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Abstract: Microalgae grow in diverse environments and possess a great biotechnological potential as
they contain useful bioactive compounds. These bioactive compounds can be obtained by selective
and energy-efficient extraction methods. Various industries are using the supercritical fluid extraction
(SFE) method to extract these valuable bioactive compounds. Hence, for the first time, we evaluated
the effects of SFE on the recovery of bioactive and antioxidant compounds using Coccomyxa onubensis,
a eukaryotic acidophilic microalga of potential relevance which can be used in the field of nutraceuti-
cal and functional foods. It was isolated from the Tinto River (Pyritic Belt, Huelva, Spain), a mining
region in Spain. Variables such as extraction yield, lutein purity (LP) and recovery (LR), total phenols,
and antioxidant capacity (Trolox equivalents antioxidant capacity method) were studied using a
Box–Behnken design based on a response surface methodology along with the overall extraction
curve fitted to a spline linear model. The effects of temperature (30, 50, and 70 ◦C), pressure (25, 40,
and 55 MPa), and the percentage of co-solvent (0, 25%, and 50% v/v ethanol) on SFE were analyzed,
resulting in the co-solvent and temperature as the most significant factors followed by the pressure.
Under 70 ◦C, 40 MPa, and 50% v/v ethanol, C. onubensis reached a maximum of 66.98% of LR.
The extracts were richest in total phenols and showed the maximum antioxidant activity (36.08 mg
GAEs/g extracts and 2.237 mmol TE/g extracts, respectively) under similar pressure and co-solvent
percentage values and different temperatures (30 and 70 ◦C, respectively). The extracts obtained in
this study may have potential applications in the food, nutraceutical, and cosmetic industries. SFE is
a highly efficient method to valorize microorganisms living in extreme environments, which are so
far unexplored using green extraction methods.

Keywords: Coccomyxa onubensis; supercritical fluid extraction; lutein; total phenols; antioxidant
capacity; food applications

1. Introduction

Microalgae are photosynthetic microorganisms that grow in diverse aquatic habitats
such as lakes, ponds, rivers, oceans, and wastewater. They can tolerate a wide range
of temperatures, salinities, pH values, and different light intensities and conditions in
reservoirs or deserts, as well as can grow alone or in symbiosis with other organisms [1,2].

In recent years, microorganisms from various extreme environments have been ana-
lyzed for their biotechnological potential, and some of them have been used, especially in
industrial processes, allowing their large-scale production to obtain different products [3,4].
Microalgae are a rich source of carbon compounds that can be used for the production of
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biofuels, health supplements, pharmaceuticals, and cosmetics [1,5]. They also have applica-
tions in wastewater treatment and atmospheric CO2 mitigation, as well as in the production
of various valuable products, such as polysaccharides, carotenoids, phycobiliproteins, and
polyunsaturated fatty acids (PUFAs), minerals, or vitamins [1,6–8].

Coccomyxa onubensis is a eukaryotic microalga isolated from the Tinto River in Huelva
(Spain); the river has an acidic environment developed over centuries because of intensive
mining activities aimed at pyrite extraction. The river has an average pH of 2.5 along
100 km and contains a high concentration of heavy metals such as iron, manganese, copper,
and aluminum, as well as sulfate and nitrate [9–11]. This hostile, oxidative habitat forces
C. onubensis to express adaptative antioxidant responses, including high carotenoid (mainly
lutein) and PUFA synthesis [11,12]. Moreover, specific culture conditions have been found
which explain the induction of lutein production or increased total lipid content and
variations in the fatty acid profile of C. onubensis. The most prominent conditions include
metal stress or mixotrophic media using urea [13,14], nutrient starvation media, or abiotic
stress by salt or ultraviolet radiation [12,15].

Lutein has been described as an ocular protective agent, preventing macular degen-
eration via the reduction of reactive oxygen species formed by photochemical processes,
and attenuating the blue light that strikes the retina in our eyes [16–18]. Navarro et al. [19]
reported that C. onubensis, an acidophilic photosynthetic microalga, can be a nutraceutical
source for functional foods. They proved that the microalga-powder-supplemented diets
for laboratory rats exerted a considerable hypocholesterolemic and hypotriglyceridemic ef-
fect on the health of these laboratory rats, showing the potential of the antioxidant capacity
of acidophilic microalgae in cardiovascular disease prevention.

The correct choice of selective and energy-efficient extraction methods is an impor-
tant stage in the industrial application of microalgal bioactive compounds. Traditionally,
carotenoid compounds are recovered by conventional extraction techniques using organic
solvents [20]. However, for health-related applications, severe restrictions on the use of
these solvents have been proposed in addition to minimizing the environmental effect
along with the cost-effective production of high-quality extracts [21,22]. An example of
this is the use of non-conventional or green extraction technologies such as supercritical
carbon dioxide extraction, also known as supercritical fluid extraction (SFE) using CO2.
This technique is characterized by its high selectivity and effective bioactive compound
recovery from multiple resources [20,22]. In this technique, CO2 is used as the main sol-
vent, which is non-toxic, non-explosive, and easy to remove from extracted products. The
polarity in SFE can be modified by the addition of a co-solvent or modifiers such as ethanol,
directing extraction conditions to the maximum recovery of target compounds. Therefore,
the food, cosmetics, and pharmaceutical industries are extensively applying SFE to obtain
their respective products [22,23].

Hence, in this study, we focused on evaluating the effects of SFE on the recovery of
bioactive compounds and their antioxidant activity in C. onubensis biomass: a distinctive
acidophilic microorganism of high biotechnological potential. To our knowledge, we are
the first to preliminarily evaluate the bioactive composition and antioxidant activity of
acidophilic eukaryotic microalgae such as C. onubensis using SFE. This study shows the
industrial applicability of extremophiles, minimizing the production cost by selecting
species from hostile environments for the green and sustainable extraction of high added-
value products.

2. Materials and Methods
2.1. Microalga Strain and Biomass Production

Microalgal biomass samples of Coccomyxa onubensis (SAG 2510, C. onubensis) were used
in this study. The biomass was kindly donated by the research group Algal Biotechnology
from the University of Huelva, Andalusia, Spain. C. onubensis is an acidophilic microalga
that inhabits acidic mine drainages of the Pyritic Belt located in the north area of Huelva,
in the southwest of Andalusia, Spain. C. onubensis was isolated and characterized by
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the Algal Biotechnology research group. The microalga was deposited in the Culture
Collection of Algae at Goettingen University, in Germany [24]. The biomass samples
sent from the University of Huelva were received in lyophilized form and packed in
vacuum-sealed plastic bags and were stored at 15 ± 2 ◦C in darkness until further use.
The biomass samples of C. onubensis were produced at the University of Huelva according
to the following procedure. The culture medium was prepared in deionized water and
contained the following mineral composition [11]: 3.95 g K2SO4, 0.1 g KCl, 0.5 g K2HPO4,
0.41 g MgCl2, 2.29 g KNO3, 0.01 g CaCl2, and 1-mL Hutner solution of trace elements,
prepared as described by Garbayo et al. [11]. The pH of the medium was adjusted to
2.5 with sulfuric acid. The cultures were grown in a microalgae cultivation room at 25 ◦C.
A mix of CO2 in air (5% v/v) was continuously bubbled into the cultures to supply carbon
dioxide as an inorganic carbon source, thus promoting the photoautotrophic growth of
the acidophilic microalga. The cultures were illuminated 24 h per day with 140 µmol
photons m−2 s−1 of white light. Culture samples at the mid linear phase were harvested
and the wet biomass pellets were lyophilized prior to delivery. The biomass was analyzed
for metals and the following values were obtained (mg/kg dry weight): 0.0149, Mn; 0.1949,
Fe; 0.0059, Co; 0.018, Ni; 0.5092, Cu; 0.3618, Zn. Other metals were present in concentrations
below 0.001 mg/kg dry weight.

2.2. Chemicals

The main chemical compounds used in the SFE process were carbon dioxide (99% purity)
and ethanol (99.5%). CO2 was purchased from Indura Group Air Products (Santiago, Chile)
and ethanol was obtained from Merck (Darmstadt, Germany). Other chemicals used in
this study were ultrapure water, lutein, gallic acid, 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (Trolox, ≥97%), 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid
(ABTS ≥ 99%), and the Folin–Ciocalteu phenol reagent. The referred chemicals were all
purchased from Sigma-Aldrich (Santiago, Chile). The latter company, Sigma-Aldrich,
also supplied the chromatographic-grade organic solvents required for extraction: ethyl
acetate, water, acetonitrile, and methanol. The solvents were heavy metals-free according
to specifications.

2.3. Determination of the Particle Size of Powdered Coccomyxa onubensis Biomass

Samples of dry biomass of the acidophilic microalga were powdered using an ana-
lytical mill (A-11 basic Analytical, IKA Labortechnik, Staufen, Germany) for 20 s. Each
grinding process was performed twice to ensure that the obtained results were reliable. The
particle size distribution of powdered microalga was determined by using an electromag-
netic and digital sieve shaker (CISA Cedaceria Industrial Sieving Technologies, BA200N
model, Barcelona, Spain). Classifying the powdered biomass according to the particle size
was possible thanks to the use of eight sieves made of stainless steel and equipped with a
mesh of varying sizes: 10, 12, 16, 18, 35, 60, 120, and 230 according to ISO 3310–1 (ASTM
E11 standard) equivalent to 1.80, 1.18, 1.00, 0.710, 0.500, 0.250, 0.125, and 0.063 mm of the
mesh sizes. The procedure consisted of 15 min shaking the powdered biomass samples
placed in the digital shaker, with an oscillation amplitude of 3 mm, after which the biomass
got separated and retained in the sieves according to their particle sizes. Subsequently, the
bottom was weighed and recorded. The mean particle diameter (Dp) of the C. onubensis
powder was determined according to ASABE [25] using Equation (1). The mean value of
the particle size of C. onubensis in the SFE process is shown and discussed in Section 3.1.

