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Abstract

Pulsed Electric Fields, a known technique for permeabilization of cell membranes, can
considerably foster intracellular component extraction from microalgae. However, it is
currently uncertain in what way, apart from the cell membrane, the cell wall is affected
during pulsation. In this study, fresh Auxenochlorella protothecoides and Chlorella
vulgaris were subjected to treatment with pulsed electric fields and energy input of
1.5MJ/kgorweight. Subsequently the biomass was fed into a High Pressure Homogenizer
for 5 passes at 1500 bar. The percentage of intact cells after each pass was determined

through cell counting and compared with Control biomass that underwent the same
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homogenization. No major difference on the disruption degree of pulsed and control
samples was observed, indicating that the resistance to mechanical stress of the cell, a
function of the cell wall, is not affected by pulsed electric fields. Scanning Electron
Microscopy observation also showed no superficial or structural cell alteration after

pulsation.
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1. Introduction

Microalgae have attracted considerable research attention due to their fast growth rate
and flexible outputs. A wide array of products, ranging from proteins to lipids and various
other compounds can be sourced from them [1]. Microalgal lipids, more specifically, were
initially considered as an excellent substitute for biodiesel with the focus of microalgae
utilization nowadays slowly shifting to other applications such as aqua-feed, food
supplements or cosmetic products [2]. A considerable bottleneck to any large scale
commercial exploitation of microalgae, however, is the high extraction cost of intracellular

components, which in the case of biodiesel can represent 30 to 50% of the overall process



[3]. The main obstacles, that are usually cited as necessary to be overcome prior to
successful extraction, are the large amount of water present in the system and the cell

wall surrounding the cell [4].

The cell wall is an integral part of the microalgae since it encloses all the intracellular
components and provides protection against external threats. It is usually, but not always,
composed of cellulose, protein, glycoprotein and polysaccharide [5]. However, the
composition and thickness can vary greatly between different microalgae species or even
depending on the growth stage. It has been observed, for example, that the cell wall of
the green microalga Chlorella vulgaris has an initial thickness of 2 nm for a newly formed
cell while it reaches 17-21 nm upon maturity [6]. The most common theory in the field of
lipid extraction is, that the cell wall acts as a barrier preventing the interaction between
the lipids or any other targeted products and the solvent [7]. It has also been speculated
that the higher the thickness of the cell wall (that is, higher cellulose composition) the

more the diffusion of lipid particles into the solvent is hampered [8].

To counter this, a disruption or pre-treatment method is usually required in order to modify
or fracture the cell structure offering thus better solvent accessibility to the targeted
compounds. This pre-treatment process can be physical (mechanical, thermal, electrical,
etc), chemical, biological or a combination of the above [9]. An ideal disruption technique
should be effective on wet algae, energy efficient and scalable [10]. If a cascade process
with multiple outputs is designed (according to the biorefinery scheme [11]) then it is

additionally crucial that the applied disruption method will not contaminate or destroy any



of the desired compounds and that it enables further separation and fractionation of the
biomass after each extraction step. Separation can be made easier if the disruption
method has a low degree of fragmentation.

Pulsed Electric Field (PEF) treatment is one such pre-treatment method. During PEF
treatment, an external intense electric field is applied across the microalgae suspension
for a short period ranging from nanoseconds to milliseconds. It has been shown
theoretically and validated experimentally that these short electrical pulses cause an
increase of the transmembrane potential of the cell membrane [12]. This leads to an
increase of the cytoplasmic membrane permeability enhancing thus the interchange
between intracellular and extracellular space, an effect known as electroporation. PEF,
as a novel technology, has sparked a great interest for industrial food treatment [14] and
has been utilized to facilitate microalgae lipid extraction by different research teams
[13,15-17]. In recent studies from our group, it was shown that almost total lipid extraction
using monophasic solvent system, could be achieved from wet, freshly harvested
Auxenochlorella protothecoides after PEF-treatment, in stark contrast to untreated

microalgae [18,19].

The phenomenon of electroporation or electropermeabilization has quite a history of
applications in the medical and biological sector [20], however the exact mechanisms
involved are still not fully explained [21]. Different theories have been discussed, usually
focusing on the ways the cell membrane is modified [22]. This seems natural when
mammalian cells are examined but when plant cells are processed it is unclear in what

way, if at all, the cell wall is affected, an important question both for commercial



