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Microalgae biotechnology is of great interest in the nutraceutical, food, energy, cosmetics, and pharmaceutical
industries. The composition of lipids, pigments, and bioactive substances of microalgae depends on the species
and especially on the culture conditions. The extraction of these substances of interest is carried out
conventionally using organic solvents that are highly toxic and not very selective. The conventional method
negatively affects the environment and eventually forces the incorporation of purification steps that make the
process more complex and expensive. Supercritical carbon dioxide offers many advantages over organic
solvents, especially for its high selectivity for lipophilic substances. Its gaseous state at ambient pressure makes
it easy to eliminate the residual solvent and subsequently be reused in other extractions. Although the selectivity
for the obtaining of polar substances is limited, the addition of low amounts of co-solvent overcome this limitation.
The result is a reduction of solvent amounts compared to conventional extraction techniques. In this way, the
progressive addition of the co-solvent offers a new strategy in the fractioning and purification of bioactive
compounds of different nature by exhausting the sample, which supposes a high economic impact in the
recovery of bioactive compounds from microalgae at an industrial scale for its further use. In this work, a
fractionation with consecutive supercritical extractions increasing the percentage of ethanol as cosolvent, from
two microalgae spices, Nannopclorosis gaditana and Tetraselmis chuii. The total carotenoid, chlorophyll, and
polyphenol content of each fraction as well as their antioxidant activity by DPPH and ABTS methods was
evaluated.

1. Introduction

Microalgae are an essential part of earth life due to their high photosynthetic production. Their extraordinary
adaptive skill grants them the ability to colonize any natural aquatic environment, from fresh or salt waters to
extreme habitats such as volcanic waters (Lim & Schenk, 2017). They have a complex chemical composition in
lipids, carbohydrates, proteins, pigments and polymers (Greque De Morais et al., 2015). This wide range of
chemical compounds makes microalgae be considered as a potential source of applications, such as food
ingredient, environmental use for water treatment, energy application in the production of biodiesel, or for the
pharmaceutical sector through the application of their high value compounds (Levasseur et al., 2020).

Nannochloropsis gaditana and Tetraselmis chuii are among the most cultivated species for aquaculture feed,
which has led to a growing interest in their study and valorization (Garcia-Romeral et al., 2017; Di Lena et al.,
2020). Nannocloropsis gaditana possesses a thick cell wall composed of a cellulose layer and a protective and
hydrophobic algaene layer that provide with a strong resistance to rupture (Scholz et al., 2014). In this sense,
the recovery of some target compounds as pigments (astaxanthins, (3-carotenes, neoxanthins, violaxanthins
and zeaxanthins) (Millao & Uquiche, 2016) contained in the chloroplast required techniques with a higher
penetration capacity (Macias-Sanchez et al., 2008). The research of N.gaditana is focused on the production of
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bio-oils and bio-fuels due to its high lipid content (it can even achieve a 70% in dry weight) of diverse origin,
such as triacylglycerides, palmitoleic acid, palmitic acid, palmitic acid, PUFAs, and EPA, among others
(Sanchez-Camargo et al., 2018). On the other hand, Tetraselmis chuii has great potential as a source of
functional foods given its high protein content (Nunes et al., 2020), essential fatty acids, esterols and other
organic acids (Gaoiris et al., 2012)Haga clic o pulse aqui para escribir texto.. In fact, the freeze-dried form of this
microalgae has been included in the list of novel foods for human consumption by EFSA (Regulation EU
2017/2470), being a food with a high nutritional value. This complex composition provide to both algae with a
high bioactivity and content of compounds of interest (Monteiro et al., 2020) that place them as potential
candidates to use in the food, pharmaceutical and cosmetic industries, either for direct consumption or for the
recovery of target compounds for the development of food supplements or functional constituents (Marino et al.,
2021). However, their application in these fields involves a previous extraction step, the recovery rate of which
is strongly related to the method employed. Traditionally, maceration in organic solvents has been employed
(Maadane et al., 2015) although their long waiting times and toxicity have positioned non-conventional methods,
such as supercritical fluid extraction, in better choices considering the promising results obtained (Sanchez-
Camargo et al., 2018). The supercritical COz (scCOy) is a lipophilic solvent that has a high selectivity for non-
polar compounds (Diaz-Reinoso et al., 2006) such as pigments and lipids, avoiding further purification
processes. However, this selectivity is an obstacle when extracting more polar compounds, such as neutral
lipids, proteins or sugars. In this sense, the addition of a polar co-solvent leading to an enhanced extraction
(ESE) or even a pressurized fluid extraction (PLE), allows the depletion of the raw material of other compounds
of interest while reducing the processing time compared to conventional or Soxhlet maceration, and minimizing
the amount of solvent used. Consequently, the industrial interest in the development of faster and less toxic
techniques has made PLE popular, especially in the pharmaceutical and food industry field. Grierson et al.
(2012) obtained better extraction yields of oils derived from microalgae by PLE with ethanol (15% w/w) than
SFE. Sanchez-Camargo et al. (2018) extracted hydrates and sugars with PLE from polar solvents such as water
from N. gaditana, and Cha et al. (2010) hydrophilic compounds by PLE with ethanol from Chlorella vulgaris.
Fractionated extraction is the ideal method for screening or valorization of biomass, since it is capable of
combining different extraction methods to provide extracts enriched in target compounds, which avoids
subsequent purification processes. Fractionation with microalgae has been found to be efficient when using
Spirulina platensis (J. A. Mendiola et al., 2007) and N. gaditana (Sanchez-Camargo et al., 2018), so the success
of the fractioning can be studied in different micro and macroalgae.

