psy-
chrotrophic bacterial count was obtained where both superchilling
and MAP were used (M2) during the whole storage period (P < 0.05)
and reached 2.6 x 10” CFU/g at the end of the storage trial (day 21).
It needs to be noted that there was no marked difference between
bacterial numbers on LH agar and those on IA when all colonies
were counted in the latter medium (data not shown).

Changes in H,S-producing bacteria of cod loins stored in 4 con-
ditions are given in Figure 9. The growth rate of H,S-producing bac-
teria under superchilled temperature (A2) was delayed only at the
early stage of storage. After 4-d storage, a sharp increase was ob-
served and their counts reached >107 CFU/g at sensory rejection
on days 16 to 17. This is in agreement with previous studies on shelf
life of superchilled cod fillets by Olafsdéttir and others (2006b), who
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7 i
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2 —e— TVC(LH)-MI
11 —0— TVC(LH)-M2
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

3 0 3 6 9 12 15 18 21 24

Catch day Storage time (days)

Figure 8-—Total viable psychrotrophic bacteria counts
(TVC) on LH at 15 °C in cod loins during storage. Groups
A1 and M1 were stored at 1.5 °C, A2 and M2 at -1.0 °C.
Means of 3 samples.
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Figure 9 — Growth of H,S-producing bacteria on iron agar
at 15 °C during storage of cod loins. Groups A1 and M1
were stored at 1.5 °C, A2 and M2 at —1.0 °C. Means of 3
samples.
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also stated that H,S-producing bacteria appeared to tolerate bet-
ter the superchilled conditions than Photobacterium phosphoreum
and pseudomonads. The effect of MA packaging alone (M1) was ef-
fective in slowing down the growth rate of H,S-producing bacte-
ria. H,S-producing bacteria reached their maximum number after

9
7 i
Lo
=)
£ 6
o
@ 0
=
<~ 4 J
ﬁ 5 —= 1 AB-Al
= —O LAB-A2
2 —e—LAB-M1
11 —o0—LAB-M2
0 ‘ ‘ : : : : : :
3 0 3 6 9 12 15 18 21 24
A
Storage time (days)
Catch day

Figure 10—-Growth of presumptive lactic acid bacteria
(LAB) on NAP agar at 22 °C during storage of cod loins.
Groups A1 and M1 were stored at 1.5 °C, A2 and M2 at
—1.0 °C. Means of 3 samples.
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Figure 11 —Change of headspace gas composition of the
cod loins in MAP during storage. Group M1 was stored at
1.5 °C and M2 at —-1.0 °C. Means of 2 samples.

11 d (4.7 x 10° CFU/g) and then remained fairly stable. Debevere
and Boskou (1996) reported that MAP (60% CO, 40% O,) had a
strong inhibitory effect on the growth of H,S-producing bacteria.
When total aerobic plate counts reached log 6 CFU/g at rejection
point, the number of H,S-producing bacteria was only around log
3 CFU/g. The relatively higher counts in M1 at sensory rejection
in our experiment might be attributed to the higher initial H,S-
producing bacteria load, lower CO, concentration (50% CO,) used,
and delayed application of MA packaging (3 d after catch). MAP
combined with superchilled storage (M2) showed a great efficacy
in controlling the growth of H,S-producing bacteria compared with
groups A2 and M1 (P < 0.05), reaching only around log 5.49 to 5.73
CFU/g at the later stages of storage.

Lower counts of H,S-producers but high level of TMA (33 mg
N/100 g) in group M1 at sensory rejection may indicate that other
TMA producing bacteria like P phosphoreum played an important
role in the spoilage of chilled MAP cod loins as suggested earlier
by other researchers (Dalgaard and others 1993, 1997; Dalgaard
1995).

Counts of presumptive lactic acid bacteria (LAB) on NAP agar are
shown in Figure 10. From the 1st day on, an exponential increase
was observed for groups Al, A2, and M1. Lactic acid bacteria (LAB)
are carbon dioxide tolerant and CO, packing inhibits respiratory
organisms and selects for LAB and facultative anaerobic bacterial
species like P phosphoreum (Debevere and Boskou 1996; Dalgaard
2000). Masniyom and others (2005) reported that LAB counts were

8.0

7.0 1 —eo— MI

60 —o—M2
5.0
40 -

3.0 4

Drip loss (%)

2.0

0.0

-3 0 3 6 9 12 15 18 21 24

Catch day Storage time (days)

Figure 12—Changes in drip loss during storage of cod
loins. Vertical bars represent SD. Group M1 was stored
at 1.5 °C and M2 at -1.0 °C. Means of 2 samples.

Table 3 —Overview of shelf life estimation and measured initial values for the microbial, TVB-N, TMA, pH, and final
estimated values for the experimental data at sensory rejection for all experimental groups.

Estimated values at sensory rejection

Initial values A1 A2 M1 M2
Estimated shelf life (d)? 9 16t0 17 14 >24
Estimated shelf life (d)® 8 16 12 24
TVC (log+,CFU/g) 47 7.5 791079 7.4 >7.4
H,S-producer counts 2.6 6.7 751075 57 >5.5
LAB counts Nd 5.6 6.4t06.5 6.2 >6.0
TVB-N (mg N/100 g) 10.8 42.0 36.6 t0 59.2 46.1 >36.3
TMA (mg N/100 g) 0.0 30.2 25.51044.8 334 >24.0
pH 6.63 7.15 6.99to 7.14 6.97 >6.84

aTotal shelf life, including days from catch, based on the sensory evaluation of cooked loins (average QDA scores for attributes related to spoilage = 20).

bTotal shelf life, including days from catch, based on TVB-N = 35 mg N/100 g.
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generally higher in fresh sea bass slices kept under MAP compared
with those stored in air. The reason for the high counts of LAB in
the aerobically stored plastic covered cod loins in this study may
be explained by the possibility that microaerophilic conditions de-
veloped in the polystyrene boxes, which favored the growth of LAB.
A similar effect was suggested earlier regarding the predominating
growth of P phosphoreum in haddock fillets stored in Styrofoam
boxes (Olafsdottir and others 2006a).

Even though superchilling and MAP alone had little effect in re-
tarding the growth of LAB, a synergistic hindering effect was ob-
served in superchilled MAP cod loins (M2).

Gas and drip loss measurements

Average initial gas composition immediately after packaging was
CO2/02/N3: 50.7%/4.6%/44.7% (Figure 11). For both MAP groups,
carbon dioxide concentration decreased rapidly at the beginning
of the storage period due to gas dissolution into tissue liquids
(Ruiz-Capillas and Moral 2001; Sivertsvik and others 2004), reach-
ing 33.1% + 1.8% 4 d after packaging (M1) and 29.9% + 3.5%
13 d after packaging (M2). This is in agreement with the theory
that solubility of CO, in water increases with decreasing tempera-
ture (Carroll and others 1991; Sivertsvik and others 2003). The con-
tent of CO; increased again due to bacterial and enzymatic activity
after 7d (M1) and 18 d (M2) of storage.

Drip loss from the samples increased with storage time for both
MAP groups (Figure 12). No obvious differences were observed be-
tween groups M1 and M2 during the first 11 d of storage. Drip
loss was higher in group M2 during the subsequent period of stor-
age. However, no significant difference was found between these
2 groups. The drip loss was around 3.6% (day 11) in group M1,
which was in accordance with the 4% to 8% reported level at the end
of shelf life of fresh MAP cod ((Dalgaard and others 1993; Guldager
and others 1998). Sivertsvik and others (2003) reported that super-
chilled MA storage did not lead to excessive drip. Chilled and su-
perchilled MA salmon fillets had almost the same level of drip loss
(around 3%). A possible reason for a relatively high drip loss in
group M2 (5.2% at day 21) in the present study might be that par-
tial freezing may have destroyed the muscle cells as a result of ice
crystal growth during the first 4 d of storage at —2 °C.

Shelf life determination

End of shelf life is usually determined when sensory attributes
related to spoilage such as TMA-like, sour, putrid odor and flavor
become evident (Sveinsdottir and others 2002; Magnusson and oth-
ers 2006; Bonilla and others 2007). Those odors and flavors have
mainly microbial origin in traditionally stored chilled fish (Huss
1995) and can be explained by the accumulation of volatile degra-
dation compounds (Olafsdottir 2005). When the average QDA score
for spoilage related attributes was above 20 (on the scale 0 to 100),
most of the panelists could detect those attributes, which indicated
that the sample was approaching the end of shelf life (Magntsson
and others 2006). Based on these criteria, the expected shelf life
could be roughly calculated as 6 d for Al, 13 to 14 d for A2, and
11 d for M1, but M2 did not reach the end of shelf life within the
time span of the experiment (21 d). Corresponding total shelf life
from the catch for groups Al, A2, and M1is 9d, 16 to 17 d, and 14
d, respectively, and more than 24 d for M2 (Table 3). When using
TVB-N value (35 mg N/100 g) as a criterion to determine the end of
shelf life, a relatively shorter shelf life was estimated in agreement
with earlier studies (Olafsdéttir and others 2006b). The difference
between sensory and chemical data is around 1 d for groups Al and
A2 and more difference or 2 d for group M1 (Table 3).
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Conclusions

B ased primarily on sensory evaluation with QDA, but also on

physical, chemical, and microbiological data, MAP in combi-
nation with superchilled storage is a very effective means to extend
the shelf life of fresh cod loins. The promise of this new technique
is the potential to maintain the intrinsic fresh and sweet taste of the
cod loins longer. However, significant meaty texture was observed
in superchilled MA-packed cod loins after 7-d storage, which in-
dicates that strict temperature control is crucial to avoid a nega-
tive impact on the texture caused by ice crystal formation when the
storage temperature is approaching the freezing point of the fish.
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Screening of potential antioxidant activities of water and 70% acetone extracts from ten species of Icelan-
dic seaweeds was performed using three antioxidant assays. Significant differences were observed both
in total phenolic contents (TPC) and antioxidant activities of extracts from the various species evaluated
using 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity, oxygen radical absorbance
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1. Introduction

Natural antioxidants with multifunctional potential are of high
interest as alternatives for synthetic antioxidants to prevent oxida-
tion in complex food systems like muscle food. Numerous studies
have focused on natural antioxidants in terrestrial plants and their
application in food systems to prevent oxidation. Aquatic plants
are also gaining interest as a potential source of antioxidants. Re-
sults have shown that marine macroalgae are a rich source of var-
ious natural antioxidants such as polyphenols, which play an
important role in preventing lipid peroxidation. A series of poly-
phenolic compounds such as catechins (e.g. gallocatechin, epicate-
chin and catechin gallate), flavonols and flavonol glycosides have
been identified from methanol extracts of red and brown algae
(Santoso, Yoshie, & Suzuki, 2002; Yoshie, Wang, Petillo, & Suzuki,
2000; Yoshie-Stark, Hsieh, & Suzuki, 2003). Phlorotannins, a group
of phenolic compounds which are restricted to polymers of phlor-
oglucinol, have been identified from several brown algal families
such as Alariaceae, Fucaceae and Sargassaceae. Many studies have
shown that phlorotannins are the only phenolic group detected in
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fax: +86 411 84763508.
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brown algae (Jormalainen & Honkanen, 2004; Koivikko, Loponen,
Pihlaja, & Jormalainen, 2007). Phlorotannins purified from several
brown algae have been reported to possess strong antioxidant
activity which may be associated with their unique molecular skel-
eton (Ahn et al., 2007). The multifunctional antioxidant activity of
polyphenols is highly related to phenol rings which act as electron
traps to scavenge peroxy, superoxide-anions and hydroxyl radicals.
Phlorotannins from brown algae have up to eight interconnected
rings. They are therefore more potent free radical scavenger than
other polyphenols derived from terrestrial plants, including green
tea catechins, which only have three to four rings (Hemat, 2007).
In addition, sulphated polysaccharides, carotenoid pigments
including astaxanthin and fucoxanthin have also been demon-
strated to possess excellent antioxidant potential (Kobayashi &
Sakamoto, 1999; Miyashita & Hosokawa, 2008; Rupérez, Ahrazem,
& Leal, 2002; Yan, Chuda, Suzuki, & Nagata, 1999; Zhao, Xue, & Li,
2008).

Because of the reported multifunctional properties of seaweed
extracts, their exploitation as a source of natural antioxidants for
application in complex food system like fish muscle is of interest.
Lipid oxidation is a principal cause of quality deterioration in mus-
cle foods during processing and storage, resulting in the production
of rancid odours and unpleasant flavours, changes of colour and
texture as well as lowering nutritional value of foods (Hultin,
1994; Jittrepotch, Ushio, & Ohshima, 2006). Lipid oxidation of



T. Wang et al. / Food Chemistry 116 (2009) 240-248 241

muscle phospholipids in fish may be induced by several catalysts,
including iron from blood haemoglobin (Jénsdoéttir, Bragadottir, &
Olafsdéttir, 2007; Richards & Hultin, 2002). Many synthetic antiox-
idants, such as butylated hydroxyanisole (BHA), butylated
hydroxytoluene (BHT), tert-butylhydroxyquinone (TBHQ) and pro-
pyl gallate have been widely used in different food products. How-
ever, because of the potential health hazards, their use as food
additives is under strict regulation in many countries. Moreover,
BHT and o-tocopherol have been reported to be ineffective in
retarding the oxidative deterioration in complex food system as
fish muscle where both lipoxygenase (LOX) and haemeproteins
are involved in the initiation of oxidation (He & Shahidi, 1997).

The first step in the search of a versatile antioxidant system
based on seaweed is to characterise their antioxidant activity.
When exploring the antioxidant potential of different seaweed
species, the use of a single test is insufficient to identify the differ-
ent mechanisms involved. Therefore, three antioxidant assays,
DPPH radical scavenging activity, ferrous ion-chelating ability
and ORAC, were chosen to evaluate the antioxidant activity of dif-
ferent seaweed species in this study. DPPH method measures the
radical scavenging activity in organic systems and has been used
extensively as a pre-screening method for new antioxidants from
natural resources, due to its stability, simplicity, rapidity and
reproducibility (Chen et al., 2008). Metal chelating capacity is
claimed as one of the important mechanisms of antioxidant activ-
ity. The ferrous ions are the most powerful pro-oxidants among
various species of transition metals present in food system (Hultin,
1994; Yomauchi, Tatsumi, Asano, Kato, & Ueno, 1988). However,
oxidised haemeproteins such as met-haemoglobin and met-myo-
globin have been reported to be more potent pro-oxidants than
low-molecular-weight ferrous iron in fish muscle (Richards & Hul-
tin, 2000; Undeland, Hultin, & Richards, 2003). In addition, ORAC
assay was selected to measure the peroxyl radical absorption
capacity of seaweed extracts. This methodology is regarded to be
more biologically relevant than DPPH and other similar protocols
and has been demonstrated to be especially useful for food sam-
ples and crude plant extracts when multiple constituents co-exist
and complex reaction mechanisms are involved (Huang, Ou, &
Prior, 2005). However, to our knowledge, no detailed studies have
been performed on antioxidant potentials of seaweed extracts by
using the ORAC assay.

The coastlines of Iceland are an abundant resource of seaweeds
with broad species diversity, but little effort has been made to ex-
plore the antioxidant potential of seaweeds harvested in Iceland.
Therefore, the aim of the present study was to screen for antioxi-
dant activities in various types of edible Icelandic seaweeds by
using three in vitro antioxidant activity assays and compare the
effectiveness of water and solvent extraction. In addition, correla-
tions between TPC and antioxidant activities were investigated to
characterise the antioxidant properties. These pre-screening
experiments reported herein will be a basis to selectively identify
the most appropriate species for further characterisation and to
evaluate suitability of active components from seaweed extracts
as natural antioxidants for application in food muscle systems.

2. Materials and methods
2.1. Algal materials

Eight seaweed species, including six brown algae (Phaeophyta)
(Fucus vesiculosus Linnaeus, Fucus serratus Linnaeus, Laminaria
hyperborea (Gunnerus) Foslie, Saccharina latissima (Linnaeus) Lane,
Mayes, Druehl and Saunders (= Laminaria saccharina (Linnaeus)
Lamouroux), Laminaria digitata (Hudson) Lamouroux, Alaria escu-
lenta (Linnaeus) Greville) and two red algae (Rhodophyta) (Palma-

ria palmata (Linnaeus) Kuntze, Chondrus crispus Stackhouse) were
collected in Hvassahraun coastal area nearby Hafnarfjordur, south-
western Iceland on March 19th, 2007. One brown algae (Ascophyl-
lum nodosum (Linnaeus) LeJolis) and one green algae (Chlorophyta)
(Ulva lactuca Linnaeus) were collected from the same area on May
16th, 2007. The freshly collected seaweeds were washed with
clean seawater to remove salt, epiphytes and sand attached to
the surfaces of the samples and transported to the laboratory.
The samples were carefully rinsed with tap water, wiped with pa-
per towel. For L. hyperborea and S. latissima, the stipes and hapteres
were removed and the new and old parts of the blades were sepa-
rated. The samples were lyophilised for 72 h, pulverised into pow-
der and stored at —80 °C prior to extraction.

2.2. Chemicals

2,2-azobis (2-methylpropionamidine) dihydrochloride (AAPH)
and  6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic  acid
(Trolox), Iron (II) chloride and GC-grade acetone were purchased
from Sigma-Aldrich (Steinheim, Germany). Fluorescein sodium
salt (FL), 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-4',4""-disul-
phonic acid monosodium salt (Ferrozine), Folin—Ciocalteu’s phenol
reagent, phloroglucinol, a-tocopherol, citric acid (anhydrous) were
obtained from Fluka (Buchs, Switzerland). 2,2-diphenyl-1-pic-
rylhydrazyl (DPPH), 2,6-di-tert-butyl-4-methylphenol (BHT) and
L-ascorbic acid were from Sigma-Aldrich (St. Louis, MO, USA). Eth-
ylenediaminetetraacetic acid disodium salt dihydrate (EDTA-
Na,-2H,0) was from ICN Biomedical Inc. (Aurora, OH, USA). All
other reagents were of analytical grade.

2.3. Preparation of sample extract

Five grams of the algal powder was mixed with 100 ml of dis-
tilled water or 70% aqueous acetone (v/v), incubated in a platform
shaker (Innova™ 2300, New Brunswick Scientific, Edison, NJ) for
24 h at 200 rpm and at room temperature. The mixture was centri-
fuged at 3500 rpm for 10 min at 4 °C and filtered with Whatman
no. 4 filter paper. Acetone in the solvent extract was removed by
rotary evaporation. The concentrate and the supernatant of water
extract were freeze-dried and weighed. Each extraction was con-
ducted in duplicate. The extraction yield was expressed as g dried
extract/100 g dried algal powder. The dried duplicate extracts were
pooled and stored at —80 °C until analysed. Each dried extract was
then re-dissolved in distilled water at a concentration of 5 mg/ml
as a stock solution. The stock solution was used both for the deter-
mination of TPC and antioxidant activities.

2.4. Determination of total phenolic content

The TPC of seaweed extract was determined in accordance with
a protocol described by Turkmen, Sari, and Velioglu (2005) with
minor modifications. One millilitre aliquot of each diluted sample
(the extract stock solutions further diluted with distilled water,
concentration ranged from 0.25 (F. vesiculosus) to 5 mg/ml (L. dig-
itata)) was mixed with 5 ml of Folin-Ciocalteu reagent (10% in dis-
tilled water) in a test tube. After 5 min, 4 ml of sodium carbonate
(7.5% in distilled water) were added to each tube, the test tubes
were cap-screwed and vortexed. The samples were incubated for
2 h at room temperature in the darkness. The absorbance was mea-
sured at 725 nm with a UV-vis spectrophotometer (Ultrospec 3000
pro, Amersham Pharmacia Biotech, Ltd., Cambridge, UK). A stan-
dard curve with serial phloroglucinol solutions (ranging from 20
pg/ml to 100 pg/ml) was used for calibration. The analyses were
done in triplicate. Results were expressed as gram of phloroglu-
cinol equivalents (PGE) per 100 g of extract.
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2.5. DPPH radical scavenging activity assay

The method of Brand-Williams, Cuvelier, and Berset (1995) as
modified by Sanchez-Moreno, Larrauri, and Saura-Calixto (1998)
was used for measuring the DPPH radical scavenging ability of sea-
weed extracts.

