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Interest in plant-derived food additives has increased recently, with efforts to identify natural
antioxidant sources to replace synthetic antioxidants. This study evaluated the antioxidant effects
of organic solvent fractions of 80% methanol extracts from Pediastrum duplex and
Dactylococcopsis fascicularis microalgae. Among the solvent fractions tested, the ethyl acetate
and n-hexane fractions from P. duplex effectively scavenged 79.8% and 74.5% of DPPH free
radicals, respectively. The chloroform fraction from D. fascicularis showed the strongest H,0,
scavenging ability (49.7%). The greatest scavenging of hydroxyl radicals (73.1%) was exhibited
by the 80% methanol extract from P. duplex. Aqueous residue and ethyl acetate fraction from P
duplex provided the strongest nitric oxide scavenging (57.7%) and metal chelating effect (82.1%),
respectively. Chloroform and ethyl acetate fractions from P. duplex and n-hexane fraction from D.
Jascicularis exhibited significantly greater inhibition of lipid peroxidation than the commercial
antioxidants. These results suggested that P duplex and D. fascicularis microalgae having
potential antioxidative compounds with various properties could be utilized in the food and

pharmaceutical industries.
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Introduction

Reactive oxygen species (ROS) such as hydrogen
peroxide, hydroxyl radicals, and superoxide anions
are formed in living organisms by cellular processes
such as mutagenesis, carcinogenesis, and premature
aging that involve both exogenous (e.g., tobacco
smoke, ionizing radiation, and certain pollutants) and
endogenous (e.g., normal aerobic respiration) factors.
ROS react with a large variety of easily oxidizable
cellular components, including proteins, lipids, and
lipoproteins (Fridovich, 1995). Oxidation is a primary
cause of food deterioration, resulting in the destruct-
tion of fat-soluble vitamins and the development of
off-colors and toxicants (Yang et al., 2000; Ukeda et
al., 2002).

Antioxidants can prevent oxidative damage by free
radicals and ROS. Commercial antioxidant supple-
ments such as butylated hydroxyanisole (BHA),
propyl gallate have been used to reduce oxidative
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butylated hydroxytoluene (BHT), a-tocopherol, and
damage in the human body (Sherwin, 1990; Giil¢in et
al., 2002). However, these antioxidants are associated
with side effects such as liver damage and
carcinogenesis (Lindenschmidt et al., 1986). Thus,
researchers and consumers seek to replace these
synthetic products with natural antioxidants in foods
and medicines.

Plants and algae are sources of natural antioxidants.
Plants and algae absorb solar radiation and generate
high levels of oxygen as a secondary metabolite
during photosynthesis. This oxygen can be activated
by ultraviolet radiation and solar heat to produce
toxic ROS in plants and algae. The diverse anti-
oxidative compounds present in plants and algae
enhance their survival by neutralizing these ROS (Lu
and Foo, 1995).

Many studies have investigated the antioxidant
effects of macroalgae, but less attention has been paid
to microalgae because of difficulties in the isolation
and cultivation of these species. Recent research has
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focused on the use of microalgae as sources of
nutraceuticals for the health food market. For
example, Chlorella sp. and Spirulina sp. extracts have
been included in pasta, bread, green tea, milk, beer,
and candy (Liang et al., 2004). Microalgae such as
Chlorella sp., Spirulina sp., and Dunaliella sp. are
grown commercially for the production of algal
products such as f-carotene, lutein, and phycocyanin.
The antioxidative activity of phycocyanobilin from
Spirulina platensis has been evaluated for prevention
of methyl linoleate oxidation in hydrophobic systems
and in phosphatidyicholine liposomes; phycocyano-
bilin effectively inhibited the peroxidation of methyl
linoleate and produced a prolonged induction period
(Hirata, 2000). Aphanizomenon flos-aquae (Cyano-
phyta) is rich in phycocyanin, a photosynthetic
pigment with antioxidant and anti-inflammatory
properties (Benedettia et al., 2004).

The objective of this study was to investigate the
antioxidant properties of 80% methanol extracts and
their organic solvent fractions from Pediastrum
duplex and Dactylococcopsis fascicularis microalgae
from Jeju Island, Korea. Another objective was to
extend the possibility to utilize these algae species in
the food and pharmaceutical industries.

