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Dictyotales, a common taxonomic group of brown seaweeds found in warm and
temperate waters, are known for their richness in bioactive metabolites. In this study,
six species of Dictyotales (Dictyopteris polypodioides, Dictyota dichotoma, Dictyota
fasciola, Dictyota spiralis, Padina pavonica, and Taonia atomaria) collected from the
Tunisian coasts were investigated for their antioxidant potentials, based on their contents
of high added-value bioactive metabolites such as fucoxanthin and polyphenols.
Fucoxanthin and polyphenols were analyzed quantitatively by high-performance liquid
chromatography (HPLC) and UV spectrophotometer, respectively. The antioxidant
property of extracts was also determined based on their ability to scavenge 2,2-
Diphenyl-1-picrylhydrazyl (DPPH’s) free radical. Thus, the highest concentrations of
fucoxanthin were obtained from T. atomaria and D. polypodioides (5.53 ± 1.2 and
3.43 ± 1.3 mg·g−1 dry weight, respectively), while the lowest amount was from
D. spiralis (0.23 ± 0.1 m mg·g−1 dry weight). Dictyota dichotoma and T. atomaria
gave the highest total phenol content (19.3 ± 0.4 and 15.2 ± 1.1 mg GAE·g−1 dry
weight, respectively). In the second step, supercritical carbon dioxide (ScCO2) was used
as a green and environmentally safe technique for the extraction of fucoxanthin from
the most abundant species D. polypodioides. The extraction of fucoxanthin by ScCO2

allowed an extraction yield ranging from 0.50 ± 0.04% to 1.32 ± 0.02%, with 60◦C
temperature and 50-MPa pressure as the best extraction conditions. The maximum
fucoxanthin and polyphenol recovery in the extract attained 15 and 64%, respectively.
The results strengthen the possible use of Dictyotales from the Mediterranean Sea as a
promising source of natural ingredients of health and economic interests contributing to
Blue Growth in the region.

Keywords: antioxidant, fucoxanthin, polyphenols, Mediterranean, Dictyotales, supercritical carbon dioxide
extraction

INTRODUCTION

Seaweeds are one of the main components of marine ecosystems; being primary producers in
the food chain, they play a key ecological role in coastal ecosystems and are therefore a key
element of the Blue Economy. In the marine environment, seaweeds are exposed to important
ecological pressures such as light and temperature fluctuation, grazing, and fouling. Thus, in
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order to preserve their survival, algae developed various defense
mechanisms including the production of secondary metabolites
with biological properties (Da Gama et al., 2002; Ganesan et al.,
2019). Such metabolites represented by a large number of potent
antioxidant compounds including carotenoids, phlorotannins,
and sulfated polysaccharides make algae valuable sources for
exploitation (Corsetto et al., 2020).

Among these compounds, fucoxanthin, a natural
carotenoid pigment, is commonly distributed in brown
algae and diatoms. As a photosynthetic pigment (accessory
pigment), fucoxanthin serves to harvest and transfer light
energy to the photochemical reaction centers (Govindjee.,
1999). In algae, carotenoids play also the important role of
photoprotection, and this confers them various biological
properties. As other carotenoids, fucoxanthin has interesting
pharmacological properties.

Several studies reported its antiproliferative effects on
cancer cells and cancer-preventive effects generated by
modulating the expression of various cellular molecules
and cellular signal transduction pathways (Takahashi et al.,
2015; Satomi, 2017; Wang et al., 2019; Méresse et al., 2020).
All of these findings gave fucoxanthin a good position as a
natural cancer-preventive agent in the strategies to combat
cancer. The recent study conducted by Pruteanu et al. (2020)
strengthens the importance of nutraceutical supplementation
of fucoxanthin in targeting challenging disease. In fact, the
authors demonstrated that this pigment synergizes with the
prototypic phosphatidylinositol 3-kinase (PI3K) inhibitor in
producing growth arrest of glioblastoma cells, illustrating
the potential of nutri-pharmaceutical combinations for
cancer treatment.

Among other biological properties that make fucoxanthin of
interest is its antiobesity property (Miyashita, 2014; Maeda, 2015;
Dai and Kim, 2016). As overweight and obesity correspond to
the fifth risk factor of deaths at a worldwide level, according
to the World Health Organization (WHO, 2016), fucoxanthin
represents a promising solution for antiobesity therapy. The low
toxicity and the effective attenuation of body and white adipose
tissue weight gain suggest that fucoxanthin and its derivatives can
be used in human health supplement (Muradian et al., 2015). This
is also supported by hyperglycemia described in several studies
in genetically modified or normal mice under high-fat diets
(Muradian et al., 2015). Gammone and D’Orazio (2015) reviewed
the mechanism of action and metabolic pathway of fucoxanthin
in the lipid metabolism, which has been well documented lately
in animal model. Moreover, fucoxanthin displays an antidiabetic
activity (Maeda, 2015; Kawee-Ai et al., 2019). Pangestuti et al.
(2013) described its possible action in Alzheimer disease by
attenuating inflammation and oxidative responses in microglia.

Additionally to fucoxanthin, brown algae are characterized
by important levels of polyphenols, with high biological
activities. Phenolic compounds from marine macroalgae vary
from those of terrestrial plants, as they are usually derived
from phloroglucinol and constitute often highly complex
compounds called phlorotannins (Generalić Mekinić et al.,
2019). Phlorotannins have exhibited protective effects against
hyperglycemia, hyperlipidemia, inflammation, and oxidative

stress, and several cardiovascular and diabetic complications, in
cell culture, animal studies, and some human studies (Thomas
and Kim, 2011; Murray et al., 2018a,b). Parada et al. (2019)
reported the potential use of seaweed polyphenols to develop new
low-glycemic-response foods through the inhibition of digestive
enzymes related with the breakdown of glycemic carbohydrates.