The extract stock solutions were further diluted with distilled
water at various ratios (at least 5 different dilutions were prepared
for each extract) based on their free radical scavenging activities.
An aliquot of each dilution (0.1 ml) was added to 3.9 ml of DPPH
(64 uM or 2.5 x 1072 g/l in methanol prepared daily). The mixtures
were allowed to stand for 2 h at room temperature. The absorbance
was measured at 515 nm with the Ultrospec 3000 pro UV-vis spec-
trophotometer. L-ascorbic acid, BHT and a-tocopherol were used
as reference standards. All measurements were performed in
duplicate.

The calibration curve made with DPPH: between 4.15 x 103
and 4.15 x 102 g/l was used to calculate the remaining concentra-
tion of DPPH' in the reaction medium.

The percentage of remaining DPPH" (%¥DPPH'g) was calculated as
follows:

9%|DPPHy] = [(DPPH');/(DPPH');_,] x 100

where (DPPH")r—o was the concentration of DPPH' at time zero (ini-
tial concentration) and (DPPH'); was the concentration of DPPH
after 2 h.

The percentage of remaining DPPH was plotted against the
sample/standard concentration to obtain ECsq value, which repre-
sents the concentration of the extract or standard antioxidant
(mg/ml) required to scavenge 50% of the DPPH" in the reaction mix-
ture. Its reciprocal, the antiradical power (ARP, ARP = 1/ECsp) was
also calculated for each of the extracts.

2.6. Oxygen radical absorbance capacity (ORAC) assay

The ORAC assay was performed according to Davalos, Gomez-
Cordoves, and Bartolome (2004) with slight modifications. Mx300
real-time PCR System (Stratagene Inc., La Jolla, CA) was used for
the fluorescence measurements controlled by MxPro computer
program. All reagents were prepared in 75 mM sodium phosphate
buffer (pH 7.4). The extract stock solutions were further diluted
appropriately with 75 mM, pH 7.4 sodium phosphate buffer (con-
centration range from 0.005 (F. vesiculosus) to 1 mg/ml (L. digitata)).
Ten microlitres of each diluted sample were placed in the well
(200 pl) of a microplate. Afterwards 60 pl fluorescein (70 nM) were
added and the mixtures were pre-incubated at 37 °C for 15 min.
Subsequently, 30 ul AAPH (12 mM) were added rapidly using a
multichannel pipette to initiate the oxidation reaction. The micro-
plate was placed immediately in the reader and the fluorescence
(FAM) was recorded every 0.1 min for the first 20 cycles and every
minute thereafter until the fluorescence of the last reading declined
to <5% of the initial value (around 80 min). Excitation and emission
filter wavelengths were set at 484 nm and 520 nm, respectively. 75
mM phosphate buffer (pH 7.4) was used as a blank. At least three
independent assays were performed for each sample.

The antioxidant curves (fluorescence versus time) were norma-
lised. The data from the curves were multiplied by the factor:

fluorescencepani -0
fluorescences,mple t—o

The area under the fluorescence decay curve (AUC) was calculated
by the normalised curves with the following equation:

AUC = (0.5+fi /fo+Fo/fo+ -+ fao/fo) x 0.1+ (far /fo + f2 /fo
+ -+ fro/fo) x 1405 x (fso/fo)

where fo was the fluorescence reading at the initiation of the reac-
tion and fgo was the last measurement.

The net AUC was obtained by subtracting the AUC of the blank
from that of a sample or standard. The ORAC value was calculated
and expressed as micromoles of Trolox equivalents per gram ex-
tract (mol of TE/g extract) using the calibration curve of Trolox.

2.7. Ferrous ion-chelating ability assay

The ferrous ion-chelating ability was determined according to
the method of Decker and Welch (1990) with minor modifications.
One hundred microlitres of each extract stock solution (5 mg/ml)
were mixed with 135 pl of distilled water and 5 pul of 2 mM FeCl,
in a microplate, The reaction was initiated by the addition of
10 pl of 5 mM ferrozine. The solutions were well mixed and al-
lowed to stand for 10 min at room temperature. After incubation,
the absorbance was measured at 562 nm with a Tecan Sunrise
microplate reader (Tecan Austria Gesellschaft, Salzburg, Austria).
Distilled water (100 pl) instead of sample solution was used as a
control. Distilled water (10 pl) instead of ferrozine solution was
used as a blank, which is used for error correction because of un-
equal colour of the sample solutions. L-ascorbic acid, citric acid
and EDTA-Na, were used as reference standards. All measurements
were performed in triplicate. The ferrous ion-chelating ability was
calculated as follows:

Ferrous ion — chelating ability(%) = [(Ao — (A1 — A2)]/Ao x 100.

where Ag was the absorbance of the control, A; was the absorbance
of the sample or standard and A, was the absorbance of the blank.

2.8. Statistical analysis

Analysis of variance (ANOVA) followed by Duncan’s test was
carried out to test for differences between species and extractants
(water and 70% acetone) in the statistical program NCSS 2000
(NCSS, Kaysville, Utah, USA). Significance of differences was de-
fined at the 5% level (p <0.05). Multivariate analysis was per-
formed by the Unscrambler 9.7 software package (CAMO AS,
Trondheim, Norway). The main variance in the data set was de-
tected using principal component analysis (PCA). All data were
mean centred and scaled to equal unit variance prior to PCA. Full
cross-validation was used in the validation models. Partial least
square regression (PLSR) was used to test the quantitative correla-
tion between TPC and antioxidant properties of all the water and
70% acetone extracts. DPPH, ORAC and chelating activity were used
as X predictors and TPC as Y response factor.

3. Results and discussion
3.1. Extraction yield

Considerable variations in extraction yield were found among
different seaweed species (data not shown). The highest extraction
yield was recorded for the water extract of U. lactuca (44.7 g of
dried extract/100 g dried algal powder) whereas the lowest for
70% acetone extract of C. crispus (10.5 g of dried extract/100 g dried
algal powder). Extractants also have an impact on the yield. For
most seaweed species, the extraction yields of water extracts were
higher than those of 70% acetone extracts which indicated that
most of the soluble components in seaweeds were high in polarity.
It should also be noted that the water extracts of L. hyperborea
(both old and new blades) and S. latissima (new blades) were very
viscous and difficult to filtrate through the filter paper due to the
high content of alginate in the extracts, resulting in low extraction
yield. Interestingly, large differences were observed between water
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extracts and 70% acetone extracts for some species such as U. lact-
uca, P. palmata and C. crispus. These seaweeds are known to contain
high levels of water-soluble components, such as soluble polysac-
charides, protein and peptides (Galland-Irmouli et al., 1999) which
were poorly extracted by 70% acetone.

3.2. Total phenolic content

Significant differences were found in TPC among different sea-
weed species, ranging from 0.4 to 24.2g PGE/100g extract
(Fig. 1). Brown algae generally contained higher amounts of poly-
phenols than red and green algae. Intra-thallus variation in TPC
was also observed both in L. hyperborea and S. latissima. Old blades
had higher TPC values compared to new blades. This is in agree-
ment with earlier studies by Connan, Delisle, Deslandes, and Ar
Gall (2006) who reported that there was a high correlation be-
tween the age of the tissues and TPC for L. hyperborea. High levels
of TPC were found in fucoid seaweed species. The TPC in 70% ace-
tone extracts of A. nodosum, F. serratus and F. vesiculosus were 15.9,
24.0 and 24.2 g PGE/ 100 g extract, respectively while the TPC of
the water extracts of A. nodosum, F. serratus and F. vesiculosus were
13.8, 16.9 and 17.6 g PGE/100 g extract, respectively. The highest
amount of TPC was observed for 70% acetone extract of F. vesiculo-
sus. Similar levels of TPC were reported for 70% acetone extract
(30 g PGE /100 g extract on dry weight basis) and methanol extract
(23.21 g PGE /100 g extract) of F. vesiculosus from the Finnish
Archipelago Sea and Atlantic coast of Canada (Jormalainen, Honka-
nen, Vesakoski, & Koivikko, 2005; Zhang et al., 2006).

For most seaweed species, 70% aqueous acetone was more effi-
cient to extract polyphenolic compounds compared to water
(Fig. 1). Phenolic compounds are generally more soluble in polar
organic solvents than in water. The effective extractants recom-
mended are aqueous mixtures of methanol, ethanol and acetone
(Waterman & Mole, 1994). Koivikko, Loponen, Honkanen, and
Jormalainen (2005) compared the extraction efficacy of soluble
polyphenols (mostly phlorotannins) from F. vesiculosus by using
eight extractants with different polarities. 70% aqueous acetone
(v/v) was found to be the most efficient solvent. It has been postu-
lated that acetone has the ability to inhibit protein-polyphenol
complex formation during extraction (Hagerman, 1988) or even
break down hydrogen bonds formed between phenolic group and
protein carboxyl group (Kallithraka, Garcia-Viguera, Bridle, & Bak-

Chondrus crispus

Palmaria palmata

Ulva lactuca

Laminaria digitata

Saccharina latissima-new blade
Saccharina latissima-old blade [
Alaria esculenta

Laminaria hyperborea-new blade

Laminaria hyperborea-old blade

ker, 1995). On the contrary, other compounds such as water-solu-
ble polysaccharides, proteins and organic acids were
simultaneously extracted when using water as only extractant
(Chirinos, Rogez, Campos, Pedreschi, & Larondelle, 2007). Because
of safety concerns regarding the use of some organic solvent ex-
tracts in food, the optimization of extraction of polyphenols from
F. vesiculosus by using approved food-grade solvent such as food-
grade alcohol and ethyl acetate is now in progress in our
laboratory.

3.3. Antioxidant activity

3.3.1. DPPH radical scavenging activity

The DPPH radical scavenging activity of water and 70% acetone
seaweed extracts increased in a concentration-dependent manner
and also increased with the increment of the incubation time (data
not shown).

The comparison of DPPH radical scavenging activity of water
and 70% aqueous acetone extracts of seaweeds are shown in
Fig. 2. Generally, 70% aqueous acetone extracted more compounds
with scavenging abilities on DPPH radicals than water. As pointed
out by some researchers, change in extractant polarity alters its
efficacy to extract a specific group of antioxidant compounds and
influences the antioxidant properties of the extracts. (Zhou & Yu,
2004). Among all of the 70% acetone extracts, F. vesiculosus exhib-
ited the most effective scavenging ability on DPPH radicals
(ARP =939, ECso=10.7x10"3 mg/ml), followed by F. serratus
(ARP=90.8, EC50=11.0x10">mg/ml), A. nodosum (ARP=54.1,
ECso=18.5x10"3mg/ml), the old blades of L. hyperborea
(ARP = 38.8, ECso = 25.8x107> mg/ml) and S. latissima (ARP = 33.6,
ECs0=29.8x1073 mg/ml). The other extracts showed relatively
weak scavenging potentials. The lowest ARP value (0.4,
ECso = 2.5 mg/ml) was found in 70% acetone extract of C. crispus,
which was approximately 230-fold lower than that of F. vesiculosus
(Fig. 2). It was observed that the extracts containing high levels of
TPC were also potent DPPH radical scavenger, suggesting that algal
polyphenols may be the principal constituents responsible for the
antiradical properties of the extracts. Nevertheless, it should be
pointed out that because of the non-specifity of 70% acetone
extraction, other classes of antioxidant compounds such as fuco-
xanthin and sterols could be partially and simultaneously ex-
tracted and thus may have contributed to the overall activities.

BWater extracts

0370% acetone extracts

Ascophyllum nodosum

Fucus serratus

Fucus vesiculosus

0 5

10 15 20 25 30

Total phenolic content (g PGE/100 g extract)

Fig. 1. Total phenolic content (TPC) in water (WE) and 70% acetone extracts (AE) from selected Icelandic seaweeds. Values are means + S.D. (n = 3).
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Fig. 2. DPPH radical scavenging activity (antiradical power (ARP); ARP = 1/ECso) of water (WE) and 70% acetone extracts (AE) from selected Icelandic seaweeds (n = 2, bars are

mean dev.).

All the reference compounds, ascorbic acid (ARP=400.9,
ECso=2.5x10"2 mg/ml), BHT (ARP =305.2, EC50=3.3x10"3 mg/
ml) and o-tocopherol (ARP=168.6, ECso=5.9x10"> mg/ml),
exhibited higher DPPH radical scavenging effect when compared
with all the seaweed extracts tested.

Because of different extraction, measurement methods and
units used in the various antioxidant activity studies on seaweed
reported in the literature, direct comparison of our results on rad-
ical scavenging activity of seaweed extracts with other studies is
not feasible. However, similar tendency was observed by Jimé-
nez-Escrig, Jiménez-Jiménez, Pulido, and Saura-Calixto (2001)
who reported that brown seaweeds generally showed better DPPH
scavenging capacity than red seaweeds. The highest scavenging
activity was recorded in Fucus species and no activity was detected
for C. crispus.

3.3.2. ORAC

Further evaluation of the chain-breaking antioxidant activities
of different Icelandic seaweed extracts was conducted by ORAC-
FL assay. The peroxyl radical scavenging activities of seaweed ex-
tracts varied considerably from 4 to 2567 pmol of TE/ g extract,
depending on seaweed species and extractant used (Fig. 3). In gen-
eral, 70% aqueous acetone extracts showed higher scavenging
activities against peroxyl radicals than water extracts. The highest
ORAC value was determined in the 70% acetone extract from F. ves-
iculosus (2567 umol TE/g extract), followed by F. serratus
(2545 pmol TE/g extract), A. nodosum (1417 pmol TE/g extract)
and old blades of L. hyperborea (975 pmol TE/g extract). L. digitata
showed very low peroxyl radical scavenging activity, which was
around 640 times weaker than that of F. vesiculosus.

Because of lack of ORAC data on seaweeds, our results cannot be
evaluated by comparing with peroxyl radical scavenging activities
of other seaweed species. However, the ORAC values of three fu-
coid species in the present study were comparable to or even high-
er than those reported in the literature for various high antioxidant
fruit and spice extracts, including 50% acetone extract of straw-
berry (540 pmol of TE/g extract) (Huang, Ou, Woodill, Flanagan,
& Prior, 2002), 80% ethanol extract of blackberry (674.2 pmol of
TE/g extract), (Elisia, Hu, Popovich, & Kitts, 2007), 50% acetone ex-
tract of cinnamon (1256 pmol of TE/g extract), (Su et al., 2007), but
still lower than methanol extract of rosemary (2800-4360 pumol of
TE/g extract) (Ho, Tsai, Tsai, & Lin, 2008; Tsai, Tsai, Chien, Lee, &

Tsai, 2008) and Nutmeg (3570 pmol of TE/g extract) (Ho et al.,
2008).

3.3.3. Ferrous ion-chelating activity

Metal chelating activities of all algal extracts were tested at a
concentration of 5 mg/ml. In general, water extracts showed signif-
icantly higher ferrous ion-chelating capacity than 70% acetone ex-
tracts (Fig. 4). In accordance with DPPH and ORAC results, potent
chelation abilities were again detected in the water extracts from
three fucoid species, near or above 95% at 5 mg/ml. Interestingly,
however, water extracts from P. palmata and C. crispus with signif-
icantly lower polyphenol levels as well as weaker scavenging activ-
ities against DPPH and peroxyl radicals, also exhibited equivalent
chelating effects. The high binding capacities to different heavy
metals of algal dietary fibres such as alginate, fucoidan from brown
algae and carrageenan, agar from red algae are well documented.
However, there are contradictory reports in the literature regard-
ing metal chelating capacities of polyphenols. Some studies have
demonstrated that polyphenols derived from brown seaweeds
are potent ferrous ion chelators (Chew, Lim, Omar, & Khoo, 2008;
Senevirathne et al., 2006) and metal chelating potency of phenolic
compounds are dependent upon their unique phenolic structure
and the number and location of the hydroxyl groups (Santoso, Yos-
hie-Stark, & Suzuki, 2004). In contrast, other authors have claimed
that metal chelation play a minor role in the overall antioxidant
activities of some polyphenols (Rice-Evans, Miller, & Paganga,
1996). The study conducted by Toth and Pavia (2000) showed that
other compounds such as polysaccharides (e.g. alginates and fuco-
idan) and/or phytochelatins were more effective than phlorotan-
nins for the detoxification and resistance to copper accumulation
in A. nodosum. Andjelkovic et al. (2006) reported that the ability
of phenolic compounds to chelate iron were far lower than that
of EDTA. In addition, some peptides as well as proteins have also
been reported to possess the abilities to chelate metal ions (Saiga,
Tanabe, & Nishimura, 2003).

For comparison, several standards were also tested in this
experiment. EDTA-Na, was excellent chelator for ferrous ions
and its chelating capacity was 99.8% at a concentration as low as
0.05 mg/ml, much higher than all the seaweed extracts. Citric acid
showed considerably lower effect of 21.5% at 5 mg/ml. Ascorbic
acid had rather weak chelating capacity, which was only 8.2% at
20 mg/ml.



T. Wang et al. / Food Chemistry 116 (2009) 240-248 245

Chondrus crispus

Palmaria palmata

Ulva lactuca

Laminaria digitata

Saccharina latissima-new blade
Saccharina latissima-old blade
Alaria esculenta

Laminaria hyperborea-new blade FEE
Laminaria hyperborea-old blade

Ascophyllum nodosum

B Water extracts

B70% acetone extracts

Fucus serratus

Fucus vesiculosus

0 500

1000 1500 2000 2500 3000

ORAC value (Trolox equivalent, pmol/g extract)

Fig. 3. Oxygen radical absorbance capacity (ORAC) of water (WE) and 70% acetone extracts (AE) from selected Icelandic seaweeds. Values are means + S.D. (n = 3).
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Fig. 4. Ferrous ion-chelating activities of water (WE) and 70% acetone extracts (AE) from selected Icelandic seaweeds. Values are means +S.D. (n = 3).

3.4. Correlations between TPC and different antioxidant activity assay

PCA was carried out to gain an overview of the similarities and
differences among the 10 algal species and to investigate the rela-
tionships among TPC and different antioxidant activity assays. The
first two principal components explained 74% and 25% of the total
variance in the data set, respectively (Figs. 5 and 6). PC1 showed
high correlation with TPC, ORAC and DPPH radical scavenging
activity. Accordingly, three fucoid seaweeds (F. vesiculosus, F. serra-
tus and A. nodosum) with the highest TPC, DPPH radical scavenging
activities and ORAC values were located furthest to the right along
PC1 (Fig. 5). On the other hand, L. digitata, P. palmata and C. crispus
with rather low levels of TPC as well as weak scavenging activities
against DPPH and peroxyl radicals were situated on the opposite
side of PC1. It is noted that TPC, ORAC and DPPH radical scavenging
activity were closely loaded on PC1 (Fig. 6), indicating that TPC and
these two antioxidant properties were highly correlated with each
other. PC2 mainly explained variation between samples with re-

gard to ferrous ion-chelating ability. Almost all the water extracts
appeared in the positive part of the PC2 due to their relatively high
ferrous ion-chelating capacity whereas 70% acetone extracts, with
the exception of P. palmata, were all located in the negative part of
the PC2. In addition, ferrous ion-chelating capacity loaded heavily
on the second component while TPC has low loading, which illus-
trates well that no clear correlation exists between TPC and chelat-
ing capacity and thus phenolic compounds do not appear to be
effective metal chelators (Fig. 6).

High and significant correlation between TPC and DPPH radical
scavenging activity of seaweed extracts was further demonstrated
by Pearson correlation analysis (WE: 1% = 0.99; AE: ? = 0.99). Sim-
ilarly, a high correlation was also obtained between TPC and ORAC
value (WE: r? = 0.96; AE: ?= 0.99). Previous studies have shown
that phenolic compounds are the main contributors to the antiox-
idant activity of various seaweeds. A positive correlation has been
documented between TPC and antioxidant activity of different sea-
weed extracts by many researchers (Athukorala, Kim, & Jeon, 2006;
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Fig. 5. PCA score plot of total phenolic content (TPC) and antioxidant activities (AA) (DPPH, ORAC and ferrous ion-chelating activity) of water (WE) and 70% acetone extracts
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Fig. 6. PCA loading plot of total phenolic content (TPC) and antioxidant activities (AA) (DPPH, ORAC and ferrous ion-chelating activity) of water (WE) and 70% acetone extracts

(AE) from selected Icelandic seaweeds.

