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Abstract  15 

Background: Lipid extraction is a major bottleneck for the commercialization of microalgae due to energy 16 

costs involved during solvent recycling. Direct transesterification offers the possibility to bypass the 17 

extraction step by immediately converting the lipids to fatty acids methyl esters (FAMEs). In this study, the 18 

efficiency of direct transesterification after pulsed electric field (PEF) was evaluated. Freshly harvested 19 

Auxenochlorella protothecoides (A. protothecoides), cultivated either autotrophically or mixotrophically, 20 

mailto:ioannis.papachristou@kit.edu


was subjected to PEF. Two treatment energies were tested, 0.25 MJ/kgdw and 1.5 MJ/kgdw and results were 21 

compared with conventional two-step transesterification. 22 

Results: For autotrophically grown A. protothecoides, the percentage of the total FAMEs recovered from 23 

untreated biomass and microalgae treated with 0.25 MJ/kgdw was 30% for both cases while for 1.5 MJ/kgdw 24 

it was 65%. A 24-h incubation step between PEF-treatment and direct transesterification significantly 25 

improved the results. Untreated biomass remained stable with 30% of FAMEs, while with both treatment 26 

energies a 97% FAME recovery was achieved. However, for mixotrophic A. protothecoides the process was 27 

not as effective. Approximately 30% of FAMEs were recovered for all three conditions immediately after 28 

PEF with only a marginal increase after incubation. The reason for this different behavior of the two 29 

cultivation modes is unknown and under investigation.  30 

Conclusions: Overall, the synergy between PEF and direct transesterification was proven to have potential, 31 

in particular for autotrophic microalgae. Its implementation and further optimization in a biorefinery 32 

therefore merits further attention. 33 
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 44 

1. Introduction 45 

Biodiesel, also known as FAME, is a mixture of fatty acid methyl esters derived by vegetable oils and used 46 

as transportation fuel 1. Microalgae are aquatic microorganisms that have been extensively studied for 47 

biofuel production in general and in particular for biodiesel 2. Under nitrogen starvation, certain 48 

microalgae strains are capable of high lipid accumulation, reaching up to 50% of the cell dry weight (DW) 49 

3. Other advantages offered by microalgae include cultivation on non-arable land, fast growth rates 4 and 50 

coproduction of other useful compounds such as proteins, carbohydrates and pigments that if exploited 51 

can improve the economics of a biorefinery 5. 52 

In conditions favoring lipid accumulation, the main constituent of microalgae lipids is usually triglycerides 53 

(TAGs), molecules composed of three long chain fatty acids attached to glycerol 6. TAGs are converted to 54 



FAMEs through a reaction known as transesterification during which they react with methanol to form a 55 

mixture of esters with glycerin as a byproduct 7. Overall, transesterification is a well-established technology 56 

with plenty of commercial applications to convert vegetable oils from sources such as rapeseed and 57 

soybean seed 8. Important parameters that affect the reaction yields include the alcohol amount, type of 58 

catalyst, temperature and reaction time. 59 

Methanol is typically selected for this reaction although other alcohols such as ethanol may be used 9. In 60 

equilibrium, one mole of triglyceride reacts with three moles of methanol to produce three moles of 61 

FAMEs. In practice, an excess of solvent is applied in order to drive the reaction towards the products. This 62 

leads however, to the additional challenge of recovering the unused solvent 10.  63 

The reaction can be catalyzed by either acids or bases. Usage of the latter offers faster reaction rates 4 but 64 

in presence of water and high free fatty acid contents the use of a base induces a risk of saponification and 65 

therefore reduction of the yields 11. Acid catalysts do not share these problems but exhibit slower 66 

conversion kinetics and may lead to equipment oxidation. A potential strategy involves a combination of 67 

the two, with an initial acid transesterification to convert the free fatty acids followed by an alkaline one 68 

as demonstrated by Dong et al 12.  A different strategy is also the utilization of enzymes as catalysts such 69 

as lipase 13 or heterogeneous catalysts 14 although their industrial application is still limited. The selection 70 

of the catalyst has an effect on the reaction temperature as well. In principle, alkaline catalysts require 71 

lower temperatures than acidic 15.   72 

For commercial production of FAMEs from microalgae, significant challenges need to be considered. The 73 

conventional pathway would first require lipid extraction with organic solvents from the biomass and their 74 

subsequent conversion to FAMEs. This ‘two-step transesterification’ faces the bottleneck of demand of 75 

large solvent volumes for lipid extraction and the associated energy costs for their recycling 16. A different 76 

approach, would be to bypass the extraction step and to convert the lipids to FAMEs by applying the 77 

transesterification directly on the entire microalgae biomass. This ‘Direct Transesterification’, also 78 



encountered as ‘in situ transesterification’, was previously employed as an analytical technique for the 79 

determination of the total FAME content 17,18. Recently however, its usage as a downstream processing 80 

method is coming under evaluation. The elimination of the extraction step is expected to offer a number 81 

of benefits including solvent reduction and higher FAME yields 19.  82 

An additional obstacle to consider in processes aiming at the production of FAME, is the natural resistance 83 

against extraction exhibited by microalgae cells. This is typically attributed to their rigid cell wall, a 84 

microfibrillar layer that surrounds the cell and usually is composed of cellulose, hemicellulose and other 85 

polysaccharides 20. In general a pretreatment method has to be applied in order to overcome this barrier 86 

and enhance the accessibility to the targeted molecules 21. The nature of this pretreatment can be physical 87 

(mechanical, thermal), chemical,  biological or a combination of the above 22. An optimal disruption 88 

technique should be effective on wet biomass, energy efficient and suitable for large scale industrial 89 

applications 23. Common pretreatment methods include high pressure homogenization, microwave 90 

treatment and ultrasonication. 91 

Pulsed Electric Field (PEF) treatment is one such pretreatment technique. During PEF-treatment, the 92 

microalgae are subjected to an external electric field. The ion flow induced by the electric field causes an 93 

increase of the transmembrane voltage of the cell membrane 24 leading to a phenomenon known as 94 

‘electroporation’, during which a rearrangement of the membrane’s structure and its eventual collapse 25 95 

occurs. PEF is considered a mild technology and with proven industrial scalability in certain applications, 96 

particularly in the Food industry 26. After treatment, some intracellular components such as hydrophilic 97 

proteins and carbohydrates are spontaneously released in the surrounding aqueous medium. Lipids can 98 

subsequently be extracted by the addition of appropriate organic solvents.  Unlike conventional physical 99 

techniques, PEF generates no debris since the overall cell structure remains intact after treatment. This in 100 

turn, allows for easier cascade extraction of different components27,28. PEF is also a non-thermal method 101 

which should prevent any damage to heat sensitive components such as pigments 29. Low energy  input 102 



with PEF-treatment is another significant advantage with only 1.5 MJ/kgdw being sufficient to pretreat wet 103 

Auxenochlorella protothecoides as shown in a previous study from group where total lipid extraction was 104 

achieved in these conditions30. 105 

 PEF has been applied for extraction of lipids 30–32, proteins 33–35, carbohydrates 36–38 and pigments 31,38–40 106 

from microalgae. In literature, direct transesterification is usually coupled with microwave technology 41–107 

