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Preface

Solvent and pressure extraction are the major unit operations in many food and
related industries (production of sugar, wine, vegetable oils, and fruit juices),
recuperation of valuable plant components (proteins, antioxidants, and flavors),
dehydration of fibrous materials and biological wastes, etc.

Recently, electrotechnologies, based on effects of pulsed electric fields (PEF),
ohmic heating (OH), and DC electric field, gained the real interest in relation to
the processing of foods. These techniques allow enhancement of efficient extraction
from food plants and dehydration of biosolids. PEF and pulsed OH preserve nutri-
tional, functional, structural, and sensory properties of products better than conven-
tional extraction technologies. Electrofiltration and electro-osmotic dewatering can
be very effective for separation of bioproducts and dehydration of food wastes. This
book overviews fundamental principles of the said electrical techniques, electro-
physical properties of foods and agricultural products, and application of various
emerging electrotechnologies for enhancing the solid?liquid separation and dry-
ing processes, extraction of pigments, processing of different in-plant tissues and
biosolids, electro-osmotic dewatering and electrofiltration of biomaterials, recent
industrial-scale gains, and other aspects.

In Chapter 1 the main mechanisms of electroporation, important differences
between single-cell and tissue electroporation, and effects of the treatment parame-
ters and media composition are discussed. Various applications of electroporation in
biotechnology, medicine, food preservation, and tissue ablation are also reviewed.
In Chapter 2, the fundamental aspects of electroporation in application to electri-
cally induced damage of plant tissues are critically discussed, and recent experi-
ments in PEF-induced acceleration of expression, diffusion, and drying processes
are analyzed. Chapter 3 reviews perspectives of the moderate electric field (MEF)
application for improvement of extraction, dehydration, and fermentation opera-
tions. In Chapter 4, the effects of the low-intensity DC electrification of vegeta-
tive and animal materials in food and agricultural applications are presented. In
Chapter 5, the electric field applications for electro-osmotic dewatering of bio-
materials, food processing products and wastes, and biomass sludge, are covered
in details. Chapter 6 reviews different examples of electrofiltration application for
dewatering of biopolymers and fractionation of different polymer colloids. The gen-
eral guidelines to operation of the press electrofiltration, based on the practical
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experience of the authors with this technology, are also summarized. Chapter 7
contains illustrations of the potential of PEF application for food preservation,
enhancement of mass transfer processes, and softening of the plant tissues. The
energy requirements and cost-effectiveness are also analyzed. Chapter 8 analyzes
application of high-voltage electrical discharges for enhancing kinetics and quantity
of extracted matter extracted from the oilseeds and other food plants. And, finally,
in Chapter 9 the technical requirements and perspectives of industrial-scale electro-
poration of the plant cell tissues are discussed. The recent industrial applications
for sugar beet treatment, green biomass conditioning, and extraction of aromas and
flavors from the wine grapes are also considered.

We sincerely hope that this book will be useful for the engineers and scientists
searching the new efficient methods for extraction and separation of desired compo-
nents from plant materials.

Eugene Vorobiev Compiegne Cedex, France
Nikolai Lebovka Kyiv, Ukraine
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Electroporation in Biological Cell and Tissue:
An Overview

Masa Kanduser and Damijan Miklav¢ic

Abstract In this chapter, basics and mechanisms of electroporation are presented.
Most important electric pulse parameters for electroporation efficiency for different
applications that involve introduction of small molecules and macromolecules into
the cell or cell membrane electrofusion are described. In all these applications, cell
viability has to be preserved. However, in some biotechnological applications, such
as liquid food sterilization or water treatment, electroporation is used as a method
for efficient cell killing. For all the applications mentioned above, besides elec-
tric pulse parameters, other factors, such as electroporation medium composition
and osmotic pressure, play significant roles in electroporation effectiveness. For
controlled use of the method in all applications, the basic mechanisms of electro-
poration need to be known. The phenomenon was studied from the single-cell level
and dense cell suspension that represents a simplified homogenous tissue model,
to complex biological tissues. In the latter, different cell types and electric conduc-
tivity that change during the course of electric pulse application can significantly
affect the effectiveness of the treatment. For such a complex situation, the design
and use of suitable electrodes and theoretical modeling of electric field distribu-
tion within the tissue are essential. Electroporation as a universal method appli-
cable to different cell types is used for different purposes. In medicine it is used
for electrochemotherapy and genetherapy. In biotechnology it is used for water
and liquid food sterilization and for transfection of bacteria, yeast, plant proto-
plast, and intact plant tissue. Understanding the phenomenon of electroporation, its
mechanisms and optimization of all the parameters that affect electroporation is a
prerequisite for successful treatment. In addition to the parameters mentioned above,
different biological characteristics of treated cell affect the outcome of the treat-
ment. Electroporation, gene electrotransfer and electrofusion are affected by cell
membrane fluidity, cytoskeleton, and the presence of the cell wall in bacteria yeast
and plant cells. Thus, electroporation parameters need to be specifically optimized
for different cell types.

M. KanduSer
Faculty of Electrical Engineering, University of Ljubljana, Trzaska 25, SI-1000 Ljubljana, Slovenia
e-mail: Masa.Kanduser @fe.uni-lj.si

E. Vorobiev, N. Lebovka (eds.), Electrotechnologies for Extraction from Food Plants and 1
Biomaterials, DOI: 10.1007/978-0-387-79374-0_1, © Springer Science+Business Media, LLC 2008
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1 Basics and Mechanisms

Electroporation is a method of cell membrane permeabilization that is today widely
used in biotechnology and medicine for delivery of drugs and genes into living cells
(Neumann et al. 1982; Fromm et al. 1985; Teissié 1988; Ferber 2001; Prud’Homme
et al. 2006). It is alternative method for water sterilization and food preservation
(Teissié et al. 2002), and it is a prerequisite for cell electrofusion (Zimmermann
1982; Teissié and Rols 1986; Ramos and Teissié 2000a).

The phenomenon of electroporation can be described as a dramatic increase
in membrane permeability caused by externally applied short and intense elec-
tric pulses. Various theoretical models were developed to describe electropora-
tion, among which the transient aqueous pore model is the most widely accepted.
According to this model, hydrophilic pores are formed in the lipid bilayer of a cell
membrane when it is exposed to external electric pulses. In the cell membrane,
hydrophobic pores are formed by spontaneous thermal fluctuations of membrane
lipids. In a cell exposed to an external electric field, the presence of an induced
transmembrane potential provides the free energy necessary for structural rearrange-
ments of membrane phospholipids and thus enables hydrophilic pore formation
(Neumann et al. 1989; Tsong 1991; Chang et al. 1992; Weaver and Chizmadzev
1996). Hydrophilic pores form only in a small fraction of the membrane exposed to
electric field. Even though some attempts to visualize the changes in the membrane
structure caused by electric pulse application were made (Stenger and Hui 1986;
Chang and Rees 1990), the structural reorganization and creation of hydrophilic
pores has so far not been directly observed (Rols 2006). All the data available until
now have been obtained as an indirect evidence of membrane permeabilization, such
as measurements of conductivity changes caused by electric pulse application and
observations of molecular transport through the cell membrane (Neumann et al.
1989; Weaver and Chizmadzev 1996).

Cell membrane electroporation takes place because the cell membrane amplifies
the applied external electric field, as its conductivity is several orders of magni-
tude lower than the conductivities of extra cellular medium and cell cytoplasm. The
theoretical description of the transmembrane potential induced on a spherical cell
exposed to electric field is known as Schwan’s equation (Neumann et al. 1989;
Marszalek et al. 1990; Kotnik et al. 1997). The induced transmembrane potential
for a spherical cell can be calculated as:

Urp = —1.5rEcose @)

where r is the radius of the cell, E is the strength of applied electric field, and ¢ is
the angle between the direction of the electric field and the selected point on the cell
surface. The induced transmembrane potential and therefore maximum electropora-
tion occur at the poles of the cell exposed to the electric field facing the electrodes
(Fig. 1).

Electroporation can be either reversible or irreversible, depending on parameters
of the electric pulses. It is a threshold phenomenon: the induced transmembrane
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Fig. 1 Cell in an electric + E -
field. The induced >
transmembrane potential is
max.imal at the poles. of the —
cell in accordance with /
Equation (1). Electroporated ri
area is presented with dashed [ ¢
line \ /
S—
ANODE CATHODE

voltage imposed by external electric field should reach a critical value to trigger
formation of transient aqueous pores in the cell membrane (Kinosita and Tsong
1979; Abidor et al. 1979; Neumann and Rosenheck 1972; Kinosita and Tsong 1977).
The threshold membrane potential that needs to be reached in the cell membrane
is between 200 mV and 1 V (Zimmermann 1982; Tsong 1991; Teissié and Rols
1993). For reversibility of electroporation, the membrane potential has to be kept
below the critical value. In such conditions, the cell membrane recovers after electric
pulse application (Neumann et al. 1989). On the contrary, when the critical value is
exceeded, irreversible electroporation takes place, resulting in cell membrane disin-
tegration and loss of cell viability (Hamilton and Sale 1967; Meaking et al. 1995;
Danfelter et al. 1998).

The electroporation process consists of different phases. The first of them is
pore formation, which is the cell membrane’s response to the induced threshold
membrane potential, and lasts a few microseconds. The second phase is a time-
dependent expansion of the pore size taking place in a time range of hundreds
of microseconds to milliseconds, and lasts throughout the duration of pulses. The
last phase is membrane recovery, which takes place after electric pulse applica-
tion and consists of pore resealing, and lasts several minutes (Kinosita and Tsong
1977; Hibino et al. 1993; Neumann et al. 1999; Leontiadou et al. 2004). This
resealing phase is strongly affected by temperature (Kinosita and Tsong 1977) and
cytoskeleton integrity (Rols and Teissié 1992a; Teissié and Rols 1994). The first
phase of electroporation can be measured by changes in membrane conductivity
and is related to short-lived transient pore formation, which does not contribute
to molecular transport (Pavlin et al. 2007). Molecular transport across the perme-
abilized cell membrane associated with electroporation is observed from the pore
formation phase until membrane resealing is completed (Gabriel and Teissié 1997,
1999; Prausnitz et al. 1995; Puc et al. 2003; Pavlin et al. 2007).

Electroporated membranes are also a prerequisite for associated membrane
phenomena termed electrofusion. During electric pulse application and immediately
after it, the cell membrane is capable of fusion: it is in a so-called fusogenic state
(Teissié et al. 1982; Zimmermann 1982).

In brief, electroporation is a useful technique in biotechnology and medicine for
introduction of different molecules into the cell, electrofusion, or water sterilization
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and food preservation. Among different theoretical models that describe electro-
poration, the transient aqueous pore model is most widely accepted. This model
predicts hydrophilic pore formation as a response to induced external electric field
on the cell membrane. Electroporation can be reversible or irreversible, depending
on the electric pulse parameters used.

2 Influential Parameters

Electroporation is affected on the one hand by parameters of electric pulses and
chemical composition of the media used and on the other by the characteristics of
the cell that is exposed to the electric field. The effect of the electric pulse parameters
and electroporation media are described in this section.

2.1 Parameters of Electric Field

The parameters of electric pulses were extensively investigated. The most important
electric pulse parameters are amplitude, duration, number, and repetition frequency
(Rols and Teissié 1990a; Wolf et al. 1994; Gabriel and Teissié 1995a; Vernhes et al.
1999; Macek-Lebar et al. 1998; Macek-Lebar and Miklavc¢i¢ 2001; Bilska et al.
2000; Canatella et al. 2001). If those parameters exceed the optimal values, irre-
versible electroporation takes place due to cell membrane disintegration (Hamilton
and Sale 1967; Danfelter et al. 1998) and DNA damage (Meaking et al. 1995),
resulting in cell lysis. The choice of electric pulse parameters thus depends on the
desired application. Some applications require reversible, while others require irre-
versible electroporation. For loading of foreign molecules into the cell, reversible
electroporation is required. The choice of electric pulse parameters depends on the
type of the foreign molecule that is being introduced. For small molecules, such as
different drugs or fluorescence dyes, a train of relatively short pulses (time duration
in range of microseconds to milliseconds) is sufficient. For large molecules, such as
DNA, longer pulses (range of few milliseconds) or a combination of high-voltage
short-duration pulses and low-voltage long-duration pulses is used (Wolf et al. 1994;
Klenchin et al. 1991; Sukharev et al. 1992; Satkauskas et al. 2002).

Besides the before mentioned parameters of electric pulses, different pulse
shapes can also be used. The most frequently used are exponential and square wave
pulses. One should be careful when comparing results obtained by different pulse
shapes, as the membrane polarization process that takes place during the pulse appli-
cation is different (Neumann 1992).

Electric pulses can be applied in one direction or their orientations can be
changed during the pulse application. Such protocols were successfully used for
electrochemotherapy and gene electrotransfer (Rols, Teissié 1990a; Tekle et al.
1991; Sersa et al. 1996; Vernhes et al. 1999; Kotnik et al. 2001a; Kotnik et al. 2001b;
Golzio et al. 2002; Faurie et al. 2004; Faurie et al. 2005; Rebersek et al. 2007).



Electroporation in Biological Cell and Tissue: An Overview 5

2.1.1 Introduction of Small Molecules

For introduction of small molecules, short electric pulses in a range of tens to
hundreds of microseconds are generally used. The most important parameter is
pulse amplitude. It should reach a threshold value at which the electroporation of
cell membrane is triggered. Above the threshold value the increase in electropora-
tion is obtained with increase of pulse duration and number of pulses (Fig. 2). The
increase in pulse duration increases the electroporation of cells until a plateau is
reached and further increase in number of pulses or its duration does not affect cell
electroporation (Rols and Teissié 1990a; et al. 1993; Macek-Lebar and Miklav¢ic
2001). At the same time the increase in pulse number and pulse duration affects
cell viability (Gabriel and Teissié 1995b; Macek-Lebar and Miklav¢ic 2001). The
following explanation for the relationship between the pulse amplitude and the pulse
number or duration was proposed: increasing the pulse amplitude results in larger
area of membrane electroporation with smaller extent of electroporation, while
increase in pulse number or duration does not affect the electroporated membrane
area but increases the extent of electroporation (Fig. 3) (Rols 2006). Nevertheless,
when increasing the duration of the pulse, one should also consider that longer
pulses cause significant Joule heating of the sample (Pliquett et al. 1996).

Systematic study of electric pulse parameters revealed that electroporation and
cell viability are not related to the total electrical energy delivered (Macek-Lebar
et al. 1998; Vernhes et al. 1999). Further examinations of different parameters of
electric pulses indicate complex dependence between electric pulse parameters and
degree of electroporated cell membrane (Canatella et al. 2001).

Another electric pulse parameter affecting electroporation of the cell membrane
is pulse repetition frequency. When pulses are applied with high repetition frequency,
above 1 kHz, the pause between two consecutive pulses is too short and does not
allow cell membrane to return to pre-pulse state. From the experimental results it
can be concluded that cell viability and cell membrane electroporation is optimal in
the frequency range from 0.5 to 10 Hz and decreases at higher frequencies (Vernhes
et al. 1999; Pucihar et al. 2002; Pavlin et al. 2005).

Fig. 2 Fraction of
electroporated cells is
increasing with increasing
number of applied pulses.
E, electric field strength,
T, pulse duration, N, number >
of applied pulses T
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Fig. 3 Increasing the pulse amplitude results in larger area of membrane with smaller extent of
electroporation, while increase in pulse number or duration does not affect the membrane area but
increases the extent of electroporation

For reversibility of electroporation, the membrane potential has to be kept below
the critical value. In such conditions, the cell membrane recovers after the electric
pulse application (Neumann et al. 1989). On the contrary, when critical value is
exceeded, irreversible electroporation takes place, resulting in cell membrane disin-
tegration and loss of cell viability (Hamilton and Sale 1967; Meaking et al. 1995;
Danfelter et al. 1998).

2.1.2 Introduction of Macromolecules

The optimal conditions for introduction of macromolecules are different from
optimal conditions for introduction of small molecules (Wolf et al. 1994). Most
experiments were performed with long, 5 to 10 ms pulses with relatively low pulse
amplitude. When those results were compared with results obtained with higher-
voltage microsecond pulses, typically used for introduction of small molecules,
it was established that many different pulse parameters are capable of delivering
plasmid DNA into the cell. Protocols employing millisecond pulses are more effi-
cient than microsecond pulses for long-term gene expression in vivo (Lucas and
Heller 2001).

The efficiency of gene electrotransfer into mammalian cells was first related to
the pulse shape used, and exponentially decaying pulses were reported as more
effective that the square wave pulses (Andreson and Evans 1989). Later, the use of
combination of high-voltage and low-voltage pulses was suggested. High-voltage
pulse causes electroporation of cell membrane, while the low-voltage pulse helps
highly charged DNA entrance into the cell interior. A low-voltage pulse thus
provides electrophoretic movement of DNA into the cell in in vitro conditions,
or it can be a powerful driving force for improving interstitial transport of DNA
during gene delivery in vivo (Klenchin et al. 1991, Sukharev et al. 1992; Zaharoff
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et al. 2002; Zaharoff and Yuan 2004). The effect of electrophoretic pulses was
successfully used and demonstrated in in vivo experiments in mammalian tissues
(Bureau et al. 2000; Somiari et al. 2000; Satkauskas et al. 2002; Satkauskas et al.
2005; Andre and Mir 2004; Zampaglione et al. 2005; PavSelj and Preat 2005a).
Nevertheless, the role of electrophoretic force in DNA movement across permeabi-
lized membrane is questioned for in vitro gene electrotransfer as no contribution
of electrophoretic force could be detected (Wolf et al. 1994). Lately the effect of
electrophoretic movement of DNA by low-voltage pulse has also been questioned
for in vivo applications (Liu et al. 2006).

The effect of low-voltage electric pulse on the highly charged DNA is alter-
natively attributed to electrophoretic accumulation of DNA on the cell membrane
(Wolf et al. 1994). It has also been demonstrated by visualization of DNA inter-
action with the cell membrane that the electric field orientation plays an important
role in gene electrotransfer (Golzio et al. 2002; Faurie et al. 2004; Faurie et al.
2005; Rebersek et al. 2007). Similar to small molecules, asymmetric DNA uptake
is observed during electroporation (Mehrle et al. 1985; Tekle et al. 1991). Neverthe-
less, DNA, unlike small molecules that enter cell cytoplasm on the membrane-facing
cathode, enters the cell on the surface-facing anode (Golzio et al. 2002; Faurie
et al. 2004; Faurie et al. 2005). Another main difference between introduction of
small molecules and DNA is that for successful gene electrotransfer, DNA has
to be present in the medium before electric pulses are applied (Fig. 4) and the
transport of the DNA through cell membrane takes place minutes after the pulse
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Fig. 4 Introduction of small and large molecules by electroporation. (A) Introduction of small
molecules takes place during and predominantly after the pulse. Electroporation of the cell
membrane is asymmetrical and occurs first at the anode side (small grey arrows). (B) Introduction
of DNA into the cell. DNA must be present before electric pulses are applied. The initial step is
DNA adsorbtion to the cell membrane, which takes place in the cell membrane facing cathode
(small grey arrows). (C) When DNA is added after the pulse application it cannot be introduced
into the cell
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application (Golzio et al. 2002). No spontaneous interaction of DNA with the cell
membrane was detected. The complex between the DNA and the membrane forms
only when the membrane is electroporated. If DNA is added after pulse application,
no transfection can be observed. It was, however, demonstrated that transfection is
successful if the DNA is added after the high-voltage pulse and before low-voltage
pulse, but the level of DNA expression is lower (Satkauskas et al. 2002).

2.1.3 Electrofusion

The electrofusion is a two-step process; it involves cell membrane electroporation
and a close physical contact of two electroporated membranes in fusogenic state
(Zimmermann 1982; Saunders et al. 1986). The electric field parameters needed for
introduction of small molecules and for electrofusion are similar. The main differ-
ence between two processes is the critical voltage required for electrofusion, which
is higher than for electroporation (Teissié and Rols 1993; Abidor et al. 1994; Teissié
and Ramos 1998), and the duration of fusogenic state, which is shorter than cell
membrane resealing process. The resealing of the cell membrane after electropo-
ration can take up to tens of minutes, while membrane fusion is only possible if
the contact of permeabilized membranes is achieved within few minutes after pulse
application (Teissié and Rols 1986; Sowers 1986; Ramos and Teissié 2000a). The
contact needed for electrofusion can be obtained before or immediately after the
electroporation pulse. When the cell contact is obtained before electroporation, most
often dielectrophoresis is used (Zimmermann 1982), while the contact of cells after
electroporation is obtained by centrifugation of fusogenic cells (Teissié and Rols
1986; Sowers 1986).

The close physical contact obtained by dielectrophoresis results in pearl chain
formation (Zimmermann 1982). For this application, an alternating electric field of
low amplitude on the order of few hundred volts per centimeter and frequencies in
the range of 10 kHz to 6 MHz is used (Zimmermann 1982; Vienken and Zimmer-
mann 1985; Saunders et al. 1986). During electrophoresis the polarized cells are
attracted to the areas of high field strength (Oblak et al. 2007). Cells migrate toward
each other and form pearl chains. The procedure is rapid and has negligible effect on
cell viability (Saunders et al. 1986). The alternating electric field is then switched off
and an electroporation pulse is applied. To maintain cells in the close contact after
electroporation, the alternating electric field is applied again for a short duration
(Vienken, Zimmermann 1985).

When the contact of electroporated cells is obtained after the pulse (Teissié and
Rols 1986), better fusion yield is obtained, if a larger membrane area is in fusogenic
state. This can be obtained by proper selection of electric pulse parameters, such as
number of pulses and their duration (Ramos and Teissi¢ 2000a). When the electric
field orientation is changed during the pulse application, it results in increase of
electroporated area of cell membrane (Vali¢ et al. 2003). The efficiency of elec-
trofusion was reported to be slightly lower when the contact is obtained after the
pulse than with the pre-pulse contact (Wu et al. 1992). Therefore, it is possible that
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the membrane merging already starts during the electric pulse application and is
concluded after the pulse (Dimitrov and Sowers 1990).

Besides electric field parameters, mechanical forces can increase the fusion yield
as they enable good contact of cells (Jaroszeski et al. 1994; Ramos and Teissié
2000b).

2.1.4 Irreversible Electroporation

Irreversible electroporation is in some applications the undesired, while in others
it is the desired outcome of the electric pulse application. It is a consequence of
membrane rupture that is a directly caused by electric pulse application (Weaver
and Chizmadzev 1996). Irreversible electroporation and Joule heating are an inte-
gral part of electrical injury, which affects especially nerve and muscle cells due
to their size. Release of intracellular components from affected cells cause acute
renal failure due to deposition of iron-containing molecules such as myoglobin
(Lee and Dougherty 2003). Successful treatment of electroporated membranes with
nontoxic polymers can reduce tissue injury produced by irreversible electroporation
due to sealing of electroporated cell membranes (Lee et al. 1992; Lee and Dougherty
2003).

Irreversible electroporation is the desired result when it is used for microbial
deactivation in water and food treatment. The applied electric pulses should cause
irreversible damage of treated cells (Teissié et al. 2002). For effective treatment,
critical electric field parameters should be chosen properly. Typical pulse amplitude
for microbial deactivation in water and liquid food is between 20 and 35 kV/cm,
pulse duration, from micro- to milliseconds, and pulse number varies from ten to
hundred pulses (Zhang et al. 1995; Angersbach et al. 2000; Beveridge et al. 2002).
For food preservation, amplitudes used are lower than for microbial inactivation in
freshwater and liquid food. The main problem is the choice of optimal treatment
parameters that would require minimal power consumption and would effectively
disintegrate treated cells (Lebovka et al. 2000, 2002).

Recently, irreversible electroporation was reported as an alternative minimally
invasive surgical technique in medicine for tissue ablation. The train of ten electrical
pulses in the range of 1.5 kV/cm and duration 300 ms was applied three times for
effective tissue ablation. The method was also tested in vivo. For in vivo applica-
tions, mathematical models provided a valuable tool for proper electrode positioning
and optimal pulse parameter determination for effective treatment (Davalos et al.
2005; Miller et al. 2005; Edd et al. 2006; Rubinsky et al. 2007).

2.2 Electroporation Medium Composition

Conflicting reports are found on the effect of medium composition on electropora-
tion. In some reports, increasing the ionic strength of the medium resulted in cell
membrane electroporation at lower electric field intensities. The nature of mono-
valent ions such as sodium, potassium, or lithium (Na, K, Li) does not affect the
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electroporation. On the other hand, presence of bivalent calcium ion in the medium
resulted in cell lysis and death (Rols and Teissié 1989). Nevertheless, toxicity of
calcium ions was reported independently of electroporation, as they are involved in
different physiological processes in the living cell. Because of sudden and uncon-
trolled increase of calcium in the cytoplasm, the cell cytoskeleton is disrupted and
uncontrolled activation of calcium-dependent catabolic enzymes takes place (Orre-
nius et al. 1989).

In some studies, when the medium conductivity was maintained unchanged,
the effect of ionic composition and strength of the media on electroporation was
almost negligible. Yet, when medium conductivity was decreased, electroporation
efficiency increased drastically. In contrast, the resealing of the membrane was
independent on medium ionic composition or conductivity (Djuzenova et al. 1996;
Barrau et al. 2004). In our study performed in the wide range of medium conductiv-
ities it was observed that cell membrane electroporation as such was not affected by
medium conductivity, while it had significant effect on cell survival (Pucihar et al.
2001). Medium composition affects heating of the sample during electroporation.
When short electric pulses are used (in range of microseconds), Joule heating in
high-conductivity media is negligible. On the other hand, when long pulse duration
(milliseconds) and high amplitudes are used, Joule heating takes place during elec-
troporation and is more pronounced in high-conductivity than in low-conductivity
media (Pliquett et al. 1996; Pavlin et al. 2005).

Medium composition plays an even more important role in gene electrotransfer
of bacteria, yeast, plant, and animal cells. Monovalent alkali ions were found to be
involved in gene electrotransfer of the plant protoplasts. It was proposed that they
increase membrane fluidity or enhance membrane electrical potential, making the
protoplast more susceptible to an applied electric pulse (Saunders et al. 1989). In
contradiction to the previously reported role of calcium on cell viability, the pres-
ence of bivalent cations such as calcium and magnesium (Ca’* Mg?*) was found to
improve transfection efficiency of bacteria and yeast (Xie et al. 1990; Neumann et al.
1996). The role of bivalent cations in gene electrotransfer is attributed to improved
DNA adsorbtion to the cell membrane.

Electrofusion yield is also improved by the presence of bivalent cations in the
medium (Ohno-Shosaku and Okada 1985; Vienken and Zimmermann 1985), while
the presence of monovalent ions decreased the fusion yield (Rols and Teissié 1989).
Nevertheless, cell electrofusion is a complex process and several biologically active
substances affect its yield (Grobner, Velizarov, Berg 1996; Velizarov and Berg
1998a; Velizarov et al. 1998b; Liu et al. 2000).

2.3 Osmotic Pressure

Electroporation is further affected by electroporation buffer osmolarity. When it is
carried out in a hypertonic media, cells are permeabilized at a lower voltage than
cells maintained in isotonic media and exposed to the same electric pulse parame-
ters. On the other hand increasing the osmotic pressure of the post-electroporation
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media (hypertonic media) facilitates the resealing of electroporated cells (Rols and
Teissié 1990b).

Osmolarity of the electroporation media affects the cell size and shape changes
caused by electroporation. The electroporation of cells in suspension results in an
increase in cell diameter up to 30%, which corresponds to 100% of volume increase,
in isotonic medium, while the increase is significantly lower in hypertonic medium.
In addition, the osmolarity of the medium plays an important role in post-pulse
incubation (Golzio et al. 1998; Barrau et al. 2004).

As electrostatic and electrorepulsive forces play an important role in an initial
step of gene electrotransfer process, when a highly charged DNA molecule adsorbs
to cell membrane, the medium osmolarity is an important factor in this process.
Hypotonic media facilitate the gene electrotransfer in mammalian cell because of
the decrease in repulsion between DNA and cell membrane. The initial step of
successful DNA—membrane interaction is a key step for successful gene transfer
(Wolf et al. 1994; Golzio et al. 1998). On the other hand, a hypertonic medium
improves gene electrotransfer of gram-positive bacteria because of improved cell
survival. Higher electric pulse amplitudes can be used, which result in better elec-
troporation of the cell membrane and DNA loading into the cell (Xue et al. 1999).
Also in plant cells, a hypertonic medium is used for improved gene electrotransfer.
Osmotic treatment of an intact plant cell causes plazmolysis, which is a conse-
quence of water loss from the vacuole. The plant cells vacuoles maintain high turgor
pressure, which enables cell membrane to attach closely to the cell wall. When a
cell is placed in hypertonic solution, the membrane is pulled away from the cell
wall because of water loss from the cytoplasm, and the cell shrinks. These partial
detachments of the cell wall from the membrane cause a void space between the
rigid cell wall and the cell membrane and enables the required contact between the
cell membrane and the macromolecule that is being introduced into the cytoplasm
(Fig. 5) (D’Halluin et al. 1992; Ganeva et al. 1995; Sabri et al. 1996a; Eynard et al.
1997; Wu and Feng 1999).

As in gene electrotransfer, the medium osmolarity also plays an important role in
cell electrofusion. The electrofusion efficiency is increased in hypotonic medium
due to increased osmotic pressure in the cell (Rols and Teissié 1990b, Barrau
et al. 2004). When the distance between adjusted cells is reduced, repulsive forces
between neighboring cells become significant; however, those forces are balanced
by osmotic pressure. In a hypertonic electroporation medium, electrofusion yield is
reduced (Abidor et al. 1994).

In brief, in this section the effects of electric pulse parameters, electroporation
medium composition, and osmotic pressure are described. Among electric pulse
parameters, pulse amplitude, duration, number, and repetition frequency signifi-
cantly affect electroporation. When these parameters exceed their optimal values,
cell viability is affected and irreversible electroporation takes place. For introduc-
tion of small and large molecules, different electric pulse parameters need to be
used. Small molecules are efficiently introduced into the cell by application of
short electric pulses in range of tens to hundreds of microseconds. The transport
of small molecules takes place predominately after the pulse by diffusion. On the
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Fig. 5 Electroporation of a cell with cell wall. (A) Introduction of small molecules is not affected
by cell wall. (B) DNA molecule is trapped in the cell wall. (C) Plasmolysis improves DNA
transport into the cell

other hand, for macromolecules, long 5 to 10 s pulses with relatively low pulse
amplitude are used. Besides, for successful gene electrotransfer, DNA has to be
present in the medium before electric pulses are applied, while small molecules
can enter the cell even if added after the pulse. Electric pulse parameters for cell
electrofusion are similar to those used for introduction of small molecules, but the
critical voltage required is higher. For irreversible electroporation that is used for
inactivation of microorganisms, the electric pulse parameters should exceed critical
value, as cell death is the desired result of such application. In addition to the electric
pulse parameters, electroporation medium composition and its osmolarity strongly
affect electroporation as well as related gene electrotransfer and electrofusion.

3 From Single-Cell to Tissue

Single-cell electroporation is a suitable tool for the study of basic electroporation
mechanisms. A few attempts were made to observe ultra-structural changes related
to electroporation (Stenger and Hui 1986; Escande-Geraud et al. 1988); however,
the process is too fast. Besides, chemical composition and fluid characteristics of
the thin cell membrane make direct observation of primary membrane changes
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related to electroporation very difficult (Weaver and Chizmadzev 1996). The attempt
was made to use rapid freezing scanning microscopy to determine the changes
in membrane structure (Chang and Rees 1990); however, the size of the pores
observed was 20 nm up to 120 nm, too large compared to theoretically estimated
1 nm (Weaver and Chizmadzev 1996), and the observed pores were most probably
secondary structures (Rols 2006).

At the cell membrane level, the induced transmembrane potential was imaged
by fluorescence probes sensitive to transmembrane potential changes induced by an
external electric field. Temporal and spatial induction of transmembrane potential
on the cell membrane that responds to externally applied electric field was observed
with potentiometric dyes (Gross et al. 1986; Kinosita et al. 1988; Tekle et al. 1990;
Tekle et al. 1991; Hibino et al. 1991). The results obtained in those experiments
on a single spherical cells are in good agreement with the theoretically calculated
values obtained by Schwan’s equation (Loew 1992). The value of induced trans-
membrane potential sustainable for living cell electroporation was determined to
be 1 V (Zimmermann 1982; Tsong 1991). Later the value of the induced trans-
membrane potential that triggers electroporation was determined to be in the range
of 200-500 mV (Marszalek et al. 1990; Grosse and Schwan 1992; Teissié et al.
1993). These values obtained by fluorescence imaging and calculations were further
confirmed by direct measurement at the single-cell level using patch clamp tech-
nique (Ryttsen et al. 2000).