Materials and Methods

Chemicals

The following were purchased from Sigma-Aldrich
Co. (St. Louis, MO, USA): 1,1-diphenyl-2-picryl-
hydrazyl (DPPH), thiobarbituric acid (TBA), trichlo-
roacetic acid (TCA), sodium nitroprusside, sulphani-
lic acid, naphthyl ethylenediamine dihydrochloride,
xanthine, xanthine oxidase from buttermilk, nitroblue
tetrazolium salt (NBT), BHT, o-tocopherol, 3-(2-
pyridyl)-5,6-di(p-sulfophenyl)-1,2,4-triazine disodium
salt (ferrozine), potassium ferricyanide [K;Fe(CN)s],
Folin-Ciocalteu reagent, and linoleic acid. Peroxidase
2-deoxyribose, and 2,2'-azino-bis (3-ethylbenz-
thiazolin)-6-sulfonic acid (ABTS) were purchased
from Fluka Chemie (Buchs, Switzerland). All other
chemicals were of analytical grade.
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Sample collection and isolation

Microalgal samples were directly collected in 1-L
plastic bottles from several locations along the Sanji
stream, Jeju Island, Korea. Environmental factors
such as water temperature and pH were measured at
each sampling spot. The recommended concentration
of F/2 culture medium (Aquacenter Inc., Leland, MS,
USA) was added to the samples, and the bottles were

immediately transferred to a plant growth chamber
(Model VS-3D; Vision Scientific Co., Korea) for 3
days of incubation at temperatures of 20°C, 25°C,
and 30°C. The samples were then removed from the
chamber, the pH was again measured, and 1 mL of
each sample was transferred to a Sedgwick-Rafter
chamber for observation of phytoplankton abundance
and community changes, under an inverted micro-
scope. Single cells of P. duplex and D. fascicularis
were collected with micropipettes and transferred into
12-microwell cell culture plates that contained F/2
culture medium, soil extract, and distilled water.
Subculture was performed until phytoplankton mono-
strains were obtained.

Mass culture

Mass culture of each algal strain was grown in F/2
nutrient culture medium, 10% soil extract, and
distilled water, at a light intensity of 180 pE/m/s and
a 12-h light-dark cycle. The P duplex culture was
kept at a temperature of 25°C and pH 8.0, and the D.
fascicularis culture was kept at 30°C and pH 8.5.
After incubation for 2 weeks in 10-L transparent
polycarbonate containers (Nalgene, Rochester, NY,
USA), the microalgal biomass was separated by
vacuum filtration, freeze-dried, and weighed.

Proximate composition

Proximate chemical compositions of the freeze-
dried microalgae samples were determined according
to the methods of the Association of Official
Analytical Chemists (AOAC, 1980). The Soxhlet
method was used to determine crude lipid content,
and the Kjeldhal method was used to determine crude
protein content. Ash content was determined by
calcination in a furnace at 550°C, and moisture
content was determined by placing the samples in a
dry oven at 105°C for 24 h. The crude protein content
of the solvent fractions and the 80% methanol
extracts were determined by the method of Lowry
(1951). The polysaccharide contents were determined
by the phenol-sulfuric method.

Preparation of 80% methanol extracts and solvent
fractions

Powdered, freeze-dried algal samples (5 g) were
extracted with 80% methanol (500 mL) at 25°C for
24 h under shaking conditions. The mixture was
filtered, and the 80% methanol extract was collected
and concentrated. The obtained extracts were
fractionated in a separatory funnel with a sequence of
organic solvents: n-hexane, chloroform, and ethyl
acetate (Fig. 1). Each fraction was concentrated and
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Fig. 1. Solvent fractionation procedure of P. duplex and D. fascicularis.

redissolved in methanol to a concentration of 2
mg/mL. All activities of the fractions were compared
with those of commercial antioxidants (BHT and a-
tocopherol) dissolved in methanol (2 mg/mL).

DPPH free radical scavenging assay

DPPH free radical scavenging activity of the
fractions was measured using a modified method of
Brand-Williams et al. (1995). Each 2-mL sample was
mixed with 2 mL of DPPH solution (3x10° M) and
incubated for 30 min. Then the absorbance at 517 nm
was recorded using a UV-VIS spectrophotometer
(Opron 3000; Hanson Tech. Co. Ltd., Seoul, Korea).