DP = exp

∑n
i = 1

[ √
Wi · log (di·di+1)

]
∑n

i = 1 Wi

 (1)

where DP is the mean particle diameter (mm); di is the diameter of the sieve opening i (mm);
di+1 is the diameter of the sieve opening above sieve i (mm); Wi is the retained mass (g); n
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is the total number of fractions. The so-obtained and classified samples were preserved in
sealed plastic bags and stored in the refrigerator until use.

2.4. SFE

A Speed Helix supercritical extractor (Applied Separation, Allentown, PA, USA) as
described by Salinas et al. [26] was used in this work for the SFE experiments. For each
extraction assay, 2.0 g of C. onubensis dry biomass were packaged into a 24 mL extraction
vessel (nominal volume) occupying a volume of 2.54 mL (approximately 10.6% of the total
volume of the extraction vessel) together with 1.0 mm glass beads. The temperature in each
extracting process was maintained for 15 min by a heating jacket at a selected temperature
for each run. The CO2 was pumped until the desired pressure was reached. This was
maintained for 5 min (static time). The total extraction time was set at 60 min per the
recommendations of a spline linear model described in Section 2.4 (Material and Methods),
according to the yield and lutein recovery in the midpoint SFE condition. An electronic
flow meter installed at the exit of a sample collection flask was used for the control of the
CO2 flow rate. After the static time, the micrometric valve was adjusted to reach a CO2
flow rate of 2 L/min (~3.62 g/min). For the conditions that used a co-solvent, the pump
was adjusted to 1.15 mL/min and 2.30 mL/min to reach a proportion of 25% and 50% over
the CO2 flow rate, respectively. Finally, an N2-gas stream using Flexivap Work Station
(Model 109A YH-1, Glas-Col, Terre Haute, IN, USA) was used for evaporating the residual
ethanol present in the specific vials containing each SFE sample. Then, the dried extracts
were stored at −20 ◦C and protected from light until further use.

2.5. Box–Behnken Experimental Design

The experimental conditions tested in this study (15 in total which are described in
Section 3.3), were generated through a Box–Behnken design implemented in random run
order. Three parameters, namely temperature, pressure, and ethanol concentration, were
selected for the Box–Behnken design process. These parameters influenced directly on the
response of target variables of the extraction process of C. onubensis biomass, including
extraction yield (Y), lutein purity and recovery (LP and LR), total phenol content (TPC),
and antioxidant capacity (Trolox equivalents antioxidant capacity (TEAC) method). The
influence of each one of the above referred parameters on the SFE process was evaluated
using the following values: 30, 50, and 70 ◦C for temperature; 25, 40, and 55 MPa for
pressure; and 0, 25%, and 50% v/v for ethanol being used as a co-solvent. The experiments
were performed in triplicates of C. onubensis (n = 3). The analyses of bioactive compounds
extracted from the microalgal biomass and their antioxidant capacity are explained in the
next sections.

2.6. Mathematical Modeling

Modeling the kinetic behavior of the extraction process has become a crucial step
to designing an efficient SFE method. The so-called overall extraction curve (OEC) was
obtained by plotting the extraction time versus the accumulated extract. The extraction
kinetic was performed at the conditions given by the central point of the experimental
design (50 ◦C, 40 MPa, 25% ethanol v/v). Each extract was collected at preselected time
intervals of 5 to 15 min for a total of 15 points in the curve. The extraction yield (Y%) was
calculated at each point of the curve. The experiment was performed in triplicate.

The OEC was fitted to a spline linear model. The spline model was defined from a
base equation (Equation (2)), from which arose three specific equations that are described
below this paragraph (Equations (3)–(5)). The OEC was fitted to the referred spline model.
The spline modeling was performed by making use of the known procedures PROC
REG and PROC NLIN of the free software SAS OnDemand for Academics. A Microsoft
Excel-2016 spreadsheet was used to prepare figures from the fitted data obtained from
Equation (5). Each one of the three extraction stages was represented by one of the fitted
curves. The extraction stages differed in relation to the mass transfer mechanism that
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controlled them: (1) CER: stage determined by constant extraction rate; (2) FER: stage
characterized by falling extraction rate, where the extraction process is essentially driven by
convection and diffusion in the solid substratum; and (3) DC: stage essentially controlled
by diffusion. These stages have been previously described in the literature [27]. The spline
linear model allowed us to obtain the mass transfer rate for the CER period (MCER) and
the time corresponding to the interception of two lines (tCER). The two stages left, FER and
DC, were subsequently computed following the same approach. The experimental data
obtained from the OEC were fitted into the spline model. The mass ratio of the solute in
the supercritical phase at the equilibrium cell outlet (YCER) was obtained by dividing MCER
by the mean solvent flow rate of the CER period, following the procedure performed by
Ruiz-Domínguez et al. [28].

mExt =

(
bo −

i=N

∑
i=1

Ci ai+1

)
+

i=N

∑
i=1

ait (2)

For one straight line:

mExt = bo + a1t for t ≤ tCER (3)

For two straight lines:

mExt = bo − tCERa2 + (a1 + a2)t for tCER < t ≤ tFER (4)

For three straight lines:

mExt = bo − tCERa2 − tFERa3 + (a1 + a2 + a3)t for tFER < t (5)

where mExt is the mass of the extract; b0 is the linear coefficient of the first line (CER); ai
(i = 0, 1, 2, 3) are linear coefficients of lines; t is time (min); tCER is CER time (min); and
tFER is FER time (min). Ci for i = 1, 2 are the intercepts of these lines (C1 for the first and
second lines, and C2 for the second and third lines).

Once the parameters were adjusted, these were used to calculate yCER and yFER
from tCER and tFER. Each recovery percentage value at a given time was calculated by
Equation (6):

Recovery (%) =
yt

ytime f inal OEC
(100) (6)

2.7. Bioactive Compounds and Antioxidant Capacity
2.7.1. Lutein Quantification

Lutein extraction was performed using 0.05% (w/v) butylated hydroxytoluene (BHT)
in methanol as an organic solvent. The optimal sample size for lutein extraction was 20 mg
of dry biomass or 50 mg of supercritical fluid extracts. The obtained extracts were filtered
(Ø = 0.22 µm filter), transferred into a chromatography vial, and immediately used for a
lutein analysis (20 µL of injection volume). Lutein was quantified by liquid chromatography.
An HPLC system (model 7100, Merck Hitachi LaChrom, Tokyo, Japan) equipped with
a reverse-phase column (C18, 250 mm × 4.6 mm, 5 µm, Restek, Bellefonte, PA, USA)
was used. The HPLC system was equipped with three pumps (flow rate of 1 mL/min)
and a UV-Vis detector. The microalgal carotenoids, specifically lutein, were detected at
450 nm. Two solvents were used as a mobile phase: solvent A (ethyl acetate) and solvent
B (acetonitrile-water 90:10). Each sample run took 17 min and proceeded according to
the following solvent gradient: it started with 100% B for 10 min, followed by 50% B for
4 min, 40% B for 2 min, and ended with 100% B for 1 min. The free lutein concentration in
the samples was calculated using the corresponding calibration curve obtained with pure
lutein. The calibration curve was linear within the lutein concentration range 1–50 ppm
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(R2 = 0.9981); the lutein concentration being referred to dry biomass or weight of extract
(LP). Lutein recovery (LR) was calculated by Equation (7):

LR (%) = (Wc/Wt)·100 (7)

where Wc is the mass of lutein (mg) extracted under any of the conditions described in this
study, and Wt is the mass of lutein extracted conventionally (mg). The latter value was
obtained using methanol (0.05% w/v BHT) as an extraction solvent. The biomass samples
were added the referred solvent and placed in a shaker incubator at 300 rpm at 30 ◦C
for 24 h. This allowed us to obtain an average lutein concentration of 3.14 ± 0.11 mg/g,
expressed as mg of lutein per gram of dry weight of C. onubensis (benchmark extraction).
The experiment was performed in triplicates (n = 3).

2.7.2. Determination of TPC

The total phenolic content was analyzed by using the Folin–Ciocalteu method de-
scribed by Ainsworth and Gillespie [29]. A volume of 20 µL of diluted extract (2.0 mg/mL)
was mixed with 100 µL of 10% (v/v) Folin–Ciocalteu reagent and the mixture was kept at
room temperature for 5 min. Subsequently, 75 µL of sodium carbonate solution (0.7 M) was
added to the mixture which was then gently shaken for 1 min. The formation of a chemical
complex between the phenolic compounds and the reagent yielded a blue color which was
allowed to evolve for 60 min at room temperature (20 ± 2 ◦C). The procedure ended reading
the absorbance at 765 nm on a microplate reader (BioTek Synergy HTX multi-mode reader,
software Gen 5 2.0, Winooski, VT, USA). For calibration, gallic acid dilutions (0–2.0 mg/mL)
were used as standards. Results were expressed as gallic acid equivalents (GAE)/g extracts.
Each result was the average of three independent measurements.

2.7.3. Determination of Antioxidant Capacity

The TEAC of the lutein-enriched extracts was quantified using the method described
by Re et al. [30] with modifications proposed by Sánchez-Camargo et al. [31]. This method
quantifies the chemical capacity of antioxidant substances present in the microalgal ex-
tracts to neutralize the free radicals produced by a radical-producing standard compound,
2,20-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS•+). The
radicals were produced by the chemical reaction between 7 mM ABTS and 2.45 mM potas-
sium persulfate in the dark at room temperature for 16 h. The resulting ABTS•+ aqueous
solution was diluted with 5 mM sodium phosphate buffer at pH 7.4 in order to reach an
absorbance value of roughly 0.7 (± 0.02) at 734 nm. The antioxidant capacity of microalgal
samples was measured in mixtures composed of 20 µL of sample and 180 µL of the ABTS•+

solution. The mixtures were placed in the wells of a 96-well microplate reader of a spec-
trophotometer. After 10 min of reaction, the absorbance decay at 734 nm was measured.
Trolox was used as a reference standard. The TEAC was expressed as mmol Trolox equiva-
lents (TE)/g extracts. Each result was the average of three independent measurements.