In the present study is performed a fractionation process with two marine microalgae, N. gaditana and T. chuii,
in order to obtain extracts rich in pigments and polyphenols with different bioactivity and purity enough for its
further application in other industrial processes, while exhausting the raw material. The fractioning consists of
consecutive extractions where the composition of the solvent system, and therefore the polarity of the solvent
used, will be modified. After extraction, all fractions will be analyzed chemically and functionally to evaluate the
suitability of this type of fractionation in the purification and concentration of products from this microalgae.

2. Material and Methods
2.1. Raw materials

Spray dried powder from the microalga Tetraselmis chuii was purchased from Allmicroalgae-Natural Products,
S.A (Pataias, Portugal). Aluminum oxide (1:1 w/w) (Alumina A-50, Sigma, St Louis, MO, USA) was used for the
cell disruption of the microalgal biomass for 3 h. On the other hand, N. gaditana was supplied freeze-dried by
Fitoplancton Marino (El Puerto de Santa Maria, Spain). All biomass was stored in the dark at 10 °C until
extraction was carried out.

2.2. Extraction conditions

The fractioning of each of the algae used in this experiment was developed in lab-scale high-pressure equipment
provided by Thar Technologies (Pittsburgh, PA, USA), which includes a condenser, two P50 high-pressure
pumps, a pre-heater, a 100 mL thermostated vessel, and a back-pressure regulator (BPR). All units are
monitored by a controller. ~37 mg of raw material was introduced in a paper cartridge and introduced into the
vessel. The extractions were carried out in semicontinuous mode with a total flow of 20 g/min during 2 h,
conducing an extraction of a total time of 10 h following the conditions shown in Table 1. Each fractionation will
start with an SFE step using scCO: as solvent, followed by three ESEs with 5%, 20% and 50% ethanol as
solvent, and finally a PLE using ethanol as solvent. The extracts were stored at 4 °C in darkness until analysis.
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Table 1. Extraction conditions of the fractioning of each microalgae specie.