applications and from a scientific point of view. ‘t Lam et al showed that the presence of
a rigid cell wall acted as a barrier for the spontaneous release of intracellular components
(such as proteins) after PEF treatment of the microalgae Chlamydomonas reinhardtii
concluding that the cell wall was unaffected [23], a conclusion which was previously
shared by Azencott et al [24]. Observations on microorganisms other than microalgae
however, suggest that the effect of PEF might not be limited to the cell membrane. Pillet
et al working on bacterial inactivation, observed cell debris and cell wall degradation [25].
Cell debris and cell fractionation were also reported by Sheng et al when they treated the
cyanobacteria Synechocystis PCC 6803 with electric fields, visualized with Scanning
Electron Microscope (SEM) [26]. Working with yeast and rectangular pulses, Ganeva et
al reported an increased cell wall porosity as determined with lyticase uptake after
incubating pulsed biomass at 30°C for 1hr hour [27]. According to the authors, PEF-
treatment did not cause any direct cell lysis but allowed higher enzyme uptake (and
therefore cell lysis), an effect that increased with time. It should be noted, however, that
literature research on this topic can be challenging, since often any positive effect of
pulsing will be attributed to increased cell wall permeability either ignoring the cell
membrane or combining it with the cell wall, causing thus some confusion regarding the

actual effect of PEF.[5,10,13,28]

Building upon the already demonstrated efficiency of PEF-treatment as a disruption
technique [18], the goal of this work was to study whether PEF has a degrading effect on
the microalgae cell wall’'s mechanical stability specifically. Any such information could be

used as an initial indicator that apart from the cell membrane, the cell wall is indeed also



affected, something which could lead to a better understanding of PEF-treatment and
therefore better application. In order to achieve that, priorly PEF-treated microalgae
suspension, was fed into a high pressure homogenizer (HPH) and the degree of cell
disruption was compared to the one obtained from non-pulsed cells that underwent the
same homogenization. The hypothesis was that if PEF causes some alteration or
degradation on the cell wall, then the disruption degree of pulsed cells after HPH should
be higher compared to untreated cells, since they were priorly weakened by PEF. HPH
is a proven disruption technique on its own, during which the cells are broken up due to
high shear stress when forced to flow through a small orifice under high pressures. This
approach of evaluating the cell structural weakening through HPH, which is functioning
essentially as a diagnostic method after another pre-treatment method, has been used
before by Halim et al [29]. This allows, however, for a qualitative assessment only. Precise
measurement of the microalgae mechanical properties would require more complex
methods [30]. Cell rupture was quantified with cell counting in a counting chamber, a fast
and simple method, able to deliver reliable results [31]. The microalgae used, were A.
protothecoides and C. vulgaris two strains that have been recognized as having rigid and
strong cell wall [6,32] and therefore suitable candidates for this study. The above strains
have been successfully processed with PEF followed by intracellular component

extraction in previous studies from our group. More specifically:
- A. protothecoides cultivated autotrophically as in our previous work [19] where we
have demonstrated that PEF-treatment with 150kJ/kgow presented a spontaneous

~8% (dry weight) carbohydrate release in the surrounding aqueous medium



followed by total lipid extraction with yields up to 40% (dry weight) in stark contrast
to Control samples (<5%).

- A. protothecoides cultivated mixotrophically as in our previous work [18], where we
have demonstrated that PEF-treatment with 150kJ/kgDW presented total lipid
extraction with yields up to 35% (dry weight) in stark contrast to Control samples
(<5%).

- C. vulgaris cultivated autotrophically as in previous work of our group [33] in which
it was demonstrated that PEF-treatment with 150kJ/kgDW can induce a ~25% (dry

weight) protein release in the surrounding aqueous medium.

The PEF-treatment energy for all experiments was set to 1.5 MJ/kgow. This energy input
was fitting for this study since it allowed for the immediate total permeabilization of the
cells and high gain of intracellular product (according to the previous studies) while
preventing any thermal effect on the microalgae due to overheating [34].

In addition, pictures were taken by scanning electron microscopy (SEM) for a visual
inspection of the cells after PEF treatment and for detection of potential direct external

modifications.

2. Materials and Methods

The microalgae cultivation, harvest and pulse treatment protocol followed in this work is

very similar to the conditions that have been described in detail before [18]. Therefore,

only a brief description for each step will be given here.



2.1. Microalgae cultivation
A. protothecoides strain number 211-7a and C. vulgaris strain 211-12 were obtained from

SAG, Culture Collection of algae, Gottingen, Germany.

A. protothecoides was cultivated mixotrophically and autotrophically. As the names imply,
in the first case, CO2 was the only carbon source supplied to the microalgae while in the
second case the microalgae were cultivated with glucose to achieve faster growth rates.
A. protothecoides mixotroph was cultivated in a modified Wu medium, similar with [18] in
1 L conical polycarbonate cultivation flasks (VWR International, Bruchsal, Germany). The
pH of the medium was fixed at 6.8 + 0.1. The freshly prepared medium was then
autoclaved. New cultivations started after inoculation from previously existing ones with
a targeted initial optical density at 750 nm (OD7so) of ~0.1. Experiments were performed
with 10-day old culture, which corresponds to the beginning of the stationary phase after
the exhaustion of the glucose in the medium. PEF-treatment along with HPH-rupture and

subsequent cell counting was performed on three independent cultivations.