Hydrogen peroxide scavenging assay

Ability of the microalgae fractions to scavenge
hydrogen peroxide (H,0,) was determined according
to the method of Muller (1995). To each 80 pL
sample, 20 pL of 10 mM H,0O, were added, and this
was then mixed with 100 pL of phosphate buffer (0.1
M, pH 5.0) in a 96-microwell plate and incubated at
37°C for 5 min. Thereafter, 30 uL of 1.25 mM ABTS
and 30 pL of peroxidase (1 U/mL) were added, and
the mixture was incubated at 37°C for 10 min. The
absorbance at 405-nm was measured using a micro-
plate reader (Sunrise; Tecan Co., Ltd., Grodig,
Austria).

Superoxide anion scavenging assay

Superoxide anion scavenging activity of the micro-
algae fractions was measured using the method of
Nagai et al. (2003). A mixture containing 0.48 mL of
0.05 M sodium carbonate buffer (pH 10.5), 0.02 mL
of 3 mM xanthine, 0.02 mL of 3 mM EDTA, 0.02 mL

of 0.15% bovine serum albumin, 0.02 mL of 0.75
mM NBT, and 0.02 mL of sample was incubated at
25°C for 10 min. The reaction was started by adding
6-mU of xanthine oxidase, and the sample was
maintained at 25°C for 20 min. Finally, 0.02 mL of 6
mM copper chloride was added, and the absorbance
at 560 nm was measured.

Hydroxyl radical scavenging assay

Hydroxyl radical scavenging activity was deter-
mined as described by Chung et al. (1977). The
Fenton reaction mixture [200 uL of 10 mM ferrous
sulfate heptahydrate (FeSO4-7H,0), 200 uL. of 10
mM EDTA, and 200 pL of 10 mM 2-deoxyribose]
was mixed with 1.2 mL of phosphate buffer (0.1 M,
pH 7.4) and 200 pL of sample. Thereafter, 200 pL of
10 mM H,0, were added, followed by incubation at
37°C for 4 h. After incubation, 1 mL of 2.8% TCA
and 1 mL of 1% TBA were added, and the mixture
was placed in a boiling water bath for 10 min. After
cooling, the mixture was clarified by centrifugation,
and the absorbance at 532 nm was measured.

Nitric oxide radical scavenging assay

Nitric oxide radical scavenging was determined
according to the method of Garrat (1964). Two
milliliters of 10 mM sodium nitroprusside in 0.5 mL
of phosphate-buffered saline (pH 7.4) were mixed
with 0.5 mL of sample and incubated at 25°C for 150
min. After incubation, 0.5 mL of the mixture was
added to 1.0 mL of sulphanilic acid reagent (0.33% in
20% glacial acetic acid) and incubated at room
temperature for 5 min. Finally, 1.0 mL of naphthyl
ethylenediamine dihydrochloride (0.1% w/v) was
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added, and the mixture was incubated at room
temperature for 30 min. The absorbance at 540 nm
was measured.

Metal chelating ability

Metal chelating ability was determined according
to the method of Decker and Welch (1990). The
sample (5 mL) was added to 0.1 mL of 2 mM ferric
chloride (FeCl,), then mixed with 0.2 mL of 5 mM
ferrozine, and incubated for 10 min at room tem-
perature under shaking conditions. After incubation,
the absorbance at 562 nm was measured.

Determination of lipid peroxidation inhibitory
effect

Lipid peroxidation inhibitory effect of the micro-
algae samples was determined according to the ferric
thiocyanate (FTC) method (Kikuzaki and Nakatani,
1993). Each sample (2 mL) was mixed with 2 mL of
2.51% linoleic acid in ethanol, 4 mL of 0.05 M
phosphate buffer (pH 7), and 2 mL of distilled water.
The reaction mixture was kept at 40°C in a darkroom.
Then, 0.1 mL of the reaction mixture was added to
9.7mL of 75% ethanol and 0.1 mL of 30%
ammonium thiocyanate. After 5 min, 0.1 mL of 0.02
M FeCl; in 3.5% HCI was added, and the absorbance
at 500 nm was measured every 24 h for 7 days.

Total phenolic content

Folin-Ciocalteu reagent was used to determine the
total phenolic compounds in the samples, according
to the method of Chandler and Dodds (1993). Gallic
acid was used as a standard phenolic compound. Each
microalgae sample (1 mL) was mixed with 1 mL of
95% ethanol, 5 mL of distilled water, and 0.5 mL of
50% Folin-Ciocalteu reagent. After 5 min, 1 mL of
5% sodium bicarbonate was added, and the mixture
was placed in a darkroom for 1 h. The absorbance at
725 nm was measured.

