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Abstract 19 

Two-step procedure with the initial aqueous extraction from raw microalgae 20 

Nannochloropsis oculata and secondary organic solvent extraction from vacuum dried 21 

(VD) microalgae were applied for selective recovery of bio-molecules. The effects of 22 

preliminary aqueous washing and high voltage electrical discharges (HVED, 40 kV/cm, 23 

4 ms pulses) were tested. The positive effects of HVED treatment and washing on 24 

selectivity of aqueous extraction of ionics and other water-soluble compounds 25 

(carbohydrates, proteins and pigments) were observed. Moreover, the HVED treatment 26 

allowed improving the kinetic of vacuum drying, and significant effects of HVED 27 

treatment on organic solvent extraction of chlorophylls, carotenoids and lipids were 28 

determined. The proposed two-step procedure combining the preliminary washing, 29 

HVED treatment and aqueous/organic solvents extraction steps are useful for selective 30 

extraction of different bio-molecules from microalgae biomass.   31 

Keywords: Microalgae; High voltage electrical discharges; Vacuum drying; Pigments; 32 

Lipids  33 

34 
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1. Introduction 35 

Nowadays, the recovery of bio-molecules from microalgae has attracted wide 36 

attention of academic and industrial researchers (Mittal and Raghavarao, 2018). 37 

Microalgae have high growth rate, photosynthetic efficiency, worldwide distribution, 38 

and valuable bio-contents (Daneshvar et al., 2018). Due to high proportion of proteins 39 

and micronutrients in extracts (Buchmann et al., 2019), they present promising source 40 

for food and feed production. Moreover, the extracted pigments and polyphenols from 41 

microalgae can be used in cosmetics and pharmaceutical industries (Rivera et al., 2018), 42 

and  their lipid extracts can serve as raw material for biofuels (Talebi et al., 2013).   43 

Nannochloropsis sp. is a marine green microalgae belonging to the Eustigmataceae 44 

family (Parniakov et al., 2015). The major photosynthetic pigments are violaxanthin, 45 

vaucheraxanthin, and chlorophylls (Rebolloso-Fuentes et al., 2001). In favorable 46 

growing conditions (with adjustable temperature, salinity and additives), they can also 47 

accumulate considerable amounts of lipids ranging from 12 to 60% w/w (Chiu et al., 48 

2009; Doan and Obbard, 2015; Mitra et al., 2015). However, the extraction of bio-49 

molecules from Nannochloropsis sp. is not easy task. Their cells are near spherical with 50 

relatively small size (≈ 2.5 μm) and they are covered by rather thick rigid walls (≈ 60-51 

110 nm) (Gerken et al., 2013). To facilitate extraction of intracellular compounds, 52 

different chemical, enzymatic (Zhu et al., 2018a) and physical methods (Zhu et al., 53 

2018b) have been tested (for a recent review see (Zhang et al., 2018b)).  54 

The applications of pulsed electric energy (pulsed electric fields (PEF) (Parniakov 55 
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et al., 2015a, 2015b) and high voltage electrical discharges (HVED)) (Grimi et al., 2014) 56 

for recovery intracellular compounds from Nannochloropsis sp. have been reported. The 57 

PEF provoke electroporation of cell membranes, while the HVED can provoke the 58 

damage of cell walls due to electrical breakdown and different secondary phenomena 59 

(liquid turbulence, intense mixing, shock waves, and bubble cavitation, etc) (Barba et al., 60 

2015). They can be easily done for algal slurries with the high moisture content of (≈ 61 

80% wt). However, the effective extraction of hydrophobic bio-molecules, such as 62 

pigments, lipids and phenolic compounds requires applications of more complex 63 

techniques, including organic solvents extraction (Barba et al., 2015), high pressure 64 

homogenization (Zhang et al., 2018a) and ultrasonication (Zhang et al., 2019), etc.  65 