43 or ultrasounds 41,44,45 (often dubbed as ‘assisted’ if treatment is taking place during the reaction itself 46). 108 

To the best of our knowledge however, no work has been reported on performing direct transesterification 109 

on microalgae after PEF-treatment. 110 

The goal of this study was therefore to evaluate the direct transesterification of microalgae using PEF as a 111 

pretreatment method. Auxenochlorella protothecoides (A. protothecoides) was used as model microalgae 112 

due to its high lipid content and ability to grow autotrophically and mixotrophically 30. Two PEF-treatment 113 

energies, proven effective for lipid extraction in a previous work 37, were tested; 0.25 MJ/kgdw and 1.5 114 

MJ/kgdw. As a rule, the effectiveness of microalgae pretreatment is proportional to the treatment energy 115 

input. In a previous study with conventional lipid extraction from our group however, it was demonstrated 116 

that incubation of  the biomass between PEF-treatment and extraction, compensated for the reduction of 117 

the treatment energy while retaining similar yields 37. Incubation’s potential effect on direct 118 

transesterification was therefore included in this study as well. 119 

2. Materials and methods 120 

Experiments were conducted on wet biomass, either fresh (processed within 15 minutes after PEF-121 

treatment) or incubated at inert conditions (flushed with N2 and stored for 24 h at 25 °C, in the dark 122 

without agitation). All chemicals used were of analytical grade. Results from two independent cultivations 123 

are shown, each with internal duplicates. 124 

 125 



2.1.  Microalgae cultivation and harvest 126 

A. protothecoides strain number 211-7a was obtained from SAG culture collection of algae, Göttingen, 127 

Germany. The cultivation of the biomass took place in sterile conditions either autotrophically or 128 

mixotrophically. In brief, in autotrophic mode, the microalgae were cultivated in 25 L annular 129 

photobioreactors in tris-phosphate (TP) medium for approximately 19 days. In the mixotrophic cultivation, 130 

the microalgae were supplied with glucose in 1 L  conical polycarbonate cultivation flasks (VWR 131 

International, Bruchsal, Germany) in modified Wu medium 30 and grown for 10 days. The duration of the 132 

cultivation for the two microalgae was selected based on experimental data on the time required for the 133 

stationary phase to be reached. Detailed description of the cultivation modes were given in 47.  134 

The microalgae were harvested through centrifugation. In the case of autotrophic mode, a separator was 135 

used (STC 3–06-170, GEA Westphalia, Germany). For the mixotrophic cultivation, a Sigma 8k centrifuge 136 

(Sigma Laborzentrifugen GmbH, Osterode am Harz, Germany) was used at 3,000 x g. In both cases, the 137 

concentrated microalgae were re-suspended in a portion of the removed supernatant. The final cell dry 138 

weight was 100 g/L, a concentration where the microalgae suspension is still pumpable through the PEF-139 

apparatus yet dense enough for the reduction of the input energy.  The concentration was verified by 140 

overnight drying of known amounts of the final suspension and supernatant in a drying oven 141 

(Universalschrank model U, Memmert, Germany) at 90 °C. From each harvest, a portion of the harvested 142 

biomass was lyophilized (Alpha 1–4 LDplus, Christ) and stored in vacuum-sealed bags at -20 °C. 143 

2.2. Pulsed Electric Field (PEF) treatment and incubation 144 

The equipment used is described in detail in 28,47. A custom-made treatment chamber was utilized, capable 145 

of delivering uniform-field treatment. It consisted of two parallel circular stainless-steel electrodes 4 mm 146 

apart, separated by a polycarbonate housing. Treatment took place in continuous mode, with a flow rate 147 

of 0.1 mL/s. Rectangular pulses were applied with a duration of 1 µs and a field magnitude of 40 kV/cm. 148 



The repetition rate of the pulses was either 0.5 or 3 Hz, resulting in an input energy of 0.25 MJ/kgdw and 149 

1.5 MJ/kgdw, respectively (corresponding energy calculations are explained in 37).  150 

For incubation, biomass was kept in polypropylene falcons with screw cap (CELLSTAR® 50mL PP tubes, 151 

Greiner Bio-One, Frickenhausen, Germany). After flushing with N2, the samples were sealed and stored in 152 

the dark, without agitation, at 25 °C for 24 h. The further processing of the incubated biomass was identical 153 

to the fresh one. 154 

2.3. Direct transesterification of A. protothecoides 155 

The protocol from Breuer et al. 48 was adapted for the transesterification reaction. With a precision 156 

balance, the weight of 1 mL of microalgae suspension was measured (containing approx. 100 mg dry 157 

biomass) in borosilicate glass tubes with screw caps (‘culture tubes’, 16/36/26 MP, Pyrex, England). The 158 

samples were then centrifuged at 1,800 x g for 5 minutes. The supernatant was removed (corresponding 159 

to 0.6 mL of medium) and 6 mL of methanol,  0.3 mL sulfuric acid (96% wt. purity) were added along with 160 

1 mL of hexane (methanol:hexane 1:0.17 vol:vol), given the reported increased efficiency of the 161 

transesterification reaction with a co-solvent 49. The final microalgae concentration at the beginning of the 162 

reaction was thus 250 g/L. The tubes were then vortexed and placed into a heating block. 163 

The reaction took place at 70 °C with vortexing every 30 minutes for 1 or 3 h in total. At the end of the 164 

reaction, the mixture was transferred into new polypropylene falcons where 12 mL of distilled water and 165 

12 mL of hexane were added. The samples were vortexed and left to agitate for 15 minutes, followed by 166 

centrifugation at 10,000 x g for 5 minutes. 10.5 mL were removed from the upper phase into a new falcon 167 

where 8 mL of distilled water were added as a washing step. After vortexing for 1 minute and 168 

centrifugation at 10,000 x g for 5 minutes, 9 mL of upper phase were removed into pre-weighted glass 169 

tubes and the hexane was evaporated under N2. Afterwards, the glass tubes along the FAMEs were flushed 170 

with N2, sealed with paraffin and stored at -20 °C for gas chromatography analysis.  171 



2.4. Two-step transesterification 172 

The conventional two-step transesterification is divided into two processes, lipid extraction and 173 

transesterification.  For lipid extraction, a protocol from a previous work was adapted 30, the main 174 

difference being the scaling down of the microalgae and solvents volumes. In brief, 3 mL concentrated 175 

microalgae suspension were measured in Teflon tubes (Nalgene® Oak Ridge Centrifuge Tubes, Teflon® FEP, 176 

50 mL Thermo Scientific) using a precision balance. The samples were then centrifuged (Heraeus™; 177 

Megafuge™ 8R, ThermoFischer Scientific, Germany) at 10,000 x g for 10 minutes and the supernatant was 178 

removed (2-2.1 mL). The biomass pellet was then resuspended by the addition of 16.1 mL ethanol and 6.6 179 

mL hexane which were combined with the remaining water from the previous dewatering step (approx. 180 