Statistical analysis

Statistical analyses were conducted with SPSS
version 11.5 software, using triplicate (n=3) test data.
The mean values of the fractions were compared
using one-way analysis of variance (ANOVA)
followed by Tukey’s test. A P-value of less than 0.05
was considered to be significant.

Results

Water temperature at the collection sites varied
from 25°C to 30°C, and the pH values ranged from
7.6 to 8.2. The cultures of P. duplex showed better

growth at 25°C and pH 8.1; and D. fascicularis grew
best at 30°C and pH of 8.5. The dry-weight biomass
pro-ductions of P. duplex and D. fascicularis were 0.8
g/L and 0.6 g/L, respectively.

Proximate compositions of freeze-dried P duplex
and D. fascicularis are shown in Table 1. The
moisture contents of P. duplex and D. fascicularis
were 6.1% and 5.5%, respectively. The ash, carbo-
hydrate, and lipid contents of P. duplex were 15.2,
30.0, and 2.4%, respectively; those of D. fascicularis
were 8.9, 33.7, and 4.5%, respectively. Protein was
the primary component of both microalgae: 46.3%
for P. duplex and 47.4% for D. fascicularis. The total
phenolic, polysaccharide, and protein contents in the
80% methanol extracts and solvent fractions are listed
in Table 2. Significant differences in the total
phenolic, polysaccharide, and protein contents were
observed between species and among fractions.

Table 1. Proximate composition of P duplex and D.

fascicularis
Nutrient P duplex D. fascicularis
Moisture (%) 6.1+£0.3 55+0.3
Carbohydrate (%) 304+0.2 33.710.1
Protein (%) 46.3 £ 0.1 474+0.2
Lipid (%) 24+02 45+03
Ash (%) 152+04 89104

Values are means of three replicates = SD.

DPPH scavenging activities of the 80% methanol
extracts and the solvent fractions are shown in Table
3. Significant differences in activity were observed
between species and among fractions. The 80%
methanol extract and all P. duplex fractions displayed
remarkably high DPPH scavenging activity, with the
highest activity observed in the ethyl acetate (79.8%)
and n-hexane (74.5%) fractions. The fractions from D.
fascicularis produced lesser effects; the chloroform
and ethyl acetate fractions exhibited the highest
activity among the D. fascicularis samples (49.4%
and 39.8%, respectively).

Table 3 presents the H,O, scavenging activities of
the 80% methanol extracts and solvent fractions.
Among the P duplex samples, the chloroform
(47.2%) and ethyl acetate (48.7%) fractions
demonstrated the greatest activity. For D. fascicularis,
the chloroform fraction (49.7%), 80% methanol
extract (47.7%), and n-hexane fraction (42.9%)
demonstrated the greatest H,O, scavenging activity.

Chloroform (40.5%) and ethyl acetate (31.5%)
fractions from P duplex exhibited the greatest
superoxide anion scavenging effect among all micro-
algae samples (Table 3).

The greatest hydroxyl radical scavenging effects
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Table 2. Total polyphenolic, polysaccharide, and protein contents of 80% methanol extracts, and its different

fractions from P. duplex and D. fascicularis

Microalgae Fractions Yield Total phenolic® Polysaccharide® Protein®
(9/100 g) (mg/100 g) (mg/100 g) (mg/100g)

Methanol 15.8 1724 +12.2 1,398 £ 98.5 1,069 +79.4
n-Hexane 55 417128 57111271 240.31£19.2

P. duplex Chloroform 0.5 155+07 50124 25112
Ethyl acetate 1.0 16.2+0.6 209.1+156 180.2 + 13.1
Aqu. resi. 8.8 88.3+46 567.9+234 563.6 £ 32.3
Methanol 14.8 2453 1+ 19.1 1352 +93.5 753.1+442 -
n-Hexane 2.3 10.8 £0.3 163.2+11.2 488123

D. fascicularis Chloroform 10.0 185.7+£13.4 843.8 £46.7 540.2+24.2
Ethyl acet. 1.0 126+07 80.7+49 73.3+34
Aqu. resi. 15 16.8+1.2 306.1+17.6 89.7+53

Values are means of three replicates + SD.

“As equivalent to gallic acid, "As equivalent to glucose, ‘As equivalent to bovine serum albumin.