Moreover, the extraction of hydrophobic bio-molecules requires drying of algal 66 

slurries with significant reducing of a moisture content up to ≈ 10% that is time and 67 

energy consuming process (Ansari et al., 2018; Bagchi et al., 2015; Hosseinizand et al., 68 

2018). Vacuum drying (VD) has been recently applied for processing of algal cells 69 

(Makkar et al., 2016). Effects of VD on seaweed Pyropia orbicularis at the pressure of 70 

15 kPa and drying temperatures at 40-80 °C were investigated (Uribe et al., 2018). The 71 

high recovery yields of total phenolic, carotenoids, phycoerythrin and phycocyanin were 72 

demonstrated. Furthermore, the pre-treatment by pulsed electric energy can also affect 73 

the efficiency of VD (Liu et al., 2018).  74 

The main aim of this work was efficiency testing of the two-step procedure for 75 

selective recovery of bio-molecules from microalga Nannochloropsis oculata (N. 76 
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oculata) assisted by HVED. The procedure combined washing with HVED treatment at 77 

the initial aqueous extraction step, and VD before at the final non-aqueous extraction 78 

step. The effects of HVED pre-treatment on the extraction efficiencies of hydrophilic 79 

components (ionics, carbohydrates, proteins and water-soluble pigments) (first step), 80 

and hydrophobic components (pigments and lipids) (second step) were investigated. 81 

Moreover, the impact of HVED treatment on VD kinetics was evaluated for the first 82 

time.  83 

2. Materials and methods 84 

2.1 Microalgae  85 

Microalga Nannochloropsis oculata (N. oculata) (provided by AlgoSolis, Saint-86 

Nazaire, France) was obtained as a frozen paste. The moisture content of biomass was 87 

measured at 105 ℃ for 24 h. Accounting for this content, the biomass, at the initial step, 88 

was diluted with deionized water to obtain 5% dry matter (DM) concentration.   89 

2.2 Design of experiments  90 

Fig. 1a presents the schema of experiments applied in the present study. It includes 91 

the preparation of samples (without or with preliminary washing), HVED treatment and 92 

aqueous extraction (first step for extraction of water-soluble components), and VD of 93 

sediments and organic solvent extraction (second step for extraction of pigments and 94 

lipids). 95 
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2.2.1. Preparation of the samples 96 

In the supplied biomass paste, the water-soluble components were present in the 97 

extracellular aqueous solution. In order to evaluate effects of these components on 98 

extraction efficiency for different applied procedures, the samples with and without 99 

washing were prepared.   100 

The initial samples with preliminary washing for 60 min were designed as S0. The 101 

aqueous extraction for 30 min was performed for biomass (both unwashed and washed) 102 

(Fig. 1a). Samples processed without preliminary washing were designed as S1 103 

(untreated) and S2 (HVED treated). Samples processed with preliminary washing were 104 

designed as S3 (untreated) and S4 (HVED treated). In the first washing step, the 105 

suspension was diluted to 1% DM, agitated at 150 rpm for 10 min, and centrifuged for 106 

10 min at 4600 g. Then supernatant was removed and sediment was diluted to 1% DM 107 

and the next washing step was applied. The duration of one washing step was 20 min. 108 

The analysis of supernatant for presence ionic components, proteins, and carbohydrates 109 

was done (see Section 2.3 for the details).  110 

2.2.2. High voltage electrical discharges (HVED) treatment 111 

HVED treatment was applied using a high voltage pulsed power 40 kV-10 kA 112 

generator (Basis, Saint-Quentin, France). HVED treatment was done in a 1-L cylindrical 113 

batch treatment cell with an electrode of needle-plate geometry (Fig. 1b). The distance 114 

between stainless steel needle and grounded plate was fixed to 1 cm, which 115 

corresponding to E = 40 kV/cm of electric field strength. HVED treatment comprised of 116 
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the application of n successive pulses (n = 1-400) and a pulse repetition rate of 0.5 Hz. 117 

The total time of electrical treatment was 0.01-4 ms. This discharge protocol with E = 118 

