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A B S T R A C T

Optimization of protocols is required for each specific type of biomass processed by electroporation of the cell
membrane with high voltage pulsed electric fields (PEF). Such optimization requires convenient and adaptable
laboratory systems, which will enable determination of both electrical and mechanical parameters for successful
electroporation and fractionation. In this work, we report on a laboratory PEF system consisting of a high voltage
generator with a novel asymmetric voltage multiplying architecture and a treatment chamber with sliding
electrodes. The system allows applying pulses of up to 4 kV and 1 kA with a pulse duration between 1 μs and
100 μs. The allowable energy dissipated per pulse on electroporated biomass is determined by the conditions for
cooling the biomass in the electroporation cell. The device was tested on highly conductive green macroalgae
from Ulva sp., a promising but challenging feedstock for the biorefinery. Successful electroporation was con-
firmed with bioimpedance measurements.
Industrial relevance: Seaweed biomass is an emerging feedstock for biorefineries with already 30 million tons per
year of global industrial production. However, most of the biomass produced today is lost. Pulsed electric field
(PEF) extraction could allow saving energy on biomass drying, deashing and it could allow extracting various
organic compounds. However, the parameters needed to seaweed biomass treatment with PEF are not known
and will differ from species to species. Furthermore, very high salt content challenges most of the available
laboratory PEF devices, limiting the ability for parameters optimization in the lab. The developed laboratory
scale PEF system coupled to bioimpedance measurement provides a necessary set of tools and methods for PEF
parameters optimization required for process scale-up.

1. Introduction

Bioeconomy is the emerging sector of the economy which aims to
develop sustainable biomass-based products for energy, food and che-
mical sectors (Bugge, Hansen, & Klitkou, 2016). One of the major
technological challenges for bioeconomy is biomass fractionation, or
biorefining: similar to oil or gas cracking or refining (Maity, 2015). An
important step in those biomass fractionation processes is the

breakdown of cell membranes (Günerken et al., 2015; Lee, Cho, Chang,
& Oh, 2017). This breakdown allows for efficient separation of water
from organic material (drying) and also it enables extraction for various
useful intercellular components such as proteins, amino acids, lipids,
carotenoids, and other molecules, each of which already has significant
market value (Mussatto, 2016; Rinaldi, 2014). One type of these frac-
tionation technologies is based on the use of high voltage, short-pulsed
electric fields (PEFs) (Golberg et al., 2016).
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Although the exact mechanism of the biological tissue permeabili-
zation with PEF is not fully understood, PEF technology is currently
used in multiple applications in medicine and biotechnology (Kotnik
et al., 2015; Yarmush, Golberg, Serša, Kotnik, & Miklavčič, 2014). The
current theory suggests that the membrane permeabilization is
achieved through the formation of aqueous pores on the cell membrane,
a phenomenon known as electroporation (Kotnik, Kramar, Pucihar,
Miklavčič, & Tarek, 2012). In the food industry, PEF technology and
processes recently gained momentum that resulted in several industrial-
scale implementations (Sack et al., 2010; Sack, Schultheiss, & Bluhm,
2005) such as potato (Boussetta, Grimi, Lebovka, & Vorobiev, 2013;
Hossain, Aguiló-Aguayo, Lyng, Brunton, & Rai, 2015; Lebovka,
Shynkaryk, & Vorobiev, 2007), tomato (Luengo, Álvarez, & Raso,
2014), sugar beets (Jemai & Vorobiev, 2006; Loginova, Lebovka, &
Vorobiev, 2011; Ma & Wang, 2013) and grape (Cholet et al., 2014;
Medina-Meza & Barbosa-Cánovas, 2015) processing.

Nevertheless, unique physical characteristics of each plant biomass,
the dynamics, and nature of its changes in electroporation require a
case by case optimization of PEF parameters such as applied voltage, a
number of pulses, pulse duration, frequency and temperature (Golberg
et al., 2016). At the laboratory scale, several designs of pulse generators
have been previously proposed (Hofmann, 2000; Novickij, Grainys,
Novickij, Tolvaisiene, & Markovskaja, 2014; Pirc, Reberšek, &
Miklavčič, 2017; Puc et al., 2004; Reberšek, Miklavcic, Bertacchini, &
Sack, 2014; Reberšek, Miklavčič, & Miklavčič, 2010; Sack, Hochberg, &
Mueller, 2016; Sack, Ruf, Hochberg, Herzog, & Mueller, 2017;
Stankevič et al., 2013). However, most of them provide limited flex-
ibility for coupled control of electrical and mechanical parameters that
are necessary for designing processes that will enable upscaling of
biomass processing (Reberšek et al., 2014; Bae, Kwasinski, Flynn, &
Hebner, 2010).