Autotrophic A. protothecoides was cultivated in 25 L photobioreactors (PBR) under sterile
conditions. The starter-culture was cultivated mixotrophically as described above for five
days and then used as inoculum for the PBR. The cultivation medium of the PBR was
tris- phosphate (TP) medium as described in [35] however, without the addition of any
acetate and with supplementation of 40 ug/L Thyamine. For illumination, LED lamps were
used (WU-M-500-840, 4000 K, Panasonic) with a light intensity of 200 ymol m-2s-! for the
first 24hr and afterwards increased to 600 ymol m?s* The temperature and pH of

cultivation were constantly monitored and a CO: flow of 3% volume in sterile air 60 L/h
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was supplied. Microalgae were harvested after 3 weeks, in the late lipid accumulation
phase. PEF-treatment along with HPH-rupture and subsequent cell counting was

performed on three independent cultivations.

Autotrophic C. vulgaris was cultivated in the same PBR in TP medium, with identical
illumination and aeration conditions. Likewise, microalgae were then harvested in the
stationary phase after 10-15 days. PEF-treatment along with HPH-rupture and
subsequent cell counting was performed on two independent cultivations.

The average total lipid content on the harvest day for A. protothecoideSmixotrophic and. A
protothecoideSautotrophic Was on the range of 40-42% and for C. vulgaris 34-38%, dry
weight, determined with chloroform:methanol 2:1, v/v extraction on freezedried, bead-
milled biomass in a variation of the Kochert method. [36]. Results were calculated

gravimetrically in duplicate.

2.2. Microalgae harvest

The microalgae were concentrated using a Sigma 8k centrifuge (Sigma Laborzentrifugen
GmbH, Osterode am Harz, Germany) operating at 3000g. Once the majority of the
medium was removed, the separated biomass was resuspended in an adequate amount
of supernatant in order to achieve the desired final concentration. The targeted final
concentration in each experiment was 100 g microalgae dry weight per liter of suspension
(100 gow/L) with the exact value verified gravimetrically by drying at 90°C overnight in a

drying oven (Universalschrank Model U, Memmert, Germany).



2.3. Pulsed Electric Field (PEF) treatment

PEF treatment of the concentrated biomass took place in a continuous-flow, uniform-field
treatment chamber consisting of two parallel circular stainless steel electrodes separated
by a polycarbonate housing. The electrode distance was d =4 mm and the treatment
volume amounted to 2.05 ml. A full detail of the experimental setup can be found in a
previous work [18]. The applied rectangular pulses had a duration of 1 ys and a field
magnitude of 40 kV/cm. Pulses were applied with a repetition rate of 3 Hz on the
suspension flowing at 0.1 mL/s,. At such conditions, on average 62 pulses are applied
per volume unit, which for a concentration of 100g/L would correspond to an input energy
of 150 kJ per liter of suspension i.e. 1.5 MJ/kgow. Full details on the energy calculation
can be found in [19]. Conductivity and temperature of the microalgae suspension were
measured immediately after pulsing using a conductivity meter (Endress + Hauser, CLM,
381) in order to validate the efficiency of the PEF treatment. At these conditions, the
temperature of the suspension after PEF-treatment, in assumed adiabatic conditions, can
rise by maximum AT adiabatic=36°C [19]. The initial temperature of the suspension was
measured at 25°C (room temperature) with final temperatures after treatment as high as
Ttinai= 35.8°C (z) 3.19, depending on the experiment. This difference between measured
and expected temperature, is due to heat dissipation occurring during the pumping and
collecting of the sample. Control suspension refers to microalgae suspension pumped
through the system but without applying the electric pulses. After PEF treatment, the
samples were stored on ice and were immediately fed to the homogenizer, first the pulsed

biomass and then the Control.
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2.4. High Pressure Homogenizer (HPH)

HPH treatment took place in an EmulsiFlex-C3 homogenizer (Avestin Europe GmbH,
Germany). The pressure was manually adjusted to 1500 bar, intense operating conditions
that should disrupt effectively the biomass[37]. During operation, occasional overshoots
up to 2000 bar occurred. Working volume per condition was 40 mL of suspension. Once
the entirety of the microalgae suspension was pumped through, designated as ‘one pass’,
1mL sample was removed for cell counting and the rest was fed back in the homogenizer.
In total, five passes were done with all removed samples stored on ice until cell counting

was performed.

