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Introduction

Microalgae have recently emerged as a potential biomass feedstock due to their capability of producing compounds of great economic value, including antioxidants, dyes, sterols, proteins, phycocolloids, amino acids, polyunsaturated fatty acids, and vitamins [START_REF] Irshad | One-pot, simultaneous cell wall disruption and complete extraction of astaxanthin from Haematococcus pluvialis at room temperature[END_REF]. For example, the microalgal biomass can contain high levels of lipids (up to 75 wt%) and it has been considered as a most promising feedstock to produce biodiesel (Herna ńdez-Pe ŕez, Sa ńchez-Tuira ń, Ojeda, [START_REF] Herna Ńdez-Pe Ŕez | Optimization of Microalgae-to-Biodiesel Production Process Using a Metaheuristic Technique[END_REF][START_REF] Veillette | Esterification of free fatty acids with methanol to biodiesel using heterogeneous catalysts: From model acid oil to microalgae lipids[END_REF]. The microalgal proteins can be used instead of conventional food supplements due to their nutritional values and amino acid profiles [START_REF] Becker | Micro-algae as a source of protein[END_REF], and polysaccharides can be hydrolyzed to reduced sugars which have potential application in the production of bioethanol [START_REF] Fu | Hydrolysis of microalgae cell walls for production of reducing sugar and lipid extraction[END_REF].

The microalga Phaeodactylum tricornutum (P. tricornutum), a typical unicellular diatom, was found throughout marine and freshwater environments [START_REF] Xu | Free cadmium ions released from CdTe-based nanoparticles and their cytotoxicity on Phaeodactylum tricornutum[END_REF]. P. tricornutum is also the only species of microalgae that can exist in three morphotypes (fusiform, triradiate, and oval) [START_REF] Flori | Ultrastructure of the periplastidial compartment of the diatom Phaeodactylum tricornutum[END_REF]. It contains 36.4% of crude protein, 26.1% of available carbohydrates, 18% of lipids on a dry weight basis (Rebolloso-Fuentes, Navarro-Pérez, [START_REF] Rebolloso-Fuentes | Biomass nutrient profiles of the microalga Phaeodactylum tricornutum[END_REF].

For the recovery of microalgal bio-molecules, the wet extraction (with no preliminary drying) is the most adopted and low-energy demand strategy, and it starts with the carbohydrates and proteins release in the aqueous phase [START_REF] Orr | Disruption and wet extraction of the microalgae Chlorella vulgaris using room-temperature ionic liquids[END_REF][START_REF] Zinkoné | Bead milling disruption kinetics of microalgae: Process modeling, optimization and application to biomolecules recovery from Chlorella sorokiniana[END_REF]. In this line, the selective extraction of different bio-molecules is highly influenced by the method used for their release from the cells [START_REF] Angles | Wet lipid extraction from the microalga Nannochloropsis sp.: Disruption, physiological effects and solvent screening[END_REF]. Therefore, cell disruption is a crucial pretreatment step in the biorefinery process.

Recently, some attention has been focused on applications of physical pretreatment methods (such as high pressure homogenization (HPH), ultrasound, microwave, pulsed electric fields (PEF), and high voltage electrical discharges (HVED)) for the selective extraction of bio-molecules from different microalgae species ('t [START_REF] Lam | Mild and selective protein release of cell wall deficient microalgae with pulsed electric field[END_REF]Parniakov, Barba, et al., 2015;[START_REF] Zhang | Emerging techniques for extraction of bio-molecules from microalgae Nannochloropsis sp[END_REF].

Comparison of disruption effectiveness of different microalgae by HPH and HVED treatments is presented in Supplementary materials (Table S1). Particularly, the HPH treatment has great potential for a recovery of pigments and high molecular weight proteins [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 HPH followed with with chloroform: methanol (2 : 1, v/v) extraction was applied to release a good quality lipids of microalgae Scenedesmus sp. useful for biodiesel production [START_REF] Cho | Enhancement of lipid extraction from marine microalga, Scenedesmus associated with high-pressure homogenization process[END_REF].

