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Abstract In the past decades, food scientists have been
searching for natural alternatives to replace synthetic anti-
oxidants. In order to evaluate the potential of microalgae as
new source of safe antioxidants, 32 microalgal biomass
samples were screened for their antioxidant capacity using
three antioxidant assays, and both total phenolic content and
carotenoid content were measured. Microalgae were
extracted using a one-step extraction with ethanol/water,
and alternatively, a three-step fractionation procedure using
successively hexane, ethyl acetate, and water. Antioxidant
activity of the extracts varied strongly between species and
further depended on growth conditions and the solvent used

for extraction. It was found that industrially cultivated sam-
ples of Tetraselmis suecica, Botryococcus braunii, Neochlo-
ris oleoabundans, Isochrysis sp., Chlorella vulgaris, and
Phaeodactylum tricornutum possessed the highest antioxi-
dant capacities in this study and thus could be a potential
new source of natural antioxidants. The results from the
different types of extracts clearly indicated that next to the
well-studied carotenoids, phenolic compounds also contrib-
ute significantly to the antioxidant capacity of microalgae.

Keywords Microalgae . Antioxidant capacity . Phenolic
content . Carotenoid content

Introduction

The use of antioxidants to prolong the shelf life of foodstuffs
is ubiquitous. Today, mostly synthetic antioxidants, such as
butylated hydroxytoluene (BHT) or butylated hydroxyani-
sole (BHA), are used. As these components are suspected
carcinogens (Namiki 1990; Pokorný 1991), there has been a
search in recent years to replace these synthetic antioxidants
with natural antioxidants. The number of introductions of
novel antioxidant formulations for use as food ingredient or
as food supplements has been significant over the last two
decades, and in many cases these novel antioxidants were of
natural origin. Antioxidants are presumed to have several
positive health effects, including prevention of cardiovascu-
lar disorders, of certain ageing related diseases such as
Alzheimer and of certain types of cancer. Therefore, anti-
oxidants are increasingly being used in food supplements
and functional foods (Cuvelier 2001).

Most, if not all, commercially available natural antiox-
idants are derived from terrestrial plants (e.g. rosemary, tea,
grape seeds, pine bark, cocoa). It is however believed that
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unicellular microalgae are a promising alternative source of
antioxidants (Li et al. 2007; Natrah et al. 2007; Hajimahmoodi
et al. 2010; Rodriguez-Garcia and Guil-guerrero 2008;
Chacón-Lee and González-Mariño 2010; Lee et al.
2010). There are a number of reports on the evaluation
of antioxidant activity in microalgae and cyanobacteria
belonging to the genera Botryococcus (Rao et al. 2006),
Chlorella (Wu et al. 2005; Goh et al. 2010), Dunaliella
(Herrero et al. 2006), Nostoc (Li et al. 2007), Phaeo-
dactylum (Guzman et al. 2001), Spirulina (Miranda et
al. 1998; Jaime et al. 2005; Mendiola et al. 2007),
Haematococcus (Cerón et al. 2007) and Chaetoceros
(Goh et al. 2010). These studies concluded that several
microalgal genera contain potent antioxidants, both from
lipophilic and hydrophilic nature.

An important and well-known class of antioxidants from
microalgae are carotenoids. Carotenoids play an important
role in quenching reactive oxygen species (ROS) generated
during photosynthesis, especially singlet oxygen. Several
studies have demonstrated that carotenoids contribute sig-
nificantly to the total antioxidant capacity of microalgae
(Jahnke 1999; Takaichi 2011). Microalgae are already com-
mercially produced as a source of carotenoid antioxidants
(e.g. Haematococcus for astaxanthin, Dunaliella for β-
carotene) for use as additives in food and feed applications,
as well as for use in cosmetics and as food supplements
(Pulz and Gross 2004; Spolaore et al. 2006).

In terrestrial plants, an important class of antioxidants are
phenolic compounds, more specifically the relatively com-
plex flavonoids, which show several antioxidant mecha-
nisms. Flavonoids can inhibit lipid oxidation (Pietta 2000)
by directly scavenging ●OH, HOCl, singlet oxygen and lipid
peroxyl radicals, by metal chelation and by inhibiting lip-
oxygenase. Little information is however available about the
presence of phenolic compounds in microalgae. Recent
research by Klejdus et al. (2010) showed that several classes
of flavonoids, such as isoflavones, flavanones, flavonols
and dihydrochalcones can be found in microalgae and cya-
nobacteria. This indicates that, although microalgae are
evolutionary more primitive than terrestrial plants, or even
belong to completely different evolutionary lineages, they
are capable of producing relatively complex polyphenols.