Table 3. Antioxidants activity of 80% methanol extracts and solvent fractions from P. duplex and D. fascicularis

Microalgae Fractions DPPH? H.0,° 0° OH-? NO-® FC'
Methanol 65.9d + 3.2 389d+1.6 19.6g9 + 0.3 73.1c+5.8 13.3e £ 0.6 26.6b+1.7
n-Hexane 745c+5.2 321e+13 22.4d £ 1.6 15.5fg + 2.3 28.3d 0.7 13.9h + 0.1

P, duplex Chloroform 65.9d +4.3 472b+2.4 405b+2.7 113.5f+ 0.4 127+ 0.1 1159+ 0.2
Ethyl ace. 79.8b+ 5.7 487b+2.6 315c+2.1 17.4g+0.3 27.6d + 1.1 82.1a+ 6.4
Aqu. res. 599e+1.3 325e +1.1 15.5f+ 0.6 18.7e £ 0.4 57.7a+2.7 11.89 + 0.4
Methanol 23.1h+1.3 477b+2.3 13.5h £ 0.1 23.3e+ 09 12.7¢ £ 0.1 141+ 0.7
n-Hexane 39.8g+1.7 429c+2.1 15.5f+ 0.3 34.1d+ 1.4 457b+1.8 145+ 0.8

D. fascicularis Chloroform 49.4f + 2.1 497b+1.7 19.7e £+ 0.7 36.4d+1.3 12.3f+ 0.1 18.8¢ + 0.8
Ethyl ace. 39.8g+24 252f+0.8 18.9¢ + 0.3 11.4f+ 0.6 427c+1.8 37.6ct 1.6
Aqu. res. 389927 1529+ 0.7 15.3h + 0.4 11.2f£0.3 16.5(+ 0.4 492b+1.9
BHT 946a+6.4 60.1a £4.2 632a+4.3 76.6b % 4.6 26.1d + 0.9 11.5¢ + 0.1
Tocopherol 94.3a+7.1 62.5a+ 4.9 61.5a+4.7 79.5a+47 252d+0.6 10.3g £ 0.1

Sample concentration is 2 mg/mL; Values are Means+SE (n=3); values in each column followed by different

letters denote significant difference at P<0.05.

“DPPH free radical scavenging activity, "hydrogen peroxide scavenging activity, “superoxide anion scavenging
activity, “hydroxyl radical scavenging activity, “nitric oxide scavenging activity, 'ferrous ion chelating effect.

were observed in the 80% methanol extract from P
duplex (73.1%; Table 3). The n-hexane (34.1%) and
chloroform (36.4%) fractions showed the greatest
hydroxyl radical scavenging activity among the D.
Jascicularis samples. No significant effects were
observed in the other fractions.

Aqueous residue (57.7%) and the n-hexane
(28.3%) and ethyl acetate (27.6%) fractions from P,
duplex demonstrated significant nitrous oxide
scavenging activity, which was greater than that of
the commercial antioxidants (P<0.05; Table 3). The
n-hexane (45.7%) and ethyl acetate (42.7%) fractions
from D. fascicularis also exhibited significant activity
(P<0.05).

Significantly strong metal chelating effects were
observed in the ethyl acetate fraction (82.1%) and
80% methanol extract (26.6%) from P duplex, as

well as in the aqueous residue (49.2%) and ethyl
acetate fraction (37.6%) from D. fascicularis (Table
3). These effects were stronger than those of the
commercial antioxidants (P<0.05).

As shown in Fig. 2, an increased absorbance of the
linoleic acid emulsion was observed without the
addition of extracts (control sample). The chloroform
and ethyl acetate fractions from P. duplex and the n-
hexane fraction from D. fascicularis exhibited sig-
nificantly greater inhibition of lipid peroxidation than
the commercial antioxidants. No significant anti-
oxidant activity was present in the other fractions.

Discussion

Recent research has sought safe and effective
natural antioxidants that can be substituted for the
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Fig. 2. Lipid peroxidation inhibitory activity of 80% methanol extracts and solvent fractions from (A) P duplex
and (B) D. fascicularis compared to BHT and a-Tocopherol at 1 mg/mL of of ethanol concentration as assessed

by linoleic acid.

currently used commercial synthetic antioxidants
BHA and BHT. Microalgae have become good
candidates for sources of natural antioxidants, as
revealed by a number of recent studies (Hirata et al.,
2000; Benedettia et al., 2004; Karawita et al., 2007;
Lee et al., 2008). The present study investigated the
antioxidant effects of P. duplex and D. fascicularis by
testing organic fractions from these microalgae.

