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Abstract:

Pulsed Electric Field (PEF) pre-treatment, applied on fresh microalgae Auxenochlorella
protothecoides, induces spontaneous release of a substantial water fraction and enables
subsequent lipid extraction using ethanol-hexane blends. In this study, fresh microalgae
suspensions were treated with PEF and incubated under inert conditions. Incubation promotes the
release of ions and carbohydrates and increases the yields of subsequent lipid extraction thus
enabling a considerable reduction of PEF-treatment energy. With a 20 hour incubation period at
25°C, almost total lipid extraction is achieved with a specific PEF-treatment energy of only

0.25 MJ/kgpw. Incubation on ice remains beneficial but less efficient than at 25°C. Additionally,
incubating microalgae cells in suspension at 100 gpw/L or in a dense paste, was almost equally
efficient. Correlation between the different results suggests that spontaneous release of ions and
carbohydrates facilitates more successful lipid extraction. A direct causality between the two

phenomena remains to be demonstrated.
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1. Introduction

Microalgae’s rich intracellular content is attractive for many applications such as fuel, food or feed.
Nevertheless, only a few microalgae derived products have reached the market. Indeed, both, the
production and the downstream-processing of large biomass quantities are not efficient enough
for most products to be profitable yet (Posten and Walter, 2012). The current trend is to develop
microalgae bio-refinery in order to achieve profitability through multi-components valorization
(Chew et al., 2017; Glnerken et al., 2015; Vanthoor-Koopmans et al., 2013). Downstream
processing should operate on wet biomass basis to avoid drying costs (Cooney et al., 2011), should
enable efficient extraction of intracellular compounds and additionally should enable cascade
processing. Success of such a process highly relies on the pre-treatment of the biomass regardless

of whether it is performed by biological, chemical or physical means (Glinerken et al., 2015).

Among the physical pre-treatment methods, one can distinguish between mechanical methods
aiming at complete disruption of the cells such as bead-milling (BM) or high pressure
homogenization (HPH), and other approaches which affect the integrity of cells without reducing
them into debris. The first approach is reducing microalgae biomass to a mixture of small cell
fragments in which intracellular components are spread and in principle accessible for recovery.
These approaches are very promising for some applications. HPH in particular has already reached
a high technology readiness level. Nevertheless, the creation of very small debris and in some
cases even formation of stable emulsions is considered a serious drawback for all applications
requiring cascade processing of the biomass and in particular separation of all solid debris from
the liquid phase. Additionally, albeit those methods are not intrinsically thermal based, the intense
mechanical forces at play, e.g. high shear stresses, induce high local temperature increases which

can damage thermo-sensitive molecules (Phong et al., 2018). Finally, these methods aim at



mechanically disrupting the cell-wall of microalgae which can represent an additional challenge for
those approaches when pre-treatment is performed on one of the many very robust microalgae
strain. Optimization of HPH and BM has nevertheless enabled considerable reduction of energy
demand. A straight comparison of the energy requested by different disruption technique is a
difficult task since each individual study relies on a specific and individual diagnostic. As a guide,
one can still note that in the current state of the art, the lowest reported values for BM are in the
range of 1.6 to 3.6 MJ/kgpw (Postma et al., 2017, 2015). In the case of HPH, values as low as

0.16 MJ/kgow have been reported for weak species, while resistant species, such as
Nannochloropsis, still require at least around 3.4 MJ/kgow when treated directly after harvesting.
For the latter, pre-incubation for 15h at 37°C was shown to significantly weaken cell wall and
enable efficient disruption with only 0.4 MJ/kgow (Olmstead et al., 2013; Spiden et al., 2013; Yap

et al., 2015).

Other physical pre-treatment methods, whether mechanical such as ultrasounds, thermal such as
autoclaving, or electrical such as microwaves and pulsed electric field (PEF), rely on a different
principle since, according to the currently published literature, they do not lead to a distinct
disruption of microalgae cells in the sense that cells are not fragmented into debris. The integrity
of cells is however compromised which can facilitate further extraction of intracellular valuables
(Grimi et al., 2014; Gunerken et al., 2015). In most cases, the underlying mechanisms are not
described or only partially explained in literature. In the specific case of PEF, more is known about
the mechanisms since the effect of pulsed electric fields on biological cells has been intensively
studied in other scientific communities (Pakhomov et al., 2010; Teissie et al., 2005). As the electric
field is established in the cells surrounding, charging of cell plasma membrane occurs, resulting in

high transmembrane voltage and in turn loss of integrity of the membrane with increase of its



conductivity and its permeability. This phenomenon, known as electroporation or
electropermeabilisation, has been intensively studied but the exact underlying molecular
mechanisms still remain to be explained. Nevertheless, it is admitted that the lipid bilayer part of
the cell membrane is the structure which is affected. The creation of hydrophilic pores in the lipid
bilayer is strongly supported by theoretical approaches (Poignard et al., 2016) as well as by
molecular dynamics simulations (Levine and Vernier, 2010; Tarek, 2005) but experimental
evidences of pores are still lacking. A direct visualization of pore-like structures in some artificial
bilayers was published recently (Sengel and Wallace, 2016) but a comprehensive description of
electroporation at cell level appears to be more complex. Despite these remaining open questions,
PEF-treatment has already been successfully implemented for clinical applications (Mir, 2008,
2006; Yarmush et al., 2014) as well as for industrial applications in the food-industry (Frey et al.,

2017; Toepfl et al., 2006).