It is not clear whether phenolic substances are important
antioxidants in microalgae. The fact that the content of
phenolic substances in microalgal biomass increases upon
exposure to UV-light (Duval et al. 2000; Kovácik et al.
2010) suggests that they indeed play a role in the antiox-
idative response to this type of stress. However, there is no
consensus on the importance of phenolic constituents for the
antioxidant capacity of microalgae. Several studies have
compared antioxidant activity and phenolic content in frac-
tionated extracts of biomass from one or a few species of
microalgae. Three studies found that fractions that were rich

in phenolic compounds also had a high antioxidant capacity
(Jaime et al. 2005; Geetha et al. 2010; Custódio et al. 2011),
while another study found the opposite (Goh et al. 2010).
Other recent work looked at a more extensive set of micro-
algae to study the relation between antioxidant activity and
phenolic content of the extracts. Li et al. (2007) used only a
single test (Trolox Equivalent Antioxidant Capacity, TEAC)
to evaluate antioxidant activity and found no relation be-
tween phenolic content and antioxidant capacity. A more
recent study used two antioxidant tests (DPPH-radical scav-
enging and Ferric Reducing Antioxidant Potential, FRAP)
and a significant relation between antioxidant activities and
phenolic content was noticed (Hajimahmoodi et al. 2010).
However, none of these studies took into account the con-
tribution of carotenoids to the total antioxidant activity.

In this study, we investigated the contribution of phenolic
substances to antioxidant activity in a series of extracts from
32 algal biomass samples to evaluate whether microalgae
may be a valuable source of phenolic antioxidants. To take
into account different antioxidant mechanisms, we carried
out three different antioxidant activity assays used in food
research. These include TEAC, FRAP and AIOLA, the
latter of which has to our knowledge not previously been
applied to algal biomass extracts. In order to assess the
contribution of phenolic substances to antioxidant activity
independent of that of carotenoids, we also determined
carotenoid content and used multiple regression to estimate
and compare the contribution of both phenolic compounds
and carotenoids to the measured antioxidant activities.

Materials and methods

A total of 32 biomass samples were used in this study, of
which 14 samples of freeze-dried biomass from pure cul-
tures were provided by commercial producers: Phaeodacty-
lum tricornutum (Bacillariophyceae), Nannochloropsis sp.
(Eustigmatophyceae), Isochrysis sp. (Prymnesiophyceae),
Tetraselmis suecica (Chlorophyta), Chaetoceros calcitrans
(Bacillariophyceae), Schizochytrium sp. (Labyrinthulomy-
cetes), Chlorella sp. 1 and sp. 2 (Chlorophyta) by SBAE
Industries (Sleidinge, Belgium) and Porphyridium cruentum
(Rhodophyta), Botryococcus braunii, Tetraselmis sp., Nan-
nochloropsis oculata, Isochryis sp. and Neochloris oleoa-
bundans (Chlorophyta) by Necton S.A. (Olhão, Portugal).

Samples of freeze-dried biomass were further
obtained from pure cultures of 5 species produced in-
house under controlled conditions in pilot-scale photo-
bioreactors (Parachlorella kessleri SAG 27.87 , Chlo-
rella vulgaris SAG 211-11B, Scenedesmus obliquus
CCAP 276/3A Haematococcus pluvialis SAG 192.80
(Chlorophyta) and P. tricornutum UGent Pt86 (Bacillar-
iophyta). The algal biomass of these species was
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produced in-house using 130 L plexiglass tubular airlift
reactors. Algae were cultured in Wright’s Cryptophyte
(WC) medium (Guillard and Lorenzen 1972) prepared
with either deionised water for the freshwater species or
with synthetic seawater (30 g L-1 Homarsel, Zoutman,
Belgium) for the marine species. The medium was
filter-sterilised before addition to the photobioreactors
(0.2 μm PTFE filters). The reactors were illuminated
continuously (125 μmol photons m-2 s-1, Philips Cool
White fluorescent tubes) and mixed with filter-sterilised
air (flow rate: 25 L min-1). The culture was maintained
at pH 8.5 by automated addition of CO2 to the stream of air.
The biomass was harvested at the end of the logarithmic phase
by centrifugation and the wet biomass was immediately
freeze-dried and stored frozen at -20°C.

To evaluate to what extent antioxidant activity might vary
between different batches of the same species produced
under slightly different conditions, replicate batches were
produced for C. vulgaris (for batch 1, the WC-medium
contained 5x higher nutrients concentrations) and for P.
tricornutum (3 batches). The main difference was the timing
of the harvesting. C. vulgaris batches #1 and #4 were
harvested 9 days after inoculation; batches #2 and #3 after
8 days and batches #5 and #6 after 6 days cultivation. P.
tricornutum biomass #1 was harvested after 9 days cultiva-
tion, whereas biomass #2 and #3 were harvested after 8 days.
For H. pluvialis, biomass was collected during the exponen-
tial (green stage) and stationary (red phase) growth stages as
it is known that these differ strongly in carotenoid content.