Jiménez-Escrig et al., 2001; Karawita et al., 2005). A study on the
phenolic composition of brown algae Eisenia bicyclis by HPLC anal-
yses revealed that the crude polyphenol fraction (ethyl acetate
subfraction of methanol extract) was mainly composed of phloro-
tannin compounds (more than 82%) as well as small amounts of
other unknown compounds (Shibata et al., 2004). Preliminary re-
sults from a study in our laboratory using similar procedures for
the fractionation of F. vesiculosus extract showed that the polyphe-
nol-enriched fraction (ethyl acetate fraction) possessed higher
DPPH radical scavenging activity than any other fractions as well
as the original crude extract (unpublished data). Therefore, phloro-

tannins, the most abundant group of polyphenols in these sea-
weeds, appear to be the major contributors to the high
scavenging activities. However, this needs to be verified by further
characterisation of the extracts. Other active components in differ-
ent seaweed extracts may have synergistic effects on the scaveng-
ing activities, which can give contradictory results. Therefore the
assumed role of polyphenols as being mainly responsible for scav-
enging abilities may be overestimated. Heo, Park, Lee, and Jeon
(2005) reported that some enzymatic extracts of E. cava and S.
coreanum exhibited only weak DPPH radical scavenging activities,
even though they contained the same level of TPC as other extracts
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with higher antiradical activities. Other unknown compounds such
as low-molecular-weight polysaccharides, proteins or peptides
could also contribute to the scavenging effect.

Interestingly, ferrous ion-chelating ability of water and 70% ace-
tone extracts correlated neither with TPC, nor with DPPH or ORAC
(r? ranging from 0.17 to 0.46). A similar result was reported by
Zhao et al. (2008) who stated that the ferrous ion-chelating ability
of malting barley extracts exhibited poor correlations with both
TPC and other antioxidant activities (DPPH radical scavenging
activity, ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) cation radical scavenging activity and reducing power).

PLSR modelling of the antioxidant properties vs. TPC of seaweed
extracts yielded high multivariate correlation coefficient of 0.98
with low RMSEP (1.11). The first two PLSR components explained
99% of the x-variables (antioxidant properties) and 98% of the y-
variables (TPC), respectively. The analysis of the p-coefficients of
the variables showed that both DPPH radical scavenging activity
and ORAC had high regression coefficient (0.500 and 0.496, respec-
tively) whereas coefficient for ferrous ion-chelating was low
(0.033).

Based on these analyses, it can be speculated that the major role
of algal polyphenols is as potent radical scavengers and primary,
chain-breaking antioxidants. In contrast to what has been reported
by Chew et al. (2008), our results showed that algal polyphenols
are probably not strong chelators of transition metals. Other com-
ponents such as polysaccharides, proteins or peptides might be
more important for the observed chelating effects of the extracts.
However, further study is needed to elucidate the mechanism of
antioxidant action of different compounds in the seaweed extracts.

It should also be noted that the reaction conditions of the differ-
ent antioxidant assays may have a great influence on the effective-
ness of various antioxidants. Therefore, to provide further evidence
for feasible application of algal polyphenols as natural antioxidants
in food for example seafood, the antioxidant potentials of algal
polyphenols measured by DPPH, ORAC and metal chelating assays
need to be confirmed under appropriate conditions (temperature
and pH) of fish muscle system (Decker, Warner, Richards, & Shah-
idi, 2005).

4. Conclusions

The results of this screening experiment demonstrated that the
different Icelandic seaweed species contained different levels of
TPC and possessed diverse antioxidant properties. The type of
extractant had great impact both on TPC and antioxidant activity
of seaweed extracts. 70% acetone was more efficient for polyphenol
extraction than water. In general, high TPC correlated with high
DPPH and ORAC values, indicating that algal polyphenols were
mainly responsible for the free radical scavenging activities of
the extracts. However, other co-extracted active compounds such
as fucoxanthin and sterols in 70% acetone extracts and sulphated
polysaccharides, proteins or peptides in water extracts may also
contribute to the overall scavenging effect. Three fucoid species
(F. vesiculosus, F. serratus and A. nodosum) with the highest TPC
exhibited the greatest scavenging activities and have therefore be
selected for further studies in our laboratory. Interestingly, no clear
correlation was found between TPC and chelating ability and thus
algal polyphenols did not appear to be effective metal chelators in
this experiment. Although the antioxidant activities of the crude
seaweed extracts have not been demonstrated herein to be supe-
rior to standard compounds (BHT, a-tocopherol and EDTA-Na;),
further fractionation and purification of active components will
most likely improve the activity and other potential health benefits
may promote their use as natural sources of antioxidants. Future
studies will include optimization of extraction, fractionation, puri-

fication and characterisation of the active components of these fu-
coid species. Antioxidant studies in model systems will also be
performed to gain a better understanding of their relative antioxi-
dant contribution and mechanisms of action to support the devel-
opment of seaweed based natural antioxidants for application in
functional foods and nutraceuticals.
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Abstract

The effects of various enzyme treatments on the extraction of antioxidant ingredients from the red
algae Palmaria palmata (dulse) were investigated using eleven commercial enzymes including six
proteases (Umamizyme, Alcalase, Protamex, Kojizyme, Neutrase and Flavourzyme) and five
carbohydrases (Viscozyme, Ultraflo, AMG, Celluclast and Termamyl). Considerable differences were
observed both in total phenolic content (TPC) and antioxidant activities of the hydrolysates from P.
palmata evaluated using 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity, oxygen
radical absorbance capacity (ORAC) and ferrous ion-chelating ability assays. All the proteases tested
exhibited greater capacities to enhance the extraction of polyphenols and other active components than
carbohydrases and cold water extraction (control). The Umamizyme extract had the highest TPC and
consequently exhibited the strongest scavenging capacity against DPPH and peroxyl radicals. Further
fractionation of the Umamizyme extract revealed that the crude polyphenol fraction possessed the
highest peroxyl radical scavenging activity, whereas the crude polysaccharide fraction was more
effective for chelating ferrous ions. The data from this study suggest the potential of protease
treatment to improve value-added utilization of dulse extracts as antioxidants in functional foods and

nutraceuticals.

Keywords: Palmaria palmata; Enzymatic hydrolysis; Total phenolic content (TPC); Antioxidant
activity; DPPH radical scavenging activity; ORAC; Ferrous ion-chelating ability



1. Introduction

Marine macroalgae have a long history of use as food and folk medicine in Asia, but are much less
common in Europe and North America, as a part of the diet. Only a few species are harvested for
direct human consumption in limited coastal regions. P. palmata (dulse) is one of the most widely
distributed edible seaweeds in Iceland and was an important source of food supply when food variety
was scarce in earlier times (Kristjansson, 1980). Nowadays, dulse is mainly consumed as snacks and
sold in health stores, but there is growing awareness that it should be utilized more as a source of
important nutrients and functional ingredients. It has been reported that dulse has the second highest
protein content of all common seaweeds, after Porphyra tenera (Nori). The essential amino acids
(EAAS) can represent between 26 and 50% of the total amino acids (Galland-Irmouli et al., 1999;
Morgan, Wright, & Simpson, 1980). Dulse is also high in iron and many other easily assimilated
minerals and trace elements as well as a good source of dietary fibers and vitamins (Morgan et al.,
1980).

In recent years, there is increasing interest in the search for naturally occurring compounds with
antioxidant activity as alternatives to synthetic products. Aquatic plants are also a rich source of
natural antioxidants. Previous studies have shown that P. palmata contains several classes of
hydrophilic antioxidant components including L-ascorbic acid, glutathione (GSH), polyphenols as
well as MAAs (Yuan, Carrington, & Walsh, 2005b; Yuan, Westcott, Hu, & Kitts, 2009). However, the
high degree of structural complexity and rigidity of the algal cell wall is a major obstacle to the
efficient extraction of the intracellular bioactive constituents (Deniaud, Quemener, Fleurence, &
Lahaye, 2003). Conventional water and solvent extraction have several drawbacks such as low
selectivity, low extraction efficiency, solvent residue and environmental pollution. As an alternative
technology, enzyme-assisted extraction has attracted considerable interest. The application of
hydrolytic enzymes has shown a great potential to improve the extraction yield, enhance the release of
secondary plant metabolites and preserve the bioactive properties of the extracts. Enzymatic extraction
has also been reported to increase the extractability of bioactive compounds from several brown algae
(Heo, Park, Lee, & Jeon, 2005; Siriwardhana et al., 2008). These cell wall-degrading enzymes help to
weaken or disrupt the cell wall structure, break down complex interior storage materials, thereby
facilitating the release of the intracellular bioactive compounds from algal biomass. Furthermore, the
hydrolytic breakdown of high-molecular-weight (HMW) polysaccharides and proteins may contribute
to enhanced antioxidant activities (Siriwardhana et al., 2008).

In order to promote value-added utilization of this abundant red seaweed and improve the antioxidant
activity of the extract, the suitability of different commercial enzymes for effective extraction of
water-soluble antioxidant ingredients from P. palmata were evaluated herein. The antioxidant
properties of different enzymatic extracts were assessed by three in vitro assays based upon different

reaction mechanisms (DPPH radical scavenging activity, ORAC and ferrous ion-chelating ability).



The antioxidant tests were also carried out on three subfractions from Umamizyme extract, namely
crude polyphenol, crude polysaccharide and a LMW aqueous fraction to estimate their relative
contribution to the overall antioxidant capacity of the hydrolysate.

2. Materials and methods

2.1. Algal materials

The red algae (Rhodophyta) Palmaria palmata (Linnaeus) Kuntze, was collected in Hvassahraun
coastal area nearby Hafnarfjordur, southwestern Iceland on October 12th, 2007. The samples were
carefully rinsed with tap water, the small cut pieces were freeze-dried, ground to fine powder and

stored in tightly sealed polystyrene containers at —20 °C prior to extraction.

2.2. Chemicals

Fluorescein sodium salt (FL), 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-4’,4"-disulfonic acid
monosodium salt (Ferrozine), Folin—Ciocalteu’s phenol reagent were obtained from Fluka (Buchs,
Switzerland). 2,2"-azobis (2-methylpropionamidine) dihydrochloride (AAPH) was purchased from
Sigma—Aldrich (Steinheim, Germany). 2,2-diphenyl-1-picrylhydrazyl (DPPH) was from Sigma-—
Aldrich (St. Louis, MO, USA). All other reagents were of analytical grade.

The following eleven commercial enzymes were used for the preparation of hydrolysates, including
six types of proteases (Umamizyme, Alacalase 2.4L FG, Protamex, Kojizyme 500 MG, Neutrase 0.8 L
and Flavourzyme 500 MG ) and five types of carbohydrases (Viscozyme L, Ultraflo L, AMG 300 L,
Celluclast 1.5L FG and Termamyl 120 L). Umamizyme was obtained from Amano Enzyme Inc.
(Nagoya, Japan). The other ten enzymes were kindly provided by Novozymes A/S (Bagsvaerd,
Denmark). The optimum hydrolysis conditions (Heo et al., 2005; Sato et al., 2002), characteristics and

sources of these enzymes are summarized in Table 1.

2.3. Proximate composition analyses of dried P. palmata

Water content was determined gravimetrically by heating the sample in an oven at 103 £ 2 °C for 4 h
(1SO 1999). Total fat was determined by extraction with petroleum ether, boiling range 40 °C to 60 °C
using an extraction apparatus 2050 Soxtec Avanti Automatic System (AOCS 1998). Protein content
was determined by the Kjeldahl method (ISO 2005) and ash according to ISO 5984 (ISO 2002).
Percentage of total carbohydrates was determined by subtracting the sum percentage of moisture,

crude protein, crude fat and ash.

2.4. Preparation of enzymatic extracts
The enzymatic extracts were prepared according to the method of Heo, Lee, Song and Jeon (2003)

with slight modifications. Briefly, 2 g of dried algal sample was dispersed in 50 ml of distilled water



and incubated in a water bath shaker for 10 min. After adjusting pH, 100 mg of enzyme was added.
The enzymatic hydrolysis was performed under optimal conditions (Table 1) of the particular enzyme
for 24 h (Heo et al., 2005; Sato et al., 2002). The reaction was terminated by boiling the sample at
100 °C for 10 min and thereafter immediate cooling in an ice bath. The hydrolysate was centrifuged at
5,000 g for 10 min at 4 °C, filtered with Whatman no. 4 filter paper and the pH of the filtrates was
adjusted to pH 7.0. The supernatants were lyophilized, weighed and stored at -20 °C until analyzed.
The extraction yield (amount of extractable substances) was expressed as g dried extract/100 g dried
algal powder. The extraction was conducted in triplicate. A water extract (2 g algal powder extracted

with 50 ml of distilled water for 24 h at room temperature) served as a control.

2.5. Preparation of crude polyphenol, crude polysaccharide and LMW aqueous fractions from
Umamizyme hydrolysate

Ten grams of dried Umamizyme extract (prepared by the same procedure described above) were
resuspended in 50 ml distilled water, extracted 5 times with 10 ml ethyl acetate (EtOAc). The EtOAc
phase was collected. The remaining aqueous layer was precipitated with 99.5 % ethanol (EtOH) (1:3,
viv) at 4°C for 2h, followed by centrifugation at 10,000 x g for 20 min. The precipitate was
redissolved in distilled water, treated with Sevag reagent (Staub, 1965) several times to remove protein
and again precipitated with 3 volumes of EtOH, washed sequentially with absolute ethanol, acetone
and ether, then lyophilized to yield the crude polysaccharide extract. The supernatant was concentrated
to a small volume with a rotary evaporator and re-extracted with EtOAc. The two EtOAc fractions
were combined, evaporated under reduced pressure and then freeze-dried to yield the crude
polyphenol extract. Residual solvent in the aqueous phase was removed under vacuum and then
redissolved in distilled water, ultrafiltrated at 4 °C by using Centricon Plus-70 centrifugal filter
devices (5 kDa nominal molecular weight limit (NMWL), Millipore Corp., Billerica, MA, USA) to
remove any residual macromolecules. The filtrates were lyophilized to obtain a LMW aqueous
fraction. The preparation procedure was repeated three times.

Three subfractions, crude polyphenol, crude polysaccharide and a LMW aqueous fraction, derived
from Umamizyme hydrolysate were analyzed for chemical composition. Soluble protein content was
determined according to the Bradford microassay protocol with bovine serum albumin (BSA) as the
calibration standard (Bradford, 1976). Total soluble carbohydrates and reducing sugars were analyzed
colorimetrically by the modified phenol—sulfuric acid (Masuko, Minami, lwasaki, Majima, Nishimura,
& Lee, 2005) and dinitrosalicylic acid (DNS) (Miller, 1959) methods, respectively. In each assay,

glucose was used as the standard.

2.6. Determination of total phenolic content
The TPC of enzymatic extracts and subfractions from Umamizyme hydrolysate were quantified

according to the method of Turkmen, Sari and Velioglu (2005) with minor modifications. One



milliliter aliquot of extract solution (concentration range from 1 to 5 mg/ml) was mixed with 5 ml of
Folin-Ciocalteu reagent (10% in distilled water). After 5 min, 4 ml of sodium carbonate (7.5% in
distilled water) were added. The samples were incubated for 2 h at room temperature in the darkness.
The absorbance was measured at 725 nm. A standard curve with serial gallic acid solutions was used
for calibration. Results were expressed as gram of gallic acid equivalents (GAE) per 100 g of extract.

2.7. DPPH radical scavenging activity assay

The DPPH radical scavenging activity was estimated according to Sanchez-Moreno, Larrauri and
Saura-Calixto (1998) with minor modifications. Briefly, 0.1 ml of the sample solution with different
concentrations (at least 5 different concentrations were prepared for each extract/fraction) was mixed
with 3.9 ml DPPHs solution (64 uM or 2.5 x 102 g/l in methanol, prepared daily). After incubation for
2 h at room temperature, the absorbance was measured at 515 nm. L-ascorbic acid, BHT and o-
tocopherol were used as reference standards. The ECs, value was calculated as the concentration of
sample or standard antioxidant (mg/ml) required to scavenge 50% of the DPPHs in the reaction

mixture. Its reciprocal, the antiradical power (ARP, ARP = 1/ECx,) was also calculated.

2.8. Oxygen radical absorbance capacity (ORAC) assay

The ORAC assay was performed according to Davalos, Gomez-Cordoves and Bartolome (2004) with
slight modifications (Wang, Jonsdottir, & Olafsdottir, 2009). Mx300 real-time PCR System
(Stratagene Inc., La Jolla, CA) was used for the fluorescence measurements controlled by MxPro
computer program. All reagents were prepared in 75 mM sodium phosphate buffer (pH 7.4). Ten
microliters of each sample solution (concentration range from 0.025 to 0. 5 mg/ml) was mixed with 60
pl of 70 nM fluorescein and pre-incubated at 37 °C for 15 min. The reaction was initiated by addition
of 30 pl of 12 mM AAPH solution. The fluorescence (FAM) was recorded every 0.1 min for the first
20 cycles and every minute thereafter until the fluorescence of the last reading declined to <5% of the
initial value. Excitation and emission filter wavelengths were set at 484 nm and 520 nm, respectively.
The ORAC value was calculated and expressed as micromoles of Trolox equivalents per gram extract

(umol of TE/g extract) using the calibration curve of Trolox.

2.9. Ferrous ion-chelating ability assay

The ferrous ion-chelating ability was determined according to the method of Decker and Welch (1990)
with minor modifications. One hundred microliters of sample solution (5 mg/ml) were mixed with 135
pl of distilled water and 5 pl of 2 mM FeCl, The reaction was initiated by the addition of 10 pl of
5 mM ferrozine. After incubation for 10 min at room temperature, the absorbance was measured at
562 nm. Distilled water (100 pl) instead of sample solution was used as a control. Distilled water (10
ul) instead of ferrozine solution was used as a blank. L-ascorbic acid, citric acid and EDTA-Na, were

used as reference standards. The ferrous ion-chelating ability was calculated as follows:



Ferrous ion-chelating ability(%) = [(Ao — (A1 — A)]/A, x 100.
where A, was the absorbance of the control, A; was the absorbance of the sample or standard and A,
was the absorbance of the blank.

2.10. Statistical analysis

All tests were conducted in triplicate. Analysis of variance (ANOVA) followed by Duncan's test was
carried out to test for differences between different enzyme treatments and between different fractions
from Umamizyme hydrolysate in the statistical program NCSS 2000 (NCSS, Kaysville, Utah, USA).

Significance of differences was defined at the 5% level (p < 0.05).

3. Results and discussion

3.1. Proximate composition of P. palmata

Proximate composition analyses showed that the dried P. palmata sample contained approximately 4.1
+ 0.4 % moisture, 61.5 + 2.4 % carbohydrate, 20.5 + 0.4 % crude protein, 0.4 + 0.4 % crude fat and
13.5 £ 0.5 % ash. The crude protein content was within the range for P. palmata (8-35%) as reported
earlier by Morgan et al. (1980) and Galland-Irmouli et al. (1999). Significant seasonal fluctuations of
protein content in P. palmata were previously reported by Galland-Irmouli et al. (1999) and Fleurence
(1999). Higher protein levels were recorded for samples collected during winter and spring whereas
lower amounts were observed during summer and early autumn. The percentage concentrations of
carbohydrate, crude fat and ash in the dried P. palmata sample were in agreement with previous
studies (Morgan et al., 1980).

3.2. Extraction yield of enzymatic hydrolysates from P. palmata

All the commercial enzymes tested in this study were effective in improving the extraction yield, but
to different extent compared with water extraction (Fig. 1). Umamizyme gave the highest yield (76.3 £
1.4 %), approximately 2 times higher than water extraction (37.8 + 1.9 %), followed by Ultraflo (68.3
*+ 1.5 %) and Celluclast (66.6 + 2.2 %).

3.3. Effects of different enzyme treatments on the extraction of total phenolics from P. palmata

Considerable variation was observed in TPC among different enzymatic hydrolysates, ranging from
0.3 to 1.6 g GAE/100 g extract (Fig. 2). All the proteases tested showed greater capacities to enhance
the recovery of phenolic compounds than water extraction. On the contrary, the TPC of the
hydrolysates extracted by carbohydrases (except Viscozyme) were generally lower. Particularly,
Umamizyme exhibited the highest extraction efficiency of phenolic compounds compared to other
proteases and carbohydrases tested, which was approximately 3.0-fold higher than that of water

extract.