2.8. Statistical Analysis

Experimental designs and a data analysis were performed by response surface methodology
(RSM) and the standardized Pareto chart (shown in Supplementary Material, Figures S1–S5)
using the Statgraphics Centurion XVIII® (Stat-Point Technologies, Inc., Warrenton, VA,
USA) software. The effects of the factors on the response variables in the separation
process were assessed using a pure error and considering a confidence interval of 95% for
all the variables. The effect of each factor on the response variables and their statistical
significance were analyzed by performing the analysis of variance (ANOVA). The results
are presented in Supplementary Materials (Tables S1 and S2). The response surfaces of
the respective mathematical coefficients were also obtained, and a p-value of ≤0.05 was
considered significant. All analyses were performed in triplicates (n = 3).

The mathematical relationship of the response with three factors, X1, X2, and X3, of
the experimental design was approached by Equation (8):
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Z = β0 + β1X1 + β2X2 + β3X3 + β12X1X2 + β13X1X3 + β23X2X3 + β11X2
1 + β22X2

2 + β33X2
3 (8)

where Z = estimate response; β0 = constant; β1, β2, and β3 = linear coefficients; β12, β13, and
β23 = interaction coefficients between the three factors; and β11, β22, and β33 = quadratic
coefficients. A multiple regression analysis was performed to obtain coefficients and
equations that can be used to predict responses.

3. Results
3.1. Particle Size

Figure 1 shows the distribution of particles retained in each sieve. The figure shows
that the retention process did not exceed 1.11% in the sieves with the largest opening, from
2.0 to 1.0 mm. A greater retention process started from the sieve with φ = 0.5 mm, which
was 1.29%. The retention of the particles reached 97.5% from the sieve of φ = 0.250 mm to
the blind bottom (φ < 0.063 mm). Therefore, a mean value of Dp = 0.079 ± 0.001 mm was
expected for powdered C. onubensis. However, this means the value was low compared to
those reported in other studies of the extraction of neutral lipids from microalgae using
SFE, wherein the Dp ranged from 0.160 to 1.000 mm [32].
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Partitioning, solubility, and diffusion inside the particle are the most important phe-
nomena that govern the extraction rate in SFE [33]. The extraction bed is characterized by
particle size and void fraction, which allows the calculation of the amount of CO2 between
particles and its ratio to microalga feed [34]. Therefore, the extraction of bioactive lipids
from the microalga Nannochloropsis sp. and the extraction of oil from the cyanobacterium
Spirulina (Arthrospira platensis), both freeze-dried and using supercritical fluids with CO2 at
two temperatures, 40 and 55 ◦C, and pressures increased up to 70 MPa, were previously
sieved to a maximum particle size of 0.35 mm and mixed with glass beads. The important
result is that the mass transfer resistance increased with increasing pressure, which in turn
increased with distance from the CO2 critical point [35,36].

The particle size should be as small as possible. However, a small particle size can
restrict the diffusion of CO2 and create a channeling effect that reduces the efficiency in the
extraction of the solutes of interest [37]. On the other hand, Crampon et al. [38] reported
that with smaller particle sizes, the kinetics of extraction are more rapid, and the yields are
higher. Therefore, the disintegration of cells is important in the recovery of intracellular
products from algae.
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3.2. Mathematical Modeling and Kinetic Curve of Coccomyxa onubensis SFE Extracts

The condition selected for kinetic study was the central point of the experimental
design given by Box–Behnken. The conditions were as follows: 50 ◦C, 40 MPa, and
CO2:ethanol (75:25 v/v) flow rates. These conditions were selected based on the yield
results obtained for SFE from the acidophilic microalga C. onubensis.

Figure 2 shows the overall extraction curves (OEC) of Coccomyxa onubensis dry biomass.
A cumulative extract of 10.36% was obtained after 180 min of extraction. Dry biomass
(~2.0 g) was used for extraction. The OEC plotted for dry biomass followed an SFE kinetic
behavior similar to that reported by Jesus et al. [39] and Meireles [27]. The process began
with the so-called CER period, in which the extraction of bioactive compounds that are
easy to recover, both by the solvent and by the co-solvent, prevailed. The CER period was
mainly controlled by the convection-type mass transfer in the vicinity of the fluid layer
around the biomass particles. Once the CER period ended, a second transition period began
which commonly takes place at a slower extraction rate being controlled by the typical
mechanisms of mass transfer. This period has been referred to as the FER period. Once the
solutes, whose accessibilities to extractant solvents were more favorable, became scarce
within the microalgal biomass matrix, diffusion between the biomass particles became
the main mass transfer mechanism during this last stage of the SFE, commonly called
DC. In this way, the OEC behaved typically as a diffusion curvature with a minimum
extraction rate.
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Through the fitted data by spline linear model in Figure 2, the OEC parameters were
estimated as shown in Table 1. The calculated tCER was 24.33 min with the accumulated
extracts of 7.18% and the recovery of 68.53%. This result is consistent with the results of
previous studies that reported recovery values between 50% and 90% in the CER period [40].
The calculated tFER was 63.86 min for the accumulated extract of 1.76% and a recovery of
17.32%, with a total accumulated extract of 8.94% up to this period and a total recovery
of 85.85%. In the present study, a recovery above 85% was achieved in the FER period.
The MCER and MFER values represented the extraction rate of the CER and FER periods,
respectively [39], with values of 6.0 × 10−3 and 9.3 × 10−4 g/min. These values of the
extraction rates were higher than the values reported for MCER and MFER in extracts of
Muriellopsis sp. dry biomass using spray-drying (2.6 × 10–3 and 4.6 × 10−4 g/min) and
freeze-drying (5.7 × 10−3 and 5.3 × 10−4 g/min) [41], respectively. When expressed in
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Y = mg extract/g biomass, the results were 70.27 and 17.56 for the CER and FER periods,
respectively, which represented 1.91 × 10−3 and 3.0 × 10−4 g extract/g (CO2 75% + ethanol
25%). This is the extraction ratio in the supercritical phase at the outlet of the bed, which
had a greater extraction rate in the CER period.

Table 1. Adjusted parameters of the spline linear model to supercritical fluid extraction (SFE) from
Coccomyxa onubensis biomass at P = 40 MPa, T = 50 ◦C, and CO2 + ethanol (75:25 v/v) flow rate.

Parameters
Stages of the General Extraction Curve

CER FER DC

Time (min.) 24.33 63.86 180.0
Accumulated (%) 7.18 1.76 1.42

Accumulated Extract (%) 7.18 8.94 10.36
Recovery (%) 68.53 17.32 14.15

Total Recovery (%) 68.53 85.85 100.0
MEXT (g/min) 6.0 × 10–3 9.3 × 10−4 2.6 × 10−4

Y (mg extract/g biomass) 70.27 17.56 14.73
Y (g extract/g (CO2 75% + ethanol 25%)) 1.91 × 10–3 3.0 × 10−4 8.5 × 10−5

R2 0.9793 1.0000 1.0000

Linear Coefficients of
Spline model

b0 a1 a2 a3

1.2223 0.2449 –0.2003 –0.0324

b0: Linear coefficient of the first line (CER); a1, a2 and a3 : Slopes of the lines 1, 2, and 3 corresponding to the
periods CER, FER, and DC, respectively; tCER, and tFER : Times in the intercepts of lines 1 and 2, and lines 2 and 3,
respectively; MEXT(t) : mass of the extract at time t; Yt: Variable response for the consideration stage (CER, FER,
and DC); YCGE: Variable response obtained from the sum of all the process times.

In the final stage of the process or DC period (Table 1), lower values of all the pa-
rameters were observed for those values obtained in the previous CER and FER periods
because the extraction already showed signs of exhaustion. Table 1 includes the coefficients
of determination (R2) for each one of the extraction curve stages. The coefficients were
determined using the spline linear model and their corresponding coefficients b0, a1, a2,
and a3. A flow rate of 3.1 g/min was used for CO2 + ethanol (75:25% v/v), and a solvent to
feed ratio (S/F) of 7.4 to 267.8 was selected.

As shown in Table 1, the intracellular lutein content of C. onubensis was fully recovered.
This value is by far higher than those reported for lutein extraction from other species. The
literature reports several examples of the latter. For instance, lutein recovery values of 47%
were obtained from Haematococcus pluvialis dry biomass by means of using SFE-CO2 [42].
The extraction conditions were a CO2 flow rate = 3.62 g/min, temperature of 50 ◦C, and
pressure of 40 MPa for a time of 120 min. The impact of the extraction conditions and
the influence of the investigated microalgal species on the carotenoid recovery yield is
evidenced by Yen et al. [43]. This study showed a higher lutein recovery value of 76.65%
from Scenedesmus sp. dry biomass in a shorter time period of 60 min. The extraction
conditions consisted of a much lower CO2 flow rate (1.45 g/min), 30% ethanol, a similar
temperature of 47.5 ◦C, and the same pressure value of 40 MPa.

This allows the highlighting of the relevance of the extraction optimization process as
suboptimal extraction conditions address significant lutein losses which remain unextracted.

According to our previous experience of carotenoid extraction optimization with
other microalgae species as Muriellopsis sp. (MCH35), large CO2 to ethanol mixture ratios
(85%/15%) were proven efficient for lutein [28]. The latter is consistent with similar
studies for carotenoid extraction published by other authors for Haematococcus pluvialis [42],
Scenedesmus sp. [43], and Scenedesmus almeriensis [44]. Interestingly, the maximum extraction
rates were not systematically obtained within a fixed given time frame along the extraction
period. Moreover, this may sometimes tend to happen by the end of the CER period, as
reported by Meireles [27]. In addition, the costs of the extraction could in some cases be
reduced if the process continues beyond the end of the CER period [45]. In our case, the
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extraction process was extended up to 60 min in order to ensure the maximum recovery of
the extract, being greater than 85%.

