
molecules

Article

Selective Extraction of ω-3 Fatty Acids from
Nannochloropsis sp. Using Supercritical
CO2 Extraction

Gian Paolo Leone 1, Roberto Balducchi 2, Sanjeet Mehariya 3,4, Maria Martino 2,
Vincenzo Larocca 2 , Giuseppe Di Sanzo 2, Angela Iovine 3,4, Patrizia Casella 3, Tiziana Marino 4,
Despina Karatza 4, Simeone Chianese 4 , Dino Musmarra 4,* and Antonio Molino 3

1 ENEA, Italian National Agency for New Technologies, Energy and sustainable economic Development.
Department of Sustainability–CR Casaccia. Via Anguillarese 301, 00123 Rome (RM), Italy

2 ENEA, Italian National Agency for New Technologies, Energy and Sustainable Economic Development,
Department of Sustainability-CR Trisaia, SS Jonica 106, km 419+500, 7026 Rotondella, Italy

3 ENEA, Italian National Agency for New Technologies, Energy and Sustainable Economic Development,
Department of Sustainability-CR Portici, P. Enrico Fermi, 1, 80055 Portici, Italy

4 Department of Engineering, University of Campania “Luigi Vanvitelli”, Real Casa dell’Annunziata,
Via Roma 29, 81031 Aversa, Italy

* Correspondence: dino.musmarra@unicampania.it; Tel.: +39-081-5010400

Received: 21 May 2019; Accepted: 1 June 2019; Published: 29 June 2019
����������
�������

Abstract: In this article, microalgae Nannochloropsis sp. was used for fatty acid (FA) extraction, using a
supercritical fluid-carbon dioxide (SF-CO2) extraction method. This study investigated the influence
of different pre-treatment conditions by varying the grinding speed (200–600 rpm), pre-treatment
time (2.5–10 min), and mixing ratio of diatomaceous earth (DE) and Nannochloropsis sp. biomass
(0.5–2.0 DE/biomass) on FAs extraction. In addition, the effect of different operating conditions,
such as pressure (100–550 bar), temperature (50–75 ◦C), and CO2 flow rate (7.24 and 14.48 g/min) on
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) recovery, was analyzed. Experimental
data evidenced that, keeping constant the extraction conditions, the pre-treatment step enhanced the
FAs extraction yield up to 3.4 fold, thereby the maximum extracted amount of FAs (61.19 mg/g) was
attained with the pre-treatment with a ratio of DE/biomass of 1 at 600 rpm for 5 min. Moreover, by
increasing both SF-CO2 pressure and temperature, the selectivity towards EPA was enhanced, while
intermediate pressure and lower pressure promoted DHA recovery. The highest amount of extracted
EPA, i.e., 5.69 mg/g, corresponding to 15.59%, was obtained at 75 ◦C and 550 bar with a CO2 flow rate
of 14.48 g/min, while the maximum amount of extracted DHA, i.e., ~0.12 mg/g, equal to 79.63%, was
registered at 50 ◦C and 400 bar with a CO2 flow rate of 14.48 g/min. Moreover, the increased CO2

flow rate from 7.24 to 14.48 g/min enhanced both EPA and DHA recovery.

Keywords: microalgae; Supercritical CO2 extraction; lipid; fatty acids; eicosapentaenoic acid;
docosahexaenoic acid; nutraceutical

1. Introduction

Microalgae are unicellular photosynthetic microorganisms responsible for at least 32% of global
photosynthesis, and nearly half a generation of the atmospheric oxygen [1]. Microalgae can be grown
in controlled conditions, which could produce a higher amount of biomass with a desired biochemical
composition and eliminating the risk of chemical contamination of the biomass. Therefore, microalgae
research has gained significant importance in recent years [2]. Microalgae are rich in biomolecules, such
as high-quality protein, essential amino acids, fatty acids (FAs), carotenoids and pigments with high
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nutraceutical value [3]. In particular, the production of FAs, including long chain polyunsaturated FAs
[such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)], has to be investigated in depth.
EPA and DHA cannot be synthesized by the human body, while different organisms, mainly from
aquatic origin, provide to their synthesis. Therefore, EPA and DHA are considered as essential dietary
nutrients, needed for the correct human metabolism. Both molecules provide health benefits, such as
the reduction of cardiovascular diseases, including arrhythmia, stroke, and high blood pressure, and
can ameliorate renal diseases, depression, dementia, rheumatoid arthritis, and asthma. Moreover, these
molecules are essential for the normal fetal brain development, as well as growth and development of
infants/children [2,4,5].

For lipids production, microalgae are considered potential sources, since they contain a higher
amount of EPA and DHA. Among the known microalgae species, Nannochloropsis (eustigmatophyte)
species are considered the most promising EPA and DHA natural producers [1,6]. However, the
extraction of EPA and DHA with high purity is still challenging, due to the concomitant extraction
of other lipids, which limit their direct use in the nutraceutical industry. Among the extraction
techniques, supercritical fluid-carbon dioxide (SF-CO2) extraction method is considered an efficient one
to achieve high extraction together with the maximum purity. Additionally, SF-CO2 extraction majored
as green extraction approach, due to less use of organic solvents, since it adopts low temperature
and high pressure [7–10]. In addition, CO2 in supercritical conditions has low viscosity, low surface
tension, high diffusivity, and good density and it is also non-toxic, non-flammable, cheap, widely
available, chemically inert under several conditions, and gaseous at normal pressure and temperature,
eliminating the step of solvent evaporation after extraction [11]. The basic principle of SF-CO2 is
achieving a supercritical phase that is beyond the critical point of a fluid, in which the meniscus (that
separates the liquid and vapor phases) disappears, and leaves a single homogeneous phase [12–14].
Moreover, the changes of the thermophysical properties transform the fluid into a super-solvent and
thus, could improve extraction efficiency [15].

Extraction temperature and pressure play a significant role in the solubility of solutes in the solvent,
which mainly depends on the chemical properties of extractive target compounds. For example,
astaxanthin and lutein show thermal degradation at high temperature, therefore working conditions
need to be optimized for an optimal extraction [16–19]. The flow rate of CO2 defines the residence
time for the contact between the solute and the solvent, which have various effects on the selectivity
of bioactive compounds and extraction efficiency. To the best of authors’ knowledge, only a few
reports in the literature on the role of CO2 flow rate on the selectivity of bioactive compounds and
extraction efficiency exist [16,17,20–22]. Machmudah et al. [22] investigated the effect of CO2 flow rate
(2–4 mL/min) at 50 MPa and 50 ◦C for astaxanthin recovery from H. pluvialis, and they found that the
amount of total extract could be increased, whereas the amount of astaxanthin in the extract almost
remained unchanged. Ruen-Ngam et al. [21] investigated the role of CO2 flow rate on lutein extraction
at 40 ◦C and 40 MPa and reported that extraction of lutein was improved by increasing CO2 flow rate
from 2 mL/min up to an optimum level and then tended to decrease in extraction efficiency at greater
CO2 flow rate.