The recovery of products from algal biomass is a matter of
constant development and progress since among the modern
world challenges, there is the need for compounds with
a high-level bioactivity with no side effects obtained using
sustainable and environmentally friendlier extraction methods
(Sosa-Hernández et al., 2018). Conventional extraction of these
metabolites by maceration in organic solvents can pose risk to
health and the environment, with the most commonly used
solvents being toluene, hexane, methanol, or petroleum ether
(Quitain et al., 2013). The use of supercritical fluid extraction
(SFE), considered as an environmentally safer and green
extraction method, can be an alternative to solvent extraction for
seaweed metabolites (Crampon et al., 2011; Chemat et al., 2012;
Cikoš et al., 2018). Indeed, CO2 is a safe and non-flammable
solvent with selectivity depending on pressure and temperature
(Crampon et al., 2011). Due to its low viscosity and higher
diffusion coefficient, increased mass transfer in supercritical
carbon dioxide (ScCO2) extraction is a major advantage (Cikoš
et al., 2018). Since carbon dioxide is a nonpolar solvent, ScCO2 is
appropriate for nonpolar to low-polarity compound extraction,
unless enhanced by a polar co-solvent (Shipeng et al., 2015;
Saravana et al., 2017). Lourenço-Lopes et al. (2020) reviewed
scientific approaches on extraction, purification, and stability of
fucoxanthin, highlighting that most studies are still performed
using conventional techniques; nevertheless, nonconventional
techniques, such as SFE, are starting to gain popularity in the
recovery of this compound.

The extraction of these bioactive compounds covered various
brown algae from the genera Undaria, Laminaria, Eisenia,
Alaria, Hijikia, and Sargassum (Lourenço-Lopes et al., 2020).
However, except for Sargassum, the other most studied genera
cannot be found in the Mediterranean Sea. On the other
hand, Dictyotales (Ochrophyta, Phaeophyceae) are common in
warm and temperate waters. A total of 317 species have been
reported all over the world (Guiry and Guiry, 2020): 17 in the
Mediterranean Sea (Ribera et al., 1992) and seven along the
Tunisian coasts (Ben Maïz, 1995). Additionally, the Dictyotales
order are known to produce a significant number of bioactive
secondary metabolites, especially diterpenes (Ktari et al., 2010),
polyphenols (Zubia et al., 2009), and sulfated polysaccharides
(Teodosio Melo et al., 2013).

This work aimed to analyze fucoxanthin and the polyphenolic
content of six Dictyotales collected from the Tunisian coasts. This
work presents two parts: a comparative study of fucoxanthin, the
polyphenol content, and DPPH antiradical-scavenging properties
between six species of common brown algae collected from
the Tunisian coasts; and secondly, the extraction procedure by
a green method ScCO2 from the selected species, Dictyopteris
polypodioides. Thus, this study may contribute to fulfill the gap
of knowledge on the antioxidant properties of seaweeds collected
from the southern Mediterranean coasts.
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MATERIALS AND METHODS

Algal Material
Six species from Dictyotales order were collected in shallow
water (depth > 1.5 m) from April to July 2016 from the
rocky shores of Cap Zebib (North of Tunisia) (37◦15’49.66’N
and 10◦04’02.85”E): Dictyopteris polypodioides (De Candolle)
Lamouroux, Dictyota dichotoma (Hudson) Lamouroux, Dictyota
fasciola (Roth) Lamouroux, Dictyota spiralis Montagne, Padina
pavonica (Linnaeus) Thivy, and Taonia atomaria (Woodward)
Agardh. The whole thalli of macroalgae were collected randomly
with several specimens per species. Seaweeds were identified
based on morphological characteristics with the use of taxonomic
keys (Hamel, 1975). To avoid mixture of species, a thorough
verification was performed when cleaning the algae, and
specimens of the same identified species were put in the
same lot. Voucher specimens for each species were kept in
2% formaldehyde solution at the National Institute of Marine
Sciences and Technologies. Algae were washed with seawater and
then with tap water to remove epiphytes and excess salt and oven-
dried at 40◦C for 3 days. Dry algae were then weighted, grinded
with an electrical grinder, and stored in glass jars sheltered from
light and humidity.

Solvent and Reagents
All used solvents were of analytical grade except those used
for high-performance liquid chromatography (HPLC), which
were of HPLC grade. The Folin–Ciocalteu phenol reagent, 2,2-
Diphenyl-1-picrylhydrazyl (DPPH), was purchased from Sigma-
Aldrich Chemical Co. (Steinheim, Germany). Pure fucoxanthin
was purchased from Merck as powder for reference.

Extraction Procedure
Phytochemical extraction has been done according to Terasaki
et al. (2009), with slight modifications. Five grams of grinded
seaweeds was extracted by maceration in 50 ml of MeOH
overnight at room temperature, which was performed twice.
Combined extracts were filtered, and MeOH was evaporated with
a rotary evaporator. The extracts were weighed and kept at -20◦C
prior to analysis. Three extraction replicates were performed
for each species.