The value of induced transmembrane voltage depends on the cell size, shape, and
the position of the cell with respect to the direction of applied electric field (Sale and
Hamilton 1967; Zimmermann 1982; Graskova et al. 1996; Teissié et al. 1999; Kotnik
and Miklav¢ic¢ 2000; Valic et al. 2003; Vali¢ et al. 2004). For a spheroidal cell, the
maximum induced transmembrane potential strongly depends on its orientation with
the respect to the electric field (Fig. 6). It is maximum when the spheroidal cell is
parallel to the applied electric field (Vali¢ et al. 2003).

The distribution of induced transmembrane potential is asymmetric due to native
transmembrane potential that is present in live cells. As the induced transmembrane
potential caused by externally applied electric pulses is superimposed to the resting
membrane potential of the cell, the side of the cell facing the anode is hyperpolarized
while the side facing the cathode is depolarized (Mehrle et al. 1985; Gabriel and
Teissié 1997, 1999; Pucihar et al. 2006). The membrane labeling with fluorescent
probes allows imaging of the membrane area affected by applied electric pulse
(Gabriel and Teissié¢ 1997). It was found that the membrane resting potential has a
significant effect on asymmetric electroporation, especially when the induced trans-
membrane potential is close to the threshold voltage that triggers electroporation.
This, however, is the case in majority of the applications in which cell viability
needs to be preserved (Vali€ et al. 2004).

The cell shape affects the site of cell membrane electroporation, and it is espe-
cially important in attached cells, as they are not at regular shape. The calculation of
induced transmembrane potential on single cells, therefore, depends on the realistic
cell shape that needs to be taken into account as it affects the calculated distribution
of the induced transmembrane potential (Pucihar et al. 2006).
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Fig. 6 Effect of electric field orientation on electroporation of different cell sizes and shapes. (A)
Electric field parallel to elongated cell. (B) Electric pulse amplitude is increased. (C) Orientation
of electric field is changed. (D) Electric pulse amplitude is increased

Although a single-cell model is a valuable tool for the study of basic mechanisms
of electropotaion, it is not the best method to predict electroporation behavior in
a tissue. As a tissue is composed of cells that are close to each other, dense cell
suspensions represent an intermediate level between the single-cell level and the
tissue (Abidor et al. 1994). Neighboring cells, even if they are not in direct contact,
affect each other due to mutual electrical shading (Susil et al. 1998; Pavlin et al.
2002; Pucihar et al. 2006). For electroporation of cell suspensions, the proportion
of the cells in the total volume is important. When they represent less than 1% of
the volume fraction they behave as single cell, while for volume fraction greater
than 10% or for clusters of cells, the induced transmembrane potential is affected
by the suspension density (Susil et al. 1998, Pavlin et al. 2002; Pavlin et al. 2007).
The fraction of electroporated cells decreases with increase in cell density and the
resealing of cells in dense cell suspensions is slower. In dense cell suspensions,
cell clusters, and multicellular spheroids it was found that the molecular transport
is slower due to slower diffusion of molecules into the interior of such cluster or
spheroid (Abidor et al. 1994; Canatella et al. 2004; Pucihar et al. 2007).

Dense cell suspensions can serve as a model for tissues with homogeneous
structure composed of similar cells in close contact; nevertheless, most tissues are
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not homogeneous. Tissues are composed of different cell types that are irregu-
larly shaped, are vascularized, and present different electrical properties. All the
mentioned factors affect the distribution of electric field within the tissue and conse-
quently its electroporation efficiency (Miklav&ic et al. 1998; Semrov and Miklav&ic
1998; Pucihar et al. 2006). Furthermore, cells in tissue are connected by gap junc-
tions for intracellular communications and transport, which change the electropora-
tion behavior of such cells, and they behave as a single larger cell (Fear and Stuchly
1998a, 1998b). For efficient tissue electroporation in vivo, the electric field distri-
bution, which depends on electrode geometry, position, and electrical properties
of the sample, is crucial (Semrov and Miklav&i¢ 2000). The electrical properties
of biological tissue such as conductivity and permitivity change once the tissue is
permeabilized and the electric field distribution is changed. The largest part of these
changes is attributed to increased membrane conductivity due to electroporation
(Pavielj et al. 2005b; Sel et al. 2005). Changes in membrane conductivity need to
be taken into account when performing electroporation with multiple needle elec-
trodes and can be used for detection of cell membrane electroporation and for pulse
delivery control. Recently these changes were used for regulating the output voltage
for in vivo gene transfection (Cukjati et al. 2007). One of the major problems with
respect to conductivity measurements in vivo is the inhomogeneous distribution of
current density and electric field due to inhomogeneous and anisotropic properties
of the tissue. For successful tissue electroporation, anatomically based mathematical
models are important tools for prediction of the outcome of the treatment (Miklav¢ic¢
etal. 1998; Semrov and Miklav¢i¢ 1998; Brandinsky and Daskalov 1999; Miklavcic¢
et al. 2000; Sel et al. 2007; Miklav¢ic et al. 2006a).

In brief, in this section the differences between single-cell and tissue electro-
poration are described. Single-cell electroporation is a suitable tool for study of
basic electroporation mechanisms. The situation is more complex in tissues as they
are composed of cells that are in close contact with each other and their prox-
imity affect electroporation. Besides, most tissues are not homogenous structures,
they are composed of different cell types that are irregularly shaped, are vascular-
ized, and have different electrical properties that affect current density and electric
field distribution, all of these affecting electroporation effectiveness. Mathemat-
ical models are thus a valuable tool for predicting electroporation behavior of the
tissue.

4 Electrodes/Shaping the Electric Field

Electroporation is used for different purposes and depending on the application one
should chose the right electrodes to obtain the desired result.

For different applications, different types of electrodes are available and can be
classified according to their geometry into different groups: plate, needle, wire, and
tweezers electrodes (Miklavci¢ and Puc 2006b). In certain cases, special electrodes
are needed; for example, for individual-cell electroporation, specially designed
microelectrodes are required (Lundqvist et al. 1998; Ryttsen et al. 2000; Olofsson
et al. 2003). For treatment of large volumes of sample and for flow electroporation,
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electroporation chambers that allow efficient treatment were designed and success-
fully tested. They were successfully used for gene transfection or water treatment
(Stopper et al. 1987; Teissié and Conte 1988a; Teissié and Rols 1988b; Rols et al.
1992b; Li et al. 2002; Teissié et al. 2002). The choice of most suitable electrodes
for a given application depends also on the characteristics of the treated sample
(Miklav¢ic et al. 2006b).

For reversible electroporation used in medicine, electrode design have to allow
efficient electroporation and at the same time cause as little cell damage of the
surrounding tissue as possible. In in vivo electroporation, electrical properties of
the treated tissue have to be taken into account, as they vary significantly among
different tissues. In electroporation, mathematical models taking into account the
tissue conductivity changes can be very useful for proper electrode selection and
their positioning with respect to the tissue that needs to be electroporated (Pavselj
et al. 2005b; Sel et al. 2005, 2007), since the electric field distribution can be effi-
ciently modified by electrode geometry and their position during the pulse applica-
tion (Sel et al. 2005, 2007).

Irreversible electroporation, used in water sterilization and food preservation,
where large volumes need to be treated and high electric fields need to be applied,
requires different methodologies (Teissié et al. 2002). For flow electroporation, it
is crucial that the pulse delivery frequency is linked to the flow rate in such a way
that each cell that passes electroporation chamber receives electric pulse treatment.
Liquid flow during electroporation affects causes cell elongation therefore electric
field orientation with respect to cell is important (Fig. 6) (Teissié et al. 2002).

In brief, in this section, electrode type and effects of electrode shape and posi-
tioning on electroporation effectiveness are described. The choice of proper elec-
trode shape and their position during the pulse application is crucial for successful
treatment, as they affect the electric field distribution. The most appropriate elec-
trode type and positioning depends on the application.

5 Different Applications

Various applications of electroporation have already been proposed, ranging from
gene electrotransfer in biotechnology, biology, and medicine to cell killing in water
sterilization, food preservation, and tissue ablation (Fig. 7) (Miklav¢ic et al. 2006b).
These electroporation-based technologies and treatments require proper selection
and choice of pulse parameters, electrodes, and pulse generators (Puc et al. 2004).
In this section different applications in biology, biotechnology, and medicine are
briefly reviewed.

5.1 Use in Medicine

In medicine, electroporation is used with the method called electrochemotherapy in
clinical practice for improved drug delivery for cancer treatment, and in preclinical
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Fig. 7 Different application of electroporation. When external electric field reaches threshold value
(Ethresn) cell membrane is electroporated. Small and large molecules can be introduced into the cell
or when two cells are in close contact their membranes can fuse. When external electric field
exceeds certain critical value (E;) irreversible electroporation occurs resulting in cell membrane
disintegration and cell death

trails for gene electrotransfer (SerSa et al. 1995; Sersa et al. 1998; Sersa et al. 2003;
Heller et al. 1999; Mir and Orlowski 1999; Mir 2000). From the point of view of
medical applications, it is more convenient to use a high-repetition pulse frequency
rather than 1 Hz pulse repetition, which is currently used in clinical trials. This is
important when larger tumor nodules need to be treated and when multiple needle
electrodes are used. In that case, a large number of pulses need to be delivered
to each of the pairs of the electrodes, which would represent an unpleasant and a
relatively long treatment time, if pulses were delivered at 1 Hz repetition frequency.
The application of pulses with higher repetition frequency does not significantly
affect the electrochemotherapy efficiency and the treatment is less unpleasant than
application of pulses with standard 1 Hz repetition frequency (Miklav¢ic et al. 2005;
Zupani¢ et al. 2007).

At the in vivo level, tissue vascular lock is observed due to disruption of blood
vessel network after the application of high-voltage pulses. Consequently, the tissue
oxygenation level is reduced by electroporation resulting in enhanced tumor cell
death (Sersa et al. 1999; Cemaar et al. 2001; Sersa et al. 2002; Gehl et al. 2002;
Kanthou et al. 20006).

5.2 Water Sterilization and Food Preservation
Irreversible electroporation is used in food technology for liquid food steriliza-

tion, food preservation, and water treatment as a tool for efficient cell killing
(Graskova et al. 1996; Danfelter et al. 1998; Lebovka and Vorobiev 2004), which
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is important for nonthermal food preservation and for freshwater treatment (Gould
1995; Lebovka et al. 2002; Lebovka and Vorobiev 2004; Teissié et al. 2002).

The benefit of nonthermal food preservation is the maintenance of food quality
(Zhang et al. 1995; Ade-Omowaye et al. 2001). The design of static and flow cham-
bers for liquid food pasteurization by electroporation has to take into account suffi-
cient electric field strength and treatment times (Zhang et al. 1995). For efficient
use of irreversible electroporation in food industry, identification of optimal param-
eters is crucial (Angersbach et al. 2000, Lebovka et al. 2000, 2002). In some cases,
irreversible electroporation is combined with other treatments for superior results.
For example, inactivation of Escherichia coli was obtained by combination of elec-
troporation and high-temperature treatment. For efficient liquid food sterilization,
a apparatus was developed, which combines thermal, high pressure, and electric
pulse treatment. The main advantage of the system is that it is not only effective
for inactivation of vegetative cells but it efficiently eradicates even spores (Uemura
and Isobe 2002). As yet, irreversible electroporation treatment alone is effective for
inactivation of vegetative microorganisms; its effectiveness is not sufficient for the
inactivation of their spores (Gould 1995).

Similarly, as for food preservation, the combination of irreversible electropo-
ration and other established methods is used for freshwater treatment. Such a
combination was applied for electroporation-assisted water chlorination, which was
efficient for elimination of Giardia muris (Haas and Atrualiye 1999). Further,
synergistic effect of electroporation and photodynamic treatment was reported.
Such combined treatment reduced the time needed for efficient cell elimination as
compared with photodynamic treatment alone (Wang et al. 1998; Zhou et al. 2000).

5.3 Electroporation of Bacteria and Yeast

Gene electrotransfer of bacteria provides an important methodology for the improve-
ment of microorganisms used in food and pharmaceutical industry. Electroporation
is used as an efficient transformation technique for gram-positive and gram-negative
bacteria (Chassy et al. 1988; Dower et al. 1988; Fiedler and Wirth 1988; Tryfona
and Bustard 2005). Mechanisms of gene electrotransfer were studied extensively,
among which surface binding and diffusion through electropores, effective electric
pulse parameters, and the effect of DNA topology on transformation efficiency were
investigated (Xie et al. 1990; Xie and Tsong 1992; Xie et al. 1992).

The optimal temperature for bacterial gene electrotransfer depends on the strain
used. For slow-growing mycobacteria, elevated temperatures markedly increases
electrotransformation efficiency. On the contrary, for fast-growing strains the highest
transformation is achieved at low temperatures (Wards and Collins 1996). Further-
more, different bacterial culture conditions were reported for optimal electrotrans-
formation of Corynobacterium. In some species of Corynobacterium, cultivation at
suboptimal temperature conditions and heat shock following electric pulse applica-
tion significantly increased gene electrotransfer. The heat shock effect contributed to
the inactivation of the restriction system present in bacteria, as it was observed only
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with xenogenic DNA, where the restriction system inhibits DNA expression (Van
der Rest et al. 1999). Optimization of technical conditions for gene electrotransfer in
bacteria is crucial for successful use in industry (Kim et al. 2005; Mason et al. 2005).
Among the most important factors for improved gene electrotransfer of bacteria
is the disruption of the cell wall, which presents an obstacle for macromolecular
uptake by the cell. Optimization of electric pulse parameters and the choice of the
compatibility of foreign and endogenous plasmids is also required (Kim et al. 2005).
Optimization of conditions for gene electrotransfer is not only species and strain
specific, it also depends on the environmental conditions, from which bacteria was
isolated (Mason et al. 2005).

The complexity of cell wall and cell shape of given bacterial strain determines
the optimal parameters for efficient gene electrotransfer to bacteria. The optimal
field strength is usually lower for gram-positive bacteria, rod-like bacilli, and cocci,
and higher for gram-negative bacteria (Dower et al. 1992). Rod-like cells orient with
the long axis in the direction of the electric field (Neumann 1992). Electroporation
of rod-like bacteria was thus described as a multistep process in which orientation
of the rod in the electric field plays an important role. When the rod is parallel
to the electric field, the effective electroporation takes place at lower pulse ampli-
tudes as compared to non-oriented one. The pulse duration must thus be sufficient
for effective orientation and successful electroporation (Eynard et al. 1997; Eynard
et al. 1998).

Similar to bacteria, the yeast species have a cell wall that interferes with the
transport of molecules to the cell. Macromolecules are trapped in the yeast cell
wall (Ganeva et al. 1995). At the same time the cell wall also presents a barrier for
macromolecule release from the cell. Different yeasts species belonging to Saccha-
rocmyce taceae family are used in biotechnology as a cell factory due to their ability
to produce desired proteins (Meilhoc et al. 1990). When electroporation is used
for macromolecular release, besides cell membrane alteration produced by electric
pulses, the cell wall alterations were proposed as mechanism responsible for macro-
molecule release from the cell interior (Ganeva et al. 2003, 2004; Suga et al. 2007).
This statement, however, is not in agreement with other authors who assume that
the cell wall, at least in plant species, is not altered by electric pulse application
(Joersbo and Brunstedt 1991).

5.4 Plant Protoplast Electroporation

Electroporation can be used as an efficient method for transfer of foreign genes into
plant protoplasts of monocotyledons and dicotyledons (Fromm et al. 1985). In case
of gene electrotransfer, the range of plants is not limited by pathogen host speci-
ficity as in the case of gene transfer by Agrobacterium tumefaciens. Besides, large
amounts of protoplasts can be transformed at the same time (Saunders et al. 1989).

Gene electrotransfer of plant protoplasts was successfully applied for transfor-
mation of several crop species such as maize, rice, wheat, sorghum, soybean, and
rye (Fromm et al. 1986; Lee et al. 1986; Christou et al. 1987; Pitt et al. 1997;
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Quecini et al. 2002). Cell viability preservation is crucial for production of trans-
genic plants, as transformed protoplast should maintain the ability of normal organo-
genesis. Conflicting reports about electrotransfected plant protoplast regeneration
ability are found in the literature. Some authors reported increased cell division,
plant regeneration, and DNA synthesis in protoplast transformed by electropora-
tion (Rech et al. 1987; Rech et al. 1988; Chand et al. 1988; Ochatt et al. 1988;
Joersbo et al. 1991), while others found slower plant regeneration of electrotrans-
fected protoplasts (Quecini et al. 2002). In some studies, increasing electric filed
strength and the number of pulses decreased plant protoplast viability and plating
efficiency. Nevertheless, the regeneration of plantlets was stimulated (Mordhorst
and Lorz 1992).

Electroporation can be successfully used for production and extraction of plant
metabolites from cell culture. Plany cell suspension cultures can be used for large-
scale production of many plant secondary metabolites, such as different alkaloids
(Kutney 1982; Yang and Bayraktar 2003, Ladygin 2004; Vanisree et al. 2004).
One of the advantages of such production of secondary metabolites is that they
are extractable form the cell culture. When plant cell culture is combined with effi-
cient cell transfection methods, it can provide constant levels of desired metabo-
lite production and therefore an important source for plany secondary metabolites
(Vanisree et al. 2004). Electroporation is a suitable technique for such applications
as it is applicable to different species and suitable for continuous production of
desired product. It is important to note that cell viability and cell biosynthetic capa-
bilities are not affected by the treatment when electroporation parameters are chosen
properly (Yang et al. 2003).

Another important application of electroporation in plant protoplast is electro-
fusion that allows production of hybrid plant cells. As an effective field strength
for cell fusion depends on the cell diameter, the amplitude needed for protoplast
fusion is much lower than for animal or bacterial cells, as protoplast diameter is
much larger than that of animal or bacterial cells. However, the method presents
its limitations as hybrid cells obtained from electrofusion are mainly genetically
instable and present multiple ploidity levels (Saunders et al. 1989).

5.5 Transfection of Intact Plant Tissue

The limitations related to electrotransfected protoplast regeneration are overcome by
gene electrotransfer in the intact plant cells. Even though the cell wall represents a
barrier, osmotic shock pretreatment that provokes plasmolysis can be used to create
a passage of molecules through the cell wall (D’Halluin et al. 1992; Ganeva et al.
1995; Sabri et al. 1996a; Eynard et al. 1997; Wu and Feng 1999).

Reactive oxidative species are produced in response to oxidative stress in
mammalian and plant cells exposed to electric pulses (Biedinger et al. 1990; Gabriel
and Teissié 1995a, Maccarrone et al. 1995; Sabri et al. 1996b, 1998). Even if the cell
viability is not directly correlated with reactive oxidative species production, gene
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electrotransfer efficiency is improved by post-pulse treatment with antioxidants,
which protect the cell from reactive oxidative species (Sabri et al. 1996; Sabri
et al. 1998).

Electroporation is an alternative method for plant transformation. It is, however,
still not widely used due to its low efficiency. Although it was effective in some
species, such as maize (D’Halluin et al. 1992), a much lower efficiency was
obtained in other species, such as wheat (Walden and Wingender 1995; Rakoczy-
Trojanowska 2002). In some cases, gene electrotransfer in wheat was successful and
electrotransfected explants were able to regenerate plants via somatic embryogen-
esis; however, the transformation was transient (He and Lazzeri 1998). The produc-
tion of fertile transgenic wheat plants via tissue electroporation still depends on the
quality of plant material used (Sorokin et al. 2000). The stable electrotransformation
procedure as an alternative method for Triticae family crop species (wheat) trans-
formation is still in development. Fully fertile plants that expressed transgenes and
transmitted them to progenity were obtained from tritordeum, fertile amphiploid
derived from durum wheat and wild barley, by tissue electroporation (He et al.
2001). Barley transfected by tissue electroporation resulted in stable genetic trans-
formation (Gurel and Gozukirmizi 2000).

In brief, in this section different applications of electroporation were described.
The method is successfully used in medicine in clinical practice as electrochemo-
therapy. Preclinical trials for gene electrotransfer are progressing and irreversible
electroporation has a potential as a new surgical method for tissue ablation. Besides,
irreversible electroporation is used for water sterilization and food preservation. In
biotechnology gene electrotransfer is successfully used for improvement of microor-
ganisms used in food and pharmaceutical industry. Gene electrotransfer is also used
as efficient tool for manipulation of yeast cells and their ability to produce desired
proteins. On the other hand, plant protoplast gene electrotransfer and electrofusion
is used to obtain transgenic plants while plant cell cultures serve as bioreactors to
produce desired secondary metabolites of economical interest. For production of
transgenic plants, limitations associated to electroporated/fused protoplast regener-
ation are overcome by gene electrotransfer into intact plant tissue. The method has
already been used successfully for some economically important species while for
others the transfection efficiency and transformation stability is still not sufficient
for wider use and needs further improvements.

6 Understanding Electroporation of Different Cell Types

Electroporation can be successfully used for different cell types although they differ
in their electroporation behavior. While part of the differences can be attributed
to the differences in cell size and shape, already mentioned before, some differ-
ences are related to biological characteristics of the treated cell (O’Hare et al. 1989;
Rols and Teissié 1992a; Rouan et al. 1991; Cemaar et al. 1998; Cegovnik and
Novakovi¢ 2004; Kanduser et al. 2006). Among such biological factors that affect
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cell membrane electroporation are membrane fluidity, cell cytoskeleton, and cell
wall in bacteria, yeast, and plant cells.

6.1 Influence of Cell Membrane Fluidity

Cell membrane fluidity is a physical characteristic of biological membrane that
changes with membrane composition and temperature. The content of cholesterol
and the ratio between saturated and unsaturated fatty acids that are part of the
membrane lipids determine cell membrane fluidity. It can be altered by chem-
ical compounds that integrate into the membrane bilayer or by rapid temperature
changes. On the other hand, slow environmental temperature changes cause changes
in membrane composition in bacteria, yeast, and plant cells, as these organisms
regulate their membrane fluidity in response to environmental factors.

It was reported that membrane fluidity affects the electroporation response of a
cell exposed to electric pulses. Two conflicting findings on membrane fluidity effect
on electroporation were reported. On the one hand, at physiological temperature less
fluid membranes are permeabilized at lower voltages than the more fluid ones (Rols
et al. 1990c; Kanduser et al. 2006). On the other hand, the effect of cell membrane
fluidity on electroporation is just the opposite when membrane fluidity is altered
by chilling. Different responses are found in different cell types. Low temperature
had almost no effect on erythrocyte electroporation (Kinosita and Tsong 1979). In
alga Valonia, rye leaf protoplast, porcine stratum corneum, and in our recent study
on mammalian cell lines, exposure of cells to low temperature has as a consequent
increase in a voltage required for successful electroporation (Coster and Zimmer-
mann 1975; Pitt et al. 1997; Gallo et al. 2002; Kanduser, Sentjurc, Miklavc¢ic, 2008).
These temperature effects on electroporation were attributed to the lipid fluidity
change produced by lower temperature (Gallo et al. 2002). Probably more than
overall lipid fluidity changes, the membrane domain structure is responsible for the
observed differences in electroporation behavior. Besides, the temperature probably
affects electroporation by other means not only by cell membrane fluidity alter-
ations.

Membrane fluidity is probably also involved in cell membrane electrofusion.
It was reported that the membrane fluidity could be an important factor affecting
molecular rearrangements in the electroporated cell membrane responsible for
the cell fusion (Dimitrov and Sowers 1990). Moreover, in biological membrane
fusion, the process depends on properties of the membrane lipid bilayer. It was
shown that biological fusion is altered by changes in membrane lipid composition
(Chernomordik et al. 1995). In addition, in electrofusion the presence of anesthetic
agents or polylysine, substances that affect cell membrane fluidity, also affect cell
fusion (Grobner et al. 1996; Velizarov et al. 1998b). It was also reported that in
bacteria different temperature and culture conditions that affect membrane lipid
composition and fluidity affect efficiency of gene electrotransfer (Wards and Collins
1996; Van der Rest et al. 1999). The effect of membrane fluidity on efficiency of
gene electrotransfer was also observed in plant cells (Wu and Feng 1999).
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6.2 Influence of Cell Cytoskeleton

The cell cytoskeleton is a very dynamic structure, which is composed of actin fila-
ments, microtubules, and intermediate filaments. It is responsible for cell shape
maintenance and mobility (Janmey 1995). As the cell cytoskeleton interacts with
cell membranes, it is expected that it also affects cell membrane electroporation.

Tubulin, which is a main component of microtubules, was found to play an
important role in electroporation and electrofusion (Blangero et al. 1989; Rols
and Teissié 1992a; Teissié et al. 1994; Kanthou et al. 2006). The experiments in
which cell cytoskeleton was disrupted by chemical agents showed that the first
two phases of electroporation, pore formation and expansion, are not affected
by cytoskeleton integrity. On the contrary, the third phase of the electroporation
process, cell membrane resealing is dramatically affected. In cells with disrupted
cytoskeleton, cell membrane resealing is significantly faster than in intact cells.
Similar results were obtained when erythrocytes cytoskeleton was disrupted by heat
treatment or when cells in the phase of mitosis, when tubulin cytoskeleton is rear-
ranged in mitotic spindle were electroporated (Rols and Teissié. 1992a; Teissié et al.
1994).

The effect of electroporation on cell cytoskeleton was studied in different cell
types, and its disorganization was observed during cell electrofusion (Blangero et al.
1989; Wu and Feng 1999; Rols and Teissié¢ 1992a; Harkin and Hay 1996; Teissié
et al. 1998; Kanthou et al. 2006). In some cases, tubulin and vimentin intermediate
filaments disruption was dependent on the composition of electroporation media. In
media with similar ionic composition as cytoplasm, the cell cytoskeleton disruption
was prevented (Harkin and Hay 1996). Disruption of cell cytoskeleton is observed
immediately after electroporation and recovery took place in 1 hour after the pulse
application. Although electroporation interferes with the organization cytoskeleton
filaments, it does not result in degradation of cytoskeletal proteins (Kanthou et al.
2006).

6.3 Influence of Cell Wall in Bacteria, Yeast, and Plants

The cell wall chemical composition varies from bacteria, to yeast, to plant cells. The
bacterial cell wall is composed of cross-lined peptidoglycans and polysaccharides;
nevertheless, its composition varies in different types of bacteria. Cell walls of
bacteria present additional surface structures such as capsules, slimes, S layers, and
sheals (Beveridge and Graham 1991; Schaffer and Messner 2005). In yeast species,
the chemical composition of cell walls varies with species and is composed, in
case of Saccharomyces cerevisiae, of glucan, manoprotein, and chitin. The main
component is glucan that forms a microfibrilar matrix to which other compo-
nents are bound (Mazan et al. 2006). In plant species the primary cell wall is
composed of cross-linked pectines and hemicellulose molecules. The free spaces
among molecules that constitute the cell wall are species and tissue specific, ranging
from 3.5 to 5.2 nm (Carpita et al. 1979). The cell wall structure is permeable to
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small molecules but represents a barrier to large molecules such as DNA or proteins
(Wu and Feng 1999).

Regardless of the cell wall chemical composition, it presents a barrier to elec-
trofusion and is a limiting factor for gene electrotransfer. Nevertheless, the cell
wall does not affect transport of small molecules. The cell wall does not inter-
fere with electric pulses, which cause electroporation of cell membrane, as only
slight differences were obtained when the electroporation of plant protoplast and
intact plant cells was compared (Saunders et al. 1995). Small molecules can freely
diffuse through the cell wall; therefore, their loading into cytoplasm was not affected
significantly by the presence of the cell wall in bacteria, yeasts, or plants. From
those results, it was concluded that electroporation of cell membrane on itself is not
affected by the presence of the cell wall (Ganeva et al. 1995; Aouida et al. 2003;
Sauders et al. 1995).

On the other hand, when large molecules need to be introduced into the cell, such
as DNA, for gene electrotransfer of bacteria, transfection efficiency is improved
when the cell wall is partially disrupted by chemical agents (Ganeva et al. 1995).
It was also reported that electrotransformation of the gram-positive bacteria is less
effective than in gram-negative bacteria due to the thicker and denser cell walls in
gram-positive species (Dower et al. 1992; Trevors et al. 1992, Kim et al. 2005).
A similar situation occurs in yeast species, where a cell wall represents a barrier
for introduction of macromolecules into the cell. Observation of fluorescent 70 kDa
dextranes during electroporation of yeast revealed that those macromolecules are
trapped in the wall. The presence of macromolecules at the cell membrane level
was thus reduced and consequently their loading into the cytoplasm was smaller
than it would be in a cell without a cell wall (Ganeva et al. 1995). To improve the
transport of macromolecules through the cell wall of bacteria, yeast, and plant cells,
different pretreatments were suggested. Before electroporation, partial disruption of
the cell wall was effective for bacteria and yeast, while for plant cells, pre-pulse
plasmolysis was successfully applied (D’Halluin et al. 1992; Ganeva et al. 1995;
Sabri et al. 1996a; Eynard et al. 1997; Wu and Feng 1999).

In brief, in this section characteristics of different cell types on electropora-
tion effectiveness are described. Biological characteristics of treated cells such as
membrane fluidity, integrity of cytoskeleton, and presence of cell wall in bacteria,
yeast, and plant cells affect electroporation. These characteristics need to be taken
into account when optimizing electroporation parameters. Besides, for improved
loading of macromolecules into the cells with the cell wall, pretreatments that partly
disrupt cell wall or cause plasmolysis can be successfully used.

7 Conclusions

Electroporation is a useful technique in biotechnology and medicine for introduction
of different molecules, electrofusion, or water sterilization and food preservation.
Among the different theoretical models that describe electroporation, the transient
aqueous pore model is the most widely accepted. This model predicts hydrophilic
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pore formation that takes place in a cell membrane as a response to an induced
electric field. Electroporation can be reversible or irreversible, depending on the
electric pulse parameters used. The effectiveness of electroporation is determined
by electric pulse parameters, electroporation medium composition, and its osmotic
pressure. Among the electric pulse parameters, pulse amplitude, duration, number,
and repetition frequency are most important. Pulse amplitude is a critical param-
eter as, when it reaches threshold value, it triggers the electroporation process.
When electric pulse parameters exceed their optimal values, cell viability is affected
and irreversible electroporation takes place. For introduction of small and large
molecules, different electric pulse parameters need to be used. Small molecules
are efficiently introduced into the cell by application of short electric pulses in
range of tens to hundreds of microseconds. The transport of small molecules takes
place predominately after the pulse by diffusion. On the other hand, for macro-
molecules, long 5 to 10 ws pulses with relatively low pulse amplitudes are used. In
addition, for successful gene electrotransfer, DNA has to be present in the medium
before electric pulses are applied, while small molecules can enter the cell even if
added after the pulse is applied. Electric pulse parameters for cell electrofusion are
similar to those used for introduction of small molecules, but the threshold voltage
required is higher. For irreversible electroporation that is used for inactivation of
microorganisms, the electric pulse parameters should exceed critical value as cell
death is the desired result of such applications. Electroporation medium composi-
tion and its osmolarity affect electroporation and related gene electrotransfer and
electrofusion.

The basic mechanisms of electroporation were mainly studied at the single-cell
level, although the situation is more complex in a tissue. The tissue is composed of
cells that are in close contact with each other and their proximity affects electropo-
ration. In addition, most tissues are not homogenous structures. They are composed
of different cell types that are irregularly shaped and have different electrical prop-
erties that affect current density and electric field distribution and consequently also
electroporation effectiveness. The mathematical models are thus a valuable tool for
prediction of electroporation behavior of the tissue. In addition, the electrode type,
shape, and positioning affect electroporation effectiveness. The choice of proper
electrode type, shape, and positioning is crucial for successful treatment, as it affects
the electric field distribution and depends on the application.

Electroporation has many different applications; the method is successfully
used in medicine in clinical practice as electrochemotherapy. Preclinical trials for
gene electrotransfer are in progress, and recently irreversible electroporation was
suggested as a new surgical method for tissue ablation. In addition, irreversible elec-
troporation is used for water sterilization and food preservation. In biotechnology,
gene electrotransfer is successfully used for improvement of microorganisms used in
food and pharmaceutical industry and for plant cell cultures that produce secondary
metabolites. On the other hand, gene electrotransfer in plant protoplast or proto-
plast electrofusion is used to obtain transgenic plants. Limitations found in proto-
plast regeneration are overcome by gene electrotransfer into intact plant tissue. The
method is successfully used for some important crop species, while for others the
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transfection efficiency and transformation stability is still not sufficient for wider
use and needs further improvements.