2.5. Cell counting

Cell counting took place after dilution in the range of 5000 dilution factor (in order to have
at minimum 100 initial cells), in a cell counting chamber (‘Glasstic Slide 10 with Grids,
Kova International Inc., USA.) under a straight microscope (Axioplan 2, Zeiss, Jena,
Germany) using a x63 magnifying objective (x63 LD Plan-Neofluar, Zeiss, Jena,
Germany). The number of intact cells after each pass np divided by the initial untreated
cells ni gives the percentage of overall intact cells (equation 1). Eight microliters were
sampled and cell counting was performed in duplicate from nine squares inside the cell-
counting chamber. In total, three different samplings were performed from each different

test parameter.
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%cells intact = n—’.’x100 (1)

ni

2.6. Preparation of samples for Scanning Electron Microscopy
Immediately after PEF treatment, cells were fixed by incubating them for 1 hour in a
Phosphate-Buffered-Saline (PBS) solution diluted to have the same osmolarity as the
cultivation medium and supplemented with 2.5% Glutaraldehyde. 200 yL of the cell
suspension were deposited on a coverslip previously coated with 0.1 %
Polyethyleneimine and left for 1 hour to adhere. The coverslip was rinsed three times with
PBS followed by submersion in an increasing ethanol concentration bath (10 %, 30 %,
50 %, 70 %, 90 %, 100 %) each time for ten minutes and finally dried in a supercritical

CO2 dryer.

2.7. Scanning Electron Microscopy (SEM)
The morphology of the cells was imaged using SEM (Hitachi S-4800 FE-SEM) operating
at 0.5 or 1kV for A. protothecoides samples and 20kV for C. vulgaris under deceleration
mode. Freeze-dried microalgae samples mounted on the coverslips were coated with a

thin conductive layer of gold before observation.

2.8. Statistical analysis
Results regarding cell counting were obtained from three independent cultivations of both
A. protothecoides types and two from C. vulgaris type. Statistical significance was tested
using unpaired student’s t-test. No significant difference was demonstrated i.e. always

p>0.05.
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3. Results

3.1. Scanning Electron Microscopy (SEM)

Both untreated and PEF-treated microalgae cells of A. protothecoideSautotrophic and C.
vulgaris were examined using scanning electron microscopy (SEM). Representative
images are displayed in Figure 1.

The size of the cells varied between 2-3 ym with a typical eukaryotic shape. No major
external modification of microalgae could be observed after PEF treatment with both A.
protothecoides and C. vulgaris cells retaining their original structure and shape. This
confirms that PEF is affecting the cells in more mild ways without any obvious external

deformation or destruction of the external part of the cell- wall.
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Figure 1 Scanning Electron microscopy imaging of microalgae cells with or without Pulsed
Electric Fields (PEF). A refers to A. protothecoides autotrophic Control at x3500 (left) and
x20000 (right) magnification, B to A. protothecoides autotrophic after PEF at x3500 (left)
and x20000 (right) magnification, C to C. vulgaris Control at x3500 (left) and x20000
(right) magnification and D to C. vulgaris PEF at x3500 (left) and x20000 (right)
magnification. C. vulgaris images were conducted at 20kV compared to 1kV for A.

protothecoides.

3.2. Impact of Pulsed Electric Field-treatment on cell-wall mechanical stability
assessed by High Pressure Homogenization

The goal of this experiment was to evaluate if PEF-treatment had an effect on the
mechanical stability of the cell wall of the microalgae. Immediately after PEF-treatment,
the conductivity of the microalgae suspension was measured with a conductivity meter.
The measurements, normalized to 25°C [19] are reported in table 1. As it can be seen,
the conductivity of the suspension almost doubled due to the PEF-treatment, confirming
the efficiency of the treatment. In order to evaluate the mechanical stability, control and
pulsed cells were submitted to five passes of HPH immediately after PEF-treatment and
the number of intact cells after each pass was determined by cell counting. The
microscopy pictures in Figure 2 are representative for untreated A. protothecoides cells,
prior to any HPH treatment (left), after one pass (middle) and after five passes (right). The
pictures illustrate the increase of the number of disrupted cells with increasing number of

passes and highlights the effectiveness of HPH.
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Table 1: Temperature measurements and conductivity normalized at 25°C before and
after Pulsed Electric Fields (PEF) treatment. Values are the average+ standard deviation
of three independent cultivations for A. protothecoides (two for C. vulgaris).

Before PEF After PEF
Conductivity Conductivity
Temperature, Temperature,
normalized normalized
Microalgae °C °C
at 25°C, at 25°C,
mS/cm mS/cm
A. protothecoides 30.07 (3)
23.3 () 1.02 1.09 () 0.02 2.14 () 0.12
autotrophic 2.66

A. protothecoides
24.7(x) 249 1.16(¢)0.09 35.8(%)3.19 2.38(+)0.22
mixotrophic

31.95 ()
C. vulgaris 21.8(+) 1.2 1.37 () 0.01 2.64 () 0.08
1.05

Figure 2: Microalgae suspension after High Pressure Homogenization (HPH) as seen in

the microscope. From left to right, the cell suspension untreated, after one pass of HPH
and after five passes.
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The quantitative results obtained by cell counting are presented on Figure 3. The three
graphs correspond to A. protothecoides cultivated autotrophically (top), A. protothecoides
cultivated mixotrophically (middle) and C. vulgaris cultivated autotrophically (bottom).
Regarding A. protothecoidesmixotrophic Without any pulsing after the first pass through HPH,
32% of cells were fragmented. A second pass through HPH, diminishes again significantly
the number of intact cells, however, after the 3rd pass the rate of disruption is decreasing.
At the 5th and final pass, 21% of the initial cells are remaining. A. protothecoideSautotrophic
displayed a similar pattern although after the first pass, a higher number of cells was intact
(78%) and the percentage of disruption seemed to stabilize at 43% at the fifth and final
pass. For both A. protothecoides cultivation modes, the results were identical with
microalgae, which had been previously subjected to PEF-treatment.