Fucoxanthin Content
Extracts were re-dissolved in MeOH at 1 mg·ml−1 and filtered
with a 0.22-µm membrane filter prior to HPLC injection. HPLC
analyses were performed according to Steel and Keller (2000) and
were carried out with an analytical KNAUER HPLC equipped
with a S1000 pump and S2500 UV/Vis detector. The fucoxanthin
content (FC) was determined by Eurospher 100-5 C18 reversed-
phase column (5-µm particle size, 250 × 4.6 mm). Separation
was performed with gradient elution of acetone/water (7:3, v/v)
for 20 min followed by 100% acetone for the remaining 35 min
at the flow rate of 1.0 ml·min−1 and the detection wavelength
of 450 nm. A standard curve prepared using authentic standard
was used for quantification of the FC in seaweed samples. The
FC in seaweed samples was expressed as mg·g−1 dry weight (dw)

of seaweed sample. The amount of fucoxanthin was quantified
from the peak area using the standard calibration curve in the
concentrations ranging from 0.01 to 1 mg·ml−1.

Total Phenolic Content
Total phenolic content (TPC) was determined by the Folin–
Ciocalteu method in accordance with a protocol described by
Dewanto et al. (2002). Gallic acid was used as a reference
standard for plotting calibration curve. An aliquot of 125 µl
of algae extract was mixed with 500 µl of distilled water and
125 µl of Folin–Ciocalteu reagent. Following agitation and 3-min
incubation in the dark at room temperature, 1,250 µl of Na2CO3
(7%) was added, followed by 90-min incubation (in dark). The
absorbance was measured using a spectrophotometer (JENWAY
6405 UV/Vis) at 760 nm. Results were expressed as mg gallic acid
equivalent (GAE)·g−1 dw. The total polyphenol concentration is
calculated by using the following equation:

C =
c∗V
m

(1)

with C as the total polyphenol content (mg GAE·g−1 dw), c as
the concentration of gallic acid determined from the calibration
curve (mg·L−1), V as the volume of the extract (L), and m as the
mass of dry material used (g).

All tests were done in triplicate.

DPPH Radical-Scavenging Assay
The free-radical-scavenging capacity of each extracts was
analyzed using the 2,2-Diphenyl-1-picrylhydrazyl (DPPH) test
according to the method of Farasat et al. (2013). Briefly, 100 µl
of sample extract with various dilutions was mixed with 100 µl
of 0.16 mM DPPH solution. The solution was kept at room
temperature for 30 min, and the absorbance was measured
at 517 nm in an automated microplate reader. The DPPH-
scavenging effect was calculated as follows:

% Inhibition =
(Ac−

(
As − Ab

)
)

Ac
∗100 (2)

Ac is the absorbance of the control (DPPH without sample), As
is the absorbance of the test sample (the sample test and DPPH
solution), and Ab is the absorbance of the sample blank (sample
without the DPPH solution).

The half-maximal inhibitory concentration (IC50) was
calculated based on trend lines obtained from DPPH% inhibition
curves for each species. Furthermore, the lower the IC50, the
stronger the antioxidant activity. Ascorbic acid was used as
positive control. Extracts with an IC50 higher than 10 mg·ml−1

were considered as non-active extracts (Tanniou et al., 2013).

Supercritical CO2 Extraction From
Dictyopteris polypodioides
The supercritical CO2 extraction was carried out in an apparatus
of Supercritical Fluid Technologies Inc. (SFT-110). The schematic
flow diagram is given in Figure 1. The apparatus includes a
high-pressure pump for CO2 (SFT 10-CO2 pump), a heating
chamber with a 100-ml stainless steel extraction vessel, and
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FIGURE 1 | Schematic flow diagram of supercritical CO2 extraction.

pressure regulator valves. In each experiment, 15 g of Dictyopteris
polypodioides powder was loaded into the extraction vessel.
A high pressure was applied to pump liquid CO2 into the
extraction vessel to reach the desired pressure. Conditions of
three temperatures (25, 40, and 60◦C) and three pressures (30,
40, and 50 MPa) were tested. The CO2 flow rate was constant
during the entire extraction period. Two flow rates were tested
at 24 and 15 ml·min−1. The extract was collected at the end
of the extraction process after at least 3 h or until the extract
was colorless. Extracts were weighed to determine extraction
yield and kept at −30◦C before fucoxanthin, polyphenol,
and DPPH analyses.

Statistical Analysis
All assays were performed in triplicate except for ScCO2
extraction (n=2). One-way ANOVA was performed, and
significant differences (p < 0.05) were determined by Tukey’s
test. Principal component analysis (PCA) was carried out to
understand the correlations and identify relationships between
the different variables. All statistical analyses were performed
using XLSTAT 2016.1 by Addinsoft.

RESULTS

Phytochemical Content of Dictyotales
Extraction Yield
In the first step, we studied the phytochemical content of the six
Dictyotales collected on the Tunisian coasts.

Extraction yields in percentage, obtained for the different
species, are given in Table 1. Among the six species, Dictyota

dichotoma and Taonia atomaria extracts resulted in the highest
and significantly different (p<0.05) extraction yields (4.34± 0.63
and 3.48 ± 0.38, respectively) followed by Dictyota fasciola and
Dictyopteris polypodioides (2.15 ± 1.01 and 1.81 ± 0.09), while
Padina pavonica and Dictyota spiralis gave the lowest yields
(0.74 ± 0.38 and 0.73 ± 0.13), evidencing an inter-specific
variation of secondary metabolites with different properties.