Although electroporation is used in a wide range of different cell types, biolog-
ical characteristics of the treated cell, such as membrane fluidity, integrity of
cytoskeleton, and presence of cell wall in bacteria, yeast, and plant cells, affect its
efficiency. Specific characteristics of different cells need to be taken into account
when optimizing electroporation parameters. The cell wall that presents a barrier to
large molecules loading into the cell can be partly disrupt or cell can be plasmolysed.
Such pretreatment improves electroporation effectiveness.

It can be concluded that electroporation can be efficiently used for different
applications in biotechnology and medicine if proper conditions are chosen and
characteristics of the treated sample are taken into account.

Acknowledgments The authors wish to thank mag. Selma Corovié for preparation of the figures,
Dr. Alenka Macek-Lebar and AnZe Zupani¢ for their useful comments. The work was financially
supported by Slovenian Research Agency (ARRS).

References

Abidor, I.G., Arakelyan, V.B., Chernomordik, L.V., Chizmadzev, Y.A., Pastusenko, V.F. and Tara-
sevich, M.R. (1979) Electric breakdown of lipid membranes. I. The main experimental facts
and their quantitative discussion. Bioelectrochemistry and Bioenergetics 6, 37-52.

Abidor, I.G., Li, L.H. and Hui, S.W. (1994) Studies of cell pellets: II Osmotic properties, electro-
poration, and related phenomena: membrane interaction. Biophysical Journal 67, 427-435.

Ade-Omowaye, B.I1.O., Angersbach, A., Taiwo, K.A. and Knorr, D. (2001) Use of pulsed electric
field pretreatment to improve dehydration characteristics of plant based foods. Trends in food
Science and Technology 12, 285-295.

Aouida, M., Tounekti, O., Belhadj, O. and Mir, L.M. (2003) Comparative roles of the cell wall
and cell membrane in limiting uptake of xenobiotic molecules by Saccharomyces crevisiae.
Antimicrobial Agents and Chemotherapy 47, 2012-2014.

Angersbach, A., Heinz, V. and Knorr, D. (2000) Effects of pulsed electric fields on cell membranes
in real food systems. Innovative Food Sciences and Emerging Technologies 1, 135-149.

Andre, F. and Mir, L.M. (2004) DNA electro transfer: its principles and an updated review of its
therapeutic applications. Gene Therapy 11, S33-S42.

Andreson, G.L. and Evans, G.A. (1989) Optimization of electroporation for transfection of
mammalian cell lines. Analytical Biochemistry 180, 269-275.

Barrau, C., Teissié, J. and Gabriel, B. (2004) Osmotically induced membrane fusion facilitates the
triggering of living cell electroporation. Bioelectrochemistry 63, 327-332.

Beveridge, T.J. and Graham L.L. (1991) Surface layers of Bacteria. Microbiological Reviews 55,
684-705.

Beveridge, J.R., MacGregor S.J., Marsili, L., Anderson J.G., Rowan, N.J. and Farish, O. (2002)
Comparison of the effectiveness of biphase and monophase rectangular pulses for the inacti-
vation of micro-organisms using pulsed electric fields. IEEE Transactions on plasma Science
30, 1525-1531.

Biedinger, U., Youngman, R.J. and Schnabl, H. (1990) Differential effects of electrofusion and
electropermeabilization parameters on the membrane integrity of plant protoplasts. Planta 180,
598-602.



Electroporation in Biological Cell and Tissue: An Overview 27

Bilska, A., DeBruin, K.A. and Krassowska, W. (2000) Theoretical modeling of the effects of shock
duration, frequency and strength on the degree of electroporation. Bioelectrochemistry 51,
133-143.

Blangero, C., Rols, M.P. and Teissié, J. (1989) Cytoskeletal reorganization during electric field
induced fusion of Chinese hamster ovary cells grown in monolayers. Biochimica et Biophysica
Acta 981, 295-302.

Brandinsky, K. and Daskalov, 1. (1999) Electrical field and current distributions in elec-
trochemotherapy. Bioelectrochemistry and Bioenergetics 48, 201-208.

Bureau, M.F,, Ghel, J., Deleuze, V., Mir, L.M. and Scherman, D. (2000) Importance of association
between permeabilization and electrophoretic forces for intramuscular DNA electro transfer.
Biochimica et Biophysicqa Acta 1474, 353-359.

Canatella, PJ., Karr, J.F, Petros, J.A. and Prausnitz, M. (2001) Quantitative study of
electroporation-mediated molecular uptake and cell viability. Biophysical Journal 80,
755-764.

Canatella, P.J., Black, M.M., Bonnichsen, D.M., McKenna, C. and Prausnitz, M.R. (2004) Tissue
electroporation: quantification and analysis of heterogeneous transport in multicellular envi-
ronments. Biophysical Journal 86, 3260-3268.

Carpita, N., Sabularse, D., Montezinos, D. and Delmer, D.P. (1979) Determination of the pore size
of cell walls of living plant cells. Science 205, 1144-1147.

Chang, D.C. and Reese, T.S. (1990) Changes in membrane structure induced by electroporation as
revealed by rapid-freezing electron microscopy. Biophysical Journal 58, 1-12.

Chang, D.C., Chassy, B.M., Saunders, J.A. and Sowers, A.E. (1992) Guide to electroporation and
electrofusion, Academic Press, San Diego.

Chand, P.K., Ochatt, S.J., Rech, E.L, Power, J.B. and Davey M.R. (1988) Electroporation stimu-
lates plant regeneration from protoplasts of the woody medical species Solanum dulcamara L.
Journal of Experimental Botany 39, 1267-1274.

Chassy, B.M., Mercenier, A. and Flickinger J. (1988) Transformation of bacteria by electropora-
tion. Trends in Biotechnology 6, 303-309.

Chernomordik, L., Kozlov, M.M. and Zimmerberg (1995). Lipids in biological membrane fusion.
The Journal of Membrane Biology 146, 1-14.

Christou, P., Murphy, J.E. and Swain, W.F. (1987). Stable transformation of soyabean by electro-
poration and root formation from transformed callus. Proceedings of the National Academy
of Sciences USA 84, 3962-3966.

Coster, H.G.L. and Zimmermann, U. (1975) The mechanism of electrical breakdown in the
membranes of Valonia utricularis. Journal of Membrane Biology 22, 73-90.

Cukjati D., Batiuskaite D., André F., Miklavci¢ D. and Mir L.M. (2007) Real time electroporation
control for accurate and safe in vivo non-viral gene therapy. Bioelectrochemistry 70, 501-507.

Cegovnik, U. and Novakovié, S. (2004) Setting optimal parameters for in vivo electrotransfection
of B16F1, SAI1, LPB, SCK, L929 and CHO cells using predefined exponentially decaying
electric pulses. Bioelectrochemistry 62, 73-82.

Cemaiar, M., Jarm, T., Miklav¢ic¢, D., Macek-Lebar, A., Ihan, A., Kopitar, N.A., Sersa, G. (1998)
Effect of electric-field intensity on electropermeabilization and electrosensitivity of various
tumor-cell lines in vitro. Electro and Magnetobiology 17, 263-272.

Cemaiar, M., Parkins, C.S., Holder, A.L., Chaplin, D.J., Tozer, G.M. and Sersa G. (2001) Electro-
poration of human microvascular endothelial cells: evidence for an anti-vascular mechanism
of electrochemotherapy. British Journal of Cancer 84, 565-570.

Danfelter, M., Engstrom, P., Persson, B.R.R. and Salford, L.G. (1998) Effect of high voltage pulses
on survival of Chinese hamster V79 lung fibroblast cells. Bioelectrochemistry and Bioener-
getics 47, 97-101.

Davalos, R.V., Mir, L.M. and Rubinsky, B. (2005) Tissue ablation with irreversible electroporation.
Annals of Biomedical Engineering 33, 223-231.

D’Halluin, K., Bonne E., Bossut M., De Beuckeleer M. and Leemans J. (1992) Transgenic maize
plants by tissue electroporation. The Plant Cell 4, 1495-1505.



28 M. KandusSer, D. Miklavcic

Dimitrov, D.S. and Sowers A.E. (1990) A delay in membrane fusion: lag times observed by fluores-
cence microscopy of individual fusion events induced by an electric field pulse. Biochemistry
29, 8337-8344.

Djuzenova, C.S., Zimmermann, U., Frank, H., Sukhorukov V.L., Richter, E. and Fuhr, G. (1996)
Effect of medium conductivity and composition on the uptake of propidium iodide into elec-
tropermeabilized myeloma cells. Biochimica et Biophysica Acta 1284, 143-152.

Dower, W.J., Miller, J.F. and Rasdale C.W. (1988) High efficiency transformation of E, coli by
high voltage electroporation. Nucleic Acids Research 16, 6127-6145.

Dower, W.J., Chassy, B.M., Trevors, J.T. and Blaschek, H.P. (1992) Protocols for the transformation
of bacteria by electroporation. In: D.C. Chang, B.M. Chassy, J.A., Saunders and A.E. Sowers
(Eds.), Guide to Electroporation and Electrofusion. Academic Press, San Diego, pp. 265-290.

Edd, J.F.,, Horowitz, L., Davalos, R.V., Mir, L.M. and Rubinsky, B. (2006) In vivo results of a new
focal tissue ablation technique: irreversible electroporation. IEEE Transactions on Biomedical
Engineering 53, 1409-1415.

Escande-Geraud, M.L., Rols, M.P, Dupont, M.A., Gas, N. and Teissié J. (1988) Reversible plasma
membrane ultrastructural changes correlated with electropermeabilization in Chinese hamster
ovary cells. Biochimica et Biophysica Acta 939, 247-259.

Eynard, N., Rols, MP, Ganeva, V., Galutzov, B., Sabri, N. and Teissié J. (1997) Electrotransforma-
tion pathways of prokaryotic and eukaryotic cells: recent developments. Bioelectrochemistry
and Bioenergetics 44, 103—110.

Eynard, N., Rodriguez, F., Trotard, J. and Teissié J. (1998) Electrooptics studies of Escherichia
coli electropulsation: orientation, permeabilization and gene transfer. Biophysical Journal 75,
2567-2596.

Faurie, C., Phez, E., Golzio, M., Vossen, C., Lesbordes, J.C. Delteil, C., Teissié, J. and Rols M.P.
(2004) Effect of electric field vectoriality on electrically mediated gene delivery in mammalian
cells. Biochimica et Biophysica Acta 1665, 92—100.

Faurie, C., Golzio, M., Phez E., Teissié, J. and Rols M.P. (2005) Electric field induced cell
membrane permeabilization and gene transfer: theory and experiments. Eng ineering in Life
Science 5, 1-7.

Fear, E.C. and Stuchly, M.A. (1998a) Biological cells with gap junctions in low-frequency electric
fields. IEEE Transactions on Biomedical Engineering 45, 856-866.

Fear, E.C. and Stuchly, M.A. (1998b) Modeling assemblies of biological cells exposed to electric
fields. IEEE Transactions on Biomedical Engineering 45, 1259-1271.

Ferber, D. (2001) Gene therapy: safer and virus free? Science 294, 1638-1642.

Fiedler, S. and Wirth, R. (1988) Transformation of bacteria with plasmid DNA by electroporation.
Analytical Biochemistry 170, 38—44.

Fromm, M.E., Taylor, L.P. and Walbot, V. (1985) Expression of genes transferred into monocot
and dicot plant cells by electroporation. Proceedings of the National Academy of Sciences of
the United States of America 82, 5824-5828.

Fromm, M.E., Taylor, L.P. and Walbot, V. (1986) Stable transformation of maize after gene transfer
by electroporation. Nature 319, 791-793.

Gabriel, B and Teissié, J. (1995a) Spatial compartmentation and time resolution of photooxida-
tion of a cell membrane probe in electropermeabilized Chinese hamster ovary cells. European
Journal of Biochemistry 228, 710-718.

Gabriel, B. and Teissié, J. (1995b) Control by electrical parameters of short and long-term cell
death resulting from electropermeabilization of Chinese hamster ovary cells. Biochimica et
Biophysica Acta 1266, 171-178.

Gabriel, B. and Teissié, J. (1997) Direct observation in the millisecond time range of fluorescent
molecule asymetrical interaction with the electropermeabilised cell membrane. Biophysical
Journal 73, 2630-2637.

Gabriel, B. and Teissié, J. (1999) Time courses of mammalian cell electropermeabilization
observed by millisecond imaging of membrane property changes during the pulse Biophysical
Journal 76, 2158-2165.



Electroporation in Biological Cell and Tissue: An Overview 29

Gallo, S.A., Sen, A., Hensen, M.L. and Hui, S.W. (2002) Temperature dependant electrical and
ultrastructural characterizations of porcine skin upon electroporation. Biophysical Journal 82,
109-119.

Ganeva, V., Galutzov, B. and Teissié J. (1995) Electric field mediated loading of macromolecules
in intact yeast cells is critically controlled at the wall level. Biochimica et Biophysica Acta
1240, 229-236.

Ganeva, V., Galutzov, B. and Teissié J. (2003) High yield electroextraction of proteins from yeast
by flow process. Analytical Biochemistry 315, 77-84.

Ganeva, V., Galutzov, B. and Teissié J. (2004) Flow process for electroextraction of intracel-
lular enzymes from the fission yeast, Schizosacchromyces pombe. Biotechnology Letters 26,
933-937.

Gehl, J., Skovsgaard, T. and Mir, L.M. (2002) Vascular reactions in vivo electroporation: charac-
terization and consequences for drug and gene delivery. Biochimica et Biophysica Acta 1569,
51-58.

Golzio, M., Mora, M.P., Raynaud, C., Delteil, C., Teissié¢, J. and Rols M.P. (1998) Control by
osmotic pressure of voltage-induced permeabilization and gene transfer in mammalian cells.
Biophysical Journal 74, 3015-3022.

Golzio, M., Teissié, J. and Rols M.P. (2002) Direct visualization at the single cell level of electri-
cally mediated gene delivery. Proceedings of the National Academy of Sciences of the United
States of America 99, 1292-1297.

Gould, S.W. (1995) Biodeterioration of foods and overview of preservation in the food and dairy
industries. International Biodeterioration and Biodegradation 37, 267-277.

Graskova, D., Sigler, K., Jonderova, B. and Plasek, J. (1996) Effect of high-voltage pulses on
yeast cells: factors influencing the killing efficiency. Bioelectrochemistry and bioenergetics
39, 195-202.

Grobner, U., Velizarov and S. and Berg, H. (1996) Polylysine supports electrofusion. Bioelectro-
chemistry and Bioenergetics 39, 181-184.

Gross, D., Loew, L.M. and Webb, W.W. (1986) Optical imaging of cell membrane potential
changes induced by applied electric fields. Biophysical Journal 50, 339-348.

Grosse, C. and Schwan, H.P. (1992) Cellular membrane potentials induced by altering fields.
Biophysical Journal 63, 1632-1642.

Gurel, F. and Gozukirmizi, N. (2000) Optimization of gene transfer into barley (Hordeum
vulgare L.) mature embryos by tissue electroporation. Plant Cell Reports 19, 787-791.

Haas, C.N. and Atrualiye, D.N. (1999) Kinetics of electroporation — assisted chlorination of
Giardia muris. Water Research 33, 1761-1766.

Harkin, D.G. and Hay, E.D. (1996) Effects of electroporation on the tubulin cytoskeleton and
direct migration of corneal fibroblasts cultured within collagen matrices. Cell Motility and the
Cytoskeleton 35, 345-357.

Hamilton, W.A. and Sale, A.J.H. (1967) Effects of high electric fields on microorganisms: II.
Mechanisms and action of the lethal effect. Biochimica et Biophysica Acta 148, 789-800.

He, G.Y. and Lazzeri P.A. (1998) Analysis and optimization of DNA delivery into wheat scutellum
and Tritodeum inflorescence explants by tissue electroporation. Plant Cell 18, 64-70.

He, G.Y., Lazzeri P.A. and Cannell M.E. (2001) Fertile transgenic plants obtained from tritordeum
inflorescences by tissue electroporation. Plant Cell Reports 20, 67-72.

Heller, R., Gibert, R. and Jaroszeski, M. (1999) Clinical application of electrochemotherapy.
Advanced Drug Delivery Reviews 35, 119-129.

Hibino, M., Shigemori, M., Itoh, H., Nagayama, K. and Kinosita, K., (1991) Membrane conduc-
tance of an electroporated cell analyzed by submicrosecond imaging of transmembrane poten-
tial. Biophysical Journal 59, 209-220.

Hibino, M., Itoh H. and Kinosita, K. (1993) Time courses of cell electroporation as revealed by
submicrosecond imaging of transmembrane potential. Biophysical Journal 64, 1789-1800.

Jaroszeski, M.J., Gilbert, R., Fallon, P.G. and Heller, R. (1994) Mechanically facilitated cell-cell
electrofusion. Biophysical Journal 67, 1574—-1581.



30 M. KandusSer, D. Miklavcic

Janmey, P. (1995) Cell membranes and the cytoskeleton. In: R. Lipowsky and E. Sackmann
(Eds.), Structure and Dynamics of Membranes, Handbook of Biological Physics. Elsevier,
pp- 805-849.

Joersbo, M. and Brunstedt, J. (1991) Electroporation: mechanism and transient expression,
stable transformation and biological effects in plant protoplasts. Physiologia Plantarum 81,
256-264.

KandusSer, M., §entjurc, M., Miklav¢ic, D. (2006) Cell membrane fluidity related to electroporation
and resealing. European Biophysics Journal 35, 196-204.

Kanduger, M., Sentjurc, M., Miklav&ig D. (2008) The temperature effect during pulse application
on cell membrane fluidity and permeabilization. Bioelectrochemisty in press.

Kanthou, C., Kranjc, S., Sersa, G., Tozer, G., Zupanié, A. and Cemaar, M. (2006) The endothelial
cytoskeleton as a target of electroporation-based therapies. Molecular Cancer Therapeutics 5,
3145-3152.

Kim, Y.H., Han, K.S., Oh, S., You, S. and Kim S.H. (2005) Optimization of technical conditions for
the transformation of Lactobacillus acidophilus strains by electroporation. Journal of Applied
Microbiology 99, 167-174.

Kinosita, K. and Tsong, T.Y. (1977) Formation and resealing of pores of controlled sizes in human
erythrocyte membrane, Nature 268, 438-441.

Kinosita, K. and Tsong, T.Y. (1979) Voltage induced conductance in human erythrocyte
membranes. Biochimica et Biophysica Acta 554, 479-497.

Kinosita K., Ashikawa, I., Saita, N., Yoshimura, H., Itoh, H., Nagayama, K. and lkegami, A.
(1988) Electroporation of cell membrane visualized under pulsed-laser fluorescence micro-
scope. Biophysical Journal 53, 1015-1019.

Klenchin, V.A., Sukharev, S.I., Serov, S.M., Chernomordik, L.V. and Chizmadzhev, Y.A. (1991)
Electrically induced DNA uptake by cells is a fast process involving DNA electrophoresis.
Biophysical Journal 60, 804-811.

Kotnik, T., Bobanovic, F. and Miklav¢i¢ D. (1997) Sensitivity of transmembrane voltage induced
by applied electric fields — a theoretical analysis. Bioelectrochemistry Bioenergetics 43,
285-291.

Kotnik, T. and Miklav¢i¢, D. (2000) Analytical description of transmembrane voltage induced by
electric fields on spheroidal cells. Biophysical Journal 79, 670-679.

Kotnik, T., Mir, L.M., Flisar, K., Puc, M. and Miklav¢i¢, D. (2001a) Cell membrane electroperme-
abilization by symmetrical bipolar rectangular pulses. Part I. Increased efficiency of perme-
abilization. Bioelectrochemistry 54, 83-90.

Kotnik, T., Miklav¢i¢, D. and Mir, L.M. (2001b) Cell membrane electropermeabilization by
symmetrical bipolar rectangular pulses. Part II. Reduced electrolytic contamination. Bioelec-
trochemistry 54, 91-95.

Kutney, J.P. (1982) Studies in plant tissue culture: potential source of clinically important antitumor
agents. Pure and Applied Chemistry 54, 2523-2536.

Ladygin, V.G. (2004) Efficient transformation of mutant cells of Chlamydomonas reinhardtii by
electroporation. Process Biochemistry 39, 1685-1691.

Lebovka, N.I., Bazhal, M.I. and Vorobiev, E. (2000) Simulation and experimental investigation of
food material breakage using pulsed electric field treatment. Journal of Food Engineering 44,
213-223.

Lebovka, N.I., Bazhal, M.1. and Vorobiev, E. (2002) Estimation of characteristics damage time of
food materials in pulsed-electric fields. Journal of Food Engineering 54, 337-346.

Lebovka, N.I. and Vorobiev, E. (2004) On the origin of the deviation from the first-order kinetics in
inactivation of microbial cells by pulsed electric fields. International Journal of Food Micro-
biology 91, 83-89.

Lee, R.C., River P, Pan, E.S., Ji, L. and Wollmann, R.L. (1992) Surfactant-induced sealing of elec-
tropermeabilized skeletal muscle membranes in vivo. Proceedings of the National Academy
of Sciences of the United States of America 89, 4524-4528.

Lee, R.C. and Dougherty, W. (2003) Electrical injury: mechanisms, manifestations and therapy.
IEEE Transactions on Dielectrics and Electrical Insulation 10, 810-819.



Electroporation in Biological Cell and Tissue: An Overview 31

Lee, TM.O., Turgeon, R. and Wu, R. (1986) Expression of a foreign gene linked to either a
plant virus or a Drosophila promoter, after electroporation of protoplasts of rice, wheat and
sorghum. Proceedings of National Academy Sciences of the United States of America 83,
6815-6819.

Leontiadou, H., Mark, A.E. and Marrink, S.J. (2004) Molecular dynamics simulation of
hydrophilic pores in lipid bilayers. Biophysical Journal 86, 2156-2164.

Li, L.H., Shivakumar, R., Feller, S., Allen, C., Weiss, J.M., Dzekunov, S., Singh, V., Holaday, J.,
Fratantoni, J. and Liu, L.N. (2002) High efficient, large volume flow electroporation. Tech-
nology in Cancer Research and Treatment 1, 341-349.

Liu, M., Gothe G. and Berg, H. (2000) Electroporation and fusion of human cancer cells modified
by amino acids and polypeptides. Electro and Magnetobiology 19, 331-338.

Liu, F.,, Heston, S., Shollenberger, L.M., Sun, B., Mickle, M., Lovell, M. and Huang L. (2006)
Mechanisms of in vivo DNA transport into cells by electroporation: electrophoresis across the
plasma membrane may not be involved. The Journal of Gene Medicine 8, 353-361.

Loew, L.M. (1992) Voltage-sensitive dyes: Measurements of membrane potentials induced by DC
and AC electric fields. Bioelectromagnetics Supplement 1, 179-189.

Lucas, M.L. and Heller R. (2001) Immunomodulation by electrically enhanced delivery of plasmid
DNA encoding IL-12 to murine skeletal muscle. Molecular Therapy 3, 47-53.

Lundqvist, J.A., Sahlin, F., Aberg, M., A.L., Stromberg, A. and Erikson, P.S. (1998) Alterning
the biochemical state of individual cultured cells and organelles with ultramicroelectrodes.
Proceedings of the National Academy of Sciences of the United States of America 95,
10356-10360.

Macek-Lebar, A., Kopitar, N.A., Than, A., Sersa, G. and Miklav¢i¢, D. (1998) Significance of
treatment energy in cell electropermeabilization. Electro. Magnetobiol. 17, 253-260.

Macek-Lebar, A. and Miklav¢ic, D. (2001) Cell electropermeabilization to small molecules in
vitro: control by pulse parameters. Radiologica Oncology 35, 193-202.

Maccarrone, M., Bladergroen, M..R., Rosato, N. and Agro F. (1995) Role of peroxidation in elec-
troporation induced cell permeability. Biochemical and Biophysical Research Communica-
tions 209, 417-425.

Marszalek, P., Liu, D.S. and Tsong, T.Y. (1990) Schwan equation and transmembrane potential
induced by altering electric field. Biophysical Journal 58, 1053—1058.

Mason, C.K., Collins, M.A. and Thompson K. (2005) Modified electroporation protocol for Lacto-
bacilli isolated from the chicken crop facilitates transformation and the use of a genetic tool.
Journal of Microbial Methods 60, 353-363.

Mazan, M., Mazanova, K. and Farkas, V. (2006) Bukova stena hub — Vyzva pre vyskum novych
antimykotik, Chem. Listy 100, 433-439.

Meaking, W.S., Edgerton, J., Wharton, C.W. and Meldrum, R.A. (1995) Electroporation-induced
damage in mammalian cell DNA. Biochimica et Biophysica Acta 1264, 357-362.

Mehrle, W., Zimmermann, U. and Hampp, R. (1985) Evidence for asymetrical uptake of fluores-
cence dyes through electro- permeabilized membranes of Avena mesophyll protoplasts. FEBS
Letters 185, 89-94.

Meilhoc, E., Masson, J.M. and Teissie, J. (1990) High efficiency transformation of intact yeast
cells by electric field pulses. Biotechnology (N.Y.) 8, 223-227.

Miklav&ig, D., Beravs, K., Semrov, D., Cemaar, M., Demgar, F. and Sersa, G. (1998) The impor-
tance of electric field distribution for effective in vivo electroporation of tissues. Biophysical
Journal 74, 2152-2158.

Miklav¢ic, D., gemrov, D., Mekid, H. and Mir, L.M. (2000) A validated model of in vivo electric
field distribution in tissues for electrochemotherapy and for DNA electro transfer for gene
therapy. Biochimica et Biophysica Acta 1519, 73-83.

Miklavéi¢, D., Pucihar, G., Pavlovec, M., Ribari¢, S., Mali, M., Macek-Lebar, A., Petkovsek, M.,
Nastran, J., Kranjc, S., Cemaar, M. and Sersa, G. (2005) The effect of high frequency electric
pulses on muscle contractions and antitumor efficiency in vivo for a potential use in clinical
electrochemotherapy. Bioelectrochemistry 65, 121-128.



32 M. KandusSer, D. Miklavcic

Miklav&ig, D., Corovié S, Pucihar, G. and Pavielj, N. (2006a) Importance of tumour coverage by
sufficiently high local electric field for effective electrochemotherapy. European Journal of
Cancer Supplement 4, 45-51.

Miklav¢ié¢, D. and Puc, M. (2006b) Electroporation. In: Wiley Encyclopedia of Biomedical Engi-
neering, John Wiley & Sons, New York,. pp. 1-11.

Miller, L., Leor, J. and Rubinsky, B. (2005) Cancer cell ablation with irreversible electroporation.
Technology in Cancer Research and Treatment 4, 1-7.

Mir, L.M. and Orlovski, S. (1999) Mechanisms of electrochemotherapy. Advanced Drug Delivery
35, 107-118.

Mir, L.M. (2000) Therapeutical perspectives of in vivo cell electropermeabilization. Bioelectro-
chemistry 53, 1-10.

Mordhorst, A.P. and Lorz, H. (1992) Electrostimulated regeneration of platelets from proto-
plasts derived from cell suspensions of barley (Hordeum vulgaris). Physiologia Plantarum 85,
289-294.

Neumann, E. and Rosenheck K. (1972) Permeability changes induced by electric impulses in vesic-
ular membranes. Journal of Membrane Biology. 10, 279-290.

Neumann, E., Schafer-Ridder, M., Wang, Y. and Holschneider, PH. (1982) Gene transfer into
mouse lyoma cells by electroporation in high electric fields. The EMBO Journal 1, 841-845.

Neumann, E., Sowers, A.E. and Jordan, C.A. (1989) Electroporation and electrofusion in cell
biology, Plenium press, New York.

Neumann, E. (1992) Membrane electroporation and direct gene transfer. Bioelectrochemistry and
Bioenergetics 28, 247-267.

Neumann, E., Kakorin, S., Tsoneva, I., Nikolova, B. and Tomov, T. (1996) Calcium mediated DNA
adsorption to yeast cells and kinetics of cell transformation by electroporation. Biophysical
Journal 71, 868-877.

Neumann, E., Kakorin, S. and Toensing, K. (1999) Fundamentals of electroporative delivery of
drugs and genes. Bioelectrochemistry and Bioenergetics 48, 3—16.

Oblak, J., Kriaj, D., Amon, S., Macek-Lebar, A., Miklav¢i¢, D. (2007) Feasibility study for cell
electroporation detection and separation by means of dielectrophoresis. Bioelectrochemistry
71, 164-171.

O’Hare, M.J., Ormerod M.G., Imrie P.R., Peacock J.H. and Asche W. (1989) Electropermeabi-
lization and electrosensitivity of different types of mammalian cells. In: E. Neumann, A.E.
Sowers and C.A. Jordan (Eds.), Electroporation and Electrofusion in Cell biology, Plenium
Press, New York, pp. 319-330.

Ohno-Shosaku, T. and Okada Y., J. (1985) Electric pulse-induced fusion of mouse lymphoma cells:
roles of divalent cations and membrane lipid domains. The Journal of Membrane Biology 85,
269-280.

Ochatt, S.J., Rech, E.L., Davey, M.R. and Power, J.B. (1988) Long-term effect of electroporation
on enhancement of growth and plant regeneration of colt cherry (Prunus aviun x pseudo-
cerasus) protoplasts. Plant Cell Reports 7, 393-395.

Olofsson, J., Nolkantz, K., Rytsen, F., Lambie, B.A., Weber, S.G., Owar, O. (2003) Single cell
electroporation. Current Opinion in Biotechnology 14, 29-34.

Orrenius, S., McConkey, D.J., Bellomo, G. and Nicotera, P. (1989) Role of Ca2* in toxic cell
killing, TiPS 10, 281-285.

Pavlin, M., Pavselj, N. and Miklav¢ic, D. (2002) Dependance of induced transmembrane poten-
tial on cell density, arrangement, and cell position inside a cell system. IEEE Transaction ob
biomedical engineering 49, 605-612.

Pavlin, M., Kanduser, M., Rebersek, M., Pucihar, G., Hart, F.X., Madjarevi¢, R. and Miklav¢ic, D.
(2005) Effect of cell electroporation on the conductivity of a cell suspension. Biophysical
Journal 88, 4378-4390.

Pavlin, M., Leben, V. and Miklav¢i¢, D. (2007) Electroporation in dense cell suspension —
Theoretical and experimental analysis of ion diffusion and cell permeabilization. Biochimica
et Biophysica Acta 1770, 12-23.



Electroporation in Biological Cell and Tissue: An Overview 33

Pavselj, N. and Preat, V. (2005a) DNA electro transfer into skin using a combination of one high
and one low-voltage pulse. Journal of Controlled Release 106, 407-415.

Pavselj, N., Bregar, Z., Cukjati, D., Batiuskaite, D., Mir, L.M. and Miklav¢i¢, D. (2005b) The
course of tissue permeabilization studied on a mathematical model of subcutaneous tumor in
small animals. IEEE Transactions on Biomedical Engineering 52, 1373-1381.

Pitt, R.E., Parks, J.E., Huber, C.S. and Sangree, J.A. (1997) Glycerol permeability of rye proto-
plasts as affected by temperature and electroporation. Plant, Cell Tissue and Organ Culture
50, 215-219.

Pliquett, U., Gift, E.A. and Weaver, J.C. (1996) Determination of the electric field and anomalous
heating caused by exponential pulses with aluminum electrodes in electroporation experi-
ments. Bioelectrochemistry and Bioenergetics 39, 39-53.

Prausnitz, M.R., Lau, B.S., Milano, C.D., Conner, S., Langer, R. and Weaver, J.C. (1993) A
quantitative study of electroporation showing a plateau in net molecular transport. Biophysica
Journal 65, 414-422.

Prausnitz, M.R., Corbett, J.D., Gimm, J.A., Golan, D.E., Langer, R. and Weaver, J.C. (1995)
Millisecond measurement of transport during and after an electroporation pulse. Biophysica
Journal 68, 1864—1879.

Prud’homme, G.J., Glinka, Y., Khan, A.S. and Draghia-Akli, R. (2006) Electroporation-enhanced
nonviral gene transfer for the prevention or treatment of immunological, endocrine and
neoplastic diseases. Current Gene Therapy 6, 243-273.

Puc, M., Kotnik, T., Mir, L.M. and Miklav¢i¢, D. (2003) Quantitative model of small molecules
uptake after in vitro cell electropermeabilization. Bioelectrochemistry 60, 1-10.