The goal of this work was to develop a laboratory device with
adaptive electrical and mechanical components to allow electropora-
tion of the marine macroalgae biomass, an emerging feedstock for
biorefinery (Buschmann et al., 2017; Fernand et al., 2016; Jiang, Ingle,
& Golberg, 2016; Jung, Lim, Kim, & Park, 2013; Robin, Chavel,
Chemodanov, Israel, & Golberg, 2017). Indeed, macroalgae fractiona-
tion with pulsed electric fields, once available, could lead to non-
thermal, chemical-free extraction of valuable phytochemicals from cells
such as proteins, amino acids, and carbohydrates (Polikovsky et al.,
2016; Postma et al., 2017; Robin et al., 2018; Robin & Golberg, 2016).
Recent studies proposed the use of PEF technologies also for the ex-
traction of high-value compounds, including carotenoids, from algal
biomass (Barba, 2017; Barba, Grimi, & Vorobiev, 2014; Poojary et al.,
2016). Nevertheless, the use of currently available PEF technologies on
seaweeds very limited because of their high salt content and, thus, high
conductivity of the media (Barba et al., 2014). This leads to high cur-
rents in electric fields that are required for cell membrane permeabili-
zation (Postma et al., 2017; Robin & Golberg, 2016). Furthermore, as
the electrical conductivity of the biomass after electroporation in-
creases (Polikovsky et al., 2016) and leads to an increase in pulse
current and unacceptable heating of electroporated biomass, or heating
beyond the energy dissipation capabilities of the device.

To address these challenges, we developed an adaptive pulsed
electric field generator with a new circuit topology that allows con-
trolling the voltage on each pulse in sequence. This control was
achieved by a new topology with the asymmetric configuration of
charging and discharging capacitors, where the large discharging ca-
pacitor is charged by small discrete charges supplied by a smaller ad-
ditional capacitor. In addition, we developed a sliding press-electrode
device for liquid-solid separation of macroalgae biomass during elec-
troporation. The application of this electromechanical system was de-
monstrated on the electroporation of green macroalgae from Ulva sp.,
an emerging feedstock for marine biorefineries (Bikker et al., 2016;
Chemodanov et al., 2017; Glasson, Sims, Carnachan, de Nys, &
Magnusson, 2017). To monitor the electroporation progress, we used

multifrequency electrical impedance spectroscopy (Castellví, Mercadal,
& Ivorra, 2017; Ivorra, Villemejane, & Mir, 2010), which was reported
in previous works as a cost-effective method for electroporation de-
tection (Castellví et al., 2017; Golberg et al., 2016; Golberg, Laufer,
Rabinowitch, & Rubinsky, 2011).

2. Materials and methods

2.1. Macroalgae Ulva sp. biomass

Ulva sp., taken from stocks cultivated in an outdoor seaweed col-
lection at Israel Oceanographic & Limnological Research, Haifa, Israel
(IOLR), was grown under controlled conditions in using 40 L macro-
algae photobioreactors (MPBR) incorporated in a building's south wall
under daylight conditions in a system described in ref. (Chemodanov,
Robin, & Golberg, 2017). Nutrients were supplied by adding ammo-
nium nitrate (NH4NO3) and phosphoric acid (H3PO4), (Haifa Chemicals
Ltd., IS) to maintain 6.4 g m−3 of total nitrogen and 0.97 g m−3 of total
phosphorus in the seawater. The sole CO2 source was bubbled air. Other
conditions such as pH (8.2), salinity, and airflow rate (2–4 L min−1)
were maintained steady in all the reactors. The surface water was re-
moved from the harvested biomass with a standard protocol by cen-
trifuging the algal biomass in an electric centrifuge (Beswin Portable
Washer Spin Dryer CE-88 (6.0 kg) 2800RPM Stainless Steel Housing)
until all surface water was removed (< 1 mL separated).