Fraction Regime % scCOz2 % Ethanol P (bar) T (°C)
1 SFE 100 0 400 55
2 ESE 95 5 100 55
3 ESE 80 20 100 55
4 ESE 50 50 100 55
5 PLE 0 100 100 55

2.3. Antioxidant capacity of the fractions

The antioxidant activity of the extracts was quantified by two methodologies, comparing the results obtained
with the reaction with the 2,2-Diphenyl-1-picrylhydrazyl reagent (DPPH) and the 2,2-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) one. For the DPPH reaction, 100 pL of extracted oil were
introduced in 3.9 mL of a ethanolic solution of 6-10-5 M DPPH. The reaction was measured at 515 nm. For the
ABTS reaction, ABTS 7 mM y K2S20s 2,45 mM in distilled water and left 12-16 h in the dark to allow oxidation
of the ABTS to occur. After the formation of the ABTS+ radical, the solution was diluted with ethanol as the
original extract, to an absorbance of approximately 0.7 (+0.1) at 734 nm. Samples were then prepared with 0.04
ml of extract and 4 ml of the dilution prepared with ABTS+, and the reaction was performed for 10 min in the
dark. Then the decrease of the absorbance at 734 nm was measured with a 1-cm cuvette in a UV-vis
spectrophotometer. In both cases, the antioxidant activity was expressed as efficient concentration (EC50). All
analyses were done in duplicate.

2.4. Total polyphenol content (TPC) of the fractions

Total polyphenol content (TPC) was calculated according to the Folin-Ciocalteu (FC) method (Sanchez-
Camargo et al., 2018) with some modifications. 40 pl of each extract was prepared with 3160 pl of Milli-Q water
and 200 pl of FC reagent. The mixture was shacked and then the alkaline medium (600 pl of Na2CO3 20%)
was added to avoid oxidation of phenols. The sample was left 2 h in dark to the reaction take place and
absorbance was measured spectrophotometrically at 760 nm. A calibration line was developed using gallic acid
at different final concentrations [0-500ppm]. The PTC was expressed as mg GAE/g extract and/or mg GAE/g
fraction (equation 2).

Abs 760= 0.0009 mg GAE/g + 0.0209; R?=0.990 @)

3. Results and discussion
3.2. Composition of the fractions on pigments and total phenolic compounds

The overall concentration of the fractions obtained was slightly higher in N. gaditana than T. chuii (Figure 1), in
the first fractions, where the non-polar compounds are mainly extracted, and are most abundant of N. gaditana
(Garcia-Romeral et al., 2017; www.seaweed.es). The fractioning was also more effective, since the technique
was able to separate one fraction pure in lipophilic carotenoids from the rest, obtaining an extract with an orange
colour (Figure 1b). On the contrary, the fractioning of T. chuii is less efficient, showing a mixture of both pigments
in all fractions, as can be seen in figure 1b. The incorporation of co-solvent generates extracts with richer
composition in other components decreasing its selectivity, being the fraction of 5% (N. gaditana) and 20% (T.
chuii) the most complex ones. The enhanced recovery when using a low percentage of co-solvent agrees with
other authors observed in the extraction of astaxanthin from H. pluvialis, obtaining the 82% of recovery using
scCO2 + 13% ethanol (Reyes et al. 2014) due to the increase in its solubility. From this fraction on, the proportion
of the studied compounds decreases progressively, and only traces are obtained at 100% ethanol, so the raw
material can be considered depleted of those compounds at the end of the extraction. The compounds
recovered in N. gaditana in each fraction fits with the data collected in figure 1A, but is not the case of T. chuii.
It should be kept in mind that these microalgae are very rich in other non-polar compounds (PUFAs, TAG) that
can be also extracted in the first fractions (Sanchez-Camargo et al., 2018). It is noticeable that N. gaditana
responds efficiently to the extraction using supercritical techniques despite its rough structure, considering that
unlike T. chuii, it has not been pretreated, and even somewhat better results are obtained, so the algaen layer
did not hindered the extraction process using scCO:2
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Figure 1. a) Concentration of each fraction and b) Appearance of the fractions.
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Figure 2. Composition of carotenoids, chlorophylls and phenolic compounds