Puc, M., Corovié, S., Flisar, K., Petkoviek, M., Nastran, J., Miklav¢i¢, D. (2004) Techniques
of signal generation required for electropermeabilization. Survey of electropermeabilization
devices. Bioelectrochemistry 64, 113-124,

Pucihar, G., Kotnik, T., KanduSer M. and Miklav¢i¢, D. (2001) The influence of medium
conductivity on electropermeabilization and survival of cells in vitro. Bioelectrochemistry 54,
107-115.

Pucihar, G., Mir, L.M., Miklav¢ic, D. (2002) The effect of pulse repetition frequency on the uptake
into electropermeabilized cells in vitro with possible applications in electrochemotherapy.
Bioelectrochemistry 57, 167-172.

Pucihar, G., Kotnik, T., Vali¢, B. and Miklavci¢, D. (2006) Numerical determination of trans-
membrane voltage induced on irregularly shaped cells, Annals of Biomedical Engineering 34,
642-652.

Pucihar, G., Kotnik, T., Teissié, J. and Miklav¢ic, D. (2007). Electropermeabilization of dense cell
suspensions. European Biophysics Journal 36, 173—185.

Quecini, Y.M., de Oliveira, A.C., Alves, A.C. and Vieira, M.L.C. (2002) Factors influencing
electroporation mediated gene transfer to Stylosantehes guianensis (Abul.) SW. protoplasts.
Genetics and Molecular Biology 25, 73-80.

Rakoczy-Trojanowska, M. (2002) Aletrnative methods of plant transformation — A short review.
Cellular and Molecular Biology Letters 7, 849-858.

Ramos, C. and Teissié, J. (2000a) Electrofusion: a biophysical modification of cell membrane and
a mechanism in exocytosis. Biochimie 82, 511-518.

Ramos, C. and Teissié, J. (2000b) Tension-voltage relationship in membrane fusion and its impli-
cation in exocytosis. FEBS Letters 465, 141-144.

Rebersek, M., Faurie, C., KanduSer, M., Corovic’, S., Teissie, J., Rols M.P., Miklavc¢ic¢, D. (2007)
Electroporator with automatic change of electric field direction improves gene electrotransfer
in vitro. Biomedical Engineering OnLine 6, 25

Rech, E.L., Ochatt, S.J., Chand, PK., Davey, M.R. , Mulligan, B.J. and Power, J.B. (1988)
Electroporation induces DNA synthesis in cultured plant protoplasts. Biotechnology 6,
1091-1093.

Rech, E.L., Ochatt, S.J., Chand, P.K., Power, J.B. and Davey M.E. (1987) Electro-enhancement of
division of plant protoplast derived cells. Protoplasma 141, 169-176.



34 M. KandusSer, D. Miklavcic

Rols, M.P. and Teissié, J. (1989) Ionic strength modulation of electrically induced permeabilization
and associated fusion of mammalian cells. European Journal of Biochemistry 179, 109-115.

Rols, M.P. and Teissié, J. (1990a) Electropermeabilization of mammalian cells. Quantitative anal-
ysis of the phenomenon. Biophysical Journal 58, 1089-1098.

Rols, M.P. and Teissié, J. (1990b) Modulation of electrically induced permeabilization and fusion
of Chinese hamster ovary cells by osmotic pressure. Biochemistry 29, 4561-4567.

Rols, M.P., Dahhou, F., Mishra, K.P. and Teissié, J. (1990c) Control of electric field induced cell
membrane permeabilization by membrane order. Biochemistry 29, 2960-2966.

Rols, M.P. and Teissié, J. (1992a) Experimental evidence for the involvement of the cytoskeleton
in mammalian cell electropermeabilization. Biochim Biophys Acta 1111, 45-50.

Rols, M.P,, Coulet D. and Teissié J. (1992b) Highly efficient transfection of mammalian-cells by
electric-field pulses — application to large volumes of cell-culture by using a flow system
European Journal of Biochemistry 206, 115-121.

Rols, M.P. (2006) Electropermeabilization, a physical method for the delivery of therapeutic
molecules into cells. Biochimica et Biophysica Acta 1758, 423-428.

Rouan, D., Montane, M.H., Alibert, G. and Teissié J. (1991) Relationship between protoplast size
and critical field strength in protoplast electropulsing and application to reliable DNA uptake
in Brassica. Plant Cell Reports 10, 139-143.

Rubinsky, B., Onik, G. and Mikus, P. (2007) Irreversible electroporation: a new ablation modality-
clinical implications. Technology in Cancer Research and Treatment 6, 37—48.

Ryttsen, F., Farre, C., Brennan, C., Weber, S.G., Nolkrantz, K., Jardemark, K., Chiu, D. and
Orwar, O. (2000) Characterization of single-cell electroporation by using patch-clamp and
fluorescence microscopy. Biophysical Journal 79, 1993-2001.

Sabri, N., Pelissier, B. and Teissié J. (1996a) Transient and stable electrotransformation of intact
black Mexican sweet maize cells are obtained after preplasmolysis. Plant Cell Reports 15,
924-928.

Sabri, N., Pelissier, B. and Teissié, J. (1996b) Electropermeabilization of intact maize cells induces
an oxidative stress. European Journal of Biochemistry 238, 737-743.

Sabri, N., Pelissier, B. and Teissié, J. (1998) Ascorbate increases electrotransformation efficiency
of intact maize plants. Analytical Biochemistry 264, 284-286.

Sale, A.J.H., and Hamilton W.A. (1967) Effects of high electric fields on microorganisms. I Killing
of bacteria and yeast. Biochimica et Biophysica Acta 148, 781-788.

Saunders, J.A., Roskos, L.A., Mischke, S., Aly, M.A.M. and Owens L.D. (1986) Behaviour and
viability of tobacco protoplasts in response to electrofusion parameters. Plant Physiology. 80,
117-121.

Saunders, J.A., Matthewas, B.F. and Miller, P.D. (1989) Plant gene transfer using electrofusion
and electroporation. In: E. Neumann, A.E. Sowers and C.A. Jordan (Eds.), Electroporation
and Electrofusion in Cell Biology, Plenium Press, New York, pp. 319-330.

Saunders, J.A., Lin, C.H., Hou, B.H., Cheng, J., Tsengawa, N., Lin, J.J., Smith, C.R., McIntosh,
M.S. and Wert, S.V. (1995) Rapid optimization of electroporation conditions for plant cells,
protoplasts, and pollen. Molecular Biotechnology 3, 181-190.

Schaffer, C. and Messner, P. (2005) The structure of secondary cell wall polymers: How Gram-
positive bacteria stick their cell walls together. Microbiology 151, 643-651.

Ser$a, G., Cemaar, M. and Miklav&ic, D. (1995) Antitumor effectiveness of electrochemotherapy
with cis-diamminedichloroplatinum(II) in mice. Cancer Research 55, 3450-3455.

Sersa, G., Cemaar, M., éemrov, D. and Miklav¢i¢ D. (1996) Changing electrode orientation
improves the efficacy of electrochemotherapy of solid tumors in mice. Bioelectrochemistry
and Bioenergetics 39, 61-66.

Sersa, G., Stabuc, B., Cemaar, M., Jancar, B., Miklav¢i¢, D. and Rudolf, Z. (1998) Elec-
trochemotherapy with cisplatin: Potentiation of local cisplatin antitumor effectiveness by
application of electric pulses in cancer patients. European Journal of Cancer 34, 1213-1218.

Sersa, G., éemaar, M., Miklav¢i€, D. and Chaplin, D.J. (1999) Tumor blood flow modifying effect
of electrochemotherapy with bleomycin. Anticancer Research 19, 4017-4022.



Electroporation in Biological Cell and Tissue: An Overview 35

Sersa, G., Krzi¢, M., gentjurc, M., Ivanusa T, Beravs, K., Kotnik V., Coer, A., Swartz, J.
and Cemaar, M. (2002) Reduced blood flow and oxygenation in SA-1 tumors after elec-
trochemotherapy with cisplatin. British Journal of Cancer, 87, 1047-1054.

Serfa, G., Cemaar, M. and Rudolf Z. (2003) Electrochemotherapy: advantages and drawbacks in
treatment of cancer patients. Cancer Therapy 1, 133-142.

Somiari, S., Glasspool-Malone, J., Drabick, J., Gilbert, R.A., Heller, R., Jaroszeski, M.J. and
Malone, R.W. (2000) Theory and in vivo application of electroporative gene delivery. Molec-
ular Therapy 2, 178-187.

Sorokin, A.P,, Ke, X.Y., Chen, D.F. and Elliott, N.C. (2000) Production of fertile transgenic plants
via tissue electroporation. Plant Science 156, 227-233.

Sukharev, S.I., Klenchin, V.A., Serov, S.M., Chernomordik, L.V. and Chizmadzhev Y.A. (1992)
Electroporation and electrphoretic DNA transfer into cells. The effect of DNA interaction
with electropores. Biophysical Journal 63, 1320-1327.

Sowers, A.E (1986) A long -lived fusogenic state is induced in erythrocyte ghosts by electric
pulses. J Cell Biol 102, 1358-1362.

Suga M., Goto, A. and Hatakeyama, T. (2007) Electrically induced protein release from Schizosac-
charomyces pombe cells in a hyperosmotic condition during and following a high electropul-
sation. Journal of Bioscience and Bioengineering 103, 298-302.

Susil, R., §emrov, D. and Miklav¢i€, D. (1998) Electric field induced transmembrane potential
depends on cell density and organization. Electro- and Magnetobiology 17, 391-399.

Stenger, D.A.and Hui, S.W. (1986) Kinetics of ultrastructural changes during electrically-induced
fusion of human erythrocytes. The Journal of Membrane Biology 93, 43-53.

Stopper, H., Jones, H. and Zimmermann, U. (1987) Large scale transfection of mouse L-cells by
electropermeabilization. Biochimica. et Biophysica Acta 900, 38-44.

Satkauskas, S., Bureau, M.F,, Puc, M., Mahfoudi, A., Scherman, D., Miklav¢i¢, D. and Mir, L.M.
(2002) Mechanisms of in vivo DNA electro transfer, Respective contributions of cell electrop-
ermeabilization and DNA electrophoresis. Molecular Therapy 5, 1-8.

gatkauskas, S., Andre, F., Bureau, M.F., Scherman, D., Miklav¢i¢, D. and Mir, L.M. (2005)
Electrophoretic component of electric pulses determines the efficacy of in vivo DNA electro
transfer. Human Gene Therapy 16, 1194-1201.

Sel, D., Cukjati, D., Batiuskaite, D., Slivnik, T., Mir, L.M. and Miklav¢i¢ D. (2005) Sequential
finite element model of tissue electropermeabilization. IEEE Transections on biomedical engi-
neering 52, 816-827.

Sel, D., Macek-Lebar, A. and Miklav&ic D. (2007) Feasibility of employing model-based optimiza-
tion of pulse amplitude and electrode distance for effective tumor electropermeabilization.
IEEE Transections on biomedical engineering 54, 773-781.

§emr0v, D. and Miklavéic, D. (1998) Calculation of the electrical parameters in elec-
trochemotherapy of solid tumours in mice. Computers in Biology and Medicine 28, 439-448.

Semrov, D. and Miklav&i¢, D. (2000) Numerical modeling for in vivo electroporation. In: M.J.
Jaroszeski, R. Heller and R. Gilbert (Eds.), Electrochemotherapy, Electrogenetherapy, and
Transdermal Drug Delivery, Electrically Mediated Delivery of Molecules to Cells, Methods
in Molecular Medicine, 37, Humana Press, New Jersy, pp. 63-81.

Teissié, J. (1988) Effects of electric fields and currents on living cells and their potential use in
biotechnology: a survey. Bioelectrochemistry and Bioenergetics 20, 133-142.

Teissié, J., Knutson, V.P., Tsong T.Y. and Lane M.D. (1982) Electric pulse-induced fusion of 3T3
cells in monolayer culture. Science 216, 537-538.

Teissié, J., and Rols, M.P. (1986) Fusion of mammalian cells in culture is obtained by creating
the contact between cells after their electropermeabilization. Biochemical and Biophyscal
Research Communications 140, 258-266.

Teissié, J. and Conte, P. (1988 a) Electrofusion of large volumes of cells in culture. Part I
Anchorage-dependant strains. Bioelectrochemistry and Bioenergetics 19, 49-57.

Teissié, J. and Rols, M.P. (1988 b) Electerofusion of large volumes of cell culture. Part II. Cells
growing in suspension. Bioelectrochemistry and Bioenergetics 19, 59-66.



36 M. KandusSer, D. Miklavcic

Teissié, J. and Rols, M.P. (1993) An experimental evaluation of the critical potential difference
inducing cell membrane electropermeabilization. Biophysical Journal 65, 409—413.

Teissié, J. and Rols, M.P., (1994) Manipulation of the cell cytoskeleton affects the lifetime of
cell membrane electropermeabilization. Annals New York Academy of Sciences USA 720,
98-109.

Teissié, J. and Ramos, C. (1998) Correlation between electric field pulse induced long-lived perme-
abilization and fusogenecy in cell membrane Biophysical Journal 74, 1889—-1898.

Teissié, J., Eynard, N., Gabriel, B. and Rols, M.P. (1999) Electropermeabilization of cell
membranes. Advanced drug Delivery Reviews 35, 3—-19.

Teissié, J., Eynard, N., Vernhes, M.C., Benichou, A., Ganeva, V., Galutzov, B. and Cabanes,
P.A. (2002) Recent biotechnological developments of electropulsation: A prospective review.
Bioelectrochemistry 55, 107-112.

Tekle, Astumian, R.D. and Chock, P.B. (1990) Electro-permeabilization of cell membranes: effect
of resting membrane potential. Biochemical and Biophysical Research Communications 172,
282-287.

Tekle, Astumian, R.D. and Chock, P.B. (1991) Electroporation by using bipolar oscillating elec-
tric field: and improved method for DNA transfection of NIH 3T3 cells. Proceedings of the
National Academy of Sciences of the United States of America 88, 4230-4234.

Trevors, J.T., Chassy, B.M., Dower, W.J. and Blaschek, H.P. 1992 Electrotransformation of bacteria
by plasmid DNA. In: D.C.Chang, B.M. Chassy, J.A. Saunders and A.E. Sowers (Eds), Guide
to Electroporation and Electrofusion, Academic Press, San Diego, pp. 265-290.

Tryfona, T. and Bustard, M. T. (2005) Enhancement of bimolecular transport by electroporation: A
review of theory and potential application to transformation of Corynobacterium glutamicum.
Biotechnology and Bioengineering 93, 413-423.

Tsong, T.Y. (1991) Electroporation of cell membranes. Biophysical Journal 60, 297-306.

Uemura, K. and Isobe, S. (2002) Developing a new apparatus for inactivating Escherichia coli in
saline water with high electric field AC. Journal of Food Engineering 53, 203-207.

Vali¢, B., Golzio, M., Pavlin, M., Schatz, A., Faurie, C., Gabriel, B., Teissié, J., Rols, M.P., and
Miklav¢ic, D. (2003) Effects of electric field induced transmembrane potential on spheroidal
cells: theory and experiment. European Biophysics Journal 32, 519-528.

Vali¢, B., Pavlin, M. and Miklav¢i¢, D. (2004) The effect of resting transmembrane voltage on cell
electropermeabilization: a numerical analysis. Bioelectrochemistry 63, 311-315.

Vanisree, M., Lee, C.Y., Lo, S.F., Nalawade, S.M., Lin, C.Y., and Tsay, H.S. (2004) Studies on
the production of some important secondary metabolites from medicinal plants by plant tissue
cultures. Bot. Bull. Acad. Sin. 45, 1-22.

Van der Rest, M.E., Lange, C. and Molenaar, D. (1999) A heat shock following electropora-
tion induces highly efficient transformation of Corynebacterium glutamicum with xenogenic
plasmid DNA. App Microbiol Biotechnol 52, 541-545.

Velizarov, S. and Berg, H. (1998a) Electropermeabilization and electrofusion of human lymphoma
cells modified by proteolytic enzymes. Bioelectrochemistry 46, 263-265,

Velizarov, S., Reitz, M., Gluck, B. and Berg H. (1998b) Electropermeabilization and electrofusion
of human cells modified by anesthetic agents. Bioelectrochemistry 47, 89-96.

Vernhes, M.C., Cabanes, P.A. and Teissié, J. (1999) Chinese hamster ovary cell sensitivity to local-
ized electrical stresses. Bioelectrochemistry and Bioenergetics 48, 17-25.

Vienken, J. and Zimmermann, U. (1985) An improved electrofusion technique for production of
mouse hybridoma cells. FEBS Letters 182, 278-280.

Wang, X., Hones, . and Berg, H. (1998) Uptake of sensitizer by electroporated yeast cells. Bioelec-
trochemistry and bioenergetics 47, 175-177.

Wards, B.J. and Collins, D.M. (1996) Electroporation at elevated temperatures substantially
improves transformation efficiency of slow-growing mycobacteria. FEMS Microbiology
Letters 145, 101-105.

Walden, R. and Wingender, R. (1995) Gene transfer and plant regeneration techniques, TIBTECH
13, 324-331.



Electroporation in Biological Cell and Tissue: An Overview 37

Weaver, J.C. and Chizmadzhev, Y.A. (1996) Theory of electroporation. Bioelectrochemistry and
Bioenergetics 41, 135-160.

Wolf, H., Rols, M.P.,, Boldt, E., Neumann, E. and Teissié J. (1994) Control by pulse parameters of
electric field mediated gene transfer in mammalian cells. Biophysical Journal 66, 524-531.

Wu, ES. and Feng, T.Y. (1999) Delivery of plasmid DNA into intact plant cells by electroporation
of plamolysed cells. Plant Cell Reports 18, 381-386.

Wu, Y., Montes, J.G. and Sjodin, R.A. (1992) Determination of electric field threshold for elec-
trofusion of erythrocyte ghosts. Comparison of the pulse-first and contact-first protocols.
Biophysical Journal 61, 810-815.

Xie, T.D., Sun, L. and Tsong, T.Y. (1990) Study of mechanisms of electric field-induced DNA
transfection. I DNA entry by surface binding and diffusion through membrane pores. Biophys-
ical Journal 58, 13-19.

Xie, T.D. and Tsong, T.Y. (1992) Study of mechanisms of electric field-induced DNA transfection.
II Electric parameters and other conditions for effective transfection. Biophysical Journal 63,
28-34.

Xie, T.D., Sun, L., Zhao, H.G., Fuchs, J.A. and Tsong, T.Y. (1992) Study of mechanisms of electric
field-induced DNA transfection. IV Effects of DNA topology on cell uptake and transfection
efficiency. Biophysical Journal 63, 1026-1031.

Xue, G.P, Johnson, J.S. and Dalrymple, B.P. (1999) High osmolarity improves the electro-
transformation efficiency of the gram-positive bacteria Bacilus subtilis and Bacillus licheni-
formis. Journal of Microbiological Methods 34, 183-191.

Yang, R.Y.K. and Bayraktar, H.T.P. (2003) Plant cell bioreactors with simultaneous electroperme-
abilization and electrophoresis. Journal of Biotechnology 100, 13-22.

Zaharoff, D.A., Barr, R.C., Li, C.Y. and Yuan, F. (2002) Electromobility of plasmid DNA in tumor
tissues during electric field-mediated gene delivery. Gene Therapy 9, 1286—1290.

Zaharoff, D.A. and Yuan, F. (2004) Effects of pulse strength and pulse duration on in vivo DNA
electromobility. Bioelectrochemistry 62, 37-45.

Zampaglione, I, Arcuri, M., Cappelletti, M., Perretta, G., Nicosia, A., La Monica, N. and Fattori, E.
(2005) In vivo DNA gene electro-transfer, a systematic analysis of different electrical param-
eters. The Journal of Gene Medicine 7, 1475-1481.

Zhang, Q., Barosa-Canovas, V. and Swanson, B.G. (1995) Engineering aspects of pulsed electric
field pasteurization. Journal of Food Engineering 25, 261-281.

Zhou, A., Liu, M., Baciu, C., Gluck, B. and Berg, H. (2000) Membrane electroporation increases
photodynamic effects. Journal of Electroanalytical Chemistry 486, 220-224.

Zimmermann, U. (1982) Electric field-mediated fusion and related electrical phenomena.
Biochimica et Biophysica Acta 696, 227-277.

Zupanié, A., Ribari¢, S. and Miklav¢ic, D. (2007) Increasing the repetition frequency of electric
pulse delivery reduces unpleasant sensations that occur in electrochemotherapy. Neoplasma
54, 246-250.



Pulsed-Electric-Fields-Induced Effects in Plant
Tissues: Fundamental Aspects and Perspectives
of Applications

Eugene Vorobiev and Nikolai Lebovka

Abstract The purpose of this contribution is to review the existing approaches to
pulsed electric field (PEF) application as a tool for enhancing the processing of
plant tissues. The PEF-treatment as a nonthermal method, which allows to preserve
the natural quality, color, and vitamin constituents of food products. The numerous
laboratory attempts to modernize the optimal PEF application protocols still lack
universality. The problem is inherently multidisciplinary and integrates different
biological, electrophysical, and chemical processes. The fundamental aspects of
electroporation in application to plant tissues, electrically induced damage, optimal
power consumption, synergetic effect of combined PEF-thermal treatment, and
influence of pulse protocol parameters are presented and critically discussed. The
experimental data on PEF-induced acceleration in expression, diffusion, and drying
processes are also analyzed.

1 Introduction

During the last decade, the pulsed electric field (PEF)-treatment was found to
be useful for enhancing the pressing, drying, extraction, and diffusion processes
(Barsotti and Cheftel 1998; Angersbach et al. 2000; Vorobiev et al. 2005; Vorobiev
and Lebovka 2006). The PEF-treatment has also found application as a minimally
invasive method for processing of plant tissues, allowing to avoid many undesirable
changes in products, pigments, vitamins, and flavoring agents, which are typical for
other pre-treatment techniques, including thermal, chemical and enzymatic ones.
Moreover, the PEF-treatment is also promising for purposes of microbial inactiva-
tion (Barbosa-Canovas and Vega-Mercado 1996; Toepfl et al. 2007).

The PEF-treatment at moderate electric field strength E=500-1000 V/cm and
treatment time within 107*—1072 s allows to damage tissue effectively without
any significant temperature increase (Fincan and Dejmek 2002; Lebovka et al.
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2002). Efficiency of the PEF-induced damage can be appreciably enhanced by addi-
tional thermal treatment (Lebovka et al. 2005a; Lebovka et al. 2007a; Shynkaryk
2007).

A moderate electric field (MEF)-treatment by low-gradient electric fields (<100
V/cm) can also induce tissue damage. The advantages of MEF application have been
already discussed in the early works. The MEF-induced enhancement was demon-
strated for juice extraction and diffusion (Flaumenbaum 1949; Zagorulko 1958;
Katrokha and Kupchik 1984; Gulyi et al. 1994) and for processing of vegetable
raw materials, meat, and fish (Kogan 1968; Matov and Reshetko 1968; Rogov and
Gorbatov 1974). Recently, also, efficiency of the MEF-induced damage with respect
to different materials was demonstrated (Wang and Sastry 2002; Lebovka et al.
2005b). The research efforts were aimed on optimization of the protocols accounting
the increase of the product temperature and energy consumption (Praporscic et al.
2006). It was shown that MEF-treatment allows to enhance extraction, expressing,
and drying processes for different food materials (Wang and Sastry 2002; Zhong
and Lima 2003).

This chapter discusses recent advantages of the PEF-treatment application in
processing of plant tissues.

2 Electric Field Effects in Plant Tissues

Electric fields (PEF or AC) produce a current through the biological tissue and may
result in damage of membranes and volumetric ohmic heating. As a result, a number
of different phenomena, such as intracellular liquid release, diffusion of solutes,
and membrane resealing processes, develop inside the cellular structure after their
treatment. Specific effects like electro-osmotic flow and electrolysis phenomena can
be also important.

2.1 Origin of Electropermeabilization

The unique property of PEF application is related to selective damage of the biolog-
ical membranes. An external electric field E induces a transmembrane potential u,,
on a membrane. When the transmembrane potential exceeds some threshold value
(typically about 0.2-1.0 V), electric field cause a temporary loss of semiperme-
ability by the cell membranes (electropermeabilization) or their damage.

The exact mechanism of permeabilization is not precisely understood yet, but it
is accepted that electroporation consists of different stages including (Teissié et al.
1999; Teissie et al. 2005; Krassowska and Filev 2007):

(1) charging and polarization of the membranes (charging time of X1 s);
(2) temporal destabilization and creation of pores (reported as occurring on time
scales of 10 ns (Tarek 2005));
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(3) expansion of pore radii and aggregation of different pores (in a time range of
100 ws);
(4) resealing of pores and memory effects (lasting from seconds to hours).

Proposed theories account for pore formation (electroporation), and for elec-
tromechanical, electrohydrodynamical, viscous-elastic, electrothermal, and electro-
osmotic instabilities (Ho and Mittal 1996; Weaver and Chizmadzhev 1996; Chen
et al. 2006). Sufficiently strong PEF exposure (high electric fields and long time of
treatment) leads to formation of large pores, deformation of membranes, and cell
lysis (Pliquett et al. 2007). The other possibilities of cell lysis may be explained
by chemical imbalances resulting from the enhanced transmembrane transport
(Dimitrov and Sowers 1990) and Joule overheating of the membrane surface
(Lebovka et al. 2000b). Reversibility of electroporation is closely related to the pulse
protocol, i.e. electric field strength, shape of pulses, pulse duration, and intervals
between pulses (Canatella et al. 2001). The PEF application can results in transient
or stable electroporation.

2.1.1 Transmembrane Potential

For a single spherical cell, the transmembrane potential depends on the angle 6
between the external field E direction and the radius vector r on the membrane
surface (Schwan 1957):

U, = 1.5RE cosO(1 — exp(—t/t.)) f. (1)

Here, R is the cell radius, and the time dependence reflects the membrane capac-
itance charging processes.
The time constant 7, is defined as (Pauly and Schwan 1959)

te =t"/(1 +a), 2)

where 1" = Ch/o,,, C is the specific capacitance of membrane, 4 is its thickness,
and a = (ho;/Roy,)/(1+0;l0,). Here, o,,, 0., and o; refer to conductivities of the
membrane, extracellular medium, and cytoplasm, respectively.

The typical values of C =10~2 F/m?, h =5nm and o, =3'10~7 S/m (Kotnik et al.
1998) give 1" = 1.7 - 10~%s.

The general expression for fis rather complex (Kotnik et al. 1998), but in the case
of ho;/Ra;,, >>1 (for physiological conditions, o ;~3:10~! S/m, and R =100 pm,
ho /R o, ~50) it can be simplified to:

f:l—l/a. (3)

The steady conditions realized when the pulse duration 7, is long as compared
with the time required to charge up the membrane capacitance. The value of u,, is
proportional to the cell radius R. The highest drop of potential occurs at the cell
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poles, and decreases to 0 at 8 = =£m/2. So, the larger cells get damaged before
the smaller ones, and the damage probability is maximum at the cell poles. The
width of a membrane i (& 5 nm) is very small as compared with a plant cell radius
R (=100 pm). The electric field strength concentrated at the membrane can be
estimated as E,, = u,,/h ~ ER/h~2'10*E.

In soft plant tissues the cells are rather large R (~ 100 wm) as compared with
microbial cells (~ 1-10 wm) and induced transmembrane potentials, as well as
membrane charging phenomena, can be greatly influenced by the cell radius and
o./o;. ratio. An undamaged biological tissue is usually a low-conductivity medium,
so, it satisfies the inequality o./o;<<1. But it can be assumed that o./c; value
increases with increase of the PEF-induced damage, and o,/0; &~ 1 in the limit of
high tissue disintegration. Figure 1 presents dependences of 7., f versus o./o; (a)
calculated for different values of cell radius R. For small cells (R =1 pwm), the value
of fis close to 1 and the value of ¢, is less than 1 ws. For larger cells like those in
cellular tissues, with R~ 100 wm, the value of f deviates from 1 and ¢, increases
noticeably at small o,/0; values. The scheme at the top of the figure demon-
strates that charging of large membrane cells can be greatly influenced by the ratio
of o,/o;.

If a cell is nonspherical, the transmembrane potential «,, becomes more complex
function of the cell size and geometry, direction of external field and location on the
membrane surface. In steady conditions, the transmembrane potential u,, in some

. . &

) t io, )

\t 3 \S
= =

5
)
\:E
1074 F
1078
~ 406 .
10.6
I /
1077 ¢ 1 um
1072 107" 100
0,/0;

Fig. 1 Dependences of parameters . and fin Equation (1) versus ratio of the extracellular medium
and cytoplasm electrical conductivities o /o ; for different values of cell radius R. The calculations
were done using o; =3-10"! S/m (physiological medium). The scheme at the top of the figure
demonstrates differences in charging of membranes for small and large cells and for different
values of o ,/o0;. ratio
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point on the membrane surface 7(x,y,z) may be calculated from the following gener-
alized Schwan equation (Fricke 1953):

wn =Y nE/(1-L). “)

i=x,y,z

Here, L; are the depolarizing factors defined by the cell aspect ratio a (Landau
etal. 1984). For a spherical cell L, =L, =L, =1/3, foralong cylinder L, =L, ~ 0.5,
L,~0, and for a thin disk L,=L,~0, L,~ 1. This approximation works for the
membranes with negligibly small conductance and its application was extensively
discussed in literature (Bernhardt and Pauly 1973; Zimmermann et al. 1974; Kotnik
and Miklavcic 2000; Gimsa and Wachner 2001).

2.1.2 Stability of Membranes and Cells

In electroporation theory, the lifetime t,, of a membrane can be estimated as
(Weaver and Chizmadzhev 1996):

T = Too €Xp W/KT (1 + (i /1)), S)

where W is the membrane damage activation energy, T., is a parameter,
k=1.381-10"23 J/K is the Boltzmann constant, T is the absolute temperature, and
u, is a parameter characterizing the electroporation response of the membrane.

For lipid membranes, the following estimations of parameters were obtained
experimentally: W= 270 kJ/mol, up~0.17 V, and 17, =~ 3.7.1077s (Lebedeva
1987); however, these values depend on the structure and composition of membranes
in plant cells. For example, for membranes in sugar beet cells the values of W =~
166 kJ/mol and T4, &~ 10723 s were obtained experimentally (Lebovka et al. 2007a).

The mean lifetime of a spherical cell . may be estimated by averaging of t,,
over the cell surface. (Lebovka et al. 2002; Lebovka and Vorobiev 2004)

T
! :/r,;ldcose/Z, (6)
0

where 7, is determined by Equations (1) and (5).

The lifetime 7. of a spheroid depends also on its orientation in the external field
(Lebovka and Vorobiev 2007). For example, the lifetime of a prolate spheroid is
minimum for its orientation along the external field E (9 =0") and maximum for its
perpendicular (9 =90") orientation (Fig. 2).

This result is an accordance with maximum of the transmembrane potential and
electropermeabilization for cells oriented by their longest axes in parallel to the
external electric field, which was reported for different ellipsoidal microorganisms
(Valic et al. 2003; Toepfl et al. 2007; Agarwal et al. 2007).
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Fig. 2 Lifetime 7. of a prolate spheroid versus field strength E at different angles 6 between
electric field direction and axis of spheroid. Here, E, =2u,/3R, R is the radius of a sphere with
the same volume as spheroid, a = 10 is the aspect ratio, and dashed line corresponds to the lifetime
of a single membrane (in this case E/E, = u,,/u,). Numerical calculations were done (Lebovka and
Vorobiev 2007) using parameters estimated for lipid membranes (Lebedeva 1987)

2.2 Electrically Induced Damage in the Cellular Tissues

In cell suspensions and in biological tissues, electroporation is a complex func-
tion of cell orientation and distribution of cell sizes and may be influenced by
aggregation of cells, their arrangement, local cell density and solute concentration,
and distribution of local electric field (Canatella et al. 2004; Pucihar et al. 2007,
Pavlin et al. 2007). Moreover, an external field can affect orientation (Lebovka and
Vorobiev 2007) and aggregation of cells (Toepfl 2006) in suspensions. Redistribu-
tion of the local fields inside a biological tissue is possible also during the PEF-
treatment (Lebovka et al. 2000a; Lebovka et al. 2001).

2.2.1 Estimation of the Damage Degree

The damage degree P can be defined as the ratio of the damaged cells and the total
number of cells. The direct estimation of the damage degree can be done through
microscopic observation of the PEF-treated tissue (Fincan and Dejmek 2002), but
this procedure is not simple and it is ambiguous.

It is possible to estimate the damage degree from diffusion coefficient measure-
ments in the PEF-treated biological materials (Jemai and Vorobiev 2001; Lebovka
et al. 2007b)

P~ (D — Dy)/(Dg — D), )
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where D is the measured apparent diffusion coefficient and the subscripts i and d
refer to the values for intact and totally destroyed material, respectively.