2.2. Ulva sp. biomass electroporation

Ulva sp. biomass was harvested and centrifuged in a manual kitchen
centrifuge to remove the surface water 3 times for 2 min. For PEF
treatment, 1 g of the fresh weight (FW) biomass was loaded in the
electroporation chamber and PEF was applied. The used protocol was
124 ± 12 V mm−1, pulse duration 50 μs, pulse number 50, frequency
3 Hz. Currents on the cell were registered in real-time with a PicoScope
4224 Oscilloscope with a Pico Current Clamp (60A AC/DC) and ana-
lyzed with Pico Scope 6 software (Pico technologies Inc., UK). The
extracted and separation liquid fraction was collected at the bottom of
the device. The experiment was repeated three times.

2.3. Impedance measurement and data analysis

The impedance of the sample, within the electroporation chamber,
were measured with a Vector Network Analyzer (Keysight Inc. USA
model E5061B). The accuracy of the measurement was validated by
measuring standard 10 Ω and 100 Ω resistors in parallel with a 1 μF
capacitor, with marginal parasitic resistance and capacitance verified.
Measurements were performed in the frequency range from 5 Hz to
1 MHz in 1600 steps logarithmically spaced. Both magnitude and phase
data were recorded in a Bode export setting. A non-parametric statis-
tical U-Mann Whitney test was used to compare data from treated
samples and data from control samples at each frequency. Statistically
significant differences were considered for p-value < 0.05.

The experimental impedance data from 2 kHz to 1 MHz was later
heuristically fitted to a mathematical model. The model used to fit the
experimental data consists in a Constant Phase Element (CPE), to model
the impedance behavior of the electrode-electrolyte interface, in series
with a Cole impedance equation to model the impedance behavior of
sample (Grimnes & Martinsen, 2008):
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where ω is the angular frequency (in rads/s) and j is the unit imaginary
number. In the Cole equation (ZCole(ω)), R∞ would correspond to the
sample impedance at an infinite frequency, R0 would correspond to the
sample impedance at zero frequency, τ would be the characteristic time
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constant of the sample and α is a dimensionless parameter with a the-
oretical value between 0 and 1; in practice between 0.5 and 1. This
equation results from modeling the cellular system as an electrical
circuit consisting of resistance, representing the extracellular medium,
combined in parallel with the series combination of another resistance,
representing the intracellular medium, and a capacitance representing
the cell membrane. The equation employed to model the impedance
behavior of the electrode-electrolyte interface (ZCPE(ω) is commonly
used to model the behavior of an imperfect capacitor. Q0 is the capa-
citance and n is a dimensionless parameter that, similarly to the case of
the α parameter, can have a theoretical value between 0 and 1 but, in
practice, it lies between 0.5 and 1. Note that if n = 1 this equation
would be equivalent to an ideal capacitor.

The cell disintegration index (Bobinaitė et al., 2014; Donsì, Ferrari,
Fruilo, & Pataro, 2010) (Zp) was calculated on the basis of the mea-
surement of the absolute impedance value of control (Zc) and PEF-
treated tissue (Ztr) in the low (1 kHz) and high (1 MHz) frequency
ranges accordingly with (Bobinaitė et al., 2014; Donsì et al., 2010), as
follows:
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−
−
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Z Z
Z Z
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c kHz tr kHz
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where the value of Zp varies between 0 for intact tissue and 1 for fully
permeabilized tissue.

3. Results and discussion

3.1. High-voltage pulse generator with asymmetric voltage doubler topology

The schematic representation of the key elements of the developed
high-voltage pulse generator is shown in Fig. 1a. The generator pro-
vides the following specifications: 4000 V (max), 1.5 kA (max),
1–100 μs pulse duration. The system consists of

1) charging device: zero voltage switch power controller and zero
voltage power switch for connection of the network and High
Voltage Transformer that supply charge to capacitors (ESC); voltage

doubler with a small charging capacitor (to enable step charging of
the energy storage capacitor, enabling applied voltage control of
each pulse);

2) ESC: Capacitor, discharging resistor (for safety and charge control
for each pulse) and high voltage switch (for pulse shape control).

3) electroporation cell (EPC): chamber with electrodes applied to the
biomass and.

4) microcontroller, which regulates the parameters for each pulse.