In addition, samples of mixed algal cultures were
obtained from commercial producers: 2 samples of mixed
algae produced on wastewater by Maris Projects (Schijndel,
The Netherlands) and 3 samples of mixed algae to be used
as aquaculture feed from SBAE Industries.

Extraction of antioxidants

Extracts from the biomass samples were obtained using two
solid-liquid extraction procedures. Extractions were per-
formed in the dark at room temperature under inert nitrogen
atmosphere.

The first procedure aimed to extract both apolar and polar
compounds using an ethanol/water mixture. For this,
200 mg of freeze-dried biomass was ground using a pestle
and mortar and extracted with 2 mL ethanol/water (3/1 v/v)
mixture for 30 minutes. After centrifugation (4500 × g,
10 min), the pellet was resuspended in 2 mL of the etha-
nol/water mixture and extracted for a second time. Both
extracts were pooled and stored under nitrogen atmosphere
at -20°C prior to analysis.

The second procedure aimed to separate polar from apo-
lar compounds using a sequential extraction in hexane, ethyl
acetate and hot water (Li et al. 2007). For this, 200 mg

freeze-dried biomass was ground in a mortar and extracted
with 2 mL of hexane for 30 min. After centrifugation, the
pellet was resuspended in hexane and extracted for a second
time, and both extracts were combined. The biomass pellet
was subsequently extracted with ethyl acetate using the
same procedure and finally with hot deionised water (80°C).
The hexane and ethyl acetate extracts were dried under a
stream of nitrogen and redissolved in 1 mL ethanol. All
extracts were stored under nitrogen atmosphere at -20°C prior
to analysis.

Antioxidant measurements

Antioxidant activity was measured by three assays com-
monly used in the food industry. In each assay, trolox was
used as a reference.

The trolox equivalent antioxidant capacity or TEAC as-
say was carried out according to Li et al. (2007). In the
TEAC assay, antioxidant action by hydrogen atom transfer
(HAT) as well as single electron transfer (SET) is measured
(Prior et al. 2005). For the assay, ABTS●+ radical cation was
generated by preparing a solution of 7 mM ABTS and
2.45 mM potassium persulphate in milliQ-water. The reac-
tion mixture was allowed to stand in the dark for 16 h at
room temperature and was used within two days. The
ABTS●+ solution was diluted with deionised water to give
an absorbance of 0.700±0.050 at 734 nm. 50 μL of sample
was mixed with 1.9 mL of diluted ABTS●+ solution. After
10 minutes incubation at room temperature, the absorbance
was measured at 734 nm.

The ferric reducing antioxidant potential or FRAP assay
was carried out according to Hajimahmoodi et al. (2010).
The FRAP-assay represents the antioxidant action via the
SET-mechanism (Prior et al. 2005), but the test cannot
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Fig. 1 Box plot distribution of the total carotenoid content of the
microalgal fractions as calculated with the Lichtenthaler equations
(Lichtenthaler and Buschmann 2001) using the absorbances at 470,
652 and 666 nm. Error bars represent minimum and maximum values,
whereas the rectangle boundaries represent 1st quartile, median and 3th
quartile values
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detect compounds that act by radical quenching. The FRAP
reagent was freshly prepared by mixing equal volumes of a
10 mM TPTZ (2,4,6-tripyridyl-S-triazine) solution in
40 mM HCl and a 20 mM FeCl3 (Merck, Germany) solution
and diluting five times in a 0.3 M acetate buffer (pH 3.6)
followed by warming to 37°C. 100 μL sample was mixed
with 3 mL FRAP reagent and the absorbance of the reaction
mixture was measured at 593 nm after incubating for 10
minutes at 37°C. When necessary, extracts were appropri-
ately diluted with ethanol.

The AAPH-induced oxidation of linoleic acid or AIOLA
assay was described by Liégois et al. (2000) and measures
the ability of an antioxidant to prevent oxidation of linoleic
acid induced by alkylperoxyl radicals, generated from the
water soluble azo compound 2,2’-azobis(2-amidinopro-
pane) dihydrochloride. For the test, a linoleic acid emulsion
was prepared by slowly adding 0.25 mL linoleic acid under
continuous stirring to 5 mL of a 0.05 M borate buffer (pH 9)
containing 0.25 mL of Tween 20. The resulting dispersion
was clarified by adding 1 mL of 1 N sodium hydroxide. The

Table 1 Carotenoid content, phenolic content and antioxidant activity in ethanol/water extracts from microalgal biomass

carotenoid content a

(mg.g-1 D.W.)
phenolic content a

(mg GAE.g-1 D.W.)
TEAC a (μmol
trolox eq.g-1D.W.)