DPPH 1is a free radical-generating compound that
has been widely used to evaluate the free radical
scavenging ability of various antioxidative com-
pounds. All P. duplex solvent fractions in this study
efficiently scavenged free radicals, indicating that
DPPH-scavenging biochemical compounds with both
hydrophilic and hydrophobic properties were dis-
persed in the aqueous residue and organic fractions.
Oxidative stress, which occurs when free radical
formation exceeds the body’s ability to protect itself,
forms the biological basis of many chronic conditions
(Giilgin et al., 2003). Radical scavengers may protect
tissues from free radical damage, thereby preventing
diseases such as cancer (Nakamura et al., 1996).

Produced during normal metabolism, H,O, is
converted in the body to water and singlet oxygen, a
powerful oxidizing agent (Halliwell, 1991). All
solvent fractions in this study efficiently scavenged
H>0,, indicating that the potential biochemical com-
pounds exhibited both hydrophilic and hydrophobic
properties. Although H»O, is not very reactive, it can
convert to more reactive species such as singlet
oxygen and hydroxyl radicals (Halliwell, 1991). Thus,
the removal of H,0, is important for the protection of
living systems.

Superoxide anion and hydroxyl radicals are the two

most effective representative free radicals. All solvent
fractions in this study exhibited superoxide anion
scavenging activity, indicating the presence of both
hydrophilic and hydrophobic compounds. In cellular
oxidation reactions, superoxide anion radicals are
normally formed first. The effects of this radical are
magnified when it produces free radicals and oxidiz-
ing agents that induce cell damage (Liu and Ng,
2000). Superoxide anion radical is a precursor to
active free radicals that may react with biological
macromolecules and thereby induce tissue damage
(Halliwell and Gutteridge, 1989).

Hydroxyl radical scavenging activity of the
microalgae solvent fractions was determined as the
percentage of hydroxyl radical inhibition generated in
the Fenton reaction mixture. Solvent fractions from
both species exhibited considerable activity. The 80%
methanol extract from P. duplex showed the strongest
scavenging effect, implying that the bioactive com-
pound may be hydrophilic. Both hydrophilic and
hydrophobic properties were demonstrated by D.
fascicularis fractions. Hydroxyl radical is the most
reactive of the ROS because of its strong ability to
react with a wide range of biomolecules. This ROS
can oxidatively react with biological materials
through hydrogen withdrawal, double bond addition,
electron transfer, and radical formation; it also
initiates auto-oxidation, polymerization, and frag-
mentation (Liu and Ng, 2000).

Nitric oxide is a gaseous free radical that serves
important roles in many physiological and patholo-
gical conditions. Nitric oxide scavenging effect of P
duplex was produced primarily by a hydrophilic
compound, as indicated by a significantly higher
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activity level in the aqueous residue. On the other
hand, n-hexane fraction from D. fascicularis
exhibited significant nitric oxide scavenging activity,
indicating the presence of bioactive compounds with
both hydrophilic and hydrophobic properties.
Marcocci et al. (1994) reported that scavengers of
nitric oxide compete with oxygen, leading to reduced
nitric oxide production.

As a result of its high reactivity, ferrous is known
as the most important lipid oxidizing pro-oxidant
among the transition metals. Ferrozine produces red
complexes with ferrous ions. The formation of these
complexes is interrupted in the presence of chelating
agents, thereby decreasing the red coloration. In this
study, the formation of the ferrozine-Fe*" complex
was interrupted in the presence of solvent fractions
from microalgae, demonstrating significant chelating
ability. The bioactive compounds exhibiting this
metal chelating effect were present in the ethyl
acctate fraction from P duplex and the aqueous
fraction from D. fascicularis, indicating their hydro-
philic status. Ferrous ions accelerate peroxidation by
decomposing lipid hydroperoxides into peroxyl and
alkoxyl radicals (Halliwell, 1991; Fridovich, 1995).
The organic solvent fractions of microalgae exhibited
a noticeable capacity for iron binding, suggesting the
ability to function as peroxidation protectors (Giilgin
et al., 2004).

FTC method was used in this study to evaluate the
inhibition of lipid peroxidation by microalgal
fractions by comparing the effects of our samples
with those of commercial antioxidants. The FTC
method determines the amount of peroxide formed in
emulsion during an incubation period by measuring
optical absorbance. The chloroform and ethyl acetate
fractions from P. duplex, as well as the n-hexane
fraction from D. fascicularis, exhibited significant
antioxidant effects and were able to reduce the
formation of peroxides. These results suggest that
different antioxidant components were released from
the microalgae cells in different solvent fractions.
These fractions contained high levels of poly-
saccharides, proteins, and polyphenols, which are
components that may influence inhibitory effects.