Fucoxanthin Content
The FC of Dictyotales extracts was obtained in the range of
0.19 ± 0.08 and 0.03 ± 0.02 mg·g−1 extract depending on
the species (Table 1). Among the six species, D. polypodioides
displayed the highest and significantly different (p<0.05) value
of the FC followed by T. atomaria (0.16 ± 0.03 mg·g−1

extract), whereas D. fasciola and D. spiralis extracts showed the
lowest amount of FC (0.04 ± 0.01 and 0.03 ± 0.02 mg·g−1

extract, respectively).
The estimation of the FC in dry weight, based on

extraction yield for each species, resulted in T. atomaria
presenting the highest significantly different amount (at 95%
confidence level) (5.53 ± 1.2 mg·g−1 dw), followed by
D. polypodioides (3.43± 1.3 mg·g−1 dw) (Table 1). Additionally,
D. dichotoma gave a relatively high amount of fucoxanthin with
2.6 ± 1.0 mg·g−1 dw. The lowest FC was obtained for D. spiralis
with 0.23 ± 0.1 mg·g−1 dw, while values obtained for D. fasciola
(0.88 ± 0.3 mg·g−1 dw) and P. pavonica (0.71 ± 0.1 mg·g−1 dw)
were not significantly different.

Total Phenolic Content
The TPC of the Dictyotales species ranged from 0.25 ± 0.02
to 0.54 ± 0.09 mg GAE·mg−1 extract (Table 1). The order of
concentrations of total phenolic compounds in the six Dictyotales
extracts was as follows: P. pavonica >T. atomaria=D. dichotoma
>D. fasciola >D. spiralis >D. polypodioides. In fact, the higher
significantly different TPC (p<0.05) was obtained for P.pavonica
extract with 0.54±0.09mgGAE·mg−1 extract. Extracts of T.
atomaria, D. dichotoma, and D. fasciola showed a lower TPC
with no significant differences for the three species, whereas D.
spiralis and Dictyopteris polypodioides gave lower significantly
different TPCs (0.32±0.04 and 0.25±0.02mgGAE·mg−1 extract,
respectively).

The estimation of the TPC in dry weight based on extraction
yield for each species resulted in the TPC ranging between
19.3±0.4 and 2.5±0.1mg·g−1 dw. The order of concentrations of
total phenolic compounds in dry algae was obtained as follows:
D. dichotoma >T. atomaria >D. fasciola >D. polypodioides >P.
pavonica >D. spiralis. Statistical analysis showed no significant
differences (at 95% of confidence level) between D. dichotoma
and T. atomaria, the two higher TPCs, and P. pavonica and D.
spiralis, the two lower ones (Table 1).

DPPH Radical-Scavenging Capacity
Figure 2 represents the percentage of DPPH radical scavenging
obtained for the six Dictyotales species at a concentration
of 10 mg·ml−1 of extract. The higher significantly radical-
scavenging capacity was obtained for P. pavonica and T. atomaria
with 66.76 and 63.36%, respectively. Whereas, D. fasciola
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TABLE 1 | Extraction yield, fucoxanthin, and total phenolic content of Dictyotales samples.

Species Extraction yield (%) FC TPC

mg·mg−1 extract mg·g−1 dw mg GAE·mg−1 extract mg GAE·g−1 dw

Dictyopteris polypodioides 1.81 ± 0.09b 0.19 ± 0.08a 3.43 ± 1.3b 0.25 ± 0.02b 4.3 ± 0.1bc

Dictyota dichotoma 4.34 ± 0.63a 0.06 ± 0.03bc 2.6 ± 1.0bc 0.41 ± 0.06ab 19.3 ± 0.4a

Dictyota fasciola 2.15 ± 1.01b 0.04 ± 0.01c 0.88 ± 0.3cd 0.39 ± 0.07ab 9.2 ± 0.5b

Dictyota spiralis 0.73 ± 0.13c 0.03 ± 0.02c 0.23 ± 0.1d 0.32 ± 0.04b 2.5 ± 0.1c

Padina pavonica 0.74 ± 0.38c 0.09 ± 0.01abc 0.71 ± 0.1cd 0.54 ± 0.09a 3.6 ± 0.2c

Taonia atomaria 3.48 ± 0.38a 0.16 ± 0.03ab 5.53 ± 1.2a 0.41 ± 0.06ab 15.2 ± 1.1a

Values with the same letter are not significant at the level of 5% (p < 0.05).
GAE, gallic acid equivalent; FC, fucoxanthin content; TPC, total phenolic content.

FIGURE 2 | Percentage DPPH radical-scavenging capacity of Dictyotales MeOH extracts at a concentration of 10 mg·ml−1.

and D. spiralis gave significantly the lowest DPPH inhibition
percentage (25.36 and 22.73%).

In Table 2 is presented the calculated IC50 based on
trend lines obtained from DPPH% radical-scavenging curves
of each species. P. pavonica extract had lower significantly
different (p < 0.05) IC50 of 5.86 ± 0.4 mg·ml−1, thus
presenting the most significant antiradical-scavenging
capacity, followed by T. atomaria (7.58 ± 0.2 mg·ml−1).
D. polypodioides and D. dichotoma gave higher IC50 values,
therefore displaying lower antiradical-scavenging capacity,
while it was not possible to calculate IC50 for both D. fasciola
and D. spiralis, as no reliable trend line could be obtained
from their DPPH% radical-scavenging curves (coefficient
of determination R2 < 0.5). Thereby, no capacity of
DPPH radical scavenging is obtained from the extracts of
these two species.