3.3. Antioxidant activity

The antioxidant bioactivity is tightly related to the phenolic abundance, since in all cases the fraction more
enriched in phenolic compounds are those with lower EC50 levels. Those compounds have a higher antioxidant
activity than the pigments and promote the bioactivity of the extracts. In general terms, the EC50 of N.gaditana
is lower than that of T.chuii, providing significantly higher antioxidant activity. N. gaditana showed in general
better antioxidant activity when using intermediate fractions of co-solvent, showing the best result at 5% ethanol
by both the DPPH and ABTS methods (230.54 + 12.20 and 111.67 + 9.95 ppm, respectively). On the other
hand, the use of co-solvent in the extraction of T. chuii did not influence in the recovering of antioxidant fractions,
showing similar values both in the CO: fraction and the 20% ethanol one. Possibly, the abundance of
carotenoids above the other compounds in N. gaditana hinders bioactivity, since the CO:2 fraction is the purest
in carotenoids but shows less bioactivity. This conclusion can be extrapolated also to T. chuii. Again, in this
case, the fraction of 20% ethanol, despite of achieving the higher phenolic concentration, did it also in
carotenoids, decreasing its bioactivity to similar levels to the previous fractions. The great amount of non-polar
compounds of algae make the use of PLE using ethanol at the end of the process not necessary, since if did
not offer substantial recovery of compounds of interest, both on amount and bioactivity, in the conditions studied.
Regarding the methodologies, the EC50 obtained is not equal for the two methods used, although both methods
have been widely used in microalgae. In all cases, the ABTS method provides better results than DPPH.
According to Monteiro et al. (2020), ABTS reacts with any hydroxylated aromatic compound, regardless of its
antioxidant potential, resulting in better EC50 values. Furthermore, the same authors state that an important
difference between both methods is solubility. ABTS is soluble for aqueous and organic solvents, which makes
it a suitable method for determining antioxidant activity with hydrophilic and lipophilic components. However,
DPPH is soluble only in an organic medium, especially alcohols, which limits the interpretation of hydrophilic
antioxidants.
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The high EC50 values obtained for the DPPH method in T. chuii (see Fig.16B), which in most cases reach a

difference of at least 1000 units with respect to the ABTS method, suggest the high presence of other more
polar compounds, capable of reacting preferable with ABTS.
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Figure 3. Antioxidant activity of the fraction extracted

4. Conclusions

The consecutive extraction by supercritical techniques allows a high raw material depletion, achieving a high
extraction in target compounds such as chlorophylls, phenolic compounds and carotenoids. Especially, the
methodology allows the fractionation and purification of carotenoids mainly in the first stages, where the polarity
of the solvent is higher. The existence of different types of carotenoids seems evident in the different microalgae
fractions given that the fractions with the highest concentration of carotenoids do not match in the both
microalgae species, being scCO:2 + 5% ethanol in the case of N.gaditana and scCO2 + 20% ethanol in the case
of T.chuii, which could be attributed to a different solubility of these carotenoids. All the fractions obtained in
both microalgae showed antioxidant activity, being the fractions with the highest AA the ones with the highest
phenolic content. N.gaditana seem to shows better results than T.chuii and, considering its morphology,
supercritical techniques are a good candidate for the recovery of its compounds, considering that any
pretreatment was employed before the extraction. The different composition of each fraction, which are enriched
with higher bioactive compounds, offer a good variety of products more in accordance to potential subsequent
applications depending on the polarity required, all from the same initial raw material, which contribute to low
even more environmental impact of using this technique. The first fraction of N. gaditana possesses a high
carotenoids purity and not even required any further treatment. However, further studies should be developed
to increase even more the purity of the other fractions.

