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Comparison of aqueous extraction assisted by pulsed electric energy and ultrasonication: Efficiencies for different microalgal species

Keywords: Microalgae, Pulsed electrical fields, High voltage electrical discharges, Ultrasonication, Energy, Extraction selectivity

Aqueous extraction assisted by pulsed electric energy (PEE) and ultrasonication (US) were tested for three microalgal species (Nannochloropsis sp., Phaeodactylum tricornutum, Parachlorella kessleri). The PEE treatments were applied using pulsed electrical fields (PEF) and high voltage electrical discharges (HVED) modes. The extraction degrees of carbohydrates (Zc) and proteins (Zp) at different energy consumption (W) were analyzed. For all tested species, HVED proved to be the most effective technique for the extraction of carbohydrates in comparison with PEF and US. The observed differences in extraction of carbohydrates for three microalgal species can reflect different cell morphologies and structures. However, PEE treatments (HVED and PEF) were less effective than US for the extraction of proteins. The selectivity indexes, S (the value of S ≥1 reflects a higher efficiency of selective extraction of carbohydrates when compared with that of proteins), were smaller with the application of US treatment and were depended on the microalgal species. The data evidenced that appropriate physical treatments can be used to tune the desired selectivity of extraction.

Introduction

There is an increasing demand for sustainable food, feed, cosmetic, pharmaceutical and biofuel feedstocks as alternatives for traditional agricultural crops [START_REF] Postma | Energy efficient bead milling of microalgae: Effect of bead size on disintegration and release of proteins and carbohydrates[END_REF]. Microalgae have rapid growth rates and they can efficiently produce highly valued bio-molecules, over short periods of time by photosynthesis [START_REF] Khili | Characterization of Value Added Proteins and Lipids form Microalgae[END_REF]. They also have the ability to live in existing earth ecosystems, such as marine, freshwater (ponds, puddles, canals, and lakes) and terrestrial habitats [START_REF] Khili | Characterization of Value Added Proteins and Lipids form Microalgae[END_REF][START_REF] Mata | Microalgae for biodiesel production and other applications: a review[END_REF].