The PCA of the FC, TPC, and DPPH radical-scavenging
capacity (%) of the six seaweed extracts is presented in Figure 3.
The first two principal components, F1 and F2, represent 97.2%
of the total variance of the data set and explain it at 50.1
and 47.0%, respectively. The vectors represent a variant existing
among factors (FC, TPC, and DPPH). The analysis allows to

identify four groups of one or two species distributed according
to two principal components. The first group is composed of
T. atomaria, which represent the species with high FC TPC and
high potential of DPPH scavenging, as it is on the positive side
of both F1 and F2. D. polypodioides displays high FC but low
values of the TPC and-scavenging potential compared with the
cluster of P. pavonica and D. dichotoma, which are carried by
the TPC vector. The last group is composed of D. spiralis and

TABLE 2 | DPPH antiradical-scavenging capacity (IC50) of Dictyotales samples.

Species IC50 (mg·ml−1)

Dictyopteris polypodioides 10.47 ± 1.0c

Dictyota dichotoma 9.8 ± 0.2c

Dictyota fasciola –

Dictyota spiralis –

Padina pavonica 5.86 ± 0.4a

Taonia atomaria 7.58 ± 0.2b

Values with the same letter are not significant at p < 0.05.
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FIGURE 3 | Principal component analysis (PCA) of fucoxanthin content (FC), total phenolic content (TPC), and DPPH radical-scavenging capacity (%) of extracts.
Each species is distributed according to its variance.

D. fasciola, which showed low FC and TPC and low DPPH-
scavenging potential.

Figure 4 represents the PCA performed for yield of
extraction, the FC, and the TPC in the algae (dry weight)
to examine their distribution among the species. The first
two principal components, F1 and F2, represent 99.5% of the
total variance of the data set explaining it at 82.8 and 16.7%,
respectively. The vectors represent a variant existing among
factors (Yield, FC, and TPC). A close loading of Yield and
TPC, as both were closely located to each other, depicts a
high correlation between them. The analysis allows to identify
three groups of species distributed according to two principal
components. The first group is composed of T. atomaria
and D. polypodioides, which are both on the higher side
of the second principal component carried by the FC and
present high values of fucoxanthin. The second group contains
D. dichotoma, which showed high yield of extraction and high
phenolic content. The third cluster is composed of P. pavonica,
D. spiralis, and D. fasciola, which represents the species with
the lowest FC, TPC, and extraction yield as they are located on
the negative side of both principal components. The analysis
allowed to highlight the high potential of T. atomaria for
extraction of both fucoxanthin and phenolic compounds, while
D. polypodioides would be a good candidate for fucoxanthin
extraction and D. dichotoma would be a good one for phenolic
compound extraction.

Supercritical CO2 Extraction of
Dictyopteris polypodioides
As fucoxanthin is of high added value and a promising future
functional food, it was selected as the first criterion for choosing

the species for ScCO2 extraction. Since D. polypodioides was
considered as a potential candidate for fucoxanthin extraction
(Figure 4) and considering its wide distribution on the Tunisian
coasts and higher abundance than T. atomaria (unpublished
work), this species has been selected for the ScCO2 extraction
experiments. The extraction of oven-dried samples with different
extraction parameters gave different yields (Table 3).

A higher yield was obtained for the following set of
parameters: temperature (60◦C), pressure (50 MPa), and flow
rate (24 ml·min−1). The lower yield has been obtained for the
set of parameters of 25◦C, 40 MPa, and flow rate at 24 ml.
Statistical analysis showed that there is a significant difference
between yields obtained with temperature lower that 60◦C and
that obtained with an extraction temperature of 60◦C. Contrarily,
no significant difference has been obtained for extractions made
at 60◦C but with different pressures or flow rates.

Considering the fucoxanthin recovery, although the lower
amount of fucoxanthin has been obtained by ScCO2 parameter
set (T=60◦C, P=30MPa, and F= 24 ml·min−1) and the
higher obtained with parameter set (T=60◦C, P=50MPa, and
F= 24ml·min−1), no significance has been found between
the extracts at a level of confidence of 95%. Besides, the
estimation of the FC in dry algae based on extraction yield
resulted in ScCO2 parameter set (T = 60◦C, P=50MPa, and
F= 24ml·min−1), allowing the highest significantly different value
(at 95% confidence level) (Table 1).

The analysis of the TPC in ScCO2 extracts showed
that phenolic compound extraction increased with the
increase of pressure and temperature (Table 4). The highest
significantly different TPCs (0.64 ± 0.04 mg GAE·mg−1

extract and 8.50 ± 0.52 mg GAE·g−1 dw) have been
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FIGURE 4 | Principal component analysis of fucoxanthin content, total phenolic content, and yield of extraction of algae (dry weight).

TABLE 3 | Extraction yield and fucoxanthin recovery of Dictyopteris polypodioides ScCO2 extractions.

Ref T (◦C) P (MPa) Flow (ml·min−1) Extraction yield (%) FC (mg·g−1 extract) FC (mg·g−1 dw)

1 25 40 24 0.50 ± 0.04b 72.71 ± 9.6a 0.36 ± 0.02b

2 40 40 24 0.57 ± 0.04b 84.73 ± 22.6a 0.48 ± 0.2b

3 60 30 24 1.24 ± 0.09a 71.92 ± 4.3a 0.89 ± 0.01ab

4 40 24 0.93 ± 0.24a 97.74 ± 8.9a 0.92 ± 0.3ab

5 50 15 1.03 ± 0.21a 128.42 ± 36.1a 1.36 ± 0.6ab

6 24 1.32 ± 0.02a 151.99 ± 40.2a 2.02 ± 0.6a

FC, fucoxanthin content. Values with the same letter are not significant at the level of 5% (p < 0.05).

obtained for ScCO2 parameter set (T=60◦C, P=50MPa, and
F= 24ml·min−1).