The main functional elements of the electronic system (Fig. 1b) are:
two parallel-connected ESC with a total capacity of 100 μF with a
voltage rating of 6 kV (Maxwell, CA, USA, cat#34083, custom made); a
high-voltage source to charge of energy storage capacitors; circuit node
for the discharge of ESC; a high-voltage switch for the pulsed discharge
of ESC on treated biomass (Fast High Voltage Transistor Switch HTS 61-
240-SI for voltage 6 kV and current 2.4 kA (BEHLKE, Germany); circuit
node for manual control of high-voltage contactor in testing mode;
microcontroller. Importantly, there is no possibility of an active current
limitation in the switch. Therefore, a series connection of a low-in-
ductance resistor, calculated for the maximum impulse current, is ne-
cessary to provide for passive current-limitation during the discharge. A
current limiting resistor with 2.5 Ω was chosen (FPA250, 2.5 Ω, 250 W,
ARCOL, UK).

The high-voltage source for charging the energy storage capacitors
consists of a step-up transformer of 220/2000 V, a voltage doubler, and
an ESC voltage-regulating unit. The voltage doubler (Fig. 1b) consists of
two high-voltage diodes and two capacitors of dissimilar capacitance.
That is, the architecture of the voltage doubler is asymmetric. To the
best of our knowledge, this is a new feature. The first capacitor acts as a
charging capacitor that, in addition to the voltage doubling function,
performs the function of current limitation when the ESC is charged.
The second capacitor is the ESC. The choice of the capacity of the
charging capacitor is determined by requirements that are related to the
current limitation function for ESC charging, the necessary power of the
electroporation process and the acceptable accuracy of the electro-
poration voltage setting.

The process of ESC charge using an asymmetric voltage doubler
occurs according to the exponential law (Fig. 1c).

Fig. 1. a. Conceptual scheme of the laboratory pulsed electric field based system for biomass electroporation. b. Main components of the pulse generator. c–d. ESC
charging process c. low magnification. d. High magnification shows the principle of small step (quantum) charging provided by the asymmetric design of the voltage
doubler.
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UESC is the voltage on the storage capacitor, RCL is the resistance to
charge current, and CESC - the capacity of the energy storage capacitor
(100 μF); Um - the value of the maximum doubled voltage (5657 V), t is
time.

An increase in the voltage on the ESC occurs at each cycle of the
sinusoidal voltage when the charging capacitor is recharged. The pro-
cess of ESC charge has a discrete and portioning character, which is
depicted in Fig. 1d, enable voltage control for each pulse. A discrete
voltage increment occurs on the ESC every cycle. The magnitude of this
increment depends on the difference between the accumulated and
maximum voltage. The value of the discrete voltage increments (dU) in
the process of ESC charge is described as the inversely proportional
function:
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where CCL is the capacitance of the charge capacitor (0.7 μF); U - the
value of the voltage on the ESC (600–4000 V). For example, a discrete
increment of voltage on the ESC for one period at an existing voltage
UESC = 0 V will be dU = 39.6 V. With the accumulated voltage
UESC = 1000 V, the voltage on the ESC will be equal to dU = 32.6 V. At
UESC = 2000 V, dU= 25.6 V. At a voltage UESC = 3000 V, dU= 18.6 V
and at UESC = 4000 V, dU = 11.6 V. Thus, within a range of voltages
required for electroporation, the charge source can theoretically pro-
vide the accuracy of the voltage setting from 5 to 0.4%, depending on
the voltage value on the ESC. The voltage required for the electro-
poration on the ESC is set by the method of discrete control of charge by
means of an electrical circuit of comparing the set and actual voltage.

3.2. Gravitational press-electrode device for biomass electroporation

The main elements of the mechanical part of the developed la-
boratory device are EPC (Fig. 2a), EPC holder (Fig. 2a), the contact
assembly of the EPC, the gravity press-electrode device and a high-
voltage blocker (Fig. 2b). The EPC is designed to hold the biomass in the

space between the electrodes during electroporation. EPC also allows
continuous separation biomass into liquid and cake simultaneously
with the application of PEF.

The EPC (Fig. 2a) consists of three parts: a plastic body (Teflon) of a
cylindrical shape (2.5 cm diameter), the positive electrode (stainless
steel), located at the lower part of the cylinder and the plug-type con-
tact for the connection with power supply. In the lateral part of the EPC
body, there are narrow slit-like openings (1 by 5 mm) for the outlet of
the liquid fraction that is extracted by PEF (Fig. 2a). The extracted li-
quid is collected through a groove at the base of the EPC.

The gravitational press-electrode device (GPED, 1604 g) with
sliding electrodes, is shown in Fig. 2b.