0.6 mL) and resulted in a monophasic co-solvent ethanol:hexane:water, 1:0.41:0.04 (vol/vol/vol). Lipid 181 

extraction then commenced for 24 h in the dark and under constant agitation on an orbital shaker. 182 

For the separation of the solvent and dissolved lipids from the residual biomass, the samples were 183 

subjected to centrifugation at 10,000 x g for 10 minutes. From the supernatant, 6.1 mL were removed in 184 

a separate falcon, where 18.2 mL hexane and 2.9 mL water were added. From the resulting two-phase 185 

system, 15 mL were transferred from the upper hexane lipid-rich phase into pre-weighted glass tubes and 186 

evaporated under N2. The lipids were then measured using a precision balance and yields were calculated 187 

gravimetrically. 188 

At the end of the extraction, lipids (typically, around 30 mg per sample, depending on the condition) were 189 

dissolved in 4 mL hexane and transferred to glass tubes with screw caps. The hexane was evaporated under 190 

N2. The transesterification protocol as described in section 2.3 was then followed. 191 

2.5. Evaluation of total fatty acid methyl esters (FAMEs) content 192 

The total fatty acid methyl esters (FAME) content was evaluated with direct transesterification of freeze-193 

dried biomass. Lyophilized A. protothecoides was bead-milled at 30 Hz, 5 times for 15 s (Mixer mill, 194 



MM400, Retsch, Haan, Germany) and approximately 100 mg measured with a precision balance were 195 

transferred to glass tubes with screw caps. Transesterification was then performed according to the 196 

protocol described in section 2.3. 197 

A similar transesterification protocol was then followed as described in section 2.3.  198 

2.6. Evaluation of total lipid content (Kochert method) 199 

A chloroform:methanol extraction, based on Kochert method 50, was performed on freeze-dried A. 200 

protothecoides after every harvest in order to determine the total lipid content. Freeze-dried biomass was 201 

bead-milled at 30 Hz, 5 times for 15 sec (Mixer mill, MM400, Retsch, Haan, Germany). Approximately 100 202 

mg were recovered and the exact weight was measured with a precision balance. 2 mL of 203 

chloroform:methanol (2:1 vol/vol) were mixed with the biomass, vortexed and immediately centrifuged 204 

at 1,800 ×g for 4 min. After the centrifugation, the supernatant was removed and collected into a separate 205 

glass tube. 2mL of fresh solvent were added to the biomass and the above process was repeated. In total, 206 

7 mL of solvent were used, in four separate extraction steps (3x2 mL and 1x1 mL for the last step). Into the 207 

glass tube with the collected solvent, 3 mL of HCl 0.1 N and 0.3 mL MgCl2 0.5% were added to facilitate 208 

phase separation. The lower phase along the lipids was removed with a Pasteur pipette into pre-weighted 209 

glass tubes and evaporated under N2. The lipid yield was determined gravimetrically. All samples were 210 

performed in duplicates. 211 

2.7. Gas chromatography (GC) analysis of fatty acid methyl esters (FAMEs) 212 

The stored FAMEs were initially re-suspended in 4 mL hexane and subsequently filtered (Chromafil Ca-213 

20/25, 0.20 µm, filter 25 mm, Macherey-Nagel, Dueren, Germany). The samples were then diluted 1:4 with 214 

hexane. For samples with high FAME concentration an additional 1:20 dilution was performed. Gas 215 

chromatography (GC) with a flame ionization detector (FID) was used. The device was the model 7890B 216 

with autosampler 7693 from Agilent. The column was Stabilwax 30 m, 0.25 mm, 0.25 µm from Restek with 217 



helium as carrier gas. The evaluation of the results was done with Chemstation Software from Agilent over 218 

calibration with FAME-mix standard (Food Industry FAME Mix (37 components), Restek). 219 

2.8.  Reproducibility of results 220 

Experiments were performed on two independent microalgae harvests with internal duplicates. The 221 

average and standard deviation was calculated. 222 

3. Results  223 

3.1. Two step transesterification 224 

Freshly harvested biomass, cultivated either autotrophically or mixotrophically, was subjected to PEF-225 

treatment either with 0.25 MJ/kgdw or 1.5 MJ/kgdw. Lipid extraction then commenced either immediately 226 

after PEF-treatment or after a 24h incubation period at inert conditions. The extracted lipids were then 227 

transesterified as described in section 2.3. The gravimetric measurement of the extracted lipids along with 228 

the GC analysis of the FAME after transesterification are shown in Figure 1 for both types of cultivation. 229 



 230 

Figure 1: Two step transesterification of Auxenochlorella protothecoides cultivated in either autotrophic 231 

or mixotrophic mode. The gravimetric measurement of the lipids after solvent extraction and the FAME 232 

conversion after transesterification with gas chromatography analysis are shown in A and B for autotrophic 233 

cultivation. The respective results for the mixotrophic cultivation are shown in C and D. Two PEF-treatment 234 

energies were tested, 0.25 MJ/kgDW and 1.5 MJ/kgDW, while Control refers to untreated biomass. On the 235 

left y-axis the yields are displayed as percentage per dry weight while on the right y-axis as percentage of 236 

the total estimated content. In straight red line, the total lipid and FAME content of the biomass is 237 

represented. Control was not analyzed with GC due to the very low yields after lipid extraction. Lipid 238 

extraction took place with a monophasic co-solvent ethanol:hexane:water, 1:0.41:0.04 (vol/vol/vol) on 239 

freshly harvested, wet biomass after PEF-treatment with 0.25 MJ/kgdw or 1.5 MJ/kgdw either immediately 240 



after treatment or after a 24-h incubation step at inert conditions. For transesterification a methanol: 241 

hexane, 1:0.17 vol/vol mixture was used. The Kochert protocol was used as reference method for the 242 

evaluation of the total lipid content while for FAME content, the transesterification protocol was applied 243 

on lyophilized, bead-milled biomass. Results are the average and standard deviation of two independent 244 

experiments with internal duplicates. 245 

Lipid extraction was ineffective on untreated biomass for both cultivations without any effect from a 24-h 246 

incubation, with 1.7% dry weight yields from fresh biomass and 1.2% from incubated. For autotrophic A. 247 

protothecoides (Figure 1A), PEF-treatment with 0.25 MJ/kgdw displayed minimal yields immediately after 248 

PEF, 3.3% dry weight. Lipid yields were significantly increased when an incubation step was interjected 249 

between treatment and lipid extraction, rising up to 32% dry weight. PEF-treatment with 1.5 MJ/kgdw 250 

without incubation resulted in moderate lipid yields, 24.1% dry weight. Incubating after treatment was 251 

effective in improving the yields in this case as well, leading to an increase up to 35.1% dry weight.  Lipid 252 

extraction from mixotrophic biomass displayed more immediate high yields as seen in Figure 1C. For both 253 

treatment energies, lipid yields were in similar range, equal to 42% and 44% dry weight for 0.25 MJ/ kgDW 254 

and 1.5 MJ/kgdw respectively. Incubation of biomass after PEF-treatment led to no further increase.  255 

In Figure 1B and 1D for the autotrophic and mixotrophic cultivations respectively, the transesterification 256 

conversion of the extraction lipids is displayed. Compared to the total evaluated FAME content (37.1%± 257 