In addition, using green solvents [START_REF] Chemat | Green extraction of natural products: concept and principles[END_REF] or multistage extraction [START_REF] Zhu | Enzyme-assisted extraction of polyphenol from edible lotus (Nelumbo nucifera) rhizome knot: Ultra-filtration performance and HPLC-MS2 profile[END_REF] allowed reducing the amount of toxic solvents, increasing the extraction efficiency, and reducing the energy consumption. These approaches correspond to the "green extraction concept" [START_REF] Chemat | Ultrasound assisted extraction of food and natural products. Mechanisms, techniques, combinations, protocols and applications. A review[END_REF]. The several research groups [START_REF] Gnapowski | Effects of pulse power discharges in water on algae treatment[END_REF][START_REF] Grimi | Selective extraction from microalgae Nannochloropsis sp. using different methods of cell disruption[END_REF] have also reported that application of HVED treatment was suitable for selective extraction in a biorefinery process. It allows effective recovery of low molecular weight components from microalgae such as water soluble intracellular ions, vitamins, carbohydrate, bio-active acids (folic, pantothenic, nicotinic), microelements (Ca, K, Na, Mg, Zn, Fe, etc.), and other micro-and macronutrients) [START_REF] Zhang | Emerging techniques for extraction of bio-molecules from microalgae Nannochloropsis sp[END_REF]. Commonly, the HPH treatment results in non-selective release of the intracellular molecules, it requires high energy consumption, and can cause degradation of bio-molecules and production of high amount of cell debris [START_REF] Zhang | Emerging techniques for extraction of bio-molecules from microalgae Nannochloropsis sp[END_REF]. The HVED treatment is more "gentle", and it can assist partial release of weakly bounded biomolecules, but it may be less effective for extraction of some intracellular components. Therefore, in order to become economically feasible the HPH and HVED assisted extraction techniques should be designed and rethought in an integrative way together with simplified downstream processes.

The valorization of microalgal biomass can be improved by using the physical pretreatment in a multistage extraction processes. The multistage extraction processes can include the application of physical treatment in combination of aqueous and non-aqueous extractions. The previously discussed two-step procedures included PEF pre-treatment step before pH-assisted aqueous extraction of intracellular molecules from Nannochloropsis (Parniakov et al., 2015) and application of high pressure disruption in a two-step treatment for selective extraction of intracellular components from the microalga Porphyridium cruentum [START_REF] Jubeau | High pressure disruption: a two-step treatment for selective extraction of intracellular components from the microalga Porphyridium cruentum[END_REF]. However, at present time the available information about application of selective multistage extraction of bio-molecules from microalgae is still scarce. The objective of the present study was to investigate the efficiency of HVED-pretreatment on the selective recovery of bio-molecules from P. tricornutum during a multi-step extraction process.

The efficiency of recovery of ionic components, proteins, carbohydrates, pigments and lipids at different stages of extraction procedures were estimated. The results were compared to the pretreatment with HPH.

Materials and methods

Microalgae

The microalga P. tricornutum used throughout this study were provided by Algosource Saint-Nazaire, France. The cells have approximately fusiform (a spindle-like) shape. The samples were obtained as frozen algae pastes (≈ 68.6 ± 0.7% moisture content) and stored at -20 °C until use. The pastes were first thawed at ambient temperature and then diluted with deionized water in order to prepare 1% dry matter (hereinafter %) suspensions. Untreated suspension (U samples) was used in control experiments. The 2 nd step included aqueous extraction from HVED, P and U samples for 1 h. After this step, the characterization analysis of ionic components, proteins, carbohydrates and water-soluble pigments were done.