40 kV/cm and n = 400 was shown to be effective for extraction of water-soluble 119 

proteins (Grimi et al., 2014). The damped oscillations with effective decay time tp ≈ 10 120 

± 0.1 μs were observed in HVED mode (Fig. 1b). The 2 min of pause was done after 121 

each 100 pulses to maintain temperature elevation after HVED treatment never 122 

exceeded 30 °C. The total operation time for HVED experiment is 30 min. The 200 g of 123 

suspension of microalgae (5% DM) was used in this study (samples S2 and S4). The 124 

samples without HVED treatment keep for 30 min was used as control (samples S1 and 125 

S3). Then these samples were centrifuged at 14,100 g for 10 min using a MiniSpin Plus 126 

Rotor F-45-12-11 (Eppendorf, France). The supernatants were used for analyzing of 127 

extracts and the sediments were dehydrated by VD.  128 

2.2.3. Vacuum drying (VD) of sediments 129 

The sediments were mixed with absolute EtOH (2:1, w/w). The 10 g of mixture 130 

were spread uniformly with 7 mm of initial thickness in Petri dishes (6 cm inner 131 

diameter and 2.5 cm inner depth) and kept for VD. The absolute EtOH was added to 132 

centrifuged samples to facilitate detachment of cells from the centrifugation glass tubes. 133 

Then the EtOH was evaporated quickly from the samples. VD experiment was carried 134 

out in a vacuum chamber (Cole-Parmer, USA) connected with a vacuum pump 135 

(Rietschle, Germany). The pressure of drying chamber was maintained at 30 kPa and 136 

the drying temperature was fixed at 50 °C. The initial temperature of samples (≈ 25°C) 137 
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was measured before VD experiment. During the drying, the temperature inside centre 138 

of the sample, T, was recorded in the online mode using a thermocouple (K-type, NiCr–139 

Ni). The weight of the sample, m, was measured using a balance (GF-600, A & D, 140 

Japan).  141 

The moisture ratio, MR, of the sample during the drying was calculated as follows:  142 

MR = (m-mf)/(mi-mf)     (1) 

where m is the running weight of the sample, and the subscripts i and f refer to the initial 143 

and final (completely dried) values, respectively. In experiments, the final (completely 144 

dried) value was determined by oven drying samples at 105 °C for 24 h.  145 

After VD processing, the dried biomass was respectively used for analysis of 146 

pigments and lipids extraction.  147 

2.3 Analysis of extracts 148 

2.3.1 Aqueous extracts 149 

The following aqueous suspensions were centrifuged at 14,100 g for 10 min. The 150 

supernatants were used for analyzing microalgae extracts. All characterization 151 

measurements were done at ambient temperature.  152 

The extent of the releasing of ionic components was characterized by measurements 153 

of the electrical conductivity by the instrument InoLab pH/cond Level 1 (WTW, 154 

Weilheim, Germany). The soluble matter content (°Brix) was measured by a digital 155 

Atago refractometer (PR-101, Atago, 50 Tokyo, Japan). For determination of dry weight 156 

content (DW), 150 mL of supernatant was placed in glass beaker and dried in an oven at 157 
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105 °C for 24 h. The value of DW was gravimetrically determined by weighting the 158 

samples before and after drying. The results were expressed as mg of dry matter/g of 159 

supernatant.  The contents of carbohydrates, Cc, and proteins, Cp, were determined using 160 

a phenol-sulfuric acid (Dubois et al., 1956) and Bradford's method (Bradford, 1976), 161 

respectively. The pigments were determined using spectroscopic-based techniques by 162 

UV/vis spectrophotometer (Thermo Spectronic Genesys 20, Thermo Electron 163 

Corporation, MA).   164 

Briefly, for determination of the content of carbohydrates, D-glucose standard 165 

provided by Sigma-Aldrich (Saint-Quentin Fallavier, France) was used for the 166 

calibration curve. The 1 mL of supernatants (diluted if required), 0.1 mL of 5% phenol 167 

solution and 5 mL of concentrated sulfuric acid were mixed in glass tubes. The mixture 168 

was incubated at 20 °C for 20 min. Absorbance was measured using at the wavelength 169 

of 490 nm.   170 

For determination of the content of proteins, the diluted supernatant (0.1 mL) was 171 

mixed 1 mL of Bradford Dye Reagent (Thermo Fisher, Kandel, Germany) and kept for 172 