1.6 dry weight for the autotrophic mode and 34.1% ± 2.5 for the mixotrophic respectively), incubating 258 

after PEF-treatment with 1.5 MJ/kgdw offered the best FAME yields for the autotrophic cultivation, 259 

reaching 83% of total FAME conversion while 0.25 MJ/kgdw achieved 70%. High FAMEs conversion was 260 

observed from the mixotrophic cultivation as well. Without any incubation, 90% and 96% of total FAMEs 261 

were recovered from biomass treated with 0.25 MJ/kgdw and 1.5 MJ/kgdw respectively. After incubation, 262 

96% of total FAMEs were converted from 0.25 MJ/kgdw although for 1.5 MJ/kgdw, the conversion was 263 

reduced to 85%.  264 



The above results verify the effectiveness of PEF utilization in the two-step transesterification along with 265 

the importance of incubating the biomass after treatment. The results were in agreement with 266 

observations which are discussed in extension in  previous publications 30,37 and served as benchmark for 267 

direct transesterification. 268 

3.2. Conversion of lipids through direct transesterification 269 

Freshly harvested biomass, cultivated either autotrophically or mixotrophically, was subjected to PEF-270 

treatment either with 0.25 MJ/kgdw or 1.5 MJ/kgdw and direct transesterification took place for 3h either 271 

immediately after PEF-treatment or after a 24h incubation period at inert conditions. The end product of 272 

the reaction was analyzed with GC. The results are displayed in Figure 2. 273 

 274 

Figure 2: FAME recovery after direct transesterification of A. protothecoides cultivated in either 275 

autotrophic or mixotrophic mode. GC analysis of the reaction product is shown in A and B for autotrophic 276 

and for mixotrophic cultivation respectively. Two PEF-treatment energies were tested, 0.25 MJ/kgDW and 277 

1.5 MJ/kgDW, while Control refers to untreated biomass. On the left y-axis the yields are displayed as 278 

percentage per dry weight while on the right y-axis, as percentage of the total estimated FAME content. 279 

In straight red line, the total FAME content of the biomass is represented. Transesterification took place 280 



with a methanol: hexane, 1:0.17 vol/vol mixture for 3 h at 70°C. As reference method for the evaluation of 281 

the total FAME content, the same transesterification protocol was applied for 3h on lyophilized, bead-282 

milled biomass. Results are the average and standard deviation of two independent experiments with 283 

internal duplicates. 284 

The FAME recovery from autotrophic A. protothecoides without any incubation after PEF-treatment, were 285 

11% dry weight or 27% of the total evaluated FAMEs for samples treated with 0.25 MJ/kgdw and untreated 286 

ones. Samples treated with 1.5 MJ/kgdw displayed better results with 24% dry weight i.e. 65% of total 287 

evaluated FAMEs. Incubation after PEF-treatment significantly improved the results. While untreated 288 

biomass was unaffected, an almost total FAME recovery was achieved for the two PEF-treatment energies 289 

(36% dry weight i.e. 97% of total evaluated FAMEs for both cases).  290 

When the same method was applied on mixotrophic A. protothecoides, the results were not as successful. 291 

Without any incubation, the FAME recovery was relatively low, even for 1.5 MJ/kgdw (10% dry weight i.e. 292 

32% of total evaluated FAMEs for all three conditions). Unlike autotrophic biomass however, incubation 293 

after PEF had no significant effect, although there was a marginal increase of FAME recovery for the PEF-294 

treated samples up to 15% dry weight i.e. 44% of the total evaluated FAMEs. 295 

The FAME composition of the end product both of the two-step and direct transesterification was analyzed 296 

with GC and presented in Table 1 and Table 2 for the autotrophic and mixotrophic cultivation respectively. 297 

In the same tables, the total FAME content of the microalgae as evaluated from direct transesterification 298 

of freeze-dried and bead-milled biomass (“reference method”) can also be found.299 



As it can be seen in Table 1, the FAMES produced by the autotrophically cultivated A. protothecoides were 300 

mainly oleic acid (C18:1), linoleic acid (C18:2) and in lesser amounts palmitic acid (C16:0) and the 301 

polyunsaturated γ-linolenic acid. More specifically, the FAMEs were composed by 9.8% C16:0, 39.5% 302 

C18:1, 41.6% C18:2 and 6.1% C18:3n6. The FAMEs of the PEF-treated samples, either after a two-step or 303 

a direct transesterification were very similar to the reference method. The direct transesterification 304 

approach thus did not have an effect on the FAME composition. Equally important is the result that 305 

incubating the microalgae after PEF-treatment for 24-h did not affect negatively the end product, 306 

especially the unsaturated FAMEs. 307 

The mixotrophic A. protothecoides, shown Table 2, had a slightly different FAME composition from the 308 

autotrophic cultivation. The main fatty acid was C18:1 i.e. 67.3%, followed by 21.8% C18:2, 9.1% C16:0 and 309 

8.3% C18:3n6. The FAME composition at the end of the two-step transesterification was similar to the 310 

above for various experimental conditions, although loss of the PUFA C18:3n6 was noted. The FAME 311 

composition at the end of the direct transesterification displayed reduced C18:1 compared to the 312 

reference method although given the reduced overall yields of the reaction, no concrete conclusion can 313 

be made for this case. 314 

From the above, it can be summarized that direct transesterification is most efficient when coupled with 315 

PEF-treatment and incubation for the autotrophically cultivated A. protothecoides. In fact, under these 316 

conditions the FAME recovery was even higher compared with the conventional two-step 317 

transesterification. Neither direct transesterification nor incubation had an effect on the FAME 318 

composition of the end product. It is currently unknown however, why the yields from the mixotrophic 319 

biomass were repeatably low.  320 

3.3. Further examination of the direct transesterification-incubation after PEF synergy 321 

As seen previously, incubation after PEF-treatment had a considerable effect on the FAME yields, when 322 

processing autotrophically cultivated biomass. The exact mechanism of incubation is still largely 323 



unexplored, however. On parallel with the previous experiments, samples were stopped after only 1h 324 

direct transesterification reaction in order to gain further insights on the involved mechanisms and 325 

whether the reaction time could be reduced. The results are displayed in Figure 3. 326 

 327 

Figure 3: FAME recovery after direct transesterification with 1h reaction time of Auxenochlorella 328 

protothecoides cultivated in either autotrophic or mixotrophic mode. GC analysis of the reaction product 329 

is shown in A and B for autotrophic and for mixotrophic cultivation respectively. Two PEF-treatment 330 

energies were tested, 0.25 MJ/kgDW and 1.5 MJ/kgDW, while Control refers to untreated biomass.  On the 331 

left y-axis the yields are displayed as percentage per dry weight while on the right y-axis, as percentage of 332 

the total estimated FAME content. In straight red line, the total FAME content of the biomass is 333 

represented. Transesterification took place with a methanol: hexane, 1:0.17 vol/vol mixture. As reference 334 

method for the evaluation of the total FAME content, the same transesterification protocol was applied 335 

for 3h on lyophilized, bead-milled biomass. Results are the average and standard deviation of two 336 

independent experiments with internal duplicates. 337 

Examining the FAME yields after 1h reaction from Figure 3 and comparing them with the respective 3h 338 

ones from Figure 2, it is evident that there is a decrease in product output. More specifically as seen in 339 