Four steps extraction procedures

The non-aqueous extraction included 3 rd and 4 th step extraction from sediments obtained after 2 nd step. The 3 rd step was done using ethanol (EtOH, 95%, v/v) (extraction of pigments) and the 4 th step was done using chloroform/methanol (CHCl3: MeOH) mixture (2/1: v/v) (extraction of lipids). After non-aqueous extraction, the contents of pigments (3 rd step) and total lipids (4 th step) were determined.

The optimal parameters of treatment and extraction procedures have been selected using the previously published data on different microalgal species (for a review, see [START_REF] Vorobiev | Processing of Foods and Biomass Feedstocks by Pulsed Electric Energy[END_REF][START_REF] Zhang | Emerging techniques for extraction of bio-molecules from microalgae Nannochloropsis sp[END_REF]) and according to the preliminary performed estimations and tests.

Physical pre-treatment (1 st step)

HVED treatment involved a treatment of 500 g of suspension (1% dry matter). A high voltage pulsed power 40 kV-10 kA generator (Basis, Saint-Quentin, France) was used. The treatment was performed in a one-liter cylindrical batch treatment chamber with an electrode of needle-plate geometry.

The voltage peak amplitude was fixed at 40 kV. The distance between the stainless steel needle and the grounded plate was fixed to 1 cm. HVED treatment comprised the application of n successive pulses (n = 1-800), and a pulse repetition rate of 1 Hz, and a 1-3 min pause was applied after each 200 pulses to cool the sample in ice bath in order to avoid significant elevation of temperature. The total time of electrical treatment (tHVED) varied from 0.01 to 8 ms. The initial temperature of suspensions before HVED procedure was 22 °C and the temperature elevation after HVED treatment never exceeded 40 °C.

For HPH treatment (P procedure), a high pressure homogenizer GEA Niro Soavi PandaPlus 2000 (GEA Niro Soavi SpA, Parma, Italy) was used. In this work, 500 g of untreated suspensions (1% dry matter) were passed through the homogenizer. In all experiments, the HPH treatment at 1200 bar, 10 passes allowed obtaining the maximum disruption. The treatment at larger pressure can result in significant temperature induced degradation of the product during the one pass. In order to prevent excessive heating, the suspensions were maintained at 22 °C by a cooling system for the next pass through the homogenizer and following characterization.

Aqueous extraction (2 nd step)

After pre-treatment processing (1 st step), U, HVED and P samples were immediately used for aqueous extraction (WE, 2 nd step) for 1 h under stirring at 150 rpm (≈ 22 ℃) to allow the water-soluble components to diffuse out of cells. The diffusion experiments were done in 1% aqueous suspensions.

After diffusion, the suspensions were centrifuged using a Sigma 3-16 instrument (Fisher Scientific, Illkirch, France) at 3600×g for separation of supernatants and sediments.

Non-aqueous extraction (3 rd and 4 th steps)

For EtOH extraction (EE, 3 rd step) procedure, the collected microalgal sediments was mixed with 95% EtOH for 500 s under stirring at 150 rpm, and solid liquid ratio was 1:20. The concentrated EtOH was accepted as the best solvent to maximize pigments extraction [START_REF] Kim | A potential commercial source of fucoxanthin extracted from the microalga Phaeodactylum tricornutum[END_REF]. After the EE procedure, microalgal sediments were re-collected by centrifugation and dried until reach a constant solid mass for further lipids analysis. Drying experiment was carried out in a vacuum chamber (Cole-Parmer, USA) connected with a vacuum pump (Rietschle, Germany). The pressure of chamber was maintained at 30 kPa and the drying temperature was fixed at 50 °C.

For lipids extraction (LE, 4 th step) procedure, the lipids content of dried sediments was determined by the method of "whole cell analysis" (WCA) as described by [START_REF] Van Vooren | Investigation of fatty acids accumulation in Nannochloropsis oculata for biodiesel application[END_REF]. Briefly, in order to prevent oxidation of lipids, the dried sediments (≈ 0.5 g) were first mixed with 20 μL of distilled water and 10 μL of butylated hydroxytoluene (20 μg/uL) in clean vials. The 6 mL of a CHCl3: MeOH mixture (2:1, v/v) was added in the sample by three times. Vials were maintained 6 h in the dark and under slow agitation [START_REF] Van Vooren | Investigation of fatty acids accumulation in Nannochloropsis oculata for biodiesel application[END_REF].