3.3. The Yield of Coccomyxa onubensis SFE Extracts

The experimental extraction conditions and results of the Box–Behnken design from
dry biomass of C. onubensis by the SFE process are shown in Table 2.

Table 2. Extraction yields (Y), lutein purity (LP), lutein recovery (LR), total phenol content (TPC), and
antioxidant activity (Trolox equivalents antioxidant capacity (TEAC)) by supercritical fluid extraction
from the acidophilic eukaryotic microalga Coccomyxa onubensis using the Box–Behnken experimental
design. The general parameters are biomass loading = 2.0 g, CO2 flow rate = 3.62 g/min, and
extraction time = 60 min.

Run T
(◦C)

P
(MPa)

EtOH
(%, v/v)

Y
(%, w/w)

LP
(mg/g Extract)

LR
(%, w/w)

TPC
(mg GAE/g Extract)

TEAC
(mmol TE/g Extract)

1 50 40 25 7.95 16.07 40.71 22.64 0.693
2 30 25 25 5.92 12.37 23.33 10.45 0.285
3 70 25 25 7.31 16.23 37.81 25.96 1.708
4 30 55 25 4.68 18.55 27.66 19.13 2.237
5 70 55 25 6.58 25.39 53.22 36.08 2.149
6 30 40 0 0.79 4.82 1.22 7.34 0.104
7 70 40 0 2.99 8.22 7.84 6.23 0.011
8 50 40 25 8.28 15.15 39.99 27.51 1.148
9 30 40 50 13.28 1.49 6.33 3.94 0.387

10 70 40 50 13.27 15.83 66.98 18.67 1.490
11 50 25 0 1.58 10.56 5.33 13.44 0.297
12 50 55 0 2.47 7.48 5.88 7.19 0.198
13 50 25 50 16.32 7.09 36.89 15.02 0.809
14 50 55 50 10.14 11.54 37.29 20.97 1.744
15 50 40 25 8.73 16.32 45.44 21.35 0.723

Abbreviations: temperature (T); pressure (P); ethanol (EtOH); gallic acid equivalent (GAE); Trolox equivalent (TE).
Values presented are the mean of three determinations (±SD, n = 3).

As shown in Table 2, the factors were selected at three different experimental levels:
temperature (30 ◦C, 50 ◦C, and 70 ◦C); pressure (25 MPa, 40 MPa, and 55 MPa); and the
percentage of ethanol as the selected co-solvent (0%, 25%, and 50% v/v). The design
matrix, evaluated for the response variable “extraction yield (%)” through the Statgraphic
Centurion program (version XVIII), provided the general equation (Equation (9)) of the
working model as follows:

Yield = −16.142 + 0.3252·T + 0.4188·P + 0.4389·EtOH − 0.0028·T2 + 0.0004·T·P − 0.0011·T·EtOH − 0.0048·P2 −
0.0047·P·EtOH + 0.0006·EtOH2 (9)

Based on the regression coefficients and p-value of the Box–Behnken design
(Table S1 Supplementary Material) and the Pareto chart (Figure S1), the quadratic
factor EtOH2 was not significant according to the adjustment made, as well as the inter-
actions, namely T·P, T·EtOH, and P·EtOH ( underlined in the equation). Consequently,
they were eliminated from the general equation (Equation (9)), which resulted in the
following expression (Equation (10)):

Yield = −16.142 + 0.3252·T + 0.4188·P + 0.43890·EtOH − 0.0028·T2 − 0.0048·P2 − 0.0047·P·EtOH (10)

The best alternative for the chosen work surface was as follows: the temperature
factor (T) was 50 ◦C, the pressure factor (P) was 55 MPa, and the ethanol (EtOH) co-solvent
factor was 50% v/v. With this, an optimal evaluation was obtained for yield = 15.95%.
According to ANOVA (Table S1 Supplementary Material), the value of R2 = 0.9936 and
adjusted for the degrees of freedom was R2 = 0.9821.
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This result is consistent with the maximum yield reached in run 13 with 16.32% w/w,
followed by 13.28% and 13.27% w/w (runs 9 and 10, respectively). In all these experiences,
the common extraction factor was the maximum extractant used, such as 50% v/v of
ethanol. However, the temperature in these runs varied from 30 ◦C to 70 ◦C, and the
pressure values ranged from low (25 MPa) to intermediate (40 MPa). The lowest yields
which ranged from 0.79 to 2.99% w/w were significantly less and obtained without the
presence of ethanol in the extraction process.

Figure 3 also shows the results of extraction yields obtained from C. onubensis by
response surface methodology (RSM). Particularly, the Pareto chart described in Supple-
mentary Material (Figure S1) shows the significant factors and interactions for the extraction
yield from the microalga in the SFE process. The ethanol co-solvent was the variable having
a more positive effect on the extraction yield, followed by the interaction between solvent
and pressure. As shown in Figure 3, RSM was drawn at an optimal temperature in the SFE
process (50 ◦C), which improved the yield in C. onubensis. Supplementary Table S1 presents
the statistical data and p-value in terms of the goodness of fit of the model for the extraction
yield from C. onubensis.
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Figure 3. Response surface curve of the combined effects of temperature (30–70 ◦C), pressure
(25–55 MPa), and ethanol as co-solvent (0–50% v/v) on extraction yield from Coccomyxa onubensis.
Response surface curves were drawn from the viewpoint of the optimal temperature (50 ◦C). Abbre-
viation: temperature (T); pressure (P); and ethanol as co-solvent (EtOH).

Many studies confirmed the positive effects of the co-solvent, such as ethanol, on SFE
yield and the solubility of a solute [46,47]. Pressure and co-solvent have been reported to
compete with each other [46,48,49]. Our results showed this effect as a constant co-solvent
percentage. The extraction yield decreased with an increase in pressure, and at constant
pressure, the extraction yield improved as the extractant concentration increased. On the
other hand, the density of the supercritical fluid can be modified by changing temperature
and/or pressure. Because density is related to solubility, the solvent strength of the fluid
can be modified to improve the extraction yield [50]. In the present study, the effect of
temperature had a varied range and a non-significant effect on the extraction process
(as shown in Figure S1 and Table S1).

Mehariya et al. [44] optimized the main parameters that affected the SFE extraction
from Scenedesmus almeriensis, which is a microalga described as a lutein producer. They
used parameters similar to those of our studies, such as pressure (25–55 MPa), temperature
(50 and 65 ◦C), a higher CO2 flow rate (7.24 and 14.48 g/min), and even a biomass pre-
treatment for LP and LR. Particularly, the extraction yield was lower than our results, which
reached its best extraction condition at 65 ◦C, 40 MPa, and a CO2 flow rate of 7.28 g/min
with a value of 15.02 mg/g of yield (~1.5% w/w). Bueno et al. [51] reported the recovery of
carotenoid from the microalga Dunaliella salina under compressed CO2 technologies. They
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used variables without a modifier (e.g., ethanol) such as pressure at 25 MPa, 32.5 MPa, and
40 MPa, and temperature of 15 ◦C, 30 ◦C, and 45 ◦C, wherein the best experimental condi-
tion for extraction yield was 45 ◦C, 25 MPa, and a CO2 flow rate of 12.70 g/min which was
approximately two-folds less than our best result of yield. Furthermore, Reyes et al. [52]
also worked with a Box–Behnken experimental design for optimization of the extraction
yield, astaxanthin content, and antioxidant activity of Haematococcus pluvialis by SFE. They
studied factors such as pressure (20–35 MPa), temperature (40–70 ◦C), and ethanol content
in SFE (0–13%, w/w), similarly to our study. Their results showed improved extraction data
compared to our results for C. onubensis at 55 ◦C, 20 MPa, and 13% ethanol with a value of
282.5 mg/g (28.25% w/w of yield).

In general, our results are consistent with the results from previous studies, which
confirmed that C. onubensis extracts showed a moderate extraction yield potentially rich in
antioxidant compounds. This can be considered important in the novel food, nutraceutical,
and cosmetic industries for the eventual use of acidophilic microorganisms.

3.4. LP and LR of Coccomyxa onubensis SFE Extracts

Table 2 also presents the purity and recovery values of lutein extracted from C. onubensis
biomass using SFE. LP has been expressed in mg of this pigment (identified and quantified
by HPLC) per gram of the extract. These data fluctuated from 1.49 to 25.39 mg/g of the
extract under SFE conditions of 30 ◦C, 40 MPa, and 50% v/v ethanol and 70 ◦C, 55 MPa,
and 25% ethanol, respectively. The optimal conditions described in the statistical software
were 70 ◦C, 55 MPa, and 32.5% ethanol, with an optimal value of 25.28 mg/g. These results
are consolidated with the statistical information added in the Supplementary Material
(Table S1). The design matrix provided the following general equation (Equation (11)) of
the working model:

LP = 24.959 − 0.147187·T − 0.7977·P + 0.2390·EtOH + 0.0009·T2 + 0.0025·T·P + 0.0055·T·EtOH + 0.0086·P2 +
0.0050·P·EtOH − 0.0138·EtOH2 (11)

Based on regression coefficients and the p-value obtained from the Box–Behnken
design (Table S1 in Supplementary Material) and the Pareto chart (see Figure S2 in
Supplementary Material), the EtOH factor, interaction T·P, and the quadratic factor T2

(they are underlined in the equation) were not significant according to the fit made. Conse-
quently, they were eliminated from the general equation (Equation (11)), thus generating
the following equation (Equation (12)):

LP = 24.959 − 0.147187·T − 0.7977·P + 0.0055·T·EtOH + 0.0086·P2 + 0.0050·P·EtOH − 0.0138·EtOH2 (12)

