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Abstract The interdependencies of the two main pro-
cessing parameters affecting “electroporation” (electric
field strength and pulse duration) while using pulse dura-
tion in the range of milliseconds and microseconds on the
permeabilization, inactivation, and extraction of pigments
from Chlorella vulgaris was compared. While irreversible
“electroporation” was observed above 4 kV/cm in the
millisecond range, electric field strengths of >10 kV/cm
were required in the microseconds range. However, to
cause the electroporation of most of the 90 % of the
population of C. vulgaris in the millisecond (5 kV/cm, 20
pulses) or microsecond (15 kV/cm, 25 pulses) range, the
specific energy that was delivered was lower for mi-
crosecond treatments (16.87 kJ/L) than in millisecond
treatments (150 kJ/L). In terms of the specific energy re-
quired to cause microalgae inactivation, treatments in the
microsecond range also resulted in greater energy effi-
ciency. The comparison of extraction yields in the range of
milliseconds (5 kV, 20 ms) and microseconds (20, 25
pulses) under the conditions in which the maximum ex-
traction was observed revealed that the improvement in the
carotenoid extraction was similar and chlorophyll a and
b extraction was slightly higher for treatments in the
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microsecond range. The specific energy that was required
for the treatment in the millisecond range (150 kJ/L) was
much higher than those required in the microsecond range
(30 kJ/L). The comparison of the efficacy of both types of
pulses on the extraction enhancement just after the treat-
ment and after a post-pulse incubation period seemed to
indicate that PEF in the millisecond range created irre-
versible alterations while, in the microsecond range, the
defects were a dynamic structure along the post-pulse time
that caused a subsequent increment in the extraction yield.
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Introduction

Pulsed electric field (PEF) technology represents a sus-
tainable innovative solution for optimizing the extraction
of intracellular compounds of interest from walled mi-
croorganisms while simultaneously reducing energetic in-
puts and processing costs (Toepfl et al. 2006a, b). PEF
processing involves the application of repetitive short
pulses (less than a few ms) of a high electric field to a
biological material placed between two electrodes. If the
applied external electric field is applied with sufficient
intensity, an increment in the permeability of the cyto-
plasmic membrane of cells to ions and macromolecules is
observed as a consequence of the formation of local defects
or pores (Ivorra 2010) This phenomenon of electroperme-
abilization, which is also called membrane “electropora-
tion” has been observed in individual microbial
prokaryotic and eukaryotic cells in suspension, as well as in
intact plant or animal tissues (Mahnic-Kalamiza et al.
2014). Membrane “electroporation” may be reversible or
irreversible, depending on the processing parameters that

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00232-015-9796-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00232-015-9796-7&amp;domain=pdf

884 E. Luengo et al.: A Comparative Study on the Effects of Millisecond- and Microsecond-Pulsed...

are applied and which cause the membrane to be either
transiently or permanently permeable.

The direct effect of the external field on a vesicle is to
modulate the transmembrane potential. It is generally
accepted that, in order to induce “electroporation” the
applied external electric field must induce an increment of
the transmembrane voltage of the cells above a critical
threshold. The external electric field strength that is re-
quired to reach the transmembrane voltage threshold is
called the critical electric field strength (Teissie et al.
2005) The occurrence of the critical electric field strength
has been shown to be dependent on the size and geometry
of the cell (Kotnik et al. 2012). While electroporating
microbial cells with characteristic diameters shorter
than 10 um, an external electric field in the range of
10-15 kV/cm is necessary. Further, the “electroporation”
of plant and animal cells with characteristic diameters that
may be ten times higher requires a lower external field
(i.e., in the range of 0.5-2 kV/cm) (Toepfl et al. 20064, b).
In addition to electric field strength, the main processing
parameter that determines cell electroporation is the
treatment time during which the cells are subjected to the
electric field, which depends on the number of repetitive
pulses and the duration of the applied pulse. The pulse
lengths that were used in different studies and which
sought to release intracellular compounds from bacteria,
yeast or plant cells are in the millisecond to microsecond
range (Ganeva et al. 2001; Flisar et al. 2014; Coustets
et al. 2015; De Vito et al. 2008). Generally, a reduction of
the pulse duration from milliseconds to microseconds has
to be compensated by an increase in the electric field
intensity (Weaver et al. 2012).