The apparent diffusion coefficient can be determined from solute extraction or
convective drying experiments. Unfortunately, diffusion techniques are indirect and
invasive for biological objects, and they may impact the structure of the tissue.
Moreover, validity of Equation (5) approximation is still controversial (Vorobiev
et al. 2005; Lebovka et al. 2007b).

A conventional method of damage degree P estimation is based on electrical
conductivity measurements. The local electrical conductivity is elevated near the
damaged cells, and averaged electrical conductivity increases as the damage degree
grows. The conductivity disintegration index Z can be defined as (Rogov and
Gorbatov 1974):

Z = (0 —o0y)/(0q4 — 07), ¥

where o is the electrical conductivity value measured at low frequency (1-5 kHz)
and indexes i and d refer to the conductivities of intact and totally destroyed cellular
system, respectively. This equation gives Z= 0 for the intact tissue and Z =1 for the
totally disintegrated material.

This method is useful for tissues and colloidal biosuspensions (Lebovka et al.
2000a; Vorobiev and Lebovka 2006; El Zakhem et al. 2006a, 2006b). But it requires
determination of o, from supplementary measurements for maximally damaged
material after freeze-thawing or strong PEF-treatment with high strength electric
field and long duration of PEF-treatment (Lebovka et al. 2007a).

Another method is based on electrical conductivity measurements at low
(=~ 1 kHz) and high (3-50 MHz) frequencies (Angersbach et al. 2002):

Z = (ko® —0)/(6 — /), 9)

where k = 0° /0> and the indexes o and oo refer to the low and high conductivity
limits, respectively.

Unfortunately, there exist no exact relation between disintegration index Z and
damage degree P, though it may be reasonably approximated by empirical Archie’s
equation (Archie 1942):

Z~ P", (10)

where exponent m falls within the range of 1.8-2.5 for biological tissues, such as
apple, carrot and potato (Lebovka et al. 2002).

2.2.2 Evolution of Damage and Transient Effects

Examples of the time dependence of the conductivity disintegration index Z are
presented schematically in Fig. 3. It is useful to introduce the characteristic damage
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Fig. 3 Evolution of the conductivity disintegration index Z under the PEF and thermal treatment.
Here, v and 77 are the electric and thermal characteristic damage times, respectively, Z; is the
level of disintegration index saturation

time t defined as a time needed for attaining a half of the maximal damage (Z~ 1/2)
(Bazhal et al. 2003).

The damage evolution in tissue can be approximated by the following transition
function (Bazhal et al. 2003):

Z=[1+@/tF]", (11)

where k is an empirical exponent. For damage caused by PEF-treatment, time t
corresponds to the total time of PEF-treatment: ¢t = tpgr = nt,, where n is the number
of pulses and ¢, is the pulse duration. It follows from Equation (11) that Z=1/2 at
t =1 so, the definition of the characteristic damage time 7 is evident.

The thermally induced damage requires a long time and is accelerated by the
temperature 7 increase. The PEF-induced damage depends on the treatment protocol
and its rate grows with increase of the electric field strength E and temperature T
(Lebovka et al. 2005a, 2005b).

At moderate electric fields (£ < 300 V/cm) and room temperature, disintegration
index Z may reach plateau at long PEF-treatment. It was experimentally observed
that the saturation level Z; increased with increase of both E (Lebovka et al. 2001)
and 7 (Lebovka et al. 2007a). For example, the maximal disintegration index Z; was
of the order of 0.75 at E= 100 V/cm for sugar beet tissue (Lebovka et al. 2007a).

The saturation behavior possibly reflects existence of a complex structure and
wide spread of the cell geometries and sizes. At higher fields, £ > 500 V/cm, the
saturation behavior was not observed for tissues with relatively homogeneous struc-
tures (potatoes, apples, etc.), and it was possible to attain the maximal disintegration
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Fig. 4 Evolution of the conductivity disintegration index Z under the PEF-treatment at electric
field strength E =400 V/cm, pulse duration #; = 10 ps, pulse repetition time Az =200 ps. Symbols
are for data of four different experiments, solid line corresponds to the mean values, and error bars
are the standard deviation

(Z; = 1) for these materials. But inhomogeneous materials, such as the red beetroot
tissues, for example, can display a step-like behavior of the conductivity disintegra-
tion index Z even at higher fields (Fig. 4). These steps evidently reflect existence of
different domains in the red beetroot tissues and the presence of the cell survivability
distribution (Shynkaryk et al. 2008; Shynkaryk 2007).

If PEF stops at the saturation level (Fig. 3), the scenario of the further evolution
can be different. At small level of disintegration, the cells can partially reseal (Knorr
et al. 2001). But higher level of disintegration usually results in further increase of
Z after a relatively long time (Lebovka et al. 2001; Angersbach et al. 2002) and
acceleration of the thermally induced damage as shown in Fig. 3. The nature of the
PEF-induced transient effects is not fully understood yet and requires more thorough
study in the future.

2.3 Optimal Energy Consumption

Characteristic damage time t depends on the tissue type (Lebovka et al. 2002),
which can be explained by cell size differences, membranes nature and constitution,
and tissue porosity. Characteristic damage time in the limit of very high fields 7
reflects resistance of material to the PEF-treatment (Fig. 5a). The higher is the value
of 7, more treatment time is needed to destroy material. For example, the value
of 7 decreases in the following order: banana — apple — carrot (Bazhal 2001;
Bazhal et al. 2003).
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Fig. 5 Characteristic damage time 7 (a) and product T E?(b) versus electric field intensity E for
apple, carrot and potato. The PEF-treatment was done at 7=20°C (Bazhal 2001; Bazhal et al.
2003)

High disintegration of tissue requires sufficient power consumption, associated
with PEF-treatment. The volume density of the energy input Q during the PEF-
treatment is equal to

0= /a(t)Ezdt, (12)
0

where the electrical conductivity of tissue o increases with time ¢ owing to damage.

The energy consumption Q is roughly proportional to the product zE> (Lebovka
et al. 2002). As t(E) decreases with increase of the electric field strength E, the
product E? goes through a minimum (Fig. 5b). The optimum value of E, at
minimum power consumption corresponds to the minimum of the product E2.

The further increase of E results in progressive increase of the energy consump-
tion, but gives no additional increase in the conductivity disintegration index Z.
For vegetable and fruit tissues, the typical values of E, lie in the range of
E =200-500 V/cm (Bazhal et al. 2003).

2.4 Synergetics of PEF and Thermal Treatments

Separate application of the PEF processing at a moderate electric field strength
(E<100 V/cm) and at a room temperature, or of the thermal processing at a
moderate temperature (7<50°C) without any electric field, require a long time of
(PEF or thermal) treatment, and high energy consumption as a consequence. The
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simultaneous PEF and thermal treatment exerts a synergetic effect on the tissue
damage (Lebovka et al. 2005a, 2005b, 2007a).

This effect can reflect structural transitions, which are possible inside membranes
at elevated temperatures. The tissue membranes consist of different lipids and other
species, and their phase transitions are possible within the temperature interval
of 20-55°C (Exerova and Nikolova 1992; Mouritsen and Jgrgensen 1997). In the
vicinity of phase transition softening of the membranes occurs, pores arise more
easily, and electroporation can be stimulated at smaller fields. A noticeable drop
of the breakdown transmembrane voltage was experimentally observed near the
temperature of thermal softening of a single membrane (~50°C) (Zimmermann
1986).

In cellular tissues, the characteristic damage time was dropping by many orders
of magnitude (Fig. 6) with increase of temperature T or electric field strength E
(Lebovka et al. 2007a). Relations between the characteristic damage time 7 and
electric field strength E, or temperature 7, may be rather complex. The experimental
data for potato tissue were fitted successfully by the following equation (Lebovka
et al. 2005a):

T = Tooexp W/KT (1 + (E/E,)), (13)

where 7., W, and E; are adjustable empirical parameters.

Note that that this equation is mathematically simple and resembles Equation
(5) in its form. It has no any fundamental justification based on the mechanisms of
electroporation processes in tissues.
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Fig. 6 Temperature dependencies of electric Tz and thermal 71 characteristic damage times for
sugarbeet tissue. The PEF-treatment was done at E = 100 V/cm (Lebovka et al. 2007a)



50 E. Vorobiev, N. Lebovka
2.5 Electroporation during Ohmic Heating

When the current flows through the tissue, the ohmic heating develops. It causes a
temperature rise, which can be estimated using the following differential equation:

dT/dt = oE?/pC. (14)

Here, p is the density and C is the specific heat capacity of tissue; also, adiabatic
regime implying very small thermal exchange with environment is assumed.

Direct application of Equation (14) for estimation of the temperature 7(#) evolu-
tion in tissues is not simple, because the time ¢ function of electrical conductivity o
is unknown.

The linear temperature dependencies are typical for electrical conductivity of
both damaged and intact tissues (Fig. 7a):

o =0,(1+a(T = T,)/(1 +aT,)), 5)

where o, is the electrical conductivity at the reference temperature 7,, and « is the
temperature coefficient of the electrical conductivity.
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Fig. 7 Temperature dependence of electrical conductivity o(a) and conductivity disintegration
index Z(b) of an ohmically treated sugarbeet tissue at £ =60 V/cm. Dashed lines in (a) show the
temperature dependency of conductivities (o, and o;) in the totally damaged and intact tissues,
respectively. Upper axis in (b) corresponds to the time of treatment ¢
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As an example, for sugarbeet tissue, o,;=0.018£0.004S/m, «;=0.036
4 0.007/°C for the intact and o, 4=0.21 £0. 05 S/m, oy = 0.035 &= 0.003°C for the
maximally disintegrated tissue (Lebovka et al. 2007a).

When electrical conductivity is a linear function of temperature, the integration
of Equation (14) results in

T =T, + (exp(o,E*t/Cp) — 1)/a, (16)

Changes in the tissue structure, electrically induced during its ohmic heating,
can be essential (Wang and Sastry 2002). The ohmic heating at electric fields E
of the order of 20-80 V/cm induces changes of electroporation nature, as it was
observed for potato and apple tissues (Lebovka et al. 2005a, 2005b). So, electrical
conductivity may be a complex nonlinear function of time, temperature, electric
field strength and damage degree.

The direct monitoring of electroporation changes can be done by experimental
measurements of the conductivity evolution during the ohmic heating (Fig. 7a). The
conductivity disintegration index can be estimated from Equation (8) using experi-
mentally measured temperature dependencies of the conductivities of intact o'; and
totally damaged o4 tissues. This procedure is schematically demonstrated in Fig. 7b
for sugar beet tissue (Lebovka et al. 2007a)

It seems to be very promising to select a pulse protocol suitable for the PEF-
treatment at a moderate electric field and to apply simultaneously the ohmic heating
for the same product.

2.6 Damage as a Function of Pulse Protocol

Experiments show that application of electrical pulses can exert several different
effects on the cell membrane, which depend on various pulse parameters; such as
amplitude, shape, duration ,, number of repeats n, and intervals between pulses
At (Canatella et al. 2001). Also, the relevant parameters are treatment temperature
and initial ionic strength. Criteria of optimal protocol selection are not precisely
understood yet.

2.6.1 Electric Field Strength and Total Treatment Time

Sale and Hamilton (1967) defined the applied electric fiend strength E and the total
treatment time fpgr (tpgr = nt;) as the main relevant parameters determining effi-
ciency of the PEF damage. The higher electric field strength leads to better damage
efficiency (Canatella et al. 2001; Toepfl et al. 2007), but as it was noticed in Section
2.3, the optimal values of the electric field strength for many vegetable and fruit
tissues are within £=300-500 V/cm. The time dependence of the disintegration
degree may reach plateau at long times of the PEF-treatment by smaller electric
fields. Also, the electrical power consumption noticeably increases at a moderate
electric field in the range of E<100 V/cm (Lebovka et al. 2007b). The damage
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efficiency clearly correlates also with the total time of treatment fpgr (Lebovka
et al. 2000a), but it is evident that main processing parameters E and fpgr do
not completely account for the experimentally observed behavior related to PEF-
induced effects.

2.6.2 Waveforms

The pulse shapes commonly used in PEF generators are exponential decay and
square wave. Furthermore, pulse shapes may be either monopolar or bipolar. The
square-wave generators are more expensive and require more complex equipment
than the exponential decay generators. But square wave generators have better
energy performance and demonstrate higher disintegrating efficiency in experiments
with microcells inactivation (Zhang et al. 1994).

Bipolar pulses are more advantageous than monopolar ones. Successive
monopolar pulses can produce high concentration of the space charge near elec-
trodes due to migration of ions and living cells. Bipolar pulses cause additional
stress in the membrane structure and enhance damage efficiency. It was also reported
that bipolar pulses offer minimum energy consumption, with reduced deposition of
solids on the electrodes and decreased food electrolysis (Chang 1989; Qin et al.
1994; Wouters and Smelt 1997).

2.6.3 Intervals Between Pulses

An interval between pulses Ar was shown to effect the PEF disintegration effi-
ciency of the apple tissue (Lebovka et al. 2001). The protocol with Ar=60s
displayed accelerated kinetics of disintegration in comparison with that of Az = 1072
s for the fixed total treatment time ¢pgr. It was unexpected, because the resealing
processes can mask electropermeabilization at long time intervals between pulses.
The obtained results can be explained accounting for PEF acceleration of the mois-
ture diffusion transfer processes inside the cellular structure. Influence of the pulse
delaying time on the inactivation of E. coli was reported (Evrendilek and Zhang
2005), but explanation of the observed results is still ambiguous. The further experi-
ments are needed to clarify the effect of interval between pulses on the disintegration
efficiency.

2.6.4 Pulse Duration

Literature lacks sufficient information regarding the effect of pulse duration on the
PEF-induced disintegration of tissues at the fixed total treatment time. Existing
works discuss mainly the effects of pulse duration in the PEF inactivation exper-
iments with different microorganisms (Martin-Belloso et al. 1997; Wouters et al.
1999; Raso et al. 2000; Maiias et al. 2000; Aronsson et al. 2001; Abram et al. 2003;
Sampedro et al. 2007).

Some authors have demonstrated that inactivation was more efficient at higher
pulse width at invariable quantity of the applied energy (Martin-Belloso et al. 1997;
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Fig. 8 Electrical disintegration index Z of sugar beet (a) and apple (b) tissues versus PEF-treatment
time tpgp at different pulse durations #; = 10, 100, 1000 ws. The PEF-treatment was done at 7=
20°C, E = 300 V/cm, and At = 100 ps (De Vito et al. 2008)

Abram et al. 2003), but others observed little effect of the pulse width on inactivation
(Raso et al. 2000; Manas et al. 2000; Sampedro et al. 2007). The effect of pulse
width seems to vary depending on electric field strength; still, the obtained results
are controversial (Wouters et al. 1999; Aronsson et al. 2001).

Note that theory predicts deceleration of the membrane charging processes for
large cells and for extracellular medium with low electrical conductivity (Kotnik
et al. 1998). The membrane charging time 7. may be rather large, z, ~ 107> —10~*
s, for cellular tissues with large cells (Fig. 1). An efficient PEF-treatment requires
long pulse duration ¢; as compared with membrane charging time ¢, in order to reach
the maximum transmembrane voltage. At larger values of 7. the longer pulses will be
required for attaining the desired voltage amplitude. So, we can expect higher PEF
efficiency for longer pulse width #; at invariable total treatment time and other condi-
tions. Experiments clearly showed the effect of pulse duration #; (10-1000 .s) on the
efficiency of the PEF-treatment of sugar beet (Fig. 8a) and apple (Fig. 8b) tissues.
Longer pulses were more effective, and their effect was particularly pronounced
at room temperature and moderate electric fields (E'=100-300 V/cm) (De Vito
et al. 2008). But general relationships between the PEF-treatment protocols, type
and quality of soft tissues, process parameters (temperature, geometry and size of
samples, etc.), and the resulting degree of material disintegration are not completely
clear and require more thorough study in the future.
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3 PEF-Enhanced Expression, Diffusion, and Drying

3.1 Solid-Liquid Expression from Food Plants

Extraction by pressing, called also solid—liquid expression is widely used in produc-
tion of sugar, wine, fruit and vegetable juices (Schwartzberg 1997). Different
equipment like screw presses, belt presses, hydraulic presses, or filter-presses, are
employed for expression of juices from the raw food materials. The cellular juice is
initially enclosed in cells, which have to be ruptured for the expression.

Pressing at a moderate pressure is usually insufficient for the effective rupture
of cells. Different pretreatment operations (fine grinding of raw material, heating,
and enzyme maceration) assure the cell rupture and intracellular liquid release to
facilitate pressing. However, intensive mechanical, thermal, or enzymatic treatment
causes plant tissue degradation and juice pollution. A multistage juice clarification
is then needed (Albagnac et al. 2002, Van der Poel et al. 1998).

The PEF application as a pretreatment operation before pressing and combina-
tion of PEF with pressing allows to increase significantly the juice yield and to
obtain products of higher quality (Eshtiaghi and Knorr 1999; Bazhal 2001; Bazhal
et al. 2001; Bouzrara 2001; Bouzrara and Vorobiev 2000, 2001, 2003; Jemai and
Vorobiev 2002, 2006; Lebovka et al. 2003; Praporscic 2005; Praporscic et al. 2005;
Chalermchatand and Dejmek, 2005; Toepfl 2006).

3.1.1 Example of a Laboratory Device for the Combined Pressing
and PEF-Treatment

The laboratory device developed in the University of Technology of Compiegne
(UTC) (Fig. 9) permits both pretreatment and intermediate treatment by PEF. The
treatment cell has a polypropylene frame with a cylindrical cavity compartment
(20 mm thick, 56 mm in diameter), which should be initially filled with gratings
and then closed from both sides by steel covers. A mobile electrode is attached to
the elastic rubber diaphragm. A stationary wire gauze electrode is installed between
the filter cloth and the layer of gratings. Both electrodes are connected to the PEF
generator, which can provide the monopolar or bipolar pulses of near-rectangular
shape. The pulse duration #; can be varied within the interval of 10-1000 s, and
the pulse repetition time At can be varied within the interval of 1-100 ms. Pulse
protocols (E, t;, At, number of pulses n) and all the output data (current, voltage,
electrical resistance and actual mass of extracted juice) are collected using a data
logger and a special software. The pressure of compressed air is applied to the layer
of gratings through the mobile electrode and elastic diaphragm.

3.1.2 Kinetics of Solid-Liquid Expression and Quality of Juices

Eshtiaghi and Knorr (1999), Bouzrara (2001), Bouzrara and Vorobiev (2000, 2001,
2003), Jemai and Vorobiev (2002, 2006), Praporscic et al. (2005) studied the effects
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of PEF-pretreatment and intermediate treatment on the efficiency of sugar beet
pressing.

Bouzrara and Vorobiev (2001) have studied the pressing of slices obtained
by grating a sugar beet root on a 6 mm grater. After initial pressurization of
gratings inside the treatment chamber (Fig. 9), the juice yield was about 19.1%
at 5 bars. Application of the PEF (500 pulses, pulse duration of 100 ps, pulse
frequency 100 Hz) markedly enhanced the juice yield, which rises to 43%, 68%,
and 79% respectively for voltage gradients of 215 V/cm, 300 V/cm, and 427 V/cm.
Initial pressurization of slices serves to assure a good electrical contact between
them. Moreover, during pressurization some quantity of released cellular juice is
expressed from the treatment chamber. As a result, the quantity of solid-liquid
mixture remained in the treatment chamber and to be treated by PEF decreases.
Therefore, the intermediate PEF-treatment leads to minimization of the electrical
energy consumption. Taking into account the juice yield evolution as a function of
both intensity of the PEF and pulse number, Bouzrara and Vorobiev (2001) have
demonstrated that the energy input needed for effective intermediate PEF-treatment
of the pressurized sugar beet gratings was just 0.6—1 W-hour/kg of raw material. The
PEF-pretreatment of coarse gratings unsaturated by the released juice was inhomo-
geneous and less efficient (Bouzrara and Vorobiev 2000, 2001; Praporscic et al.
2005). In addition to PEF parameters, other factors, such as compressive pressure
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(studied in the range of 0.5-10 bars) and size of sugar beet gratings (studied widths:
1.5,3,4,5, 6 and 7 mm, length 5 mm and thickness 1.5 mm) have been reported
to have significant effects on efficiency of the expression process (Bouzrara and
Vorobiev 2000, 2001; Bouzrara 2001).

Bazhal and Vorobiev (2000) have demonstrated improvement of the juice extrac-
tion from Golden Delicious apple slices by solid-liquid expression with an interme-
diate PEF-treatment. The slices were obtained by grating an apple on a 6-mm grater.
The laboratory filter press cell was similar to that presented in Fig. 9. When pressure
was varied from 1 to 30 bars, the juice yield after the first pressing increased from
28% to 61%. The maximum juice yield was attained at the energy input of 3 kl/kg
of raw material.

Bouzrara (2001) studied the solid/liquid expression of the carrot gratings at
their intermediate PEF-treatment with voltage gradients of £ =180, 225, 270 and
360 V/icm, t; = 100 s and frequency f= 100 Hz. The overall treatment time 7pgp
was 5s. The carrot slices were grated on a 6 mm grater and pressed at 5 bars.
An intermediate PEF-treatment permitted to increase the juice yield from 25.6%
to 38.3% at 180 V/cm and to 72.4% at 360 V/cm. A threshold of the juice yield was
noted for the energy input about of 1.5 Wh/kg of raw material.

Efficacy of the PEF-treatment was also demonstrated for expression of juices
from spinach (Bouzrara 2001), haricots, topinambours and red cabbages (Vorobiev
et al. 2002), potatoes and onions (Vorobiev et al. 2004), artichokes (Marchal et al.
2004), and grapes (Praporscic et al. 2007a).

The plant tissue conditioning by mild heating at 45-50°C leads to its softening
and influences textural properties of foods (apples, carrots, potatoes). Lebovka
et al. (2004a, 2004b) has demonstrated that such conditioning enhances expression
kinetics. Both thermal and PEF-pretreatments of plant tissue result in increase of the
juice yield during its further expression. A combination of these methods clearly
demonstrates the synergetic effect (Vorobiev and Lebovka 2006). Ohmic heating
(OH) additionally to thermal effect is believed to induce electopermeabilization of
the cell membranes (Wang and Sastry 2002). Praporscic et al. (2005, 2006) have
compared the effects of moderate OH and PEF-treatments on kinetics of the juice
expression from sugar beet gratings. These authors also explored the combined
action of the said two treatments. OH accelerates expression Kinetics even at mild
temperatures (30-50°C). However, only at higher temperature of OH (60°C), the
yield of the expressed juice was comparable to that obtained with PEF. A synergetic
effect is remarked when the sugar beet tissue was conditioned by OH with further
PEF-treatment (Praporscic et al. 2005). However, while the energy consumed by
PEF was low (1-5 kW-hour/t of raw material), the OH applied at 40°C during 10 min
consumed nearly 40 kW-hour/t of the raw material (Praporscic et al. 2005).

An important advantage of the PEF-treatment is acceleration of the juice expres-
sion from coarse particles. It has been demonstrated (Praporscic et al. 2005) that
quantity of juice expressed from small (1.5 x 1 x 35 mm), middle (6 x 1.5 x 35 mm)
and coarse (7 x 3 x 35 mm) sugar beet gratings differs less importantly with the
PEF-treatment than without it. It means that the size of particles subjected to juice
expression can be increased with the PEF-treatment without any noticeable impact
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on the juice yield. The impact of the particle size on the quantity of expressed sugar
juice becomes nearly negligible after conditioning of the tissue by mild heating
followed by PEF-treatment (Praporscic et al. 2005).

The abovementioned studies were mainly focused on the impact of PEF on the
juice yield enhancement, and only few of them investigated the qualitative charac-
teristics of the expressed juices (Bouzrara and Vorobiev 2001, 2003; Vorobiev et al.
2005, Toepfl 2006).

Bouzrara and Vorobiev (2001) compared the physicochemical characteristics of
the expressed cold sugar beet juices: after the first pressing (before PEF applica-
tion) and after the intermediate PEF-treatment followed by second pressing. The
second pressing juice after the PEF application was less colored and had higher
sugar concentration than the first pressing juice.

Later on, Jemai and Vorobiev (2006) confirmed that cold juices expressed from
sugar beet gratings after the intermediate PEF-treatment (second pressing juice)
have higher purity values (95~98%) as compared to that after the first pressing
(90~93%). Additionally, the quantity of pectin was noticeably lower in the second
pressing juice, which facilitates its following purification. The color of the second
pressing juice was systematically 3—4 times lower than the color of the first pressing
juice and factory juices. Moreover, sugar crystals, obtained after evaporation and
crystallization of the PEF-treated juices, were less colored that sugar crystals
obtained from the factory juice. The pulp obtained after the PEF-treatment and
juice expression contained 3-5 times more a-amino nitrogen and 2-3 times more
sodium and potassium compared to sugar factory pulp (Jemai and Vorobiev 2006).
These results showing significant amelioration of the qualitative juice characteristics
open new interesting perspectives of a cold PEF-enhanced expression from the sugar
beets.

Praporscic et al. (2007b) has studied evolution of the quantitative (juice yield)
and qualitative (absorbance, °Brix) characteristics of juices obtained by expression
from apple (7 x 3 x 30 mm) and carrot (1.5 x 2 x 30 mm) slices prepared using the
food cutting equipment CL 50 (Robot-Coupe S.N.C., France). The arrows show the
time of PEF application (Fig. 10).

As it can be expected, the PEF application results in more pronounced addi-
tional expression of juice. The absorbance and °Brix, presented in Fig. 10, are
instantaneous values characterizing small portions of the expressed juice at a given
mean time of expression 7. These portions were collected in different containers,
which were changed every 60 s during the first 1200 s of pressing and every 600 s
during the remaining period. The PEF application results in considerable decrease
of absorbance immediately after the electrical treatment. Note that the absorbance
can increase slightly after #>3-5-10° s. This behavior seems to reflect the effects of
color degradation at long time. The juice °Brix value of untreated slices is nearly
constant or decreases with expression time increase. The PEF-treatment always
results in substantial increase of the juice °Brix value immediately after the electrical
treatment. A rather complex behavior of both absorbance and °Brix values reflects
a balance between the input and output of juice inside a sample and changes in
filtration properties of the press-cake formed from slices during expression. It is not
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Fig. 10 Juice yield, absorbance, and °Brix kinetic curves for carrot (a) and apple (b) gratings with
intermediate PEF-treatment

surprising that concentration of the solid particles and colored substances in a juice
may decrease during the juice filtration through more compacted press-cake. Visu-
ally, the expressed juice becomes more transparent and less cloudy during pressing.
It can be speculated that °Brix increase after the PEF-treatment (Fig. 10) is related
to the release of the intracellular content as a result of the damage of cells.

Recently, Praporscic et al. (2007a) investigated quantitative (juice yield) and
qualitative (absorbance and turbidity) characteristics of juices obtained during
expression of white grapes (Muscadelle, Sauvignon, and Semillon). The experi-
ments were carried out at expression pressure of 5 bars using laboratory compres-
sion chamber equipped with a PEF-treatment system (Fig. 9). The PEF with field
strength £=750 V/cm and the total treatment duration tpgr = 0.3 s was applied.
The total expression time was 45 min. Similar to apple and carrot samples, the
intermediate PEF application resulted in substantial increase of the juice yield
and decrease of the juice absorbance and turbidity. Figure 11 shows data on the
final yield Y7, absorbance Ay, and turbidity 7§ of the juices obtained with the PEF-
pretreatment (left columns) and without PEF-treatment (right columns). The PEF-
treatment results in increase of the final juice yield Y, up to 73-78% as compared
to Yy~ 49-54% for the untreated grapes; that is, PEF-pretreatment increases the
juice yield, approximately, by 25%. A rather noticeable decrease of absorbance Ay
and turbidity 7y was observed for all the studied white grape varieties as a result of
the PEF-treatment. In PEF-pretreatment experiments, the juice absorbance Ay and
turbidity 7y were lower, but the electrical energy consumption was higher than for
the intermediate PEF-treatment (Praporscic et al. 2007a).

If the valuable components (aromas, colorants, etc.) should be extracted from the
food plants, washing, and water diffusion operations are frequently used as supple-
mentary to pressing. The serious limitations of these technologies are related to a
necessity to use large quantities of water (the ratio of » = (mass of water)/(mass of
slices) should be larger than 3, as a rule) and long time of washing (more than several
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Fig. 11 Different final characteristics of the expressed juices (juice yield Y; (%), absorbance A¢
and turbidity 7t (NTU)) (1) without PEF and (2) with PEF-pretreatment

hours) (Albagnac et al. 2002). Grimi et al. (2007) studied the PEF-induced effects in
juice extraction from the carrot slices using different combinations of pressing and
washing operations. The carrot was chosen as a representative vegetable material,
which contains both water-soluble (mainly soluble sugars) and non-water-soluble
(carotenoids) components. The different cutting degrees varying from mash-like
slices S7 (0.078 x 0.078 x 2 mm) and S, (0.15 x 0.15 x 2 mm) to millimeter-sized
slices S3 (1.5 x 1 x 20 mm) and Sy (7 x 2 x 30 mm) were used for finding a rela-
tionship between the juice characteristics and applied mode of extraction. Extrac-
tion included the PEF-pretreatment followed by the washing—pressing (PEF-W-P
mode) or pressing—washing—pressing (PEF-P-W-P mode), and intermediate PEF-
treatment after washing during pressing (W—P-PEF mode). The same PEF intensity
(500 V/cm) was used in all the experiments. All the PEF-treatments were applied
as follows: n, =2 trains of n = 100 rectangular pulses, each one lasting #; = 100 s,
with pulse repetition time Ar=100 ms. A pause of #, =2 s separated the trains.
This PEF protocol permitted to reach a higher degree of the electrical disintegra-
tion index without any substantial temperature increase (it was less than 2°C). The
experiments were carried out at expression pressure of 5 bars using a laboratory
compression chamber equipped with a PEF-treatment system (Fig. 9). The total
extraction time (pressing 4+ washing) was approximately 1 hour. Figure 12 compares
the evolution of the solution °Brix values for PEF-washing—pressing (PEF-
W-P), washing—pressing—PEF (W-P-PEF), and PEF—pressing—washing—pressing
(PEF-P-W-P) modes of extraction from large slices S4 at r= 1. The data shows that
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Fig. 12 °Brix of solution versus time for PEF—washing—pressing (PEF-W-P (a)), washing—
pressing—PEF (W-P-PEF (¢)) and PEF—pressing—washing—pressing (PEF-P-W-P (e)) modes of
extraction. The slices were of size S4, and the mass of slices was equal to the mass of water (r=1).
Symbols show the experimental data and lines are drawn for the guidance of eye. Arrows show the
time of the PEF-treatment. The error bars represent the standard data deviations

PEF-P-W-P mode of extraction is most efficient and allows to obtain extracts with
high final °Brix values, which are comparable with °Brix values of the diluted juice
solutions.

Turbidity of solutions extracted from the PEF-pretreated large slices S4 was 400—
450 NTU, which is significantly lower than turbidity of solutions extracted from fine
slices S (1600-1700 NTU). It reflects a low content of the submicron particles in
solutions. But PEF-pretreatment requires higher energy consumption as compared
with the PEF intermediate treatment (W—P—PEF mode). For the specific case of the
carrot, where carotenoids are practically insoluble in water, it can be assumed that
their content in the juice is proportional to the level of solid particles in solution.
This conclusion was supported by spectrophotometrical data for the juice extracts
in cyclohexane (Grimi et al. 2007).

Both washing—pressing (PEF-W-P) and pressing—washing—pressing (PEF-
P-W-P) procedures show approximately the same ability for concentration of
carotenoids inside the press-cake, though the second procedure releases the water-
soluble component inside the juice more efficiently. The considered example of PEF
application to extraction from large slices of carrot evidences that it is possible
to produce from the press-cake a ‘sugar-free’ concentrate rich in vitamins and
carotenoids, which can be used as an additive in diet foods.
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Figure 13 shows the photo of pilot filter press CHOQUENET adapted for
the pressing-washing operations combined with PEF-treatment. This filter-press is
installed in the University of Technology of Compiegne (UTC). Another pilot
equipment—the screw press developed in UTC for the combined pressing and PEF-
treatment operations—is presented in Fig. 14.