Microalgal biomass has been proven to be an important feedstock that was suitable for the production of proteins, sugars, dyes and other valuable bio-molecules, as well as lipids extraction for fuel purposes and biodiesel production [START_REF] Safi | Aqueous extraction of proteins from microalgae: effect of different cell disruption methods[END_REF]. These valuable bio-molecules are commonly located in the intracellular compartments, either in the cytoplasm, in internal organelles or bound to the cell wall of microalgae [START_REF] Postma | Energy efficient bead milling of microalgae: Effect of bead size on disintegration and release of proteins and carbohydrates[END_REF]. In most cases, microalgae have a rigid cell wall and complex intracellular structure (nucleus, chloroplast, mitochondria, Golgi apparatus, etc.) and each one of these organelles has a different composition and structure [START_REF] Eppink | Biorefinery of Microalgae: production of high value products, bulk chemicals and biofuels[END_REF]. To facilitate the extraction process, the cells need to be disintegrated [START_REF] Safi | Aqueous extraction of proteins from microalgae: effect of different cell disruption methods[END_REF]. The popular cell disruption techniques include chemical hydrolysis [START_REF] Sedighi | Enzymatic hydrolysis of microalgae proteins using serine proteases: A study to characterize kinetic parameters[END_REF][START_REF] Duongbia | Acidic hydrolysis performance and hydrolyzed lipid characterizations of wet Spirulina platensis, Biomass Convers[END_REF][START_REF] Lorenzo-Hernando | Recovery of proteins from biomass grown in pig manure microalgae-based treatment plants by alkaline hydrolysis and acidic precipitation[END_REF], applications of freeze/thaw cycles [START_REF] Abdollahi | Effect of stabilization method and freeze/thaw-aided precipitation on structural and functional properties of proteins recovered from brown seaweed (Saccharina latissima)[END_REF], high pressure [START_REF] Rivera | Mechanical cell disruption of Parachlorella kessleri microalgae: Impact on lipid fraction composition[END_REF][START_REF] Bernaerts | Evaluating microalgal cell disruption upon ultra high pressure homogenization[END_REF], bead milling [START_REF] Rivera | Mechanical cell disruption of Parachlorella kessleri microalgae: Impact on lipid fraction composition[END_REF][START_REF] Garcia | Understanding mild cell disintegration of microalgae in bead mills for the release of biomolecules[END_REF], ultrasonication (US) [START_REF] Skorupskaite | Microalgae Chlorella sp. cell disruption efficiency utilising ultrasonication and ultrahomogenisation methods[END_REF][START_REF] Zhang | Effect of ultrasonication, high pressure homogenization and their combination on efficiency of extraction of bio-molecules from microalgae Parachlorella kessleri[END_REF], microwaves [START_REF] Chew | Enhanced microalgal protein extraction and purification using sustainable microwave-assisted multiphase partitioning technique[END_REF]16] and pulsed electrical fields (PEF) [17][START_REF] Buchmann | Effect of nanosecond pulsed electric field treatment on cell proliferation of microalgae[END_REF][START_REF] Barba | New approaches for the use of non-conventional cell disruption technologies to extract potential food additives and nutraceuticals from microalgae[END_REF]. For example, the maximum total phenolic compounds and chlorophylls yields from Nannochloropsis sp. extracts obtained after US (400 W) treatments was about 5-fold and 9-fold higher compared to that found for the untreated samples and aqueous extraction (Parniakov et al., 2015a). Moreover, a increasing protein extraction rate was observed with increasing pulsed electric field strength, up to 96.6 ± 4.8% of the free protein in Chlorella vulgaris (SAG 211-12) [START_REF] Buchmann | Pulsed electric field based cyclic protein extraction of microalgae towards closed-loop biorefinery concepts[END_REF]. The combination of PEF and binary mixture of organic solvents and water allowed reaching of the high level of extraction pigments and non-degraded proteins from Nannochloropsis sp. [START_REF] Parniakov | Pulsed electric field assisted extraction of nutritionally valuable compounds from microalgae Nannochloropsis spp. using the binary mixture of organic solvents and water[END_REF]. Additionally, the PEF and US were also compared as pretreatment methods for extraction of proteins from Nannochloropsis sp. [START_REF] Parniakov | Pulsed electric field and pH assisted selective extraction of intracellular components from microalgae nannochloropsis[END_REF].

The results evidenced that PEF treatment allows selective extraction of a portion of pure proteins that are different from proteins extracted from US pretreated suspensions. However, the efficiency of these techniques can depend on the microalgal species. There are not a large number of studies conducted on the comparison of the disruption efficiencies for different algal species. The literature reviews only show one published work done to compare different techniques (grinding, ultrasonication, alkaline treatment, and high pressure homogenization)

to assist aqueous extraction of proteins from five microalgal species (Haematococcus pluvialis, Nannochloropsis oculata, Chlorella vulgaris, Porphyridium cruentum, and Arthrospira platensis) [START_REF] Safi | Aqueous extraction of proteins from microalgae: effect of different cell disruption methods[END_REF].

In this work, the aqueous extraction of proteins and carbohydrates assisted by pulsed electrical fields (PEF), high voltage electrical discharges (HVED), and ultrasonication (US) treatments from three different microalgae (Nannochloropsis sp., Phaeodactylum tricornutum (P. tricornutum), and Parachlorella kessleri (P. kessleri))