Characterization

Optical microscopy images of microalgae cells after different treatments were obtained at 40 folds magnification using a VisiScope light microscope (VWR, Italy) (The optical microscopy images presented in Fig. S1 in Supplementary materials). All spectra were measured by a UV/vis spectrophotometer (Thermo Electron Corporation, MA).

Ionic components

The release extent of ionic components was estimated by the measurements of the electrical conductivity, σ, of the suspensions after and before the treatment. The electrical conductivity was always measured by a conductivity meter InoLab pH/cond Level 1 (WTW, Weilheim, Germany) at 22°C.

Analyses of supernatant

The 2 mL of suspensions were centrifuged using a mySPIN6 Mini Centrifuge (Thermo Fisher Scientific, China) at 2000×g for 10 min and the supernatants were collected (Fig. 1).

The content of carbohydrates, Cc, was tested using a phenol-sulfuric acid method [START_REF] Dubois | Colorimetric method for determination of sugars and related substances[END_REF]. In brief, the color reaction was initiated by mixing 1 mL of appropriately diluted supernatants with 100 μL of 5% phenol solution and 5 mL of concentrated sulfuric acid (Sigma-Aldrich, France). The incubation was kept at 20 °C for 20 min. Absorbance was measured at 490 nm. D-glucose (Sigma-Aldrich, France) was used as a standard. The results were expressed as mg of glucose equivalent per gram of dry microalgae (mg glucose/g DM).

The content of proteins, Cp, was determined by means of 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].

Briefly, 100 μL supernatants (diluted if required) were mixed with 1 mL of Bradford Dye Reagent (Thermo Fisher, Kandel, Germany) on the Vortex for 10 s. After incubation at ambient temperature for 5 min, absorbance was measured at 595 nm. Bovine serum albumin (BSA) (Sigma-Aldrich, France) was used for the calibration curve. The results were expressed as mg of BSA equivalent per gram of dry microalgae (mg BSA/g DM).

Absorption spectra of supernatants (diluted if required) obtained from different procedures was measured in the wavelength range of 300-900 nm against the blank (with the precision of ± 1 nm) (The UV absorption spectra of pigments obtained after aqueous (1 st step) and non-aqueous extraction (3 rd step) presented in Fig. S2 in Supplementary materials).

Lipid analyses

After 6h of lipids extraction, organic and aqueous phases were separated and the solvent of the extracts was evaporated under N2 flux. 1 mL of CHCl3: MeOH (2:1, v/v) mixture was then added and stored at -20 °C until analysis. All lipids extracted from sediments were analyzed using gas chromatography-flame ionization detector (GC-FID) (Agilent Technologies Inc., Santa Clara, CA) after a transesterification step to obtain fatty acid methyl ester. More details can be found in [START_REF] Van Vooren | Investigation of fatty acids accumulation in Nannochloropsis oculata for biodiesel application[END_REF]. The content of lipids, Cl, was expressed as mg of lipids per gram of dry microalgae (mg/g DM).

Statistical analysis

Each experiment was repeated three times. Data are expressed as mean ± standard deviations. The error bars, presented on the figures, correspond to the standard deviations. One-way analysis of variance was used for statistical analysis of the data with the help of OriginPro 8.0. A probability value (p value) of < 0.05 was considered statistically significant.

Results and discussion

Fig. 2 presents ratio of electrical conductivities of suspensions after and before treatments, σ/σ0, (a), the contents of carbohydrates, Cc, (b) and proteins, Cp, (c) of supernatants. The data are presented for U, HVED (tHVED = 1-8 ms) and P samples without WE (1 st step) and with WE (2 nd step).