Fig. 13 The pilot filter press CHOQUENET adapted for the pressing—washing operations
combined with PEF-treatment

Fig. 14 The pilot screw press developed in UTC for the combined pressing and PEF-treatment
operations
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3.2 Aqueous Extraction of Solutes from Food Plants

Solvent extraction from the food plants is an important unit operation in different
industrial applications (extraction of sugar, vegetable oils, natural colorants, aromas,
and other valuable cell components) (Schwartzberg and Chao 1982). The modern
chemical philosophy, known as green chemistry, seeks to avoid the use of dangerous
and polluting solvents and encourages the use of eco-friendly solvents like water.
However, the plant cells remain undamaged contacting with cold or warm water.
Just water heated at least to 65-70°C destroys the cell membranes and permits the
soluble matter diffusion from interior of cells. For example, the thermal treatment
of beet tissue at 70-74°C is used for sugar diffusion in industrial sugar processing.
Unfortunately, such elevated temperatures result in overheating of the cell walls
leading to their continuous alteration and to release of polluting substances affecting
the purity of juices. Overheating changes the inner chemical structure of cell walls
through hydrolytic degradation reactions. For instance, the amount of pectin passing
into the juice increases sharply with temperature rise, which complicates consider-
ably the sugar juice purification (Van der Poel et al. 1998).

The PEF-treatment is a suitable alternative for achievement of a nonthermal
membrane breakdown permitting cold (warm) aqueous diffusion of valuable plant
substances. Recently, several studies dealing with the PEF effect on solute extrac-
tion from the food plant tissue were performed (Jemai and Vorobiev 2002, 2003;
Fincan et al. 2004; El-Belghiti and Vorobiev 2004, 2005a, 2005b; El-Belghiti 2005;
El-Belghiti et al. 2005; Corrales et al. 2008).

3.2.1 Diffusion Kinetics and Qualitative Characteristics of Extracts

Jemai and Vorobiev (2002) compared kinetics of diffusion from the apple discs
(Golden delicious) after their thermal denaturation (75°C, 2 min) and after PEF-
treatment at different field intensities (= 100-500 V/cm) and treatment duration
(1000 monopolaires rectangular pulses of 50 s, 100 ws, and 200 ws). A detectable
enhancement of the diffusion kinetics starts at the field intensities of 100-150 V/cm.
For thermally treated samples, the temperature variation of the diffusion coefficient
D is of Arrhenius type with two diffusion regimes: (i) without thermal pre-treatment
(E, ~ 28 kJ/mol) and (ii) after thermal denaturation (E, ~ 13 kJ/mol). Only one
regime with intermediate activation energy (E, ~ 20 kJ/mol) was observed for elec-
trically treated samples.

El-Belghiti and Vorobiev (2005b) investigated the influence of the energy
provided by PEF (0-55 kJ/kg) on kinetics of extraction from the carrot slices
obtained by grating carrot in a 6 mm grater (1.5 mm thick coarse slices) or in a 2 mm
grater (0.5 mm thick fine slices). Diffusion of slices occurred to a limited volume
of stirred surrounding water (liquid-to-solid mass ratio r=2) kept at different
moderate temperatures (18-35°C). In the absence of PEF-pretreatment, only 45%
of solute was obtained from the coarse slices after 8 h of extraction at 18°C. On
increase of energy provided by the PEF-pretreatment, the quantity of the extracted
solute increased accordingly (up to 90-93%), until the energy threshold (9 kJ/kg)
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was attained. No further enhancement of the solute yield was observed above this
threshold. The energy input of 9 kJ/kg (attained at E=550 V/cm, #; = 100 ws
and n=1000 pulses) was considered as optimal and was maintained to optimize
the diffusion parameters (duration, temperature, and stirring velocity). The results
showed that fine and coarse slices had almost the same extraction kinetics after
the PEF-treatment. That confirms attractiveness of PEF-treatment especially for the
coarse particles.

El-Belghiti and Vorobiev (2005b) El-Belghiti et al. (2005) have studied the
influence of the PEF intensity and duration on the static and centrifugal aqueous
extraction from coarse sugar beet slices (1.5 mm in thickness) obtained on a 6 mm
grater. There was observed a static diffusion of treated and untreated slices to a
limited volume of well-stirred surrounding water (liquid to solid mass ratio r=3)
kept at different moderate temperatures (25-50°C). The yield of solute was signif-
icantly increased with PEF-treatment: it was about 40% for untreated slices and
attained 93% after the PEF-treatment (E = 670 V/cm, tpgr = 0.025s, energy input
5-6 kJ/kg) and 2 hours of extraction at ambient temperature. Majority of the cellular
membranes were probably permeabilized at these levels of PEF intensity and dura-
tion. Further increase of the PEF intensity up to 800 V/cm was not effective.
The temperature elevation to 50°C permitted to accelerate diffusion kinetics and
to obtain 93% of solutes after the 40 min of extraction. Centrifugal diffusion of
slices was done with the same liquid to solid mass ratio r=3 and under different
centrifugal accelerations (150-9660 g), and temperatures (18—-35°C). The extraction
kinetics was much faster in the centrifugal field. For instance, the yield of solute
after the PEF-treatment reached 97% after 60 min of extraction even at the low
centrifugal acceleration (14 g) and at the temperature of 25°C. There was observed
existence of an acceleration threshold (150 g) beyond which no further enhancement
of extraction occurred. At this centrifugal acceleration, the solute concentration of
97% was reached after 25 min of aqueous extraction at 25°C and just after 15 min
of aqueous extraction at 35°C.

Industrial diffusion of sugar from the sugar beets is carried out at the elevated
temperatures of 70—74°C with beet tissue preheating at 80—90°C (Van der Poel et al.
1998). Lebovka et al. (2007a) compared kinetics of thermal diffusion and diffu-
sion coefficients for untreated and PEF-treated sugar beet slices. The PEF generator
provided the trains of bipolar pulses of near-rectangular shape. Bipolar mode of the
PEF-treatment allows to avoid asymmetry of electroporation at the poles of the cells.
An individual train consisted of n pulses with pulse duration # and pulse repetition
time Az. There was a pause of A, =30 s after each train. Owing to the long intertrain
pause, the ohmic temperature elevation AT during one train application was rather
small (AT~ 1°C). Therefore, the system relaxed to the initial temperature during
the intertrain period and the PEF-treatment was done practically under isothermal
conditions. The total time of electrical treatment during the PEF experiments was
calculated as t; = nNt;, where N is the number of trains. The maximally damaged
sugar beet tissues (Z &~ 1) were obtained at E=400 V/cm and #, =0.1 s.

Diffusion of the electrically treated and untreated slices (1.5 mm x 10 mm X
10 mm) occurred to a limited volume of well-stirred surrounding water (liquid to
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Fig. 15 The normalized Brix of the sugarbeet juice B versus extraction time ¢ for the untreated
(a) and PEF-pretreated (b) slices at different temperatures. The PEF pretreatment was done at the
electric field strength E = 400 V/cm. Error bars are the standard deviation

solid mass ratio r = 3) kept at different temperatures (20-80°C). Figure 15 shows
data of extraction kinetics at different temperatures (7= 30-80°C) presented as B
versus time #, where B is the normalized °Brix of the sugar beet juice defined as

°Brix —° Brix;
B=—""-—"—1 (17)
°Brix; —° Brix;

Here, °Brix; and °Brix; are the initial and the final soluble matter content, respec-
tively. Both temperature increase and PEF-pretreatment accelerated the extraction
kinetics (Fig. 15a, b).

For purposes of simplicity, Lebovka et al. (2007a) had assumed that the slices
were thin slabs of a uniform thickness, and the Fick’s second law solution (Crank
1975) was used for estimation of the effective sugar diffusion coefficient Doy in a
sugar beet:

8 — 1 (2n + 1272 Doyt
B=1-—Y —— = - = 18
w2 ; en+ 12 P ( 4h? ) (%)

where 1~ 1.5 mm is the thickness of a slab. The first five leading terms of Equation
(4) were taken into account for D estimation.

The Arrhenius plots of Dy are presented in Fig. 16 for untreated and PEF-
pretreated sugar beet slices. At 70°C, the values of D,y were nearly the same for
both untreated and PEF-pretreated slices (1-1.5-10~° m?/s). The activation energy
for the PEF-treated slices was Wy p =21 42 kJ mol~!, which is close to the activa-
tion energy of sugar in the aqueous solutions, Wp =22 kJ/mol (Lysjanskii 1973).
The activation energy was noticeably higher, Wrp =75 &£ 5 kJ/mol, for the untreated
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Fig. 16 The Arrenius plots of the effective diffusion coefficient Deff for untreated and PEF-
pretreated sugar beet slices. Error bars are the standard deviation

slices, which possibly reflects interrelations of the restricted diffusion and thermally
induced damage effects in the untreated sugar beet tissue.

As can be seen from Fig. 16, sugar diffusivity inside the PEF treated tissue
remains rather high even at moderate temperatures. For instance, the value of Dy
is nearly the same for the PEF treated tissue at 50°C and for the untreated tissue
at 70°C. It opens new possibilities for energy saving in the sugar beet production.
Another interesting effect of the PEF-treatment is the higher juice purity (Lebovka
et al. 2007a). The purest juice is obtained after the cold diffusion (Fig. 17). However,
even after the thermal diffusion at 70°C, juice purity was higher for slices pretreated
by PEF than for untreated slices.

Recently, El-Belghiti et al. (2008) studied the PEF-enhanced extraction from thin
and coarse fennel gratings of seven different sizes in order to obtain extracts, which
can be used as natural food preservatives (antioxidants). The finest gratings GR1
and GR2 were obtained by crushing using Urschel crusher (Urschel Laboratories
Inc., Valparaiso, USA). The coarse gratings GR3—-GR7 were obtained by cutting
using the slicer CL 50 (Robot-Coupe SNC, France).

Different moderate pulsed electric field intensities E= 0—-600 V/cm and number
of pulses N= 0-850 was used to electropermeabilize the cell membranes and to
accelerate the following extraction. Figure 18 presents kinetics of extraction from
untreated (a) and PEF-treated (b) fennel gratings of different sizes. As can be seen
from Fig. 18a, extraction kinetics from the finest gratings GR1 and GR2 was very
rapid even without PEF-treatment and the final solute yield reached 98% after
just 30 min of extraction. This indicates that almost all the cells were broken
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Fig. 17 Purity of the diffusion solutions at different temperatures for the untreated and PEF-
pretreated slices

mechanically during the crushing. The PEF application did not accelerate the extrac-
tion kinetics for such gratings. However, extraction of the coarse grating was consid-
erably improved after the optimal PEF-treatment, and the final solute yield of 98%
was attained even for largest gratings GR6 and GR7 (Fig. 18b).

The optimal PEF-treatment was different for the gratings of different sizes.
Generally, with increase of the gratings size from GR3 to GR7, the optimal PEF
intensity increased from 300 to 600 V/cm and the optimal number of pulses
increased from 200 to 900. This leaded to the increase of the PEF energy input
from 2 kJ/kg to 3 kl/kg for the smallest gratings GR3 to about 40 kJ/kg for the
largest gratings GR7.

Expectedly, turbidity of the extracts obtained from coarse gratings was signifi-
cantly lower than one obtained from thinner gratings. It was higher than 400 NTU
for the gratings GR1 and lower than 50 NTU for the gratings GR7. Similarly,
absorbance of the coarse gratings was lower than absorbance of the fine gratings.
The PEF-treatment application somewhat decreased the turbidity and absorbance of
gratings of the same size. Evidently, it is preferable to apply the PEF-treatment for
solutes diffusion from coarse fennel gratings (GR3—-GR7). Alternatively, extraction
from coarse gratings can be assured by the hot water. That is why El-Belghiti et al.
(2008) compared water diffusion from the coarse fennel gratings (GRS) treated
by PEF and damaged thermally at 60—90°C. While kinetics of extraction from
the coarse gratings was significantly accelerated due to thermal denaturation of
the fennel tissue, the qualitative characteristics of extract were worse than after the
PEF-treatment (Fig. 19). With the increase of heating temperature, the degradation
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Fig. 18 Extraction kinetics ¢ “(#) from untreated (a) and optimally PEF-treated (b) fennel gratings,
where ¢” is the ratio /¢, ¢ being the actual solutes concentration in solution and c, being the
equilibrium solute concentrations. The sizes of gratings: GR1 (0.1 x 0.4 x 6 mm), GR2 (0.2 x
0.8 x 12 mm), GR3 (0.5 x 1.9 x (25-50) mm), GR4 (0.75 x 1.5 x (30-50) mm), GR5 (1.2 x
2.6 x (30-60) mm), GR6 (1.6 x 3.5 x (25-75) mm) and GR7 (1.8 x 6 x (30-60) mm). The
optimal parameters of the PEF treatment: GR3 — E'=300 V/cm, N =200; GR4 — E=350 V/cm,
N=2350; GR7 - E=600 V/cm, N =900
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Fig. 19 Turbidity and absorbance (a) and concentration of vitamins (b) in extracts obtained after
the PEF and thermal extraction from coarse gratings GRs

of cell structure and intracellular components is more pronounced. A repercussion
is observed on the extract characteristics (Fig. 19).

Another disadvantage of thermal extraction is a high energy consumption
exceeding considerably the energy consumed by PEF-treatment. For instance, the
energy consumption for the thermal extraction from fennel gratings GR5 at 60-90°C
was approximately 500-650 kJ/kg, while it was just 15 kJ/kg for the same gratings
treated by PEF

3.3 Osmotic Dehydration with PEF

Osmotic dehydration (OD) naturally occurs in the foods, such as fruits and vegeta-
bles, placed in a hypertonic sugar or salt solution presenting a high osmotic pressure
and a low water activity. Diffusion phenomenon takes place with two simultaneous
countercurrent flows: a water flow from the food to the outer solution and a simul-
taneous flow of solute from the solution to the food. These mechanisms lead to
water loss (WL) and solid gain (SG) in the food. The OD process occurs at mild
temperatures (up to 50°C) and requires less energy compared to drying. Therefore,
it improves the product color and flavor retention. However, the cellular membrane
exerts a high resistance to transfers, thus slowing down the OD rate. Recently, the
PEF has been successfully applied for enhancing OD of different food plants, such
as apples, carrots, mangos, and red bell peppers (Ade-Amowaye et al. 2001, 2002;
Amami et al.2006; Amami et al. 2007a, 2007b).

Figure 20a and 20b show the influence of the electric field intensity E on the
water loss WL(g/g) = (Wy — W)/Sy and solid gain SG(g/g) = (S — Sv)/So for
an apple sample placed in a sucrose solutions (44.5, 55 and 65 Brix) at ambient
temperature (Amami et al. 2006). W, and W are, respectively, the initial and actual
weight of moisture in the sample; Sy and S are, respectively, the initial and actual
weight of dry matter in the sample. Increase of the electric field intensity E up to
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Fig. 20 Water loss (a) and solid gain (b) as functions of time for the OD of apple disk at room
temperature in solutions of different concentration: squares, 65 Brixo; diamonds, 55 Brix; trian-
gles, 44.5 Brix. Open symbols: without treatment, full symbols: with PEF-treatment (0.9 kV/cm,
750 pulses of 100 s each), line corresponds to predictions of the Fick’s diffusion model

0.9 kV/cm and the number of rectangular pulses (pulse duration #; =0.1 ms) up to
n = 1000, resulted in improvement of both WL and SG.

The energy consumption at the above PEF parameters was 21 kJ/kg. Reduction of
n to 750 pulses (total duration of PEF application tpgr =t; -n =10"%.750=0.075s)
just reduced slightly WL and SG, but minimized the energy consumption to 12 kJ/kg.
The WL increase (~50%), observed in Fig. 20 for experiments with PEF-treatment,
was more impressive than that of SG (~6%). Such a low value of SG, obtained
for PEF-pretreated samples, might offer an advantage for the OD process in some
applications requiring simultaneously high WL assorted to minimum solute uptake.
Another example of a reduced solid gain in comparison to water loss was indicated
for bell pepper (Ade-Amowaye et al. 2002). It is already known that PEF-treatment
damages mainly the cell membranes; while other structural changes, induced in
plant tissue by PEF, remain limited. Therefore, penetration of solids inside the
tissue during OD may be retarded or blocked because of the structure resistance,
which remains almost unchanged. However, the OD mechanism consecutive to
PEF-treatment is not yet well elucidated. Some other examples of PEF-treatment
prior to OD were also recently addressed (Teijo et al. 2002). Mango pieces treated
with PEF (2.67 kV/cm, 100 pulses of 0.84 ms) were immersed in a 50°Brix sucrose
solution at 40°C for 5 hour. The PEF effect on WL was not significant, but SG was
slightly increased (from & 0.63 g/g to ~ 0.82 g/g) (Teijo et al. 2002). Recently,
Amami et al. (2007a, 2007b) have demonstrated that the combined effect of PEF,
centrifugal field and salts could enhance WL from the carrot tissue. Addition of salt
during the static and centrifugal OD resulted in WL and SG increases; however, the
WL/SG ratio remained approximately the same during the static OD. The combi-
nation of PEF with salt enhanced additionally both WL and SG. The application of
centrifugal field during OD enhanced WL but reduced SG. Therefore, the WL/SG
ratio was increased in the centrifugal field; however salt addition decreased this
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ratio. If gain of solids is also the goal of OD (confectionary additives, for example),
the static OD may be better than centrifugal OD, which is especially interesting in
the case of desirable limitation of the solid uptake (dietetic products).

3.4 Drying of Food Plants

Removing of moisture from the food materials allows to minimize microbial activity
and undesirable chemical reactions (Barbosa-Canovas and Vega-Mercado 1996).
But commonly used hot-air drying or freeze-drying techniques are limited by high
energy consumption and long drying times. Moreover, drying at elevated tempera-
tures can produce undesirable changes in pigments, vitamins and flavoring agents
(Aguilera et al. 2003). In general, the drying processes consume an appreciable part
of the total energy used in food industry, and so it is very important to develop the
new hybrid drying technologies for energy saving and preserving of food quality
(Chou and Chua 2001).

Different pre-treatment drying techniques, such as microwave heating (Beaudry
et al. 2003), ohmic heating (Salengke and Sastry 2005; Zhong and Lima 2003),
electrohydrodynamic drying (Bajgai and Hashinaga 2001; Cao et al. 2004; Li et al.
2005), and drying by chemical reagents or osmotic pre-treatment (Chua et al. 2004),
were reported.

Recently, the PEF-treatment at high and moderate fields have been proposed
for enhancement of the drying processes (Ade-Omowaye et al. 2003; Toepfl 2006;
Lebovka et al. 2006; Lebovka et al. 2007b; Shynkaryk 2007). The PEF-treatment
seems to be a promising non-thermal method that provides interesting advantages
for enhancement of drying of the thermally sensitive food materials.

3.4.1 Drying Kinetics and Moisture Diffusion Affected by PEF Cell
Disintegration

Electrically assisted drying is characterized by decrease of processing time, temper-
ature, and energy consumption. Electrically induced disintegration of the plant cells
facilitates diffusivity of the moisture and can enhance drying. Figure 21 demon-
strates the effects of PEF-treatment on potato tissue drying at 50°C in a convective
dryer (Lebovka et al. 2007b). Here, the drying curves are presented as w versus time
t, where the dimensionless moisture ratio w is determined as

w= (M) - M)/ (M, — M), 19)

where M is the moisture content in a sample, and the subscripts o and e refer to the
initial and equilibrium (final) moisture content, respectively.

The drying rate passes through the maximum near @ ~ 1, when the excess surface
moisture is removed, and then it decreases with decrease of w (insert in Fig. 21).
The drying process proceeds at the falling rate and no period of constant drying
rate is observed. The constant rate-drying period usually reflects the presence of
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a continuous layer of free water that covers the surface (Zhang et al. 1997). The
absence of the constant rate stage indicated importance of internal mass transfer
processes and can be also explained by the shrinkage factor (May and Perré 2002).

The drying time was affected considerably by the drying temperature and freeze-
thawing or PEF-pretreatment (Lebovka et al. 2007b). The higher the total treat-
ment time of the PEF-treated potato tissue, the more rapid was the drying process
(Fig. 21). The PEF-treatment of material releases moisture from the damaged cells
and enhances the transport processes, which results in increase of the drying rate.

The drying rate can be characterized by the effective moisture diffusion coeffi-
cient D determined through solution of the Fick’s second law (Crank 1975):

oo
w =8/’ Z(Zi + D)% exp (—(2i + 1)’n° D gt /4h3). (20)
i=0

This equation is valid for an infinite slab with thickness #;.

The diffusion coefficient D was estimated from the least square fitting of this
series expansion to the experimental drying curves (Lebovka et al. 2007b). The
diffusion coefficient D.s increased with increase of the damage degree P and was a
non-linear function of the conductivity disintegration index Z (Fig. 22). In approxi-
mation of the parallel model of diffusion (Saravacos and Raouzeos 1984), the diffu-
sion coefficient can be presented as (Lebovka et al. 2007b)

Defy = PDiy + (1 = P)Dyy = Z'/" Dig + (1 = Z'/") Dy @D
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Fig. 21 The moisture ratio w versus drying time ¢ for intact, PEF-treated and freeze-thawed (dashed
line) potato tissues at 50°C drying temperature. Insert shows drying rate curves as dw/dt versus w.
The volumetric flow rate was 6 m3/hour.The PEF-pre-treatment was done at room temperature,
T = 25°C, electric field strength E = 400 V/cm, pulse duration ; = 1073 s, pulse repetition time
At = 1072 s, and different treatment time #pgg, shown at the figure
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Fig. 22 Effective diffusion coefficient Desr versus conductivity disintegration index Z for PEF
pre-treated potato tissues. Insert shows conductivity disintegration index Z versus total treatment
time 7pgr. The volumetric flow rate was 6 m3/hour, the drying temperature was 50°C. The PEF-
pretreatment was done at a room temperature, 7 = 25°C, electric field strength £ = 400 V/cm,
pulse duration #; = 103 s, pulse repetition time A7 = 10~ . The open square show the data for
tissue pre-treated by freeze-thawing

where Diy, D%y are diffusion coefficients of the intact and totally PEF-damaged
tissues, respectively. Here, Archie’s equation (Equation (10)) relating P and Z was
used.

The Archie’s exponent m of 1.68 &= 0.04 was estimated by the least square fitting
of the experimental data to Equation (21). This result was consistent with other
estimations of m values for different biological tissues (Lebovka et al. 2002).

The drying rate and diffusion coefficient D.s, observed for the freeze-thawed
tissue, exceed noticeably the same parameters for the totally PEF-damaged tissue
with Z &~ 1 (Fig. 22). It reflects differences in the structures of the freeze-thawed
and PEF-damaged potato, as it was demonstrated by the textural studies (Lebovka
et al. 2004a). It is known that drying processes can be noticeably influenced by the
structure, density, and porosity of materials (May and Perré 2002).

Very similar accelerating effect of AC-treatment on convective air-drying was
also observed at a moderate electric field strength (<100 V/cm) (Lebovka et al.
2006). The experimental results evidence essential influence of the electric field
strength E and the total electric energy input W on the drying rate. The effective
moisture diffusivity increases with £ and W increase.

Figure 23 presents effective diffusion coefficient D,y of moisture for intact,
AC-treated and freeze-thawed potato tissues at two different drying temperatures
(30 and 50°C). At air drying temperature 50°C, the effective diffusion coefficient
D,y of moisture for AC-treated potato tissue was still lower (D7~ 0.71- 1078 m?/c)



Pulsed-Electric-Fields-Induced Effects in Plant Tissues 73

12 = 2% - Ohmic heating
: - Intact

- Freeze-thawed

Fig. 23 Moisture effective diffusion coefficient D,y for intact and AC- and freeze-thawing
pretreated potato tissues. Here, T, is the drying temperature. The volumetric flow rate was 6
m3/hour. The ohmic heating pre-treatment was done using AC at starting room temperature
T = 25°C, and electric field strength £ = 100 V/cm; the samples were heated to the temperature of
about 50°C, the total electric energy input was W= 100 kJ/kg and disintegration index was Z~ 0.7

than that of the freeze-thawed pretreated potato (D ~ 1.0 10~% m?/c), even at the
highest degree of destruction Z~0.7. At a low air drying temperature (7= 30°C),
the AC treatment allowed to increase the moisture diffusivity to a level noticeably
higher than that observed for an intact tissue at drying temperature 50°C.

Though the highest drying rate was always observed for the freeze-thawing
pretreatment, this process is rather energy consuming and requires =280 kJ/kg
(Toepfl and Knorr 2006). Thermal drying at the elevated temperatures is also energy
consuming and it can cause undesirable changes in the product quality. The AC
pretreatment allows to decrease the drying temperature, approximately, by 20°C for
potato tissue, and this method seems to be promising for enhancing the air drying
processes for this product.

Similar effects in drying behavior were also observed for the red beetroot tissues
(Shynkaryk et al. 2008; Shynkaryk 2007). The PEF or freeze-thawing pre-treatment
allowed to increase noticeably the moisture diffusivity (for the same drying temper-
ature T,), or to decrease the drying temperature, approximately, by 20-25°C (for the
same level of diffusivity D).

The activation energies W of moisture diffusion in intact, PEF- and freeze-
thawing pretreated red beetroot, potato and apples tissues are presented in Table 1
(Lebovka et al. 2007b; Shynkaryk et al. 2008; Shynkaryk 2007). Differences
between activation energies seem to reflect variety of structures of the untreated
and pretreated tissues. However, direct correlations between the mode of treatment
(PEF or freeze-thawing) and values of W were not observed for different materials.
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Table 1 The activation energies of moisture diffusion W (kJ mol~!) for intact, PEF- and freeze-
thawing pretreated tissues. The drying temperatures 7,; was within 30-90°C (Lebovka et al. 2007b;
Shynkaryk et al. 2007)

Pretreated by
Dried products Untreated PEF (Z~1.0) Freeze-thawing (Z~ 1.0)
Red beetroots (Unknown variety) 20.2 +2.3 19.2+0.3 176 £ 1.3
Potatoes (Agata) 21 £1 202 27+4
Apples (Golden) 252+ 1.8 18.6 £ 1.8 20+3

3.4.2 Temperature Evolution

The temperature factor is very important for degradable food materials, where
the undesirable changes in pigments, vitamins and flavoring agents are possible
(Aguilera et al. 2003). Preserving regimes of drying are essential for preparation
of such products as red beetroots, apples, currants and grapes. Moreover, changes
of porosity and texture on the external surface of material taking place at elevated
temperatures can restrict diffusivity and the moisture cannot escape.

Figure 24 shows examples of temperature evolution inside red beetroot versus
moisture ratio w for the untreated and pretreated red beetroot samples at different
drying temperatures 7 (Shynkaryk et al. 2007; Shynkaryk 2007). The untreated
samples exhibit higher temperature 7 than PEF- and freeze-thawed pretreated
samples with the same moisture content w. Stability of water-soluble betalaines,
contained by red beetroot, is strongly affected by water activity and temperature,

7 m —a— Untreated
—— PEF
—e-- Freeze-thawed

Fig. 24 Temperature in the centre of a red beetroot sample 7 versus moisture ratio w for the
untreated and PEF and freeze-thawing pretreated tissues at different temperatures of convective air
T,. The lines are drawn for the guidance of the eye and error bars are the standard deviations
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and elevated temperatures (>50°C) accelerate degradation of this pigments (Saguy
et al. 1978).

Preserving regime of drying is very important for red beetroot for preparation of
the product rich in red-purple pigments, and degradation can be expected to diminish
at smaller drying temperature and smaller moisture content inside the pre-treated
tissues. The moisture content at 50°C wsp remains rather low (<0.4) even when
drying temperature 7, = 90 for the pretreated tissues, but the values of wsy are
noticeably higher for the untreated tissues. Moreover, the obtained spectral data
(Shynkaryk et al. 2007; Shynkaryk 2007), demonstrate that PEF-pretreatment is
beneficial for drying regimes, as far as it preserves colorants. Although the PEF-
pretreatment results in higher tissue shrinkage, as well as in higher time of rehydra-
tion, a difference in textural properties of the rehydrated samples with and without
PEF-treatment is not essential. So, the observed behavior reflects a possibility of a
colorant-safe drying for the pretreated samples, and PEF-assisted drying seems to
be promising for enhancing industrial air drying processes.
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Moderate Electrothermal Treatments
of Cellular Tissues

Suzanne Kulshrestha, Sanjay Sarang, Laleh Loghavi, and Sudhir Sastry

Abstract Moderate electrothermal treatments, or moderate electric field (MEF)
processing of foods, are operations that typically use field strengths below 1 KV/cm
and frequencies below 1 MHz. Heating usually occurs in these applications, but
controlled studies have shown enhanced mass transfer effects that are nonthermal
in nature. MEF processing has been useful in improving drying, extraction, and
fermentation processes. The mechanism for improved drying and extraction appears
to be increased permeability of the cell membrane, allowing for ease of transport
of materials out of cells. Drying and extraction are improved most from tissue with
intact cells, such as raw fruits and vegetables. Low frequencies are most effective for
these applications. Several studies have also shown MEF processes to increase the
rate of microbial growth during controlled fermentations. However, the mechanism
is not understood, and this field of study is currently in its infancy. Research is
underway to develop industrial applications of the new technology that have been
already been demonstrated in the laboratory, and to investigate new applications.

1 Introduction

For several applications in the food industry, electric field treatments, such as pulsed
electric field (PEF), moderate electric field (MEF) processing, radio frequency
heating, and microwave heating, have been identified and discussed in the liter-
ature. Microwave heating is usually done at 2.45 GHz or 915 MHz and is from
exposure to radiation, rather than direct contact, and radio frequency heating is
accomplished at 40 MHz (http://www.radiofrequency.com). The regulation of elec-
tromagnetic technology for industrial applications is described at http://www.itu.int/
ITU-R/terrestrial/fag/index.html. MEF treatment involves the application of an elec-
tric field, usually at frequencies on the order of 50 Hz and at field strengths below
1000 V/cm. MEF fields are lower than those for PEF, which are usually DC
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pulses measured in field strengths of kV/cm. MEF treatment times are also typi-
cally measured in seconds, whereas PEF treatments involve exposure times at the
microsecond order of magnitude.

Recently, a growing body of literature suggests that even relatively moderate
electric fields can have significant permeabilizing influences on both prokaryotic
and eukaryotic cells. The character of the permeabilization is different from thermal
effects. What has not been universally realized is the remarkable range and variety of
food processing operations that can be impacted by electrical treatment. Depending
on the relative electrical and thermal exposure of a particular treatment, it is possible
to obtain a wide variety of effects in biological materials, and there are a large
number of potential applications waiting to be discovered in this area. Since the
intent of these processes is controlled, possibly reversible, permeabilization, and
they are characterized by relatively moderate, arbitrary waveform electrical fields,
they are termed here as moderate electric field (MEF) processes, to distinguish them
from ohmic heating sterilization and the PEF process.

What makes MEF processes particularly interesting for nonmicrobial control
applications is that they are potentially far less expensive than either PEF or high-
pressure processes considered for the same purpose. Since these are generally unre-
lated to microbial control, they do not face stringent regulatory scrutiny prior to
commercialization. Also, in many cases, the imposition of a simple alternating
current from a readily available power supply is sufficient to cause permeabiliza-
tion without the need for specialized switching circuits or heavy devices for pres-
sure containment. High-voltage equipment and procedures are generally required
for application of voltages higher than 600 peak (424 RMS). For liquids, a high
field strength can be obtained by creating a narrow gap between the electrodes.
For particulates, this can limit the field strength according to the particulate size.
However, field strengths can easily be obtained that have significant benefits to food
operations.

MEF treatment has been shown to nonthermally increase the permeability of
cell tissue and diffusion of water and soluble matter through cell membranes,
thus opening the door for potential future applications, such as improvements
in extraction, dehydration, and fermentation operations. Under most conditions,
ohmic heating occurs during MEF treatment, but here we are concerned with the
nonthermal electrical effects. This chapter reviews research on MEF treatment appli-
cations and discusses mechanisms contributing to enhanced mass transfer.

2 Nonthermal Effects of Electric Fields on Cells
with Intact Membranes

Although MEF processing may offer thermal advantages for rapid, uniform ohmic
heating, the nonthermal effects are most significant for extraction, drying, and
fermentation processes. The numerous studies of food processing applications of
MEF have clear trends that suggest an electroporation mechanism, which may
also be called electropermeabilization or plasmolysis, in which the electric field
causes pores to form in the cell membranes of intact cellular tissue, as is found
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Fig. 1 Diffusion of betanin from fresh tissue MEF processed for 3 min at 45°C: Effect of elec-
tric field strength and frequency. Error bars represent 95% confidence intervals. Reproduced from
Kulshrestha and Sastry (2003)

in fresh plant tissue and living microorganisms. With MEF heating, greater elec-
tropermeabilization is seen at low frequencies (Imai et al. 1995; Lima et al. 1999;
Kulshrestha and Sastry 2003), presumably because the cell membranes have more
time to become polarized and develop pores (Fig. 1). Enhanced mass transfer has
occasionally been reported for noncellular tissue (Schreier et al. 1993; Kemp and
Fryer 2007), suggesting that other mass transfer processes, such as electro-osmosis
or electrophoresis, may be occurring as well. However, in most studies, noncel-
lular material and cellular material that has had its cell membranes destroyed via a
freeze—thaw cycle or heating above 60°C do not have the same dramatic increase
in process efficiency during food operations. A living cell has a thin, dielectric
membrane with high resistance (about 10* Q cm?) and a capacitance (C) of about 1
wF/cm? (Williams et al. 1964). Living cell membranes are selective, allowing water
to pass, but not most ions or polar molecules (Kotyk and Janacek 1975).