The experiments without a co-solvent did not improve LP from C. onubensis (runs 6,
7, 11, and 12), with values ranging from 4.82 to 10.56 mg/g. This is complemented with
the information given by Figure 4 (RSM). The presence of ethanol enhanced the solubility
of the bioactive compounds in extractions [53,54]. Our results confirmed this up to a
given maximum of extractant in the process. According to Table 2, the LP results under
25% v/v of ethanol (medium level) were better than those of 50% of the co-solvent (high
level). An increase in temperature up to the highest level (70 ◦C) versus pressure up to the
highest level (55 MPa) facilitated an increase in lutein purity in the microalga extracts. For
instance, run 5 was approximately 1.4-fold higher for LP than run 4, where the temperature
decreased to the lowest level (30 ◦C), with the same pressure and ethanol content (55 MPa
and 25% co-solvent), respectively. This confirmed that an increase in temperature improves
the diffusivity of CO2, thus resulting in enhanced extraction of bioactive compounds, as
reported by Sapkale et al. [55].
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Figure 4. Response surface curve of the combined effects of temperature (30–70 ◦C), pressure
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The effects of SFE versus conventional methods on lutein extraction, LP, and LR
are shown in Table 2. The concentration of lutein extracted by methanol maceration
was 3.14 ± 0.11 mg/g, which was considered as mg of lutein per gram of dry weight
of C. onubensis. This value was considered a benchmark for the extraction. Various mi-
croalgae species produce lutein, and their lutein content competes with that of marigold
flowers; the genus of Tagetes sp. or Calendula sp. is one of the most used natural resources
worldwide for xanthophyll extraction. The lutein content in marigold dry powder was
in the range of 20–30 mg/g [56] as follows: Chlorella fusca (4.2–4.7 mg/g dry biomass);
Coelastrum proboscideum (3.4–5.0 mg/g dry biomass); Haematococcus pluvialis (red phase,
~7.7 mg/g dry biomass); Muriellopsis sp. (MCH35) (3.45–4.20 mg/g dry biomass); or
Chlorella zofingiensis (2.4–2.8 mg/g dry biomass) [28,57,58]. Thus, C. onubensis may be con-
sidered a novel biomass with a reasonable estimate for lutein contents, mostly in free lutein
form, and can be improved according to the cultivation conditions.

The optimal conditions given in the statistical software for lutein extraction by su-
percritical fluids were 70 ◦C, 54.34 MPa, and 46.1% v/v ethanol, with an optimal value of
LR = 66.39%. These results are consolidated with the statistical information added in the
Supplementary Material (Table S1). The design matrix, evaluated for the response vari-
ables “LR (% w/w)”, provided the general equation of the working model (Equation (13))
given below:

LR = −23.3342 + 0.5381·T + 0.7420·P + 0.7138·EtOH − 0.0091·T2 + 0.00923·T·P + 0.0270·T·EtOH − 0.0129·P2 −
0.0001·P·EtOH − 0.0285·EtOH2 (13)

Based on regression coefficients and a p-value obtained from the Box–Behnken design
(Table S1 in Supplementary Material) and the Pareto chart (Figure S3), we found that
the p-value, the quadratic factors T2 and P2, and the interactions T·P and P·EtOH (they
are underlined in the equation) were not significant according to the adjustment made.
Hence, they have been removed from the general equation (Equation (13)), generating the
following equation (Equation (14)):

LR = −23.3342 + 0.5381·T + 0.7138·EtOH + 0.0270·T·EtOH − 0.0285·EtOH2 (14)

In Table 2, the maximum LR was 66.98% w/w which was obtained at 70 ◦C, 40 MPa,
and 50% v/v ethanol. This was very similar to the optimal conditions obtained by the
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statistical software (optimal LR = 66.39% w/w). These results had the same trend as LP,
which improved by increasing the ethanol concentration. However, the lowest results were
obtained without extractant (e.g., LR in run 6 = 1.22% w/w). In general, temperatures
above 50 ◦C increased LR under intermedia pressure (40 MPa). Figure 5 also shows the
results of LR from the C. onubensis biomass extracted by SFE. Particularly, the Pareto chart
in Figure S3 is shown in the Supplementary Material describing the following significant
factors in the extraction process that ranged from higher to lower incidence: co-solvent,
temperature, their interactions, and the quadratic factor of co-solvent. In most cases, all
significant factors had a positive effect on the SFE process for LR. The pressure factor did
not significantly affect the LR process by SFE, unlike the extraction yield results. However,
the effect of the temperature factor was significant. On the other hand, Figure 5 shows
the response surface curve from the point of view of the maximum temperature condition,
which was 70 ◦C. Here, we observed that under a high temperature, the maximum value of
extractant as ethanol had a significant effect in LR regardless of the pressure range. The
Supplementary Material (Table S1) provides more statistical information to maximize LR
from C. onubensis using SFE.
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Compared with conventional extractions, supercritical fluid as green extraction has
garnered increasing attention for the recovery of pharmaceutical or nutraceutical com-
pounds because of their clean extracts, high recoveries, and the use of green solvents. This
green extraction technology is being used in microalgal research. For instance, in a study
performed by Molino et al. [58], CO2 supercritical fluid was used to perform astaxanthin
and lutein extraction from Haematococcus pluvialis (red phase), with different variables
such as the presence or absence of ethanol as a co-solvent. In addition, they studied other
operational factors, such as extraction times (20, 40, 60, and 80 min); temperatures (50, 65,
and 80 ◦C); and pressures (10, 40, and 55 MPa). Their biomolecules recoveries were higher
than those obtained in our results (~92% w/w of astaxanthin and ~93% w/w of lutein),
even though the pressure and temperature conditions used were very similar to those used
in our study (65 ◦C, 55 MPa, and 12.5% v/v ethanol versus our optimal condition, 70 ◦C,
54 MPa, and 46% v/v ethanol). The only difference was the ethanol content because they
used only one-third of the amount that was used in our experiments.

The polarity of free lutein is high, and the addition of polar co-solvents, such as
methanol or ethanol, can increase the lutein extraction efficiency by SFE [18,53]. Our LR
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results were consistent with this. Therefore, they can be a promising lutein extraction
method compared with organic solvent extraction.

3.5. TPC of Coccomyxa onubensis SFE Extracts

The optimal conditions described by statistical software for phenolic compound ex-
traction were 70 ◦C, 54.9 MPa, 35.8% v/v ethanol, and an optimal value of 33.47 mg GAE/g
extract. These results are consolidated with the statistical information and are shown in
the Supplementary Material (Table S2). The design matrix, evaluated for the response vari-
able “TPC (mg GAE/g extract)”, provided the following general equation of the working
model (Equation (15)):

TPC = 4.8792 + 0.7968·T − 0.8526·P + 0.3422·EtOH − 0.0075·T2 + 0.0012·T·P + 0.0079·T·EtOH + 0.0093·P2 +
0.00813·P·EtOH − 0.0188·EtOH2 (15)

Based on the regression coefficients, the p-value of the Box–Behnken design (Table S2
in Supplementary Material), and the Pareto chart (Figure S4), we inferred that the factors P
and EtOH, the quadratic factors T2 and P2, and the interactions T·EtOH and P·EtOH (both
underlined in the equation) were not significant according to the fit made. Therefore, they
were removed from the general equation (Equation (15)); thus, the following expression
was obtained (Equation (16)):

TPC = 4.8792 + 0.7968·T − 0.0188·EtOH2 (16)

Table 2 also presents the TPC of the acidophilic microalga Coccomyxa onubensis by SFE,
which ranged from 3.94 to 36.08 mg GAE/g extract, with run 5 yielding the greatest TPC
at 70 ◦C, 55 MPa, and 25% v/v ethanol as extractant, and run 9 the least TPC at 30 ◦C,
40 MPa, and 50% ethanol. The optimal condition given by the software for maximizing
TPC extraction was as follows: 70 ◦C, 55 MPa, 36% v/v co-solvent, and an optimal value of
33.47 mg GAE/g extract (a similar result to run 5). Figure 6 shows the response surface
methodology of TPC based on the optimum temperature of 70 ◦C obtained by statistical
software. It showed that with higher pressure values (from 40 to 55 MPa) and increased flow
of the co-solvent, the TPC from C. onubensis was also higher. These results are presented in
the Supplementary Material (Table S2) with information about the regression coefficients
and p-value for the fit obtained by multiple linear regression.
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Many studies have reported that the presence of ethanol favors the SFE-mediated extraction
of the phenolic compounds from raw materials. Therefore, we considered that solubility
increases with temperature. We also considered that polar compounds, such as proteins and
carbohydrates, are better extracted using more polar solvents (e.g., water), whereas phenolic
compounds and carotenoids are preferentially extracted using 100% ethanol [53]. For instance,
Fabrowska et al. [59] studied the seaweed Cladaphora glomerata by SFE. The higher TPC content
was obtained with 7.5% v/v ethanol in water as a co-solvent at 60 ◦C and 30 MPa, which
reached a value of 16.10 mg GAE/g extract. Ruiz-Domínguez et al. [60] also reported
the extraction of TPC by SFE from another microalga, Isochrysis galbana. A maximum
TPC extraction yield of 157.16 ± 3.66 mg/g was achieved under the following conditions:
40 MPa, 50 ◦C, and 8% v/v ethanol. The extraction conditions selected in our study are
quite similar to the latter ones. The presence of ethanol increased the extraction of phenolic
compounds from the acidophilic microalga and was a significant factor in the SFE process
(its quadratic form). Based on the results of the present study, the extraction patterns for
C. onubensis, an extremophilic organism, showed similar trends to those reported by other
chlorophytes. These results should be further consolidated with future studies.