The relatively lower TPC of both water and carbohydrase extracts could be partly due to the formation
of protein—polyphenol complexes during the extraction. When the algal cell wall is disrupted, the
intracellular constituents including proteins are released from the cells, which are prone to complex
with polyphenols, leading to aggregation and ultimate precipitation (Siriwardhana et al., 2008). Many
studies have been performed to investigate the mechanisms of polyphenol-protein interactions.
Potentially, polyphenols may interact with proteins via hydrogen bonding, m-bonding, hydrophobic
interactions, ionic and covalent linkage. Hydrogen bonding and hydrophobic interactions were
reported as the dominant modes of interaction between tannins and proteins (Carvalho, De Freitas, &
Mateus, 2008; Hagerman, 1992; Shahidi & Naczk, 2004). Although much less information is available
in the literature regarding the complexation of algal polyphenols with proteins, strong interactions
between phlorotannins (the largest group of polyphenols present in brown algae) and proteins were
reported by Stern, Hagerman, Steinberg and Mason (1996). Therefore, the use of proteases
substantially convert proteins into small peptides and free amino acids and reduce the complex
formation between protein and algal polyphenols, which could explain the improved extraction
efficiency of phenolic compounds by proteases observed in the present study. Another explanation for
the decreased TPC in carbohydrase extracts could be due to the release of oligosaccharides and simple
sugars during the degradation of cell wall polysaccharides.

3.4. Effects of different enzyme treatments on the antioxidant properties of P. palmata

3.4.1. DPPH radical scavenging activity

DPPH radical scavenging activity of enzymatic hydrolysates increased in a concentration-dependent
manner and also increased with the increment of the incubation time (data not shown).

As shown in Fig. 3, all of the hydrolysates obtained by protease treatments, except for Alcalase extract,
exhibited higher scavenging effect than that of water extract. In particular, Umamizyme treatment
significantly increased the radical scavenging capacity (ARP = 1.8, ECs, = 0.6 mg/ml), which was
around 3.4 times higher than that of water extract (ARP = 0.5, ECso = 1.9 mg/ml). On the contrary, all
the hydrolysates extracted by carbohydrases showed relatively weaker scavenging activity than the
control sample, with ARP values all below 0.3.

The higher radical scavenging capacity of protease extracts could be due to their ability to improve the
extraction efficiency of phenolic compounds which have been reported to be potent DPPH radical
scavengers. Moreover, the liberation of LMW peptides and amino acids by proteases might also
contribute to the enhanced scavenging activities of the extracts. In contrast to other fungal proteinases,
Umamizyme not only has high protease activity, but also has high peptidase activity. The Umamizyme
hydrolysate of tuna stomach proteins was reported to contain high proportion of small soluble peptides
below 5 KDa (Guerard, Guimas, & Binet, 2002). Several studies have shown that LMW hydrolysates
generally possess higher DPPH radical scavenging capacity than HMW hydrolysates (Chang, Wu, &
Chiang, 2007; Wu, Chen, & Shiau, 2003).



All the reference compounds, L-ascorbic acid (ARP =400.9, ECg =2.5%x10"° mg/ml), BHT
(ARP =305.2, ECs =3.3x10° mg/ml) and a-tocopherol (ARP =168.6, ECs, =5.9x10 % mg/ml),
exhibited much higher DPPH radical scavenging activity when compared with all the enzymatic
hydrolysates tested. This is in agreement with previous studies by Yuan, Bone and Carrington (2005a),
who found that the DPPH radical scavenging activity of 1-butanol soluble fraction from methanol
extract of P. palmata was hundreds of times weaker than those of L-ascorbic acid and BHA.

3.4.2. ORAC

Further evaluation of the chain-breaking antioxidant activities of different enzymatic hydrolysates and
water extract was conducted by ORAC-FL assay. The peroxyl radical scavenging activity of water
extract was 35.8 umol TE/g extract (Fig. 4), which was comparable to the reported value for methanol
extract (36.42 to 38.78 umol TE/g extract) of P. palmata from the west and east coasts of Grand
Manan Island, New Brunswick, Canada (Yuan et al., 2009). Enzyme treatments by all the proteases
and Viscozyme (carbohydrase) resulted in enhanced peroxyl radical scavenging capacity. Umamizyme
was the most efficient enzyme, showing the greatest increase in ORAC value (4.2 fold) as compared to
its water extract counterpart, followed by Alcalase (3.9 fold) and Neutrase (3.0 fold). The higher
ORAC value of protease extracts could be attributed to the improved extraction efficiency of phenolic
compounds as well as the liberation of LMW peptides and amino acids.

3.4.3. Ferrous ion-chelating activity

All the hydrolysates demonstrated the ability to chelate ferrous ions at concentrations of 5 mg/ml (Fig.
5). However, their activities were all lower than that of water extract (95.6 % at 5 mg/ml). Enzyme
treatments by Celluclast, AMG and Viscozyme of carbohydrases and Umamizyme of proteases
resulted in significant decreases in chelating capacity.

The high heavy metal binding capacity of algal dietary fibers such as alginate, fucoidan from brown
algae and carrageenan, agar from red algae is well documented. The enzymatic degradation of these
soluble and insoluble dietary fibers into oligosaccharides and simple sugars might reduce the chelating
capacity to different extent (Fig. 5), depending on the composition and structure of degradation
products. In addition, some peptides as well as proteins have also been reported to possess the ability
to chelate metal ions. The lower chelating ability of Umamizyme extract in this study indicated that
HMW peptides and proteins might be more effective ferrous ion chelators than LMW peptides and
amino acids. It is also worth noting that no clear correlation was found between TPC and chelating
capacity of P. palmata hydrolysates (data not show), supporting our previous finding that algal
polyphenols were not effective as metal chelators (Wang et al., 2009).

The chelating capacity of three reference antioxidants including L-ascorbic acid, citric acid and
EDTA-Na, was also tested for comparison. All the enzymatic extracts exhibited higher chelating

activity than those of L-ascorbic acid (8.2% at 20 mg/ml) and citric acid (21.5% at 5 mg/ml). However,
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their activity was much lower than that of the potent metal-ion chelator, EDTA-Na, (99.8% at 0.05
mg/ml).

3.5. Approximate chemical composition and antioxidant activities of crude polyphenol, crude
polysaccharide and LMW aqueous fractions from Umamizyme extract

The TPC of the crude polyphenol fraction from the Umamizyme extract was 5.7 g GAE/100 g extract,
while the TPC of the crude polysaccharide and LMW aqueous fraction (<5 KDa) was 1.0 and 1.4 g
GAE/100 g extract, respectively (Table 2). The levels of total soluble carbohydrates, reducing sugars
and soluble protein were analyzed in the crude polysaccharide and LMW aqueous fractions, as shown
in Table 2.

The DPPH radical scavenging activity of three fractions from Umamizyme extract decreased in the
following order: crude polyphenol > crude polysaccharide > LMW agueous fraction (Table 3). The
order of ORAC values was: crude polyphenol > LMW aqueous fraction > crude polysaccharide
fraction. However, crude polysaccharide fraction exhibited the highest ferrous ion-chelating ability,
followed by crude polyphenols and the smallest effect was found in LMW aqueous fraction. The
relatively strong scavenging effects of the crude polyphenol fraction on DPPH and peroxyl radicals
confirmed the key role of algal polyphenols as free radical scavengers and primary, chain-breaking
antioxidants, as suggested in our previous study (Wang et al., 2009). HMW polysaccharides
contributed greatly to the ferrous ion-chelating and DPPH quenching activities of the hydrolysate.
However, their peroxyl radical scavenging capacity was weaker than the other two fractions. LMW
peptides, amino acids as well as some of the mycosporine-like amino acids (MAAS) might be the
major contributors for the moderate radical scavenging capacity of LMW aqueous fraction. It should
also be noted that the antioxidant activity of this fraction might not accurately reflect the real
antioxidant potentials of LMW peptides and MAAs because of the presence of large amount of other
water soluble components (such as simpler sugars) with insignificant antioxidant activity in this
fraction (Table 2).

4. Conclusions

The results of the present study showed that enzyme-assisted extraction was effective in enhancing the
recovery of polyphenols and other hydrophilic antioxidant compounds from P. palmata. Proteases
were more effective than carbohydrases and Umamizyme extract exhibited the greatest scavenging
activity against DPPH and peroxyl radicals. The use of different in vitro antioxidant tests verified the
complexity of the antioxidant effects of the seaweed hydrolysates Crude polyphenols contributed
greatly to the peroxyl radical scavenging properties of Umamizyme extract whereas crude
polysaccharides appeared to be more potent metal chelators in this experiment. Treatment of P.

palmate by Umamizyme improves versatile application of extracts as natural antioxidants and
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functional food ingredients. For application in food as natural antioxidants, their effect has to be

further studied in relevant food matrices.
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Figure Captions

Fig. 1. Extraction yield of different enzymatic extracts from P. palmata compared to water extract (WE). The
extraction yield was expressed as g dried extract/100 g dried algal powder. Values are means £ S.D. (n = 3).
Protease extracts are indicated by dark gray bars; Carbohydrase extracts by light gray bars; Water extract by

white bars.

Fig. 2. Total phenolic content (TPC) of different enzymatic extracts from P. palmata compared to water extract
(WE). Values are means £ S.D. (n = 3). Protease extracts are indicated by dark gray bars; Carbohydrase extracts

by light gray bars; Water extract by white bars.

Fig. 3. DPPH radical scavenging activity (expressed as antiradical power (ARP); ARP=1/ECsy) of different
enzymatic extracts from P. palmata compared to water extract (WE). Values are means + S.D. (n = 3). Protease

extracts are indicated by dark gray bars; Carbohydrase extracts by light gray bars; Water extract by white bars.

Fig. 4. Oxygen radical absorbance capacity (ORAC) of different enzymatic extracts from P. palmata compared
to water extract (WE). Values are means £ S.D. (n = 3). Protease extracts are indicated by dark gray bars;

Carbohydrase extracts by light gray bars; Water extract by white bars.

Fig. 5. Ferrous ion-chelating ability of different enzymatic extracts from P. palmata compared to water extract

(WE). Values are means £ S.D. (n = 3). Protease extracts are indicated by dark gray bars; Carbohydrase extracts

by light gray bars; Water extract by white bars.
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Table 1 Summary of the optimum hydrolysis conditions, characteristics and sources of specific enzyme

Optimum conditions”

Enzyme® Characteristics Sources
pH Temperature (°C)
Umamizyme 7.0 50 Endo- and exo-peptidase complex Aspergillus oryzae
Alacalase 2.4L FG 8.0 50 Endo-peptidase Bacillus licheniformis
Protamex 6.0 40 Protease complex Bacillus sp.
Kojizyme 500 MG 6.0 40 Amino- and carboxy-peptidase Aspergillus oryzae
Neutrase 0.8 L 6.0 50 Metallo-endoprotease Bacillus
amyloliquefaciens
Flavourzyme 500 MG 7.0 50 Endo-protease and exo-peptidase Aspergillus oryzae
Viscozyme L 45 50 A multi-enzyme complex (containing Aspergillus aculeatus
arabanase, cellulase, B-glucanase,
hemicellulase and xylanase)
Ultraflo L 7.0 60 Heat-stable multi-active B-glucanase Humicola insolens
AMG 300 L 4.5 60 Exo-1,4-a-D-glucosidase Aspergillus niger
Celluclast 1.5 L FG 45 50 Cellulase Trichoderma reesei
ATCC 26921
Termamyl 120 L 6.0 60 Heat-stable a-amylase Bacillus licheniformis

# Umamizyme was obtained from Amano Enzyme Inc. (Nagoya, Japan). The other enzymes were from Novozymes A/S (Bagsvaerd,

Denmark).

® Heo et al. (2005); Sato et al. (2002).
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Table 2 Content of total phenolics, total soluble carbohydrates, reducing sugars and soluble proteins in crude

polyphenol, polysaccharide and LMW aqueous fractions from Umamizyme extract of P. palmata

Sample TPC? Total soluble carbohydrates” Reducing sugars Soluble protein
(g GAE/100 g) (9 Glu/kg ) (9 Glu/kg ) (9/kg)
Crude polyphenol fraction 57+0.2 nd® nd nd
Crude polysaccharide fraction 1.0+£0.1 579.9+21.3 182.1+4.2 75+0.2
LMW aqueous fraction (<5 KDa) 14+0.0 405.0+17.5 325.2+10.9 0.6+0.0

Each value is expressed as means + S.D. (n = 3).
2 TPC, total phenolic content, g gallic acid equivalents (GAE) /100g extract.
® Glu, glucose.

°nd, not detected due to lack of quantity.

Table 3 DPPH radical scavenging activity, ORAC and ferrous ion-chelating ability of crude polyphenol,

polysaccharide and LMW aqueous fractions from Umamizyme extract of P. palmata

DPPH scavenging? ORAC® Fe?* chelating ability
Sample
(ARP) (umol TE/g extract) (%)
Crude polyphenol fraction 54+0.3 629.5 +15.2 57.2+29°
Crude polysaccharide fraction 48+0.3 102.9+2.8 94.3+1.8°
LMW aqueous fraction (<5 KDa) 24+0.1 130.7+34 20.5+1.6°

Each value is expressed as means + S.D. (n = 3).

* ARP, antiradical power (ARP=1/ECs), ECso: concentration of extract (mg/ml) required to scavenge 50% of the DPPH- in the reaction
mixture.

® ORAC, oxygen radical absorbance capacity; TE, Trolox equivalents.

¢ was tested at concentration of 2.5 mg/ml.

9 was tested at concentration of 5.0 mg/ml.
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Figure 5.
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Abstract

A process for the effective extraction and fractionation of phlorotannins from F. vesiculosus with high
antioxidant potentials was investigated. Antioxidant activity of F. vesiculosus extract/fractions was
assessed by 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging, reducing power and ferrous
ion-chelating assays. Among the crude extract and different polarity fractions, phlorotannin-enriched
ethyl acetate (EtOAc) fraction possessed the highest DPPH scavenging activity and reducing power.
This fraction was further fractionated by Sephadex LH-20 column chromatography or ultra-filtration.
The antioxidant properties were evaluated by both above chemical antioxidant tests and a
mononuclear cell-based bioassay. Sephadex subfractions LH-2 and LH-3 with high total phlorotannin
content (TPC) exhibited strong DPPH quenching activity, comparable to ascorbic acid and butylated
hydroxytoluene (BHT) and significantly higher than a-tocopherol. Polyphenols in F. vesiculosus were
found to consist mainly of high molecular weight (HMW) phlorotannin polymers. There were no clear
relationships between the degree of polymerization, molecular size and antioxidant activities. All the
subfractions separated by Sephadex LH-20 column and ultra-filtration showed high ability to scavenge
reactive oxygen species (ROS) generated by mononuclear cells. HPLC-DAD-MASS analysis showed
that the phlorotannins with molecular weight (MW) < 2 KDa in EtOAc fraction was mainly composed
of 3 (3PL) to 5 (5PL) units of phloroglucinol.

Keywords: Fucus vesiculosus; Phlorotannin compounds; Fractionation; Antioxidant; DPPH; Reducing

power; Ferrous ion-chelating; Reactive oxygen species; Mononuclear cells



1. Introduction

Currently there is an increased awareness and safety concern towards synthetic antioxidants and a
worldwide trend to apply natural antioxidants to replace synthetic compounds as additives in foods or
as nutraceuticals and functional food ingredients (Balasundram, Sundram, & Samman, 2006; Kim,
Rajapakse, & Shahidi, 2007). Natural antioxidants derived from various plants and marine algae not
only show great potential for improving oxidative stability of food products, but also have a broad
array of additional health promoting benefits. An appropriate intake of dietary antioxidants has been
suggested to play an important role in enhancing the body’s defense system and preventing ROS-
related diseases (Halliwell, 1996; Halliwell & Gutteridge, 2007).

Marine macroalgae have been an important part of the human diet in Asia since ancient times and are
traditionally well renowned for their versatile health benefits. Recent studies have revealed that marine
algae are not only a good source of dietary fibre, proteins, vitamins and several minerals, but also
contain a large array of secondary metabolites with valuable biological activities, which cannot be
found in terrestrial plants (Plaza, Cifuentes, & lbanez, 2008). A number of potent antioxidant
compounds have been isolated and identified from different types of seaweeds, including
phlorotannins, sulphated polysaccharides, carotenoid pigments such as fucoxanthin and astaxanthin,
sterols, catechins and mycosporine-like amino acids (MAAs) (Miyashita & Hosokawa, 2008; Rupérez,
Ahrazem, & Leal, 2002; Yuan, Westcott, Hu, & Kitts, 2009). Phlorotannins, the dominant
polyphenolic secondary metabolites found only in brown algae (Phaeophyta), have recently attracted
considerable research interest because of their superior antioxidant activities. Phlorotannins are formed
by the polymerisation of phloroglucinol (1,3,5-trihydroxybenzene) monomer units and biosynthesised
via the acetate—malonate pathway, also known as polyketide pathway (Ragan & Glombitza 1986).
Based on the type of linkage between the phloroglucinol sub-units as well as the number of additional
hydroxyl groups on the aromatic skeletons, phlorotannins can be classified into six major subclasses:
phlorethols, fucols, fuhalols, fucophlorethols, isofuhalols and eckols (Ragan et al., 1986; Targett &
Arnold, 1998). Several species of brown algae such as Ecklonia cava, Ecklonia kurome, F. vesiculosus,
Hizikia fusiformis and Sargassum ringgoldianum have been found to possess remarkably high
antioxidant activity in vitro, which is well correlated with their content of TPC (Nakai, Kageyama,
Nakahara, & Miki, 2006; Senevirathne, Kim, Siriwardhana, Ha, Lee, & Jeon, 2006). The superior
antioxidant properties have also been reported for individual phlorotannin compounds, including eckol,
dieckol, phlorofucofuroeckol A and 8,8'-bieckol (Shibata, Ishimaru, Kawaguchi, Yoshikawa, & Hama,
2008). The scavenging activities of these phlorotannin compounds on DPPH and superoxide anion
radicals were found to be around 2 to 10 times higher than those of catechin, a-tocopherol and
ascorbic acid.

Recently, a preliminary experiment was carried out in our laboratory to investigate the antioxidant

potentials of ten species of common Icelandic seaweeds (Wang, Jonsdéttir, & Olafsdattir, 2009).
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Among the screened species, F. vesiculosus showed the highest TPC, the strongest scavenging
activities against DPPH and peroxyl radicals as well as a moderate ferrous ion-chelating ability.
However, no comprehensive study has been performed on the extraction and characterisation of
antioxidant properties of phlorotannins from F. vesiculosus harvested in Iceland. Therefore, the
objective of the present work was to develop a process for effective extraction and fractionation of
phlorotannins from F. vesiculosus. The antioxidant activity of different extract/fractions was
characterised using a multiple-method approach which included well documented in vitro antioxidant
assays and a mononuclear cell-based bioassay. The information gained will help to understand how
molecular size and degree of polymerisation may influence the antioxidant activity and to promote the
potential application of phlorotannin-rich extract and fractions as natural antioxidants in food products

and in health-promoting functional food formulations.

2. Materials and methods

2.1. Algal materials

The brown algae (Phaeophyta) Fucus vesiculosus (Linnaeus) was collected in Hvassahraun coastal
area nearby Hafnarfjordur, southwestern Iceland on October 15th, 2008. The seaweeds were washed
with clean seawater to remove epiphytes and sand attached to the surface and transported to the
laboratory. The samples were carefully rinsed with tap water. Small pieces were cut and then freeze-
dried, pulverised into fine powder and stored in tightly sealed polystyrene containers at —20 °C prior to

extraction.

2.2. Chemicals

Folin—Ciocalteu’s phenol reagent, 3-(2-pyridyl)-5,6-diphenyl-1,2 4-triazine-4',4"-disulfonic acid
monosodium salt (Ferrozine), ferric chloride (FeCls) were purchased from Fluka (Buchs, Switzerland).
Iron (Il) chloride was obtained from Sigma-Aldrich (Steinheim, Germany). 2,2-diphenyl-1-
picrylhydrazyl (DPPH), potassium ferricyanide (Ks;Fe(CN)g), phorbol myristate acetate (PMA), horse
radish peroxidase (HRP) and 4-aminopthalhydrazide (isoluminol) were from Sigma—Aldrich (St.
Louis, MO, USA). All the solvents used were of HPLC grade. All other chemicals and reagents were

of analytical grade.