DPPH antiradical-scavenging capacity of ScCO2 extracts
(IC50) ranged between 20.58 ± 3.6 and 38.38 ± 9.0 mg·ml−1.
Extracts obtained with 60◦C as extraction temperature displayed
significantly lower different IC50 values, thus presenting higher
antiradical-scavenging capacity than those obtained with a lower-
temperature condition (25 and 40◦C).

The results from the PCA of the phytochemical content
(FC and TPC), DPPH antiradical capacity (IC50), and ScCO2
parameters (T◦ and pressure) of the six D. polypodioides extracts
are presented in Figure 5. The first two principal components, F1
and F2, explained 93.9% of the total variance of the data set. The
analysis of the first component (F1) highlighted strong negative
correlations of the FC and TPC (on the right) with DPPH (on the
left), revealing that the fraction with the highest DPPH radical-
scavenging potentials (the lowest IC50 values, i.e., extracts 5
and 6) also showed the high fucoxanthin and TPC. Considering
the ScCO2 parameter, the analysis depicted a high correlation
between the FC, TPC, and pressure, as they were closely loaded

TABLE 4 | Total phenol content and DPPH antiradical-scavenging capacity (IC50)
of Dictyopteris ScCO2 extracts.

Ref * mg GAE·mg−1 extract mg GAE·g−1 dw IC50 (mg·ml−1)

1 0.51 ± 0.05b 2.54 ± 0.27d 38.29 ± 4.7a

2 0.59 ± 0.02ab 3.36 ± 0.14d 38.38 ± 9.0a

3 0.51 ± 0.02b 6.29 ± 0.3b 25.55 ± 2.3b

4 0.56 ± 0.04ab 5.21 ± 0.37c 20.58 ± 3.6b

5 0.59 ± 0.04ab 6.07 ± 0.43bc 23.45 ± 0.9b

6 0.64 ± 0.04a 8.50 ± 0.52a 26.25 ± 0.5ab

Values with the same letter are not significant at the level of 5% (p < 0.05). Different
letters mean statistically significant difference at the level of 5% (p < 0.05).
GAE, gallic acid equivalent.
∗Pre-treatment: 1: T, 25◦C; P, 40 MPa; F, 24 ml·min−1. 2: T, 40◦C; P, 40 MPa; F,
24 ml·min−1. 3: T, 60◦C; P, 30 MPa; F, 24 ml·min−1. 4: T, 60◦C; P, 40 MPa; F,
24 ml·min−1. 5: T, 60◦C; P, 50 MPa; F, 15 ml·min−1. 6: T, 60◦C; P, 50 MPa; F,
24 ml·min−1.

on the positive side of first component (F1). However, there is
a fair correlation of the FC and TPC with temperature as they
were distantly loaded, but still all vectors are on the positive side
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FIGURE 5 | Principal component analysis (PCA) of fucoxanthin content (FC), total phenolic content (TPC), DPPH radical-scavenging capacity (IC50), and ScCO2

parameters [temperature (T) and pressure (P)] of D. polypodioides extracts.

of the F1 axis. The analysis confirms that the higher temperature
and pressure conditions for SFE allowed higher fucoxanthin and
phenolic compound contents.

DISCUSSION

Fucoxanthin, Total Phenolic Content, and
DPPH Radical-Scavenging Capacity of
Dictyotales
Our results on extraction yield showed evidence of inter-specific
variability. These finding are in accordance with those described
by Rodrigues et al. (2020), who studied antioxidant properties of
Dictyotales from Brazilian Tropical Reefs and obtained extraction
yields varying up to four times from one species to another. El-
Sheekh et al. (2021) also obtained significantly different yields of
extraction depending on species and solvents. The morphological
feature of species and environmental conditions can influence
metabolites’ biosynthesis. Species with soft and thin thalli will
have more easily extractible metabolites due to higher surface
area and biomass ratio (Heriyanto et al., 2017). In addition, the
low yield obtained for Padina pavonica can be attributed to the
accumulation of CaCO3 in its tissue (Nunes et al., 2019).

Several studies showed that fucoxanthin concentration in
species varies between taxonomic groups and among species of
the same family or genus (Jaswir et al., 2013; Susanto et al.,
2016; Koduvayur Habeebullah et al., 2018). Terasaki et al. (2009)
evaluated the recoverable FC of 15 Phaeophyta species from

Japanese coasts and obtained an FC that ranged from 0.1 ± 0.1
to 3.7 ± 1.6 mg·g−1 dw, with Sargassum horneri displaying
the highest content. Additionally, the analysis of pigment
composition of four brown seaweeds from the Philippine
coasts showed that fucoxanthin concentrations ranged between
0.43 ± 0.11 and 4.11 ± 0.55 mg·g−1 dw, with Dictyota dentata
(Dictyotales) presenting the highest content (Heriyanto et al.,
2017). Our results demonstrated that within the Dictyotales
order, there is a significant difference between species concerning
their FC, highlighting two species as potential candidates
for fucoxanthin extraction (Taonia atomaria and Dictyopteris
polypodioides). Table 5 presents the FC of different species of
Dictyotales found in the literature, showing that the amount of
fucoxanthin varies according to various parameters, including
species and the extraction procedure. Moreover, some contents
are given on fresh weight basis and some other on dry weight
basis, weakening the relevance of any comparison. However, our
results highlight that Dictyotales from the Tunisian coasts present
a significant amount of fucoxanthin.