Control C. vulgaris retain approximately 71% intact cells after the first pass through HPH
with 33% of cells remaining after the fifth and final pass. Similar to A. protothecoides,

Control and Pulsed microalgae had the same survival rate of 33% and 35% respectively.
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Figure 3 Percentage of intact cells after each pass through High Pressure
Homogenization for Control and pulsed microalgae. From top to bottom, A.
protothecoides autotrophic (A), A. protothecoides mixotrophic (B) and C. vulgaris (C).
Results are the average + standard deviation of three independent experiments, two for

C. vulgaris.

3.3. Evaluation of results

As shown in a previous study [18], A. protothecoides without any pre-treatment is quite
resistant to lipid extraction using an ethanol/hexane solvent blend, with C. vulgaris
exhibiting a similar pattern in unpublished experiments. The fact that ethanol (and other
short chain alcohols) has a destabilizing effect on cell membranes [38] but is still unable
to penetrate the cell in order to access the lipids, seems to imply that indeed the cell wall
is the main obstacle that needs to be overcome. PEF, however, as discussed earlier, is
mainly known as a cell membrane affecting process. On the same time, though, PEF has
been proven to facilitate extraction, indicating thus a potential effect on the cell wall as
well, an important parameter that needs to be examined. The cell wall, in plant cells is
often referred to as the ‘skeleton’ of the plant [39] and it is quite possible it exhibits the
same function in the microalgae as well. It is within reason then, to assume that should
PEF-treatment has a degrading effect on the cell wall, this would be reflected in the
disruption rate after HPH.

Based on the above results, no effect of PEF on the mechanical stability of the cells
through homogenizing can be observed. For every microalgae type studied, PEF and

Control had similar percentages of intact cells after each pass. No significant statistical
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difference was observed either (p>0.05). Conductivity measurements of A.
protothecoides were in agreement with previous work [19] and indicated a nearly
complete permeabilization and successful PEF-treatment. It can be thus concluded that
immediately after PEF there is no direct change in the mechanical stability of the cells as
determined with this experimental approach. SEM images further verified that PEF
causes no obvious external modifications of the cells.

It can also be ascertained that A. protothecoideSautotrophic are the most resistant against
high pressure homogenization. C. vulgaris are less resilient and A. protothecoides mixotrophic
can be disrupted by HPH the most efficient. This allows remarking that mixotrophic
cultivation conditions produce cell walls, which are more susceptible to HPH disruption.
This difference clearly shows that cultivation conditions have a major influence on
disruptability by HPH. Compared to the differences in all disruption by different
pretreatments, cultivation conditions have a dominant impact on disruptability in this
study. In different cultivation modes, the cell wall composition could be different and this
might also had an impact on the results. This is something observed in the literature where
Rashidi et al [40] examining the cultivation mode and cell wall modification, reported that
Neochloris oleoabundans had cell walls with varying composition and more specifically
higher total carbohydrate content in nitrogen replete conditions. This points out to
potentially very diverse cell wall composition between the two modes. Regarding A.
protothecoides specifically, He et al detected sporopollenin in both autotophic and
heterotropic cell wall [32]. Sporopollenin is considered a considerably rigid biopolymer,

which adds significantly to the cell wall rigidity. In the same work, the authors reported
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that heterotroph A. protothecoides cell wall had a wider inner layer as compared to
autotrophic microalgae. It is possible that this had an effect on the final cell count.

While special care was paid to the reproducibility of the microalgae photobioreactors,
there were some slight differences during their cultivation, such as the cultivation duration.
The fluctuation observed in some measurements, especially for A. protothecoidesautotrophic
could be attributed to that fact. The results from A. protothecoideSmixotrophic, Which present
much less uncertainty, seem to verify this, since their cultivation was in all cases identical.
Another explanation could be the occasional overshoots of the HPH to higher pressures,
or indeed undershoots, which could also had an impact on the final count.

It must be stated though that the applied methodology in this study, does not provide
information about inner morphologic or molecular changes of the cell wall constituents.
Further study is required on this complex phenomenon. The isolation of the cell wall and
determination of its composition could help in this direction. This would allow the
observation of any possible degradation of polysaccharide constituents of the cell wall
and provide a link with PEF treatment. Considering that with SEM imaging no external
PEF effect on the cell structure, it would be also interesting if Transmission Electron
Microscopy (TEM) could reveal any modifications from the inside of the cell. If the above
fail to show any direct effect of PEF on the cell wall, then the possibility that indeed only
the cell membrane is affected and is the main barrier that prevents extraction should be

closely examined.