In this study, the Nannochloropsis sp. biomass was used for the extraction of EPA and DHA through
SF-CO2 technology after mechanical cell disruption. The purpose of this study was to evaluate the
effect of different operating conditions, such as pressure (100–550 bar), temperature (50–75 ◦C), and
CO2 flow rate (7.24 and 14.48 g/min) on the EPA and DHA recovery. Prior to SF-CO2 extraction, the
biomass was pre-treated and mechanical cell disruption conditions were optimized.

2. Results

2.1. Effect of Mechanical Pre-Treatment on Fatty Acid Recovery

Mechanical pre-treatment using ball milling was considered as an efficient method to enhance
the extraction yield of intracellular compounds from microalgae biomass [13,23–25]. Figure 1 shows



Molecules 2019, 24, 2406 3 of 16

the effect of pre-treatment conditions on FAs recovery from Nannochloropsis sp. The obtained results
showed that the extraction yield of FAs gradually increased with the increase of grinding speed.
The lower extraction yield of FAs was obtained at 1.0 DE/biomass mixing ratio and 200 rpm for
2.5 min, while the 1.0 DE/biomass mixing ratio led to the maximum FAs recovery by performing the
pre-treatment at 600 rpm for 5 min. Cheng et al. [26] found that the bead-beating disrupted Pavlova sp.
biomass enhanced 3.0 fold FA methyl ester extraction yield during SF-CO2 extraction.
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Figure 1. Effect of rotation speed and pre-treatment time on fatty acids (FAs) recovery with diatomaceous
earth (DE)/biomass mixing ratio of: (a) 0.5; (b) 1; (c) 2.
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2.2. Effect of Extraction Condition on Extraction Yield and Lipids Recovery

Extraction temperature and pressure play a crucial role in the economy of the process, as they
heavily affect the recovery of intracellular compounds from different matrixes. Temperature and
pressure affect the supercritical CO2 process in a complex way, due to their combined effect on solvent
density and solute vapor pressure. In fact, the solute vapor pressure tends to increase with temperature
raising the solubility, while temperature displays an opposite effect on the solvent density and solubility.
The influence of temperature and pressure of SF-CO2 extraction, with a CO2 flow rate of 7.24 and
14.48 g/min on the recovery of fatty acids, was studied. Table 1 shows the effect of extraction conditions
of extraction yield and lipid recovery. The maximum extraction yield of 94.28 mg/g, with total lipid
extract equal to 18.39 mg/g, was obtained at 75 ◦C and 550 bar with a CO2 flow rate of 14.48 g/min.
The maximum amount of SFAs, MUFAs and PUFAs were also attained during SF-CO2 extraction at
75 ◦C and 550 bar with a CO2 flow rate of 14.48 g/min. In terms of purity, the lower the pressure,
the higher the purity, as the highest lipid purity was found at 75 ◦C and 100 bar with a CO2 flow
rate of 14.48 g/min. Literature reports that lipid recovery is enhanced by temperature and pressure
increases [27,28]. The quantitative analysis of FAs highlighted how SF-CO2 extraction conditions
strongly affected the recovery of SFAs, MUFAs and PUFAs. Extraction pressure showed a significant
influence on the recovery of a different class of FAs; increasing pressure from 100 to 550 bar, extraction
of FAs increased. Results in Table 1 show that FAs recovery increases by increasing temperature and
pressure. Among the tested CO2 flow rates, 14.48 g/min enhanced the extraction yield of FAs for all the
operative pressure and temperature investigated.

Table 1. Effect of supercritical fluid-carbon dioxide (SF-CO2) extraction conditions on extraction yield
and lipid recovery from Nannochloropsis sp. biomass.

Experimental
Code

Extraction
Yield

(mg/g)

Extracted
Total Lipids

(mg/g)

Cumulative
Lipids Purity

(%)

Extracted
FAs

(mg/g)

Extracted
FAs
(%)

SFAs
(mg/g)

MUFAs
(mg/g)

PUFAs
(mg/g)

E_01 20.9 5.60 26.79 5.33 4.84 1.53 1.95 1.85

E_02 55.92 6.70 11.98 6.21 5.64 2.11 2.32 1.78

E_03 56.64 9.19 16.23 8.12 7.44 2.57 2.96 2.67

E_04 40.66 8.85 21.76 7.60 6.90 4.78 1.53 1.29

E_05 66.42 9.38 14.12 8.90 8.08 2.66 2.80 3.45

E_06 75.84 11.70 15.42 10.13 9.19 3.13 3.64 3.36

E_07 14.74 2.25 15.29 0.095 0.09 0.04 0.03 0.03

E_08 50.82 10.24 20.15 9.67 8.78 3.17 3.48 3.02

E_09 74.3 12.51 16.83 11.69 10.61 3.28 4.11 4.29

E_10 43.86 8.07 18.41 7.41 6.73 2.65 2.74 2.03

E_11 58.26 10.37 17.79 9.26 8.41 2.93 3.59 2.74

E_12 74.72 11.69 15.65 11.19 10.16 3.32 4.05 3.82

E_13 51.22 9.66 18.86 7.86 7.14 4.69 1.48 1.70

E_14 77.92 12.27 15.75 11.67 10.59 3.27 4.44 3.96

E_15 79.90 14.13 17.69 13.45 12.21 3.93 4.72 4.80

E_16 16.38 5.84 35.67 4.23 3.84 1.86 0.58 1.79

E_17 72.78 14.30 19.65 13.74 12.47 4.23 5.12 4.40

E_18 94.28 18.39 19.51 17.56 15.94 4.74 5.89 6.92

Note: Standard deviation was less than 5% in all operative conditions. Where: T: Temperature; P: Pressure; CO2 FR:
CO2 flow rate.

For SF-CO2 extraction, 100 bar is the so-called cross-over pressure, which suggests that at higher
pressures, the recovery is enhanced, due to the increase of vapor pressure, instead of the density. Such
a phenomenon, supported by several experimental studies, is related to the fact that at lower pressures,
the expected increase in oil fugacity (with the increase of temperature) is overcome by the decrease in
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SF-CO2 density and, therefore, by the decrease of its solvent power [29,30]. Determination of crossover
pressure appears interesting to better understand supercritical fluid phase phenomena in a region
where the solubility is extremely sensitive to pressure [31].

It is worth highlighting that in this work, the attention was devoted to EPA, DHA and lipids
extraction and characterization. However, it might be possible to estimate that the other algal
components, such as carbohydrates (mainly cellulose and lignin) are not solubilized by SF-CO2, while
the soluble fraction of proteins and fibers could represent a part of the remaining extract.