Chlorella vulgaris is a freshwater unicellular microal-
gae. It contains the green photosynthetic pigments
chlorophyll @ and b, lutein and other primary carotenoids,
such as o and ff-carotenes in its chloroplast (Gouveia et al.
1996). The food, cosmetic, and pharmaceutical industries
are able to take advantage of the wide range of biological
activities of the bioproducts produced by C. vulgaris.
However, the development of industrial-scale production
systems of bioproducts from microalgae is still affected by
economic and technical constrains. In particular, one of the
main bottlenecks of the process is attributed to the esti-
mated high cost and low yields of the operating phases in
which bioproducts are extracted from microalgae.

Recently, several studies have demonstrated that PEF
shows a promising application for improving extraction of
lipids, proteins and pigments from microalgae (electroex-
traction) (Barba et al. 2014; Coustets et al. 2013; Goettel
et al. 2013; Eing et al. 2013; Grimi et al. 2013; Luengo
et al. 2014; Sheng et al. 2011; Zbinden et al. 2013; Par-
niakov et al. 2015). These studies have demonstrated that
electroextraction from microalgae depends on different
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processing parameters, including electric field strength,
number of repetitive pulses, pulse duration, pulse fre-
quency, pulse polarity, and treatment temperature. How-
ever, the different microalgae investigated the extracted
compounds, experimental conditions, and pulse generator
used in published papers made it difficult to define the most
optimized PEF processing conditions that are required for
obtaining the maximum extraction yield of metabolites
with lower energetic consumption.

The purpose of the present investigation was to compare
the interdependencies of the two main processing pa-
rameters that affect “electroporation” (electric field
strength and pulse duration) using a pulse duration in the
range of milliseconds and microseconds on the permeabi-
lization, inactivation, and extraction of pigments from C.
vulgaris.

Materials and Methods
Cell Culture

Chlorella vulgaris (BNA 10-007, National Bank of Algae,
Canary Islands, Spain), were grown in a BG-11 medium
that contained the following components: 15 g/L. NaNOs;
4.0 g/ K,HPOy; 7.5 g/l MgSQO4-7H,0; 3.6 g/ CaCl,-
2H,0; 0.6 g/L citric acid; 6 g/ ammonium ferric citrate
green; 0.1 g/L EDTA-Na,; 2.0 g/ Na,COs;; trace metal
solution (H3;BO; 2.86 g/LL; MnCl,-4H,0 1.81 g/L;
ZnS0O4-7H,0 0.22 g/L; Na,MoO4-2H,0 0.39 g/L; CuSOy-
5H,0 0.08 g/L; Co(NO3),:6H,O 0.05 g/L). For a solid
medium, 1.5 g of technical agar was added to 100 mL of
the medium. Medium BG 11 (liquid and solid) was auto-
claved at 121 °C for 20 min.

The cells were photoautotrophically cultured in a 5 L
Erlenmeyer flask that was bubbled with air (6 mL/s) at
30 °C in light:dark cycles (12:12) with white fluorescent
lamps (2 klux). The cultures were initially inoculated with
1 x 10° cells/mL. The cell density was determined by
microscope (microscope L-Kc, Nikon, Tokyo, Japan) in a
Thoma cell chamber (ServiQuimia, Constanti, Spain).
Experiments were conducted with cells in the stationary
phase of growth (between the 10th and 15th day after
inoculation).

PEF Equipment

PEF Equipment for Millisecond-Pulse Delivery

The PEF equipment used in this investigation (Deex Bio)
was supplied by Betatech (Saint-Orens-de-Gameville,

France). The electric system was made of two S20u gen-
erators, each able to deliver square voltage pulses up to
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2 kV under 6A with an adjustable pulse duration up to a
few milliseconds. The delays between pulses were down to
15 ms. An analog switch was used between the two gen-
erators and the pulsing chamber to invert the polarity be-
tween each pulse in order to prevent gas bubble formation
and other electrochemical reactions at the surface of the
stainless steel electrodes (Fig. 1a). For C. vulgaris treat-
ment, a batch parallel-electrode treatment chamber with a
distance of 0.3 cm between electrodes and an area of
0.78 cm? was used.