3.6. Antioxidant Activity of Coccomyxa onubensis SFE Extracts

The optimal conditions given by statistical software were 70 ◦C, 55 MPa, 46.75% v/v
ethanol, and an optimal value of 2.36 mmol TE/g extract. These results are consolidated
with the statistical information presented in the Supplementary Material (Table S2). The
design matrix, evaluated for the response variable “Antioxidant activity (mmol TE/g
extract),” provided the following equation of the working model (Equation (17)):

TEAC = 1.9497 − 0.0094·T − 0.1059·P + 0.0092·EtOH + 0.0006·T2 − 0.0013·T·P + 0.0006·T·EtOH + 0.0022·P2 +
0.0007·P·EtOH − 0.0010·EtOH2 (17)

Based on the regression coefficients, the p-value of the Box–Behnken design (Table S2
in Supplementary Material); the Pareto chart (Figure S4); the quadratic factor T; and the
interactions T·P, T·EtOH, and P·EtOH were not significant according to the adjustment
made (they are underlined in the equation). Therefore, they were removed from the general
equation (Equation (17)). Thus, the following expression was obtained (Equation (18)):

TEAC = 1.9497 − 0.0094·T − 0.1059·P + 0.0092·EtOH + 0.0022·P2 − 0.0010·EtOH2 (18)

The antioxidant activity of the supercritical extracts obtained from C. onubensis cultures
samples are summarized in Table 2. These results were obtained from the Box–Behnken
experimental design for the optimization of the maximum antioxidant amount recovered.
This variable was calculated by the TEAC method and expressed as micromoles of the
Trolox equivalent (TE) to the extract weight (g). Normally, Trolox is used as a reference
in the TEAC assay as a water-soluble vitamin E analog. Approximately, the antioxidant
activity in the SFE extract of C. onubensis improved under high temperature, pressure, and
percentage of co-solvent in the process. According to Table 2, the best TEAC value obtained
experimentally was 2.237 mmol TE/g extract at 30 ◦C, 55 MPa, and 25% v/v ethanol. The
optimal conditions obtained by software for maximizing TEAC in the supercritical process
from the microalga were 70 ◦C, 55 MPa, and 46.7% v/v ethanol, with an optimum value
equal to 2.36 mmol TE/g extract. These conditions were very similar to those obtained
experimentally except for temperature. The Pareto diagram, again shown in Materials and
Methods such as Figure S5, showed the maximum to minimum significant effects of the
factors and interactions for the antioxidant activity in the microalga extracts. In Figure 7,
the estimated response surface curve from the point of view of the optimum temperature
used (70 ◦C) distinctly showed that the antioxidant activity improved under increased
ethanol concentration (25 and 50%) and extreme pressure value sets (25 and 55 MPa).
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sure (25–55 MPa), and ethanol as co-solvent (0–50% v/v) on antioxidant capacity (TEAC) from
Coccomyxa onubensis. Response surface curves were drawn from the viewpoint of the optimal temper-
ature (70 ◦C). Abbreviation: temperature (T), pressure (P), and ethanol as co-solvent (EtOH).

Researchers have reported studies using TEAC assays to determine the antioxidant ca-
pacity of extracts. Fabrowska et al. [59] determined the valorization of Cladophora glomerata,
Ulva flexuosa, and Chara fragilis as freshwater green macroalgae natural in Poland. They
designed an experiment to optimize the extraction conditions by SFE for maximum re-
sponse variables such as extraction yield, total carotenoids, total phenols, and antioxidant
activity. Particularly, C. glomerata reached a value of 0.344 ± 0.012 mmol TE/g extract
under SFE conditions of 40 ◦C, 30 MPa, and 7.5% of ethanol as a co-solvent. U. flexuosa
showed the highest antioxidant activity (0.944 ± 0.137 mmol TE/g extract) in the studied
seaweeds under the conditions of 40 ◦C, 30 MPa, and 11.4% ethanol. Our range of results
(Table 2) was similar to their results. However, the best extraction condition of the antioxi-
dant capacity in C. onubensis extracts was more than two-fold higher (run 4) than that of
U. flexuosa. Goiris et al. [61] screened 32 microalgae samples to determine their antioxidant
capacity using three antioxidant assays (including TEAC), total phenolic, and carotenoid
content by conventional extraction methods. In this study, the extraction was performed
in a one-step process using ethanol/water as the extractant solvent; alternatively, the mi-
croalgal biomass was extracted through a three-step procedure consisting of sequential
extraction with hexane, ethyl acetate, and water. In general, Phaeodactylum tricornutum,
Botryococcus braunii, Neochloris oleoabundans, Chlorella sp., and Tetraselmis sp. showed the
highest antioxidant capacities using ethanol/waters as extractant ranging from 48.90 ± 1.30
to 69.40 ± 1.14 µmol TE/g extract. The use of green extraction techniques such as SFE lined
up the extraction process with the circular economy principles. Thus, C. onubensis can be
a potential novel source for natural antioxidants, and SFE proved to be a great extraction
technique to improve the bioactive content and antioxidant activity present in acidophilic
microalga C. onubensis extracts.

4. Conclusions

To the best of our knowledge, this is the first study to characterize the antioxidant
capacity in acidophilic microalgae, in particular Coccomyxa onubensis, focused on extracts
obtained by SFE. We aimed to maximize the extraction process. In general, the co-solvent
followed by the temperature were significant factors in the SFE process, which improved
all extraction trials, especially when the maximum values of ethanol and temperature
were used. The antioxidant activity of C. onubensis SFE extracts was high compared with
other natural resources categorized as a potential source of antioxidants. To conclude,
the supercritical extracts of the present acidophilic microalga showed a high antioxidant
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capacity based on the content of antioxidant compounds, which included carotenoids and
phenolic compounds. An analysis of the metal content in the biomass must be performed
to discard toxicity issues. In this respect, cultivation of the specific microalgal species must
be performed under strict care to avoid the presence of toxic compounds in the extracts
further obtained. This includes accurate quality control of the cultivation water and the
nutrients’ source. The biomass produced and used in this study did not contain toxic levels
of metals. Based on the above-mentioned characteristics, C. onubensis can be considered a
novel, potentially valuable raw material for the cosmetic, food, nutraceutical, or pharma-
ceutical industries. Therefore, supercritical fluids-based green extraction processes can help
increase the biotechnological value of extremophilic microorganisms. They can become an
alternative, green extraction technique for the valorization of these unexplored microbial
sources by isolating their bioactive components.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox11071248/s1, Figure S1: Pareto Chart of the combined effects of
temperature (30–70 ◦C), pressure (25–55 MPa), and etha-nol as co-solvent (0–50% v/v) on extraction
yield from Coccomyxa onubensis. Abbreviation: tem-perature (T); pressure (P) and ethanol as co-
solvent (EtOH); Figure S2: Pareto Chart of the com-bined effects of temperature (30–70 ◦C), pressure
(25–55 MPa), and ethanol as co-solvent (0–50% v/v) on lutein purity (LP) from Coccomyxa onubensis.
Abbreviation: temperature (T), pressure (P), and ethanol as co-solvent (EtOH); Figure S3: Pareto
Chart of the combined effects of tem-perature (30–70 ◦C), pressure (25–55 MPa), and ethanol as co-
solvent (0–50% v/v) on lutein re-covery (LR) from Coccomyxa onubensis. Abbreviation: temperature
(T), pressure (P), and ethanol as co-solvent (EtOH); Figure S4: Pareto Chart of the combined effects
of temperature (30–70 ◦C), pressure (25–55 MPa), and ethanol as co-solvent (0–50% v/v) on total
phenol content (TPC) from Coccomyxa onubensis. Abbreviation: temperature (T), pressure (P), and
ethanol as co-solvent (EtOH). Figure S5: Pareto Chart of the combined effects of temperature (30–70
◦C), pressure (25–55 MPa), and ethanol as co-solvent (0–50% v/v) on antioxidant capacity (TEAC)
from Coccomyxa onubensis. Abbreviation: temperature (T), pressure (P), and ethanol as co-solvent
(EtOH); Table S1: Regression coefficients and p-Value for Extraction yield, Lutein purity, and Lutein
recovery in their original units and statistics for the fit obtained by multiple linear regression; Table
S2: Regression coefficients and p-Value for Total phenol content and antioxidant activity in their
original units and statistics for the fit obtained by multiple linear regression.

Author Contributions: Conceptualization, M.C.R.-D.; data curation, M.C.R.-D. and P.C.-M.; formal
analysis, M.C.R.-D. and P.C.-M.; funding acquisition, M.C.R.-D., C.V., I.G. and P.C.-M.; investiga-
tion, E.M., F.S., W.B. and J.-L.F.; methodology, M.C.R.-D., E.M., F.S. and W.B.; project administra-
tion, M.C.R.-D., C.V., I.G. and P.C.-M.; resources, C.V.; software, M.C.R.-D. and P.C.-M.; validation,
M.C.R.-D. and P.C.-M.; writing—original draft, M.C.R.-D. and P.C.-M.; writing—review and edit-
ing, M.C.R.-D., C.V., I.G. and P.C.-M. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was partially supported by the grant FONDEQUIP EQM-160073 (public funds
of Chile-ANID), by the Andalusian Research, Development and Innovation Plan (Junta de Andalucía,
Spain), FEDER funds (Project P20_00930), and by the University of Huelva through a grant obtained
in the program “Requalitication of the Spanish Universitary System 2021–2023, María Zambrano”
(Real Decreto 289/2021, 20 April and Order UNI/551/2021, 26 May).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All of the data is contained within the article and the Supplementary Materials.