FRAP a (μmol
trolox eq.g-1 D.W.)

AIOLA a (μmol
trolox eq.g-1 D.W.)

Botryococcus braunii 2.10±0.07 1.99±0.17 53.90±0.76 21.83±1.41 10.42±0.63

Chaetoceros calcitrans 2.33±0.14 1.84±0.11 24.24±1.64 4.74±0.89 22.37±1.34

Chlorella #1 3.04±0.20 2.21±0.26 51.03±2.04 6.37±0.24 21.18±1.27

Chlorella #2 2.97±0.51 1.47±0.07 59.57±2.77 9.32±0.51 15.59±0.94

Chlorella vulgaris batch 1 KAHO 1.93±0.19 1.47±0.16 19.97±1.48 64.65±5.80 n.a.b

Chlorella vulgaris batch 2 KAHO 1.02±0.09 0.75±0.03 9.33±0.24 24.34±1.73 n.a.

Chlorella vulgaris batch 3 KAHO 0.71±0.08 1.30±0.25 11.57±0.15 42.00±2.40 n.a.

Chlorella vulgaris batch 4 KAHO 0.71±0.03 1.70±0.09 10.40±0.15 38.74±1.26 n.a.

Chlorella vulgaris batch 5 KAHO 2.17±0.17 1.59±0.22 11.66±0.20 37.05±0.25 n.a.

Chlorella vulgaris batch 6KAHO 0.25±0.09 1.64±0.11 5.40±0.12 30.59±3.25 n.a.

Haematococcus pluvialis 'red phase' n.d.c 0.54±0.05 5.71±0.12 17.36±0.58 n.a.

Haematococcus pluvialis 'green phase' 1.89±0.05 1.23±0.06 9.12±0.12 41.34±2.93 n.a.

Isochrysis ISO-T 3.08±0.07 2.67±0.22 34.94±1.10 46.69±0.48 38.07±2.28

Isochrysis sp. 7.75±0.13 4.57±0.18 22.50±0.93 53.73±3.21 12.90±0.77

Mixed culture #1 (A.C. d) 0.50±0.02 1.64±0.16 20.10±1.69 3.30±0.13 14.92±0.89

Mixed culture #2 (A.C.) 1.04±0.04 1.26±0.06 36.77±2.79 5.31±0.71 33.44±2.01

Mixed culture #3 (A.C.) 2.08±0.05 3.86±0.21 34.50±2.12 17.29±2.08 45.30±2.71

Mixed culture #4 (W.W.T. e) 0.23±0.02 1.69±0.02 11.15±0.03 7.93±0.54 17.62±1.06

Mixed culture #5 (W.W.T.) 1.39±0.02 1.05±0.04 20.75±1.59 3.54±0.09 7.82±0.47

Nannochloropsis oculata 1.65±0.10 2.04±0.35 20.16±0.98 40.68±1.61 6.47±0.40

Nannochloropsis sp. 2.17±0.03 1.39±0.20 25.83±1.09 40.80±1.05 28.81±1.73

Neochloris oleoabundans 1.56±0.29 3.73±0.24 64.30±4.57 40.72±0.67 16.56±0.99

Parachlorella kessleri 2.12±0.04 1.38±0.16 27.36±1.33 39.36±1.77 32.24±1.93

Phaeodactylum tricornutum 6.14±0.16 3.75±0.46 48.90±1.30 89.70±1.43 46.29±2.78

Phaeodactylum tricornutum
batch 1 KAHO

2.88±0.04 3.19±0.29 11.88±0.29 34.90±1.23 n.a.

Phaeodactylum tricornutum
batch 2 KAHO

2.26±0.10 3.54±0.29 4.55±0.01 37.19±0.83 n.a.

Phaeodactylum tricornutum
batch 3 KAHO

3.14±0.06 3.48±0.75 11.07±0.19 58.84±1.50 n.a.

Porphyridium cruentum 0.95±0.01 1.22±0.05 5.14±0.41 10.89±0.17 1.82±0.11

Scenedesmus obliquus 0.44±0.06 1.94±0.16 5.87±0.28 19.68±1.52 n.a.

Schizochytrium sp. n.d. 1.94±0.16 n.d. 28.04±0.56 n.a.