Since a couple of years PEF-treatment is considered and evaluated as a pre-treatment method for
microalgae (Kempkes, 2016; Golberg et al., 2016; Frey et al., 2017). Several studies have already
detected PEF-induced electropermeabilisation of microalgae cells, using uptake of markers such as
Calcein (Azencott et al., 2007), Nile-red (Silve et al., 2018), and propidium iodide (Bodénes et al.,
2016; Luengo et al., 2015) or release of molecules such as ions or carbohydrate (Goettel et al.,
2013) as a central diagnostic approach. Uptake of large permeabilisation markers such as bovine
serum albumin appears to be less efficient (Azencott et al., 2007), which is a general trend
observed on mammalian cell studies but which might be even reinforced by the presence of the
cell-wall when focusing on plant cells. In terms of microalgae processing for bio-refinery, it was
already demonstrated that PEF could induce spontaneous release of some water soluble

molecules, including some carbohydrates (Carullo et al., 2018; Goettel et al., 2013; Postma et al.,



2016), some water soluble proteins (Carullo et al., 2018; Coustets et al., 2015, 2013; Goettel et al.,
2013; Postma et al., 2016) and pigments (Luengo et al., 2015). Additionally, PEF-treatment or
assimilated approaches (Sheng et al., 2011) have been shown to facilitate solvent extraction of
lipids (Silve et al., 2018; Zbinden et al., 2013; Eing et al., 2013; Sheng et al., 2011; Parniakov et al.,

2015; Grimi et al., 2014; Lai et al., 2014).

The energy required for efficient PEF pre-treatment of microalgae is still under investigation. In
general, PEF-treatment energy scales with the conductivity of the suspension to be treated. To
avoid energy-intensive and water-consuming washing steps, PEF-treatment at native suspension
conductivity appears to be advantageous. The lowest reported values for PEF treatment of
unwashed microalgae suspensions are typically in the range of 1.5 to 2 MJ/kgpw (Goettel et al.,
2013; Postma et al., 2016). In cell wall deficient C. reinhardtii, and with additional washing of
microalgae suspensions, energy values as low as 180 kJ/kgow were also reported to be efficient for
extraction of proteins (‘t Lam et al., 2017). Special emphasis on energy efficiency of PEF treatment
is essential for applications focusing on low added-value products recovery or more in general for
applications requesting processing of large amounts of biomass. This is in particular valid for
biodiesel production, for which it is essential, that the specific energy demand of the pre-

treatment remains as low as possible in order to maintain low overall processing costs.

In case of PEF treatment performed in batch mode, the specific treatment energy W [J/kgow] is
given by (1) and is a function of the conductivity of the suspension o [S/m], of the electric field
intensity E [V/m], of the duration of the pulses At [s], of the number of pulses applied to the

suspension N and of the concentration of the biomass C [kgow/L].



W =E? ¢ — (1)

In case of a continuous flow process as depicted in Fig. 1, the number of pulses N applied on a
given volume unit is a function of the repetition rate f., [Hz] and of the residence time tres [s]

inside the treatment chamber i.e. between the two electrodes.

N = frep-tres (2)
In first approximation, if the fluid velocity va [m/s] is considered to be homogeneous, then the
residency time trs for any volume unit is given by the length of the treatment chamber L [m]

divided by the fluid velocity.

L
tres = — (3)
vfl

Finally, the fluid velocity v can be expressed as a function of the flow rate Q [m?3/s] and of the

cross section of the treatment chamber w.d [m?] as follows:

b= b @)

In that case, the specific treatment energy W is given by the equation:

At. frep

W =E?o.L.w.d. 0.C

(5)

For given treatment chamber dimensions, several strategies for reducing the specific PEF-
treatment energy demand can be considered. The first strategy would be to reduce the
conductivity of the microalgae suspension. This can be easily done by washing the biomass with
distilled water. As already hinted introductorily above, washing itself would induce additional

energy costs and increase the water consumption which might counter balance the benefit of



energy reduction for the PEF treatment processing step. Therefore, such a strategy should be

restricted to sea-water microalgae suspensions, exhibiting very high initial conductivities.