2.3. Effect of Different Pressure and Temperature on EPA Recovery with a CO2 Flow Rate of 7.24 and
14.48 g/min

Nannochloropsis sp. has traditionally been studied as a source of ω-3 PUFAs, due to its high
content in EPA. Indeed, as shown in Table 4, Nannochloropsis sp. lipids have a higher content of EPA
(36.51 mg/g). As Figure 2 shows, the increase of pressure and the increase of temperature enhanced
the EPA recovery at CO2 flow rates of 7.24 g/min and of 14.48 g/min. At CO2 flow rates of 7.24 g/min,
the EPA recovery increased from 2.07% to 5.34% when the pressure grew from 100 bar to 550 bar at
50 ◦C. The same behavior was observed for extractions at 65 ◦C and at 75 ◦C. Gradually increasing
extraction temperature from 50 ◦C to 75 ◦C, EPA recovery was gradually increased from 5.34% to
9.13%, excluding the EPA recovery at 65 ◦C and 100 bar. The maximum EPA recovery of 15.59% was
achieved at 75 ◦C and 550 bar with a CO2 flow rate of 14.48 g/min, which was two folds higher in
comparison with respect to EPA recovery at 50 ◦C and 550 bar. At 100 bar, EPA recovery was found to
be almost the same at the three explored temperatures (55, 65 and 75 ◦C).

Results also showed that by increasing CO2 flow rate from 7.24 to 14.48 g/min, EPA recovery grew
up to 2.4 fold.

The extraction by using supercritical CO2 is a complex process, during which different factors
come into play, such as the gas distribution into the reactor and the molecular interactions between
the solvent and the solute(s). According to several works reported in the literature [13,14,28–30],
an optimum CO2 flow rate can be determined depending on the selected solute(s), above which the
solvent manifests a negative influence on the extraction efficiency mainly due to a possible mass
transfer resistance. Thus, in a supercritical fluid extraction, the best flow rate conditions should be
determined by taking into account the temperature, the pressure, the geometry and the volume of the
extractor, as well as the solute(s) nature. Recently, Di Sanzo et al. [16] evaluated the SF-CO2 extraction
of astaxanthin, lutein, and FAs recoveries and purities at different pressures, temperatures and CO2

flow rates. The experimental data showed that the maximum recovery of astaxanthin and lutein could
be achieved at low temperature and high pressure (50 ◦C and 550 bar, respectively) adopting the lowest
investigated CO2 flow rate (3.62 g/min), while a higher flow rate (14.48 g/min) increased astaxanthin
and lutein purities. Molino et al. [20] studied the effect of extraction pressure (250, 400 and 550 bars)
and temperature (50 and 65 ◦C) at CO2 flow rates of 7.24 and 14.48 g/min for EPA recovery from
Nannochloropsis gaditana biomass during SF-CO2 extraction, resulting in a maximum EPA recovery of
27.4% at 65 ◦C and 250 bars with a CO2 flow rate of 7.24 g/min.

2.4. Effect of Different Pressure and Temperature on DHA Recovery with a CO2 Flow Rate of 7.24 and
14.48 g/min

Figure 3 shows the effect of extraction pressure and temperature at CO2 flow rates of 7.24 and
14.48 g/min for DHA recovery. The results illustrate that a significant variation has been found in
the DHA recovery (2.75–79.63%). The maximum recovery of DHA, equal to 79.63%, was achieved
at 550 bars with a CO2 flow rate of 14.48 g/min and 50 ◦C. At CO2 flow rate of 7.24 g/min, DHA
recovery increased from 100 bar to 400 bar and decreased from 400 bar to 500 bar; while at CO2 flow
rate of 14.48 g/min, the higher the pressure, the higher the DHA recovery. For both the CO2 flow rates,
at 100 bar and at 400 bar, the recovery increased with temperature; while at 550 bar, the higher the
temperature, the lower the recovery. By using a CO2 flow rate of 14.48 g/min, DHA recovery enhanced
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from 11.32 to 79.63% by increasing extraction pressure from 100 bar to 550 bar at 50 ◦C, and a similar
trend was observed at 65 ◦C and 75 ◦C with lower DHA recovery. These results clearly show that DHA
recovery can be increased by a proper choice of the extraction conditions. In any case, DHA recovery
was lower than 80%, therefore further efforts are needed to improve the DHA extraction process.
Several studies report that higher temperatures may lead to thermal degradation of compounds, while
higher pressures may reduce the diffusivity of the supercritical fluid into the matrix, resulting in a
decrease of the extraction yield [6,11,32–35]. In addition, higher temperature and pressure could imply
the waxes formation [36]. Di Sanzo et al. [16] found that higher extraction temperature and pressure
allowed a decrease of recovery of astaxanthin and lutein, which could be possible, due to thermal
degradation. At the same time, higher temperature could enhance the extraction yield, which leads
to greater impurity content, as observed in the HPLC analysis profile [9,10]. Furthermore, several
studies highlighted similar effects of pressure and temperature on the recovery of several bioactive
compounds [22,35,37].
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Figure 2. Effect of different pressure and temperature on recovery of eicosapentaenoic acid (EPA):
(a) CO2 flow rate = 7.24 g/min; (b) CO2 flow rate = 14.48 g/min.
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Figure 3. Effect of different pressure and temperature on recovery of DHA: (a) CO2 flow rate =

7.24 g/min; (b) CO2 flow rate = 14.48 g/min.

2.5. Effect of Different SF-CO2 Extraction Conditions on FAs Composition

Only a few FAs were significantly extracted among the 16 species investigated, such as
heptadecanoic acid, palmitoleic acid and cis-5,8,11,14,17 eicosapentaenoic acid (Table 2). However,
it is worth noting that they were the most abundant FAs in the lipid extracts (approx. 59–85%
of total FAs), as it also was found by Lin et al. [38]. These FAs are normally treated as the main
components for microalgal derived bioactive compounds, which have high nutrition value, and they
are useful for human health in preventing several diseases [5,27,39–44]. Despite changes in FAs
profile, it is conceived that the different extraction conditions could be more selective for specific FAs
(extracted as triacylglycerols form). For example, CO2 flow rate of 14.48 g/min supports the recovery
of cis-5,8,11,14,17 EPA at each fixed pressure and temperature. The maximum recovery (15.6%) of
cis-5,8,11,14,17 EPA at 75 ◦C, 550 bar with a CO2 flow rate of 14.48 g/min was obtained, while similar
recovery of heptadecanoic acid was achieved at 75 ◦C, 100 bar with a CO2 flow rate of 7.24 g/min.

This study suggests that it would be worth considering SF-CO2 extraction conditions for FAs
profile analyses in microalgae.
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Table 2. Composition of FAs extracted from Nannochloropsis sp. Biomass: Comparison between different SF-CO2 extraction conditions.