5 min. The absorbance was measured at the wavelength of 595 nm. Bovine serum 173 

albumin (BSA) provided by Sigma-Aldrich (Saint-Quentin Fallavier, France) was used 174 

for the calibration curve.  175 

For determination of the content of pigments, the supernatant was mixed with 176 

EtOH (95%, v/v) (50 μL sample + 950 μL 95% EtOH). The absorbances of chlorophyll 177 

a, chlorophyll b, and total carotenoids were measured at the wavelengths of 664, 649 178 
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and 470 nm using 95% EtOH as blank. The concentrations of chlorophyll a, Cch
a, 179 

chlorophyll b, Cch
b, total chlorophylls, Cch, and total carotenoids, Ccr, (μg pigment/mL 180 

supernatant) were calculated using the following equations (Gerde et al., 2012): 181 

Cch
a = 13.36 × A1 -5.19 × A2,  (2a) 

Cch
b = 27.43 × A2 -8.12 ×A1,      (2b) 

Cch  = Cch
a + Cch

b,      (2c) 

Ccr = (1000 × A3 -2.13 × Cch
a -97.64× Cch

b)/209,      (2d) 

where A1, A2, A3 are the absorbances measured at the wavelengths of 664, 649, and 470 182 

nm, respectively. 183 

The content of components released from microalgae was expressed as mg/g dry 184 

microalgae.  185 

2.3.2 Organic solvent extracts 186 

For analysis of extraction of pigments, the biomass obtained by VD with a final MR 187 

of 0.01 and 0.2 was diluted with 95% EtOH to solid-liquid ratio of 1: 20. The extraction 188 

was studied for 8 h under the stirring at 150 rpm. To avoid any evaporation, the 189 

extraction cells were covered with aluminum foil during the extraction process.  190 

For analysis of extraction of lipids, the standard lipid extraction procedure was used 191 

according to the “whole cell analysis” (WCA) method (Van Vooren et al., 2012). Briefly, 192 

in order to prevent oxidation of lipids, the dried samples (MRf = 0.01) were first mixed 193 

with 20 μL distilled water and 10 μL butylated hydroxytoluene (BHT, 20 μg/uL) in 194 

clean vials. Then the mixture was suspended in 6 mL of a chloroform/methanol (CHCl3: 195 
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MeOH, 2:1, v/v) mixture. Vials were maintained for 6 h in the dark under slow agitation. 196 

After extraction, the organic and aqueous phases were separated and the solvent of the 197 

extracts was evaporated under N2 flux. 1 mL of CHCl3/MeOH (2/1, v/v) mixture was 198 

then added and stored at -20 °C until analysis. Total fatty acids (TFA) contents in the 199 

lipid extracts were quantified by Gas Chromatography-Flame Ionization Detector (GC-200 

FID) (Agilent Technologies Inc., Santa Clara, CA) analysis. Fatty acid methyl ester 201 

(FAME) contents in the lipid extracts were quantified after a transesterification step. 202 

More details can be found in (Van Vooren et al., 2012). The values of the total lipids 203 

content, Cl, and relative content of fatty acids (saturated fatty acids (SFA, all single 204 

bonds between carbon atoms), monounsaturated fatty acids (MUFA, one double bond) 205 

and polyunsaturated fatty acids (PUFA, at least two double bonds) were evaluated. 206 