Another approach would be to increase the biomass concentration of the treated suspension since
experiments on organic carbon release have shown that the efficiency of the PEF-treatment does
not depend on the biomass concentration (Goettel et al., 2013). A net energy consumption
reduction can therefore be obtained, as long as it is possible to pump the biomass through the
treatment chamber and as long as the energy costs due to concentration remain low enough.
Reduction of energy consumption can also be achieved by modifying the intrinsic pulse
parameters of the PEF-treatment i.e. by reducing the electric field or the pulse duration, although
this is likely to reduce the efficiency of the permeabilization. Finally, it is possible to increase the
flow rate Q or to reduce the repetition rate f.,, which are both equivalent to reducing the number
of pulses delivered per volume unit, a strategy also likely to reduce the efficiency of the PEF-

treatment.

In previous studies, PEF-treatment applied on the microalgae Auxenochlorella protothecoides
induced spontaneous release of a water fraction representing more than 10 % of the biomass,
mostly in the form of carbohydrates but also in the form of ions or proteins (Goettel et al., 2013).
Additionally, PEF-treatment applied prior to lipid extraction with Ethanol-Hexane blends, enabled
to reach almost total lipid extraction while yields from non-treated biomass were close to zero
(Silve et al., 2018). Most experiments were performed with a fixed energy input of 150 kJ/L and a
biomass concentration of 100g/L i.e. 10% w/v therefore translating into 1.5 MJ/kgpw. The main
target of this study was to investigate to what extent energy could be reduced without affecting
the spontaneous release of the water-fraction products and without impacting the lipid-extraction

yield. Energy was reduced by decreasing the repetition rate of the pulses and therefore the



average number of pulses administrated to a suspension volume-unit. All other parameters were

kept constant.

Moreover, several studies in the literature suggested that an incubation period after PEF-
treatment could increase the amount of water-soluble molecules released into the interstitial
medium (Coustets et al., 2015, 2013; Goettel et al., 2013). Indeed, It is assumed that this release
after PEF-treatment is partially or fully driven by diffusion across the permeabilized membrane. In
the case of microalgae cells, these molecules need to diffuse across a very small distance, typically
the dimension of the cell i.e. a few micrometers. Free diffusion cannot take place as both the cell
membrane (albeit permeabilized) and the cell wall (most likely unaffected by the PEF treatment)
impose restriction on migration of water-soluble molecules into the interstitial medium.
Therefore, the required time for diffusion cannot be predicted easily and can vary with the
treatment energy. It has been also suggested that an incubation after PEF could facilitate further
solvent extraction (Parniakov et al., 2015) despite the fact that no spontaneous release of lipids
was observed. Based on the above considerations, this study included a systematic investigation of
the effect of incubation duration after PEF-treatment on the release of carbohydrates, ions or

charged molecules, and on lipid yields obtained from solvent extraction.

2. Material and Methods

2.1 Microalgae Cultivation and Harvesting

All experiments were performed with Auxenochlorella protothecoides (A.p.), strain number
211-7a obtained from SAG, Culture Collection of algae, Gottingen, Germany. Axenic cultures were

maintained in glass cultivation flasks in a modified Wu medium (detailed composition can be



found in (Silve et al., 2018)). Experiments were performed on microalgae cultivated either
mixotrophically in cultivation flasks containing glucose as a carbon source or autotrophically in 25L
photo-bioreactors bubbled with air enriched at 3% of CO; as the only carbon source. The details of
cultivation including medium composition can be found in (Silve et al., 2018). After harvesting, the
microalgae suspension was concentrated by centrifugation at 3000 g using a Sigma 8k centrifuge
(Sigma Laborzentrifugen GmbH, Osterode am Harz, Germany), with a swinging-bucket rotor. The
microalgae pellet was resuspended in the appropriate amount of cultivation medium in order to
obtain the desired concentration of 100 gpw/L. The process therefore did not include any washing
step. The exact final concentration was always measured. The average delay, induced by the step
of concentration of the microalgae, from the beginning of the harvest to the beginning of the PEF
experiment, was typically 2 h. For all experiments, a fraction of the final suspension was freeze-

dried and stored in vacuumed sealed bags at -20°C for further analysis of the biomass.

2.2 PEF Treatment

The concentrated microalgae suspension was treated in continuous mode with a constant flow
rate of Q=0.1 mL/s. The treatment chamber consisted of two parallel circular stainless steel
electrodes separated by a polycarbonate housing. Distance between the electrodes was 4 mm.
The setup ensured a uniform electric field distribution in the whole volume of the treatment
chamber (Vchamber = 48x11x4 mm?3) which had no sharp angles. Photos of the treatment chamber
and of the electrodes can be found in (Goettel et al., 2013). PEF treatment was performed with a
custom-made transmission-line generator. Pulse duration, was fixed at At = 1 s, electric field
intensity at E=4 MV/m. The pulse repetition rate f.., was adjusted between 0.1 Hz and 3 Hz, in
order to adjust the specific treatment energy as described in table 1. More details about the

instrumentation and the energy calculation were already given in (Silve et al., 2018). In
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experiments comparing the effect of different specific treatment energies, 12mL of suspension

were processed at each given energy setting. The total treatment duration was 2 min per sample.
The maximum increase of temperature ATmax [°C] of the microalgae samples due to deposition of
the PEF energy are reported in the last column of table 1 and were calculated assuming adiabatic

conditions (Eq. 6) and using the specific heat capacity c, [J/K/kg] and the density p [kg/L] of water.