PEF Equipment for Microsecond-Pulse Delivery

The PEF equipment used in this investigation was supplied
by ScandiNova (Modulator PG, ScandiNova, Uppsala,
Sweden). The apparatus generates square waveform pulses
of a width of 3 ps (Fig. Ib) with a frequency of up to
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Fig. 1 Diagrams of the pulse shape of millisecond (a) and microsec-
ond (b) duration pulses

300 Hz. The maximum output voltage and current were
30 kV and 200 A, respectively. The equipment consists of
a direct-current power supply which converts the 3-phase
line voltage to a regulated DC voltage. It charges up six
IGBT switching modules (high-power, solid-state switch-
es) to a primary voltage of around 1000 V. An external
trigger pulse gates all of the modules and controls its dis-
charge to a primary pulsed signal of approximately
1000 V. Finally, a pulse transformer converts this primary
1000 V pulse to a high-voltage pulse of the desired high
voltage. For C. vulgaris, treatment with a batch parallel-
electrode treatment chamber with a distance between
electrodes of 0.25 cm and an area of 1.76 cm” was used.

PEF Treatments

Before treatments, microalgal cells were centrifuged at
3000xg for 10 min at 25 °C. They were re-suspended in a
citrate—phosphate Mcllvaine buffer (pH 7) of 0.150 ms/cm for
the treatments in the millisecond range and 1 ms/cm for the
treatments in the microsecond range. The microbial suspension
at a concentration of 2 x 10® CFU/mL was placed into the
treatment chamber by means of a 1-mL sterile syringe (TER-
UMO, Leuven, Belgium) and the PEF treatment was applied.

Chlorella vulgaris cells treated in the millisecond range
were subjected up to 30 square, 1 ms waveform bipolar
pulses at 0.25 Hz, of 3.5, 4, 4.5, and 5 kV/cm that corre-
sponded with specific energies per pulse of 1.83, 2.4, 3.0,
and 3.75 kJ/L of culture. The C. vulgaris cells treated in
the microsecond range were subjected up to 50 square 3 ps
waveform pulses at 0.5 Hz, of 10, 15, 20, and 25 kV/cm,
thus corresponding with specific energies per pulse of 0.30,
0.67, 1.2, 1.87 kJ/L of culture.

The energy per pulse (W) was calculated using the fol-
lowing equation

W= / oE(1)*dr, (1)

where ¢ (s/m) is the electrical conductivity of the treatment
medium, E (V/m) is the electric field strength, and ¢ (s) is
the duration of the pulse. The total energy (kJ) applied
(W) was calculated by multiplying the energy per pulse
(W) by the number of pulses. The total specific energy (kJ/
L) applied (W) was determined by dividing the total energy
by the volume of the treated medium.

Dielectric oil tempered at 25 °C was re-circulated
through the inner part of electrodes of both treatment
chambers to avoid the increase of the temperature of the
treatment medium during the PEF treatment. In both pro-
tocols, the temperature increase of the treatment medium
was measured with a thermocouple before and after the
PEF treatment and the temperature variation was always
less than 2 °C.
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Enumeration of Viable Cells

PEF treated and untreated (control) cell suspensions were
serially diluted in a sterile solution of peptone water. From
the selected dilutions, 20 pL were plated into solid media.
The plates were incubated at 30 °C for 7 days with the
same light regime used for the liquid culture, and the
number of CFU/mL were counted to determine the inac-
tivation rate after the treatment. Longer incubation times
did not increase the colony counts.

Staining Cells with Propidium Iodide

Two alternative staining protocols were followed under the
same experimental conditions. Cells were either stained
with PI (Sigma-Aldrich), before PEF treatment or once it
had finished (5 min after the PEF treatment) according to
the protocol described by Luengo et al. (2014). PI was
added at a final concentration of 0.8 mM and the cells were
incubated for 10 min at room temperature (longer times did
not influence the fluorescence measurements). After the
incubation time, the cells were washed twice and fluores-
cence was measured with a spectrofluorophotometer (mod.
Genios, Tecan, Austria) using a 535-nm excitation filter
(523-547 nm) and a 625-nm emission filter (608—642 nm).