2.3.3 Content of bio-molecules in totally disintegrated cells 207 

For total disintegration of cells, the biomass was grinded using a bead-beating 208 

method at 30 Hz (MM400 mixer mill, Retsch GmbH & co. KG, Haan, Germany). In this 209 

method, the cells are mechanically disrupted by ceramic beads in the reaction vials. For 210 

determination of maximum content of proteins, carbohydrates, chlorophylls, and 211 

carotenoids in microalgae the washing procedure was initially applied. The biomass was 212 

diluted to 1% DM, agitated at 150 rpm for 10 min, and centrifuged for 10 min at 4600 g. 213 

Then supernatant was removed and the washing procedure was repeated 3 times. Finally, 214 

the sediment was separated and lyophilization was applied for 64 h at -20 °C using a 215 

MUT 002A pilot freeze-drier (Cryotec, France). The final MR of the sample was 0.08. 216 
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Then the dried biomass was grinded in a wet mode. The dried biomass was initially 217 

diluted with distilled water for analysis of proteins and carbohydrates and 95% EtOH 218 

for analysis of chlorophylls and carotenoids. The solid-liquid ratio was 1: 20 and the 219 

grinding was done for 15 min. To avoid overheating during the grindings the 15 s 220 

pauses after each minute were applied. The maximum contents were obtained: Cp = 221 

47.67 ± 0.83 mg/g DM (proteins), Cc = 67.36 ± 0.46 mg/g DM (carbohydrates), Cch = 222 

1.17 ± 0.01 mg/g DM (total chlorophylls), Ccr = 0.256 ± 0.001 mg/g DM (carotenoids).   223 

2.4 Statistical analysis 224 

Each experiment was replicated three to five times. The error bars, presented on the 225 

figures, correspond to the standard deviations. One-way analysis of variance (ANOVA) 226 

was used to determine significant differences (p < 0.05) among the samples with the 227 

help of OriginPro 8.5 (OriginLab Corporation, USA). Differences between means were 228 

detected using Tukey’s test.  229 

3. Results and Discussion 230 

3.1. Preliminary washing  231 

Fig. 2 presents relative electrical conductivity, Y = σ/σo, concentration of proteins, Y 232 

= Cp/Cp
o, and concentration of carbohydrates, Y = Cc/Cc

o, versus the number of washing 233 

steps, N. Here, the σo, Cp
o, and Cc

o correspond to the values for the initial suspension 234 

before washing. The relative electrical conductivity, Y = σ/σo, continuously decreased 235 

with increase of N that corresponds to the dilution of ionic solution in the extracellular 236 

aqueous solution. In contrast, the values of Y = Cp/Cp
o (proteins) and Y = Cc/Cc

o 237 
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(carbohydrates) remarkably increased after the first washing step and then decreased. 238 

The observed phenomena can be explained by release after first washing a certain 239 

amount of water-soluble proteins and carbohydrates initially captured on the surface of 240 

algal cells. Obtained data evidenced that application of washing for three times allows 241 

significant purification of extracellular solution from water-soluble components. 242 

Therefore, in our experiments three washing step of 60 min were applied.  243 

3.2. Aqueous extraction 244 

In the first step, the aqueous extraction was applied (Fig. 1a). The contents of 245 

different bio-molecules (electrical conductivity, σ, soluble matter, oBrix, dry weight, DW, 246 

contents of carbohydrates, Cc, proteins, Cp, chlorophylls, Cch, and carotenoids, Ccr) for 247 

the untreated samples (S1, without preliminary washing) and (S3, with preliminary 248 

washing) were compared. All characteristics obtained for the samples S1 and S3 were 249 

significant different (p < 0.05). For example, the content of carbohydrates obtained for 250 

the sample S1 (Cc = 26.76 ± 0.81 mg/g) was ≈ 2 folds higher than those obtained for the 251 

sample S3 (Cc = 14.32 ± 1.17 mg/g). The content of proteins obtained for the sample S1 252 

(Cp = 24.09 ± 0.93 mg/g) was ≈ 39 folds higher than those obtained for the sample S3 253 