were compared. The tested species have different cell shapes, structures and intracellular contents. Microalgae Nannochloropsis sp., and P. tricornutum are the marina microorganisms, and P. kessleri is the freshwater microorganism. The cells of Nannochloropsis sp. are spherical or slightly ovoid (2-4 μm in diameter) , the cells of P. tricornutum are fusiform with a length of 20-30 μm and a diameter of 1-3 μm, and the cells of P. kessleri are near spherical (3-4 μm in diameter) [START_REF] Alhattab | Microalgae disruption techniques for product recovery: influence of cell wall composition[END_REF]. The Nannochloropsis sp. and P. kessleri cells have rigid cell walls mainly composed of cellulose and hemicelluloses [START_REF] Payne | Evaluation of diets for culture of the calanoid copepod Gladioferens imparipes[END_REF], and cells walls of P. tricornutum are very poor in silica and composed of different organic compounds, particularly sulfated glucomannan [START_REF] Francius | Nanostructure and nanomechanics of live Phaeodactylum tricornutum morphotypes[END_REF]. Depending on the cultivation conditions these species may have rather different contents of carbohydrates and proteins [START_REF] Alhattab | Microalgae disruption techniques for product recovery: influence of cell wall composition[END_REF]. This study also discusses the extraction efficiency relating it to the specific energy consumption for PEF, HVED, and US treatments, as well as the correlations between the extraction of carbohydrates and proteins.

Materials and methods

Microalgae

Microalgae Nannochloropsis sp., P. tricornutum and P. kessleri were provided by AlgoSolis (Saint-Nazaire, France). The details of the cultivation procedures were described previously for Nannochloropsis sp. [START_REF] Parniakov | Pulsed electric field and pH assisted selective extraction of intracellular components from microalgae nannochloropsis[END_REF], P. tricornutum [START_REF] Guihéneuf | Cloning and molecular characterization of a novel acyl-CoA: diacylglycerol acyltransferase 1-like gene (PtDGAT1) from the diatom Phaeodactylum tricornutum[END_REF] and P. kessleri [START_REF] Zhang | Effect of ultrasonication, high pressure homogenization and their combination on efficiency of extraction of bio-molecules from microalgae Parachlorella kessleri[END_REF]. The harvested biomasses were centrifuged and stored at -20 o C. The frozen microalgal pastes have moisture contents of ≈ 80% (Nannochloropsis sp.), ≈ 70% (P. tricornutum) and ≈ 82% (P. kessleri), respectively.

Chemicals

D-glucose, bovine serum albumin (BSA) standard were purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France). Bradford Dye Reagent was purchased from Thermo Fisher (Kandel, Germany). All other chemicals (sulfuric acid and phenol) with analytical grade were obtained from VWR (France).

Extraction procedures

The microalgal pastes were washed using deionized water. In the first washing, the biomass was diluted to 1% (w/v) dry matter (DM) (hereinafter %), agitated at 150 rpm for 10 min, and centrifuged for 10 min at 4600 g.

The supernatant was removed, and the washing procedures were repeated 2 times. It has been previously demonstrated that application of washing for three times allows effective removal of salts, proteins and carbohydrates captured on the surface of algal cells (Zhang et al., 2020). The sediments were collected and freeze-dried for 64 h at -20 °C using a MUT 002A pilot freeze-drier (Cryotec, France). Finally, 1% of suspensions (250 g) were prepared and treated using pulsed electric energy (PEF and HVED) or US techniques (physical treatments). The treated suspensions were centrifuged, and the supernatants were analyzed for the content of carbohydrates and proteins (Fig. 1.).

Physical treatments

The PEE and US treatments were applied as physical treatments.

Pulsed electric energy (PEE)

The PEE-assisted extraction was done using the PEF or HVED mode. The treatments were applied using a high voltage pulsed power 40 kV-10 kA generator (Basis, Saint-Quentin, France). The generator provided exponential-shaped pulses with a repetition rate of 0.5 Hz. For the PEF treatment, a 1-L cylindrical batch treatment chamber with two parallel plate electrodes was used. The distance between the electrodes was fixed at 2 cm to produce a PEF electric strength of E = 20 kV/cm. For the HVED treatment, a 1-L cylindrical batch treatment chamber with needle-plate geometry of electrode was used. The distance between the stainless steel needle and the grounded plate electrodes was fixed at 1 cm and the mean electric field strength was estimated as E = 40 kV/cm. The PEE treatments consisted in the application of n successive pulses (n = 1-800). The total treatment duration te was varied within 0.01-8 ms.

Disrupted microalgal suspension characteristics were measured between successive applications of the pulses or discharges.