Experimental
Code FATTY ACIDS PROFILE – Recovey (%)

OA LA TA PA PeA HA AA PaA EA MY NA ETA LiA EPA DHA

E_01 38.40 3.20 4.45 9.39 0.00 8.57 5.86 4.35 29.55 3.76 9.84 0.00 18.51 2.07 0.00

E_02 48.36 0.57 2.06 2.66 0.34 13.47 7.10 6.57 29.35 5.72 4.01 0.10 10.12 3.13 23.17

E_03 55.61 0.56 1.73 3.46 1.09 16.09 9.64 8.11 24.69 7.48 7.48 0.12 11.57 5.34 20.47

E_04 6.42 0.00 2.70 0.00 29.46 30.60 0.00 4.15 99.32 0.37 0.00 2.78 6.14 1.91 3.54

E_05 34.19 2.99 1.44 39.13 0.28 16.45 9.14 8.01 22.82 8.05 4.41 7.72 10.45 5.93 33.13

E_06 5.30 0.48 2.20 3.32 0.37 21.89 5.89 9.83 27.42 9.47 9.86 0.11 13.26 6.96 30.93

E_07 66.20 0.00 0.00 97.58 0.14 4536 0.18 6.83 3.18 10.25 15.08 0.00 32.69 3.57 9.46

E_08 36.71 8.97 2.36 37.18 0.36 19.52 10.42 10.01 33.69 8.99 5.85 0.13 13.87 5.78 55.69

E_09 36.71 3.22 3.25 3.07 1.22 22.31 7.01 10.82 33.30 11.62 11.47 0.28 15.59 9.13 11.32

E_10 12.32 2.23 1.58 88.31 0.07 17.33 4.14 7.75 25.76 6.53 5.73 0.11 7.91 4.11 34.48

E_11 30.92 5.05 3.29 0.00 0.32 20.13 5.72 9.93 43.06 8.39 8.02 0.02 6.85 6.24 39.49

E_12 45.94 1.06 2.59 1.98 0.47 23.02 6.84 11.15 38.62 10.47 9.34 9.00 3.18 7.66 79.63

E_13 3.02 0.00 2.80 0.00 0.00 12.23 80.59 5.62 1.00 0.23 0.23 0.00 0.44 4.51 14.82

E_14 72.03 2.59 2.51 1.99 0.64 22.08 7.01 11.09 31.80 10.55 17.59 2.35 14.43 7.77 54.71

E_15 53.68 0.75 2.92 5.06 0.63 25.38 14.50 12.49 45.52 12.89 12.65 0.00 16.91 10.12 69.15

E_16 7.59 0.00 1.50 0.00 0.00 5.31 30.10 1.94 3.22 0.30 0.90 0.00 0.28 4.79 19.31

E_17 76.91 0.87 2.97 0.76 1.45 27.96 12.25 14.01 39.64 12.60 13.50 0.10 18.93 8.74 53.55

E_18 64.15 6.42 4.24 5.15 2.00 31.71 11.34 14.96 49.08 17.94 17.81 0.00 19.38 15.59 59.22

Note: Standard deviation was less than 5% in all operative conditions; Where: T: Temperature; P: Pressure; CO2 FR: CO2 flow rate; OA: Octanoic acid; LA: Lauric acid; TA: Tridecanoic acid;
PA: Palmitic acid, PeA: Pentadecanoic acid; HA: Heptadecanoic acid; AA: Arachidic acid; PaA: Palmitoleic acid: EA: Elaidic acid; MA: Myristoleic acid; NA: Nervonic acid; LiA: Linoelaidic
acid; DHA: Docosahexaenoic acid; ETA: cis-5,8,11,14 Eicosatetraenoic acid; EPA: cis-5,8,11,14,17 Eicosapentaenoic acid.
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2.6. Comparison with Literature Works

In Table 3, the comparison between the adopted operational conditions during SF-CO2 and those
of similar literature works is reported. Table 3 also reports the main results in terms of lipid extraction
yield and the ratio between the CO2 and the dried biomass. However, it does not immediately identify
the optimal conditions for lipids extraction—primarily due to the differences in microalgae species,
and, in addition, to the multiple variables of the entire extraction process (such as fixed pressure,
temperature, extraction time and flow rate). It is possible to observe that the highest lipids extraction
obtained in this work assume values, similar to those of Hernandez et al. [45].

Table 3. Comparison between the operational conditions, adopted for SF-CO2, the main results of this
work, and other examples from the literature.

Microalgae
Specie SF-CO2 Operational Conditions

Lipid
Extraction

Yield

CO2/Dried
Biomass Ref.

Pressure Temperature Extraction Time Flow Rate

bar ◦C min g/min % g/g

Pavlova sp. 306 60 360 – 17.90 – [26]

Hypnea charoides 379 40 120 1.40 58.00 30 [28]

Isochrysis T-ISO 300 45 90 6.70 7.70 1200

[45]Nannochloropsis
gaditana 300 45 90 6.70 7.90 1200

Tetraselmis sp. 300 45 90 6.70 11.10 1200

Scenedesmus
almeriensis 300 45 90 6.70 10.10 1200

Nannochloropsis
oculata 250 50 240 25.00 15.00 214 [46]

Chlorella 350 50 – – 50.00 30 [47]

Schizochytrium sp. 276 50 360 353.53 10.00 636 [48]
Spirulina sp. 276 50 360 353.53 9.00 636

Nannochloropsis sp. 550 75 100 7.24 8.22 362 This
work550 75 100 14.48 12.08 724

3. Materials and Methods

3.1. Microalgal Biomass and Chemical Composition

Lyophilized biomass of Nannochloropsis sp. was collected from Archimede Ricerche srl, A&A F.lli
Parodi Group, Italy, with a mesh particle size of about 10–35 µm. The biomass was stored at −20 ◦C in
a vacuum plastic bag to avoid any biochemical composition variation and to keep it at room conditions
before use. The chemical composition of lyophilized Nannochloropsis sp. in terms of humidity, ash, total
dietary fiber (TDF), carbohydrates, proteins, FAs, saturated fatty acids (SFAs), monounsaturated fatty
acids (MUFAs), PUFAs, specifically EPA and DHA reported in Table 4, was analyzed prior extraction
tests by using standard methods described in our previous publications [20,49].

Table 4. Chemical composition of Nannochloropsis sp. biomass.

Chemical Composition of Nannochloropsis sp. Content (mg/g)

Humidity (mg/g wet) 19.03
Total dietary fiber (TDF) 196.90

Carbohydrates 350.87
Proteins 267.04
Lipids 153.22

Ash 83.17
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Table 4. Cont.

Chemical Composition of Nannochloropsis sp. Content (mg/g)

Fatty acid composition
Octanoic acid 0.17

Lauric acid 1.10
Tridecanoic acid 2.33

Palmitic acid 0.26
Pentadecanoic acid 2.95
Heptadecanoic acid 12.53

Arachidic acid (o arachico) 3.83
Σ SFAs 23.17

Palmitoleic acid 25.88
Elaidic acid 0.45

Myristoleic acid 4.84
Nervonic acid 5.22

Σ MUFAs 36.39
cis-8,11,14-Eicosatrienoic acid (ω-6) 8.03

Linoelaidic acid (ω-6) 5.91
cis-5,8,11,14,17-Eicosapentaenoic acid (ω-3)-EPA 36.51

cis-4,7,10,13,16,19-Docosahexaenoic acid (ω-3)-DHA 0.15
Σ PUFAs 50.60

Note: Standard deviation was less than 5% in all operative conditions.

3.2. Chemicals

Rivoira, Italy provided CO2 (99.999% purity) that was used for supercritical fluid extraction.
The standards (FAs) that were used for the GC calibrations were of analytical grade and purchased
from Sigma Aldrich, USA. All the used solvents were of HPLC grade and purchased from Sigma
Aldrich, USA.