(Cp = 0.61 ± 0.06 mg/g). Electrical conductivity, the contents of chlorophylls and 254 

carotenoids obtained for the sample S1 were also significantly higher (approximately 255 

one order of magnitude) than those obtained for the sample S3 (p < 0.05). This fact can 256 

be explained by the presence of some compounds on the surface of the microalgal cells 257 

that can released by procedure of washing.   258 
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Moreover, the effect of HVED treatment on extraction of different components can 259 

be characterized by ratio of different measured values, R = HVED treated/untreated. Fig. 260 

3 presents the values of R, (ratios of electrical conductivity, σ; soluble matter, oBrix; dry 261 

weight, DW; contents of carbohydrates, Cc, proteins, Cp, chlorophylls, Cch, and 262 

carotenoids, Ccr) obtained for unwashed samples (R = S2/S1) (a) and for washed samples 263 

(R = S4/S3) (b). In all cases, the values of R were higher than 1. It reflects the positive 264 

effect of HVED treatment on extraction of intracellular components. For unwashed 265 

samples, the maximum ratios were observed for total chlorophylls (R ≈ 1.59 ± 0.01), 266 

carbohydrates (R ≈ 1.42 ± 0.03), proteins (R ≈ 1.36 ± 0.03) and carotenoids (R ≈ 1.33 ± 267 

0.01). For washed samples, the maximum ratios were observed for proteins (R ≈ 30.1 ± 268 

2.3), carotenoids (R ≈ 22 ± 1.0), and total chlorophylls (R ≈ 7.6 ± 0.2). The obtained 269 

data evidenced the high efficiency of HVED application for recovery of different bio-270 

molecules. It can be explained by the feasibility of HVED to electroporate the cell 271 

membrane and induce damage the microalgal cell walls (Grimi et al., 2014). All these 272 

findings also confirmed the possibility to attain the selective extraction of different bio-273 

molecules by using the different modes of washing combined with HVED treatment.  274 

3.3. Organic solvent extraction 275 

In the second step, the organic solvent extraction was proceeded. To remove water 276 

from sediment the vacuum drying was initially performed. Fig. 4 presents the moisture 277 

ratio, MR, and temperature inside centre of the sample, T, versus the drying time, t, for 278 

untreated (solid lines, filled symbols) and HVED treated (dashed lines, open symbols) 279 
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suspensions of unwashed samples (S1 and S2) (a) and washed samples (S3 and S4) (b). 280 

During the VD, the values of MR continuously decreased for all samples (S1-S4), and 281 

HVED treatment noticeably accelerated the drying processes. No significant differences 282 

in MR(t) were observed for samples without and with washing. 283 

Three different stages of the variation of temperatures T(t) during the VD were 284 

observed. During the first heating stage, the initial increase of temperature with water 285 

evaporation from the surface of slurry was observed. During the drying stage, the 286 

intensive evaporation of moisture with the stabilization of the temperature at near 287 

constant temperatures level of T ≈ 40 °C was observed. Finally, at long drying time and 288 

relatively low MR below ≈ 0.2, the reduced drying rate stage with further increase in 289 

temperature up to the temperature of VD chamber, T = 50 °C, was observed.  290 

The evolutions of temperature T(t) were rather different for untreated (samples S1 291 

and S3) and HVED treated (samples S2 and S4) suspensions. Particularly, periods of the 292 

near constant temperature (T ≈ 40 °C) were more clearly displayed for untreated 293 

suspensions (they lasted for ≈ 4000-7500 s, samples S1 and S3), and the reduced drying 294 

rate stages were started earlier for HVED treated suspensions (they lasted for ≈ 6000 s 295 

for sample S2, and for ≈ 5000 s for sample S4). The HVED treatment accelerated the 296 

drying, and the final moisture content of MR = 0.01 required VD time of ≈ 16200 s and 297 

≈ 15000 s for untreated (samples S1 and S3) and HVED treated (S2 and S4 samples) 298 

suspensions, respectively. It evidently reflected positive effects of HVED treatment of 299 

acceleration of VD process.  300 
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3.3.1 Extraction of pigments 301 