Tetraselmis sp. 2.88±0.29 3.74±0.10 69.40±1.14 46.58±0.60 56.38±3.38

Tetraselmis suecica 4.27±0.21 1.71±0.57 56.46±3.24 11.35±0.56 27.38±1.64

mean 2.19 2.11 25.11 30.46 23.98

a mean ± stdev (n=3); b n.a. 0 not available; c n.d. 0 not detectable; d A.C. 0 mixed culture used in aquaculture; e W.W.T 0 mixed culture for waste
water treatment
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volume was adjusted to 50 mL with additional borate buffer,
and the emulsion was stored at 4°C in the dark under
nitrogen until needed. Before use, the substrate was checked
for autoxidation, and solutions exhibiting >3% autoxidation
were discarded. For the assay, 30 μL substrate and 10 μL
antioxidant solution were added to a quartz cuvette containing
2.81 mL of 0.05 M phosphate buffer (pH 7.4) at 40°C. The
oxidation reaction was initiated at 37°C by adding 150 μL of
40 mMAAPH solution freshly prepared in 0.05 M phosphate
buffer (pH 7.4). For the blank, 10 μL of buffer was added
instead of antioxidant solution. The radical reactions were
monitored by recording the increase in absorption at 234 nm
caused by conjugated diene hydroperoxides. Absorbances
were measured at 37°C using a Thermo L spectrophotometer,
equipped with a 7-position automatic sample changer,
connected to an external water bath. All measurements were
run against the phosphate buffer. A separate AAPH-free con-
trol was prepared to check for any spontaneous oxidation. The
absorbance of an AAPH reference (mixture of 150 μL AAPH
solution and 2.85 mL phosphate buffer) was measured in a
separate cuvette and the absorbance value is subtracted from
each experimental point. (AAPH has a relatively high absor-
bance below 260 nm, which changes as it decomposes). The
inhibition time (Tinh) was calculated as the point of intersec-
tion between the tangents to the inhibition and propagation
phase curves, when plotting the absorbance at 234 nm versus
the reaction time (see Fig. 4).

Phenolic and carotenoid content

Phenolic content was estimated by the Folin-Ciocalteu pro-
cedure according to the slightly modified procedure used by
Hajimahmoodi et al. (2010). For this, 200 μL extract was
mixed with 1.5 mL of Folin–Ciocalteu reagent (previously
diluted tenfold with distilled water) and allowed to stand at
room temperature for 5 min. Next, 1.5-mL sodium

bicarbonate solution (60 gL-1) was added to the mixture. After
incubation for 90 min at room temperature, the absorbance
was measured at 750 nm. Total phenolics were calibrat-
ed against gallic acid standard solutions (25-150 mg L-1

in 50 % methanol) and are expressed as mg gallic acid equiv-
alent (G.A.E.) g-1 biomass.

Carotenoid content was estimated spectrophotometrically
according to the method of Lichtenthaler and Buschmann
(2001). Aliquots of the extracts were diluted 15-300 times
with 90 % (v/v) methanol in water and absorbances were
measured at 470, 652 and 665 nm and carotenoid content is
calculated using the Lichtenthaler equations.

0

1

2

3

4

5

ethanol/water hexane ethyl acetate water

p
h

en
o

lic
 c

o
n

te
n

t(
m

g
 G

A
E

. g
-1

D
.W

.)

Fig. 2 Box plot distribution of the phenolic content of the microalgal
fractions as determined by the Folin-Ciocalteu assay. Error bars repre-
sent minimum and maximum values, whereas the rectangle boundaries
represent 1st quartile, median and 3th quartile values
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AIOLA assay (3 C). Error bars represent minimum and maximum
values, whereas the rectangle boundaries represent 1st quartile, median
and 3th quartile values
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Statistical analyses

The results of three replicate extracts from each sample were
used for statistical analysis. Multiple regression analysis was
carried out using R-software (version 2.13.0). For the re-
gression model, the antioxidant activity is calculated as a
function of both carotenoid and phenolic content. By using a
multiple regression model, the contribution of both caroten-
oid and phenolic content can be determined more accurately
than with univariate regression.

Results

Carotenoid and phenolic content of microalgal biomass

For most species, the highest carotenoid content (Fig. 1) was
found in the ethanol/water extracts ranging from 0 to 7.8 mg g-1

biomass (Table 1). Samples with a relatively high carotenoid
content (>3 mg g-1 biomass) belonged to Isochrysis, Phaeo-
dactylum, Chlorella sp. and T. suecica. The heterotrophically
grown Schizochytrium did not contain any carotenoids. In the
extracts, obtained by the fractionating procedure, most carote-
noids were found in the ethyl acetate fraction, followed by the
hexane fraction. The hot water fraction contained only traces of
carotenoids. Exceptions were Isochrysis and Haematococcus
(green phase), for which most carotenoids were found in the
hexane fraction. The observation that carotenoids were not

detected in the H. pluvialis biomass (red phase) can be
explained by the fact that in this growth phase, the carotenoid
fraction consists mainly of astaxanthin (mainly esterified),
which apparently is hardly or not extracted with the used
ethanol/water mixture.