Ultrasonication (US)

The US treatment was conducted using UP-400S ultrasound processor (Hielecher GmbH, Germany) at a constant frequency of 24 kHz. The ultrasound probe (diameter: 14 mm, length: 100 mm) was plunged into a beaker, containing the microalgal suspensions. The US duration, t, was varied within 1-880 s and the amplitude was fixed at 50%, which corresponded to the power, Pu = 200 W.

Specific energy consumption

For PEE-assisted extraction, the specific energy consumption, W (J/kg suspensions, hereinafter referred to as J/kg), was calculated using the following formula [START_REF] Yu | Pulsed electric field pretreatment of rapeseed green biomass (stems) to enhance pressing and extractives recovery[END_REF]:

W = (C × U 2 × n)/2m (1)
where C is the capacitance of the capacitor, U is the voltage of the generator, m is the mass of 1% suspension.

For US treatment, the specific energy consumption, W (J/kg), was calculated using the following formula [START_REF] Grimi | Selective extraction from microalgae Nannochloropsis sp. using different methods of cell disruption[END_REF]:

W = Pu × t/m ( 2 
)
where m is the mass 1% suspension.

The maximum energy consumptions for PEF, HVED and US treatments were chosen to be Wmax ≈ 704 kJ/kg suspensions. These energy consumptions, in absence of cooling for 1% suspensions, correspond to the temperature increase of ∆T ≈ Wmax/Cw ≈ 168 o C (here Cw = 4.186 J/(g o C) is the heat capacity of water). Therefore, the cooling procedures are important for both PEE and US treatments. In our experiments, during PEE and US treatments the samples were cooled in order to prevent significant heating, and ensure that the elevation of temperature does not exceeded 5 o C above room temperature.

Characterization

The suspensions were centrifuged using a MiniSpin Plus Rotor F-45-12-11 (Eppendorf, France) at 14,100 g for 10 min. The supernatants were collected and used for further characterization analysis. The analyses were based on colour reactions with reagents that were measured using a UV/VIS spectrophotometer Spectronic Genesys 20 (Thermo Electron Corporation, MA). All the characterization measurements were done at room temperature.

Analysis of carbohydrates

The content of carbohydrates, Cc, was measured using a phenol-sulfuric acid method [START_REF] Dubois | Colorimetric method for determination of sugars and related substances[END_REF]. In brief, 1 mL of supernatant (diluted if required) was mixed with 100 μL of phenol solution (5%, w/w) and 5 mL of concentrated sulfuric acid. The reaction mixture was kept at 20 °C for 20 min. The absorbance was measured at the wavelength λ = 490 nm. D-glucose was used as a standard.

Analysis of proteins

The content of proteins, Cp, was measured using the method of Bradford [START_REF] Bradford | A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding[END_REF]. In brief, 0.1 mL of supernatant was mixed with 1 mL of Bradford Dye Reagent. The mixture was vortexed for 10 s and kept for 5 min. The absorbance was measured at the wavelength λ = 595 nm. BSA was used as a standard.

Extraction indexes

Based on the measured values of Cc and Cp, the following carbohydrate and protein extraction indexes were defined:

Zc = (Cc -Cc i )/(Cc m -Cc i ), (3a) 
Zp = (Cp -Cp i )/(Cp m -Cp i ) , (3b) 
where the i and m refer to the initial and maximum values, respectively. The maximum contents Cc m and Cp m in raw microalgae (with washing, with freeze-drying) were measured according to the methods described by Phélippé et al. [START_REF] Phélippé | Characterization of the polysaccharides chemical diversity of the cyanobacteria Arthrospira platensis[END_REF]. Briefly, total carbohydrates content of samples was measured using a phenol-sulfuric acid method [START_REF] Dubois | Colorimetric method for determination of sugars and related substances[END_REF], and total protein content was evaluated using the bicinchoninic acid method (Bicinchoninic Acid Protein Assay Kit, BCA1, Sigma Aldrich).

Statistical analysis

Each experiment was repeated at least three times. Data are expressed as mean ± standard deviation. The error bars, presented on the figures, correspond to the standard deviations.