The fluorescence data obtained after a given PEF
treatment were expressed as a percentage of permeabilized
cells in comparison to the fluorescence measurement ob-
tained for cells after a PEF treatment (150 ps at 25 kV/cm)
that permeabilized more than 99 % of the cells. Under
these last conditions, the permeabilization of the cell
population was checked using a fluorescence microscope
(Nikon, Mod. L-Kc, Nippon Kogaku KK, Japan).

Pigment Extraction

Hundred microliters of non-treated or PEF-treated sus-
pension were mixed with 1 mL of 96 % ethanol and vor-
texed. The mixture was macerated in the dark at room
temperature for 20 min and centrifugated at 6000x g for
90 s. The absorbance of the supernatant was measured at
470, 649, and 664 nm against a 96 % ethanol blank. The
concentration of chlorophyll ¢ and b and the total car-
otenoids were calculated according to the equations below
(Lichtenthaler 1987)

Chlorophyll a (C,) = (13.36 x Ages) — (5.19 X Ags9)

(2)
Cthl’OphyH b (Cb) = (2743 X A649) — (812 X A664)

(3)
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Total carotenoids = (1000 x Ag79 — 2.13 x C, — 97.64
% Cp) /209

(4)

The concentrations are given in mg/mL.

Extraction in ethanol was conducted just after the ap-
plication of the PEF treatment or after 1 h of incubation at
room temperature of the C. vulgaris cells in the treatment
medium.

Results

The Influence of the Pulse Duration (Milliseconds
and Microseconds) at Different Electric Field
Strengths on the Membrane Electroporation

of C. vulgaris

The uptake of the fluorescent dye, PI, that was only per-
mitted entry into permeabilized cells was the procedure
used to evaluate the membrane permeabilization. Rev-
ersible and irreversible “electroporation” were assayed by
comparing the fluorescent intensity of a PEF-treated mi-
crobial suspension when PI was added before or after the
PEF treatment (Garcia et al. 2007). Reversible electropo-
ration is shown when the fluorescent intensity of the mi-
croalgae suspension that is in contact with PI during the
PEF treatment is higher than the fluorescent intensity of the
suspension that was stained with PI after the PEF treat-
ment. Figure 2 shows the influence of the electric field
strength and treatment time on the PI uptake by C. vulgaris
cells when PI was added before (white bars) or after
(striped bars) the PEF treatment with pulses of a duration in
the range of milliseconds (a) and microseconds (b). The
uptake of PI increased with the electric field strength and
treatment time for both types of pulses used depending on
whether PI was added before or after the PEF treatment. In
the millisecond range, reversible “electroporation” was
detected in the range from 3.5 to 5 kV/cm and irreversible
“electroporation” was observed above 4-5 kV/cm. How-
ever, in the microsecond range, the permeability of C.
vulgaris to PI was unaffected at these electric field
strengths (data not shown). A significant increment in the
electric field strength was required to increase the perme-
ability of the C. vulgaris membrane when pulses in the
range of microseconds were applied. Electric field
strengths of 10 kV/cm or higher were required to detect
significant reversible and irreversible “electroporation”
when pulses in the microsecond range were applied. In-
dependent of the electric field strength and the duration of
pulses, the existence of reversible electroporation was
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Fig. 2 Influence of the electric field strength and treatment time on the PI uptake when PI was added before (white bars) or after (striped bars)
the PEF treatment for treatments in the range of a milliseconds (bipolar pulses of 1 ms) and b microseconds (monopolar pulses of 3 ps)

observed at the lowest treatment times delivered. Accord-
ing to the results obtained in this investigation, the intensity
of the electric field strength that caused the complete ir-
reversible electroporation of most (90 %) of the population
of C. vulgaris was dependent on the duration and the
number of the pulses. When millisecond pulses were used,
this irreversibility was observed with 20 pulses at electric
field strengths of 5 kV/cm. However, in the microsecond
range, shorter treatment times (>75 ps, 25 pulses) but
higher electric field strength (>15 kV/cm) were required to
prevent resealing after the PEF treatment in more than
90 % of the population. Therefore, in order to obtain a
similar degree of irreversible electroporation, the reduction
of the pulse duration from milliseconds to microseconds
must be compensated by a threefold increase in the electric
field intensity.