Figure 3A for the autotrophic cultivation, untreated and PEF-treated with 0.25 MJ/kgdw biomass the FAME 340 

recovery was reduced by half, down to 4% dry weight. Yields from microalgae treated with 1.5 MJ/kgdw 341 

were also reduced although not as strongly: 17% dry weight or 46% of total FAMEs. However, incubating 342 

the biomass after PEF-treatment improved the results. Untreated biomass remained unaffected, while 343 

both 0.25 MJ/kgdw and 1.5 MJ/kgdw displayed 26% dry weight FAMEs i.e. 70% of total evaluated FAMEs. 344 

The mixotrophically cultivated microalgae displayed reduced FAME yields with only a marginal increase 345 

after incubation. 346 

3.4. Discussion 347 

As seen from the presented results, incubating the microalgae after PEF-treatment had a positive effect 348 

not only on the FAME yields but also on the reaction time. While a total recovery was not achieved for 1h 349 

reaction time, the FAME yields nonetheless increased on that time point when compared with the one 350 

without incubation (70% of total FAMEs were recovered for 1.5 MJ/kgdw with incubation against 46% 351 

without). To the best of our knowledge, there is no reason to assume that PEF-treatment has an effect on 352 

the kinetics of the reaction itself. This increase then, is most likely due to a modification of the microalgae 353 

structure, caused by PEF-treatment which subsequently triggers biological functions during incubation. 354 

One possibility, as proposed by Martínez et al, could be the release of hydrolytic enzymes from the interior 355 

of the microalgae after PEF which then proceed to degrade the cell wall during incubation51. This would 356 

result to enhanced solvent penetration to the microalgae cell and accelerated removal of FAMEs. To prove 357 

this theory however, more study is required and in particular identification of these enzymes along with 358 

their mechanism.51 359 

It is challenging to explain the ineffectiveness of direct transesterification on the mixotrophic Α. 360 

protothecoides. Apart from a lesser amount of C18:2 compared to autotrophic microalgae, the final lipid 361 

content and FAME profile of the two cultivation modes were relatively similar. Moreover, the lipid 362 

extraction was very efficient on the mixotrophic cultivation, even more than on the autotrophic, which 363 



suggests that the cells are more vulnerable to solvents. One assumption for this behavior was that 364 

leftovers from the cultivation medium might prevent the transesterification to take place since the 365 

mixotrophic cultivation took place with the addition of glucose. To test this hypothesis, the biomass pellet 366 

was washed once with distilled water before proceeding with the direct transesterification without any 367 

improvement of the results, however (data not shown).  More in-depth examination is thus required, 368 

including evaluating the reaction conditions themselves. 369 

3.5. Benefits and challenges of implementing direct transesterification 370 

The previous results validate the efficiency of direct transesterification for the autotrophically cultivated 371 

microalgae. Significantly, the process is effective on wet microalgae, avoiding thus any drying expenses, a 372 

critical parameter for biofuel production. The fact that incubation after PEF-treatment is required in order 373 

to achieve total FAME recovery is not necessarily a drawback. Apart from increased FAME yields and 374 

reduction of the treatment energy, incubating the biomass after PEF can bring an additional benefit if the 375 

process is examined in the context of a biorefinery. A spontaneous release of water soluble microalgae 376 

components has been reported after PEF-treatment 52,53. This has been verified in the case of A. 377 

protothecoides in a previous work 37 where extrusion of carbohydrates was reported over a 24-h 378 

incubation after PEF-treatment followed by nearly complete lipid extraction. Direct transesterification can 379 

act in a similar manner as a second step in a cascade process for the exploitation of the spent biomass 380 

after the removal of the water-soluble components. The two-step transesterification as shown in Figure 1 381 

was effective enough but at the demand of large solvent amounts. For the processing of just 1 L of lipids, 382 

more than 140 L of ethanol and 680 L of hexane would be required.  Bypassing the lipid extraction step by 383 

immediately converting them to FAMEs would remove not only equipment costs but also significant 384 

energy expenses for the solvent recycling. 385 

Direct transesterification is not without challenges, though. Moisture content is reported to decrease the 386 

reaction’s efficiency 54. Even though in this study total conversion was achieved from wet biomass at 387 



concentrations of 250 g/L, the water content might have a negative effect on further optimization of the 388 

reaction conditions or in case an alkaline catalyst is used for the reaction. A final point of discussion is the 389 

amount of methanol used in this direct transesterification protocol. The stoichiometric molar ratio of 390 

triglycerides to alcohol is 1:3 although in practice higher ratios are applied.  In literature, for conventional 391 

transesterification processes an excess of 1:6 is often reported 55 although these typically use alkaline 392 

catalysts. In one comprehensive review, for acid catalyzed transesterification, like this study, various 393 

methanol molar excesses are reported, from 1:6 up to 1:56, depending on the feedstock and the reaction 394 

conditions 9. Based on the total fatty acid composition from Table 1 and Table 2, the average molecular 395 

weight of lipids produced from autotrophic A. protothecoides could be calculated as equal to 0.883 kg/mol. 396 

For the conversion of 1 L of saponifiable lipids i.e. 1.16 moles, based on our experimental conditions, 14.8 397 

L of methanol would be required which would correspond to 364 moles. That would mean, that the molar 398 

ratio of lipid to alcohol is currently equal to 1:311, considerably higher than the ones mentioned 399 

previously. The reduction of methanol in this methodology (a goal beyond the scope of this work) could 400 

be part of future works. 401 

 402 

4. Conclusions 403 

The goal of this study was to examine the application of direct transesterification on microalgae after PEF-404 

treatment. The process was very successful on autotrophically cultivated A. protothecoides with a total 405 

FAME recovery achieved with treatment energy as low as 0.25 MJ/kgdw, if a 24 h incubation step is 406 

implemented after PEF. On the contrary, very low yields were observed for mixotrophically cultivated A. 407 

protothecoides for still unknown reasons. This question along with the further optimization of the overall 408 

direct transesterification should be further explored in future experiments. 409 

  410 



Ethics approval and consent to participate 411 

Not applicable. 412 

Consent for publication 413 

 All authors agree to publish this article. 414 

Availability of data and materials 415 

All data generated or analyzed during this study are included in this published article. 416 

Competing interests 417 

The authors declare no competing interest. 418 

Funding 419 

This work was conducted in the framework and financed by the Helmholtz Research Program on 420 

Renewable Energies [Topic 3: Bioenergy] and by the European Union’s Horizon 2020 Research and 421 

Innovation program [Grant Agreement No. 727874] 422 

Author’s contributions 423 

Ioannis Papachristou: conceptualization, methodology, investigation, writing-original draft preparation. 424 