2.3. Preparation of seaweed extracts and fractions

The solvent extracts were prepared according to the method described by Wang et al. (2009). Briefly,
2 g of dried algal powder was dispersed in 50 mL of extraction solvent, including methanol/water
(80:20, viv), ethyl acetate/water (80:20, v/v), acetone/water (70:30, v/v), ethanol/water (80:20, v/v),
ethanol/water (50:50, v/v) and incubated in a platform shaker (Innova™ 2300, New Brunswick

Scientific, Edison, NJ) for 24 h at 200 rpm and at room temperature. The mixture was centrifuged at

4



2500 g for 10 min at 4 °C and filtered with Whatman no. 4 filter paper. The solvent was removed by
rotary evaporation. The residue was lyophilized, weighed and stored at -20 °C until further analysis.
The extraction yield (amount of total extractable substances, TES) was expressed as g dried
extract/100 g dried algal powder. Each extraction was conducted in triplicate. Cold and hot water
extracts were also prepared (2 g algal powder extracted with 50 mL of distilled water for 24 h at 20 °C
and 70 °C, respectively) and tested in parallel.

The crude 80% EtOH extract was subjected to solvent fractionation. The dried algal powder (40 g)
was extracted with 200 mL 80% EtOH by the same procedure described above. The extract was
concentrated in vacuo to a small volume and the residue was suspended in a mixture of methanol
(MeOH) and water (40:30, v/v) and partitioned three times with n-hexane, EtOAc and n-butanol
(BuOH) successively (Figure 1). After removal of the solvent and freeze-dried, four fractions were
obtained, including the n-hexane-, EtOAc-, n-butanol-soluble fractions and aqueous residue.

The EtOAc-soluble fraction, which showed the highest TPC, DPPH scavenging activity and reducing
power, was further subjected to gel filtration on a Sephadex LH-20 column and eluted stepwise with
solvent systems of decreasing polarity, yielding six subfractions: LH-1 (50% aqueous MeOH, v/v),
LH-2 (75% aqueous MeOH, v/v), LH-3 (pure MeOH), LH-4 (MeOH/acetone 5:1, v/v), LH-5
(MeOH/acetone 3:1, v/v) and LH-6 (MeOH/acetone 1:1, v/v). The solvent in each subfraction was
evaporated under reduced pressure and then lyophilized (Figure 1).

2.4. Preparation of different molecular weight subfractions from EtOAc-soluble fraction

In order to characterize the MW distribution, EtOAc-soluble fraction was also sub-fractionated into
five fractions: Ul (> 100 kDa), U2 (30-100 kDa), U3 (10-30 kDa), U4 (5-10 kDa) and U5 (< 5 kDa)
by using a series of Centricon filters (Centricon Plus-70 centrifugal filter units, nominal molecular
weight limit (NMWL) of 100, 30, 10 and 5 kDa, Millipore Corp., Billerica, MA, USA) (Figure 1).
Two grams of dried EtOAc-soluble fraction from 80% EtOH crude extract were redissolved in Milli-Q
water, first filtered at 15 °C through the Centricon-100 and the fraction with MW >100 kDa was saved.
The flow-through was then centrifuged successively over Centricon-30, 10 and 5 filters. All the

retentates and <5 kDa filtrate were collected separately and freeze-dried.

2.5. Determination of total phlorotannin content

The TPC of the extract/fractions was quantified according to the method of Turkmen, Sari, and
Velioglu (2005) and Koivikko, Loponen, Honkanen, and Jormalainen (2005) with some modifications.
One milliliter aliquot of sample solution (concentration range from 0.1 to 8 mg/mL) was mixed with
5mL of Folin-Ciocalteu reagent (10% in distilled water). After 5 min, 4 mL of sodium carbonate
(7.5% in distilled water) were added. The samples were incubated for 2 h at room temperature in the
darkness. The absorbance was measured at 725 nm with a UV-vis spectrophotometer (Ultrospec 3000

pro, Amersham Pharmacia Biotech, Ltd., Cambridge, UK). A standard curve with serial
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phloroglucinol solutions (20 — 100 pg/mL) was used for calibration. Results were expressed as gram

of phloroglucinol equivalents (PGE) per 100 g of extract.

2.6. DPPH radical scavenging activity

The DPPH radical scavenging activity was estimated according to Sanchez-Moreno, Larrauri, and
Saura-Calixto (1998) with slight modifications. Briefly, 0.1 mL of the sample solution (at least 5
different concentrations were prepared for each extract/fraction) was mixed with 3.9 mL DPPHe
solution (64 uM or 2.5 x 102 g/L in methanol, prepared daily). After incubation for 2 h at room
temperature, the absorbance was measured at 515 nm with the Ultrospec 3000 pro UV-vis
spectrophotometer. L-ascorbic acid, BHT and a-tocopherol were used as reference standards. The
calibration curve made with DPPH+ between 4.15 x 102 and 4.15 x 10 ? g/L was used to calculate the
remaining concentration of DPPH« in the reaction medium. The ECs, value was calculated as the
concentration of sample or standard antioxidant (ug/mL) required to scavenge 50% of the DPPHe in

the reaction mixture.

2.7. Reducing power

The reducing power was measured as described by Benjakul, Visessanguan, Phongkanpai, and Tanaka
(2005). Fifty microliters of seaweed extract solution (0.1 mg/mL) were mixed with 250 pL of
phosphate buffer (0.2 M, pH 6.6) and 250 uL of 1% potassium ferricyanide [KsFe(CN)g]. After 30 min
incubation at 50 °C, 250 pL of 10% trichloroacetic acid was added and the mixture was centrifuged at
4500 g for 10 min. The supernatant (200 uL) was mixed with 40 pL of ferric chloride solution (0.1%)
and the absorbance was measured at 700 nm. The relative activity of the sample was calculated in
relation to the activity of ascorbic acid standards (0-200 ug/mL) and the results were expressed as mg

of ascorbic acid equivalents (ASE) per gram of extract.

2.8. Ferrous ion-chelating ability

The ferrous ion-chelating ability was determined according to the method of Decker and Welch (1990)
with minor modifications. One hundred microliters of sample solution (5 mg/ml) were mixed with 135
pL of distilled water and 5 pL of 2 mM FeCl,. The reaction was initiated by the addition of 10 pL of
5 mM ferrozine. After incubation for 10 min at room temperature, the absorbance was measured at
562 nm with a Tecan Sunrise microplate reader (Tecan Austria Gesellschaft, Salzburg, Austria).
Distilled water (100 pL) instead of sample solution was used as a control. Distilled water (10 pL)
instead of ferrozine solution was used as a blank. L-ascorbic acid, citric acid and EDTA-Na, were
used as reference standards. The ferrous ion-chelating ability was calculated as follows:

Ferrous ion-chelating ability(%) = [(Ao — (A1 — A2)J/A, x 100.
where A, was the absorbance of the control, A; was the absorbance of the sample or standard and A,

was the absorbance of the blank.



2.9. Isolation of mononuclear cells from whole blood

Mononuclear cells were isolated from the blood of human volunteers. Whole blood was collected in
BD Vacutainer® CPT cell preparation tubes containing sodium heparin (Becton, Dickinson and Co.,
Franklin Lakes, NJ, USA) and was immediately mixed by inverting the tubes 8-10 times. The blood
samples were then centrifuged at 1500 g for 15 min at room temperature (18-25 °C) to separate the
mononuclear cells as a whitish layer beneath the blood plasma. The cells were washed twice with cold
phosphate buffered saline solution containing calcium and magnesium salts, and suspended in Krebs-
Ringer bicarbonate buffer supplemented with glucose, pH 7.3 (KRG buffer). The number of cells
were counted using hematocytometer and the concentration was adjusted to 5 x 10° cells/ mL. The
percentage of various cells obtained using BD Vacutainer method was reported as 79% lymphocytes
and 12% monocytes (Data on file, Report no. R-88-99-QC-195, BD Vacutainer Systems, NJ, USA).

All human procedures were approved by the University of Florida Institutional Review Board.

2.10. Chemiluminescence method

Chemiluminescence (CL) technique (Gunnarsson et al., 2006) was used for detecting ROS produced
by PMA-stimulated human mononuclear cells. In this method, the reaction mixture contained 200 pL
of 51.2 mM isoluminol, 100 uL of 5 units HRP, 2.0 mL of Krebs-Ringer bicarbonate (KRG) buffer
and 200 pL of mononuclear cells (5 x 10° cells/ mL). The reaction was initiated using 200 uL. PMA
(10° M). Subfractions obtained from Sephadex LH-20 chromatography and ultra-filtration were
dissolved and diluted in water and added to the reaction mixture to a final concentration of 1.5 ug/ mL
reaction mixture and 2.4 ug/ mL reaction mixture respectively. The ability of the seaweed samples to
guench ROS was measured as CL using a LS-45 luminescence spectrometer (Perkin Elmer
Instruments, Waltham, MA, USA) at 25 °C. The area under the CL curve was calculated and
compared with a control containing only KRG buffer. The ROS scavenging ability of various

subfractions were measured by their ability to reduce the area under the CL curve.

2.11. HPLC-DAD-MASS analysis of the EtOAc fraction

HPLC separation was performed on a Hypercarb column (Thermo), 5 um 4.6 x150 mm. HPLC-DAD-
MASS was equipped with a quaternary pump (Spectra System P4000) and a diode array detector (UV
6000LP) coupled to an lon Trap Mass spectrometer (LCQ DECA XP Plus, Thermo Fisher Scientific)
with an electrospray source in negative mode. Chromatographic conditions: The mobile phase was a
binary solvent gradient system consisting of (A) HCOOH 0.05% and (B) CH3CN and a flow rate of
0.25 mL/min. The elution profile was as follows: Initial conditions were 5% of B. Isocratic elution
during five min. After that, solvent B was increased to 20% in 15 min, then linear for 15 min,
subsequently increased to 70% of B in 5 min and then linear for 10 min. Mass spectrometer conditions
were: Sheath gas flow rate was 45 units, voltage was 5.16 Kv and capillary temperature was 350 °C.
The EtOAc-soluble fraction was dissolved in MeOH (1 mg/mL).



2.12. Statistical analysis

Each extraction and fractionation experiment was replicated three times and analyses were performed
at least two times. Analysis of variance (ANOVA) was applied to the data using the Number Cruncher
Statistical Software, NCSS 2000 (NCSS, Kaysville, Utah, USA). Significant differences were
determined by one way ANOVA and Tukey-Kramer Multiple-Comparison Test was used to determine
the statistical difference between sample groups. Significance of differences was defined at the 5%
level (p<0.05).

3. Results and discussion

3.1. Effect of solvent type on the extraction of phlorotannins from F. vesiculosus

Based on our preliminary experiment (data not shown) and other studies, polar solvents are more
efficient at extracting phlorotannins than water and apolar solvents (Koivikko et al., 2005). Therefore,
the focus of the present study was to compare the extraction efficiency of various polar solvent
systems.

The type of solvent had an impact on the amount of TES (Table 1). In general, the yield decreased
with decreasing polarity of the solvent in the order of water, 50% EtOH, 80% MeOH, 80% EtOH,
70% acetone and 80% EtOAc. The highest TES was recorded for the hot water extract (37.8 £ 0.5)
whereas the lowest for 80% EtOAc extract (12.0 + 0.3).

The influence of the solvent type upon the extraction efficiency and selectivity of phlorotannins was
examined. In general, all the polar solvents were more efficient than water and the highest recovery
was obtained by using 70% aqueous acetone (Table 1). This is in agreement with the findings of
Koivikko et al. (2005) who reported that 70% aqueous acetone was the most efficient solvent for the
extraction of phlorotannin compounds from F. vesiculosus among eight extractants with different
polarities. Hot water extraction resulted in a significantly lower level of TPC than did cold water
extraction, which might be due to the thermal decomposition of some phlorotannin compounds at
elevated temperatures as well as a significant increase in the extraction of undesired concomitant
components. There was no clear relationship between the amount of TES and the TPC of the extracts.
The TPC of all solvent extracts of F. vesiculosus in the present study were higher than those reported
in the literature, including 70% acetone extract of F. vesiculosus from the Finnish Archipelago Sea (30
g PGE /100 g extract on dry weight basis) (Jormalainen, Honkanen, Vesakoski, & Koivikko, 2005)
and methanol extract (23.21 g PGE /100 g extract) from Atlantic coast of Canada (Zhang, Zhang, Shen,
Silva, Denis, & Barrow, 2006). It was also noted that the TPC values of both cold water and 70%
acetone extract were much higher than those reported in our earlier study, in which the sample was
collected in early spring (Wang et al., 2009). Significant seasonal fluctuations of TPC in brown fucoid
algae are well documented and the variations appear to be related to several environmental factors

such as light intensity, ultraviolet radiation and nutrient availability (Pavia & Toth, 2000; Swanson &
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Druehl, 2002). Higher TPC level generally occurs in summer and early autumn whereas lower amount
is observed during winter, supporting the important photo-protective roles of phlorotannins.

DPPH radical scavenging activity of various extracts was in the following order: 70% acetone > 80%
MeOH > 80% EtOH > 80% EtOAc > 50% EtOH > cold water (20°C) > hot water (70°C) (Table 1). It
was observed that the antioxidant activity of different extracts in DPPH assay was linearly correlated
with TPC level (data not shown).

Since 80% ethanol also showed considerable ability to extract phlorotannins from F. vesiculosus, the
use of ethanol would obviously be preferred over acetone and methanol for the extraction of food-

grade natural antioxidants. 80% EtOH extract was therefore chosen for further fractionation studies.

3.2. Total phlorotannin content and antioxidant activities of 80% ethanol extract and its solvent
fractions

The 80% EtOH extract was sequentially separated into four fractions, including the n-hexane-, EtOAc-,
n-BuOH-soluble fractions and the final aqueous residue, by liquid—liquid partition.

There were significant differences in TPC among 80% EtOH extract and its subsequent fractions. The
highest level of TPC was found in the EtOAc fraction with the value of 88.3 + 2.2 g PGE/ 100 g
extract. The crude extract, n-BuOH fraction and aqueous residue had the TPC values of 35.4 £ 0.2,
62.8 + 1.3, 12.0 £ 0.7 g PGE/ 100 g extract, respectively. The lowest TPC was observed for n-hexane
fraction (2.2 £ 0.2 g PGE/ 100 g extract). Ethyl acetate has been widely used to selectively extract
polyphenolic compounds of intermediate polarity from various plants (Mariod, Ibrahim, Ismail, &
Ismail, 2009; Parejo et al., 2002). The present study showed that it is also effective in
concentrating/enriching phlorotannins from the crude extract of F. vesiculosus.

As shown in Table 2, four fractions with different polarity scavenged DPPH radicals in a dose-
dependent manner over a concentration range of 2-20 ug/mL. The EtOAc-soluble fraction exhibited
the highest scavenging activity, followed by n-butanol fraction, while the aqueous residue and hexane
fraction were much less effective. The activity of EtOAc and n-BuOH fractions was comparable to the
commercial antioxidants, a-tocopherol, BHT and ascorbic acid. The reducing power of the
extract/fractions decreased in the same order of EtOAc fraction (757.7 £ 38.2 mg ASE/g) > n-BuOH
fraction (487.7 + 12.6 mg ASE/g) > 80% EtOH extract (324.8 £ 8.9 mg ASE/g) > aqueous residue
(109.3 £ 0.6 mg ASE/g). However, all the extract/fractions showed relatively similar chelating ability
of 34.7 £ 1.9%, 34.2 + 1.3%, 30.9 + 1.6% and 35.1 + 2.3% for the 80% EtOH extract, EtOAc and n-
BuOH fractions and aqueous residue, respectively.

In addition, positive correlations between TPC, DPPH radical scavenging activity and reducing power
were observed for the 80% EtOH extract and its solvent fractions based on Pearson correlation
analysis (data not shown), supporting our previous finding that phlorotannins are the major antioxidant

components present in F. vesiculosus (Wang et al., 2009). However, there was no relationship between



TPC and ferrous ion-chelating capacity and phlorotannins did not appear to be very effective metal

chelators.

3.3. Total phlorotannin content and antioxidant activities of Sephadex LH-20 chromatographic
subfractions

The EtOAc-soluble fraction, which possessed the highest TPC as well as the strongest DPPH
scavenging activity and reducing power, was further separated by Sephadex LH-20 column
chromatography to give six subfractions (LH-1 to LH-6).

Sephadex LH-20 gel has been widely used for the fractionation and purification of various groups of
phenolic compounds that occur in plants and marine algae (Amarowicz, Troszynska, & Shahidi, 2005;
Kantz & Singleton, 1990; Li, Qian, Ryu, Lee, Kim, & Kim, 2009). The separation is mainly based on
hydrogen bonding between phenolic OH- groups and the ether oxygen atoms of the crossing-linking
chain of the gel (Kantz et al., 1990; Shahidi & Naczk, 2004). The gel thus functions as a hydrogen
bond acceptor and the strength of adsorption depends upon the number of phenolic hydrogens per
molecule. Polymeric polyphenols containing many phenolic hydroxyl groups are retained more
strongly on the column than monomers and oligomers. Using appropriate eluent system allows
separation of non-polymeric and polymeric phenols based on hydrogen-bonding properties (Kantz et
al., 1990; Oberholster, 2008). In this study, phlorotannin oligomers were desorbed first from the gel by
aqueous methanol. Gradual desorption of polymeric phlorotannins was achieved by stepwise increase
in the acetone concentration of acetone—methanol elution mixture. The carbonyl oxygen of acetone has
been reported to serve as a strong hydrogen bond acceptor and enables displacement of complexed
polymeric phenols from Sephadex LH-20 column (Kantz et al., 1990; Jerez, Tourino, Sineiro, Torres,
& Nunez, 2007).

The relative yields of different Sephadex subfractions are shown in Table 3. Approximately 75.4 % of
algal material could be recovered after Sephadex LH-20 chromatographic separation. The majority of
the phlorotannin components in the EtOAc-soluble fraction were eluted from the column in the last
three subfractions and the percentage recovery was 12.7%, 46.2% and 18.9%, respectively. LH-5 was
found to be the most abundant fraction in mass while LH-1 was the least abundant. It can therefore be
assumed that phlorotannins in F. vesiculosus comprise mainly HMW polymers.

The subfractions LH-2 and LH-3 with higher TPC were found to possess better DPPH scavenging
activity (ECs value was2.79 and 2.82 ng/mL, respectively) than the other subfractions and the EtOAc
fraction itself (Table 3). The activity was comparable to those of the positive controls, ascorbic acid
(ECsp = 2.49 pg/mL) and BHT (ECso = 3.28 pg/mL), and was significantly higher than that of a-
tocopherol (ECso = 5.93 pg/mL) (Table 2). The TPC and DPPH quenching activity of subfractions
LH-4 to LH-6 were similar to that of the original EtOAc fraction, whereas subfraction LH-1 had
significantly lower TPC and weaker scavenging activity. Similar trends were observed with reducing

power and no direct relationship was found between TPC and metal chelating capacity. In general,
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there was no clear trend in antioxidant activity among oligomeric and polymeric subfractions, but the
differences in the reducing and DPPH scavenging activities appeared to be explained only by their
relative TPC levels. Phlorotannin oligomers and polymers did not seem to differ markedly in
antioxidant activity.

Unlike plant-derived polyphenols, the relationship between molecular structure and antioxidant
activity of brown algal phlorotannins is still poorly understood. Several lines of evidence indicate that
oligomeric and polymeric phlorotannins are more potent antioxidants than the monomer
phloroglucinol (Cerantola, Breton, Ar Gall, & Deslandes, 2006; Kim, Lee, Shin, & Lee, 2004; Nakai
et al., 2006). Oligomerization of phloroglucinol appears to be crucial for the radical scavenging
activity. However, research exploring the correlation between the antioxidant capacity and specific
structural features of phlorotannins has yielded contradictory findings. Cerantola et al. (2006) isolated
two types of structurally distinct phlorotannins from Fucus spiralis extracts and compared their DPPH
radical scavenging activity. The first polymer had relatively simple structure and belonged to the fucol
subclass, whereas the second one was more complex and linked through aryl-aryl and aryl-ether bonds,
thus belonged to the fucophlorethol subclass. Both phlorotannin compounds showed equally high
scavenging activity in comparison to ascorbic acid and phloroglucinol monomer, indicating that there
was no clear association between the type of structural linkages and radical scavenging activity of
phlorotannins. On the other hand, several other studies showed that the presence of O-bridge linkages
(ether linkages) and the number and arrangement of phenolic hydroxyl groups in phlorotannin
skeleton have profound influence on the antioxidant property. The extraordinary antioxidant potential
of specific phlorotannin compounds extracted from Ecklonia species such as E. cava and E.
stolonifera has been ascribed to their unique dibenzo-1,4-dioxin unit in the molecular skeleton (Li et
al., 2009; Shin, Hwang, Kang, & Lee, 2006). In another study, several oligomeric phlorotannins such
as eckol, phlorofucofuroeckol A, dieckol and 8,8'-bieckol were found to possess varying degrees of
scavenging capacity against DPPH and superoxide anion radicals, which was assumed to be related to

the number of hydroxyl groups attached to the eckol skeleton (Shibata et al., 2008).