As a given degree of cell permeabilization can be ob-
tained by applying treatments of different electric field
strengths and duration, it is important to know the com-
bination of both parameters that require the minimum
amount of total specific energy consumption from a pro-
cess design point of view. When comparing the lowest
treatment intensity required to cause the electroporation of
most of the 90 % of the population of C. vulgaris in the
millisecond (5 kV/cm, 20 pulses) or microsecond (15 kV/
cm, 25 pulses) range, the specific energy delivered was
lower for a shorter treatment duration at higher electric
field strengths (16.87 kJ/L) than for a longer treatment
duration at a lower electric field strength (150 kJ/L). Pulses
in the microsecond range required lower specific energy
even when the conductivity of the treatment medium was

higher (1 ms/cm) than in the case of millisecond pulses
(0.15 ms/cm). It has been reported that the electroporation
in a medium of low conductivity requires less specific
energy compared to a medium at higher conductivity (Frey
et al. 2013) Therefore, extraction using pulses in the mi-
crosecond range could have been even more energy effi-
cient in a medium of lower conductivity.

Our results on influence of pulse duration on electro-
poration degree disagree with previous results. Such prior
studies reported the effect of pulse duration in the range of
10 pus to 1 ms on the efficiency of the disintegration of
apple tissue cells by PEF which was estimated by means of
the electrical conductivity (De Vito et al. 2008). In this
investigation on plant tissues, it was reported that longer
pulses were more effective and for obtaining the same
disintegration degree at a given electric field more energy
was required for shorter pulses. The effect of pulses of
different durations for the disintegration of apple cells in
tissue was compared in the same range of electric field
strengths (100—400 V/cm).

Inactivation of C. vulgaris by PEF Treatment
of Duration in the Range of Milliseconds

and Microseconds at Different Electric Field
Strengths

The loss of the membrane integrity created by the appli-
cation of an external electric field that caused uncontrolled
molecular transport across membranes may abolish the
microalgae’s capacity to maintain the microbial home-
ostasis, thus causing microalgae inactivation (Qin et al.
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2014). The effect of the PEF on the loss of microalgae
viability for treatments whose duration is in the range of
milliseconds and microseconds was assayed. Figure 3
shows survival curves that correspond to the inactivation of
C. vulgaris by PEF treatments at different electric field
strengths and durations in the range of milliseconds (a) and
microseconds (b). Figure 3 shows that, independent of the
type of pulses applied, the inactivation of C. vulgaris in-
creased by increasing the electric field strength and the
treatment time. However, for both pulse durations used
during the treatments, the inactivation kinetics of C. vul-
garis was non-linear when the log;q of the survival fraction
was plotted against the number of pulses. Upwardly con-
cave survival curves similar to those obtained in this in-
vestigation are generally observed when other microbial
cells, such as bacteria or yeast, are inactivated by PEF at
durations in the microsecond range (Ohshima et al. 2002;
Raso et al. 2000; Rodrigo et al. 2003). Therefore, our re-
sults indicate that the modification of the pulse duration
from microseconds to milliseconds did not modify the
shape of the inactivation survival curves. Similar to the
membrane “electroporation”, lower electric field strengths
were required to obtain a significant loss of viability in the
cells of C. vulgaris when pulses in the range of millisec-
onds where applied. While in the millisecond range, sig-
nificant inactivation was detected in the range between 4
and 5 kV/cm; in the microsecond range, the application of
electric field strengths at 10 kV/cm or higher was required.
However, treatments at higher electric fields applied in the
range of microseconds are more lethal than treatments in
the millisecond range applied in a lower electric field. For

A o

2 4

Logq (Nt/No)

-3 4

-4

T
0 10 20 30
Number of pulses

Fig. 3 Influence of the electric field strength and treatment time on
the death of C. vulgaris cells treated by PEF in the range of
a milliseconds (bipolar pulses of 1 ms) and b microseconds
(monopolar pulses of 3 ps). Electric field strengths of 3.5 (filled
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example, while the most intense treatment applied in the
range of milliseconds (5 kV/cm for 60 ms) inactivated the
population of C. vulgaris around 1.7log;o cycles, an inac-
tivation of more than 3.5log;( cycles was obtained in the
most intense treatment applied in the microsecond range
(25 kV/cm for 150 ps). On the other hand, in terms of the
specific energy required to cause microalgae inactivation,
treatments in the microsecond range also resulted in more
energy efficiency. The specific energy (225 kJ/L) required
to obtain the highest inactivation (1.7log;o) for pulses with
durations in the milliseconds was 2.4 times higher than the
specific energy (93.7 kJ/L) required to obtain the highest
inactivation (3.8log;y) when pulses were applied in the
microsecond range.