(6)

2.3 Incubation of samples for extraction experiment

In all extraction experiments, samples were either processed immediately after PEF-treatment or
after a given time of incubation. For incubation, samples were flushed with nitrogen and kept in
the dark either at 25°C or on ice. Temperature of samples on ice was between 1 and 3°C. After
incubation, the samples were centrifuged for 5 min at 10000 g. After measurement of its
conductivity, the supernatant was stored at -20°C for further analysis of carbohydrate content.
Lipid extraction was then performed on the microalgae pellet. In some experiments, the
centrifugation was applied directly after PEF-treatment and only the dense microalgae pellet was

incubated. In that case, the pellet was also flushed with nitrogen and placed in the dark.

2.4 Conductivity measurements

The conductivity o [uS/cm] of the microalgae suspensions and of microalgae supernatants was
measured using a conductivity meter (Endress + Hauser, CLM 381). No automatic temperature
compensation was used, but temperature T[°C] was recorded in parallel with conductivity. The

equivalent conductivity at 25°C, a5 [uS/cm], was calculated using Eq. 7 where a;s is the
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temperature coefficient of variation at 25°C (Grimnes and Martinsen, 2008). The coefficient as
was obtained experimentally by measuring conductivity of a microalgae suspension at different

temperature (data not shown) and had a value of 2.8 %/°C.

1

_ 7
925 = OT ¥ 0o (T — 25) @

2.5 Carbohydrate measurements

Determination of carbohydrate release into the supernatant after PEF treatment was performed
using the Anthrone Sulfuric Acid assay. Fresh starch aqueous solutions with concentrations ranging
from 0.02 g/L to 0.4 g/L were prepared from starch powder (Merck 1.01257). They were used as
standards and processed like the samples. The frozen supernatants collected after PEF treatment
were thawed, diluted in distilled water at the appropriate concentration and kept on ice. For
absolute determination of carbohydrate content, freeze-dried biomass was resuspended in
distilled water and diluted to a concentration ranging between 0.1 and 0.4 g/L. All samples were
processed in triplicates. The anthrone reagent was prepared on the day of the experiment by
dissolving anthrone (Merk 1.01468) in 95% sulfuric acid (AnalaR NORMAPUR: VWR Chemicals
20700) at a final concentration of 0.1% w/v. The solution was well mixed and kept on ice for at
least 5 minutes. Afterwards 400 pL of diluted sample or standard were transferred into 1.5mL
Eppendorf Safe Lock tube. 800 pL of anthrone reagent were added and homogenized with the
sample solution through inversion. After 5min of incubation on ice, the mixed solution was
transferred into a thermo-incubator pre-heated at 95°C and shaken at 300 rpm for 16 minutes and

then cooled down on ice. Optical density of the cooled samples was measured at 625nm and
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carbohydrate concentration was calculated using the standard curve and considering the dilution

factors.

2.6 Lipid extraction

The lipid extraction protocol was fully described in (Silve et al., 2018). In brief, 5 mL of the
microalgae suspension at 100 gpw/L were centrifuged, supernatant was disregarded and the wet
microalgae pellet was resuspended in a hexane-ethanol blend in order to reach a final extraction
system of Water/Ethanol/Hexane, 1:18:7.3 vol/vol/vol. Extraction was performed overnight with
agitation and in the dark. Then, Hexane and water were added in order to accomplish phase
separation. The upper hexane phase was collected, and hexane evaporated under nitrogen flow.

Extraction yields were determined gravimetrically in a precision balance.

2.7 Evaluation of total lipid content

The total lipid content was evaluated using freeze-dried biomass. The biomass was bead-milled
(Mixer mill, MM400, Retsch, Haan, Germany) and then extracted in a Soxhlet apparatus (Behrotest
Kompact-Apparatur KEX 30, Behr Labortechnik) using hexane as an extraction solvent. Details are

given in (Silve et al., 2018). For each microalgae batch, lipid content was evaluated in triplicates.

2.8 Experimental replication

Experiments were replicated with three independently cultivated batches of microalgae culture.
Results are presented as the average and standard deviation (std). To improve clarity of the
Figures, only positive error bars (+std) are shown. Note that for figure 2 some conditions include

only two repetitions as mention in the caption itself.
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3. Results and discussion