Fig. 5 presents the examples of extraction kinetics of pigments for unwashed (S1 302 

and S2) and washed (S3 and S4) microalgae with different final values of MRf after VD 303 

(MRf = 0.01 and 0.2). The content of total chlorophylls, Cch, continuously increased with 304 

increasing of extraction time, te, and no saturation was observed even at relatively long 305 

extraction time of te = 28800 s (8 h). For carotenoids, the near-saturation behaviour was 306 

observed for extraction time above te ≈ 10000-15000 s.  307 

For HVED pretreated samples, the larger contents of extracted chlorophylls and 308 

carotenoids were obtained. For example, for samples with te = 28800 s and MRf = 0.2, 309 

the following values were obtained:  310 

Cch ≈ 0.95 mg/g DM (unwashed), Cch ≈ 1 mg/g DM (washed) for HVED treated suspensions; 

Cch ≈ 0.71 mg/g DM (unwashed), Cch ≈ 0.80 mg/g DM(washed)  for untreated suspensions. 

The washing favored the extraction efficiency, but the differences for unwashed 311 

(Fig. 5a, c) and washed (Fig. 5b, d) were less significant. However, the extraction 312 

efficiency of both chlorophylls and carotenoids for less dried samples with MRf = 0.2 313 

was significantly higher than for the samples with MRf = 0.01. It evidently reflects the 314 

retardation of extraction from overdried samples with less developed porous structure. 315 

3.3.2. Extraction of lipids  316 

The presence of moisture can hamper the lipids extraction from the microalgae and 317 

moisture removal is an important factor to obtain high lipids extraction yield (Bagchi et 318 

al., 2015). In our experiments, the extraction of lipids was studied for unwashed 319 
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(samples S1 and S2) and washed (samples S3 and S4) microalgae biomass with the final 320 

value of MRf = 0.01 after VD. For comparison, the extraction for the initial sample S0 321 

(with washing for 60 min without any treatment) was also studied. 322 

Fig. 6 compares the effects of different procedures performed in this study (Fig. 1) 323 

on total lipids content (TLC), Cl, extracted from the microalgae sediment using non-324 

aqueous solvent CHCl3/MeOH (2:1, v/v). The values of Cl for the samples S0, S1 and S3 325 

(without HVED treatment) were approximately the same (Cl ≈ 170 ± 3.2 mg/g DM). 326 

However, for the samples with HVED treatment (S2 and S4), the lipid content increased 327 

up to Cl ≈ 200 ± 2.1 mg/g DM. The significant effect of HVED treatment (p < 0.05) on 328 

extraction of lipids can be explained by the breakdown of the microalgal cells. 329 

Commonly, the HVED treatment is accompanied with different processes including the 330 

electrical breakdown, propagation of streamer, bubble formation and cavitations, light 331 

emission, appearing of localized regions with high pressure, and formation of shock and 332 

acoustic waves (Boussetta and Vorobiev, 2014). The previous experiments evidenced 333 

the presence of strong fragmentation of suspended biocells by HVED treatment (Grimi 334 

et al., 2014; Shynkaryk et al., 2009). However, the differences between the unwashed 335 

(S1 or S2) and washed (S3 or S4) samples were insignificant because the small extraction 336 

efficiency of lipids in water.  337 

The TLC includes different fatty acids such as SFA, MUFA and PUFA. The 338 

composition of these lipids directly influences the efficiency of biofuel conversion and 339 

its quality, being rich in SFA and MUFA (such as palmitoleic acid and oleic acid) are 340 
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most favourable for biodiesel production (Nascimento et al., 2013). The relative content 341 

of the fatty acids (SFA, MUFA, and PUFA) in extracts were found to be rather similar 342 

for different samples S0-S4 (RSFA ≈ 27-32%, RMUFA ≈ 33-39%, and RPFA ≈ 31-36%). It 343 

reflects that washing mode and HVED treatment did not affect significantly the 344 

composition of fatty acids in extracted lipids.  345 

The relative content of different fatty acids methyl ester (FAME) was also 346 

determined. A transesterification step was used to obtain FAME content. The palmitic 347 