Shiqi Zhang: investigation, Visualization. Olga Gorte: investigation, resources. Katrin Ochsenreither: 425 

validation, Rüdiger Wüstner: Investigation. Natalja Nazarova: investigation, resources. Wolfgang Frey: 426 

writing - review & editing, project administration. Aude Silve: conceptualization, supervision, 427 

methodology, writing - review & editing.  428 

Acknowledgements 429 

Our gratitude to Ms Birgit Rolli from for kindly assisting with the gas chromatography analysis of the 430 

FAMEs.  431 



 References 432 

1.  Salam KA, Velasquez-Orta SB, Harvey AP. Effect of Soaking Pre-Treatment on Reactive Extraction/in 433 
situ Transesterification of Nannochloropsis occulata for Biodiesel Production. Journal of Sustainable 434 
Bioenergy Systems. 2017 Oct 23;7(4):149–64.  435 

2.  Kiran B, Kumar R, Deshmukh D. Perspectives of microalgal biofuels as a renewable source of 436 
energy. Energy Conversion and Management. 2014 Dec 1;88:1228–44.  437 

3.  Mujtaba G, Choi W, Lee CG, Lee K. Lipid production by Chlorella vulgaris after a shift from nutrient-438 
rich to nitrogen starvation conditions. Bioresource Technology. 2012 Nov 1;123:279–83.  439 

4.  Chisti Y. Biodiesel from microalgae. Biotechnology Advances. 2007 Dec 1;25(3):294–306.  440 

5.  Chew KW, Yap JY, Show PL, Suan NH, Juan JC, Ling TC, et al. Microalgae biorefinery: High value 441 
products perspectives. Bioresource Technology. 2017 Apr 1;229:53–62.  442 

6.  Hu Q, Sommerfeld M, Jarvis E, Ghirardi M, Posewitz M, Seibert M, et al. Microalgal triacylglycerols 443 
as feedstocks for biofuel production: perspectives and advances. The Plant Journal. 444 
2008;54(4):621–39.  445 

7.  Schuchardt U, Sercheli R, Vargas RM. Transesterification of vegetable oils: a review. Journal of the 446 
Brazilian Chemical Society. 1998 May;9(3):199–210.  447 

8.  Hájek M, Vávra A, de Paz Carmona H, Kocík J. The Catalysed Transformation of Vegetable Oils or 448 
Animal Fats to Biofuels and Bio-Lubricants: A Review. Catalysts. 2021 Sep;11(9):1118.  449 

9.  Musa IA. The effects of alcohol to oil molar ratios and the type of alcohol on biodiesel production 450 
using transesterification process. Egyptian Journal of Petroleum. 2016 Mar 1;25(1):21–31.  451 

10.  Haas MJ, Wagner K. Simplifying biodiesel production: The direct or in situ transesterification of 452 
algal biomass. European Journal of Lipid Science and Technology. 2011;113(10):1219–29.  453 

11.  Nguyen TT, Uemura Y, Lam MK, Mansor N, Lim JW. Revealing the effect of reaction parameters 454 
towards alkyl group distribution in in-situ transesterification of Chlorella vulgaris. Energy 455 
Conversion and Management. 2019 Apr 1;185:223–31.  456 

12.  Dong T, Wang J, Miao C, Zheng Y, Chen S. Two-step in situ biodiesel production from microalgae 457 
with high free fatty acid content. Bioresource Technology. 2013 Dec 1;136:8–15.  458 

13.  Hidalgo P, Toro C, Ciudad G, Navia R. Advances in direct transesterification of microalgal biomass 459 
for biodiesel production. Rev Environ Sci Biotechnol. 2013 Jun 1;12(2):179–99.  460 

14.  Makareviciene V, Sendzikiene E, Gaide I. Application of heterogeneous catalysis to biodiesel 461 
synthesis using microalgae oil. Front Environ Sci Eng. 2020 Dec 30;15(5):97.  462 

15.  Griffiths MJ, Hille RP van, Harrison STL. Selection of Direct Transesterification as the Preferred 463 
Method for Assay of Fatty Acid Content of Microalgae. Lipids. 2010;45(11):1053–60.  464 



16.  Suh WI, Mishra SK, Kim TH, Farooq W, Moon M, Shrivastav A, et al. Direct transesterification of wet 465 
microalgal biomass for preparation of biodiesel. Algal Research. 2015 Nov 1;12:405–11.  466 

17.  Laurens LML, Nagle N, Davis R, Sweeney N, Wychen SV, Lowell A, et al. Acid-catalyzed algal biomass 467 
pretreatment for integrated lipid and carbohydrate-based biofuels production. Green Chem. 2015 468 
Feb 9;17(2):1145–58.  469 

18.  Wahlen BD, Willis RM, Seefeldt LC. Biodiesel production by simultaneous extraction and conversion 470 
of total lipids from microalgae, cyanobacteria, and wild mixed-cultures. Bioresource Technology. 471 
2011 Feb 1;102(3):2724–30.  472 

19.  Kasim FH, Harvey AP, Zakaria R. Biodiesel production by in situ transesterification. null. 2010 Mar 473 
1;1(2):355–65.  474 

20.  Domozych D, Ciancia M, Fangel JU, Mikkelsen MD, Ulvskov P, Willats WGT. The Cell Walls of Green 475 
Algae: A Journey through Evolution and Diversity. Front Plant Sci [Internet]. 2012 [cited 2021 Apr 476 
17];3. Available from: https://www.frontiersin.org/articles/10.3389/fpls.2012.00082/full 477 

21.  Florentino de Souza Silva AP, Costa MC, Colzi Lopes A, Fares Abdala Neto E, Carrhá Leitão R, Mota 478 
CR, et al. Comparison of pretreatment methods for total lipids extraction from mixed microalgae. 479 
Renewable Energy. 2014 Mar 1;63:762–6.  480 

22.  Kendir E, Ugurlu A. A comprehensive review on pretreatment of microalgae for biogas production. 481 
International Journal of Energy Research. 2018;42(12):3711–31.  482 

23.  Dong T, Knoshaug EP, Pienkos PT, Laurens LML. Lipid recovery from wet oleaginous microbial 483 
biomass for biofuel production: A critical review. Applied Energy. 2016 Sep 1;177:879–95.  484 

24.  Frey W, White JA, Price RO, Blackmore PF, Joshi RP, Nuccitelli R, et al. Plasma Membrane Voltage 485 
Changes during Nanosecond Pulsed Electric Field Exposure. Biophys J. 2006 May 15;90(10):3608–486 
15.  487 

25.  Kotnik T, Rems L, Tarek M, Miklavčič D. Membrane Electroporation and Electropermeabilization: 488 
Mechanisms and Models. Annu Rev Biophys. 2019 May 6;48(1):63–91.  489 

26.  Barba FJ, Parniakov O, Pereira SA, Wiktor A, Grimi N, Boussetta N, et al. Current applications and 490 
new opportunities for the use of pulsed electric fields in food science and industry. Food Research 491 
International. 2015 Nov 1;77:773–98.  492 

27.  Akaberi S, Gusbeth C, Silve A, Senthilnathan DS, Navarro-López E, Molina-Grima E, et al. Effect of 493 
pulsed electric field treatment on enzymatic hydrolysis of proteins of Scenedesmus almeriensis. 494 
Algal Research. 2019 Nov 1;43:101656.  495 