Phenolic content in the ethanol/water extracts varied
from 0.5 to 4.6 mg G.A.E. g-1 biomass (Table 1). Samples
with a relatively high phenolic content (>3 mg G.A.E. g-1

biomass) belonged to Isochrysis, Phaeodactylum, Tetrasel-
mis sp. and a mixed culture of marine diatoms. In contrast to
the carotenoids, the highest phenolic content was measured
in the hot water fractions, followed by the ethyl acetate
fractions (Fig. 2). The hexane fractions showed only a low
phenolic content, which is to be expected since phenolic
substances are typically more polar compounds.

Antioxidant activity of microalgal biomass

For the FRAP assay, antioxidant activity in the ethanol/
water extracts varied from 3.3 to 90 μmol trolox eq. g-1

biomass (Table 1). Samples with a relatively high FRAP
activity (>40 μmol trolox eq. g-1 biomass) belonged to C.
vulgaris, H. pluvialis (green phase), Isochrysis ISO-T and
Isochrysis sp., N. oculata, Nannochloropsis sp., P. tricornu-
tum and Tetraselmis sp.. FRAP activity was highest in the
hot water fractions and lowest in the hexane fractions for
most samples (Fig. 3a). Our results are in agreement with
Hajimahmoodi et al. (2010), who measured similar FRAP-
values and who also measured the highest FRAP activity in
the hot water fractions when compared to hexane fractions.

Antioxidant activity tested according to the TEAC assay
varied from 0 to 69 μmol trolox eq. g-1 biomass in ethanol/
water extracts (Table 1). Samples with a relatively high
TEAC activity (>40 μmol trolox eq. g-1 biomass) belonged
to B.s braunii, Chlorella sp., N. oleoabundans, P. tricornu-
tum, Tetraselmis sp. and T. suecica. TEAC activity was
highest in the hot water fractions and lowest in the hexane
fractions (Fig. 3b). Li et al. (2007) also measured TEAC
activity in extracts from microalgae. They measured similar
TEAC activities and also found the highest TEAC activity
in hot water extracts and the lowest activity in hexane
extracts.
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Table 2 Multiple regression
analysis of both phenolic and
carotenoid content versus anti-
oxidant activity using t-test for
significance

X-variable Y-variable Coefficients Standard Error R² t Stat P-value

phenolic content FRAP value 8.103 1.608 0.549 5.040 2.39E-6

carotenoid content 5.553 1.403 3.957 1.51E-4

phenolic content TEAC value 6.464 1.501 0.510 4.306 4.83E-5

carotenoid content 5.300 1.310 4.045 1.10E-4

phenolic content AIOLA value 3.525 1.950 0.302 1.905 6.10E-2

carotenoid content 4.358 1.529 2.850 5.80E-3
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Antioxidant activity according to AIOLA assay was only
tested on 19 of the 32 biomass samples, and varied from 1.8
to 56 μmol trolox eq. g-1 biomass in the ethanol/water
extracts (Table 1). Samples with a relatively high AIOLA
activity (> 40 μmol trolox eq. g-1 biomass) belonged to
samples of P. tricornutum, Tetraselmis sp. and a mixture
of marine microalgae. In contrast to TEAC and FRAP,
AIOLA activity was highest in the order ethyl acetate >
hexane > hot water fractions (Fig. 3c). The formation of
conjugated diene hydroperoxides in the AIOLA assay is
illustrated in Fig. 4. In the absence of antioxidants (0 μM
trolox), conjugated diene hydroperoxides are formed imme-
diately after the addition of the radical initiator, whereas the
reaction shows a delayed onset in the presence of antiox-
idants. In a model solution containing the reference antiox-
idant trolox, the onset of diene hydroperoxide formation is
delayed but, once the reaction has been initiated, the rate at
which diene hydroperoxides are formed is similar as in the
absence of antioxidants. In the presence of algal extracts, on
the contrary, the rate at which hydroperoxides are formed
after a certain inhibition period is clearly lower, as indicated
by a lower slope of the curve compared to the trolox curves.
While trolox blocks the oxidative reaction almost completely
until all antioxidant has been used up, algal extracts seem to
act more as retardant antioxidants as described by Laguerre et
al.(2007). This is very likely due to the fact that algal extracts
contain a complex mixture of antioxidants in which a specific
antioxidant can be regenerated by another antioxidant.