The obtained data shows that for U samples only a small number of extracellular components presented on the cell walls (σ0 = 2.69 ± 0.01 mS/cm, Cc = 11.39 ± 0.02 mg/g and Cp = 7.9 ± 0.87 mg/g) can be released by spontaneous cell lysis [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]. The application of physical pre-treatments (HVED (tHVED = 1-8 ms) and HPH) can significantly increase of the value of σ/σ0, Cc and Cp compared to U samples (p < 0.05). For the HVED pre-treatment, the value of σ/σ0, Cc and Cp increased with the increase of tHVED, and the maximum values were obtained by using the longest applied treatment time, tHVED = 8 ms.

For P samples, the value of σ/σ0 was lower than that obtained for HVED samples at tHVED ≥ 2 ms (Fig. 2a). This observation is in the line to those reported by Zhang et al. [START_REF] Zhang | Application of high-voltage electrical discharges and high-pressure homogenization for recovery of intracellular compounds from microalgae Parachlorella kessleri[END_REF], for the release of ionic components from microalga Parachlorella kessleri. However, the better efficiency in recovery of carbohydrates and proteins was observed for P samples as compared for HVED samples.

For example, for P samples, the ≈ 1.5-fold increase in carbohydrates content (Fig. 2b) and ≈ 2.5-fold increase in proteins content (Fig. 2c) were achieved for both the 1 st and 2 nd steps. Moreover, the extraction of ionic components and carbohydrates was more efficient in the 1 st step as compared with the 2 nd step (Fig. 2a andb). However, the extraction of proteins was not very efficient for the HVED samples. It can reflect the relatively mild nature of disruptions of microalgal cells caused by HVED as compared with HPH. HVED treatment can partially release of the proteins present in cytoplasm or inside weak organelles of microalgae. The complete extraction proteins require more intensive cell disintegration methods like HPH or bead milling [START_REF] Pataro | Effect of PEF treatment on extraction of valuable compounds from microalgae C. vulgaris[END_REF]. Here, A0 is the absorbance measured in absence of HVED pre-treatment (at tHVED = 0 ms), and the data are presented for samples without WE (1 st step) and with WE (2 nd step). The observed changes of A/A0 at λv = 415 nm (carotenoids) and λr = 665 nm (chlorophylls) were rather similar, but they were more pronounced at λr = 665 nm. Moreover, the maximum value of A/A0 was observed at tHVED = 2 ms. This effect can be attributed to the temperature increase during the long HVED treatment time (up to 40 °C at tHVED = 8 ms) and possible degradation of some pigments [START_REF] Barba | Potential use of pulsed electric technologies and ultrasounds to improve the recovery of high-added value compounds from blackberries[END_REF][START_REF] Parniakov | Ultrasound-assisted green solvent extraction of high-added value compounds from microalgae Nannochloropsis spp[END_REF].

Even the more effective extraction of pigments in aqueous phase was observed for P samples. For example, for P samples, the values A/Ao = 44.9 ± 0.56 (415 nm) and A/Ao = 46.6 ± 0.23 (655 nm) (1 st step), and A/Ao = 44.3 ± 0.27 (415 nm) and A/Ao = 47.8 ± 0.31 (655 nm) (2 nd step) was obtained. That's correspond to the ≈ 5-fold increase of carotenoids content and ≈ 3-fold increase of chlorophylls content compared to the HVED samples (tHVED = 2 ms). This results are in correspondence with previously reported data on the release of pigments using the HPH [START_REF] Grimi | Selective extraction from microalgae Nannochloropsis sp. using different methods of cell disruption[END_REF] and bead milling [START_REF] Postma | Mild disintegration of the green microalgae Chlorella vulgaris using bead milling[END_REF]. However, for HPH assisted extraction of pigments was more energy-effective and as compared with HVED. For example, application of HPH at ≈ 64 kJ/g dry matter allowed releasing more pigments in the aqueous phase as compared with application of HVED at energy of ≈ 70 kJ/g dry matter [START_REF] Zhang | Application of high-voltage electrical discharges and high-pressure homogenization for recovery of intracellular compounds from microalgae Parachlorella kessleri[END_REF]. Therefore, the applied treatment for assistance of extraction should be optimized accounting for the required selectivity of the target molecules and energy consumptions.