The device separates the electroporated biomass into liquid and
solid fractions. Up to 10 kg load can be applied to pressurize the bio-
mass during and after pulsed electric field treatment (Fig. 2b). A dis-
placement sensor (optoNCDT, Micro-Epsilon, NC), is installed on the
GPED to monitor the volume change of the biomass. The shapes of
voltage and current on seaweed inside the GPED device are shown in
Fig. 2c.

3.3. Green macroalgae Ulva sp. electroporation

During the application of the PEF, the current increased from
11 ± 2 A at the first pulse to 33 ± 6 A at the last pulse. The volume
change of the biomass, due to both juice extraction and compaction
because of electroporation was 1.39 ± 0.29 cm3 (the original volume
of the biomass was 13.7 ± 3.5 cm3). The volume change suggested the
electroporation of the Ulva sp., cells, and extraction of the intracellular
content. Previous studies on extraction of organic compounds from
microalgae showed that modification of the pH (Parniakov et al.,
2015a) and use of binary mixtures of solvents, for example, DMSO or
ethanol and water (Parniakov et al., 2015b) significantly improved the
yields and purity of the extracted compounds. Future work with mac-
roalgae should incorporate these findings if the extraction of organic
compounds is needed.

Impedance spectrum changes were observed in the PEF treated Ulva
biomass in relation to non-treated biomass (Fig. 3). Statistically

Fig. 2. a. Electroporation cell. The top figure shows the design of the EPC module. Bottom digital images show the final EPC with contact electrodes. b. The
gravitational press-electrode device. c. Voltage and current shapes during pulse application.
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significant differences (p-value < 0.05) were observed in the whole
frequency range above 0.1 kHz as well as in the range of 0.1 to 1 kHz
for magnitude (Fig. 3a) and phase (Fig. 3b) parameters respectively.
The bioimpedance changes are associated in general with a modifica-
tion of the volumetric resistance and reactance of the biomass samples.
The untreated biomass displayed the common features of a so-called β
dispersion in the frequency range from about 10 kHz to 1 MHz. At
lower frequencies (< 10 kHz) the impedance of the electrode-electro-
lyte interface dominates. The occurrence of a β dispersion is more ob-
viously manifested in Fig. 4 where the presence of a semicircle is ob-
served in the imaginary part versus the real part plot of the impedance.
Such behavior is indicative of a dense assembly of living cells. In that
figure the electrode-electrolyte interface produces a straight line of
about 45 degrees. In the treated samples the β dispersion disappeared.
In those cases, the behavior is equivalent to that of two electrodes in a
saline medium. This indicates that the cell membranes, which are re-
sponsible for the β dispersion because of their dielectric nature, were
destroyed or severely permeated (Ivorra, 2010). The average value of
the disintegration index was 0.63.

The parameters obtained by fitting the data to the mathematical
model (Eq. (1)) are indicated in Table 1. In the PEF treated samples, the
cell membrane is short-circuited and therefore the model becomes a
CPE in series with an ideal resistor (represented as R0 in the table).

Since R∞ is determined by the parallel association of the intracellular
and extracellular resistances, a similar value would be expected for the
resistance in the PEF treated samples if we only consider this short-
circuiting effect. However, the values obtained are significantly lower
than the R∞ values in the control samples. Thus, the results cannot be
explained simply by the increase in the conduction through the mem-
brane. To explain these results, it is necessary to take into account the
ionic release from the cells to the extracellular medium. This release
causes a large increase in the extracellular medium conductivity, which
is initially very low compared to the intracellular conductivity. Thus,
due to the ion release, the extracellular resistance is significantly re-
duced and values lower than R∞ are measured after PEF treatment.

4. Conclusions

New methods and devices are needed for PEF technology optimi-
zation for highly conductive marine macroalgae biomass. In this work,
we report the architecture of a PEF system, which consists of a pulsed
electric field generator with an asymmetric voltage multiplier and a
treatment chamber with sliding electrodes. The developed system al-
lows applying pulses of up to 4 kV and 1 kA with a pulse duration
between 1 μs and 100 μs, and up to 10 kg of mechanical load. The
combination of the pulse generator with the sliding electrodes provides
continuous liquid phase extraction during electroporation.
Furthermore, bioimpedance can be used to monitor seaweed biomass
electroporation. The system was demonstrated on the electroporation of
green marine macroalgae from Ulva sp., an emerging biorefinery
feedstock.
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