Results and discussion

A schematic representation of the extraction procedures is presented in The initial contents of carbohydrates and proteins correspond to the content of released components in 1% suspensions before physical treatments (Fig. 1) These contents can reflect a spontaneous cell lysis in distilled water [START_REF] Carullo | Effect of pulsed electric fields and high pressure homogenization on the aqueous extraction of intracellular compounds from the microalgae Chlorella vulgaris[END_REF] and they were rather small in all tested species (Cc i ≤ 17 mg/g DM and Cp i ≤ 10 mg/g DM) (Fig. 2).

Besides, the initial carbohydrates content, Cc i , was higher than proteins content, Cp i , for all the species. This can be explained by a certain amount of extracellular polysaccharides present in the cell walls of microalgae [START_REF] Zhang | Effect of ultrasonication, high pressure homogenization and their combination on efficiency of extraction of bio-molecules from microalgae Parachlorella kessleri[END_REF].

The maximum contents in raw microalgae (with washing, with freeze-drying) were measured according to the methods described by Phélippé et al. [START_REF] Phélippé | Characterization of the polysaccharides chemical diversity of the cyanobacteria Arthrospira platensis[END_REF]. These contents can be arranged in the order of P. kessleri > P.

tricornutum> Nannochloropsis sp. for the carbohydrates, and in the order of P. kessleri ≈ Nannochloropsis sp. > P. tricornutum for the proteins. The maximum contents of carbohydrates, Cc m , and proteins, Cp m , were obtained for P. kessleri.

The initial extraction efficiencies (before physical treatments) were rather different among the tested species. For example, for P. tricornutum, the values of Ic = 11.4% and Ip = 3.3% were higher than those obtained from Nannochloropsis sp. (Ic = 10.9%, Ip = 0.1%), and P. kessleri (Ic = 4.8%, Ip = 1.4%). These observations can reflect either the differences in the cell wall structure of all the tested species or the residue degree of biomolecules on the cell walls after the washing procedure.

The extraction kinetics of carbohydrates and proteins were represented as carbohydrates extraction index, Zc (Eq. 3a), and proteins extraction index, Zp (Eq. 3b), versus the specific energy consumptions, W, for PEF, HVED and US treatments. In general, the PEF treatment was less effective for extraction of carbohydrates and proteins for all microalgal species when compared with the HVED or US treatments. This can reflect the weakness of the electroporation mechanism itself for the extraction of these bio-molecules from microalgal cells with rigid walls.

For the extraction of carbohydrates (Fig. 4a), the HVED treatment was more efficient than the US treatment. For all the tested species, we have observed that Zc(HVED)>Zc(US) at the equivalent applied energy.

This effect can be attributed to the partial fragmentation of cell walls, the release of cell-wall-linked polysaccharides, and the enhanced diffusion of carbohydrate bio-molecules from the interior to the exterior of the cells [START_REF] Boussetta | A study of mechanisms involved during the extraction of polyphenols from grape seeds by pulsed electrical discharges[END_REF][START_REF] Zhang | Application of high-voltage electrical discharges and high-pressure homogenization for recovery of intracellular compounds from microalgae Parachlorella kessleri[END_REF]. The enhanced mass transfer phenomena induced by HVED can also reflect the highly turbulent conditions that accelerate the convection of intracellular components from particles to the surrounding medium [START_REF] Boussetta | Pulsed electrical discharges: principles and application to extraction of biocompounds[END_REF][START_REF] Barba | Effect of alternative physical treatments (ultrasounds, pulsed electric fields, and high-voltage electrical discharges) on selective recovery of biocompounds from fermented grape pomace[END_REF].

More complicated correlations of Zp(PEE) vs Zp(US) were observed for the extraction of proteins (Fig. 4b).

These dependencies were significantly non-linear. For Nannochloropsis sp. and P. tricornutum, the most tricornutum cell is known to be fusiform with a length of 20-30 μm and a diameter of 1-3 μm. The P. kessleri can accumulate significant amounts carbohydrates in the form of starch granules [START_REF] Takeshita | Starch and lipid accumulation in eight strains of six Chlorella species under comparatively high light intensity and aeration culture[END_REF], which are hardly soluble.