Multiple regression analysis (Table 2) indicated that both
carotenoid and phenolic content significantly contributed to
explaining the variation in FRAP and TEAC activity of the
extracts. The regression coefficients indicate that phenolics
and carotenoids are of similar importance in explaining
variation in the antioxidant activity. For AIOLA, only the
carotenoid content significantly contributed to explaining
variation in antioxidant activity in the extracts (Table 2).
The contribution of the phenolic content was only margin-
ally significant (p00.06). The R² value of the multiple
regressions for FRAP (0.549), TEAC (0.510) and AIOLA
(0.310) suggest that, besides phenolics and carotenoids, also
other components contributed to the antioxidant activities
measured in the samples.

Batch-to-batch variations

Table 1 shows that phenolic content was comparable in
different batches of P. tricornutum cultured in our pilot-scale
photobioreactors. The same holds true for the different C.
vulgaris batches, with the exception of batch 2 which
contained only half of the phenolic content of the other
batches. Carotenoid content was also more or less comparable
among the 3 Phaeodactylum batches but differed largely
between the 6 different Chlorella batches. Samples of

Chlorella and Phaeodactylum biomass supplied by commer-
cial producers had a comparable phenolic content but had a
higher carotenoid content than most biomass samples
obtained with our pilot installation. The variation in the con-
tent of carotenoids and phenolics was reflected in differences
in the antioxidant capacity, as measured by the TEAC- and
FRAP-assays, which also varied from batch to batch and was
higher in the commercial biomass.

Discussion

It is well-known that carotenoids are important contributors
to antioxidant activity in microalgal biomass (see e.g.
Kobayashi et al. 1997; Herrero et al. 2006). This was con-
firmed by our multiple regression analyses, which indicated
a significant contribution of carotenoids to antioxidant ac-
tivity as measured by the FRAP, TEAC and AIOLA assays.
However, the fact that antioxidant activity measured accord-
ing to TEAC and FRAP was highest in the hot water extract
fractions while carotenoid content was very low in these
fractions implies that carotenoids are not the only determi-
nants of antioxidant activity in microalgae. Indeed, the hot
water extracts had the highest content of phenolic com-
pounds and multiple regression analyses indicated that phe-
nolic compounds also contributed significantly to explaining
antioxidant activity as measured by the TEAC and FRAP
assays.

Comparing the data on carotenoid content with other
studies must be made with caution since carotenoid content
and composition are influenced by culture conditions such
as nutrient availability and light intensity. Nevertheless, the
carotenoid content found in the used biomass samples falls
within the range given by Spolaore et al. (2006), who noted
an average carotenoid content of 1.0 to 2.0 mg g-1 biomass
with values up to 140 mg g-1 biomass in D. salina.

Compared to carotenoids, few studies have measured
phenolic content in microalgae. Phenolic content as mea-
sured in this study was comparable to the previous studies of
Geetha et al. (2010), Hajimahmoodi et al. (2010) and Li et
al. (2007), although Cha et al. (2010) detected higher levels
in extracts from C. vulgaris obtained by pressurised liquid
extraction at elevated temperatures using 90% ethanol as
extractant. In our study, the highest phenolic content was
measured in the hot water fractions, followed by the ethyl
acetate fractions and hexane fractions. This can be ascribed
to the generally polar nature of phenolic compounds and is
in agreement with Hajimahmoodi et al. (2010), who also
found the highest phenolic content in the hot water fraction.
Surprisingly, however, Li et al. (2007) found the highest
content of phenolic substances in the apolar hexane fraction.

Cai et al. (2004) studied the antioxidant activity (using
the TEAC assay) and phenolic content of methanol/water
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extracts from a large number of medicinal plants as well as
several common edible fruits and vegetables. Mean values
for antioxidant activity were 9 μmol trolox eq. g-1 biomass
for medicinal plants and 0.9 μmol trolox eq. g-1 biomass for
edible fruits and vegetables. Samples having a TEAC value
above 10 μmol trolox eq. g-1 biomass were considered to be
rich in antioxidants. The mean value for TEAC in our
microalgal ethanol/water extracts of 25 μmol trolox eq. g-1

biomass and the highest value of 69 μmol trolox eq. g-1

biomass (for Tetraselmis sp.) clearly endorse the antioxidant
potential of microalgae.