Studies conducted by Lu and Foo (2000) and
Siriwardhana et al. (2004) reported a high correlation
between free radical scavenging activities and total
polyphenolics. Some solvent fractions of microalgae
in our study did not exhibit antioxidant activity,
although they contained as many phenolic com-
pounds as the other extracts from the sample. Other
bioactive components such as proteins, poly-
saccharides, and pigments in the microalgae extracts

may therefore contribute to the antioxidant activity
(Kardo$ova and Machova, 2006; Moure et al., 2006).
For example, oligosaccharides, sulfates, and glycol-
protein components of the red microalga Porphy-
ridium sp. have been shown to have antioxidant
activities (Spitz et al., 2005). We thus conclude that
numerous factors influence antioxidant activity.

The cell walls of D. fascicularis consist of murein,
a peptidoglycan with peptide side chains attached to
linked, alternating residues of N-acetylglucosamine
and N-acetylmuramic acid. The cell wall layers out-
side the murein layer consist primarily of lipopoly-
saccharides, and the mucilage sheaths are pre-
dominantly composed of complex polysaccharides. In
P. duplex, the cell walls consist of a fibrillar fraction
embedded in an amorphous matrix. Proteins in these
structures have bonded with polysaccharides to form
glycoprotein. Both 80% methanol and organic
solvents were used in this study to extract hydrophilic
and hydrophobic antioxidant compounds from the
microalgae, thereby using solvent partitioning to
disperse potential biological compounds according to
their polarity.

This study has shown that microalgae have
different antioxidative activities. Both polar and non-
polar components exhibited appreciable antioxidative
effects. Therefore, microalgae are good candidate
sources of natural antioxidants that act against ROS.
Their demonstrated antioxidant properties may be
applicable in the food and pharmaceutical industries.

Acknowledgements

This research was supported by the grant from the
Jeju Sea Grant Program, funded by the Ministry of
Land, Transport, and Maritime Affairs, Republic of
Korea.

References

AOAC. 1980. Official Method of Analysis. 14th ed.
Association of Official Analytical Chemists, Wa-
shington DC. P. 31.

Benedettia S, Benvenutia F, Pagliarania S, Francoglia S,
Scogliob S and Canestraria F. 2004. Antioxidant
properties of a novel phycocyanin extract from the
blue-green alga Aphanizomenon flos-aquae. Life Sci
75, 2353-2362.

Brand-Williams W, Cuvelier ME and Berset C. 1995. Use
of a free radical method to evaluate antioxidant
activity. Food Sci Technol 28, 25-30.

Chandler SF and Dodds JH, 1993. The effect of phosphate,
nitrogen, and sucrose on the production of phenolics



Antioxidant Activity of Pediastrum duplex and Dactylococcopsis fascicularis 25

and solasidine in callus cultures of Solanum laciniatum.
Plant Cell Rep 2, 105-110.

Chung SK, Osawa T and Kawakishi S. 1997. Hydroxyl
radical-scavenging effects of spices and scavengers
from black mustard (Brassica nigra). Biosci Bio-
technol Biochem 6, 118-123.

Decker EA and Welch B. 1990. Role of ferritin as a lipid
oxidation catalyst in muscle food. J Agric Food Chem
38, 674-677.

Fridovich I. 1995. Superoxide radical and superoxide
dismutases. Annu Rev Biochem 64, 97-112.

Garrat DC. 1964. The Quantitative Analysis of Drugs.
Chapman and Hall, Tokyo, Japan, 456-458.

Giilgin I, Biiyiikokuroglu ME, Oktay M and Kiifrevio glu
O'L. 2003. Antioxidant and analgesic activities of
turpentine of Pinus nigra Arn. subsp. pallsiana
(Lamb.) Holmboe. J Ethnopharmacol 86, 51-58.

Giilgin I, Oktay M, Kiifreviogglu O and Aslan A. 2002.
Determination of antioxidant activity of lichen
Cetraria islandica (L). Ach J Ethnopharmacol 79,
325-329.

Giil¢in [. Beydemir S, Ahmet HA, Elmasta M and
Biytikokuroglu ME. 2004. In vitro antioxidant pro-
perties of morphine. Pharmacol Res 49, 59-66.

Halliwell B. 1991. Reactive oxygen species in living
systems: Source, biochemistry, and role in human
disease. Ame J Med 91, S14-S22.