3.1 Time course measurements of conductivity of microalgae suspension after PEF treatment

One of the first consequences of the PEF-treatment on the microalgae is the release of
intracellular ions which can be detected by measuring the conductivity of the microalgae
suspension after treatment. Preliminary experiments, performed on mixotrophically grown
microalgae, consisted in following the increase of conductivity of the suspension during the three
hours after PEF-treatment with different specific energies. For all treatment conditions, the
electric field was kept at 40 kV/cm and the pulse duration at 1 ps. The specific treatment energy
was adjusted by selecting the appropriate pulse repetition rate, as described in Table 1 in the
material and method section. Control suspension was pumped through the treatment chamber
without applying any pulse. The results are displayed in Fig. 2. The measured conductivity values
were corrected for temperature impact by applying Eq. 7 and correspond to the reference
temperature of 25°C. The measurements indicate that the conductivity of untreated microalgae
suspension was very stable over time. On the contrary, all PEF-treated samples display a
conductivity jump just after the PEF-treatment and an additional conductivity increase at least
during the three following hours. No full stabilization was reached. For the two highest specific
energies tested, i.e. 100 and 150 kJ/L, the conductivities after PEF-treatment are very close at any
time-point, suggesting that a maximum effect of PEF-treatment is reached for energies above
100 kJ/L. For all other energies tested, conductivity increase is lower but significant. Even the
lowest tested energy, i.e. 5 kl/L, induces a jump of conductivity from 1.1 mS/cm to 1.6 mS/cm
immediately after PEF-treatment, and a further increase to about 2.4 mS/cm after 3 hours of
waiting time. This experiment revealed that energy input as low as 5 kl/L could be significantly

detected based on the conductivity of the microalgae suspension. The fact that conductivity of
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microalgae suspension continues to increase during at least the first three hours after the PEF-
treatment suggest that the treatment causes long-term alteration of the microalgae cells. In the
following section, experiments were performed to investigate if those long-term consequences
could be used beneficially to improve spontaneous release of water-soluble compounds such as
ions or carbohydrate as well as to increase the lipid yields after subsequent solvent extraction. In
those experiments, the minimum energy was adjusted to 15 kJ/L. Moreover, for all the extraction
experiments, the samples were covered with nitrogen and kept in the dark immediately after the
PEF-treatment in order to avoid any degradation of molecules due to oxidation and photo-

oxidation. The waiting time after the PEF-treatment is thereafter referred to as incubation time.

3.2 Effect of PEF combined with incubation on the release of water fraction

The effect of the PEF-treatment with different energy inputs on the spontaneous release of water
soluble molecules was analyzed. Experiments were performed on both mixotrophically and
autotrophically grown microalgae and always led to similar results. Only results from the
autotrophically grown microalgae are reported since those are more representative for the
biomass that will be used in industrial applications. After a given incubation time, the samples
were centrifuged, the supernatant was collected and the carbohydrate content was quantified.
Results for the different energies and for different duration of incubation are presented on Fig. 3a.
The samples which were centrifuged immediately after PEF treatment and not incubated are
represented on the graph at the time point 0.1 hour i.e. 6 minutes. For those samples, the
concentration of carbohydrates in the supernatant depends highly on the treatment specific
energy starting from 2.0+1.3 g/L at 15 kl/L, and reaching 8.3%1.5 g/L at the highest tested energy
of 150 kJ/L. For this last sample, the concentration of carbohydrates in the supernatant is not

impacted by the duration of incubation. For all other tested energies, the amount of carbohydrate
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released increases with the duration of incubation. After only one hour of incubation, an energy of
50 kJ/L leads to the same amount of carbohydrates release as the three-fold energy. After the
longest tested incubation i.e. 20 hours, the level of carbohydrates released with 15 kJ/L and

25 kJ/L have reached 6.6+1.1 and 8.2+1.1 g/L, i.e. 80 and 99 % of the initial value obtained with
150 kJ/L. No release of carbohydrates was detected in the supernatant of the untreated

suspension, for all tested incubation durations.

An experiment was designed in order to test whether the progressive release of carbohydrates
after treatment could be blocked at low temperature. For that purpose, the incubation after
treatment was performed either at the standard temperature of 25°C or on ice. Results for
different treatment energies are displayed on Fig. 3b. As previously obtained, the amount of
carbohydrates released after PEF-treatment with 150 kJ/L is maximum directly after the treatment
and does not increase further with incubation time. For all other energies, an increase of
carbohydrates release with incubation time can be observed both at 25°C and on ice. However,

the dynamics of the release of carbohydrates are slowed down on ice.

Moreover, the conductivity of the supernatant was analyzed. It provides an indirect measurement
of the amount of charged molecules or ions spontaneously released. The results for incubation at
25°C are presented in Fig 4a. For all tested PEF-treatment energies, the conductivity of the
supernatant increases with the duration of incubation but with dynamics very different from the
one of the carbohydrates. All samples tend to target the same value of 3500 uS/cm after 20 hours
of incubation, but no stabilization has been observed at that time for any of the tested conditions,
even not for the highest energy of 150 kJ/L, suggesting that ion release from the biomass still

continues. During the first hours of incubation the conductivity of the supernatant of the control
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sample was stable around 1300 puS/cm. Later it slightly increased and reached 1500 pS/cm after 20

hours of incubation.