Protons are not capable of passively diffusing through the cell membrane under
normal physiological conditions. Active pumps use proton gradients to run certain
chemical reactions. The most important energy requiring steps in the cell are
the metabolism of macromolecules and transport of essential solutes against their
concentration gradients. The membrane link electron transport chain is a commonly
known process that creates proton gradients around cell membranes in respiring
organisms. Since the membrane is impermeable to H*, the flow of protons out of
the cell creates a proton gradient which is composed of two components (Neidhardt
et al. 1990; Axelsson 1993), a proton concentration gradient, ApH, and an electrical
charge gradient, AW. The sum of these two gradients creates a potential energy
called proton motive force (PMF), defined as follows:

Proton motive force = ApH + AW (1)
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The proton motive force can be used for a variety of purposes by the cell,
including active transport of certain molecules against their concentration gradients,
reduction of nicotinamide adenine dinucleotide (NAD), and synthesizing adenosine
triphosphate (ATP) from adenosine diphosphate (ADP) (Neidhardt et al. 1990).

When a cell of radius R is exposed to an external electric field (E), charge accu-
mulates at the membrane surface, establishing a potential difference (AW) that is
maximal at the ends that are in line with the field (Tsong 1992). The maximum
AV is

A¥max = 1.5RE 2)

For alternating currents, the charging time of the membrane is significant. The
following equation should be used:

AWV, = L.SRE {1 4+ Q2nfr)2}!/? (3)

where f = frequency in Hz, © = RC (tiy; +1ext/2), R = radius of cell, C = capac-
itance/area, rj,; = electrical resistance of cell fluid, and r.y; = electrical resistance
of the external medium. Living cells have a natural potential difference (AW,,,) of
approximately —150 mV (Coster 1965), which must be added to the induced field.

Because the natural field is uniform, an externally applied field will be hyperpo-
larizing at the pole facing the positive electrode (anode) and depolarizing at the pole
facing the negative electrode (cathode). Thus, the maximum potential difference will
be only at one pole, and will be

A’\Ijmax = A\Pnat — 1.5 R E (4)

Under alternating conditions, these poles will reverse themselves with each cycle.
Because of the effect of cell radius, larger cells will have a larger AW. Within
dormant bacterial spores, electrolytes are immobile (Carstensen et al. 1971), so the
AW should be much less than for normal cells. The membranes of dead cells lose
their selectivity (Zhang et al. 1992; Osterhout 1922) and will therefore not maintain
any voltage gradient.

The maximum electric field within the cell membrane (Ey,) is simply the AW,
divided by the membrane thickness (d), which is about 10 nm for plants (Fensom
1985). Thus,

En = (A%, — 1.5RE)/d 5)

As an example of a food application, beet cells have a AW, of —154 mV (Zhang
et al. 1992) and an approximate diameter of 45 wm (Joersbo et al. 1990). The E,,, of a
beet cell will increase from about 1.54 x 10° V/cm to 2.36 x 10° V/cm when placed
in an electric field of 24 V/cm, which is typical of our laboratory MEF conditions.
This corresponds to a hyperpolarization of 83 mV, for a AW, of 233 mV.

Coster (1965), while charging the membranes of giant algal cells with a micro-
electrode, observed that hyperpolarizing currents caused a sudden increase in
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permeability when the membrane potential reached about —300 mV. He called
the phenomenon “punch-through,” but it is now known as “electroporation” or
“electropermeabilization.” Zimmerman et al. (1974) used an externally applied
high-voltage field to cause “dielectric breakdown” of red blood cell membranes
(Fig. 2).

Most research on electroporation uses a PEF method, which is used to insert
DNA into cells during transformation. Molecules, such as DNA, that are to be
inserted are included in a suspension of cells that are electroporated. Under the
right conditions, pores are formed in the membrane through which diffusion occurs.
The surface of a pore is continuous with the inner and outer surfaces of the cell

+ -_—
4 = Cell placed between electrodes
I + — and
+ - external electric field applied
a)
External electric External electric
field applied field removed
- - - -
) -
A Irreversible
.- [
W , .
Reversible
b)

Fig. 2 Diagram of electroporation of a live cell. (a) Cell has been placed between electrodes and
an external electric field was applied. Charges accumulate on the cell membrane. (b) When the
external electric field reaches a threshold value, pore formation occurs. If the external electric field
increases above a critical level, pore formation is irreversible. Otherwise, the electroporation is
reversible
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membrane, which is composed of phospholipids (Stein and Danielli 1956). There-
fore, they have a negatively charged surface surrounded by hydrogen ions. They are
normally permeable to water, but not to most ions or other molecules larger than
water (Kotyk and Janacek 1975). The Weaver model suggests that when the electric
field is applied and the ions are trying to respond, but before the pore expands,
the ions can move more easily near the pore because the higher capacitance allows
more charge accumulation, whereas a thinner layer of ions near the surface of the
lipid layer would create a charge repulsion force counteracting the electric field.
When a cell is exposed to an electric field, the ions accumulating at the membrane
surface are preferentially drawn to the aqueous pores, which have a much higher
capacitance than the lipid fraction of the membrane (Weaver 1987).

The ions pushing on the pore cause a pressure that expands it. When the hole has
become large enough for ions to pass through, a decrease in resistance is measured.
Experiments that used single pulses of 10 ns to 1000 . s revealed that the threshold
breakdown voltage is inversely proportional to pulse duration (Zimmerman and
Benz 1980; Joersbo et al. 1990). That is, a longer pulse can cause breakdown at
a lower field strength. Because it takes several minutes for the cell membrane to
recover completely (Zimmermann and Benz 1980), pulses given in quick succession
(every 0.5 s) have a cumulative effect (Lindsey and Jones 1987).

MEEF treatments that use alternating current are analogous to a sequence of
pulses. The number of pulses per second is simply the frequency. The duration of an
equivalent pulse would be the time spent above the threshold voltage and is therefore
a function of the voltage amplitude, the threshold voltage, and the frequency. Pulsed
radio frequency (Chang 1989) and 50 Hz alternating current (Joersbo and Brunstedt
1990) pulses have been used for electroporation.

Both the pore formation (Zimmerman and Benz 1980) and resealing events
(Lindsey and Jones 1987) are faster at higher temperatures. Diffusion through pores
will continue after electroporation for minutes at 35°C to hours at 4°C (Lindsey and
Jones 1987). This is accompanied by a decrease in electrical resistance which is
recovered when the pores reseal (Zimmerman and Benz 1980).

The size of pores determines the permeability of the membrane to molecules of
various sizes. Pore size can be controlled by the ionic strength of the suspension
medium (Kinosita and Tsong 1977). High ionic strength media cause formation of
small pores, whereas large pores result from those of low ionic strength.

3 Food Engineering Applications of MEF Processes

3.1 Drying Rate

Several studies have shown enhanced drying rate of MEF-treated vegetables and
fruits when compared to untreated, conventionally treated, or microwave-treated
samples. Wang and Sastry (2000) compared raw samples with those pretreated to
50°C and 80°C using conventional, microwave and MEF treatment at 60 Hz and
40 V/cm, and found that MEF treatment resulted in the largest enhancement of the
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subsequent drying rate of carrot, yam, and potato cylinders. Microwave and conven-
tional pretreatments showed some drying acceleration, and so part of this effect
can be explained by thermal effects. However, the visually observable moisture
migration in the samples, the difference in desorption isotherms, and the residual
enhancement of drying by MEEF fields indicate that there are also nonthermal effects
on the tissue structures affecting moisture mobility. Zhong and Lima (2003) studied
the effect of different treatment combinations (electric field strengths of 50, 70, and
90 V/cm; end-point temperatures of 45°C, 60°C, and 80°C) on the vacuum drying
rates of sweet potato cubes. For most treatment combinations, the vacuum drying
rates of MEF-treated samples were higher than those for untreated samples, and the
maximum reduction in drying time was 24%.

Lima and Sastry (1999) investigated the effect of frequency and waveform of
the alternating current on the hot-air drying rate of yam (60 Hz sine wave and
4 Hz sawtooth wave). Significantly higher drying rates were obtained using a
4 Hz sawtooth wave as compared to a 60 Hz sine wave. For food materials with
an outer skins, such as grapes and berries, the rate of moisture diffusion during
drying is largely dependent on permeability of skin to the moisture. Salengke
and Sastry (2005) observed a significant increase in the drying rate of grapes by
MEF (15 V/cm) pretreatment to 60°C at 30 Hz and 60 Hz, but not at 7.5 kHz.
They also observed tears in the grape skins, which were more pronounced at the
lower frequencies. The strong effect of frequency indicates a nonthermal electric
field effect, since in this range frequency affects electroporation, but not heating
rates.

The increases in mass transfer in these drying studies are thought to be caused by
increases in cell membrane permeability caused by the electric field, which allow
the moisture to escape the tissue matrix.

3.2 Extraction

Enhanced extraction of sugar from sugar beet using MEF treatment was observed by
several researchers. Fedorenchenko et al. (1983) observed greater decline in resis-
tivity of sugar beet cossettes during extraction with application of an electric field
(10 V/ecm DC) and greater purity of juice. Jemai and Vorobiev (2003) applied MEF
pulses (160-780 V/cm) during sugar extraction and observed increases in both elec-
trical conductivity and soluble solids that had diffused from the cossettes. Lebovka
et al. (2007) also observed disintegration of sugar beet tissues under MEF conditions
of 20-100 V/cm at 50 Hz, with a large increase in effect occurring between 20 V/cm
and 30 V/cm. Kim and Pyun (1995) observed enhanced diffusion of soy milk from
soybeans. Solid and protein yields were increased by approximately 16% and 25 %,
respectively, when the soy slurry was heated using a 12.5 V/cm voltage gradient.
Praporscic et al. (2006) investigated the effect of temperature and MEF treatment
(18-100 V/cm at 50 Hz) on the juice yields from apple and potato tissues. The
best efficiency of juice extraction from pressing was observed when the tissue was
treated electrically at a temperature of 50°C.
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Schreier et al. (1993) compared the diffusion of dye from beetroot using MEF
(3-20 V/cm) and conventional heat treatment to 75°C. These investigators estimated
a 40% enhanced diffusion effect for MEF treatment, and observed that the concen-
tration of diffused dye was directly proportional to beetroot particle surface area, and
a linear function of electric field strength. Lima et al. (2001) also studied diffusion
of beet dye during electrical and conventional treatment, but under a continuous
electric field and at constant temperature. Enhanced diffusion was observed under
MEF treatment (24 V/cm, 60 Hz) as compared to conventional heat treatment at
42°C and 58°C, but not at 72°C. The cellular structure of beetroot begins to break-
down at around 60°C, and significant amounts of beet dye are released into the
solution (Halden et al. 1990). At high temperatures, the thermal effect is probably
more prominent.

Kulshrestha and Sastry (2003) measured diffusion of dye from beet cubes during
a 3 min MEF process using frequencies ranging from 0 (direct current) to 5000 Hz
and field strengths ranging from 0 (conventional heating) to 24 V/cm, while main-
taining a steady-state temperature at 45°C throughout the process. Except for direct
current, diffusion enhancement by MEF processing increased with increasing field
strength and decreasing frequency. In this study, there appears to be a threshold
potential above which significant increases in permeabilization occur. The threshold
potential level for permeabilization was found to increase as the frequency increased,
except for DC.

Lima and Sastry (1999) found that MEF treatment of apple tissue prior to
mechanical juice extraction significantly increased apple juice yields with respect to
untreated apple tissue. Significantly higher juice yields from apples were obtained
using a 4 Hz sawtooth wave as compared to a 60 Hz sine wave at 40 V/cm. Jemai and
Vorobiev (2002) found an increase in the diffusion coefficient of soluble substances
from apple tissue when MEF pulses were applied (500 V/cm, 1000 pulses, 100
ps duration). Sensoy and Sastry (2004) studied the effect of MEF treatment (0—
125 V/cm and 50 Hz to 5 kHz) on the extraction yields for fresh and dried mint
leaves and fermented black tea leaves. MEF treatment significantly increased the
extraction yield for fresh mint leaves. However, no enhancement was observed in
previously dried cellular materials, such as dried mint leaves and fermented black
tea leaves. Enhancement was greatest at the lowest frequency.

Enhanced extractions observed on MEF treatment described so far have used
food samples that possess minimal to moderate amounts of lipids and high mois-
ture contents. Lakkakula et al. (2004) studied the MEF effect on the extraction
yields from low moisture, high fat food: oil extraction from rice bran. Ohmic
heating increased the lipids extraction yield from rice bran to a maximum of 92%,
while 53% of total lipids were extracted from the untreated samples. Lowering the
frequency of the alternating current (60 to 1 Hz) significantly increased the amount
of oil extracted.

Evidence for pore formation has been provided by Yoon et al. (2002), who found
more exuded intracellular materials of Saccharomyces cerevisiae under MEF treat-
ment compared to conventional heat treatment under a similar time-temperature
history. They also supported this result by morphological observations. They
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suggested electropore formation as the main reason for the increase in transmem-
brane permeability.

Extraction applications are improved by MEF treatments, especially at lower
frequencies. Electroporation is a likely mechanism, with the increase in permeability
allowing the solutes to leach from the cellular matrix.

3.3 Fermentation

Several studies have been conducted on the stimulation effects of alternating electric
current on microbial growth. Kliewe and Neidl (1952) reported that the growth of
various bacteria is stimulated by 50 Hz alternating current. Carlson (1954) reported
that alternating current causes an increase in enzymatic activity of living cells.
Shimada and Shimahara (1977) have reported that alternating current of 50 Hz
influenced the growth lag phase of E. coli B depending on the inoculum size,
shaking rate during cultivation, and composition of the medium. However, Rowley
(1972) presented results showing that alternating current had little or no effect on
the growth rate of microorganisms in the frequency range of 1-60 Hz and current
range of 15-30 mA. Treatment conditions in the above studies have varied widely
and several results are apparently contradictory. Experimental details in the above
studies are also insufficient to make a general conclusion on the effect of electricity
on microorganisms. However, recent studies under controlled temperature condi-
tions have shown that MEF at 50-60 Hz and 1 V/cm accelerates growth in the early
stage of the fermentation of Lactobacillus acidophilus (Cho et al. 1996; Loghavi
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Fig. 3 Production of bacteriocin, measured in arbitrary units (AU/ml), during fermentation of L.
acidophilus OSU133 for different experimental treatments (T: temperature (°C)). Reproduced from
Loghavi et al. (2007)
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et al. 2007) and Lactococcus lactis (Unal 2000). MEF treatment at 60 Hz also
increases the bacteriocin production of Lactobacillus acidophilus (Fig. 3; Loghavi
et al. 2007). This may be due to slow pH decline at suboptimum temperature, longer
lag time, and the role of the electric field in altering the mechanism of production
and release of prebacteriocin. These results indicate that MEF fermentations can add
economic benefits by decreasing the fermentation operation time and potentially
increasing bacteriocin production.

4 Conclusion

There is a growing body of research demonstrating the advantages of MEF
processing in extraction, drying, and fermentation operations. If a thermal process is
desired, MEF may have advantages over conventional heating under certain condi-
tions that promote rapid and uniform heating. However, this chapter has focused on
the nonthermal effects of MEF fields on cell membranes, particularly the increase in
permeability that facilitates mass transfer during extraction and drying operations.
In the above applications, electroporation seems to be an important mechanism in
extraction and drying of plant tissues. MEF also has a demonstrated advantage in
fermentation processes. However, bacterial cells are much smaller than plant cells,
and there are still few studies of MEF treatments during fermentation. Further
research will be required to understand the mechanisms of the effect of MEF on
fermentation processes. This technology is continuing to be developed as a deep-
ening understanding of the underlying mechanisms allows researchers to optimize
food process operations accordingly.
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DC Electrical Field Effects on Plant
Tissues and Gels

Amos Nussinovitch and Ronit Zvitov

Abstract Gels (intermediate between a solid and a liquid) have similarities to
both animal and vegetative materials. Most food products are solids composed of
50-90% water, and they can be regarded in many ways as multicomponent gels.
Moreover, the cellular structure of fruits and vegetables can be considered a “foam”
with a closed-cell geometry, filled with gel. Gels are omnipresent, and as such gel
electrification seems to be a necessary step in studying the effects of electrical fields
in biology and life. Early studies described the collapse of polyacrylamide gels
and the shrinkage of ionic gel beads near the phase-transition point under DC and
AC excitations. The similarity between food gels (i.e., alginate, agar, agarose, and
gellan) and vegetative materials (cut pieces of potato, sweet potato, kohlrabi, radish,
and pear) is reflected in their similar behavior under application of a low DC elec-
trical field (nonthermal effect). Both moieties’ samples shrink under such a field.
Surface changes in the shrunken sample, mineral diffusion, changes in the treated
specimens’ mechanical properties, and local changes in sample pH have also been
observed. In potato, inhibition of browning and reduction in polyphenol oxidase
activity are detected. Similar to gels, pores are produced in the vegetative tissue
(from the anode side), promoting slow release of cell components. Electrification of
vegetative tissues in fluid results in induced extraction of soluble solids, pigments,
and minerals with almost no alteration of those tissues’ gross textural properties.
It is therefore possible to simultaneously obtain the desired ingredients and utilize
the tissue that is left for further applications, such as pieces to be included in jams
or soups, or for individual quick-frozen processes. The electrical treatment displays
advantages over ingredient extraction performed by freezing the tissue. Electrifica-
tion of leaves results in stomatal opening on both sides of the leaf lamina (from
both anode and cathode sides), as compared to the closed stomata of the untreated
tissues. Possible implications of this stomatal opening could be facilitating water
loss from the tissue to enhance drying processes and perhaps ethylene production
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and involvement in the ripening process of fruits. Electrification of vegetative
and animal materials, gels in particular, by low-intensity DC electrification could
be of interest in many future biotechnological, medicinal, food, and agricultural
applications.

1 Introduction

Scientists, philosophers, and laymen alike have long speculated on the possible rela-
tionship between life and electricity. This has been a natural pursuit, for both life and
electricity are extraordinary forces. Increasing knowledge has strengthened, rather
than decreased the ancient part scientific, part superstitious belief that electricity is
a potent and all-pervading life force (Seifriz 1936).

About 100 years ago, it was only natural for a scientist to pass a current through
an object in order to study its influence on the condition/behavior of the electrified
item. Thus, experimental physiology began with Galvani’s observation (performed
in Bologna in 1789) that a muscle contracts if touched by two metal strips, one out of
cooper and the other, zinc. From this he drew two conclusions—that the production
of an electrical current is a cause of muscular contraction and that the origin of the
current is the life force within the muscle. The first conclusion is correct; the second
not justified (Seifriz 1936). Galvani’s experiments led Volta of Pavia, in 1800, to
construct the kind of electrical cell that now goes by his name.

We are surrounded by plants, and can attribute part of our existence to the
vegetative kingdom; therefore, the relationships between vegetative commodities
and currents, potentials, or charges are of interest to the researcher. It is thus not
surprising that a few experiments involving electrical phenomena and vegetative
organs rather than muscles have been performed. Although there is some question
as to whether an apparatus for determining the potential difference between the cut
and whole surface of a fruit (Beutner 1920) was the first investigative tool, it is clear
that at that time (ca. 1900), attempts to check the relationships between electricity
and objects were the trend, and of great scientific interest. Beutner performed an
experiment in which an apple was placed in a bowl containing a salt solution (0.01 M
KCI). A depression cut in the top of the apple held a similar salt solution and an
electrode (or agar bridge leading to an electrode). The measured potential involved
at least three differences, that is, between the inner and outer sides of the cut surface,
between the inner and outer sides of the intact skin, and between the cut surface and
the intact skin. Beutner concluded that in the apple, the flow of current is from the
inner surface of the lower untouched skin, which must, therefore, be negative, to the
inner surface of the upper, cut area, which is, therefore, positive (Fig. 1).

Those early studies, dealing with electrification of muscle (frog’s leg—animal
kingdom) or measuring potential differences between the cut and whole surface
of a fruit (apple—vegetative kingdom), led to more complex experiments. It was
thought/concluded that a better understanding of the inherent changes within tissues
after electrification could only be achieved by conducting broad research in this
direction.
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Fig. 1 Diagram of the flow of current (i.e., electrons) from the cut (upper) surface of an apple
containing a salt solution and an electrode, through a resistance, a galvanometer, an electrode, and
a surrounding electrolytic solution, to the whole (bottom) surface of the apple and through it; from
Seifriz (1936)

Indeed, over the last decades, extensive studies have been conducted on the
effect of various electrification methods on different tissues, particularly foods.
Electricity has been applied to foods by ohmic heating, low-electrical-field stimula-
tion, high-voltage arc discharge, low-voltage alternating current, and high-intensity
pulsed electrical fields (Barbosa-Canovas et al. 1999; Chen et al. 1994; Knorr et al.
1994; Rastogi et al. 1999; Wang and Sastry 1997). All have been used to achieve
practical and indeed necessary aims, such as food preservation, bacterial control,
or enzyme inactivation toward longer shelf life, while retaining nutritional value
and organoleptical properties (Barbosa-Canovas and Zhang 2001). Several research
groups studied the use of pulsed electrical fields (PEF) as an alternative to conven-
tional food processing methods with potential applications such as cold sterilization
of liquid foods for instant juices, cream soups, and milk and egg products (Barbosa-
Canovas et al. 1999). Other researchers applied low-intensity DC electrical fields
to gels and plant tissues to study their effect on solid vs. liquid moieties (Zvitov
and Nussinovitch 2001a; Zvitov et al. 2003b). This partial list of old and new
studies demonstrates mankind’s continual interest in electricity and electrification
and reveals that ~70-80 years ago, scientists studied electrical currents and their
influences on both intact commodities and induced sap flow within plants (Lund
1930).

2 Electrical Apparatus and Measurement Systems

Samples are electrically treated using custom-made apparatuses that are suitable
for both spherical (Fig. 2a) (Zvitov and Nussinovitch 2001b, 2005; Zvitov et al.
2004) and cylindrical/cubic samples (Fig. 2b) (Nussinovitch and Zvitov 2004,
2007).

The treated samples (different gels or plant tissues) are placed between a pair
of platinum (Pt) electrodes. A voltage ranging from O to 40 V is applied across the
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electrodes with a DC power supply. Relatively low electrical field strengths (usually
up to 40 V/cm) are used in order to minimize the absorption energy of the treated
systems, which could be transformed into heat. The voltage and current data are
recorded on a dual-channel 20 MS/s digitizer (or similar equipment) using a high-
voltage probe. Voltage and current through the samples are measured using a true
RMS multimeter. The electrical treatment can be controlled by using a feedback
measuring system (Fig. 3) when needed (e.g., in cases in which the samples are
sensitive to heat, etc.).

(a)
Connection to DC Connection to DC
power supply power supply
Pt anode
Pt cathode
Spherical
specimen
" Solution
(b)
Connection to DC
power supply
Ptanode - v Solution
Pt cathode """
Cylindrical ~
or cubical
specimen

Fig. 2 Electrical apparatus: (a ) for circular specimens; (b ) for cylindrical specimens
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Oscilloscope
{)

Thermometer

Fig. 3 Feedback system for DC electrical field application

3 Electrification of Gels

Most of the up-to-date research relates to electrification of liquids, suspensions,
dispersions, and the like. Only a few very old and new publications deal with elec-
trification of solids and semisolids. A solid object is characterized by its resistance
to deformation and changes in volume. On the microscopic scale, the atoms or
molecules that comprise the solid are packed closely together. A semisolid is defined
as a moiety that lies somewhere between a solid and a liquid, with intermediate prop-
erties, particularly rigidity. Examples of semisolid substances include stiff dough or
firm gelatin, the latter being a gel.

3.1 Induction of Phase Transition in Gels by Electrical Fields

Gels are used for a great variety of applications, such as immobilizing cells and
enzymes, controlling drug release in pharmaceutical preparations, and absorbing
urine in disposable diapers, among many others. Nevertheless, there is no agreed-
upon definition of a gel. A phenomenological definition is that gels are solid or
solid-like materials that consist of two or more components, one of which is a
liquid (Almdal et al. 1993). Another textbook definition is that the elastic modulus
is greater than the viscous modulus: unlike liquids, gels do not flow as a result of
steady shear (Trevors and Pollack 2005). Another definition considers a gel as a
form of matter intermediate between a solid and a liquid. It consists of polymers,
or long-chain molecules, cross-linked to create a tangled network and immersed
in a liquid medium. The properties of the gel depend strongly on the interaction
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between these two components (Tanaka 1981). The liquid prevents the polymer
network from collapsing into a compact mass; the network prevents the liquid from
“escaping” from the formed structure (Nussinovitch 1997). Examples of gels in
foods include most starch-thickened puddings and pie fillings, egg custards, and
fruit jellies (Nussinovitch 2003). Many other foods include hydrocolloids respon-
sible for thickening or gelling. A partial list of typical gelling agents includes: agar,
alginate, gellan, carrageenan, pectin, and curdlan, among others. Gels can also be
produced by a combination of xanthan and locust bean gum (LBG). Other combina-
tions are also possible (Nussinovitch 1997). Gelatin mixtures can also produce gels
(Bennion 1985). Many texts that deal with cooking describe gels as mixtures which
have the ability to hold the shape of the container in which they are formed. This is
correct, but it should be borne in mind that several shapes can be achieved without
using any molds. Spherical gel beads, for example, can be formed by dropping,
spraying, etc. Gels may vary from soft to fairly rigid moieties. They can also gain
softness, elasticity, or resilience and therefore are good candidates for electrification.
Moreover, gels or “gel-like” materials fill the eyeball, make up the brain, and are
included in the knee joint, and as such their study is important from a biological
point of view.

Hydrocolloid gels can change their volume considerably when they are immersed,
as they exchange water and solutes with their environment. Such processes are
attributed to changes in the polymer network’s structure. The direction and intensity
of the change can be affected by many factors, such as temperature, pH, UV light,
special molecules or chemicals, solvent composition, and electrical fields (Tanaka
1981; Tanaka et al. 1982; Zvitov and Nussinovitch 2001b).

The first report on electrical-field-induced deformation of polyelectrolyte gels
was authored by Hamlen et al. (1965). They observed that an ionic polyvinyl alcohol
(PVA) gel fiber, which was placed touching an anode in 1% NaCl solution, shrank
on the anode side as a result of an applied DC moderate electric field (MEF) of 5 V.
When the polarity of the applied voltage was changed, the deformed gel swelled
to its initial size in the absence of the electrical field (Hamlen et al. 1965). Almost
26 years ago, a pioneering study described the phenomenon of gel collapse in an
electrical field. Early experiments were carried out with gels that had a polymer
matrix of cross-linked polyacrylamide (Tanaka 1981). The preparation of the gel
begins with two monomers: acrylamide, which is a small organic molecule that
terminates in an aminocarbonyl (-CONH,) group, and bisacrylamide, which consists
of two acrylamide monomers that are linked through their aminocarbonyl groups.
The monomers are dissolved in water, then two more initiators are added—
ammonium persulfate and tetramethylethylenediamine (TEMED). Polymerization
takes about 30 min. After a few hours, the gel is washed to remove untreated
monomers or initiators. The final step includes conversion by basic hydrolysis of
aminocarbonyl groups into carboxyl groups (-COOH). In solution, some of the
groups spontaneously ionize to yield H* and COO™ ions (Tanaka 1981). The elec-
trical field affects both the negative and the positive charges in the gel. The hydrogen
ions flow towards the negative electrode. The negative charges of the carboxyl
groups, on the other hand, are attached to the polymer matrix; therefore, the polymer
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is drawn towards the positive electrode. The directed force gives rise to a negative
pressure in the gel. The pressure varies along the length of the gel and where it
is sufficient, it brings about a phase transition (Tanaka 1981). In other words, an
infinitesimal change in electrical potential across a polyelectrolyte gel produces a
discrete reversible volume change. The volume of the collapsed gel can be several
hundred times smaller than that of its swollen counterpart (Tanaka 1981; Tanaka et
al. 1982). A few years later, shrinking of ionic gel beads near the phase-transition
point under DC and AC excitation was described. The complex behavior of the
gel was associated with ion drift (Hirotsu 1987). Another report from the same
year described deformation of a gel in an electrical field. The gel was placed at
a fixed position, separate from the two electrodes. The surrounding solution was
NaOH. When the concentration of NaOH was high, the gel swelled at the anode
side in the presence of the electrical field. When the concentration was low, the gel
shrank at the anode side (Shiga and Kurauchi 1990). These authors explained that
the swelling deformation occurs through a change in osmotic pressure due to the
ionic distribution inside and outside the gel in the presence of an electrical field
(Shiga and Kurauchi 1990).

In addition to Tanaka’s explanation of the gel’s volume collapse due to phase
transition (Tanaka et al. 1982), gel shrinkage in a DC electrical field has been
explained as an electrokinetic phenomenon (Osada et al. 1987), and as a local pH
change near the electrode (Doi et al. 1992; Hirose et al. 1992). However, most of
the moieties examined consisted of polyacrylamide gels in water/acetone combina-
tions (Tanaka et al. 1982) or some other synthetic polymer (DeRossi and Chiarelli
1994; Gong et al. 1997; Kishi et al. 1990; Osada et al. 1991). Another report
deals with an electrically driven “chemomechanical system.” This system was made
of water-swollen synthetic polymer gel (weakly cross-linked poly(2-acrylamido-2-
methylpropane sulfonic acid) (PAMPS)) suspended in a solution of the surfactant
N-alkyl-pyridinium (CnPyCl). Upon application of a DC electrical field, the gel
showed significant and rapid bending toward the anode. If the polarity of the elec-
trical field was altered every 2 s, the gel showed repeated pendulum-like swinging
in the surfactant solution (Ueoka et al. 1997).

Gels that react to electrical stimuli are very important and may be useful in the
food industry, as well as in various other fields, such as biotechnology and medicine.
Studies have been performed over the years on their electrification in different fluids
under DC electrical fields. Only a few studies have looked at natural networks
produced from water-soluble polymers, such as collagen, agar, and alginate (Kishi
and Osada 1989; Shoenfeld and Gradzinsky 1980; Wahab et al. 1997). In a series
of manuscripts, Zvitov and Nussinovitch caused electrical-induced shrinkage of
hydrocolloid gels (alginate, agar, agarose, and gellan) and studied changes in their
shape, porosity, mechanical properties and chemistry caused by the electrical treat-
ment. These authors provided detailed explanations for the results, suggesting a
mechanism for the observations and identifying the resemblance between electrified
plant tissues and gels (Zvitov and Nussinovitch 2001b, 2002; Zvitov et al. 2003b).
During these experiments, when gels were electrified to cause small changes in
weight/length (up to 40 V/cm) but were still far from collapse, a few major points
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were noted, including weight reduction, imprinting of the electrode shape on the
surface of the shrunken gel, mineral diffusion, changes in the treated specimens’
mechanical properties, and local changes in gel pH, as detailed further on.

3.2 Types of Electrified Networks

Polyelectrolyte gels consist of a special kind of macromolecule: they are composed
of a charged network with fluid filling the interstitial spaces of that network. The
intrinsic properties and behaviors observed in these gels are characterized by the
nature of the cross-linked charged network associated with their counter-ions and
the solvents. These gels exhibit reversible swelling and contraction under various
stimuli, including electrical fields. As previously described, electrical-field-induced
deformation of polyelectrolyte gels was first reported by Hamlen et al. (1965).
A strip of gel placed with its long axis parallel to (but not touching) the electrodes
will bend like a bimetal. Gels placed with their length spanning the gap between
the electrodes are seen to shrink preferentially at one end. Water dripping from
the gel at the cathode has also been reported. Another more recent report deals
with the shear modulus of two polyelectrolyte gels (a weak acid with small side
groups and a strong acid with large side groups). The modulus was measured with
and without application of an electrical field across the gels. Under a steady state
field, the measured modulus of these gels was seen to decrease with time. This was
explained by migration of the free counterions and associated water towards the
cathode (Whiting et al. 2001).