3.4. Total phlorotannin content and antioxidant activities of different molecular weight subfractions
Currently, little information is available concerning the MW distribution of phlorotannins in F.
vesiculosus as well as the relationship between MW and antioxidant activity. In this study, EtOAc-
soluble fraction was sequentially fractionated through ultra-filtration membranes to yield five
subfractions: > 100 kDa, 100-30 kDa, 30-10 kDa, 10-5 kDa and < 5 kDa. The antioxidant activity of
different subfractions was evaluated by the methods described above.

Subfraction with MW > 100 kDa was found to be the most abundant and represented about 73.9% of
the total amount recovered, indicating that highly polymerized phlorotannins are the largest pool of
phenolic compounds in F. vesiculosus. The yields of subfractions 5-10 kDa and 10-30 kDa were

significantly lower than the other subfractions (Table 4). This is consistent with a recent study
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showing that the EtOH extract of F. vesiculosus was composed of mainly HMW phlorotannin
polymers, around 83% of which having a MW of more than 50 kDa (Zaragoza et al., 2008).

As summarized in Table 4, subfractions containing high TPC such as 10-30 kDa, 30-100 kDa and 5—
10 kDa, generally exhibited strong DPPH radical scavenging activity and reducing power. There also
seemed to be no clear relationship between the molecular size of phlorotannin compounds and in vitro

antioxidant activity.

3.5. Chemiluminescence assay for the detection of reactive oxygen species

The ability of different subfractions obtained from sequential ultra-filtration and Sephadex LH-20 gel
chromatography, to scavenge ROS produced by stimulated human mononuclear cells was studied
using an isoluminol-enhanced CL method. The antioxidant activity of the algal samples were
measured by their ability to quench ROS (or chromogenic radicals) as reflected by a decrease in
chemiluminescence signal. At a concentration of 2.4 pg/mL, all the ultra-filtered subfractions showed
a significantly high (p<0.05) ability to scavenge ROS compared to the control (Figures 2). The
average ROS quenching ability appeared to increase with a decrease in MW, but the difference was
not statistically significant (p>0.05). Although no study has been performed to assess the ROS
scavenging ability of algal phlorotannins in mononuclear cell-based bioassay system, the ability of low
MW compounds to quench PMA-induced ROS was also reported by Raghavan, Kristinsson, and
Leeuwenburgh (2008) while studying tilapia protein hydrolysates. They reported a higher potential for
25% hydrolyzed proteins (fractions with lower MW) compared to 15% and 7.5% hydrolyzed proteins
(high MW proteins) to inhibit PMA-induced CL. The chemiluminescence quenching ability of
different MW subfractions was however not reflected in their DPPH radical scavenging activity,
reducing power and iron chelating ability (Table 4).

All the gel filtration subfractions also exhibited quenching of PMA induced isoluminol CL (Figure 3).
Among the various subfractions, LH-2, LH-5 and LH-6 exhibited significant (p<0.05) CL quenching
at 1.5 ug/ mL and LH-1 at 3.0 ug/ mL concentration. In accordance with the chemical antioxidant
tests, oligomeric and polymeric subfractions did not seem to differ markedly with respect to ROS
scavenging ability in mononuclear cells, although these subfractions exhibited different reactivity

pattern in different antioxidant assays.

3.6. HPLC-DAD-MASS analysis of the EtOAc faction

In order to gain preliminary information on the major composition of phluoroglucinol units in F.
vesiculosus extract, HPLC-DAD-MASS analysis was carried out on the phlorotannin-enriched EtOAc
fraction. The phlorotannin components identified by HPLC-DAD-MASS were mainly oligomers or
polymers with MW < 2 kDa. The results of full mass chromatogram showed that these LMW
oligomers or polymers in the EtOAc fraction was composed by units of phloroglucinol (1,3,5-
trihydroxybenzene) from 3 (3PL) to 6 (6PL) units. The phlorotannins with 4 (4PL) to 5 (5PL) units
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were the most abundant, accounting for 83% of the total phlorotannins identified (data not shown).
The bond nature between the monomer units can be C-C or C-O (ether bridges). However, the
presence of phloroglucinol monomer was not detected.

4. Conclusions

This study provides initial evidence on the antioxidant activity and possible health benefits of F.
vesiculosus extract/fractions. The phlorotannin-enriched EtOAc fraction showed the highest reducing
and DPPH scavenging capacities among the crude extract and different polarity fractions. High
correlations were observed between TPC, DPPH scavenging and reducing capacity, suggesting that
phlorotannins are the major antioxidant principles in F. vesiculosus. Subfractions rich in oligomeric
and polymeric phlorotannins exhibited potent DPPH scavenging activity, comparable to or even
higher than several commercial antioxidants. There were no clear correlations between degree of
polymerisation, molecular size and chemical antioxidant activities. Moreover, all the subfractions
exhibited similarly high scavenging activity towards ROS produced by stimulated human
mononuclear cells. Further isolation and structure elucidation of phlorotannin compounds present in
different subfractions are needed for a deeper understanding of the mechanisms behind the high
antioxidant effects observed herein.
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Figures Captions

Figure 1. Flow diagram for extraction and fractionation of phlorotannins from F. vesiculosus

Figure 2. Effect of ultra-filtered subfractions on PMA stimulated chemiluminescent emission of
freshly prepared human mono-nuclear cells. The concentration of cells used for this assay was 5 x 10°
cells/ mL. The reaction was started using 5 units of HRP. The samples were added at a final
concentration of 2.4 pg/ mL of reaction mixture. See the method section for more details. ROS
scavenging activity of the samples was measured by their ability to reduce the area under the

chemiluminescence curve.

Figure 3. Effect of Sephadex subfractions on PMA stimulated chemiluminescent emission from
human mono-nuclear cells. The concentration of cells used for this assay was 5 x 10° cells/ mL. The
reaction was started using 5 units of HRP. Subfractions LH-2 to LH-6 were added at a final
concentration of 1.5 pg/ mL of reaction mixture, and LH-1 was tested at 3.0 pg/ mL concentration
level. See the method section for more details. ROS scavenging activity of the samples was measured

by their ability to reduce the area under the chemiluminescence curve.
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Table 1 Total extractable substances (TES), total phlorotannin content (TPC) and DPPH ECs, (ng/mL)
of different extracts from F. vesiculosus

Extractant TESY TPC? DPPH?

(9 /100 g) (g PGE/100 g) ECso (ug/mL)
Water (20°C) 244+0.6" 26.3+0.2° 11.61 + 0.59°
Water (70°C) 37.8+05° 18.0 0.3 24.04 +0.70°
80% MeOH 22.9+0.4° 37.4+06° 7.54 + 0.36"
80% EtOAC 12.0+0.3° 36.5+0.7™ 8.28 + 0.39%
80% EtOH 21.3+05° 35.4+0.2° 7.92£0.11%
50% EtOH 23.1+03° 32.2+0.3¢ 8.76 + 0.29°
70% acetone 20.2+0.9° 39.3+05° 7.32+0.17°

Each value is expressed as means £ S.D. (n = 3).

Values in the same column followed by different superscript letters are significantly different (P < 0.05).
Y TES, g dried extract/100 g dried algal powder.

2 TPC, g phloroglucinol equivalents (PGE) /100g extract.

%) ECg, concentration of extract (ug/mL) required to scavenge 50% of the DPPH« in the reaction mixture.
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Table 2 DPPH radical scavenging activity of different solvent fractions of F. vesiculosus compared

with standard antioxidants

Inhibition percentage (%)

Fractions ECsp (ng/mL)
2 (ug/mL) 5 (ug/mL) 10 (ug/mL) 16 (ug/mL) 20 (pg/mL)
n-Hexane 46+03" 11.5+1.0° 218+06" 334x04" 39.1+14" 30.12+290°
Ethyl acetate 36.1+12" 640+05° 844+02° 942+05° 953+07®  3.76+0.22°
n-butanol 25308 52708  79.7+14° 897+07° 926+06°  4.77+0.25°
Aqueous residue 5203  126+09° 239+1.0° 360£08  439+1.9° 23.92+0.89"
BHT 31.0+04° 636£02° 854+01° 932%£03° 954%03*  3.28+0.09°
o-tocopherol 153+0.3° 422+06" 824+04° 952+03" 957+02°  593+0.04°
L-ascorbic acid 38.0+0.74 95.0%0.3" 96.8 +£0.2° 97.3+0.4° 97.6 + 0.6° 2.49 + 0.06°

Each value is expressed as means £ S.D. (n = 3).

Values in the same column followed by different superscript letters are significantly different (P < 0.05).

19



Table 3 Relative yields, total phlorotannin content (TPC) and antioxidant activities of different

Sephadex subfractions from EtOAc fraction of F. vesiculosus

Subfractions Relative yields TPC DPPH Fe?* chelating  Reducing power

(%) ? (gPGE/100g)  ECs (ug/ml) ability (%) (mg ASE/g)?
LH-1 7.3+1.3° 82.7 £ 1.5° 423+0.17° 465+ 1.4° 760.3 + 63.9°
LH-2 7.5+ 0.5 96.6 + 0.9° 2.79 + 0.05° 28.5+0.4° 790.3 + 61.3°
LH-3 7.4+0.9° 97.0+0.7° 2.82 +0.03° 305+ 0.8% 822.3 +29.2°
LH-4 12.7+0.3° 85.0 + 0.9% 3.89 +0.07° 323+1.1° 717.8 + 56.4°
LH-5 46.2 + 2.4° 91.3+2.4° 3.50 +0.13° 38.0+05° 785.8 + 77.1°
LH-6 18.9 +2.0° 87.5+ 1.2 3.71+0.07™ 419+18° 780.5 + 82.1°
Total % recovery ? 754+1.3

Each value is expressed as means £ S.D. (n = 3).

Values in the same column followed by different superscript letters are significantly different (P < 0.05).

Y Total % recovery from 300 mg of EtOAc fraction loaded on the Sephadex LH—20 column.

% Relative yields are expressed as (%) weight of individual freeze-dried subfraction.

% ASE, ascorbic acid equivalents.
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Table 4 Relative yields, total phlorotannin content (TPC) and antioxidant activities of different MW

subfractions from EtOAc fraction of F. vesiculosus

Subfractions  Relative yields TPC DPPH Fe?* chelating  Reducing power
(%) (g PGE/100g) ECs (ng/mL) ability (%) (mg ASE/g)

> 100 kDa 739+ 1.6° 87.8+23° 3.80 +0.13° 451+ 1.0° 881.3 £ 40.2°

100-30 kDa 9.6+0.6" 95.4 +1.3° 3.58 £ 0.07° 476+ 1.3 899.0 + 38.0°

30-10 kDa 3.3+0.3° 97.0+ 15" 3.07 £ 0.04° 36.6+ 1.8 910.7 + 27.5°

10-5 kDa 2.7£0.2° 94.8+05° 2.91+0.09° 33.7+0.6" 822.0 £ 40.3*

<5 kDa 10.4 £0.9° 83.1+1.8° 3.62+0.11° 25.1+0.2° 734.0 £ 43.0°

Each value is expressed as means £ S.D. (n = 3).

Values in the same column followed by different superscript letters are significantly different (P < 0.05).
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Abstract

The effects of F. vesiculosus extract and fractions towards haemoglobin- (Hb-) catalysed lipid
oxidation in washed cod muscle system and cod protein isolates during ice storage were examined.
The extract and fractions were characterised in terms of total phlorotannin content (TPC), 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity, ferrous ion-chelating ability and
reducing power. Progression of oxidation was followed by determining rancid odour, thiobarbituric
acid reactive substances (TBARS), redness and volatile oxidation compounds by gas chromatography
(GC). In both washed cod muscle and protein isolates, phlorotannin-enriched ethyl acetate (EtOAC)
fraction showed higher inhibitory effect than crude 80% ethanol (EtOH) extract. The addition of
oligomeric phlorotannin-rich subfraction (LH-2) separated by Sephadex LH-20 chromatography,
completely inhibited the initiation of lipid peroxidation in both systems throughout the entire study
period (8 days). Its effectiveness at 300 mg/kg level was comparable to that of 100 mg/kg propyl
gallate (PG), a highly effective synthetic antioxidant in muscle foods. Although polymeric
phlorotannin-rich subfraction (LH-5) had similar level of TPC and chemical antioxidant activities as
oligomeric subfraction LH-2, it was far less efficient in model systems. These results suggest that
other factors rather than the intrinsic reactivity toward radicals could be responsible for the inhibitory
effect of phlorotannins on lipid oxidation in fish muscle. This study highlights the great potential of

oligomeric phlorotannins as novel natural antioxidants in fish and fish products.

Keywords: Fucus vesiculosus; phlorotannins; antioxidant; lipid oxidation; haemoglobin; washed cod

muscle; cod protein isolates



1. Introduction

In recent years, there has been a growing interest in the use of natural phenolic antioxidants to enhance
the oxidative stability, maintain or improve the intrinsic quality and nutritional value of seafood
products (Lee, Krueger, Reed, & Richards, 2006a; Pazos, Gallardo, Torres, & Medina, 2005; Sanchez-
Alonso, Borderias, Larsson, & Undeland, 2007). The antioxidant effects of various plant extracts as
well as individual phenolic compounds have been evaluated and tested in different fish model systems.
Green tea and tea catechins were reported as excellent antioxidants toward lipid oxidation in a cooked
ground mackerel model system (He & Shahidi, 1997). The antioxidant effects of tea catechins were
comparable to or even better than those of synthetic antioxidants, butylated hydroxyanisole (BHA),
butylated hydroxytoluene (BHT) and tert-butylhydroxyquinone (TBHQ) and the natural antioxidant a-
tocopherol. A flavonol-enriched fraction produced from cranberry juice powder and white grape
dietary fibre concentrate were also found to provide excellent protection against Hb-induced lipid
oxidation in washed cod muscle model (Lee et al., 2006a; Sanchez-Alonso et al., 2007). Medina,
Gallardo, Gonzalez, Lois, and Hedges (2007) studied the antioxidant potency of two different families
of phenolic compounds, hydroxycinnamic acids and catechins in chilled minced horse mackerel
muscle. Caffeic acid was found to be the most effective in preventing oxidative rancidity and the
antioxidant potency was highly related to its ability to donate electrons.

Marine algae are emerging as a viable and plentiful source of natural antioxidants with remarkable and
diverse claims for health-promoting properties. A number of potent antioxidant compounds have been
isolated and identified from different types of seaweeds, including phlorotannins, sulphated
polysaccharides, carotenoid pigments such as fucoxanthin and astaxanthin, sterols, catechins and
mycosporine-like amino acids (MAAs) (Miyashita & Hosokawa, 2008; Rupérez, Ahrazem, & Leal,
2002; Yuan, Westcott, Hu, & Kitts, 2009). Algal polyphenols, especially phlorotannins
(polyphloroglucinol phenolics) derived from brown algae have recently become a focus of intensive
research due to their superior antioxidant properties. Several phlorotannin oligomers including eckol,
phlorofucofuroeckol A, dieckol and 8,8'-bieckol were isolated from the Japanese Laminariaceous
brown algae Eisenia bicyclis, Ecklonia cava and Ecklonia kurome and exhibited noteworthy
antioxidant activities against DPPH and superoxide anion radicals, which were around 2 to 10 times
more effective than catechin, a-tocopherol and ascorbic acid (Shibata, Ishimaru, Kawaguchi,
Yoshikawa, & Hama, 2008). However, most of these studies have mainly focused on pharmaceutical
and biomedical applications. There is lack of information about the antioxidant effects of algal
polyphenols in food systems, especially muscle foods. Moreover, the antioxidant properties of some
seaweed extracts or purified phlorotannin compounds have, so far, only been characterised using
simple and fast in vitro tests. Many of these assays such as DPPH and ORAC monitor scavenging
activity against a single target radical under certain reaction conditions which are not relevant to real

food systems (Frankel, 2007; Frankel & Meyer, 2000). Therefore, these chemical antioxidant assays

3



cannot be expected to adequately predict the efficacy of algal polyphenols in complex muscle foods
where multiple oxidation reactions may occur simultaneously and not only the intrinsic antioxidant
property but also the physical location and orientation of antioxidant are important and decisive for the
antioxidant effectiveness.

A well-designed model system comprised of washed fish muscle and added Hb as oxidation catalyst is
being widely employed for oxidation study of fish muscle (Decker, Warner, Richards, & Shahidi,
2005; Richards & Hultin, 2000). It has intact myofibrillar proteins and membranes which closely
resembles the physical structure of fish muscle. Compared with other model systems such as bulk oil,
emulsions or microsomes, the performance of candidate antioxidant in washed fish model can provide
more accurate predictions of its antioxidant effectiveness in real fish muscle system.

The production of protein isolates with improved stability and functionality from fish by-products and
low value underutilised fish species are of great interest in the fish industry. Although different
amount of membrane lipids can be removed during acid- and alkali-aided protein isolation, the
residual membrane phospholipids still readily undergo oxidation in the presence of strong prooxidants
like Hb, which limits their effective utilisation for surimi production and as injection or tumbling
marinades to improve water holding capacity of fish fillets (Nolsge & Undeland, 2009; Raghavan &
Hultin, 2009). The use of seaweed derived antioxidants may offer a novel approach to enhance the
oxidative stability of fish protein isolates.

Our recent screening study of ten species of common Icelandic seaweeds indicated that F. vesiculosus
had the highest TPC, the greatest scavenging activities against DPPH and peroxyl radicals as well as a
moderate ferrous ion-chelating ability (Wang, Jonsdottir, & Olafsdottir, 2009). A parallel study
showed that phlorotannins are the main contributors to the antioxidant activity of F. vesiculosus.
Oligomeric and polymeric phlorotannin-rich fractions had similar DPPH scavenging activity, which
was comparable to or even higher than the commercial antioxidants (unpublished data). The
information about the antioxidant effect and specific mechanism of F. vesiculosus extract in fish
model is greatly needed in order to justify its potential application to improve the oxidative stability of
fish muscle and fish protein based products. Therefore, the objective of the present study was to
evaluate the ability of F. vesiculosus extract and fractions to prevent Hb-mediated lipid oxidation in a
washed cod model system and cod protein isolates, to evaluate the contribution of phlorotannins to the
overall antioxidant effect of the crude extracts and to gain a basic understanding of how intrinsic

antioxidant characteristics, molecular size may influence their antioxidant effectiveness.

2. Materials and methods

2.1. Materials
The brown algae (Phaeophyta) Fucus vesiculosus (Linnaeus) was collected in Hvassahraun coastal

area nearby Hafnarfjordur, southwestern Iceland on October 15th, 2008. The seaweeds were washed
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with clean seawater to remove epiphytes and sand attached to the surface and transported to the
laboratory. The samples were carefully rinsed with tap water. Small pieces were cut and then freeze-
dried, pulverised into fine powder and stored in tightly sealed polystyrene containers at —20 °C prior to
extraction.

Fresh cod (Gadus morhua) fillets used for the preparation of washed cod model and protein isolates
were obtained iced from Marland Ltd. (Reykjavik, Iceland) within 24-48 h from time of catch.
Freshness was considered to be good to excellent based on odour and appearance. The fillets were
skinned and all dark muscle, blood spots and excess connective tissue was removed. The white muscle

was minced in a grinder (plate hole diameter 4.5 mm).

2.2. Chemicals
All the solvents used were of HPLC grade. All of the chemicals were of analytical grade and obtained
from Sigma-Aldrich (St. Louis, MO, USA), Fluka (Buchs, Switzerland) or Sigma—Aldrich (Steinheim,

Germany).