The same measurements were performed on samples incubated on ice and the results are
displayed on Fig. 4b. As obtained for the carbohydrates release, it can be observed that reducing
the incubation temperature does not inhibit the increase of the conductivity of the supernatant.

However, the rate of increase is reduced when samples are incubated on ice as compared to 25°C.

3.3 Effect of PEF treatment combined with incubation on lipid extraction yields

The impact of PEF-treatment energy reduction coupled with incubation was also tested on lipid
extraction. Samples were handled as described previously, i.e. PEF-treated and incubated in inert
conditions. After incubation, samples were centrifuged to remove the water fraction and the
microalgae pellet was resuspended in an ethanol-hexane mixture for lipid extraction. The lipid
yields for different energies and different incubation times are displayed in Fig. 5a. The results
indicate that incubation after PEF treatment is also beneficial for lipid extraction. The samples
treated with the highest energy, i.e. 150 kJ/L, give a maximum vyield after about two hours; the
exact time was not determined. The amount of extracted lipids represents 90 % of the evaluated
total lipid content. For all other treatment energies, lipid yields are extremely low when extraction
is performed immediately after the PEF-treatment but increase significantly with the incubation
duration. After 20 hours of incubation, the lipid yield from the samples treated with 15, 25 and 50

kJ/L have reached 76 %, 91 % and 97 % of the values of samples treated with 150 kJ/L.

As for the release of water fraction, the effect of incubation on ice was tested. Additionally, some

samples were centrifuged just after PEF treatment and left for incubation in the pellet form at
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25°Cininert conditions. Results are displayed on Fig. 5b. As previously, incubating the samples on
ice rather than at 25°C did not completely suppress the increase of lipid yield with incubation time,
however, the effect is considerably slowed down. Incubation in the pellet form also had a small
inhibiting effect as compared to incubation in the suspension form but this effect was much less

pronounced than the effect of reduction of temperature.

3. 4. Correlation between water soluble release and lipid extraction

In this study, lipid extraction was performed with a monophasic solvent system which requires
penetration of the solvent inside the cells. One of the questions raised by the results is whether
solvent penetration and subsequent lipid extraction are facilitated by the modifications induced by
the PEF treatment on the membrane and eventually on the cell-wall or whether the release of the
water-soluble molecules modifies the properties of the intracellular space and therefore enables a
more efficient solvent intracellular penetration. A first experimental attempt to answer this
question consisted in centrifuging the microalgae suspension just after PEF-treatment, removing
the supernatant, and performing incubation of the resulting microalgae pellet before lipid
extraction (Fig. 5). Indeed, in the pellet form it can be expected that release of intracellular
components during incubation is limited, since the volume available for extracellular diffusion is
comparatively small. Additionally, in the case of pellet incubation, released carbohydrates or ions
are still present in the extraction system in contrast to alternatively incubating the complete
suspension and centrifuging it just before lipid extraction. In the latter case a major part of the
water-soluble ions and molecules is removed prior to the solvent extraction step. Incubating the

pellet only was indeed less efficient than incubating the microalgae suspension and, consistently,
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longer incubation times were required to reach the same lipid yields. This suggests a correlation
between the release of water soluble molecules and the ability to extract lipids. The correlation
between the different extraction yields can be further highlighted by the graphs on Fig. 6, which
represent dot plots of lipids yield and carbohydrate release, respectively, versus conductivity of
supernatants. Each marker represents a single sample. Data points with the same shape of
markers correspond to one global experiment. Empty markers in blue correspond to samples
incubated on ice. Samples for all tested PEF-treatment energies and all incubation times have
been included. One can see that the samples incubated on ice follow the same behavior as the
other samples. A general trend line along all data points can be observed despite some scattering
of the data. One can see that the release of the carbohydrates starts as soon as the conductivity of
the supernatant increases, Fig. 6A. On the contrary, the lipid yield is not improved unless the
conductivity of the supernatant has reached about 2000-2200 uS/cm, Fig. 6B. It therefore appears
as if the release of ions and carbohydrates is the earliest event. The modifications that enable lipid
extraction are later events which might be some consequences of the earlier release (Parniakov et
al., 2015) or might be independent. The question remains to be addressed and more generally the

mechanism by which PEF-treatment facilitates extractions should be investigated.

3.5. Nature of the effect induces by PEF-treatment

PEF-treatment is always associated with a temperature increase of the treated suspension
induced by Joule effect. However, the maximum temperature elevation evaluated assuming
adiabatic conditions i.e. worst case scenario, was of 36°C for the highest treatment energy i.e.

150 kJ/L. In practice, as previously reported (Silve et al., 2018), the measured temperature at the
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output of the treatment chamber was close to 46°C, which corresponds to an elevation of about
26°C. Additionally, for the low treatment energies, such as 15 or 25 kJ/L, the temperature
elevation is only of a few degrees (Table 1). It can therefore be excluded that temperature

elevation is the reason for water-fraction release and facilitated lipid extraction.