3.3. Mechanical Pre-Treatment of Biomass

In order to improve FAs recovery, the mechanical pre-treatment conditions were optimized in
terms of biomass and diatomaceous earth mixing ratio, rotation speed, and pre-treatment time by
means a Retsch PM200 planetary ball mill [13]. The jars of the mill were filled with 2 g of Nannochloropsis
sp. biomass, that was mixed with diatomaceous earth (DE), with a mixing mass ratio of 0.5/1.0/2.0
DE/biomass w/w, respectively.

For the pre-treatment, three sequential experiments were carried for different pre-treatment
time 2.5/10 min by varying rpm (200/300/400/500/600 rpm). After the mechanical pre-treatment, FAs
extraction was carried using an accelerated solvent extractor (ASE) with a chloroform:methanol:water
(1:2:0.75 v/v) mixture as solvent at 50 ◦C and 100 bar, carrying out two consecutive extraction cycles
each one of 10 min for total extraction time of 20 min.

3.4. CO2 Supercritical Extraction Experiments

The SF-CO2 extraction method was carried out by using a bench scale extraction unit, as described
in our previous studies [16,18]. The extraction unit had a heating capacity up to 250 ◦C and CO2

compression capacity up to 680 bar. The extraction unit can control the inlet and the outlet pressure
with an accuracy of 0.6 mbar, and the CO2 flow rate was controlled by means of an LPN/S80 ALG 2.5,
Sacofgas, Italy flow meter. The inlet flow rate was adjustable until 25 mL/min and controlled using
the expanded gas. The temperature was monitored using thermocouples, where micrometric valves
control the inlet and outlet flow streams. The cylindrical extraction vessel had a capacity of 50 mL
(D = 1.35 cm, H = 35 cm), which was filled with pretreated biomass, including diatomaceous earth,
and 44 g glass beads of 3 mm to increase the contact of carbon dioxide with microalgae, and, at the
same time, to avoid the biomass caking. Moreover, at the bottom of the extraction vessel, metal frit
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filters were used with a pore diameter of 5 µm to avoid the biomass transfer. The extraction unit was
equipped with acoustic and visual high-pressure alerts and, as a primary security system, a rupture
disk was installed. All the parameters were controlled through a Distributed Control System (DCS).
A schematization of bench scale extraction unit are reported in Figure 4.
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Figure 4. Bench scale SF-CO2 extraction unit schematization. Note: HE: Heat exchanger; MFM:
Mass flow meter; MV: Manual valve; DCS: Distributed control system; PC: Pressure control; TC:
Temperature control.

The effect of the variation of operative conditions, such as pressure (P) in the range 100–550 bar,
CO2 flow rates 7.24 and 14.48 g/min, and temperature (T) in the range 50–75 ◦C on EPA and DHA
extraction from Nannochloropsis sp. was investigated, while the biomass loading was kept constant
(~2.0 g). The detailed experimental conditions are shown in Table 5. For each experimental test, five
extraction cycles of 20 min each (extraction time = 20–100 min) were carried out. However, the results
of the whole extraction process have been presented in this article.

The influence of the adopted operating conditions was studied on the recovery of total lipid, EPA
and DHA. The amount of the extracted compounds from microalgae was expressed in terms of weight
of the compound/weigh of dry biomass:

Compound extracted (mg/g) = WC,i/WM, (1)

where WC,i is the weight of the extracted EPA/DHA (mg); and, WM is the weight of microalgae on a dry
basis (g). Moreover, for each class, the recovery was compared with respect to the theoretical content.

The recovery percentage EPA/DHA was calculated from Equations (2).

Recovery (%) = WC,i/WT × 100, (2)

where WT is the theoretical weight of EPA/DHA (mg).
Furthermore, the purity percentage of lipid was also calculated, by using Equation (3)

Purity (%) = WL/WE × 100, (3)

where WL is the weight of total lipid extracted (mg), and WE is the total weight of the extract (mg).
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Table 5. The experimental condition during SF-CO2 extraction for lipid recovery from Nannochloropsis
sp. biomass.

Experiment Code Temperature (◦C) Pressure (bar) CO2-Flow Rate (g/min)

E_01 50 100 7.24

E_02 50 400 7.24

E_03 50 550 7.24

E_04 65 100 7.24

E_05 65 400 7.24

E_06 65 550 7.24

E_07 75 100 7.24

E_08 75 400 7.24

E_09 75 550 7.24

E_10 50 100 14.48

E_11 50 400 14.48

E_12 50 550 14.48

E_13 65 100 14.48

E_14 65 400 14.48

E_15 65 550 14.48

E_16 75 100 14.48

E_17 75 400 14.48

E_18 75 550 14.48

Note: Biomass loading was expressed on dry basis.

The percentage of FAs extracted was calculated by using Equation (4):

FAs Extracted (%) = SFAE + MUFAE + PUFAE/
∑

FAsT × 100, (4)

where SFAE, MUFAE and PUFAE are the total amount of SFA extracted, the total amount of MUFA
extracted, and the total amount of PUFA extracted, respectively (Table 1), and FAsT is the total
theoretical content of FAs (Table 2).

Each experimental condition was investigated three times, and for each condition, the standard
deviation (SD) value was calculated. After the SF-CO2 extraction, the extracts were stored in the dark
at −80 ◦C before analyzing the total EPA contents using GC-FID.2.5. Analytical Methods

After the mechanical pre-treatment, total lipids were analyzed by gravimetric analysis, and,
more precisely, by following the Bligh and Dyer method [50]. Since a mixture of non-polar/low
polarity organic solvent and polar organic solvent allows to extract a higher amount of lipids,
a chloroform/methanol mixture (1:2 v/v) was used as extractant.

FAs compositions were identified by GC separation of the corresponding methyl esters (FA methyl
esters C8-C24). Lipids fraction was methylated through base-catalyzed transmethylation, according to
BDS EN ISO 12966-2:2017 standard method [51]. More precisely, NaOH solution in methanol (0.5 M,
6 mL) and a spatula of boiling chips were added to a known quantity of extract (about 100 mg). The
sample was transferred to a 50 mL one-mark volumetric Erlenmeyer flask that was connected to a
reflux condenser to boil the sample for about 10 min. At the end of boiling, the apparatus was removed
from the heat source, and 6 mL of n-hexane from the top of the condenser and followed by 7 mL of the
BF3 catalyst in methanol (14%) (B1252 Aldrich) were added. The sample boiled again for 30 min, and
5 mL of isooctane were added at the end of the reaction. A 20 mL sample of a saturated NaCl solution
was added and swirled, and the second aliquot of saturated NaCl solution was added until it filled
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up to the neck of the flask. The total upper layer (2−4 mL) was taken and then transferred to a GC
glass vial.

The chromatographic analysis was carried out using a 7820A GC-FID that was equipped with an
HP-88 100 mt × 0.25 mm × 0.2 µm column (Agilent) for SFAs, MUFAs and PUFAs measurements.