In our study, carotenoid content contributed significantly
to explaining TEAC, FRAP and AIOLA activity, whereas
phenolic compounds only contributed to explaining TEAC
and FRAP activity. Carotenoids are well-known for their
ability to deactivate singlet oxygen by physical quenching.
Further, carotenoids can quench radicals by hydrogen atom
transfer or by accepting electrons from radicals (Martínez
and Barbosa 2008). Polyphenols act as antioxidants through
single electron transfer and through hydrogen atom transfer.
The TEAC assay quantifies antioxidant activity by single
electron transfer (direct reduction of ABTS●+) or radical
quenching by hydrogen atom transfer (Prior et al. 2005),
and thus detects antioxidant activity from both carotenoids
and polyphenols. The FRAP assay quantifies antioxidant
compounds that have redox potentials below 0.7 V (the
redox potential of the Fe3+-TPTZ complex). FRAP detects
antioxidants that act through single electron transfer but
cannot detect compounds that act as radical quenchers by
hydrogen atom transfer (Prior et al. 2005), and should thus
mainly detect antioxidant activity from polyphenols. How-
ever, recently, Müller et al. (2011) demonstrated that specific
carotenes and xanthophylls show significant FRAP activity.
The AIOLA assay estimates the ability of compounds to
prevent oxidation of lipids in emulsions. The highly conju-
gated system in carotenoid molecules is very efficient in
scavenging oxygen radicals and thus in preventing oxidation
of polyunsatured fatty acids. Moreover, in oil-in-water emul-
sions, the relatively apolar carotenoids can dissolve in the oil
phase to prevent lipid oxidation. The fact that the more polar
phenolic compounds dissolve to a lesser extent in the oil
phase probably explains why they are a poor predictor of
AIOLA activity (cf. Shahidi and Zhong 2011). As mentioned
above, our AIOLA results only reflect the use of microalgal
extracts to prevent lipid oxidation in emulsion, which is
apparent for alcohol/water extracts of P. tricornutum, Tetra-
selmis sp. and a mixture of marine microalgae. These
extracts contain potent antioxidants that largely inhibit lipid
oxidation under the conditions used.

Differences in antioxidant activity in specific tests may
not only be related to the quantity of carotenoids and poly-
phenols, but also the specific characteristics of carotenoids
and polyphenolic identity of the specific compounds. Müller

et al. (2011) demonstrated that activity of carotenoids in
TEAC and FRAP assays are not only determined by the
number of conjugated double bonds,but also by the presence
of a hydroxyl group near the conjugated system and the
substitution pattern of the β-ionone rings. These authors
described large variation in the reactivity of the different
types of carotenoids towards both FRAP and TEAC assays,
with carotenes being more active than xanthophylls in the
TEAC assay and the opposite for the FRAP assay. It is also
well-known that the antioxidant activity of polyphenols, as
measured by FRAP (Pulido et al. 2000) or TEAC (Rice-
Evans et al. 1996), is related to the degree and pattern of
hydroxylation and extent of conjugation in polyphenols.
From our data, it can be seen that many of the Chlorophyta¸
such as B. braunii, Chlorella sp., N. oleoabundans and
Tetraselmis sp. have high FRAP and TEAC activities. This
could be related to relatively high contents in β-carotene
(not active towards FRAP reagent), lutein, violaxanthin and
neoxanthin that are found in these microalgae (Takaichi
2011), considering their high reactivity as stated by Müller
et al. (2011). The commercial samples of P. tricornutum and
Isochrysis may be rich in fucoxanthin, a carotenoid known
for its antioxidant power (Sachindra et al. 2007) and typical
for Bacillariophyceae and Haptophyta (Takaichi. 2011).
Since the multiple regression analysis clearly indicated that
both phenolics and carotenoids contribute to FRAP and
TEAC antioxidant activities, interpretation of the data on
antioxidant activity cannot rely solely on carotenoid com-
position and information on phenolic content and phenolic
composition must be taken into account. At present, little is
known about the polyphenolic components that are present
in microalgae. Recent work by Klejdus et al. (2010) and
Kovácik et al. (2010) indicate that a variety of phenolic
classes are present in microalgae, but further identification
of phenolic components is needed to better understand the
differences in the contribution of phenolics to the antioxi-
dant activity of microalgae.

In conclusion, our results suggest that when using micro-
algae biomass as a source of natural antioxidants, not only
carotenoids but also phenolic compounds should be consid-
ered. Although the content of phenolic substances in micro-
algae is in the lower end of the range reported for terrestrial
plants (Cai et al. 2004), it was comparable to the carotenoid
content in the studied samples. Further identification of
phenolic substances from microalgae is required to evaluate
whether microalgae may contain novel phenolic compounds
that are not known from terrestrial plants. Further, it should
be noted that carotenoid content in some microalgae can be
increased up to 140 mg g-1 biomass by manipulating envi-
ronmental conditions (Spolaore et al. 2006) and that the
same might be true for phenolic compounds. The fact that
the phenolic content differed almost threefold between dif-
ferent samples of the same species suggests that the phenolic
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content in microalgae may be optimised by selecting the
appropriate cultivation and processing conditions.
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