Waiting after applying PEF-treatment was already suggested previously (Coustets et al., 2015,
2013; Goettel et al., 2013) based on the fact that release of molecules is a diffusion based process.
In this paper, it was shown that water carbohydrates continue to be released after 20 h.
Additionally, the dynamics of the increase of conductivity of the supernatant follow a convex
increasing curve when displayed in the log scale. These elements suggest, therefore, that more
than just diffusion is at play and the mechanisms responsible for the observed effect remain to be
explained. It is already known that a cascade of events is induced after PEF (Straessner et al.,
2013), most probably leading to cell death. Moreover, in this study, incubation was performed in
the dark and the airspace in the vial over the sample was displaced with nitrogen. This was initially
intended to avoid oxidation of various molecules, especially of lipids, but from a biological point of
view, those anoxic conditions can rush cell-death. The effects of incubation are in all cases slowed
down when incubation is performed on ice. The possible role of a contamination was considered
since at the harvesting step and onwards, experiments were not performed in sterile conditions
anymore. This could be compatible with the reduction of the effect which is observed when
incubation is done on ice since bacterial growth will be reduced at such low temperature. This was
not directly tested but observation of biomass under the microscope after 20 hours of incubation
did not indicate contaminations. Another plausible effect is that enzymes of the microalgae start
to degrade the biomass. A degradation of cells under the action of their endogenous enzymes has

been already well described for yeasts and is referred to as autolysis (Alexandre and Guilloux-
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Benatier, 2006; Babayan and Bezrukov, 1985; Hernawan and Fleet, 1995). It is characterized by
loss of membrane function, hydrolysis of intracellular polymers and consequently release of the
hydrolytic products in the extracellular space (Alexandre and Guilloux-Benatier, 2006; Hernawan
and Fleet, 1995). Most important, autolysis in yeast has been shown to induces cell-wall
degradation without full break-down. If a similar degradation of the microalgae cell-wall was
taking place after PEF-treatment, this could partially explain facilitated solvent penetration and

therefore lipid extraction.

On yeast, natural autolysis is described as a relatively slow process extending over days or weeks.
Nevertheless, it can be accelerated by some external inductors such as some chemicals. Typical
duration of induced autolysis, as performed for example in some wine industries, range from 48h
to 72h (Alexandre and Guilloux-Benatier, 2006). In the case of PEF-treatment of microalgae cells,
some effects are observed in the next minutes following the treatment and can be most probably
attributed to some direct effect i.e. permeabilisation of the membrane followed by diffusion of
small permeant molecules. The more delayed effects which extent over at least 20h as seen from
the conductivity of the supernatant (Fig. 4) could however be explained by an autolysis-like
process accelerated by permeabilisation of the plasma membrane and eventually of intracellular
membrane leading to the intracellular release of still functional enzymes. In fact, PEF-treatment
was already suggested as an autolysis inducer in the yeast Saccharomyces cerevisiae (Martinez et
al., 2016). Future work should focus on elucidating the possible role of an autolysis-like process. In
particular, supernatant should be checked for autolysis products such as free amino-acids, sugar
monomer or organic acids. Additionally, it should be investigated whether a natural autolysis of
microalgae cells induced for example by starvation could induce the same effects as PEF-

treatment especially on lipid extraction. Note that in a recent published study on the effect of PEF-
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treatment on Chlorella vulgaris, very different results were reported since time course
measurements of conductivity after PEF-treatment showed stabilization after about 1h (Carullo et
al., 2018). The longer pulses used in this study, which are less prone to induce intracellular

damages might partially explain the observed differences.

3.6. Practical applications

The long-term consequences observed in this study could be used beneficially to improve
spontaneous release of water-soluble compounds such as ions or carbohydrate as well as to
increase the lipid yields after subsequent solvent extraction. Indeed, adding an incubation time
after PEF-treatment considerably increased all extraction yields and enables in turn to reduce the
energy input of the PEF-treatment. Previous work, had shown that for autotrophically grown
Auxenochlorella protothecoides, and with similar extraction procedure, 90% of the evaluated total
lipid content could be extracted after PEF-treatment with 150 kJ/L translating into 1.5 MJ/kgpw. In
this previous work, the effects of incubation were however unknown and microalgae suspension
were kept on ice after PEF-treatment before being processed. This current study, demonstrates
that with a long incubation time, e.g. 20 hours, energy inputs of 15, 25 and 50 kJ/L are enough to
extract 68.8 %, 82.2 % and 87.5 % of the evaluated total lipid content. Concerning the
carbohydrates, their extraction was not the primary goal of the study. Nevertheless, the
spontaneous releases that occur can be beneficial for applications focusing on carbohydrates
release or in a bio-refinery concept aiming at multicomponent valorization. Note that in order to
maximize the recovery of the carbohydrates a washing step of the pellet should be performed in
order to recover the carbohydrates trapped in the pellet. This was not included in this study and
therefore no absolute recovery percentages have been calculated since those would be under

evaluating the full potential of the method. Additionally, recovery of carbohydrate can only be
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considered in case those molecules are not hydrolyzed by endogenous enzymes as discussed

previously.