This chromatographic is composed of a high polarity bis (Cyanopropyl) siloxane stationary phase,
and it was chosen for its high resolution of positional and geometric isomers of fatty acid methyl esters.
According to the chromatographic conditions reported in the standard method UNI ISO 12966-4 [52],
the injector, as well as the detector temperature, was maintained at 250 ◦C. The column was maintained
at 120 ◦C for 5 min, followed by temperature ramping at 4 ◦C/min to 240 ◦C and held for a further
10 min at 240 ◦C. Nitrogen (purity ≥ 99.9999%) was used as carrier gas with a linear velocity of 30 cm/s
(flow rate approx. 1.0 mL/min) and a split ratio of 1:100. The sample injection volume was 1 µL.
The FAs characterization was carried out for each extraction condition, and an internal analytical
standard of the tricosanoic acid (C:23) was used for the quantification of fatty acid methyl esters. A
mixture of 37 fatty acid methyl esters (C4–C24) (Supelco FAME 37, CRM47885) was purchased from
SIGMA-Aldrich (H5149), St Louis, MO, USA and was used for the quantitative analysis.

4. Conclusions

The increasing interest in exploiting microalgae as a source of commercial products with several
health benefits has led to an ongoing search for high value-added compounds, e.g., EPA and DHA. In this
study, the most influencing extractive conditions for lipid recovery from microalgae Nannochloropsis sp.
biomass using SF-CO2 extraction were investigated. Results show that the maximum lipid extraction
of 18.39 mg/g, with a purity of 19.51%, was obtained at 75 ◦C and 550 bar with a CO2 flow rate of
14.48 g/min. The highest EPA recovery (15.59%) was achieved at 550 bar with a CO2 flow rate of
14.48 g/min and 75 ◦C. The highest DHA recovery (79.63%) was obtained by working at 50 ◦C and
400 bar with a CO2 flow rate of 14.48 g/min, while it was assumed that higher temperatures could lead
to the thermal degradation of DHA molecules. Experimental data indicated beneficial information to
increase recovery of EPA and DHA from microalgal biomass. Results from this study allow the choice
of the best SF-CO2 extraction conditions, to obtain the maximum recovery or the maximum purity of
selected FAs.

Author Contributions: G.P.L., M.M., V.L. and G.D.S. performed the supercritical extraction experiments; S.M.
wrote and revised the manuscript; S.C. Writing-Review & Editing; A.I. and P.C. carried out biomass characterization;
T.M. and D.K. edited the manuscript; and A.M., R.B. and D.M. conceived the experiments and supervised the
work and project.

Funding: This research was funded by Bio Based Industries Joint Undertaking under the European Union’s
Horizon 2020 research and innovation program under grant agreement No 745695 (VALUEMAG).

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

References

1. Ma, X.-N.; Chen, T.-P.; Yang, B.; Liu, J.; Chen, F. Lipid Production from Nannochloropsis. Mar. Drugs 2016,
14, 61. [CrossRef] [PubMed]

2. Peltomaa, E.; Johnson, M.D.; Taipale, S.J. Marine Cryptophytes Are Great Sources of EPA and DHA.
Mar. Drugs 2018, 16, 3. [CrossRef]

3. Sørensen, M.; Gong, Y.; Bjarnason, F.; Vasanth, G.K.; Dahle, D.; Huntley, M.; Kiron, V. Nannochloropsis
oceania-derived defatted meal as an alternative to fishmeal in Atlantic salmon feeds. PLoS ONE 2017, 12.
[CrossRef] [PubMed]

4. Brown, M.R.; Jeffrey, S.W.; Volkman, J.K.; Dunstan, G.A. Nutritional properties of microalgae for mariculture.
Aquaculture 1997, 151, 315–331. [CrossRef]

5. Ruxton, C.H.S.; Reed, S.C.; Simpson, M.J.A.; Millington, K.J. The health benefits of omega-3 polyunsaturated
fatty acids: A review of the evidence. J. Hum. Nutr. Diet. 2004, 17, 449–459. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/md14040061
http://www.ncbi.nlm.nih.gov/pubmed/27023568
http://dx.doi.org/10.3390/md16010003
http://dx.doi.org/10.1371/journal.pone.0179907
http://www.ncbi.nlm.nih.gov/pubmed/28704386
http://dx.doi.org/10.1016/S0044-8486(96)01501-3
http://dx.doi.org/10.1111/j.1365-277X.2004.00552.x
http://www.ncbi.nlm.nih.gov/pubmed/15357699


Molecules 2019, 24, 2406 14 of 16

6. Adarme-Vega, T.C.; Lim, D.K.Y.; Timmins, M.; Vernen, F.; Li, Y.; Schenk, P.M. Microalgal biofactories:
A promising approach towards sustainable omega-3 fatty acid production. Microb. Cell Fact. 2012, 11, 96.
[CrossRef] [PubMed]

7. Taher, H.; Al-Zuhair, S.; Al-Marzouqi, A.H.; Haik, Y.; Farid, M.; Tariq, S. Supercritical carbon dioxide
extraction of microalgae lipid: Process optimization and laboratory scale-up. J. Supercrit. Fluids 2014, 86,
57–66. [CrossRef]

8. Tang, S.; Qin, C.; Wang, H.; Li, S.; Tian, S. Study on supercritical extraction of lipids and enrichment of DHA
from oil-rich microalgae. J. Supercrit. Fluids 2011, 57, 44–49. [CrossRef]

9. 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]

10. Yen, H.-W.; Yang, S.-C.; Chen, C.-H.; Jesisca; Chang, J.-S. Supercritical fluid extraction of valuable compounds
from microalgal biomass. Bioresour. Technol. 2015, 184, 291–296. [CrossRef]

11. 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]
[PubMed]

12. Cheung, P.C.K.; Leung, A.Y.H.; Ang, P.O. Comparison of Supercritical Carbon Dioxide and Soxhlet Extraction
of Lipids from a Brown Seaweed, Sargassum hemiphyllum (Turn.) C. Ag. J. Agric. Food Chem. 1998, 46,
4228–4232. [CrossRef]

13. Elst, K.; Maesen, M.; Jacobs, G.; Bastiaens, L.; Voorspoels, S.; Servaes, K. Supercritical CO2 Extraction
of Nannochloropsis sp.: A Lipidomic Study on the Influence of Pretreatment on Yield and Composition.
Molecules 2018, 23, 1854. [CrossRef] [PubMed]

14. 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]

15. Halim, R.; Gladman, B.; Danquah, M.K.; Webley, P.A. Oil extraction from microalgae for biodiesel production.
Bioresour. Technol. 2011, 102, 178–185. [CrossRef] [PubMed]

16. Sanzo, G.; 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]

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

18. 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]

19. Molino, A.; Rimauro, J.; Casella, P.; Cerbone, A.; Larocca, V.; Chianese, S.; Karatza, D.; Mehariya, S.;
Ferraro, A.; Hristoforou, E.; et al. Extraction of astaxanthin from microalga Haematococcus pluvialis in red
phase by using generally recognized as safe solvents and accelerated extraction. J. Biotechnol. 2018, 283,
51–61. [CrossRef]