However, in Nannochloropsis sp., a starch synthesis pathway is absent, hence it is not able to accumulate starch [START_REF] Liu | Triacylglycerol profiling of microalgae Chlamydomonas reinhardtii and Nannochloropsis oceanica[END_REF]. The microalgal proteins can be also located in different parts of the cells [START_REF] Safi | Understanding the effect of cell disruption methods on the diffusion of Chlorella vulgaris proteins and pigments in the aqueous phase[END_REF]. The protein release directly correlates with the degree of cell disintegration [START_REF] Postma | Energy efficient bead milling of microalgae: Effect of bead size on disintegration and release of proteins and carbohydrates[END_REF]. For example, PEE treatments were effective for the release of water-soluble proteins from cytoplasm or from the inside of weak organelles, but a more complete extraction of proteins required the application of US, bead milling or high pressure homogenization [START_REF] Pataro | Effect of PEF treatment on extraction of valuable compounds from microalgae C. vulgaris[END_REF].

The extraction levels of carbohydrates and proteins for Nannochloropsis sp., P. tricornutum and P. kessleri are compared in Table 1. The final extraction efficiency (after physical treatments PEE and US at the same maximum energy consumptions, Wmax ≈ 704 kJ/kg) was characterized by the ratio F = C/C m (Fc = Cc/Cc m and Fp = Cp/Cp m for carbohydrates and proteins, respectively). The investigated microalgal species accumulated more proteins than carbohydrates. The highest extraction efficiency of carbohydrates (≈ 44% using the HVED treatment) was obtained for Nannochloropsis sp., while the highest extraction efficiency of proteins (≈ 11% using the US treatment) was obtained for P. tricornutum.

For characterization of relative selectivity of carbohydrate and protein extraction, the selectivity index, S = Fc/Fp, was used. For non-selective extraction, the value of S = 1 is expected. The analysis of selectivity was useful for the estimation of the purity of the extracted species, and it has been demonstrated that bead milling is selective towards proteins regardless of the tested species [START_REF] Postma | Energy efficient bead milling of microalgae: Effect of bead size on disintegration and release of proteins and carbohydrates[END_REF][START_REF] Schwenzfeier | Effect of charged polysaccharides on the techno-functional properties of fractions obtained from algae soluble protein isolate[END_REF].

In our case, for all treatments and all microalgal species, the values of S were higher than 1. It reflects the higher efficiency of selective extraction of carbohydrates as compare with proteins. The selectivity indexes were smaller with the application of US treatment (S = 2.1-2.9) as compared with PEE treatments (S = 4.8-13.7). This means that the smallest selectivity was obtained for extraction assisted with US. The highest selectivity indexes were observed with application of HVED for Nannochloropsis sp. (S ≈ 13.7) and P. tricornutum (S ≈ 7.1), and with the application of PEF for P. kessleri (S ≈ 6.2). Therefore, for carbohydrates' selective release, the relatively mild cell disruption technique is required. However, for the maximum release of bio-molecules (including the small-and large sized), more intensive disruption techniques are required. Therefore, physical treatment can be chosen in function of the desired selectivity of extraction of bio-molecules.

Conclusions

This work highlight the aqueous extraction of carbohydrates (relatively small molecules) and proteins (larger molecules) assisted by PEE (PEF or HVED) and US techniques. The results showed that extraction efficiency of target molecules depends on both the applied physical treatments and kind of microalgal species. In general, the smallest efficiency was observed for the PEF treatment. However, the smallest selectivity indexes, S (the value of S reflects the relative selectivity of carbohydrate extraction in comparison with proteins) were obtained for US treatment. The values of S depend on the microalgal species. It can be speculated that the highest selectivity with large values of S can be obtained using the mild PEE techniques (PEF, or HVED).

However, maximum output of all bio-molecules requires the application of more intensive disruption techniques and they can result in a smaller selectivity. Therefore, the appropriate physical treatments could be used to tune the desired selectivity of extraction. 

Figure captions

Fig 1 .