The reduction of energy requirements which is enabled by the incubation step could become very
valuable for applications in which energy consumption is a critical factor. In principle, it might be
possible to even further reduce the PEF-treatment energy by acting on other parameters.
Increasing the concentration of the microalgae suspension before applying PEF-treatment might
for example lead to a further reduction of the overall energy requirement. Up to this point, a
reduction of the energy demand by a factor of 6 without significant changes in lipid or
carbohydrate yield could be demonstrated in this study by including an incubation step into the
PEF-processing scheme. For A.p, processed at a biomass density of 100 gpw/L, PEF treatment
energy requirements are reduced from 1.5 MJ/kgpw to 0.25 MJ/kgow Additionally, a reduction of
the electric field intensity or of the pulse duration might further reduce the energy demand. This

was not investigated in this study so far, but can be addressed in future.

5. Conclusion

Incubation after PEF-treatment of Auxenochlorella protothecoides was shown to strongly improve
the efficiency of extraction of water-soluble components such as ions or carbohydrate as well as
lipid yields from subsequent solvent extraction. Consequently, PEF-treatment specific energy can
be reduced down to 0.25 MJ/kgpow when coupled with 20 hour incubation at 25°C and still leads to
high extraction yields. By allowing significant reduction of operating costs, this strategy has high

potential benefit for industrial applications. In the future, understanding how the biomass
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evolution during incubation facilitates extractions processes will enable further optimization of the

whole microalgae down-stream processing.
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Table 1 : Impact of the repetition rate on the average number of pulses delivered per volume unit and on

the specific treatment energy. The specific treatment energy per kilogram of dry weight assumes a

microalgae concentration of 10% [w/w] in the suspension.

Average Maximum

Specific treatment Specific treatment

Repetition number of Temperature
energy per L of energy per kg of

rate pulses per increase (adiabatic
suspension dry weight

frep [Hz] volume unit conditions)
Wus [kJ/L] W [ki/kgow]

3 62 150 1500 36

2 41 100 1000 24

1 21 50 500 12

0.5 10 25 250 6

0.3 6 15 150 4

0.1 2 5 50 1
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Fig. 1: Schematic representation of a PEF-treatment chamber operating in continuous flow mode.
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Fig. 2: Time course measurements of conductivity after PEF-treatment of microalgae suspensions
with different specific treatment energies. Time 0 corresponds to the end of the treatment. The
magnitude of the electric field was 40kV/cm, and the pulse duration 1 ps in all experiment. Specific
treatment energy was adjusted by selecting the appropriate repetition rate, cf. Table 1. All
conductivity data were correlated to the reference temperature of 25°C. The control suspension,
filled squares, was pumped through the treatment chamber without application of pulses. Results

are the average + std of 2 to 3 independent experiments.
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Fig. 3: concentration of carbohydrate spontaneously released in the supernatant (A) as a function
of the duration of incubation after PEF-treatment and for different PEF treatment specific energy
(B) immediately after PEF-treatment or after 6h and 20h of incubation, for different PEF treatment
specific energy. Incubation was performed in an inert atmosphere with samples covered with
nitrogen, and stored in the dark at 25°C (A and B) or on ice (B). For each sample, time zero
corresponds to the end of the PEF-treatment. The control suspension was pumped through the
treatment chamber without application of pulses. Results are the average + std of 3 independent

experiments. Note that the data obtained at 25°C are the same in both panels A and B.
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Fig. 4: Conductivity of the supernatant (A) as a function of the duration of incubation after PEF-
treatment and for different specific PEF treatment energies (B) immediately after PEF-treatment
or after 6h and 20h of incubation, for different specific PEF treatment energies. Incubation was
performed in an inert atmosphere with samples covered with nitrogen, and stored in the dark at
25°C (A and B) or on ice (B). For each sample, time zero corresponds to the end of the PEF—
treatment. The control suspension was pumped through the treatment chamber without
application of pulses. The displayed data correspond to the calculated conductivity value at 25°C.
Results are the average + std of 3 independent experiments. Note that the data obtained at 25°C

are the same in both panels A and B.
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inert atmosphere with samples covered with nitrogen, and stored in the dark at 25°C (A and B) or
on ice (B). The samples marked as ‘25°C Pellet’ correspond to samples which were centrifuged just
after PEF-treatment and incubated in pellet form rather that incubating the initial microalgae
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the average + std of 3 independent experiments. The yellow line corresponds to the evaluated

33



absolute lipid content (average * std). Note that the data obtained at 25°C are the same in both

panels A and B.
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Fig. 6: correlation between (A) carbohydrate release and conductivity of supernatant, (B) Lipid
yield and conductivity of supernatant. Each marker corresponds to an individual sample. One
marker shape (square, circle, diamond etc...) correspond to one set of experiments. The full

markers are data points of samples incubated at 25°C while the empty blue markers are results

from samples incubated on ice.
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