2.3. Preparation of F. vesiculosus extract and fractions

The preparation procedures of F. vesiculosus extract and fractions were based on the parallel study
(unpublished data). Briefly, forty grams of dried algal powder were extracted with 200 ml 80% EtOH
in a platform shaker for 24 h at 200 rpm and at room temperature. The mixture was centrifuged at
2500 g for 10 min at 4 °C and filtered. The filtrate was concentrated in vacuo to a small volume and
the residue was suspended in a mixture of methanol (MeOH) and water (40:30, v/v) and partitioned
three times with n-hexane, EtOAc and n-butanol successively. The EtOAc soluble fraction, which
exhibited the highest TPC, DPPH scavenging activity and reducing power (unpublished data), was
subjected to gel filtration on a Sephadex LH-20 column and eluted stepwise with solvent systems of
decreasing polarity, yielding six subfractions: LH-1 (50% aqueous MeOH, v/v), LH-2 (75% aqueous
MeOH, v/v), LH-3 (pure MeOH), LH-4 (MeOH/acetone 5:1, v/v), LH-5 (MeOH/acetone 3:1, v/v) and
LH-6 (MeOH/acetone 1:1, v/v). The solvent in each subfraction was evaporated to dryness under
reduced pressure. The preparation was repeated three times. All the extract and fractions were
lyophilised and stored in air-tight containers at -20 °C until further use.

Following extract and fractions were chosen for model studies: crude 80% EtOH extract,
phlorotannin-enriched EtOAc fraction, Sephadex subfraction LH-2 which was rich in phlorotannin
oligomers and LH-5 which was rich in phlorotannin polymers were used in washed cod model. Instead

of the 80% EtOH extract, two more subfractions LH-3 and LH-6 were tested in cod protein isolates.

2.4. Partial characterisation of F. vesiculosus extract and fractions

2.4.1. Total phlorotannin content



The total phlorotannin content (TPC) of F. vesiculosus extract/fractions was determined by the Folin—
Ciocalteu method described by Koivikko, Loponen, Honkanen, and Jormalainen (2005). Results were
expressed as g phloroglucinol equivalents (PGE) per 100 g of extract.

2.4.2. DPPH radical scavenging activity

The DPPH radical scavenging activity was estimated according to the method of Sanchez-Moreno,
Larrauri, and Saura-Calixto (1998). The ECs, value was calculated as the concentration of sample
(ng/ml) required to scavenge 50% of the DPPH?e in the reaction mixture.

2.4.3. Ferrous ion-chelating ability

The Ferrous ion-chelating ability was measured according to Decker and Welch (1990). All the
extract/fractions were tested at a concentration of 5 mg/ml.

2.4.4. Reducing power

The reducing power was determined by the method of Benjakul, Visessanguan, Phongkanpai, and
Tanaka (2005). Results were expressed as mg of ascorbic acid equivalents (ASE) per gram of sample.
2.4.5. Partitioning of F. vesiculosus fractions in fish oil/water system

The partitioning of F. vesiculosus fractions between fish oil and water was determined according to
Lee, Reed, and Richards (2006b) and Pazos et al. (2005) with minor modifications. Briefly, 1ml of
fish oil and 1 ml of distilled water containing F. vesiculosus fractions were vigorously vortexed twice
for 30 s and centrifuged at 400 g for 20 min. The aqueous phase was transferred into an Eppendorf
centrifuge tube and centrifuged again at 400 g for 20 min. The TPC in the aqueous phase before and
after vortexing was measured. The partitioning of each fraction between fish oil and water was

expressed as the percentage of PGE in the aqueous phase out of the total PGE before mixing.

2.5. Bleeding of fish, preparation of hemolysate and quantification of haemoglobin

Farmed Arctic char (Salvelinus alpinus) obtained from the Department of Aquaculture at Holar
Agricultural College (Hélar, Iceland) were anesthetised in phenoxy ethanol (0.5 g/l) for 3 min. The
fish was held belly up and 1 ml of blood drawn from the caudal vein with a disposable syringe,
preloaded with 1 ml of 150 mM NaCl and sodium heparin (30 units/ml).

Hemolysate was prepared within 24 h of blood collection according to the method of Richards et al.
(2000). The heparinised blood was washed with four volumes of ice cold 1.7% NaCl in 1 mM Tris, pH
8.0. The plasma was removed by centrifugation at 700 g for 10 min at 4 °C. The red blood cells were
then washed three times with ten volumes of the same buffer and centrifuged between washes as
before. The cells were lysed in three volumes of 1 mM Tris, pH 8.0, for 1 h. The stroma was removed
by adding one-tenth volume of 1 M NaCl before final ultracentrifugation at 28000 g for 15 min at 4 °C.
All materials and samples were kept on ice during preparation. The hemolysate was stored at -80 °C
until use.

The concentration of Hb was determined by the HemoCue system of plasma/low Hb microcuvettes

and photometer (Hemocue, Angelholm, Sweden), using a method based on Vanzetti’s reagents and
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spectrophotometric determination of azide-methaemoglobin complexes at 570 nm (JOnsdottir,
Bragadottir, & Olafsdottir, 2007). A standard curve with serial bovine Hb solution (ranging from 0-70
umol/l) was used for calibration. Samples and standards were diluted with 50 mM tris buffer (pH 8.6).

2.6. Washed cod muscle

Minced cod muscle was washed based on the method of Richards et al. (2000). All materials and
samples were kept on ice during preparation. The mince was washed twice with Milli-Q water (1:3,
w/w) and once with 50 mM sodium phosphate buffer (1:3, pH 6.3). The washed mince was

immediately frozen and kept at -80 °C until used.

2.7. Preparation of cod protein isolates by alkaline solubilisation and isoelectric precipitation

Cod protein isolates were prepared as described by Kristinsson, Theodore, Demir, and Ingadottir
(2005) with some modifications. The minced muscle tissue was homogenised in six volumes of cold
Milli-Q water. The pH of the homogenate was adjusted to 10.8 to solubilise the protein and incubated
at 4 °C for 30 min. The insoluble material was removed by filtration through cheesecloth. The pH of
the homogenate was then adjusted to 5.5 to precipitate the myofibrillar protein. The precipitated
protein was dewatered on a plastic sieve lined with cheesecloth and excess water was squeezed out
manually. The final pH of protein isolates was adjusted to 7.0 and moisture content to 80%. Samples
was immediately frozen and kept at -80 °C. Centrifugation step was eliminated from the protocol to

maximise the amount of phospholipids available for oxidation.

2.8. Preparation of oxidation systems

The oxidation systems were prepared according to Richards et al. (2000) and Undeland, Kristinsson,
and Hultin (2004). The washed cod model and the cod protein isolates were thawed under cold
running tap water and adjusted to pH 6.3 with 1 M HCI and/or 1 M NaOH. Streptomycin sulphate
(200 mg/kg) was added to the model to prevent microbial spoilage. Seaweed extract and fractions
were added at a concentration of 300 mg/kg model based on preliminary studies (data not shown).
Propyl gallate (PG) was at 100 mg/kg. Fifty percent aqueous EtOH (v/v) was used as carrier solvent
for both seaweed samples and PG. The carrier comprised 1.0% of the final sample weight. The
moisture content of all the samples was standardised to 85% for washed cod model and 81% for cod
protein isolates with 50 mM sodium phosphate buffer (pH 6.3). An appropriate volume of hemolysate
from Arctic char was added to a final concentration of 20 pmol Hb per kg mince to induce oxidation.
In addition to the blank sample without Hb, a control sample containing the same concentration of
EtOH without any added antioxidants was also included to minimise possible solvent effects.

For each sample group, approximately 25 g of the model was weighed and spread evenly at the bottom

of 250 mL Erlenmeyer flasks (bottom diameter 80 mm) using an L-shaped stainless-steel spatula.



Each sample and blank was prepared in duplicate. The capped sample bottles were stored on ice inside

a refrigerator (1-3 °C) for up to 8 days.

2.9.pH
The pH was measured with an Ag/AgCIl combination electrode connected to a pH meter (Radiometer
model PHM80, Radiometer, Copenhagen, Denmark). The pH of samples was determined after mixing

1 part of mince with 9 parts of Milli-Q water with a magnetic stirrer.

2.10. Measurement of redness (a*)

Changes in redness (a*) of samples and blank were monitored during ice storage. The colour was
measured by a Minolta CR-300 Chroma meter (Minolta Camera Co., Ltd., Osaka, Japan) as described
by Jénsdottir et al. (2007).

2.11. Thiobarbituric Reactive Substances (TBARS)

Samples were taken periodically according to the procedure described by Undeland et al. (2004).
Sample plugs (~1 g) of the model were taken from the Erlenmeyer flasks with the aid of a plastic
cylinder (diameter = 10 mm). The sample-plugs were transferred to Eppendorf centrifuge tubes and
stored at -80 °C until measured. TBARS were determined according to direct extraction method
(Serensen & Jagrgensen, 1996). TBARS values, expressed as umol malondialdehyde per kg of sample
(umol MDAV/Kg), was calculated using a standard curve prepared from 1,1,3,3 tetraethoxypropane
(TEP).

2.12. Sensory analysis

Four to five trained panelists evaluated the odour of the samples by sniffing the head space of the
Erlenmeyer flasks. The panelists had several years of experience in evaluating rancidity of fish and
fish oils.

Prior to the model study, two sessions were held for training to identify the rancid odour by using Hb
treated cod muscle model samples with different storage time on ice. Typical overall rancid odour that
develops is complex and can be described like dried fish like, oxidised cod liver oil and painty or grass
like odour. The intensity of the overall rancid odour for a given sample was discussed under the
guidance of the panel leader by using an unscaled line (100 mm long) from O to 100. 0-10 indicated
not detectable, 10-20 borderline, 20-30 detectable, 30-40 moderate, 40-50 considerable, 50-100
dominant. Reference samples were prepared from almost odourless soybean oil containing 2.5% and
10% oxidised cod liver oil and used to establish a borderline and the point of considerable rancidity on
the scale.

Sensory evaluation was conducted under standardised conditions. The testing area was illuminated

with a red light bulb to mask subtle colour differences between samples. Capped samples were
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allowed to rest for 45 min on ice between panelists’ sessions, in order to recover equilibrium in the

headspace of the samples.

2.13. Volatile compounds by GC

Volatile compounds were analysed in the control (Hb) group, 80% EtOH extract and EtOAc fraction
in the washed cod model system after 0, 1, 3 and 4 days of storage and in control (Hb), LH-2 and LH-
5 subfractions in cod protein isolates, after 0, 2 and 4 days of storage.

Sample of washed cod model or isolate model was weighed (4.5 — 5.0 g) into a 5 ml sealed vial for
headspace Solid Phase Microextraction (HS-SPME) / Gas Chromatography analysis (GC-O and GC-
FID). Heptanoic acid ethyl ester was added as an internal standard to the sample by adding 0.5 ml of
10 pl/1 aqueous solution of the standard. Duplicate analyses of each sample were performed. Samples
were kept at 25 °C for about 15 min before sample collection and the headspace volatiles collected for
40 min. Separation, identification and quantification of volatile compounds collected by the SPME
technique was done by combined GC-O and GC-FID analysis as described earlier (Jonsdottir et al.,
2007). Gas Chromatography-Mass Spectrometry (GC-MS) was used to confirm the identity of
volatiles but not for quantification. Prior to GC-MS, the sample (4.5 — 5.0 g) was dissolved in equal
amount of saturated aqueous NaCl solution into a 250 ml round bottom flask. Heptanoic acid ethyl
ester was added as an internal standard to all samples by adding 0.5 ml of 10 ul/lI agueous solution of
the standard. The sample was purged at room temperature with nitrogen at about 100 ml/min for 2.5 h
(15 1). Volatiles were collected on Tenax 60/80 for combined ATD 400 and GC-MS measurements as
described earlier (Jonsdottir et al., 2007).

2.14. Fatty acid profile of the washed cod muscle and cod protein isolates

The fatty acid composition of the washed cod muscle and cod protein isolates was determined by gas
chromatography. Total lipid was extracted according to the method of Bligh and Dyer (1959). The
methylation of fatty acids was carried out according to the AOCS (1998). The fatty acid methyl esters
(FAME) were analysed using a Varian 3900 GC (Varian, Inc., Walnut Creek, CA, USA) equipped
with a fused silica capillary column (HP-88, 100m X 0.25mm X 0.20 um film, Agilent Technologies)
and flame ionisation detector fitted with Galaxie Chromatography Data System, Version 1.9.3.2
software. The programme is based on AOAC (2000). Individual fatty acids were identified by
comparison of their retention times with authentic standards. Results were expressed as percentages of

the total fatty acid methyl esters.

2.15. Data analysis
The panelists’ performance was analysed using PanelCheck V1.3.2 (www.matforsk.no/panelcheck).
At each sampling, the samples were presented as averages over panelists’ scores. To illustrate sample

variation, the range between maximum and minimum values was used.



All other experiments were replicated two to three times (n = 2 — 3), and analyses were performed
between two and six times (a = 2 — 6). Analysis of variance (ANOVA) was applied to the data using
the Number Cruncher Statistical Software, NCSS 2000 (NCSS, Kaysville, Utah, USA). Significant
differences were determined by one way ANOVA and Tukey-Kramer Multiple-Comparison Test was
used to determine the statistical difference between sample groups. Significance of differences was
defined at the 5% level (p<0.05).

3. Results

3.1. Partial characterisation of F. vesiculosus extract and fractions

The F. vesiculosus crude extract and fractions used in the model studies were assessed for TPC, DPPH
radical scavenging activity, ferrous ion-chelating ability and reducing power. The partitioning
behaviour of Sephadex subfractions was studied in fish oil/water system.

The crude 80% ethanol extract had a TPC value of 35.4 g PGE/ 100 g extract (Table 1). After solvent
partitioning, most of the phlorotannin constituents were effectively enriched in the EtOAc fraction
(88.3 g PGE/ 100 g extract). Among the four Sephadex subfractions, LH-2 and LH-3 contained the
highest level of TPC while the lowest amount was found in LH-6. Consistent with the TPC assay,
EtOAc fraction was 2.1 times more effective at scavenging DPPH radicals than the crude extract.
Subfraction LH-2 (ECsp = 2.79 pg/ml) and LH-3 (ECso = 2.82 pg/ml) showed significantly higher
DPPH scavenging activity than the other subfractions and the original EtOAc fraction. The activity
was comparable to those of the positive controls, L-ascorbic acid (ECsy = 2.5 pg/ml) and BHT (ECs =
3.3 ug/ml), and was significantly higher than that of a-tocopherol (ECsp = 5.9 ug/ml). Similar trends
were observed with reducing power. With regard to ferrous ion-chelating ability, all the F. vesiculosus
extract and fractions (at 5 mg/ml) exhibited higher capacity than those of L-ascorbic acid (8.2% at
20 mg/ml) and citric acid (21.5% at 5 mg/ml), but was much lower than that of the potent metal
chelator, EDTA-Na, (99.8% at 0.05 mg/ml).

Sephadex LH-20 gel has been widely used for the fractionation and purification of different groups of
phenolic compounds from various plant and algal materials. By using appropriate eluent system,
Sephadex LH-20 column can also be employed to separate non-polymeric and polymeric phenols
(Kantz & Singleton, 1990; Shahidi & Naczk, 2004). Based on the separation principle and
chromatographic behaviour of phlorotannin compounds in different subfractions by TLC (unpublished
data), LH-2 and LH-3 were composed mainly of phlorotannin oligomers while LH-5 and LH-6
contained primarily polymeric phlorotannins.

As shown in Table 2, the polarity of different F. vesiculosus subfractions decreased in the order of
LH-3 > LH-2 > LH-5 > LH-6. Subfractions LH-2 and LH-3 were highly polar and most of them were
retained within the aqueous phase after the mixing. LH-5 was less polar than LH-2 and LH-3. LH-6
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was more hydrophobic than any other fraction and was distributed almost equally between the oily and

aqueous phase.

3.2. Comparison of F. vesiculosus extract and fractions on the inhibition of lipid oxidation in washed
cod model

The addition of Hb induced the oxidation of the model as shown by rapid generation of intense rancid
odour (odour score above 50) in control sample within two days of ice storage (Figure 1a). During the
eight day storage period, the blank sample without Hb did not exhibit any detectable rancid odour.
When Hb was added to the samples, a characteristic, initial odour was detected in all groups on day 1
(less than odour score 20). The addition of the crude 80% EtOH extract prolonged the lag phase for
initial odour detected on day 1 to about 3 days while samples treated with phlorotannin-enriched
EtOAc fraction led to an extension of the lag phase by about one more day. The higher oxidative
stability effect of EtOAc fraction could be ascribed to its higher TPC level. The Sephadex subfraction
LH-2 was very effective in preventing lipid oxidation and no rancid odour was detected during the
entire study period. Its effectiveness at 300 mg/kg level was comparable to that of 100 mg/kg PG,
which is known as one of the most effective antioxidants in muscle food systems. On the contrary,
subfraction LH-5 showed only a slight retarding effect towards rancidity development and provided
about one day of oxidative shelf-life extension over the untreated control.

In accordance with the sensory data, the development of TBARS was fast in the control sample which
contained no antioxidants and reached a maximum level at day 2 of ice storage (Figure 1b). There was
a prolonged lag time for the formation of TBARS in samples treated with F. vesiculosus extract and
fractions. The EtOAc fraction showed a greater inhibitory effect than the crude 80% EtOH extract.
Incorporation of subfraction LH-2 at 300 mg/kg and PG at 100 mg/kg completely inhibited TBARS
formation throughout the whole storage period. Consistent with sensory results, subfraction LH-5
exerted only a weak inhibition of TBARS formation.

Volatile compounds identified by GC-MS and GC-O/GC-FID analysis after 4 days storage were
mainly alcohols, aldehydes and ketones which have been associated with lipid oxidation (Table 3).
The key volatiles detected responsible for rancid odour were the following: 1-penten-3-ol, 1-octen-3-
ol (mushroom odour), hexanal (grass odour), cis-4-heptenal and heptanal (boiled potato/fishy odour)
and 2,4-heptadienal (sweet, citrus like odour). Although none of the volatiles are characterised as
rancid themselves, their combined effect contributes to the overall rancid odour (Jonsdottir et al, 2007).
The most rapid formation of volatile oxidation compounds was observed in the control sample which
contained no antioxidants and the amount of key volatiles reached about 430 ng/g after 4 days storage
(Figure 1c), hexanal being the most abundant volatile (240 ng/g). The development of volatiles was
much slower in the groups containing the crude extract and EtOAc fraction.

Deoxygenated and/or met-Hb have previously been reported to be more active than other forms of

haemeproteins in initiating lipid oxidation (Richards et al., 2000). The transformation of oxy-Hb into
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met-Hb can be estimated instrumentally by the loss of red colour (Wetterskog & Undeland, 2004). As
shown in Figure 1d, there was some variation in a* value among sample groups on day 0, which was
caused by the colour differences between various seaweed extract and fractions. Samples containing
the EtOAc fraction and LH-2 had slight higher initial a* value than the control group, while those
treated with crude extract and LH-5 had lower a* value. During ice storage of the samples, no
significant change in redness was observed in blank sample without Hb. EtOAc fraction was more
effective in retaining the red colour than the crude extract. The slowest rate of redness loss was
observed in the cod model supplemented with LH-2. Although the addition of EtOAc fraction and LH-
2 resulted in an increase in the redness and could exert slight masking effects on the potential
transformation of Hb, the progress of redness loss correlated well with the sensory and TBARS data
which demonstrated that change in a* value is a quick and reliable indicator of the oxidation process

in washed fish model system as suggested by Wetterskog et al. (2004).

3.3. Effect of EtOAc fraction and its subfractions on the oxidative stability of alkali-solubilised cod
muscle protein isolates

Owing to the different antioxidant behaviour of subfractions LH-2 and LH-5 observed in washed cod
model, it was therefore of particular interest to test and compare the ability of various Sephadex LH-
20 subfractions to inhibit Hb-catalysed lipid oxidation in cod protein isolates. The two systems had
equal fat content (0.5%) and also similar fatty acid composition (Table 4). However, the oxidation
process of protein isolates was slower and less pronounced than the washed cod model. The
antioxidant potency of EtOAc fraction and its subfractions in inhibiting the formation of rancid odour
and TBARS was in the decreasing order of LH-2 ~ LH-3 > EtOAc fraction > LH-5 ~ LH-6 (Figure 2a
and 2b). The development of TBARS was fast in the control sample and reached a maximum level of
40 pumol MDAJ/Kkg of sample after 3 days of ice storage. Subfractions LH-2 and LH-3 at a
concentration of 300 mg/kg and PG at a concentration of 100 mg/kg exhibited a marked effect in
suppressing the formation of TBARS, almost equally effective. Subfractions LH-5 and LH-6 were the
least active and only provided one day of extension over the untreated control (Figure 2b).