4. Conclusions
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Elucidating the PEF-treatment effect on microalgae cell would allow for a more efficient
optimization of any intracellular extraction process. In this study, the effect of PEF, a well-
known membrane affecting method, on the cell wall is studied, Microalgae that were prior
PEF-treated at 150kJ/L underwent high pressure homogenization and the degree of
disruption was compared to untreated biomass in order to test whether PEF affects the
cell mechanical stability. Results for both conditions were similar after homogenization at
1500bars, 5 passes. SEM imaging allowed for an external examination of the cells without

detecting any modification after PEF-treatment.

Contributions

loannis Papachristou: Methodology, Investigation, Writing - Original Dratft.

Dr. Aude Silve: Conceptualization, Methodology, Writing - Review & Editing.

Dr. Adrian Jianu: Investigation, performance of the SEM imaging.

Mr. Rudiger Wistner: Resources, monitoring the PBR cultivation and handling the PEF-
treatment.

Ms Natalja Nazarova: Resources, provision of materials, reagents and preparation of the
culture medium.

Prof. Dr. Georg Miller and Dr. Wolfgang Frey: Funding acquisition, Writing - Review &
Editing.

All authors have approved the final draft. I.P. takes responsibility for the integrity of this

work.

Declaration of interest

22



None.
Statement of informed consent

No conflicts, informed consent, or human or animal rights are applicable to this study.

Funding source
This work was conducted in the framework and financed by the Helmholtz Research
Program on Renewable Energies [Topic 3: Bioenergy] and by the European Union’s

Horizon 2020 Research and Innovation program [Grant Agreement No. 727874]

References

[1] S.P. Cuellar-Bermudez, 1. Aguilar-Hernandez, D.L. Cardenas-Chavez, N. Ornelas-Soto,
M.A. Romero-Ogawa, R. Parra-Saldivar, Extraction and purification of high-value
metabolites from microalgae: essential lipids, astaxanthin and phycobiliproteins, Microb.
Biotechnol. 8 (2015) 190-209. https://doi.org/10.1111/1751-7915.12167.

[2] J.-M. Roux, H. Lamotte, J.-L. Achard, An Overview of Microalgae Lipid Extraction in a
Biorefinery Framework, Energy Procedia. 112 (2017) 680-688.
https://doi.org/10.1016/j.egypro.2017.03.1137.

[3] V.C.A.Orr, N.V. Plechkova, K.R. Seddon, L. Rehmann, Disruption and Wet Extraction of
the Microalgae Chlorella vulgaris Using Room-Temperature lonic Liquids, ACS Sustain.
Chem. Eng. 4 (2016) 591-600. https://doi.org/10.1021/acssuschemeng.5b00967.

[4] A.P. Florentino de Souza Silva, M.C. Costa, A. Colzi Lopes, E. Fares Abdala Neto, R.
Carrh4 Leitdo, C.R. Mota, A. Bezerra dos Santos, Comparison of pretreatment methods for
total lipids extraction from mixed microalgae, Renew. Energy. 63 (2014) 762—766.

[5] S.Y.Lee, J.M. Cho, Y.K. Chang, Y.-K. Oh, Cell disruption and lipid extraction for
microalgal biorefineries: A review, Bioresour. Technol. 244 (2017) 1317-1328.
https://doi.org/10.1016/j.biortech.2017.06.038.

[6] C. Safi, B. Zebib, O. Merah, P.-Y. Pontalier, C. Vaca-Garcia, Morphology, composition,
production, processing and applications of Chlorella vulgaris: A review, Renew. Sustain.
Energy Rev. 35 (2014) 265-278. https://doi.org/10.1016/j.rser.2014.04.007.

[7] M. Cooney, G. Young, N. Nagle, Extraction of Bio-oils from Microalgae, Sep. Purif. Rev.
38 (2009) 291-325. https://doi.org/10.1080/15422110903327919.

[8] A.-M. Aguirre, A. Bassi, Investigation of biomass concentration, lipid production, and
cellulose content in Chlorella vulgaris cultures using response surface methodology,
Biotechnol. Bioeng. 110 (2013) 2114-2122. https://doi.org/10.1002/bit.24871.

[9] E. Kendir, A. Ugurlu, A comprehensive review on pretreatment of microalgae for biogas
production, Int. J. Energy Res. 42 (2018) 3711-3731. https://doi.org/10.1002/er.4100.

23



[10] T. Dong, E.P. Knoshaug, P.T. Pienkos, L.M.L. Laurens, Lipid recovery from wet
oleaginous microbial biomass for biofuel production: A critical review, Appl. Energy. 177
(2016) 879-895. https://doi.org/10.1016/j.apenergy.2016.06.002.