Acknowledgments

The authors want to thank the Regional Government of Andalusia and the FEDER Funds for the financial
support (project RECOVER, PY-18-RT-3406)

References

Blanco-Llamero, C., Sefiorans, F. J., Otero, P., & Silva, M., 2021, ‘Biobased solvents for pressurized liquid
extraction of Nannochloropsis gaditana omega-3 lipids’. Marine Drugs, vol. 19, no. 107,pp. 1-14. DOI:
10.3390/md19020107.

Cha, K. H., Kang, S. W., Kim, C. Y., Um, B. H., Na, Y. R., & Pan, C. H., 2010, ‘Effect of pressurized liquids on
extraction of antioxidants from Chlorella vulgaris’. Journal of Agricultural and Food Chemistry, vol. 58, pp.
4756-4761. DOI: 10.1021/jf100062m

Chotipan, N., Boonrungsiman, S., & Direkbusarakom, S., 2016, ‘Comparison of suitable protein measurement
for Thalassiosira weissflogii (Bacillariophyta) and Tetraselmis chuii (Chlorophyta)’. Phycological Research,
vol. 64, pp. 141-145. DOI: 10.1111/pre.12125

Di Lena, G., Casini, l., Lucarini, M., Sanchez del Pulgar, J., Aguzzi, A., Caproni, R., Gabrielli, P.,
Lombardi-Boccia, G., 2020, ‘Chemical characterization and nutritional evaluation of microalgal biomass from



264

large-scale production: a comparative study of five species’. European Food Research and Technology, vol.
246, pp. 323-332. DOI: 10.1007/s00217-019-03346-5

Diaz-Reinoso, B., Moure, A., Dominguez, H., & Parajo, J. C., 2006, ‘Supercritical CO2 extraction and purification
of compounds with antioxidant activity’. Journal of Agricultural and Food Chemistry, vol. 54, no. 7, pp. 2441—
2469. DOI: 10.1021/jf052858]

Garcia-Romeral, J., 1, Pavia-Gomez, M., Garcia Sanz, T., Chirivella-Martorell, J., Serrano-Aroca, A., 2017,
‘Principios de Biotecnologia y Bioingenieria en el cultivo de microalgas: importancia, problemas
tecnolégicos, tipos y sistemas de cultivos, crecimiento, factores limitantes, seleccion, aislamiento, escalado
y caracterizacion bioquimica’. Nereis. Revista Iberoamericana Interdisciplinar de Métodos, Modelizacion y
Simulacion, vol. 9, pp. 115-129.

Gaoiris, K., Muylaert, K., Fraeye, |., Foubert, I., de Brabanter, J., & de Cooman, L., 2012, Antioxidant potential of
microalgae in relation to their phenolic and carotenoid content. Journal of Applied Phycology, vol. 24, pp.
1477-1486. DOI: 10.1007/s10811-012-9804-6

Greque De Morais, M., Da, B., Vaz, S., Greque De Morais, E., & Vieira Costa, J. A., 2015, ‘Biologically Active
Metabolites Synthesized by Microalgae’. BioMed Research International, 2015, pp. 1-15. DOI:
10.1155/2015/835761

Grierson, S., Strezov, V., Bray, S., Mummacari, R., Danh, L. T., & Foster, N. 2012. ‘Assessment of bio-oil
extraction from Tetraselmis chui microalgae comparing supercritical CO2, solvent extraction, and thermal
processing’. Energy and Fuels, vol. 26, no. 1, pp. 248-255. DOI: doi.org/10.1021/ef2011222

Levasseur, W., Perré, P., & Pozzobon, V., 2020, ‘A review of high value-added molecules production by
microalgae in light of the classification’. Biotechnology Advances, vol. 41, pp. 1-21. DOI:
10.1016/j.biotechadv.2020.107545

Lim, D. K. Y., & Schenk, P. M., 2017, ‘Microalgae selection and improvement as oil crops: GM vs non-GM strain
engineering’, AIMS Bioengineering, vol. 4, pp. 151-161. DOI: 10.3934/bioeng.2017.1.151