C16:0 (25-29%), palmitoleic C16:1n-7 (28-32%) and eicosapentaenoic C20: 5n-3 (24-348 

31%) acids were predominant in FAME profiles. For palmitic acid C16:0 and 349 

palmitoleic acid C16:1n-7, the highest extractions were observed for the samples with 350 

HVED treatment (samples S2 and S4). It correlates with data obtained for the TLC (Fig. 351 

6). However, for eicosapentaenoic acid C20: 5n-3, the biggest value of the relative 352 

content was observed for the sample S1. It reflects that preliminary washing and HVED 353 

treatment can selectively affect the content of some FAME in non-aqueous extracts. 354 

4. Conclusions  355 

Two-step procedure with the initial aqueous extraction from raw microalgae and 356 

secondary organic solvent extraction from vacuum dried microalgae were applied for 357 

selective recovery of bio-molecules from N. oculata. The effects of preliminary washing 358 

and HVED pre-treatment were tested. The application of combined washing and HVED 359 

treatment significantly enhanced efficiency of aqueous extraction of ionics, 360 

carbohydrates, proteins and pigments. Moreover, HVED treatment noticeably 361 
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accelerated the VD process, and increased extraction yield of chlorophylls, carotenoids 362 

and lipids in organic solvent. Partial drying (to 2% of residual moisture content) favored 363 

extraction of chlorophylls and carotenoids. 364 
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Figure Captions 490 

Fig. 1. The schema of the applied extraction procedures (a), and high voltage electrical 491 

discharges (HVED) treatment cell applied in the present experiment (b). 492 

Fig. 2. Relative quantities, Y, (Y = σ/σo for electrical conductivity, Y = Cp/Cp
o for 493 

concentration of proteins, and Y = Cc/Cc
o for concentration of carbohydrates) versus the 494 

number of washing steps, N. The σo, Cp
o, and Cc

o are the initial values before washing. 495 

The measurements were done for 1% dry matter (DM) suspensions. 496 

Fig. 3. The ratios of different measured values, R = high voltage electrical discharges 497 

(HVED) treated/untreated, (electrical conductivity, σ; oBrix, dry weight, DW; contents 498 

of carbohydrates, Cc, proteins, Cp, chlorophylls, Cch, and carotenoids, Ccr) obtained for 499 

unwashed samples (R = S2/S1) (a) and for washed samples (R = S4/S3) (b). 500 

Fig. 4. Moisture ratio, MR, and temperature inside centre of the sample, T, versus the 501 

vacuum drying (VD) time, t, for unwashed samples (S1 and S2) (a) and washed samples 502 

(S3 and S4) (b) obtained for untreated (solid lines, filled symbols) and high voltage 503 

electrical discharges (HVED) treated (dashed lines, open symbols) suspensions. 504 

Fig. 5. The content of total chlorophylls, Cch, and carotenoids, Ccr, versus the time of 505 

EtOH (95%, v/v) extraction, te, for unwashed (S1 and S2) and washed (S3 and S4) 506 

samples with different final moisture ratio, MRf: S1 and S2, MRf = 0.01 (a), S3 and S4, 507 

MRf = 0.01 (b), S1 and S2, MRf = 0.2 (c) and S3 and S4, MRf = 0.2 (d) obtained for 508 

untreated (solid lines, filled symbols) and high voltage electrical discharges (HVED) 509 

treated (dashed lines, open symbols) suspensions.  510 
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Fig. 6. Total lipids content, Cl, extracted in chloroform/methanol (CHCl3/MeOH, 2/1, 511 

v/v) for 6 h for different samples S0-S4 obtained for different procedures performed in 512 

this study. The microalgae sediment with the final value of moisture ratio, MRf = 0.01 513 

after vacuum drying (VD) was used. Different letters within the same column indicate a 514 

significant difference (p < 0.05) according to Tukey’s test. 515 
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