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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
capacity (ORAC) and ferrous ion-chelating ability assays. Acetone extracts from three Fucoid species
had the highest TPC and consequently exhibited the strongest radical scavenging activities. High corre-
lation was found between TPC of seaweed extracts and their scavenging capacity against DPPH and per-
oxyl radicals, indicating an important role of algal polyphenols as chain-breaking antioxidants. However,
water extracts generally had higher ferrous ion-chelating activity than 70% acetone extracts and no cor-
relation was found with their TPC, suggesting that other components such as polysaccharides, proteins or
peptides in the extracts were more effective chelators of ferrous ions than phenolic compounds.

� 2009 Elsevier Ltd. All rights reserved.
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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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
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muscle phospholipids in fish may be induced by several catalysts,
including iron from blood haemoglobin (Jónsdóttir, Bragadóttir, &
Ólafsdóttir, 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 a-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

2,2́-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-40,40 0-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-
Na2�2H2O) 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 (InnovaTM 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
lg/ml to 100 lg/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 Sánchez-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 lM or 2.5 � 10�2 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 � 10�3

and 4.15 � 10�2 g/l was used to calculate the remaining concentra-
tion of DPPH� in the reaction medium.

The percentage of remaining DPPH� (%DPPH�R) was calculated as
follows:

%½DPPH�R� ¼ ½ðDPPH�ÞT=ðDPPH�ÞT¼0� � 100

where (DPPH�)T=0 was the concentration of DPPH� at time zero (ini-
tial concentration) and (DPPH�)T was the concentration of DPPH�

after 2 h.
The percentage of remaining DPPH� was plotted against the

sample/standard concentration to obtain EC50 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/EC50) 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 ll) of a microplate. Afterwards 60 ll fluorescein (70 nM) were
added and the mixtures were pre-incubated at 37 �C for 15 min.
Subsequently, 30 ll 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:

fluorescenceblank;t¼0

fluorescencesample;t¼0

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

AUC ¼ ð0:5þ f1=f0 þ f2=f0 þ � � � þ f20=f0Þ � 0:1þ ðf21=f0 þ f22=f0

þ � � � þ f79=f0Þ � 1þ 0:5� ðf80=f0Þ
where f0 was the fluorescence reading at the initiation of the reac-
tion and f80 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 (lmol 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 ll of distilled water and 5 ll of 2 mM FeCl2

in a microplate. The reaction was initiated by the addition of
10 ll 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 ll) instead of sample solution was used as a
control. Distilled water (10 ll) 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-Na2 were used as reference standards. All measurements
were performed in triplicate. The ferrous ion-chelating ability was
calculated as follows:

Ferrous ion� chelating abilityð%Þ ¼ ½ðA0 � ðA1 � A2Þ�=A0 � 100:

where A0 was the absorbance of the control, A1 was the absorbance
of the sample or standard and A2 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



T. Wang et al. / Food Chemistry 116 (2009) 240–248 243
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 24.2 g PGE/100 g 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-
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Fig. 1. Total phenolic content (TPC) in water (WE) and 70% acetone extracts
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 = 93.9, EC50 = 10.7�10�3 mg/ml), followed by F. serratus
(ARP = 90.8, EC50 = 11.0�10�3 mg/ml), A. nodosum (ARP = 54.1,
EC50 = 18.5�10�3 mg/ml), the old blades of L. hyperborea
(ARP = 38.8, EC50 = 25.8�10�3 mg/ml) and S. latissima (ARP = 33.6,
EC50 = 29.8�10�3 mg/ml). The other extracts showed relatively
weak scavenging potentials. The lowest ARP value (0.4,
EC50 = 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.
10 15 20 25 30

nolic content (g PGE/100 g extract)

Water extracts

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/EC50) of water (WE) and 70% acetone extracts (AE) from selected Icelandic seaweeds (n = 2, bars are
mean dev.).
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All the reference compounds, ascorbic acid (ARP = 400.9,
EC50 = 2.5�10�3 mg/ml), BHT (ARP = 305.2, EC50 = 3.3�10�3 mg/
ml) and a-tocopherol (ARP = 168.6, EC50 = 5.9�10�3 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 lmol 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 lmol TE/g extract), followed by F. serratus
(2545 lmol TE/g extract), A. nodosum (1417 lmol TE/g extract)
and old blades of L. hyperborea (975 lmol 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 lmol of TE/g extract) (Huang, Ou, Woodill, Flanagan,
& Prior, 2002), 80% ethanol extract of blackberry (674.2 lmol of
TE/g extract), (Elisia, Hu, Popovich, & Kitts, 2007), 50% acetone ex-
tract of cinnamon (1256 lmol of TE/g extract), (Su et al., 2007), but
still lower than methanol extract of rosemary (2800–4360 lmol of
TE/g extract) (Ho, Tsai, Tsai, & Lin, 2008; Tsai, Tsai, Chien, Lee, &
Tsai, 2008) and Nutmeg (3570 lmol 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-Na2 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.



0 500 1000 1500 2000 2500 3000

Fucus vesiculosus

Fucus serratus 

Ascophyllum nodosum 

Laminaria hyperborea-old blade

Laminaria hyperborea-new blade

Alaria esculenta 

Saccharina latissima-old blade

Saccharina latissima-new blade

Laminaria digitata 

Ulva lactuca 

Palmaria palmata 

Chondrus crispus 

ORAC value (Trolox equivalent, µmol/g extract)

Water extracts

70% acetone extracts

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).

0 20 40 60 80 1

Fucus vesiculosus

Fucus serratus 

Ascophyllum nodosum 

Laminaria hyperborea-old blade

Laminaria hyperborea-new blade

Alaria esculenta 

Saccharina latissima-old blade

Saccharina latissima-new blade

Laminaria digitata 

Ulva lactuca 

Palmaria palmata 

Chondrus crispus 

Ferrous ion chelating ability (%)
00

Water extract 70% acetone extract

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).

T. Wang et al. / Food Chemistry 116 (2009) 240–248 245
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: r2 = 0.99; AE: r2 = 0.99). Sim-
ilarly, a high correlation was also obtained between TPC and ORAC
value (WE: r2 = 0.96; AE: r2= 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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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
(r2 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 (2,20-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 b-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-Na2),
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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