Acknowledgments: The research group “LAMICBA” at the University of Antofagasta, Chile, thanks
the “BITAL group” at the University of Huelva (Spain) for providing microalgae samples.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/antiox11071248/s1
https://www.mdpi.com/article/10.3390/antiox11071248/s1


Antioxidants 2022, 11, 1248 19 of 21

References
1. Khan, M.I.; Shin, J.H.; Kim, J.D. The promising future of microalgae: Current status, challenges, and optimization of a sustainable

and renewable industry for biofuels, feed, and other products. Microb. Cell Factories 2018, 17, 36. [CrossRef]
2. Barsanti, L.; Coltelli, P.; Evangelista, V.; Frassanito, A.M.; Passarelli, V.; Vesentini, N.; Gualtieri, P. Oddities and curiosities in the

algal world. In Algal Toxins: Nature, Occurrence, Effect and Detection; Springer: Cham, Switzerland, 2008; pp. 353–391.
3. Patel, A.; Matsakas, L.; Rova, U.; Christakopoulos, P. A perspective on biotechnological applications of thermophilic microalgae

and cyanobacteria. Bioresour. Technol. 2019, 278, 424–434. [CrossRef]
4. Chen, G.-Q.; Jiang, X.-R. Next generation industrial biotechnology based on extremophilic bacteria. Curr. Opin. Biotechnol. 2018,

50, 94–100. [CrossRef]
5. Das, P.; Aziz, S.S.; Obbard, J.P. Two phase microalgae growth in the open system for enhanced lipid productivity. Renew. Energy

2011, 36, 2524–2528. [CrossRef]
6. Gómez-Zorita, S.; Trepiana, J.; González-Arceo, M.; Aguirre, L.; Milton-Laskibar, I.; González, M.; Eseberri, I.; Fernández-Quintela, A.;

Portillo, M.P. Anti-Obesity Effects of Microalgae. Int. J. Mol. Sci. 2020, 21, 41. [CrossRef]
7. Garrido-Cardenas, J.A.; Manzano-Agugliaro, F.; Acien-Fernandez, F.G.; Molina-Grima, E. Microalgae research worldwide. Algal

Res. 2018, 35, 50–60. [CrossRef]
8. Matos, J.; Cardoso, C.; Bandarra, N.M.; Afonso, C. Microalgae as healthy ingredients for functional food: A review. Food Funct.

2017, 8, 2672–2685. [CrossRef]
9. Navarro, F.; Toimil, A.; Ramírez, S.; Montero, Y.; Fuentes, J.L.; Perona, J.S.; Castaño, M.Á.; Pásaro, R.; Vega, J.M.; Vílchez, C.

The acidophilic microalga Coccomyxa onubensis and atorvastatin equally improve antihyperglycemic and antihyperlipidemic
protective effects on rats fed on high-fat diets. J. Appl. Phycol. 2020, 32, 3923–3931. [CrossRef]

10. Forján, E.; Navarro, F.; Cuaresma, M.; Vaquero, I.; Ruíz-Domínguez, M.C.; Gojkovic, Ž.; Vázquez, M.; Márquez, M.; Mogedas, B.;
Bermejo, E.; et al. Microalgae: Fast-Growth Sustainable Green Factories. Crit. Rev. Environ. Sci. Technol. 2015, 45, 1705–1755. [CrossRef]

11. Garbayo, I.; Torronteras, R.; Forján, E.; Cuaresma, M.; Casal, C.; Mogedas, B.; Ruiz-Domínguez, M.C.; Márquez, C.; Vaquero, I.;
Fuentes-Cordero, J.L.; et al. Identification and physiological aspects of a novel carotenoid-enriched, metal-resistant microalga
isolated from an Acidic River in Huelva (Spain). J. Phycol. 2012, 48, 607–614. [CrossRef]

12. Ruiz-Domínguez, M.C.; Vaquero, I.; Obregón, V.; de la Morena, B.; Vílchez, C.; Vega, J.M. Lipid accumulation and antioxidant
activity in the eukaryotic acidophilic microalga Coccomyxa sp. (strain onubensis) under nutrient starvation. J. Appl. Phycol. 2015,
27, 1099–1108. [CrossRef]

13. Vaquero, I.; Ruiz-Domínguez, M.C.; Márquez, M.; Vílchez, C. Cu-mediated biomass productivity enhancement and lutein
enrichment of the novel microalga Coccomyxa onubensis. Process. Biochem. 2012, 47, 694–700. [CrossRef]

14. Casal, C.; Cuaresma, M.; Vega, J.M.; Vilchez, C. Enhanced productivity of a lutein-enriched novel acidophile microalga grown on
urea. Mar. Drugs 2010, 9, 29–42. [CrossRef]

15. Bermejo, E.; Ruiz-Domínguez, M.C.; Cuaresma, M.; Vaquero, I.; Ramos-Merchante, A.; Vega, J.M.; Vílchez, C.; Garbayo, I.
Production of lutein, and polyunsaturated fatty acids by the acidophilic eukaryotic microalga Coccomyxa onubensis under abiotic
stress by salt or ultraviolet light. J. Biosci. Bioeng. 2018, 125, 669–675. [CrossRef]

16. Mozaffarieh, M.; Sacu, S.; Wedrich, A. The role of the carotenoids, lutein and zeaxanthin, in protecting against age-related macular
degeneration: A review based on controversial evidence. Nutr. J. 2003, 2, 20. [CrossRef]

17. Buscemi, S.; Corleo, D.; Di Pace, F.; Petroni, M.L.; Satriano, A.; Marchesini, G. The Effect of Lutein on Eye and Extra-Eye Health.
Nutrients 2018, 10, 1321. [CrossRef]

18. Saha, S.K.; Ermis, H.; Murray, P. Marine Microalgae for Potential Lutein Production. Appl. Sci. 2020, 10, 6457. [CrossRef]
19. Navarro, F.; Forján, E.; Vázquez, M.; Montero, Z.; Bermejo, E.; Castaño, M.; Toimil, A.; Chagüaceda, E.; García-Sevillano, M.;

Sánchez, M.; et al. Microalgae as a safe food source for animals: Nutritional characteristics of the acidophilic microalga
Coccomyxa onubensis. Food Nutr. Res. 2016, 60, 30472. [CrossRef]

20. Poojary, M.M.; Barba, F.J.; Aliakbarian, B.; Donsì, F.; Pataro, G.; Dias, D.A.; Juliano, P. Innovative Alternative Technologies to
Extract Carotenoids from Microalgae and Seaweeds. Mar. Drugs 2016, 14, 214. [CrossRef]

21. Mendiola, J.A.; Jaime, L.; Santoyo, S.; Reglero, G.; Cifuentes, A.; Ibañez, E.; Señoráns, F.J. Screening of functional compounds in
supercritical fluid extracts from Spirulina platensis. Food Chem. 2007, 102, 1357–1367. [CrossRef]

22. Chemat, F.; Vian, M.A.; Cravotto, G. Green extraction of natural products: Concept and principles. Int. J. Mol. Sci. 2012, 13, 8615–8627.
[CrossRef] [PubMed]

23. Herrero, M.; Ibáñez, E. Green processes and sustainability: An overview on the extraction of high added-value products from
seaweeds and microalgae. J. Supercrit. Fluids 2015, 96, 211–216. [CrossRef]

24. Fuentes, J.L.; Huss, V.A.R.; Montero, Z.; Torronteras, R.; Cuaresma, M.; Garbayo, I.; Vílchez, C. Phylogenetic characterization
and morphological and physiological aspects of a novel acidotolerant and halotolerant microalga Coccomyxa onubensis sp. nov.
(Chlorophyta, Trebouxiophyceae). J. Appl. Phycol. 2016, 28, 3269–3279. [CrossRef]

25. ASABE. Method of Determining and Expressing Particle Size of Chopped Forage Materials by Screening. ANSI/ASAE S424.1.
Am. Soc. Agric. Biol. Eng. 2007, 663–665.

26. Salinas, F.; Vardanega, R.; Espinosa-Álvarez, C.; Jimenez, D.; Munoz, W.B.; Ruiz-Domínguez, M.C.; Meireles, M.A.A.;
Cerezal-Mezquita, P. Supercritical fluid extraction of chañar (Geoffroea decorticans) almond oil: Global yield, kinetics and oil
characterization. J. Supercrit. Fluids 2020, 161, 104824. [CrossRef]

http://doi.org/10.1186/s12934-018-0879-x
http://doi.org/10.1016/j.biortech.2019.01.063
http://doi.org/10.1016/j.copbio.2017.11.016
http://doi.org/10.1016/j.renene.2011.02.002
http://doi.org/10.3390/ijms21010041
http://doi.org/10.1016/j.algal.2018.08.005
http://doi.org/10.1039/C7FO00409E
http://doi.org/10.1007/s10811-020-02280-4
http://doi.org/10.1080/10643389.2014.966426
http://doi.org/10.1111/j.1529-8817.2012.01160.x
http://doi.org/10.1007/s10811-014-0403-6
http://doi.org/10.1016/j.procbio.2012.01.016
http://doi.org/10.3390/md9010029
http://doi.org/10.1016/j.jbiosc.2017.12.025
http://doi.org/10.1186/1475-2891-2-20
http://doi.org/10.3390/nu10091321
http://doi.org/10.3390/app10186457
http://doi.org/10.3402/fnr.v60.30472
http://doi.org/10.3390/md14110214
http://doi.org/10.1016/j.foodchem.2006.06.068
http://doi.org/10.3390/ijms13078615
http://www.ncbi.nlm.nih.gov/pubmed/22942724
http://doi.org/10.1016/j.supflu.2014.09.006
http://doi.org/10.1007/s10811-016-0887-3
http://doi.org/10.1016/j.supflu.2020.104824


Antioxidants 2022, 11, 1248 20 of 21

27. Meireles, M.A.A. Extraction of Bioactive Compounds from Latin American Plants. In Supercritical Fluid Extraction of Nutraceuticals
and Bioactive Compounds; CRC Press—Taylor & Francis Group: Boca Raton, FL, USA, 2008; pp. 243–274.