The microbial inactivation by PEF has been generally
related to the permanent permeabilization of the microbial
membrane. The relationships between the percentage of
irreversible electropermeabilized cells and the percentage
of dead cells estimated by plate counting for treatments
applied in the millisecond (closed circles) and microsecond
(open circles) ranges are shown in Fig. 4. The results show
that an agreement between cell death and PI uptake that is
represented by the theoretical straight line with slope 1 and
intercept 0 shown in the figures was only observed when
the percent of PI uptake was higher than 80 for both
treatments in the millisecond and microsecond ranges. For
the percent of PI uptakes that were lower than 80, inde-
pendent of the pulse duration, the percentage of irreversible
permeabilized cells was lower than the percentage of death
cells. These results seems to indicate that a fraction of cells
were inactivated during the treatment but was able to

1 4
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Log,o (Nt/No)

-3 4

-4 T T T T 1
0 10 20 30 40 50

Number of pulses

circle), 4 (filled square), 4.5 (filled triangle), 5 (filled inverted
triangle) kV/cm, and 10 (filled circle), 15 (filled square), 20 (filled
triangle), 25 (filled inverted triangle) kV/cm
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Fig. 5 Influence of electric field strength in treatments of 20 pulsesp
(bipolar pulses of 1, 40 ms) and 25 pulses (monopolar pulses of 3,
75 ps) on the extraction yield of carotenoids (a) chlorophyll a (b) and
chlorophyll b (¢) from C. vulgaris just after the PEF treatment (white
bars) and after 1 h of incubation in the treatment medium after the
PEF treatment (gray bars)

recover the integrity of the membrane by becoming im-
permeable to the PI that was added after the PEF treatment
and before dying. This behavior, which was previously
observed for C. vulgaris treated by PEF in the microsecond
range, was also confirmed in the present work for PEF
treatments applied in the millisecond range and on CHO
cells treated with pulses in the millisecond duration
(Luengo et al. 2014; Rols et al. 1998). An effective ex-
traction of intracellular compounds required irreversible
cell membrane permeabilization in order to facilitate sol-
vent access into the cell and the release of intracellular
material. Quantification of the number of inactivated cells
with pulses in the microsecond or millisecond range could
be a suitable indicator of the efficacy of electropulsation for
improving the extraction of compounds from C. vulgaris
for those more intense treatments that cause an irreversible
electroporation of more than the 80 % of the cell
population.
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Fig. 4 Relationship between the percentages of cell permeabilization
assessed by PI staining after PEF against the percentage of death cells
treated by PEF in the range of milliseconds (filled circle) and
microseconds (open circle). To show the degree to which each
treatment causes membrane permeabilization, a theorical straight line
with slope = 1 and intercept = 0, is included
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The Effect of PEF Treatments in the Range

of Millisecond and Microsecond Durations

on the Extraction of Carotenoids and Chlorophylls
a and b from Chlorella vulgaris

Figure 5 compares the influence of the electric field strength
on the extraction of carotenoids (Fig. 5a), chlorophyll
a (Fig. 5b) and chlorophyll b (Fig. 5c) from C. vulgaris
cells treated by PEF for a cumulated duration of 20 (40 ms)
and 25 pulses (75 ps). Although experiments were con-
ducted at different processing times in the range of mil-
liseconds (10, 20, 40, and 60 ms) and microseconds (6, 15,
75, and 150 ps), treatments shorter that 40 ms (20 pulses)
and 75 ps (25 pulses) were ineffective in improving ex-
traction. Further, longer treatments did not significantly
increase extraction (data not shown). The extraction of the
three compounds was assayed just after the application of
the PEF treatment (white bars) and after pre-incubating the
cells for 1 h in the treatment medium (striped bars). Ex-
traction from the PEF-untreated C. vulgaris cells (control) is
also shown in Fig. 5. When the extraction was conducted
just after the application of the PEF treatment, the extraction
yield of the three pigments, in comparison to the control,
increased significantly for the treatments of 40 ms at 5 kV/
cm and for the treatments of 75 ps at 20 and 25 kV/cm.
However, in the last case, the use of field larger than 20 kV/
cm did not increase the extraction of the three pigments.
Goettel et al. (2013) investigated the extraction of intra-
cellular compounds from the microalgae Auxenochlorella
protothecoides; they also observed that increasing the
electric field strength from 23 to 43 kV/cm did not have a
great influence on the amount of intracellular compounds
that were released. These authors considered that the lowest
field strength applied (23 kV/cm) was already enough to
achieve the maximum irreversible permeabilization.