[11] Handbook of Microalgal Culture: Applied Phycology and Biotechnology, 2nd Edition,
Wiley.Com. (n.d.). https://www.wiley.com/en-
us/Handbook+of+Microalgal+Culture%3A+Applied+Phycology+and+Biotechnology%2C
+2nd+Edition-p-9780470673898 (accessed October 2, 2018).

[12] W. Frey, J.A. White, R.O. Price, P.F. Blackmore, R.P. Joshi, R. Nuccitelli, S.J. Beebe, K.H.
Schoenbach, J.F. Kolb, Plasma membrane voltage changes during nanosecond pulsed
electric field exposure, Biophys. J. 90 (2006) 3608-3615.
https://doi.org/10.1529/biophysj.105.072777.

[13] C. Joannes, C.S. Sipaut, J. Dayou, S.M. Yasir, R.F. Mansa, Review Paper on Cell
Membrane Electroporation of Microalgae using Electric Field Treatment Method for
Microalgae Lipid Extraction, IOP Conf. Ser. Mater. Sci. Eng. 78 (2015) 012034.
https://doi.org/10.1088/1757-899X/78/1/012034.

[14] B. Gomez, P.E.S. Munekata, M. Gavahian, F.J. Barba, F.J. Marti-Quijal, T. Bolumar,
P.C.B. Campagnol, I. Tomasevic, J.M. Lorenzo, Application of pulsed electric fields in
meat and fish processing industries: An overview, Food Res. Int. 123 (2019) 95-105.
https://doi.org/10.1016/j.foodres.2019.04.047.

[15] M.D.A. Zbinden, B.S.M. Sturm, R.D. Nord, W.J. Carey, D. Moore, H. Shinogle, S.M.
Stagg-Williams, Pulsed electric field (PEF) as an intensification pretreatment for greener
solvent lipid extraction from microalgae, Biotechnol. Bioeng. 110 (2013) 1605-1615.
https://doi.org/10.1002/bit.24829.

[16] E. Luengo, S. Conddn-Abanto, I. Alvarez, J. Raso, Effect of pulsed electric field treatments
on permeabilization and extraction of pigments from Chlorella vulgaris, J. Membr. Biol.
247 (2014) 1269-1277. https://doi.org/10.1007/s00232-014-9688-2.

[17] P.R. Postma, G. Pataro, M. Capitoli, M.J. Barbosa, R.H. Wijffels, M.H.M. Eppink, G.
Olivieri, G. Ferrari, Selective extraction of intracellular components from the microalga
Chlorella vulgaris by combined pulsed electric field—temperature treatment, Bioresour.
Technol. 203 (2016) 80-88. https://doi.org/10.1016/j.biortech.2015.12.012.

[18] A. Silve, I. Papachristou, R. Wustner, R. StréBner, M. Schirmer, K. Leber, B. Guo, L.
Interrante, C. Posten, W. Frey, Extraction of lipids from wet microalga Auxenochlorella
protothecoides using pulsed electric field treatment and ethanol-hexane blends, Algal Res.
29 (2018) 212-222. https://doi.org/10.1016/j.algal.2017.11.016.

[19] A. Silve, C.B. Kian, I. Papachristou, C. Kubisch, N. Nazarova, R. Wistner, K. Leber, R.
Strassner, W. Frey, Incubation time after pulsed electric field treatment of microalgae
enhances the efficiency of extraction processes and enables the reduction of specific
treatment energy, Bioresour. Technol. 269 (2018) 179-187.
https://doi.org/10.1016/j.biortech.2018.08.060.

[20] T. Kotnik, W. Frey, M. Sack, S. Haberl Megli¢, M. Peterka, D. Miklav¢i¢, Electroporation-
based applications in biotechnology, Trends Biotechnol. 33 (2015) 480-488.
https://doi.org/10.1016/j.tibtech.2015.06.002.

[21] M.-P. Rols, Electropermeabilization, a physical method for the delivery of therapeutic
molecules into cells, Biochim. Biophys. Acta BBA - Biomembr. 1758 (2006) 423-428.
https://doi.org/10.1016/j.bbamem.2006.01.005.

24



[22] C. Chen, S.W. Smye, M.P. Robinson, J.A. Evans, Membrane electroporation theories: a
review, Med. Biol. Eng. Comput. 44 (2006) 5-14. https://doi.org/10.1007/s11517-005-
0020-2.

[23] G.P. ‘t Lam, J.A. van der Kolk, A. Chordia, M.H. Vermuég, G. Olivieri, M.H.M. Eppink,
R.H. Wijffels, Mild and Selective Protein Release of Cell Wall Deficient Microalgae with
Pulsed Electric Field, ACS Sustain. Chem. Eng. 5 (2017) 6046-6053.
https://doi.org/10.1021/acssuschemeng.7b00892.