28.  Papachristou I, Akaberi S, Silve A, Navarro-López E, Wüstner R, Leber K, et al. Analysis of the lipid 496 
extraction performance in a cascade process for Scenedesmus almeriensis biorefinery. 497 
Biotechnology for Biofuels. 2021 Jan 14;14(1):20.  498 

29.  Goettel M, Eing C, Gusbeth C, Straessner R, Frey W. Pulsed electric field assisted extraction of 499 
intracellular valuables from microalgae. Algal Research. 2013 Oktober;2(4):401–8.  500 



30.  Silve A, Papachristou I, Wüstner R, Sträßner R, Schirmer M, Leber K, et al. Extraction of lipids from 501 
wet microalga Auxenochlorella protothecoides using pulsed electric field treatment and ethanol-502 
hexane blends. Algal Research. 2018 Jan 1;29:212–22.  503 

31.  Martínez JM, Gojkovic Z, Ferro L, Maza M, Álvarez I, Raso J, et al. Use of pulsed electric field 504 
permeabilization to extract astaxanthin from the Nordic microalga Haematococcus pluvialis. 505 
Bioresource Technology. 2019 Oct 1;289:121694.  506 

32.  Bensalem S, Lopes F, Bodénès P, Pareau D, Français O, Le Pioufle B. Understanding the mechanisms 507 
of lipid extraction from microalga Chlamydomonas reinhardtii after electrical field solicitations and 508 
mechanical stress within a microfluidic device. Bioresource Technology. 2018 Jun 1;257:129–36.  509 

33.  ‘t Lam GP, van der Kolk JA, Chordia A, Vermuë MH, Olivieri G, Eppink MHM, et al. Mild and 510 
Selective Protein Release of Cell Wall Deficient Microalgae with Pulsed Electric Field. ACS 511 
Sustainable Chem Eng. 2017 Jul 3;5(7):6046–53.  512 

34.  Scherer D, Krust D, Frey W, Mueller G, Nick P, Gusbeth C. Pulsed electric field (PEF)-assisted protein 513 
recovery from Chlorella vulgaris is mediated by an enzymatic process after cell death. Algal 514 
Research. 2019 Aug 1;41:101536.  515 

35.  Buchmann L, Brändle I, Haberkorn I, Hiestand M, Mathys A. Pulsed electric field based cyclic 516 
protein extraction of microalgae towards closed-loop biorefinery concepts. Bioresource 517 
Technology. 2019 Nov 1;291:121870.  518 

36.  Postma PR, Pataro G, Capitoli M, Barbosa MJ, Wijffels RH, Eppink MHM, et al. Selective extraction 519 
of intracellular components from the microalga Chlorella vulgaris by combined pulsed electric 520 
field–temperature treatment. Bioresource Technology. 2016 Mar 1;203:80–8.  521 

37.  Silve A, Kian CB, Papachristou I, Kubisch C, Nazarova N, Wüstner R, et al. Incubation time after 522 
pulsed electric field treatment of microalgae enhances the efficiency of extraction processes and 523 
enables the reduction of specific treatment energy. Bioresource Technology. 2018 Dec 1;269:179–524 
87.  525 

38.  Carullo D, Abera BD, Casazza AA, Donsì F, Perego P, Ferrari G, et al. Effect of pulsed electric fields 526 
and high pressure homogenization on the aqueous extraction of intracellular compounds from the 527 
microalgae Chlorella vulgaris. Algal Research. 2018 Apr 1;31:60–9.  528 

39.  Luengo E, Condón-Abanto S, Álvarez I, Raso J. Effect of Pulsed Electric Field Treatments on 529 
Permeabilization and Extraction of Pigments from Chlorella vulgaris. J Membrane Biol. 2014 Dec 530 
1;247(12):1269–77.  531 

40.  Martínez JM, Luengo E, Saldaña G, Álvarez I, Raso J. C-phycocyanin extraction assisted by pulsed 532 
electric field from Artrosphira platensis. Food Research International. 2017 Sep 1;99:1042–7.  533 

41.  Kim B, Heo HY, Son J, Yang J, Chang YK, Lee JH, et al. Simplifying biodiesel production from 534 
microalgae via wet in situ transesterification: A review in current research and future prospects. 535 
Algal Research. 2019 Aug 1;41:101557.  536 

42.  Cheng J, Yu T, Li T, Zhou J, Cen K. Using wet microalgae for direct biodiesel production via 537 
microwave irradiation. Bioresour Technol. 2013 Mar;131:531–5.  538 



43.  Martinez-Guerra E, Gude VG, Mondala A, Holmes W, Hernandez R. Microwave and ultrasound 539 
enhanced extractive-transesterification of algal lipids. Applied Energy. 2014 Sep 15;129:354–63.  540 

44.  Ansari FA, Shriwastav A, Gupta SK, Rawat I, Bux F. Exploration of Microalgae Biorefinery by 541 
Optimizing Sequential Extraction of Major Metabolites from Scenedesmus obliquus. Ind Eng Chem 542 
Res. 2017 Mar 29;56(12):3407–12.  543 

45.  Sivaramakrishnan R, Incharoensakdi A. Microalgae as feedstock for biodiesel production under 544 
ultrasound treatment – A review. Bioresource Technology. 2018 Feb 1;250:877–87.  545 

46.  Patil PD, Gude VG, Mannarswamy A, Cooke P, Munson-McGee S, Nirmalakhandan N, et al. 546 
Optimization of microwave-assisted transesterification of dry algal biomass using response surface 547 
methodology. Bioresource Technology. 2011 Jan 1;102(2):1399–405.  548 

47.  Papachristou I, Silve A, Jianu A, Wüstner R, Nazarova N, Müller G, et al. Evaluation of pulsed electric 549 
fields effect on the microalgae cell mechanical stability through high pressure homogenization. 550 
Algal Research. 2020 May 1;47:101847.  551 

48.  Breuer G, Evers WAC, de Vree JH, Kleinegris DMM, Martens DE, Wijffels RH, et al. Analysis of Fatty 552 
Acid Content and Composition in Microalgae. J Vis Exp [Internet]. 2013 Oct 1 [cited 2020 Apr 553 
13];(80). Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3938209/ 554 

49.  Dianursanti, Religia P, Wijanarko A. Utilization of n-Hexane as Co-solvent to Increase Biodiesel Yield 555 
on Direct Transesterification Reaction from Marine Microalgae. Procedia Environmental Sciences. 556 
2015;23:412–20.  557 

50.  Kochert G. Quantitation  of  the  macromolecular  components  of  microalgae. In: Handbook  of  558 
Phycological MethodsPhysiological and Biochemical Methods. 1978. p. 189–95.  559 

51.  Martínez JM, Delso C, Álvarez I, Raso J. Pulsed electric field-assisted extraction of valuable 560 
compounds from microorganisms. Comprehensive Reviews in Food Science and Food Safety. 561 
2020;19(2):530–52.  562 

52.  Coustets M, Al-Karablieh N, Thomsen C, Teissié J. Flow Process for Electroextraction of Total 563 
Proteins from Microalgae. J Membrane Biol. 2013 Apr 11;246(10):751–60.  564 