Maadane, A., Merghoub, N., Ainane, T., el Arroussi, H., Benhima, R., Amzazi, S., Bakri, Y., & Wahby, I., 2015,
‘Antioxidant activity of some Moroccan marine microalgae: PUFA profiles, carotenoids and phenolic content’.
Journal of Biotechnology, vol. 215, pp. 13-19. DOI: 10.1016/j.jbiotec.2015.06.400

Macias-Sanchez, M. D., Mantel Serrano, C., Rodriguez Rodriguez, M., Martinez de la Ossa, E., Lubian, L. M.,
& Montero, O., 2008, ‘Extraction of carotenoids and chlorophyll from microalgae with supercritical carbon
dioxide and ethanol as cosolvent’. Journal of Separation Sciences, vol. 31, pp. 1352-1362. DOI:
10.1002/jssc.200700503

Marino T., Leone G.P., Casella P., lovine A., Musmarra D., Zoani C., Balducchi R., Molino A., 2021, ‘Green
Extraction of Microalgae Components for Incorporation in Food and Feed Supplements’, Chemical
Engineering Transactions, vol. 87, pp. 457-462. DOI: 10.3303/CET2187077

Mendiola, J. A., Jaime, L., Santoyo, S., Reglero, G., Cifuentes, A., lbafiez, E., & Sefiorans, F. J., 2007,
‘Screening of functional compounds in supercritical fluid extracts from Spirulina platensis’. Food Chemistry,
vol. 102, no. 4, pp. 1357-1367. DOI: 10.1016/j.foodchem.2006.06.068

Millao, S., & Uquiche, E., 2016, ‘Antioxidant activity of supercritical extracts from Nannochloropsis gaditana:
Correlation with its content of carotenoids and tocopherols’. Journal of Supercritical Fluids, vol. 111, pp.
143-150. DOI: 10.1016/j.supflu.2016.02.002

Monteiro, M., Santos, R. A., Iglesias, P., Couto, A., Serra, C. R., Gouvinhas, I., Barros, A., Oliva-Teles, A., Enes,
P., & Diaz-Rosales, P., 2020, ‘Effect of extraction method and solvent system on the phenolic content and
antioxidant activity of selected macro- and microalgae extracts’. Journal of Applied Phycology, vol. 32, no.
1, pp. 349-362. DOI: 10.1007/s10811-019-01927-1

Nunes, M. C., Fernandes, I., Vasco, |., Sousa, |., & Raymundo, A., 2020, ‘Tetraselmis chuii as a sustainable
and healthy ingredient to produce gluten-free bread: Impact on structure, colour and bioactivity’. Foods, vol.
9, no. 579, pp. 1-15. DOI: 10.3390/foods9050579

Reyes, F. A., Mendiola, J. A., Ibafiez, E., del Valle, J. M. 2014. ‘Astaxanthin extraction from Haematococcus
pluvialis using CO2-expanded ethanol’, Journal of Supercritical Fluids, vol. 92, pp. 75-83. DOI:
10.1016/j.supflu.2014.05.013.

Scholz, M. J., Weiss, T. L., Jinkerson, R. E., Jing, J., Roth, R., Goodenough, U., Posewitz, M. C., & Gerken, H.
G., 2014, ‘Ultrastructure and composition of the Nannochloropsis gaditana cell wall’. Eukaryotic Cell, vol. 13
no. 11, pp. 1450-1464. DOI: 10.1128/EC.00183-14

Sanchez-Camargo, A. del P., Pleite, N., Mendiola, J. A., Cifuentes, A., Herrero, M., Gilbert-Lépez, B., & Ibafiez,
E., 2018, ‘Development of green extraction processes for Nannochloropsis gaditana biomass valorization’.
Electrophoresis, vol. 39, pp. 1875-1883. DOI: 10.1002/elps.201800122

SEMS (Sociedad Espafiola de Microalgas y Subproductos), Nannochloropsis
gaditana.https://www.seaweed.es/productos/nannochloropsis-gaditana/ (accessed January 25, 2022).