20. Molino, A.; Martino, M.; Larocca, V.; Di Sanzo, G.; Spagnoletta, A.; Marino, T.; Karatza, D.; Iovine, A.;
Mehariya, S.; Musmarra, D. Eicosapentaenoic Acid Extraction from Nannochloropsis gaditana Using Carbon
Dioxide at Supercritical Conditions. Mar. Drugs 2019, 17, 132. [CrossRef]

21. Ruen-Ngam, D.; Shotipruk, A.; Pavasant, P.; Machmudah, S.; Goto, M. Selective extraction of lutein from
alcohol treated Chlorella vulgaris by supercritical CO2. Chem. Eng. Technol. 2012, 35, 255–260. [CrossRef]

22. Machmudah, S.; Shotipruk, A.; Goto, M.; Sasaki, M.; Hirose, T. Extraction of astaxanthin from Haematococcus
pluvialis using supercritical CO2 and ethanol as entrainer. Ind. Eng. Chem. Res. 2006, 45, 3652–3657.
[CrossRef]

23. Lee, A.K.; Lewis, D.M.; Ashman, P.J. Disruption of microalgal cells for the extraction of lipids for biofuels:
Processes and specific energy requirements. Biomass Bioenergy 2012, 46, 89–101. [CrossRef]

24. Safi, C.; Camy, S.; Frances, C.; Varela, M.M.; Badia, E.C.; Pontalier, P.-Y.; Vaca-Garcia, C. Extraction of lipids
and pigments of Chlorella vulgaris by supercritical carbon dioxide: Influence of bead milling on extraction
performance. J. Appl. Phycol. 2014, 26, 1711–1718. [CrossRef]

http://dx.doi.org/10.1186/1475-2859-11-96
http://www.ncbi.nlm.nih.gov/pubmed/22830315
http://dx.doi.org/10.1016/j.supflu.2013.11.020
http://dx.doi.org/10.1016/j.supflu.2011.01.010
http://dx.doi.org/10.1016/j.jtice.2011.07.010
http://dx.doi.org/10.1016/j.biortech.2014.10.030
http://dx.doi.org/10.3390/md14110214
http://www.ncbi.nlm.nih.gov/pubmed/27879659
http://dx.doi.org/10.1021/jf980346h
http://dx.doi.org/10.3390/molecules23081854
http://www.ncbi.nlm.nih.gov/pubmed/30046024
http://dx.doi.org/10.1016/j.supflu.2013.01.024
http://dx.doi.org/10.1016/j.biortech.2010.06.136
http://www.ncbi.nlm.nih.gov/pubmed/20655746
http://dx.doi.org/10.3390/md16090334
http://dx.doi.org/10.3390/molecules24071324
http://www.ncbi.nlm.nih.gov/pubmed/30987275
http://dx.doi.org/10.3390/md16110432
http://dx.doi.org/10.1016/j.jbiotec.2018.07.010
http://dx.doi.org/10.3390/md17020132
http://dx.doi.org/10.1002/ceat.201100251
http://dx.doi.org/10.1021/ie051357k
http://dx.doi.org/10.1016/j.biombioe.2012.06.034
http://dx.doi.org/10.1007/s10811-013-0212-3


Molecules 2019, 24, 2406 15 of 16

25. Shene, C.; Monsalve, M.T.; Vergara, D.; Lienqueo, M.E.; Rubilar, M. High pressure homogenization of
Nannochloropsis oculata for the extraction of intracellular components: Effect of process conditions and
culture age. Eur. J. Lipid Sci. Technol. 2016, 118, 631–639. [CrossRef]

26. Cheng, C.-H.H.; Du, T.-B.B.; Pi, H.-C.C.; Jang, S.-M.M.; Lin, Y.-H.H.; Lee, H.-T.T. Comparative study of
lipid extraction from microalgae by organic solvent and supercritical CO2. Bioresour. Technol. 2011, 102,
10151–10153. [CrossRef]

27. 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]

28. Cheung, P.C.K.C.K. Temperature and pressure effects on supercritical carbon dioxide extraction of n-3 fatty
acids from red seaweed. Food Chem. 1999, 65, 399–403. [CrossRef]

29. de Melo, S.A.B.V.; Costa, G.M.N.; Viana, A.C.C.; Pessoa, F.L.P. Solid pure component property effects on
modeling upper crossover pressure for supercritical fluid process synthesis: A case study for the separation
of Annatto pigments using SC-CO2. J. Supercrit. Fluids 2009, 49, 1–8. [CrossRef]

30. Brunner, G. Extraction of Substances with Supercritical Fluids from Solid Substrates. In Gas Extraction:
An Introduction to Fundamentals of Supercritical Fluids and the Application to Separation Processes; Steinkopff:
Heidelberg, Germany, 1994; pp. 179–250. ISBN 978-3-662-07380-3.

31. Solana, M.; Rizza, C.S.; Bertucco, A. Exploiting microalgae as a source of essential fatty acids by supercritical
fluid extraction of lipids: Comparison between Scenedesmus obliquus, Chlorella protothecoides and
Nannochloropsis salina. J. Supercrit. Fluids 2014, 92, 311–318. [CrossRef]

32. Sosa-Hernández, J.E.; Escobedo-Avellaneda, Z.; Iqbal, H.M.N.; 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] [PubMed]

33. Saini, R.K.; Keum, Y.-S. Carotenoid extraction methods: A review of recent developments. Food Chem. 2018,
240, 90–103. [CrossRef] [PubMed]

34. Lee, J.-Y.; Yoo, C.; Jun, S.-Y.; Ahn, C.-Y.; Oh, H.-M. Comparison of several methods for effective lipid extraction
from microalgae. Bioresour. Technol. 2010, 101, S75–S77. [CrossRef] [PubMed]

35. Kitada, K.; Machmudah, S.; Sasaki, M.; Goto, M.; Nakashima, Y.; Kumamoto, S.; Hasegawa, T. Supercritical
CO2 extraction of pigment components with pharmaceutical importance from Chlorella vulgaris. J. Chem.
Technol. Biotechnol. 2009, 84, 657–661. [CrossRef]

36. 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]

37. Nobre, B.; Marcelo, F.; Passos, R.; Beir??o, L.; Palavra, A.; Gouveia, L.; Mendes, R. Supercritical carbon dioxide
extraction of astaxanthin and other carotenoids from the microalga Haematococcus pluvialis. Eur. Food Res.
Technol. 2006, 223, 787–790. [CrossRef]

38. Li, Y.; Ghasemi Naghdi, F.; Garg, S.; Adarme-Vega, T.C.; Thurecht, K.J.; Ghafor, W.A.; Tannock, S.; Schenk, P.M.
A comparative study: The impact of different lipid extraction methods on current microalgal lipid research.
Microb. Cell Fact. 2014, 13, 14. [CrossRef] [PubMed]

39. Ho, B.C.H.; Kamal, S.M.M.; Harun, M.R. Extraction of eicosapentaenoic acid from Nannochloropsis gaditana
using sub-critical water extraction. Malaysian J. Anal. Sci. 2018, 22, 619–625. [CrossRef]