The comparison of extraction yields in the millisecond
and microsecond ranges under the conditions in which the
maximum extraction was observed revealed that the im-
provement in the carotenoid extraction was similar and
chlorophyll a and b extraction was slightly higher for
treatments in the microsecond range. For example, after a
PEF at 5 kV/cm, the extraction yields for carotenoids and
chlorophylls a and » were 1.06, 2.90, and 1.69 mg/L. of
culture, respectively. After a PEF treatment at 20 kV/cm,
the yields were 1.09, 3.95, and 2.17 mg/L of culture, re-
spectively. However, the required specific energy for the
treatment in the millisecond range (150 kJ/L) was much
higher than that required in the microsecond range (30 kJ/
L). Another important difference concerning the effects of
millisecond and microsecond pulses was observed when
the extraction was conducted after 1 h of pre-incubation.
Significant increments in the subsequent extraction yields
were observed after 1 h of pre-incubation in the treatment
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media for PEF treatment applied in the microsecond range,
but not for those applied in the millisecond range or in the
control. For example, after a PEF treatment at 20 kV/cm
for 75 ps, the extraction yields for carotenoids and
chlorophylls a and b were 2.3, 2.9, and 3 times higher,
respectively, in comparison to the control.

The higher extraction yield of the three pigments after
1 h of incubation in the samples treated by PEF in the
microsecond range could be related to the evolution of the
pore population post-treatment stage. While the lower
electric field applied with pulses in the millisecond range
created stable pores, the higher electric field strength ap-
plied in the microsecond range caused the creation of local
defects in the membrane that evolved (i.e., in terms of pore
size enlargement and/or an increase in the number of pores
during the incubation time). This increment in the perme-
abilization of the membrane could facilitate both the dif-
fusion of the eluting solvent (ethanol) into the cytoplasm
interacting with the pigments and the latter diffusion of the
pigments toward the bulk solvent. On the other hand, the
increment in the permeabilization of the C. vulgaris
membrane during the incubation time in the aqueous media
could also cause the chloroplast plasmolysis due to os-
molytic disequilibrium in the cytoplasmatic space. There-
fore, after 1 h of incubation the chloroplast membrane
where the three pigments are located could become per-
meabilized, thus facilitating both the diffusion of the
ethanol into the chloroplast and the diffusion of the pig-
ment toward the cytoplasm.

In conclusion, our results show that the application of
PEF treatments when using millisecond or microsecond
pulses is effective on the permeabilization, inactivation, and
extraction of pigments of C. vulgaris. In order to obtain
similar effects using pulses of different durations, the re-
duction of the pulse duration from milliseconds to mi-
croseconds needed to be compensated for by an increment in
the electric field intensity. However, in terms of specific
energetic requirements, treatments at higher electric field
strengths in the microsecond range were more effective than
treatment at lower electric field strengths for the millisecond
range in order to cause similar effects (permeabilization,
inactivation, and extraction yield). The comparison of the
efficacy of both types of pulses on the extraction enhance-
ment just after the treatment and after a post-pulse incuba-
tion period seems to indicate that PEF in the millisecond
range at a lower electric field strength creates irreversible
alterations, while in the microsecond range, the defects were
a dynamic structure along the post-pulse time that caused a
subsequent increment in the extraction yield.

However, further studies are needed in order to deter-
mine the exact mechanism of action of the combination of
pulse duration and electric field strength intensity on the
electroporation of C. vulgaris by PEF.
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