The variation of the FC, as documented in different reports,
depends on various abiotic and biotic factors such as season,
geographical location, and life cycle (Saravana et al., 2015). The
recovery of this pigment in the extract is also solvent dependent
(Saravana et al., 2015; Kumar et al., 2020). Thereby, Saravana
et al. (2015) reported significantly higher fucoxanthin recovery
obtained for acetone–MeOH mix than with other solvents.

As reported by several studies, the concentration of phenolic
compounds is highly variable among taxonomic groups and
species (Dang et al., 2017; Generalić Mekinić et al., 2019).
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TABLE 5 | Reported fucoxanthin content of Dictyotales species in literature and in the present work.

Species Collection site Extraction method Fucoxanthin content References

Dictyopteris polypodioides Portugal Vortex-assisted solid-liquid microextraction 597 µg·g−1 dw Nunes et al., 2019

Tunisia MeOH ScCO2 3.43 ± 1.3 2.02 ± 0.6 Present study

Dictyota dentata Indonesia Acetone/methanol 4.11 mg·g−1 dw Heriyanto et al., 2017

Dictyota dichotoma Acetone, methanol 1.1 to 2.3 mg·g−1 dw Perez-Bermudez et al., 1981

Malaysia Acetate ethyl 620.5 mg/100 g Agatonovic-Kustrin and Morton, 2017

Egypt Ethanol 0.1 µmol·g−1 FW Deyab et al., 2017

Portugal Vortex-assisted solid-liquid microextraction 1.2 to 514 µg·g−1 dw Nunes et al., 2019

Tunisia MeOH 2.6 ± 1.0 Present study

Dictyota fasciola Tunisia MeOH 0.88 ± 0.3 Present study

Dictyota spiralis Tunisia MeOH 0.23 ± 0.1 Present study

Padina australis Indonesia Acetone 0.09 to 0.12 mg·g−1 fw Panintingjati Brotosudarmo et al., 2018

Indonesia Acetone/methanol 0.43 mg·g−1 dw Heriyanto et al., 2017

Padina minor Malaysia Acetate ethyl 691.1 mg/100 g Agatonovic-Kustrin and Morton, 2017

Padina pavonica Malaysia Ethanol 427.9 mg/100 g Agatonovic-Kustrin and Morton, 2017

Portugal Vortex-assisted solid-liquid microextraction 10.2 µg·g−1 dw Nunes et al., 2019

Tunisia MeOH 0.71 ± 0.1 Present study

Padina tetrastromatica Ultrasound assisted extraction, ethanol 750 µg·g−1 dw Raguraman et al., 2018

Taonia atomaria Tunisia MeOH 5.53 ± 1.2 Present study

Our work highlighted the species of T. atomaria and Dictyota
dichotoma being potential candidates for polyphenol extraction.
These results are in agreement with those obtained by Zubia et al.
(2009), who reported high values of the TPC for D. dichotoma
collected from the French coasts (18.8 mg PGE·g−1 dw). Aly
et al. (2016) reported high contents of phenolic compounds
in T. atomaria extract such as vanillic acid, benzoic acid, and
pyrogallol. The authors reported the relationship of phenolic
and flavonoid composition with biological effects displayed by
T. atomaria extracts such as antioxidant, anti-inflammatory, anti-
Alzheimer, and anticancer activities.

Additionally, P. pavonica showed a high TPC in its extract.
However, the extraction yield obtained for this species resulted
in low phenolic content per dry weight. Abdelhamid et al. (2018)
reported higher phenolic contents (7.06 mg PGE·g−1 dw) for
P. pavonica collected from the eastern Tunisian coasts than those
obtained for our sample (3.6 ± 0.2 mg GAE·g−1 dw). Given
that this species showed the highest DPPH antiradical-scavenging
capacity, several processes should be evaluated and optimized to
obtain the highest yield possible. El-Sheekh et al. (2021) reported
that the extraction yield of P. pavonica is doubled when using
ethanol as an extraction solvent compared with methanol.

Contrary to our findings, Ben Aoun et al. (2010) obtained
higher total phenolic compound values for D. polypodioides
collected from the eastern Tunisian coasts. These authors
reported values ranging between 33.8 and 84.96 mg GAE·g−1

dw, depending on the extraction solvent. These differences can
be explained by the influence of several abiotic and biotic factors
on the TPC, in addition to different extraction procedures from
one study to another.

The genus Dictyota showed significant differences in the
PCA (Figures 3, 4), particularly between Dictyota spiralis and
Dictyota fasciola (formerly Dilophus genus) on the one side and
D. dichotoma on the other side. Hörnig et al. (1992) merged

Dilophus genus in Dictyota, based on morphological features;
however, recent phylogenetic results presented by Küpper et al.
(2019) argued in favor of a genus Dilophus, distinct from Dictyota.
At the chemical level, since considerable variation has been
observed between samples from the same Dictyota species taken
at different localities and during different seasons, it is not
possible to draw conclusions whether the chemical content is
species-specific (Bogaert et al., 2020), though as fucoxanthin
and polyphenols are dependent on environmental conditions
including light exposure, the difference in their concentrations in
closely related species might be due to differences among habitats
(Heriyanto et al., 2017). Indeed, our specimens of D. spiralis
and D. fasciola were collected in very shallow waters (less than
1 m) and light-exposed rocks, while D. dichotoma specimens were
collected in shadowed rocks, as well as for D. polypodioides and
T. atomaria.