40. Sharma, K.; Schenk, P.M. Rapid induction of omega-3 fatty acids (EPA) in Nannochloropsis sp. by UV-C
radiation. Biotechnol. Bioeng. 2015, 112, 1243–1249. [CrossRef]

41. Hoffmann, M.; Marxen, K.; Schulz, R.; Vanselow, K.H. TFA and EPA productivities of Nannochloropsis salina
influenced by temperature and nitrate stimuli in turbidostatic controlled experiments. Mar. Drugs 2010, 8,
2526–2545. [CrossRef]

42. Agostoni, C.; Canani, R.B.; Fairweather-Tait, S.; Heinonen, M.; Korhonen, H.; La Vieille, S.; Marchelli, R.;
Martin, A.; Naska, A.; Neuhäuser-Berthold, M.; et al. Hans Verhagen Scientific Opinion on the extension of
use for DHA and EPA-rich algal oil from Schizochytrium sp. as a Novel Food ingredient. EFSA J. 2014, 12,
3843. [CrossRef]

43. Camacho-Rodríguez, J.; González-Céspedes, A.M.; Cerón-García, M.C.; Fernández-Sevilla, J.M.;
Acién-Fernández, F.G.; Molina-Grima, E. A quantitative study of eicosapentaenoic acid (EPA) production by
Nannochloropsis gaditana for aquaculture as a function of dilution rate, temperature and average irradiance.
Appl. Microbiol. Biotechnol. 2014, 98, 2429–2440. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/ejlt.201500011
http://dx.doi.org/10.1016/j.biortech.2011.08.064
http://dx.doi.org/10.1002/ejlt.200501130
http://dx.doi.org/10.1016/S0308-8146(98)00210-6
http://dx.doi.org/10.1016/j.supflu.2008.12.006
http://dx.doi.org/10.1016/j.supflu.2014.06.013
http://dx.doi.org/10.3390/molecules23112953
http://www.ncbi.nlm.nih.gov/pubmed/30424551
http://dx.doi.org/10.1016/j.foodchem.2017.07.099
http://www.ncbi.nlm.nih.gov/pubmed/28946359
http://dx.doi.org/10.1016/j.biortech.2009.03.058
http://www.ncbi.nlm.nih.gov/pubmed/19386486
http://dx.doi.org/10.1002/jctb.2096
http://dx.doi.org/10.1007/s11947-009-0263-2
http://dx.doi.org/10.1007/s00217-006-0270-8
http://dx.doi.org/10.1186/1475-2859-13-14
http://www.ncbi.nlm.nih.gov/pubmed/24456581
http://dx.doi.org/10.17576/mjas-2018-2204-07
http://dx.doi.org/10.1002/bit.25544
http://dx.doi.org/10.3390/md8092526
http://dx.doi.org/10.2903/j.efsa.2014.3843
http://dx.doi.org/10.1007/s00253-013-5413-9
http://www.ncbi.nlm.nih.gov/pubmed/24318007


Molecules 2019, 24, 2406 16 of 16

44. Meng, Y.; Jiang, J.; Wang, H.; Cao, X.; Xue, S.; Yang, Q.; Wang, W. The characteristics of TAG and EPA
accumulation in Nannochloropsis oceanica IMET1 under different nitrogen supply regimes. Bioresour.
Technol. 2015, 179, 483–489. [CrossRef] [PubMed]

45. Hernández, D.; Solana, M.; Riaño, B.; García-González, M.C.; Bertucco, A. Biofuels from microalgae: Lipid
extraction and methane production from the residual biomass in a biorefinery approach. Bioresour. Technol.
2014, 170, 370–378. [CrossRef] [PubMed]

46. Obeid, S.; Beaufils, N.; Camy, S.; Takache, H.; Ismail, A.; Pontalier, P.-Y. Supercritical carbon dioxide extraction
and fractionation of lipids from freeze-dried microalgae Nannochloropsis oculata and Chlorella vulgaris.
Algal Res. 2018, 34, 49–56. [CrossRef]

47. Mendes, R.L.; Nobre, B.P.; Cardoso, M.T.; Pereira, A.P.; Palavra, A.F. Supercritical carbon dioxide extraction
of compounds with pharmaceutical importance from microalgae. Inorganica Chim. Acta 2003, 356, 328–334.
[CrossRef]

48. Liu, S.; Abu Hajar, H.A.; Riefler, G.; Stuart, B.J. Lipid Extraction from Spirulina sp. and Schizochytrium sp.
Using Supercritical CO2 with Methanol. Biomed Res. Int. 2018, 2018. [CrossRef]

49. Molino, A.; Iovine, A.; Casella, P.; Mehariya, S.; Chianese, S.; Cerbone, A.; Rimauro, J.; Musmarra, D.
Microalgae Characterization for Consolidated and New Application in Human Food, Animal Feed and
Nutraceuticals. Int. J. Environ. Res. Public Health 2018, 15, 2436. [CrossRef] [PubMed]

50. Bligh, E.G.; Dyer, W.J. a Rapid Method of Total Lipid Extraction and Purification. Can. J. Biochem. Physiol.
2010, 37, 911–917. [CrossRef]

51. ISO 12966-2. Animal and Vegetable Fats and Oils—Gas Chromatography of Fatty Acid Methyl Esters; International
Organization for Standardization: Geneva, Switzerland, 2017; pp. 1–21.

52. UNI ISO 12966-4. Animal and Vegetables Fat and Oils. Gas Chromatography of Fatty Acid Methyl Esters. Part
4: Determination by Capillary Chromatography; International Organization for Standardization: Geneva,
Switzerland, 2011.

Sample Availability: Not Available.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.biortech.2014.12.012
http://www.ncbi.nlm.nih.gov/pubmed/25575208
http://dx.doi.org/10.1016/j.biortech.2014.07.109
http://www.ncbi.nlm.nih.gov/pubmed/25151474
http://dx.doi.org/10.1016/j.algal.2018.07.003
http://dx.doi.org/10.1016/S0020-1693(03)00363-3
http://dx.doi.org/10.1155/2018/2720763
http://dx.doi.org/10.3390/ijerph15112436
http://www.ncbi.nlm.nih.gov/pubmed/30388801
http://dx.doi.org/10.1139/y59-099
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Effect of Mechanical Pre-Treatment on Fatty Acid Recovery 
	Effect of Extraction Condition on Extraction Yield and Lipids Recovery 
	Effect of Different Pressure and Temperature on EPA Recovery with a CO2 Flow Rate of 7.24 and 14.48 g/min 
	Effect of Different Pressure and Temperature on DHA Recovery with a CO2 Flow Rate of 7.24 and 14.48 g/min 
	Effect of Different SF-CO2 Extraction Conditions on FAs Composition 
	Comparison with Literature Works 

	Materials and Methods 
	Microalgal Biomass and Chemical Composition 
	Chemicals 
	Mechanical Pre-Treatment of Biomass 
	CO2 Supercritical Extraction Experiments 

	Conclusions 
	References