28. Ruiz-Domínguez, M.C.; Marticorena, P.; Sepúlveda, C.; Salinas, F.; Cerezal, P.; Riquelme, C. Effect of Drying Methods on Lutein
Content and Recovery by Supercritical Extraction from the Microalga Muriellopsis sp. (MCH35) Cultivated in the Arid North of
Chile. Mar. Drugs 2020, 18, 528. [CrossRef]

29. Ainsworth, E.A.; Gillespie, K.M. Estimation of total phenolic content and other oxidation substrates in plant tissues using
Folin–Ciocalteu reagent. Nat. Protoc. 2007, 2, 875–877. [CrossRef]

30. Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved ABTS
radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [CrossRef]

31. Sánchez-Camargo, A.d.P.; Montero, L.; Stiger-Pouvreau, V.; Tanniou, A.; Cifuentes, A.; Herrero, M.; Ibáñez, E. Considerations on
the use of enzyme-assisted extraction in combination with pressurized liquids to recover bioactive compounds from algae. Food
Chem. 2016, 192, 67–74. [CrossRef]

32. Mouahid, A.; Crampon, C.; Toudji, S.-A.A.; Badens, E. Supercritical CO2 extraction of neutral lipids from microalgae: Experiments
and modelling. J. Supercrit. Fluids 2013, 77, 7–16. [CrossRef]

33. Brunner, G. Gas Extraction: Topics in Physical Chemistry. Steinkopff Darmstadt; Springer: New York, NY, USA, 1994; pp. 59–145.
34. Sovová, H.; Nobre, B.P.; Palavra, A. Modeling of the kinetics of supercritical fluid extraction of lipids from microalgae with

emphasis on extract desorption. Materials 2016, 9, 423. [CrossRef]
35. Andrich, G.; Nesti, U.; Venturi, F.; Zinnai, A.; Fiorentini, R. Supercritical fluid extraction of bioactive lipids from the microalga

Nannochloropsis sp. Eur. J. Lipid Sci. Technol. 2005, 107, 381–386. [CrossRef]
36. Andrich, G.; Zinnai, A.; Nesti, U.; Venturi, F.; Fiorentini, R. Supercritical fluid extraction of oil from microalga Spirulina (Arthrospira)

platensis. Acta Aliment. 2006, 35, 195–203. [CrossRef]
37. Herrero, M.; del Pilar Sánchez-Camargo, A.; Cifuentes, A.; Ibáñez, E. Plants, seaweeds, microalgae and food by-products as

natural sources of functional ingredients obtained using pressurized liquid extraction and supercritical fluid extraction. TrAC
Trends Anal. Chem. 2015, 71, 26–38. [CrossRef]

38. Crampon, C.; Boutin, O.; Badens, E. Supercritical carbon dioxide extraction of molecules of interest from microalgae and seaweeds.
Ind. Eng. Chem. Res. 2011, 50, 8941–8953. [CrossRef]

39. Jesus, S.P.; Calheiros, M.N.; Hense, H.; Meireles, M.A.A. A simplified model to describe the kinetic behavior of supercritical fluid
extraction from a rice bran oil byproduct. Food Public Health 2013, 3, 215–222. [CrossRef]

40. Pereira, C.G.; Meireles, M.A.A. Supercritical fluid extraction of bioactive compounds: Fundamentals, applications and economic
perspectives. Food Bioprocess. Technol. 2010, 3, 340–372. [CrossRef]

41. Mezzomo, N.; Martínez, J.; Ferreira, S.R. Supercritical fluid extraction of peach (Prunus persica) almond oil: Kinetics, mathematical
modeling and scale-up. J. Supercrit. Fluids 2009, 51, 10–16. [CrossRef]

42. Sanzo, G.D.; Mehariya, S.; Martino, M.; Larocca, V.; Casella, P.; Chianese, S.; Musmarra, D.; Balducchi, R.; Molino, A. Supercritical Carbon
Dioxide Extraction of Astaxanthin, Lutein, and Fatty Acids from Haematococcus pluvialis Microalgae. Mar. Drugs 2018, 16, 334. [CrossRef]

43. Yen, H.-W.; Chiang, W.-C.; Sun, C.-H. Supercritical fluid extraction of lutein from Scenedesmus cultured in an autotrophical
photobioreactor. J. Taiwan Inst. Chem. Eng. 2012, 43, 53–57. [CrossRef]

44. Mehariya, S.; Iovine, A.; Di Sanzo, G.; Larocca, V.; Martino, M.; Leone, G.P.; Casella, P.; Karatza, D.; Marino, T.; Musmarra, D.;
et al. Supercritical Fluid Extraction of Lutein from Scenedesmus almeriensis. Molecules 2019, 24, 1324. [CrossRef]

45. del Valle, J.M. Extraction of natural compounds using supercritical CO2: Going from the laboratory to the industrial application.
J. Supercrit. Fluids 2015, 96, 180–199. [CrossRef]

46. Lucien, F.P.; Foster, N.R. Solubilities of solid mixtures in supercritical carbon dioxide: A review. J. Supercrit. Fluids 2000, 17, 111–134.
[CrossRef]

47. Sosa-Hernández, J.E.; Escobedo-Avellaneda, Z.; Iqbal, H.; Welti-Chanes, J. State-of-the-art extraction methodologies for bioactive
compounds from algal biome to meet bio-economy challenges and opportunities. Molecules 2018, 23, 2953. [CrossRef]

48. Ting, S.S.; Tomasko, D.L.; Foster, N.R.; Macnaughton, S.J. Solubility of naproxen in supercritical carbon dioxide with and without
cosolvents. Ind. Eng. Chem. Res. 1993, 32, 1471–1481. [CrossRef]

49. Foster, N.R.; Singh, H.; Yun, S.J.; Tomasko, D.L.; Macnaughton, S.J. Polar and nonpolar cosolvent effects on the solubility of
cholesterol in supercritical fluids. Ind. Eng. Chem. Res. 1993, 32, 2849–2853. [CrossRef]

50. da Silva, R.P.F.F.; Rocha-Santos, T.A.P.; Duarte, A.C. Supercritical fluid extraction of bioactive compounds. TrAC Trends Anal.
Chem. 2016, 76, 40–51. [CrossRef]

51. Bueno, M.; Vitali, C.; Sánchez-Martínez, J.D.; Mendiola, J.A.; Cifuentes, A.; Ibáñez, E.; Herrero, M. Compressed CO2 technologies
for the recovery of carotenoid-enriched extracts from Dunaliella salina with potential neuroprotective activity. ACS Sustain. Chem.
Eng. 2020, 8, 11413–11423. [CrossRef]

52. Reyes, F.A.; Mendiola, J.A.; Ibañez, E.; del Valle, J.M. Astaxanthin extraction from Haematococcus pluvialis using CO2-expanded
ethanol. J. Supercrit. Fluids 2014, 92, 75–83. [CrossRef]

53. Gilbert-López, B.; Mendiola, J.A.; Broek, L.A.M.v.d.; Houweling-Tan, B.; Sijtsma, L.; Cifuentes, A.; Herrero, M.; Ibáñez, E. Green compressed
fluid technologies for downstream processing of Scenedesmus obliquus in a biorefinery approach. Algal Res. 2017, 24, 111–121. [CrossRef]

54. Wijngaard, H.; Hossain, M.B.; Rai, D.K.; Brunton, N. Techniques to extract bioactive compounds from food by-products of plant
origin. Food Res. Int. 2012, 46, 505–513. [CrossRef]

http://doi.org/10.3390/md18110528
http://doi.org/10.1038/nprot.2007.102
http://doi.org/10.1016/S0891-5849(98)00315-3
http://doi.org/10.1016/j.foodchem.2015.06.098
http://doi.org/10.1016/j.supflu.2013.01.024
http://doi.org/10.3390/ma9060423
http://doi.org/10.1002/ejlt.200501130
http://doi.org/10.1556/AAlim.35.2006.2.6
http://doi.org/10.1016/j.trac.2015.01.018
http://doi.org/10.1021/ie102297d
http://doi.org/10.5923/j.fph.20130304.05
http://doi.org/10.1007/s11947-009-0263-2
http://doi.org/10.1016/j.supflu.2009.07.008
http://doi.org/10.3390/md16090334
http://doi.org/10.1016/j.jtice.2011.07.010
http://doi.org/10.3390/molecules24071324
http://doi.org/10.1016/j.supflu.2014.10.001
http://doi.org/10.1016/S0896-8446(99)00048-0
http://doi.org/10.3390/molecules23112953
http://doi.org/10.1021/ie00019a022
http://doi.org/10.1021/ie00023a056
http://doi.org/10.1016/j.trac.2015.11.013
http://doi.org/10.1021/acssuschemeng.0c03991
http://doi.org/10.1016/j.supflu.2014.05.013
http://doi.org/10.1016/j.algal.2017.03.011
http://doi.org/10.1016/j.foodres.2011.09.027


Antioxidants 2022, 11, 1248 21 of 21

55. Sapkale, G.; Patil, S.; Surwase, U.; Bhatbhage, P. Supercritical fluid extraction. Int. J. Chem. Sci. 2010, 8, 729–743.
56. Vechpanich, J.; Shotipruk, A. Recovery of free lutein from Tagetes erecta: Determination of suitable saponification and crystallization

conditions. Sep. Sci. Technol. 2010, 46, 265–271. [CrossRef]
57. Del Campo, J.A.; Moreno, J.; Rodríguez, H.; Vargas, M.A.; Rivas, J.N.; Guerrero, M.G. Carotenoid content of chlorophycean

microalgae: Factors determining lutein accumulation in Muriellopsis sp. (Chlorophyta). J. Biotechnol. 2000, 76, 51–59. [CrossRef]
58. Molino, A.; Mehariya, S.; Iovine, A.; Larocca, V.; Di Sanzo, G.; Martino, M.; Casella, P.; Chianese, S.; Musmarra, D. Extraction

of Astaxanthin and Lutein from Microalga Haematococcus pluvialis in the Red Phase Using CO2 Supercritical Fluid Extraction
Technology with Ethanol as Co-Solvent. Mar. Drugs 2018, 16, 432. [CrossRef]
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