Additionally, WE procedure applied in the 2 nd step allowed supplementary release of some quantity of pigments (Fig. 3).

In fact, the extracted pigments (carotenoids and chlorophylls) are poorly soluble in water, but they can present in water in the form of pigment-macromolecular water-soluble complexes (Zhang et al., 2019a). For further recovery of pigments in cells, the green solvent EtOH was used. Fig. 4a presents example of ratio of absorbance, A/A0, of supernatants versus the extraction time, te, during the 3 rd step of extraction. Here, A0 is the absorbance measured at te = 0 s. The kinetic curves of carotenoids (430 nm) and chlorophylls (660 nm) were rather similar, the values of A/Ao increased with the increase of te, and reached equilibrium at te ≈ 500 s. For HVED (tHVED = 4 ms) sample, the EE extraction allowed up to the ≈ 2-fold increase of pigments content (Fig. 4a). Note that the extraction was more efficient for carotenoids. The differences between extraction of carotenoids and chlorophylls in EtOH (3 rd step) can reflect the different release of these pigments at the previous aqueous extraction step (2 nd step).

Moreover, the EtOH extraction efficiency of pigments was significantly higher for HVED (tHVED = 4 ms) samples than for P samples. For example, for chlorophylls (660 nm) after te = 500 s of extraction the values of A/A0 ≈ 2.04 and A/A0 ≈ 1.17 were obtained for HVED (tHVED = 4 ms) and P samples. The corresponding content of chlorophyll a (λr = 660 nm), Cchl a, were calculated using calibration curve for chlorophyll a (#C5753, Sigma-Aldrich, France) (See, Supplementary materials Fig. S3).

Fig. 4b

presents ratio of absorbance, A/A0, obtained at te = 500 s versus the HVED treatment time, tHVED, (3 rd step). Here, A is absorbance of samples obtained after te = 500 s. The value of A/A0 obtained for P samples are also shown (dashed lines). The highest values of A/A0 were obtained for HVED (tHVED = 8 ms) samples. The values of A/A0 obtained for U (tHVED = 0 ms) and HVED (tHVED = 1 ms) samples were comparable, but the value of A/A0 continuously increased at tHVED ≥ 2 ms. For both the carotenoids (430 nm) and chlorophylls (660 nm), the values of A/A0 were significantly higher for HVED samples as compare with P samples. For example, for HVED (tHVED = 8 ms) samples, the values of A/A0 ≈ 2.49 (430 nm) and A/A0 ≈ 2.27 (660 nm) were almost ≈ 2-fold higher than those for P samples.

The small efficiency of P procedure at 3 rd step can be explained by the following reasons. The application of HPH pretreatment leads to the intensive generation of cell debris and allowed good recovery of proteins into the aqueous phase. It can be speculated that losses of pigments before EtOH extraction (3 rd step) is related with good adsorption affinity of pigment to the cell debris and formation of pigment-proteins complexes during the aqueous extraction step (Zhang et al., 2019a). These parts of pigment content can be removed from supernatant as a result of centrifugation after the 2 nd step.