ScCO2 Extraction of D. polypodioides
Several studies covered fucoxanthin extraction from seaweeds
by ScCO2 technique (Roh et al., 2008; Quitain et al., 2013;
Saravana et al., 2017). Quitain et al. (2013) analyzed the FC
of ScCO2 extraction of Undaria pinnatifida (Laminariales).
Conversely to our findings, these authors observed an influence
of extraction temperature on fucoxanthin recovery in the
extract, as they noticed a decrease in the FC with temperature
increase, while in our study, no significant difference has been
found in the fucoxanthin recovery regardless of the extraction
parameter set used.

Our results showed that the optimum ScCO2 parameter
set for maximum fucoxanthin recovery (2.02 ± 0.6 mg·g−1

dry algae) was obtained at a temperature of 60◦C, pressure
of 50 MPa, and a flow rate of 24 ml·min−1 CO2. Roh et al.
(2008) obtained a maximum of fucoxanthin extracted from

Frontiers in Marine Science | www.frontiersin.org 9 May 2021 | Volume 8 | Article 647159

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-647159 May 19, 2021 Time: 15:17 # 10

Ktari et al. Fucoxanthin and Phenolic Contents of Dictyotales

U. pinnatifida for a temperature of 323 K (50◦C) and
200 bar (20 MPa). These authors demonstrated that fucoxanthin
solubility is correlated to CO2 density fitting the Chrastil model.

For phenolic content, our results are in accordance with
those achieved by Roh et al. (2008), who obtained an increase
of polyphenol extraction with the increase of temperature and
pressure in the ScCO2 process. Saravana et al. (2017) obtained the
maximum phlorotannins extracted with the highest temperature
and pressure used (55◦C/300 bar). These authors prospected the
effect of different co-solvent additions to ScCO2 on fucoxanthin
and phenol extraction and obtained the best recovery with
sunflower oil and water, respectively.

When comparing the values obtained for D. polypodioides
for the FC, TPC, and DPPH IC50 depending on the extraction
method, some points can be highlighted. No significant difference
can be noticed between the recovery percentage of fucoxanthin
in the extract regardless of the method. These findings are in
agreement with those of Saravana et al. (2015), who determined
that the ScCO2 process can extract a similar content of
fucoxanthin similarly to solvent extraction procedure. However,
the lower extraction yield registered for the ScCO2 extraction
compared with the MeOH one is reflected in the FC per dry
weight, which is lower for ScCO2 extraction. Several reports
showed that the addition of ethanol, vegetable oils, or water as co-
solvents significantly increased the efficiency of ScCO2 extraction
yields (Roh et al., 2008; Saravana et al., 2017; Kumar et al., 2020).

Our results show that values of the TPC obtained by SCCO2
extraction are twice as high as those obtained by MeOH
extraction. Cikoš et al. (2018), who reviewed modern methods
for bioactive compound extraction from macroalgae, concluded
that SFE is rarely used for the extraction of polar phenolic
compounds, as this method is strongly dependent on nonpolar
compound extraction unless a co-solvent is added. In accordance
with these observations, Shipeng et al. (2015) reported a higher
TPC in ScCO2 extract with ethanol as a co-solvent than other
solvent extracted oils from S. horneri (Fucales). Besides, Tanniou
et al. (2013) reported that NMR phenolic profiles of Sargassum
muticum extracted by ScCO2 were different from those obtained
from solvent extractions. Even though the Folin–Ciocalteu assay
is the most commonly used procedure to determine the TPC, it
is not specific for them, and the presence of reducing interferants
(such as reducing sugars or ascorbic acid) can produce inaccurate
estimations of TPC values (Sánchez-Rangel et al., 2013). Thus,
deeper investigation of extract composition is needed.

About the antioxidant property of extracts, our results showed
a lower DPPH antiradical-scavenging activity in ScCO2 extract
compared with MeOH one. This is in agreement with the findings
of Tanniou et al. (2013), who also obtained a DPPH antiradical-
scavenging activity of the supercritical fluid extract much lower
than that obtained by solvent extraction even though these
authors used ethanol as a co-solvent in their ScCO2 procedure.
Contrarily, Saravana et al. (2015) obtained a higher antioxidant
property for Saccharina japonica and S. horneri ScCO2 extracts
compared with the conventional solvent ones.

Thereby, the present study confirms the efficiency of ScCO2
extraction for fucoxanthin and phenolic compounds from

D. polypodioides. Hattab et al. (2007), who extracted volatile
compounds from Dictyopteris membranacea (syn. polypodioides)
by ScCO2, demonstrated that this method takes a great
importance also in the extraction of sulfur compounds, alkanes,
and fatty acids, as at high pressure the fluid has low selectivity
leading to the extraction of these chemical classes of compounds.
Further chemical exploration of extracts is needed to determine
their total composition.

CONCLUSION

Dictyotales are commonly distributed brown algae from the
Mediterranean coasts. Among the six species investigated for
high benefits in phytochemical extraction and antioxidant
potential activity, three species resulted as promising candidates.
Taonia atomaria and Dictyopteris polypodioides are potential
candidates for fucoxanthin extraction, while Dictyota dichotoma
and T. atomaria are good candidates for phenolic compound
extraction. Additionally, Padina pavonica with a high
DPPH radical-scavenging capacity and a high amount of
phenolic compounds in its extract could be considered for
antioxidant compound extraction, providing that the extraction
efficiency is increased.

The use of green supercritical CO2 extraction of fucoxanthin
and phenolic compounds from D. polypodioides showed that
this method could give a similar content of fucoxanthin and
higher phenolic content as when a solvent is used. These results
are encouraging particularly for adapting an extraction method
for the Mediterranean species. Such use of seaweeds, with
respect to green extraction technology and sustainability of algal
material supply, can represent valuable economic development
perspective for the region.
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