The development of volatile oxidation compounds was in accordance with the sensory analysis and
TBARS results. The fastest development was found in control sample (42.2 ng/g on day 4) and
subfraction LH-2 almost totally suppressed the formation of the volatile oxidation compounds (7.9
ng/g on day 4). LH-5 (24.2 ng/g on day 4) was much less active than LH-2 (Figure 2c). According to
the GC-FID results, cis-4-heptenal and heptanal and 2,4-heptadienal were in very low concentration or
not detected at all but hexanal and 1-penten-3-ol were the most abundant volatile compounds in the
fish isolate system.

The inhibition of lipid oxidation and rancid odour by LH-2, LH-3 and PG was also supported by the
slow rate of redness loss (Figure 2d), although LH-2 was less effective in retarding loss of redness

than in washed cod model system.

12



4. Discussion

Recent studies have indicated that oligomeric and polymeric phlorotannins are more potent
antioxidants than the monomer phloroglucinol and oligomerisation of phloroglucinol appears to be
crucial for the radical scavenging capacity of phlorotannins (Cerantola, Breton, Ar Gall, & Deslandes,
2006; Kim, Lee, Shin, & Lee, 2004). However, the relationship between molecular structure and
antioxidant activity of phlorotannin compounds is still poorly understood. In a previous study,
Cerantola et al. (2006) isolated two types of structurally distinct phlorotannin compounds from Fucus
spiralis extracts. Both phlorotannin polymers showed equally high DPPH radical scavenging activity
and no correlation was found between structural characteristics and the radical scavenging activity.
Similarly, in our study, no clear trend in the chemical antioxidant activities was observed among
oligomeric and polymeric phlorotannin-rich subfractions, but the difference in the reducing and DPPH
scavenging activities appeared to be explained primarily by the difference in TPC. Phlorotannin
oligomers and polymers in different subfractions did not seem to differ markedly in chemical
antioxidant activity (Table 1 and unpublished data). However, several other studies have suggested
that the degree of polymerisation or the number and arrangement of phenolic hydroxyl groups are
important factors influencing the antioxidant effectiveness in oil model systems. High molecular
weight fractions (containing phlorotannin polymers such as dieckol, phlorofucofuroeckol and 8-8’
bieckol) were more effective than low molecular weight fractions (containing phloroglucinol and
eckol) in preventing rancidity of fish oil and autoxidation of methyl a-linolenate (Nakamura,
Nagayama, Uchida, & Tanaka, 1996; Yan, Li, Zhou, & Fan, 1996). Therefore, the antioxidant
effectiveness of phlorotannins appears to be system dependent and needs to be investigated further in
relevant models which closely mimic the targeted food system.

It has been widely accepted that the main substrates of lipid oxidation in fish muscle tissue are
phospholipids associated with cellular membranes. Directing antioxidants into muscle cell membranes
has been assumed to enhance the oxidative stability of muscle tissue (Ballesteros, 2009; Kathirvel &
Richards, 2009; Raghavan & Hultin, 2004). Several studies show that the partitioning behaviour of
plant-derived polyphenols has a great impact on their ability to protect membrane lipids from
deleterious oxidation in a variety of biological and food model systems (Arora, Byrem, Nair, &
Strasburg, 2000; Caturla, Vera-Samper, Villalain, Mateo, & Micol, 2003). Galloylated catechins, in
particular (—)-epicatechin gallate (ECG), were found to be more effective than their nongalloylated
analogues in preventing lipid peroxidation in phospholipid model membranes (Caturla et al., 2003).
The antioxidant potency was related to their ability to modulate the structure and function of
membranes. Galloylated catechins were observed to penetrate deeper into the hydrophobic region of
the membrane than their homologues, thus promoting the formation of ordered lipid domains and
sterically hindering diffusion of free radicals through the membrane. Lee et al. (2006a) reported that a

flavonol-rich fraction of intermediate polarity prepared from cranberry juice powder was highly
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effective in preventing Hb-mediated lipid oxidation in washed cod muscle while proanthocyanidins
with higher polarity and larger molecular size showed rather poor activity. The extraordinary
effectiveness of flavonols was explained by its preferential location and orientation in the membrane
bilayer which ensures effective scavenging of lipophilic alkoxyl and hemin radicals. Interestingly, in
the present study, most of the phlorotannins in different Sephadex subfractions were more soluble in
the water than in the oil phase (Table 2). A simple or direct relationship could not be established
between the polarity of the subfractions and their antioxidant effectiveness in fish model systems,
which reflects the complexity of mechanism involved in antioxidant protection in a heterogeneous fish
matrix. Moreover, the highly efficient subfractions LH-2 and LH-3 were more polar than LH-5 and
LH-6. Because of the hydrophilic nature of phlorotannin oligomers in LH-2 and LH-3, they are not
likely to partition preferentially into the hydrophobic interior of the membrane. Instead, they might be
localised in close proximity to the membrane surface to scavenge aqueous phase radicals. Therefore,
the antioxidant potency of phenolic antioxidants in fish model systems may not necessarily depend on
their ability to penetrate into the membrane. PG has been demonstrated to be a particularly effective
inhibitor of lipid oxidation in fish systems in both the present and previous studies. It has recently been
reported that PG had the highest water solubility and the least tendency to partition into the membrane
phase of washed cod model among three gallic acid esters (propyl gallate, octyl gallate and lauryl
gallate) (Ballesteros, 2009). The association of PG with the hydrophilic region of phospholipid bilayer
was also confirmed by previous spectroscopic spectral shift and fluorescence quenching studies
(Dwiecki, Gornas, Nogala-Kalucka, & Polewski, 2006). PG was therefore assumed to function mainly
as an aqueous phase antioxidant (Ballesteros, 2009).

The exact mechanisms accounting for the differential antioxidant effects of these phlorotannin
components in fish models are not clear. One possible explanation could be that the small size and
high polarity of oligomeric phlorotannins present in fractions LH-2 and LH-3 might allow them to
reside close to the polar surface of the membrane, effectively quenching radicals generated in the
aqueous phase and converting them to more stable and non-radical compounds. Therefore,
phlorotannin oligomers appear to act mainly as the first line of defense by quenching aqueous phase
radicals before they attack the membranes, rather than as scavengers of chain-propagating lipid
peroxyl radicals within the membrane. Since free radical attack from the aqueous phase is known to be
an important factor initiating membrane lipid peroxidation, efficient quenching of aqueous peroxyl
radicals near the membrane surface may contribute greatly to the retardation of the onset of lipid
oxidation (Paiva-Martins, Gordon, & Gameiro, 2003). On the other hand, the bulky size of highly
polymeric phlorotannins in fractions LH-5 and LH-6 might sterically hinder their interactions with the
membrane bilayer, which could partly explain the lack of effect in both systems. In addition, these
subfractions might also contain high molecular weight complexes formed between phlorotannins and
other macromolecules like proteins or carbohydrates. The complexation may greatly impair the ability

of phlorotannins to protect membrane phospholipids from oxidation. Several plant-derived
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polyphenols such as catechins and olive oil phenols were shown to regenerate a-tocopherol effectively
(Mukai, Mitani, Ohara, & Nagaoka, 2005; Paiva-Martins et al, 2003). Similarly, phlorotannin
oligomers may also have the ability to regenerate the endogenous antioxidant a-tocopherol in fish
muscle through a H-transfer mechanism. However, further investigations are needed to extend our
findings and elucidate the precise mechanisms of the antioxidant effect of phlorotannins in fish
muscles.

The analysis of volatile compounds further confirmed the effect of 80% EtOH extract and EtOAc
fraction in the washed cod model and the superior efficiency of the LH-2 subfraction in the cod
protein isolates (Figure 1c; Figure 2c). Hexanal that contributes to grass like odour, was the most
abundant compound in the Hb treated control sample of washed cod model system together with 1-
penten-3-ol and to less extent 1-octen-3-ol. Other key compounds derived from PUFA-3 with very low
odour threshold were detected in lower levels but still influenced the overall odour. 80% EtOH extract
and EtOAc fraction were effective in preventing the generation of volatile oxidation compounds and
the sum concentration of the key volatiles were all significantly lower than the control sample (Figure
1c). In the control sample and LH-5 group of the protein isolates, the n-3 PUFA derived compounds
cis-4-heptenal, heptanal and 2,4-heptadienal contributing to fishy odour, were in very low levels, but
potential n-6 PUFA derived components like hexanal and 1-penten-3-ol giving green odour notes were
the most abundant (data not shown). LH-2 appeared to be very effective in preventing the generation
of volatile oxidation compounds. In particular, cis-4-heptenal, heptanal and 2,4-heptadienal were not
detected at all (Table 3), indicating that oligomeric phlorotannins may be very useful to prevent
formation of fishy odours in Hb induced oxidation of fish system. Further studies are needed to
investigate also the efficiency of oligomeric phlorotannins towards other oxidative processes, e.g.
lipoxygenase (LOX) activity in fish muscle. This is of importance to prevent the onset of oxidation in
fish and generation of fishy odours (Fu, Xu, & Wang, 2009; Josephson, 1991).

When comparing the development of oxidation in the two systems, it is interesting to see that the
intensity of oxidation is much lower in the isolates despite a similar fat content and fatty acid
composition. The slower oxidation rate of cod protein isolates therefore can not be explained by the
reduction of lipids after alkaline treatment or different amounts of susceptible polyunsaturated fatty
acids. Previous papers have suggested that membrane phospholipids may become more buried and less
accessible to pro-oxidants upon acid treatment followed by isoelectric precipitation (Kristinsson &
Hultin 2004; Pazos, Medina, & Hultin, 2005; Vareltzis & Hultin, 2007). In this study the alkaline
method was used and it is possible a similar conformational change of the membranes occurred at
alkaline pH conditions, thus possibly explaining the difference between the isolate and washed muscle.
It was also of interest to examine if in vitro antioxidant tests could predict antioxidant effectiveness of
phlorotannin antioxidants in complex fish systems. The results of the present study showed that the in
vitro antioxidant activity did not consistently correlate with their relative ability to inhibit lipid

oxidation in fish models. Subfraction LH-2, which had the second highest TPC and the strongest

15



DPPH radical scavenging activity, completely inhibited the initiation of lipid peroxidation in both
washed cod muscle and alkali-solubilised cod protein isolates throughout the entire storage period.
Interestingly, however, LH-5 with the third highest TPC level and considerable DPPH scavenging
activity and reducing power, exerted only very weak inhibition in both model systems. The differential
antioxidant effects observed herein reinforce the findings from early research that the ability of a
phenolic compound to inhibit lipid oxidation in food systems can be influenced by a multitude of
factors such as the intrinsic antioxidant property, the molecular size, location and orientation in
targeted substrate where oxidation is prevalent as well as interactions with other food ingredients
(Decker et al., 2005; Frankel, 2007; Kathirvel et al., 2009; Lee et al., 2006a).

5. Conclusions

The results of the present study showed that phlorotannins were the active components in F.
vesiculosus extract responsible for the inhibition of lipid oxidation in fish model systems. Different
phlorotannin components possessed variable antioxidant activity. Oligomeric phlorotannin-rich
subfractions were highly efficient in suppressing the onset of lipid oxidation while polymeric
phlorotannin-rich subfractions only had slight retardation effect. The effectiveness of subfraction LH-2
at 300 mg/kg level was comparable to that of 100 mg/kg PG, one of the most potent antioxidant in
muscle food systems. In vitro antioxidant tests did not always reflect the antioxidant effectiveness of F.
vesiculosus extract and fractions in fish model systems. The performance of phlorotannin antioxidants
in heterogeneous fish muscle may not rely solely on the intrinsic reactivity toward radicals and
partitioning into the membrane phase, but also on the antioxidant reactions occurring in the aqueous

phase or other mechanisms that are not yet well understood.
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Figures Captions

Fig. 1. Effect of F. vesiculosus extract and fractions on the development of (a) rancid odour, (b)
thiobarbituric acid reactive substances (TBARS), (c) sum of key volatile oxidation compounds (1-
penten-3-ol, 1-octen-3-ol, hexanal, cis-4-heptenal, heptanal and 2,4-heptadienal) and (d) redness (a*
value) loss in washed cod model. F. vesiculosus extract and fractions were added at 300 mg/kg model
and propyl gallate (PG) at 100 mg/kg model. 50% ethanol was used as the carrier solvent at 1% of the
final model weight. The final pH and moisture of the models were 6.3 and 85.2%, respectively.

Results are expressed as average + standard deviation from duplicate samples.

Fig. 2. Effect of F. vesiculosus fractions on the development of (a) rancid odour, (b) thiobarbituric acid
reactive substances (TBARS), (c) sum of key volatile oxidation compounds (1-penten-3-ol, 1-octen-3-
ol, hexanal, cis-4-heptenal, heptanal and 2,4-heptadienal) and (d) redness (a* value) loss in alkali-
solubilised cod muscle protein isolates. F. vesiculosus fractions were added at 300 mg/kg model and
propyl gallate (PG) at 100 mg/kg model. 50% ethanol was used as the carrier solvent at 1% of the final
model weight. The final pH and moisture of the models were 6.3 and 81.2%, respectively. Results are

expressed as average + standard deviation from duplicate samples.
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Table 1. Total phlorotannin content (TPC) and antioxidant activity of different F. vesiculosus extract

and fractions

Extract/fractions TPC DPPH Fe®* chelating  Reducing power

(g PGE/100 g) Y  ECs (ngml)?  ability (%) (mg ASE/g)?

80% EtOH extract 35.4+0.2° 7.92+0.11° 34.7+19™ 324.8 +8.9°
EtOAc fraction 88.3+2.2" 3.76 £ 0.22° 342+1.3° 757.7 £ 38.2°
LH-2 subfraction 96.6 + 0.9 2.79 £ 0.05° 28.5 + 0.4 790.3 £ 61.3°
LH-3 subfraction 97.0+0.7% 2.82 +0.03° 30.5 £ 0.8" 822.3 +29.2°
LH-5 subfraction 91.3+24° 3.50 £ 0.13" 38.0x05° 785.8 £ 77.1°
LH-6 subfraction 875+ 1.2° 3.71£0.07° 41.9+1.8° 780.5 + 82.1°

Each value is expressed as means £ S.D. (n = 3).

Values in the same column followed by different superscript letters are significantly different (P < 0.05).
Y TPC: g phloroglucinol equivalents (PGE) /100g extract.

%) ECs: concentration of extract (ug/ml) required to scavenge 50% of the DPPHe in the reaction mixture.

% ASE, ascorbic acid equivalents.

Table 2. Partitioning of Sephadex subfractions between aqueous and oily phases

Subfractions % in aqueous phase”
LH-2 89.9+26
LH-3 95421
LH-5 57.1+23
LH-6 51.7+15

Each value is expressed as means £ S.D. (n = 3).
Y phloroglucinol equivalents (PGE) in the aqueous phase divided by the total PGE before partitioning
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Table 3. Volatile compounds identified by GC-MS and odour evaluation by GC-O in washed cod

model system and cod muscle protein isolates.

GC-MS° Gc-0°
Washed cod muscle model system Cod muscle protein isolate
Compound RI® |Control (Hb) 80% EtOH extract EtOAc [Control (Hb) LH-5 LH-2  [Odour description
3-Methyl butanal 246 + sweet, malty
1-Butanol 247 + + + + + n.d.
1-Penten-3-ol 271 + + + + + + n.d.
2,3-Pentanedione 292 + + + + + + caramel
2-Pentenal 308 + + + + n.d.
2-Penten-1-ol 325 + + + + + lemon, flowery
Unknown 351 sweet, buttery
Hexanal 394 + + + + + + grass
2-Hexenal 440 + + sweet
1-Hexanol 447 + + + + flowery
Unknown 469 earthy, mushroom
Unknown 484 buttery
cis -4-Heptenal 495 + + + + + boiled potato-like
Heptanal 497 + + + + + boiled potato-like
Unknown 524 flowery
Benzaldehyde 565 + + + + + nd.
Unknown 557 buttery
1-Octen-3-ol 582 + + + + + mushroom
6-Methyl-5-hepten-2-one 590 + flowery
Octanal 603 + + + nd.
2,4-Heptadienal 611 + + + + + sweet, citrus
Unknown 634 flowery
Unknown 650 cardboard, sweet
Unknown 658 green
3,5-Octandien-3-one 670 + + + fatty, sweet
Heptanoic acid 682 + + n.d.
3,5-Octadien-2-one 695 + + + flowery
Nonanal 708 + + + + n.d.
Unknown 719 flowery
Unknown 747 cardboard, heavy
2,6-Nonadienal 756 + cucumber, green
Octanoic acid 779 + + green, sweet
Decanal 816 + + + + + + sweet , fatty
Nonanoic acid 897 + + nd.
2-Undecanone 900 + flowery
Unknown 925 sweet

3Calculated ethyl ester index for DB-5ms capillary column; RI for unknown compounds based on GC-O analysis
Pidentified by: +, mass spectra; odor description, GC-O, RI and authentic standards.
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Table 4. Fatty acid composition of washed cod muscle and cod muscle protein isolates

Fatty acid Washed cod model Cod protein isolates
C14:0 0.85 + 0.07 1.05 + 0.07
C16:0 18.50 + 0.57 17.55 +0.78
C16:1n-9 0.15+0.07 0.25+0.07
C16:1n—7 0.85+0.07 0.95 +0.07
C16:2n—4 0.35+0.07 0.40 + 0.00
C18:0 4.35+0.07 3.45+0.35
C18:1n-11 0.75+0.07 1.35+0.07
C18:1n-9 5.80 +0.14 6.25+0.21
C18:1n-7 3.25+0.21 2.45+0.07
C18:1n-5 0.15+0.07 0.20 + 0.00
C18:2n-6 0.50 + 0.00 0.70 + 0.00
C20:0 0.05 + 0.07 0.00 + 0.00
C18:3n-3 0.20 + 0.00 0.25+0.07
C20:1n-11 0.20 + 0.00 0.35+0.07
C20:1n-9 1.25 +0.07 1.20+0.14
C20:1n-7 0.10 + 0.00 0.10 + 0.00
C18:4n-3 0.35+0.07 0.40 + 0.00
C20:2n-6 0.10 + 0.00 0.20 + 0.00
C22:0 0.00 + 0.00% 0.00 + 0.00
C20:3n-6 0.10 + 0.00 0.10 + 0.00
C22:1n-9 0.40 + 0.00 0.55 + 0.07
C20:4n—6 2.65+0.21 3.45+0.21
C20:4n-3 0.30 +0.00 0.40 + 0.00
C22:2n-6 0.05 +0.07 0.20 + 0.00
C20:5n-3 14.05 + 1.20 12.75 + 0.92
C24:1 0.45 +0.07 0.55 + 0.07
C22:5n-3 1.35 +0.07 1.75 + 0.07
C22:6n-3 34.05+ 2.76 3470+ 1.41
SFA? 23.72 £ 0.57 22.11+0.48
MUFA® 13.38 + 0.58 14.07 + 0.63
PUFAY 54.07 + 4.26 55.26 + 2.69
other 8.84 +5.42 8.55 + 3.80

Results are expressed as average * standard deviation from duplicate samples.
Y Fatty acid distribution expressed in peak area % of total fatty acid methyl esters (FAME).
2 SFA, saturated fatty acid; ¥ MUFA, monounsaturated fatty acid; ¥ PUFA, polyunsaturated fatty acid.

% Values equal to 0.00 are values less than 0.10%.



Figure 1.

(=]
©

8 I & e ©
N - -
(arosnw B/ vaw jowr) syvaL
©
8 8 8 g & °
-

(Anp1ouel) 81093s INopo

Days on ice

Days on ice

O

® N~ © T MmN A O A N M

(ve) ssaupay

500

o (=3 (=] (=]
o (=3 o o
< 2] N —

(B/Bu) sajire|on A3y JO uORIIUBIUOD WNS

Days on ice

Days on ice

LH-5 --O-- PG

EtOH extract —— EtOAc --&-- LH-2 --+-

—O— Blank —#— Control (Hb) —O— 80%

25



Figure 2.
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