At the 4 th step, the supplementary extraction of lipids from U, HVED (tHVED = 8 ms) and P samples was studied using the CHCl3/MeOH mixture of solvents. For determination of total (initial) content of lipids in biomass, the washed biomass was used. The washing procedure: the biomass was diluted to 1%, agitated at 150 rpm for 10 min, and centrifuged for 10 min at 4600 g. Then supernatant was removed and the washing procedure was repeated 3 times. Finally, the sediment was separated and freeze-drying lyophilisation was applied for 64 h at -20 °C using a MUT 002A pilot freeze-drier (Cryotec, France). In this condition, the total content of lipids in biomass was 39 ± 1.2 mg/g DM. Fig. 5 compares the lipids content, Cl, in sediment obtained at 4 th step of extraction for U, HVED (tHVED = 8 ms), and P samples. The values of Cl decreased at 4 th step for all the samples and they were significantly smaller as compared with total content of lipids in the biomass. Obtained data allowed concluding that the prior applications of 1 st , 2 nd and 3 rd steps may results in loss of some quantity of lipids from the biomass.

The recovery of lipids was the smallest for the P samples where the lipids content decreased up to Cl ≈ 8 ± 0.5 mg/g DM. It demonstrated the presence of significant losses of lipids for P samples prior the extraction in the CHCl3/MeOH mixture of solvents. Moreover, for the P samples, the extraction of lipids during the 3 rd step (EE procedure) may be also important. For example, the results of the study of the effects of different solvent on extraction of lipids from microalga Choricystis minor var. minor. evidenced about the similar extraction yields in EtOH (30.5%) and CHCl3/MeOH mixture (30.9%) [START_REF] Da Cruz Lima | Choricystis minor var. minor lipids: Extraction using conventional and pressurized solvents and assessment of their potential to produce fatty acid methyl esters[END_REF].

Fig. 6 presents correlations between extraction efficiencies of different components obtained

during different extraction steps for U, HVED and P samples. For the 2 nd step, the direct proportionality between content of carbohydrates, Cc, and proteins, Cp, was observed (Fig. 6a). This is in line with the existing data on efficiency of HPH and HVED assisted extraction of bio-molecules from microalgae (for a review, see [START_REF] Vorobiev | Processing of Foods and Biomass Feedstocks by Pulsed Electric Energy[END_REF][START_REF] Zhang | Emerging techniques for extraction of bio-molecules from microalgae Nannochloropsis sp[END_REF]. The amount of lipids, Cl, extracted at the 4 th step gone through the maximum with increasing of content of proteins, Cp, extracted at the 2 nd step. However, the maximum lipids contents at 4 th step can be obtained for relatively moderate HVED treatment at tHVED = 2 and 4 ms (Fig. 6a). Moreover, for P samples, the minimum extraction of lipid at the 4 th step and maximum extraction of proteins at the 2 nd step were observed.

Hence, the intensive HVED treatment is desirable for effective extraction of proteins but it can be undesirable for extraction of lipids. The correlations for extractions of pigments (both the carotenoids and chlorophylls) obtained at the 2 nd and 3 rd steps are presented in 
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  efficiency of multi-step extraction procedure for the valorization of P. tricornutum biomass has been investigated. The extraction procedures included physical pre-treatments (HVED or HPH, 1 st step), aqueous extraction for 1 h (2 nd step), EtOH extraction (3 rd step), and lipids extraction in the CHCl3/MeOH (4 th step). At the 1 st step, the HPH treatment was more effective for microalgal cell disruption and extraction of water-soluble compounds (carbohydrates and proteins). However, HVED has more selective for extraction ionic components. The 2 nd step allowed further supplementary release water-soluble compounds. For non-aqueous extractions (3 rd and 4 th steps), the extraction of pigments and lipids with assistance of HVED was more efficient in comparison with HPH. The combined multistage extraction procedures assisted by HVED or HPH allow selective and cleaner extraction of individual bio-molecules soluble in water or organic solvent. However, further LCA (life cycle assessment) studies are necessary (Bussa, Eisen, Zollfrank, & Röder, 2019) to optimize the industrial implementation of the proposed multistage extraction techniques from microalgal biomass. This study provided an integrated ideas and methods for improvements of HPH and HVED assisted techniques in valorisation of microalgal biomass. For industry application, the feasibility study can be done in the future studies.
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