[24] H.R. Azencott, G.F. Peter, M.R. Prausnitz, Influence of the Cell Wall on Intracellular
Delivery to Algal Cells by Electroporation and Sonication, Ultrasound Med. Biol. 33
(2007) 1805-1817. https://doi.org/10.1016/j.ultrasmedbio.2007.05.008.

[25] F. Pillet, C. Formosa-Dague, H. Baaziz, E. Dague, M.-P. Rols, Cell wall as a target for
bacteria inactivation by pulsed electric fields, Sci. Rep. 6 (2016).
https://doi.org/10.1038/srep19778.

[26] J. Sheng, R. Vannela, B.E. Rittmann, Evaluation of cell-disruption effects of pulsed-
electric-field treatment of Synechocystis PCC 6803, Environ. Sci. Technol. 45 (2011)
3795-3802. https://doi.org/10.1021/es103339x.

[27] V. Ganeva, B. Galutzov, J. Teissie, Evidence that Pulsed Electric Field Treatment Enhances
the Cell Wall Porosity of Yeast Cells, Appl. Biochem. Biotechnol. 172 (2014) 1540-1552.
https://doi.org/10.1007/s12010-013-0628-x.

[28] F. Ghasemi Naghdi, L.M. Gonzélez Gonzélez, W. Chan, P.M. Schenk, Progress on lipid
extraction from wet algal biomass for biodiesel production, Microb. Biotechnol. 9 (2016)
718-726. https://doi.org/10.1111/1751-7915.12360.

[29] R. Halim, P.A. Webley, G.J.0. Martin, The CIDES process: Fractionation of concentrated
microalgal paste for co-production of biofuel, nutraceuticals, and high-grade protein feed,
Algal Res. 19 (2016) 299-306. https://doi.org/10.1016/j.algal.2015.09.018.

[30] A.K. Lee, D.M. Lewis, P.J. Ashman, Force and energy requirement for microalgal cell
disruption: an atomic force microscope evaluation., Bioresour. Technol. 128 (2013) 199-
206. https://doi.org/10.1016/j.biortech.2012.10.032.

[31] E.M. Spiden, B.H.J. Yap, D.R.A. Hill, S.E. Kentish, P.J. Scales, G.J.O. Martin,
Quantitative evaluation of the ease of rupture of industrially promising microalgae by high
pressure homogenization, Bioresour. Technol. 140 (2013) 165-171.
https://doi.org/10.1016/j.biortech.2013.04.074.

[32] X. He, J. Dai, Q. Wu, Identification of Sporopollenin as the Outer Layer of Cell Wall in
Microalga Chlorella protothecoides, Front. Microbiol. 7 (2016).
https://doi.org/10.3389/fmich.2016.01047.

[33] D. Scherer, D. Krust, W. Frey, G. Mueller, P. Nick, C. Gusbeth, Pulsed electric field (PEF)-
assisted protein recovery from Chlorella vulgaris is mediated by an enzymatic process after
cell death, Algal Res. 41 (2019) 101536. https://doi.org/10.1016/j.algal.2019.101536.

[34] M. Goettel, C. Eing, C. Gusbeth, R. Straessner, W. Frey, Pulsed electric field assisted
extraction of intracellular valuables from microalgae, Algal Res. 2 (2013) 401-408.
https://doi.org/10.1016/j.algal.2013.07.004.

[35] R. Straessner, A. Silve, C. Eing, S. Rocke, R. Wuestner, K. Leber, G. Mueller, W. Frey,
Microalgae precipitation in treatment chambers during pulsed electric field (PEF)
processing, Innov. Food Sci. Emerg. Technol. 37 (2016) 391-399.
https://doi.org/10.1016/j.ifset.2016.07.008.

25



[36] G. Kochert, Quantitation of the macromolecular components of microalgae, Handb. Phycol.
Methods Physiol. Biochem. Methods. (1978).

[37] N. Samarasinghe, S. Fernando, R. Lacey, W.B. Faulkner, Algal cell rupture using high
pressure homogenization as a prelude to oil extraction, Renew. Energy. 48 (2012) 300-308.
https://doi.org/10.1016/j.renene.2012.04.039.

[38] M. Patra, E. Salonen, E. Terama, I. Vattulainen, R. Faller, B.W. Lee, J. Holopainen, M.
Karttunen, Under the Influence of Alcohol: The Effect of Ethanol and Methanol on Lipid
Bilayers, Biophys. J. 90 (2006) 1121-1135. https://doi.org/10.1529/biophysj.105.062364.

[39] M.S. Doblin, F. Pettolino, A. Bacic, Plant cell walls: the skeleton of the plant world, Funct.
Plant Biol. 37 (2010) 357-381. https://doi.org/10.1071/FP09279.

[40] B. Rashidi, A. Dechesne, M.G. Rydahl, B. Jgrgensen, L.M. Trindade, Neochloris
oleoabundans cell walls have an altered composition when cultivated under different
growing conditions, Algal Res. 40 (2019) 101482.
https://doi.org/10.1016/j.algal.2019.101482.

26