 1 Fig. 2 presents the initial, Cc i , and maximum contents, Cc m , of carbohydrates (a), and the initial, Cp i , and maximum contents, Cp m , of proteins (b), for Nannochloropsis sp., P. tricornutum and P. kessleri. The initial extraction efficiency (before physical treatments) was characterized by the ratio I = C i /C m (Ic = Cc i /Cc m and Ip = Cp i /Cp m for carbohydrates and proteins, respectively).
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 3 illustrates these dependencies for Nannochloropsis sp. (a), P. tricornutum (b) and P. kessleri (c). The values of Zc and Zp continuously increased with the increase of W, and even at a maximal energy consumption level (in this work Wmax ≈ 704 kJ/kg), some values of Zc or Zp were still far from the saturated values. At the fixed values of W, the levels Zc and Zp can be used for comparing the efficiency of different applied physical treatments. Therefore, for a better understanding of the extraction efficiencies, the correlations between extraction indexes obtained for the same levels of energy consumptions, W, using PEE treatments, Z(PEE), and US treatment, Z(US), were analyzed. Fig. 4 shows these correlations of carbohydrates extraction index, Zc, (a), and proteins extraction index, Zp, (b) between PEE (HVED: solid lines, filled symbols; PEF: dashed lines, open symbols) and US treatments. The correlations with Z(PEE) = Z(US) (gray dashed lines in Fig. 4) correspond to the equivalence of the extraction efficiencies for PEE and US treatments.

  efficient technique was US treatment, and HVED treatment resulted in a better extraction in comparison with PEF. Better extraction was observed for Nannochloropsis sp. in comparison with P. tricornutum. For P. kessleri at a small value of Zp ≤ 0.02, the most efficient technique was HVED treatment, but at larger extraction levels (Zp > 0.02), the extraction efficiencies were arranged in the ascending order of US > HVED > PEF. The better functionality of US for extraction of proteins can reflect the formation of cavitation bubbles, their collapse on the cell surface, inside the cell walls, and in the cytoplasm, induced damage of cells and the phenomena of microstreaming. Additionally, US can produce small cavities in cell walls and organelles (e.g. chloroplast), allowing some proteins in the form of water-soluble pigment-protein complexes to penetrate through the cell membrane[START_REF] Safi | Understanding the effect of cell disruption methods on the diffusion of Chlorella vulgaris proteins and pigments in the aqueous phase[END_REF].Therefore, the different correlations observed for carbohydrates and proteins can reflect the different extraction mechanisms of these bio-molecules from microalgae. The disintegration of microalgal cells, breakage of organelles and internal structures to release water-soluble bio-molecules can depend on the mechanisms of cell disruption processes and location of bio-molecules in different parts of the cells, including cell wall, cytoplasm, chloroplast and all the organelles inside the barrier of the cell wall. The differences in release for microalgal species can reflect the variations of natural cell sizes, morphology and different places of accumulation of bio-molecules inside the cells. For example, Nannochloropsis sp. and P. kessleri exhibit several structural similarities, including cell size (≈ 2-4 µm in average diameter) and shape (spherical). Yet, P.
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 1 Fig. 1. Schematic presentation of extraction procedures.
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 3 Fig. 3. Extraction indexes of carbohydrates, Zc, and proteins, Zp, versus specific energy consumption, W, after
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 4 Fig. 4. Correlation of carbohydrates extraction index, Zc, (a), or proteins extraction index, Zp, (b) between pulsed
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Table 1

 1 Overview of the final extraction efficiency (after physical treatments (pulsed electric energy (PEE) and ultrasonication (US)) at the same maximum energy consumptions, Wmax ≈ 704 kJ/kg) of carbohydrates, Fc = Cc/Cc m , and proteins, Fp = Cp/Cp m , and selectivity index, S = Fc/Fp, for Nannochloropsis sp., Phaeodactylum tricornutum (P. tricornutum), and Parachlorella kessleri (P. kessleri). The maximum contents of carbohydrates and proteins, C m , in raw microalgae were determined according to the methods described by Phélippé et al.[START_REF] Phélippé | Characterization of the polysaccharides chemical diversity of the cyanobacteria Arthrospira platensis[END_REF]. Data were presented as means (n = 3) ± the standard deviation.
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