53.  Grimi N, Dubois A, Marchal L, Jubeau S, Lebovka NI, Vorobiev E. Selective extraction from 565 
microalgae Nannochloropsis sp. using different methods of cell disruption. Bioresource Technology. 566 
2014 Feb;153:254–9.  567 

54.  Phuoc VT, Yoshikawa K, Phuoc VT, Yoshikawa K. Comparison between direct transesterification of 568 
microalgae and hydrochar. AIMSE. 2017;5(4):652–66.  569 

55.  Tsuji T, Kubo M, Shibasaki-Kitakawa N, Yonemoto T. Is Excess Methanol Addition Required To Drive 570 
Transesterification of Triglyceride toward Complete Conversion? Energy Fuels. 2009 Dec 571 
17;23(12):6163–7.  572 

 573 



Table 1: Gas chromatography analysis of the FAME content of autotrophic Auxenochlorella protothecoides after two-step transesterification or 574 

direct transesterification. The biomass was processed either immediately or after a 24-h incubation after PEF-treatment. As reference method, 575 

freeze-dried biomass was bead-milled and subjected to direct transesterification with a methanol: hexane, 1:0.17 vol/vol co-solvent. The average of 576 

duplicates from two independent cultivations is presented along with standard deviation. 577 

 % of Total detected Fatty Acid 

 Autotrophic cultivation, no incubation after PEF-treatment 

 C14:0 C16:0 C18:0 C18:1 C18:2 C18:3n6 

Total FAME from reference 

method 
1.0 ± 0.1 9.8 ± 0.3 2.1 ± 0.1 39.5 ± 0.6 41.6 ± 0.4 6.1± 0.1 

Two-step transesterification 

0.25 MJ/kgDW 0.0 ± 0.0 7.3 ± 2.9 0.0 ± 0.0 40.7 ± 1.0 44.7 ± 3.4 7.2 ± 0.4 

Two-step transesterification 

1.5 MJ/kgDW 1.1 ± 0.0 10.3 ± 0.1 2.3 ± 0.0 39.5 ± 1.3 42.6 ± 1.5 4.2 ± 2.8 

Direct transesterification 

Control 0.9 ± 0.1 10.3 ± 0.1 1.5 ± 0.2 31.7 ± 1.9 47.3 ± 2.1  8.3 ± 0.3 

Direct transesterification 1.0 ± 0.1 10.3 ± 0.0 1.6 ± 0.0 31.5 ± 2.1 46.7 ± 1.0 8.8 ± 1.1 



0.25 MJ/kgDW 

Direct transesterification 

1.5 MJ/kgDW 1.1 ± 0.1 10.1 ± 0.2 2.1 ± 0.2 36.8 ± 0.1 42.1 ± 0.7 7.6 ± 0.6 

 Autotrophic cultivation, 24 h incubation after PEF-treatment  

Two-step transesterification 

0.25 MJ/kgDW 
1.0 ± 0.1 9.8 ± 0.1 2.5 ± 0.1 39.2 ± 0.3 41.0 ± 0.6 6.5 ± 0.2 

Two-step transesterification 

1.5 MJ/kgDW 
1.1 ± 0.0 9.7 ± 0.1 2.7 ± 0.1 39.2 ± 0.5 40.4 ± 0.4  6.9 ± 0.0 

Direct transesterification 

Control 
1.0 ± 0.1  10.1 ± 0.3  1.9 ± 0.3 32.1 ± 2.6 46.0 ± 2.1 8.9 ± 0.4 

Direct transesterification 

0.25 MJ/kgDW 
0.9 ± 0.1 9.8 ± 0.1 2.3 ± 0.1 38.9 ± 0.9 41.5 ± 0.1 6.5 ± 0.5 

Direct transesterification 

1.5 MJ/kgDW 
1.0 ± 0.2 9.7 ± 0.2 2.4 ± 0.1 38.9 ± 0.7 41.3 ± 0.1 6.7 ± 0.3 

 578 

 579 

 580 



Table 2: Gas chromatography analysis of the FAME content of mixotrophic Auxenochlorella protothecoides after two-step transesterification or 581 

direct transesterification. The biomass was processed either immediately or after a 24-h incubation after PEF-treatment. As reference method, 582 

freeze-dried biomass was bead-milled and subjected to direct transesterification with a methanol: hexane, 1:0.17 vol/vol co-solvent. The average of 583 

duplicates from two independent cultivations is presented along with standard deviation. 584 

 % of Total detected Fatty Acid 

 mixotrophic cultivation, no incubation after PEF-treatment 

 C14:0 C16:0 C18:0 C18:1 C18:2 C18:3n6 

Total FAME from reference 

method 
0.5 ± 0.0 9.1 ± 0.0 1.2 ± 0.0 67.3 ± 0.3 21.8 ± 0.4 8.3± 0.2 

Two-step transesterification 

0.25 MJ/kgDW 0.9 ± 0.4 8.6 ± 0.3 4.3 ± 2.8 65.1 ± 2.6  19.7 ± 0.0 3.1 ± 1.4 

Two-step transesterification 

1.5 MJ/kgDW 0.5 ± 0.0 9.6 ± 0.1  2.2 ± 0.6 66.4 ± 0.8 20.1 ± 0.6 1.8 ± 0.0 

Direct transesterification 

Control 0.7 ± 0.0 11.3 ± 0.0 0.5 ± 0.3 53.0 ± 0.9 30.4 ± 0.7 3.7 ± 0.3 

Direct transesterification 0.7 ± 0.1 10.9 ± 0.9 0.5 ± 0.3 53.7 ± 0.6 30.3 ± 0.8 3.6 ± 0.4 



0.25 MJ/kgDW 

Direct transesterification 

1.5 MJ/kgDW 0.7 ± 0.0 11.0 ± 0.4 0.5 ± 0.3  53.9 ± 1.2  29.9 ± 0.4 3.6 ± 0.3  

 mixotrophic cultivation, 24 h incubation after PEF-treatment  

Two-step transesterification 

0.25 MJ/kgDW 
0.6 ± 0.0 9.2 ± 0.4 1.9 ± 0.3 65.5 ± 0.2 21.2 ± 0.7 1.9 ± 0.0 

Two-step transesterification 

1.5 MJ/kgDW 
0.6 ± 0.0 9.6 ± 0.2 1.8 ± 0.4 64.6 ± 0.4 21.8 ± 0.1 2.1 ± 0.0 

Direct transesterification 

Control 
0.6 ± 0.1 10.2 ± 0.6 0.5 ± 0.3 54.0 ± 0.9 31.0 ± 0.3 3.3 ± 0.4 

Direct transesterification 

0.25 MJ/kgDW 
0.7 ± 0.0 11.3 ± 0.3 0.5 ± 0.4 53.7 ± 3.2 30.0 ± 2.6  3.6 ± 0.4 

Direct transesterification 

1.5 MJ/kgDW 
0.7 ± 0.0 11.0 ± 0.5 0.6 ± 0.3 57.1 ± 1.0 27.2 ± 0.4 3.1 ± 0.1 
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