Halliwell B and Gutteridge JMC. 1989. Free radical in
biology and medicine. Clarendon Press, Oxford, UK.,
23-30.

Hirata T, Tanaka M, Ooike M, Tsunomura T and Sakaguchi
M. 2000. Antioxidant activities of phycocyanobilin
prepared from Spirulina platensis. J Appl Phycol 12,
435-439,

Karawita R, Senevirathne M, Athukorala Y, Affan A, Lee
YJ, Kim SK, Lee IB and Jeon YJ. 2007. Protective
effect of enzymatic extracts from microalgae against
DNA damage induced by H,O,. Mar Biotech 9, 479-
490.

Kardo3ova A and Machova E. 2006. Antioxidant activity of
medicinal plant polysaccharides. Fitoterapia 77, 367-
373.

Kikuzaki H and Nakatani N. 1993. Antioxidant effects of
some ginger constituents. ] Food Sci 58, 1407-1410.

Lee SH, Karawita R, Affan A, Lee JB, Lee BJ and Jeon Y]J.

~ 2008. Potential antioxidant activites of enzymatic
digests from benthic diatoms Achnanthes longipes,
Amphora coffeaeformis, and Navicula sp. (Bacillario-
phyceae). J Food Sci Nutr 13, 166-175.

Liang S, Liu X, Chen F and Chen Z. 2004. Current
microalgal health food R and D activities in China.
Hydrobiol 512, 45-48.

Lindenschmidt RC, Trika AF, Guard ME and Witschi HP.
1986. The effect of dietary butylated hydroxy toluene

on liver and colon tumor development in mice.
Toxicol 38, 151-160.

Liu F and Ng TB. 2000. Antioxidative and free radical
scavenging activities of selected medicinal herbs. Life
Sci 66, 725-735.

Lowry OH, Rosebrough NJ, Farr AL and Randall RJ. 1951.
Protein measurement with the Folin-Phenol reagents.
J Biol Chem 193, 265-275.

Lu F and Foo LY. 1995. Toxicological aspects of food
antioxidants. In: Food antioxidants. Madhavi DL,
Deshpande SS and Salunkhe DK, eds. Marcel Dekker,
New York, U.S.A., 73-146.

Lu Y and Foo LY. 2000. Antioxidant and radical
scavenging activities of polyphenols from apple
pomace. Food Chem 68, 81-85.

Marcocci PL, Sckaki A and Albert GM.1994. Antioxidant
action of Ginkgo biloba extract EGb 761. Methods
Enzymol 234, 462-475.

Moure A, Domi'nguez, H and Parajo JC. 2006. Anti-
oxidant properties of ultrafiltration-recovered soy
protein fractions from industrial effluents and their
hydrolysates. Process Biochem 41,447-456.

Muller HE. 1995. Detection of hydrogen peroxide pro-
duced by Microorganism on ABTS-peroxidase
medium. Zentralbl Bakteriol Mikrobio Hyg 259, 151-
158.

Nagai T, Inoue [, Inoue H and Suzuki N. 2003. Preparation
and antioxidant properties of water extract of propolis.
Food Chem 80, 29-33.

Nakamura T, Nagayama K, Uchida K and Tanaka R. 1996.
Antioxidant activity of phlorotannins isolated from
the brown alga Fisenia bicyclis. Fish Sci 62, 923-926.

Sherwin ER. 1990. Antioxidants. In: Food additives.
Branen R, ed. Marcel Dekker. New York, U.S.A.,
139-193.

Siriwardhana N, Jeon YJ, Kim SH, Ha JH, Heo SJ and Lee
KW. 2004. Enzymatic hydrolysis for effective
extraction of antioxidative compounds from Hizikia
Sfusiformis. Algae 19, 59-68.

Spitz TT, Bergman M, Moppes D, Grossman S and Arad
MS. 2005. Antioxidant activity of the polysaccharide
of the red microalga Porphyridium sp. J App Phycol
17,215-222.

Ukeda H, Shimamura T, Tsubouchi M, Harada Y, Nakai Y
and Sawamura M. 2002. Spectrophotometric assay of
superoxide anion formed in Maillard reaction based
on highly water-soluble tetrazolium salt. Anal Sci 18,
1151-1154.

Yang MY, Han YK and Noh BS. 2000. Analysis of lipid
oxidation of soybean oil using the portable electronic
nose. Korean J Food Sci Technol 9, 146-150.

(Received 17 December 2009; Revised 1 February 2010;
Accepted 15 March 2010)