When polysaccharides are used for gel formation, their ionic nature becomes
relevant. A wide range of treated gels can include non-ionic, a blend of ionic and
non-ionic, or charged polysaccharides. This is why, in Zvitov and Nussinovitch
(2003), agar, agarose alginate, and gellan were chosen for further experimentation.
Agar is composed of repeating units of D-galactose and 3,6-anhydro-L-galactose
(Araki 1958; Cottrell and Baird 1980). Agar extract comprises two groups of
polysaccharides: agarose—the gelling component—is an essentially sulfate-free,
neutral (non-ionic) polysaccharide (Nussinovitch 1997), and agaropectin—the
nongelling ionic (charged) polysaccharide. The percentage of agarose in agar-
bearing seaweed can range from 50 to 90 (Araki 1965).

Both alginate and gellan are anionic polysaccharides. Alginic acid is a linear
copolymer composed of D-mannuronic acid (M) and L-guluronic acid (G) units.
Regions within the acid can consist of one or the other unit, or both monomers
in alternating sequence, that is, M blocks, G blocks, or heteropolymeric MG
blocks, respectively (Nussinovitch 1997). The molecular structure of gellan gum
is a linear chain based on repeating glucose, rhamnose, and glucuronic acid units.
In its native, or high acyl form, two acyl substituents—acetate and glycerate—
are present. Both substituents are located on the same glucose residue, and on
average, there is one glycerate per repeat and one acetate per every two repeats.
In low-acyl gellan gum, the acyl groups are completely removed. Deacylation
provides gellan gum in this low-acyl form. The acyl groups have a profound
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influence on the gel’s characteristics. The high-acyl form produces soft, elastic,
nonbrittle gels, whereas the low-acyl form produces firm, nonelastic, brittle gels
(http://www.cpkelco.com/products/index.html).

Both the alginate and the low-acyl gellan gums gel with a wide variety of cations.
In general, the amount of cross-linking agent added is more than the stoichio-
metric quantity needed. For example, in alginate, the stoichiometric concentration is
0.075 mg/g alginate, while the concentration in the bath can be higher than 20 mg/g
medium (Glicksman 1969).

3.3 Electrification of Alginate Gels

3.3.1 Influence of Alginate Gel Composition on Weight Loss
During Electrification

In principle, it is possible to electrify any type or shape of gel. However, it is
simpler to apply electrical fields to beads, since they are small, easy to introduce
between electrodes in a fluid medium, easy to manufacture and handle, and easy
to keep for further experiments. Alginate is a favorable material for the production
of beads for biotechnological and other purposes. When an alginate gel bead was
interposed between a pair of electrodes and a DC current was applied (field intensity
of 25-50 V/cm), losses of 46—60% of the initial weight were observed within 10 s
(Fig. 4).

Shrinkage of alginate beads as a result of DC application was accompanied by
electrolysis, as has been observed for polyelectrolyte gels in an electrical field (Kishi
et al. 1990). As a general rule, electrolysis is disadvantageous, and therefore a
system avoiding gas formation is desirable and can be achieved by using a complex
microgel of polymethacrylic acid (PMAA) and Ca’* on a polypyrrole electrode

80
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§ 680 —¥— 10.0 V(25.0 Wicm)
s —e— 5.0V(12.5 Vicm)
3
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Fig. 4 Influence of the supplied voltage on weight loss of 1% alginate beads cross-linked with 2%
FeCl3
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(Shinohara and Aizawa 1989). The percent weight loss of a 2% alginate, 1% CaCl,
bead was observed to be constant (~20 £ 2%) under 20 V for 10s, even when the
volume of the liquid was increased by a factor of 200. Weight loss was dependent on
the gum and cross-linking agent concentrations (Zvitov and Nussinovitch 2001b).

No significant differences were found between alginates differing in their G-to-M
ratios in terms of percent weight loss (Zvitov and Nussinovitch 2001b). This is in
agreement with the fact that the most important effect of electrical field applications
seems to be the migration and redistribution of counter- and added ions within the
gel (Hirose et al. 1992). It was observed that the higher the affinity of the algi-
nate to the cross-linking agent (for high-M alginate), the lower the induced weight
loss (Zvitov and Nussinovitch 2001b). It is well known from the literature that the
affinity between the alginate and cations used in this study follows the order Ba >
Ca > Fe. As the electrical field increased, this trend became more pronounced.
It was also observed that the higher the osmotic pressure produced by various
salts in the immersion liquid, the smaller the weight loss (Zvitov and Nussinovitch
2001b).

3.3.2 Effect of Electrical Treatment on Mechanical Properties

Contraction takes place only in the anode region: no contraction was observed in the
cathode area. This is in agreement with the fact that alginate is a polyanion gel. The
spheroidal shape of the contracted beads did not change significantly (Zvitov and
Nussinovitch 2001b). In general, electrically induced shrinkage of the gel caused its
texture to strengthen; the same phenomenon has been observed for gels immersed
in acetone solutions which become stiffer as a result of shrinkage (Nussinovitch and
Peleg 1990). Beads became stronger and more rigid than those that had not been
contracted (Zvitov and Nussinovitch 2001b).

3.3.3 Structural Changes

The shape of the affected area of the shrunken gel bead resembles the shape of the
electrode (Fig. SA). In addition, pores of different dimensions are produced along
these lines (Zvitov and Nussinovitch 2001b). These pores can change the porosity of
the bead and affect its diffusivity. The distortion of the bead from its spherical shape
and the creation of pores within it can help induce and control leaching of entrapped
materials to the surroundings. The resultant beads can be freeze-dehydrated to
obtain a cellular solid structure with even higher porosity (Fig. 5B).

The higher porosity of these gels could be advantageous in fields such as water
denitrification, drug delivery, and biological control of soil-borne root diseases
(Nussinovitch 1997; Nussinovitch et al. 1993; Rassis et al. 1997; Tal et al. 1999).
The freeze-dried hydrocolloid gels could also be useful as carriers for many food
snacks, nonfood matrices, and biotechnological operations (Nussinovitch and Zvitov
2007; Nussinovitch and Zvitov-Marabi 2008).
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Fig. 5 SEM micrographs of spiral shape produced on the specimen surface as a result of DC
electrical field applied by spiral wire-shaped anode: (A-B) alginate bead before and after freeze-
dehydration, respectively; (C-D) same for potato specimen

3.4 Electrification of Different Gel Types (Alginate, Agar, Agarose,
Gellan) and Possible Underlying Mechanisms

Agarose beads lose less weight than beads produced from alginate, gellan, or agar
(Fig. 6). Agarose may be less influenced by the electrical field because it is essen-
tially a sulfate-free, neutral polysaccharide and because of its mechanical strength
(Zvitov and Nussinovitch 2003).

Agar extract comprises two groups of polysaccharides: agarose, which serves
as the gelling component and agaropectin, which is the nongelling ionic polysac-
charide. In addition, agar may be more influenced than agarose since it contains
soluble salts as residues from the alga itself (Meer 1980). As stated by Yaphe and
colleagues (Duckworth and Yaphe 1971; Duckworth et al. 1971), agar is not made
up of natural and charged polysaccharides but rather comprises a series of related
polysaccharides, ranging from a virtually neutral molecule to the highly charged
galactan. Finally, agar holds a large amount of water in its internal network which
can move freely (Armisen and Galatas 2000).
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Fig. 6 (A) Influence of electrical field strength (V/cm) on weight-loss percentage of different gel
beads at constant application time (10 s); (B) percent weight loss versus time in different gel beads
under constant electrical strength (~30 V/cm). Different letters indicate significant differences at

p <005

As aresult of the DC electrical field and bead shrinkage, water and soluble salts
are transferred to the surrounding medium. In the case of agarose, no significant
differences were observed in the states before and after the contraction (Zvitov and
Nussinovitch 2003). For agar, differences were observed in Ca- and Na-soluble salts.
For gellan and alginate, changes were detected due to the migration of the excess
salts present from previous cross-linking operations. As a result of the DC electrical
field and bead shrinkage, water and soluble salts are transferred to the surrounding
medium (Zvitov and Nussinovitch 2001b, 2003).

3.5 Conclusions

An anionic gel (e.g., alginate) swells slightly near the cathode and contracts exten-
sively near the anode; the reverse occurs for cationic gels (e.g., chitosan).
The observed contractile behaviors are essentially electrochemical phenomena. The
electrical field causes mobile counterions and macronetwork ions, together with the
surrounding water, to be pumped in opposite directions until the mobile ions reach
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the electrode. The shrinkage of gels, such as alginate, can be explained thusly: the
negatively charged particle moves to the anode, and cations move to the cathode
owing to electrophoretic migration. Carboxylate anions (or other charged ions) are
replaced by H* in the fluid and become largely undissociated. The carboxyl groups
in this state are much less hydrated, and the gel can consequently contract (Kishi
and Osada 1989).

A pH gradient occurs through the gel sample (potentially reaching ~2 near the
anode and ~12 near the cathode) (Zvitov and Nussinovitch 2005). Higher pH values
near the cathode and lower values near the anode have been reported in the literature
for different gels (Hirose et al. 1992; Kishi et al. 1990; Ramanathan and Block
2001). As stated above, the application of DC electrical fields to gels leads to elec-
trolysis; this causes the region near the anode to become more acidic as oxygen is
released and protons are formed in the solution (H,O—2H" + 2e” + 1/20,), and the
region near the cathode becomes more basic (H,O + e*—OH™ + 1/2H;) (Yoshioka
and Calvert 2002).

4 Electrification of Plant Tissues

Vegetables are plants or parts of plants that are used as food. This is a very broad
definition that includes all fruits, nuts, and cereals which, although of vegetable
origin, are not commonly classified as vegetables (Bennion 1985). The term
vegetable has, through common usage, come to apply in a more narrow sense to
those plants or parts of plants that are served raw or cooked as part of the main
course of a meal (Bennion 1985). Botanically, a fruit is the seed-bearing part of the
plant, which means that squashes, cucumbers, green beans, peas in the pod, okras,
and tomatoes are actually fruits, even though they are usually regarded as vegetables.
Technological developments in recent years have made a wide variety of fruits and
vegetables more plentifully available than ever before (Gates 1981).

An acceptable estimate is that 25%, and up to 80%, of freshly harvested fruits
and vegetables are lost through spoilage (Willis et al. 1981). Fruits and vegetables
continue their metabolic activity after harvest and will either undergo rather rapid
ripening if climacteric, or senescence if nonclimacteric, unless special procedures
are adopted to slow down these processes (Nussinovitch 1997). Post-harvest shelf-
life extension can be achieved by the application of edible films that are semi-
permeable to water vapor and gases. Sometimes a portion of the fresh produce is
not harvested, for economic reasons (i.e., to maintain the required profit margin
for the farmer as well as for the marketing chain), due to severe external damage
that renders the product unappealing/unacceptable to the customer, or due to impact
or other mechanical damage. Thus, any technological treatment which can make
use of these fruits, either as products or by-products, or for extraction of specific
ingredients, could be beneficial for the grower. Since it was found (and see later) that
gels and plant tissues behave similarly under the influence of an electrical treatment,
part of this agricultural “loss,” which can amount to a considerable percentage of
the produce, could find other channels for use, by using electrification procedures.
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4.1 Resemblance between Gels and Plant Tissues

Foods are highly heterogeneous materials. High-moisture, semisolid foods derived
from biological tissue or fluids can be modeled to a first approximation as compos-
ites, where the mechanical properties result from the interplay of at least two
microstructural elements, one of which is a gel (Aguilera 1992). A gel can be
defined as a three-dimensional polymeric network that holds large quantities of
aqueous solution and exhibits mechanical rigidity. In this sense, all cellular interiors
are considered to be gels (Silberberg 1989), and most foods having a cellular struc-
ture as modified gels. Moreover, most food products are solids composed of 50-90%
water, and as such they can be regarded as multicomponent gels (Tolstoguzov and
Braudo 1983). The cellular structure of fruits and vegetables is likened to a foam
with closed-cell geometry, filled with gel. The presence of water prevents buck-
ling of the cell walls and gives rise to turgor pressure (Aguilera 1992). In addition,
it is well known that polysaccharides are building blocks for plant material. For
example, celluloses and hemicelluloses can be found in the plant’s cell walls. The
pectic substances constitute another group found in cell walls as well as between
the cells, sometimes serving as binding substances. Thus, not only are plant cells
filled with a “jelly” material that can be influenced by electrification, but the cell
wall itself includes the same polysaccharides, serving different functions, that are
responsible for structure and strength, and as network producers they might also be
influenced by electrical fields (Zvitov et al. 2003b).

In addition, the high-moisture, semisolid structures of gels can provide suitable
starting materials for the fabrication of simulated fruits and vegetables
(Nussinovitch 1997, 2003; Nussinovitch and Peleg 1990). In fact, the patent litera-
ture is full of such examples and oftentimes alginates and pectates have served as the
materials for such applications. Fruit analogs based on alginates are in a way trials
at mimicking homogeneous textures such as those found in apples and peaches.
Additional physical processes, such as freeze—thaw cycles, can be used to include
a certain degree of heterogeneity in such textures (Szczesniak 1968). Slow freezing
enables the formation of a “skin, ” which somewhat simulates cell walls. Therefore,
it was of interest to check whether plant tissues would undergo shrinkage via the
application of small voltages for short times in a manner similar to gels (Zvitov and
Nussinovitch 2001a; Zvitov et al. 2003b).

4.2 Expression Processes in the Food Industry
and Betanin Extraction

When a gel is electrified, it contracts, and fluid containing salts or other low-
molecular-weight ingredients leak out of its structure, in parallel to other observed
phenomena (Zvitov and Nussinovitch 2003). In other words, electrification which
results in contracting tissues could serve as a method of expression.

Expression is a process by which components can be extracted from vegetative
tissues. The materials to be extracted are located within the cells, and thus the cells
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need to be disrupted to release the ingredients. This can be achieved by rupturing
the cells, by size reduction followed by separation in a press, or by electrifica-
tion. Common types of equipment for expressing juice or oil are the tank press
and the cage press (Fellows 2000). Another unit operation that involves separation
of specific food components is extraction using solvents. This type of extraction
depends on temperature, the surface area exposed to the solvent and the flow rate of
the solvent. Typical solvents include supercritical carbon dioxide, water or methy-
lene chloride, acetone, ethyl ether, carbon disulfide, hexane, heptane, and cyclo-
hexane, and their choice depends on the type of food and the temperature (Fellows
2000).

Color makes an essential contribution to the attractive appearance of foods
and beverages. In the past few years, the food industry has increased the use
of natural pigments in many foods and beverages in place of artificial flavoring
materials (Colin and Timberlake 1986). This change has created a challenge for
the food industry and for the manufacturers of natural colors. Naturally occur-
ring pigments include carotenoids, flavonoids, porphyrins, betalaines (beetroot),
quinonoids (cochineal), and miscellaneous pigments (Timberlake and Henry 1986).
Beetroot red is the name given to the color extracted from beets (Beta vulgaris ), the
principal color components of which are betanin and vulgaxanthin, these pigments
making up ~1% of the total solids. Expressed juice from washed and crushed beet-
roots is extracted under acidic conditions (usually citric acid) and after vacuum
concentration to ~68" Brix, yields a liquid extract which can be subsequently dried
into a free-flowing powder (Timberlake and Henry 1986).

It was observed that electrification of vegetative cut tissue in a relatively low DC
electrical field (40 V/cm) is capable of extracting the contents of included ingre-
dients. An example is the application of DC voltage to beet tissue (B. vulgaris),
which results in leakage of betanin (the red beetroot pigment found in the vacuole),
as observed by spectrophotometric analysis. The extraction, which is performed in
fluid, also induces removal of soluble solids and minerals with almost no alteration
of the gross textural properties of the tissue. Optical density (OD) values of the
immersion solutions increased with increased time of applied electrical field, indi-
cating vacuolar damage (Zvitov and Nussinovitch 2003).

Since freezing and then thawing a tissue can also effect ingredient extraction, it
was interesting to identify the differences between the methods. Scanning electron
micrographs revealed minor changes in the surface of the electrically treated tissue
versus major changes in the tissue after freeze—thaw treatment (Zvitov et al. 2003a).
Cryogenic freezing and thawing (one cycle) of the same tissue for the same treat-
ment time induced considerable damage, as evidenced by reduced values of stress
at failure and loss of the tissue’s elastic properties (Fig. 7).

The intact tissue and DC-electrically treated tissue had the same stress at failure
(ca. 1500 kPa) and the same degree of elasticity (ca. 30%), in contrast to the tissue
that underwent freeze-thawing (ca. 14%) and lost its elastic textural properties.
Electrical extraction has a major advantage over other methods since the tissue stays
almost intact, and thus can be used for other commercial applications, such as filling
and baking (Zvitov et al. 2003a).
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Fig. 7 (A) Typical corrected compression stress vs. Hencky’s strain relationships for untreated,
electrically treated (15 V for 20s) and cryogenically frozen (20s) Beta vulgaris cylinders; (B)
typical stress—strain relationships during a single compression—decompression cycle for the tissues
in A

Another example of applied expression can be observed in electrified leaves. To
test whether DC application causes leakage from the tissue, mineral composition of
the solutions in which the contracted leaves (10 V for 1 min) were immersed was
determined. Higher contents of potassium, calcium, and sodium in the immersion
solution of the electrically treated tissue (3.40 £ 0.02, 11.90 £ 0.09, and 16.40 +
0.05 mg/l, respectively) were observed compared to the control solution (1.20 £
0.01, 2.50 £ 0.05, and 4.80 £ 0.01 mg/l, respectively); for comparison, the content
of these minerals in distilled water was 0.45 £ 0.01, £0.11, and 0.16 £ 0.01 mg/l,
respectively (Zvitov et al. 2003a).

Extraction rate from food materials is dependent on diffusion through the cells.
The average diffusion coefficient of a small solute in a membrane is often 10° times
lower than that in the adjacent aqueous solutions (Nobel 1999). The selective perme-
ability is lost if membranes are denatured or detached from the cytoplasm (Aguilera
and Stanley 1999). In an experiment that also dealt with electrification of leaves,
moderate electrical fields (MEF), from 1 to 100 V/cm, were used to treat mint leaf
samples that had been placed in tea bags or cut into 1 cm? squares and immersed
in an aqueous fluid medium. The electrical fields were applied by a voltage across
immersed electrodes at opposite ends of a receptacle. MEF significantly increased
the extraction yield for fresh mint leaves because of additional electrical field effects
during heating. Higher extraction rates were observed for fresh mint leaves but not
for dried ones or for fermented black tea leaves (Sensoy and Sastry 2004).

Other advantages of vegetative paste or cell culture electrification have been
described in a few references. Since green vegetables easily lose their green color
during processing and storage, a novel high-intensity PEF technique was applied
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to process spinach puree with dissolvable zinc salt. PEF increased the stability of
the chlorophyll by increasing electrical fields and adding zinc ions and stabilizers.
The visible green color in spinach puree treated by PEF was similar to that of
paste treated by thermal processing. In terms of energy, flavor, vegetable quality,
and processing time, the electrical method seems to be more effective than thermal
processing (Yin et al. 2007); however, in most references, the cost of the appara-
tuses used to perform industrial-scale tasks is not discussed. Another manuscript
dealt with the effects of PEF on growth of and secondary-metabolite production
by a plant cell culture using suspension cultures of Taxus chinensis as a model
system. Cultured cells in different growth phases were exposed to a PEF (50 Hz,
10 V/m) for various periods of time. A significant increase in intracellular accumu-
lation of bioactive secondary metabolite was observed by exposing the cells in the
early exponential growth phase to a 30 min PEF. The metabolite content increased
by 30% after exposure to PEF, without loss of biomass, relative to controls. Results
hypothesized that the PEF altered the cell membrane’s dielectric properties (Ye et al.
2004) and thus, in a way, both manuscripts’ hypotheses and basic assumptions were
strengthened by the findings of others (Zvitov et al. 2003a).

In addition, X-ray analyses were conducted on leaves subjected to DC elec-
trical field. Results indicated a reduction in potassium content (~7%) compared to
untreated tissues (~25%). These results support, in part, the mechanism by which
the electrical field damages the cells, resulting in leakage of the cell contents to the
surrounding medium (Zvitov and Nussinovitch 2003; Zvitov et al. 2003b). The elec-
trical field appears to influence the property of differential permeability attributed to
live cytoplasmic and vacuolar membranes. In addition, the influence of the electrical
field is similar to that of other processing techniques (heating or freezing) respon-
sible for a loss of differential permeability when the cell dies and a consequent
ease of solute diffusion into or out of the cell (Bourne 1983). Most of the studies
on electrical treatment techniques in food processing have revealed that beyond a
critical value (applied potential difference of ~1 V), electrical breakdown of the
membrane is achieved and is reflected by increased permeability (Eshtiaghi and
Knorr 2002; Taiwo et al. 2001).

4.3 Electrification of Fruit/Vegetable Pieces

The information derived from the current literature on electrification of solid foods
is scarce. Experiments with cylindrical pieces of fresh carrot, potato, and yam
(solid foods) were conducted in order to obtain information on changes in electrical
conductivity during multiple thermal treatments. Electrical conductivity is the most
important parameter in ohmic heating (Wang and Sastry 1997). Results showed that
in cyclic heating, the heating rate increased with the cycles. Samples preheated
by either conventional or ohmic heating showed a higher heating rate than raw
materials. Preheated vegetables have higher conductivities than fresh ones, and a
tendency towards an increase with cycles was observed (Wang and Sastry 1997).
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Low DC electrification of fruit/vegetable pieces was conducted with five different
plant tissues (Zvitov and Nussinovitch 2001a). Potato (Solanum tuberosum) was
chosen because it is the world’s most widely grown tuber crop, and the fourth
largest food crop (after rice, wheat, and maize) in terms of fresh produce. Potato is
commonly grown for its starchy tuber. Sweet potato (Ipomoea batatas) was chosen
for electrification purposes due to its starchy content and because it is regarded
as an important root vegetable. Both potato and sweet potato are convenient to
use in such research since it is easy to obtain pieces of predetermined size and
shape from the tuber and thus adjust the samples to the electrification process.
Kohlrabi (Brassica oleracea Gongylodes group) and radish (Raphanus sativus),
edible root vegetables of the Brassicaceae family, are also good candidates for
producing controllable sample pieces. Finally, pear (the juicy fruit of the Pyrus
tree) was chosen because it is firm and provides a good tissue to curve samples
from. Moreover, at least a few of these samples suffer from browning, and thus
the influence of electrification on browning could also be studied. It was observed
that samples derived from plant tissues (potato, sweet potato, kohlrabi, radish, and
pear) undergo shrinkage via the application of small voltages (DC) for short times.
Additional influences included migration of minerals from the shrunken tissue, and
changes in specimen shape, texture, color and mechanical properties. Similar to
gels, pores were produced in the tissue (from the anode side), promoting slow
release of minerals and other cell components (Zvitov and Nussinovitch 2001a;
Zvitov et al. 2003b). The spiral shape produced on the specimen surface as a result
of the spiral anode shape (Fig. 5) was observed even after freeze-dehydration of the
sample (Fig. 5D).

4.4 Inhibition of Potato Browning by Electrical Field

Enzymatic browning is one of the most important color reactions affecting fruits,
vegetables and seafood. It is catalyzed by the enzyme polyphenol oxidase. Some
enzymatic browning reactions are beneficial to the overall acceptability of foods,
as is the case, for example, with tea, coffee, and cocoa. Polyphenol oxidases are
also responsible for development of the characteristic golden brown color in dried
fruits such as raisins, prunes, dates, and figs. Blanching is generally required for
inactivation of the enzyme after color development, in order to minimize discol-
oration (Eskin 1990). Enzymatic browning is one of the most devastating reactions
for many exotic fruits and vegetables, in particular tropical and subtropical vari-
eties. It is estimated that there is an over 50% loss of fruit yields as a result of
enzymatic browning (Whitaker and Lee 1995). Potatoes and other starchy staples
are susceptible to browning and this creates economic losses for the agriculturist
and food processor. Browning can also adversely affect flavor and nutritional
value.

Four methods have been proposed for the inhibition of phenol oxidase activity:
exclusion of reactants such as oxygen, denaturation of enzyme proteins, interaction
with a copper prosthetic group, and interaction with phenolic substrates or quinines
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(Vamos-Vigyazo 1981; Walker 1977). However, few of these methods can be used
with foods. In foods, enzymatic browning can be prevented by chemicals such
as sulfur dioxide, sulfites, bisulfites, and metabisulfates that inhibit both enzymic
and nonenzymic browning. Browning inhibitors in fruits and vegetables can be
ascorbic acid, sometimes in combination with citric acid or NaCl. There are other
inhibitory combinations, such as ascorbic acid, citric acid, sodium acid pyrophos-
phate, calcium chloride, ascorbic acid phosphate, and ascorbic acid triphosphate,
to inhibit potato browning, or L-cysteine as an inhibitor of avocado and banana
browning. Other browning inhibitors or compounds that are able to synergize with
browning inhibitors are 4-hexyl-resorcinol, tropolone, kojic acid, carbon monoxide,
and hypochlorites, to name but a few.

As already mentioned, blanching is generally required for inactivation of the
enzyme after color development, in order to minimize discoloration. Hot-water
blanching remains the most important unit operation in processing whole potatoes
for French fries, potato chips, hash browns, and flakes. This process suffers from
time-consuming heat penetration, and can result in a cooked potato with related
off-flavors. By applying an electrical field in the range of 43—70 V/cm (DC current
of ~0.02-0.2 A) to a potato specimen interposed between Pt electrodes in a water
medium, four phenomena were observed: continuous shrinkage, changes in the
apparent structure of the tissue surface area (Fig. 5C), increased pH, and inhibition
of the potato browning reaction. An ~14% reduction in tissue weight occurred.
Contraction did not stop after application of the electrical field: it continued for
~20 more minutes. In contrast, potato tissue without electrical treatment swelled
in water. Tissue shrinkage can be explained by considering the potato’s cellular
structure as a foam with closed-cell geometry filled with a gel (Aguilera 1992). As
was observed for gels, the affected area of the tissue resembled the shape of the
electrode (Zvitov and Nussinovitch 2001a). Pores were produced within the tissue
(from the anode side), possibly promoting the slow release of minerals and other
cell constituents from the contracted specimens. Potassium, phosphate and sulfur
contents in a potato specimen subjected to 70 V/cm decreased from initial average
values of 2050, 300, and 150 pg/g to 590, 240, and 106 wg/g, respectively. The
treated potato samples were less brown, as reflected by their higher L* values (the
L* value spans the lightness-darkness axis of the color system, (the higher the L*
value the lighter the object)) relative to the control.

Polyphenol oxidase was extracted under standard conditions from both treated
and nontreated potato tissues. Electrification caused a reduction in the enzyme’s
natural activity. The electrical field repressed enzymatic browning without the addi-
tion of reagent or the use of heat (Zvitov and Nussinovitch 2001a). Similar reduc-
tions in enzyme action were detected when a group of selected enzymes were
subjected to continuous PEF treatments to evaluate the inactivation effect. In a
treatment lasting 126 ws, 51.7% and 83.3% of pepsin was inactivated at 37.0 kV/cm
and 41.8 kV/cm, respectively. Reductions in the enzyme activities of polyphenol
oxidase and peroxidase were also reported. Lysozyme activity was not significantly
changed. In these experiments, both PEF and the induced heating were responsible
for the observed effects (Yang et al. 2004).
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4.5 Gel-Plant “Sandwiches”

As a general definition, a sandwich is an item typically made up of one or two slices
of a material, between which is laid one or more layers of some other material.
A system composed of cylindrical red beet tissue samples sandwiched between
cylindrical agarose, agar, or alginate layers and electrified by low DC electrical field
(up to 40 V/cm) yielded extraction of pigments and minerals into the gels. Cations
were detected in the gel near the cathode and anions near the anode. Gel layers,
as well as the beet tissue, developed higher pH values near the cathode and lower
values near the anode, with a minor temperature elevation of less than 4.5°C in both
the tissue and the gel. Extraction and separation caused the gel layer close to the
anode to become red and that close to the cathode to become yellow (Zvitov and
Nussinovitch 2005). This was demonstrated by higher measured a* values (the a*
value spans the green-red axis of the color system) in the gel closer to the anode
and higher b* values (the b* value spans the yellow-blue axis) in the gel near the
cathode.

The occurrence of yellow and red pigments was presumably due to a separation
between betanin and its reduced form. The stiffer the gel, the lower the amount
extracted by the method and the smaller the weight loss of the red beet specimens
due to fluid loss. This straightforward method and apparatus appear to constitute
an easy technique to extract and separate pigments and minerals from vegetative
tissues, mostly when following a line of planned investigation. The tissue with
reduced soluble solids, minerals and pigments can still be utilized in other food
applications (for baking, filling, etc.), whereas the ground tissue obtained using the
more traditional extraction procedures is of almost no use for food products (Zvitov
et al. 2003a).

4.6 Influences of Electrification on Intact Plant Tissues

In addition to the proclaimed resemblance of the cellular structure of fruits and
vegetables to closed-cell foams filled with gel (Aguilera 1992), two more reports
further fueled interest in elucidating the behavior of intact plant tissue under DC
electrical fields. One concluded that hydrogels (probably pectins) may play an
important role in the control of xylem hydraulic resistance in plants (Zwieniecki
et al. 2001), and the other speculated on the resemblance of vegetative tissue to
hydrocolloid networks (Zvitov and Nussinovitch 2002; Zvitov et al. 2003b). To
investigate the influence of electrification on intact plant tissues, plants of Cucumis
sativus L., Phaseolus vulgaris L. and Commelina communis L. were grown and
different parts of the plant (i.e. radicles, hypocotyls, cotyledons, leaves), trimmed
and intact, were subjected to DC electrical field application. The epidermis of
C. communis was peeled for observation of stomatal aperture (after application
of DC current to the intact leaves). Plant tissues (hypocotyls, radicles, cotyle-
dons, leaves), as is or trimmed to discs, were sandwiched between a pair of
Pt electrodes and the space was filled with distilled water or KCI and 2-(N-
morpholino)ethanesulfonic acid (MES). A few cells of similar design were produced
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in different sizes to permit inclusion of different-sized plant tissues into the
apparatus. Changing the position of the electrode controlled its distance from the
tissue. A DC voltage ranging from O to 20 V was applied across the electrodes by
a DC power supply for 10-60 s. Electrical field strength was up to 0.5 kV/cm. The
use of relatively low electrical field strength is desirable to minimize the absorption
energy in the treated systems, which could be transformed into heat.

Examined intact plant tissues (i.e., hypocotyls, radicles, cotyledons, leaves)
contracted as a result of the supplied electrical field. C. sativus cotyledons lost
~20% of their initial fresh weight after application of 10 V/cm (150 V cm™) for
1 min. Negligible temperature changes were detected (up to 4.5°C) during the elec-
trical application. For P. vulgaris radicles, C. sativus hypocotyls and C. sativus
cotyledons, similar to what has been observed for alginate gel beads and other
plant tissues, the shape of the affected area of the shrunken tissue resembled the
shape of the electrode. Contraction was not uniform, nor was the density distribu-
tion. Different electrode shapes might contribute to more uniform shrinkage of such
moieties, making changes in shape as well as changes in volume more controllable,
subsequently making it easier to induce tailor-made changes. C. communis leaves
can be easily treated because of their flattened shape, high distribution of stomata,
and provision of an easy way to observe the changes caused by the DC voltage. After
electrification, open stomata could be observed on both sides of the leaf lamina
(from both anode and cathode sides), as compared to the closed stomata of the
untreated tissues. Stomatal opening was observed to be due to the DC electrical
field (Fig. 8). When a stomatal pore opens, guard-cell turgor exceeds that of the
epidermal cells owing to an increase in its turgor pressure. One possible explanation
for the stomatal opening can be the differential influence of the electrical treatment
on guard-cell turgor pressure versus the surrounding epidermal cells’ turgor. The
applied voltage damages the epidermal cells; consequently, they lose their turgor and
offer no back pressure to the swelling guard cells” movement. Thus, many stomata
are seen to be open (Zvitov et al. 2003b).

Leaves that were electrically treated demonstrated failure at lower strains than the
untreated leaves, occurring at the contact area between the electrode and the tissue,
in accordance with the more pronounced structural changes observed in that region.
The higher the DC electrical field, the more pronounced its impact on the tissue, as

A

Fig. 8 Photomicrographs of Commelina communis epidermal peel (abaxial side up): (A) untreated
tissue (closed stomata); (B) electrically contracted (5 V) tissue (open stomata); (C) electrically
contracted (20 V) tissue (open stomata)
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manifested by a greater weight loss and more profound structural changes. Small
voltages (~5 V) were sufficient to cause opening of the stomata in the treated leaf
discs but relatively higher voltages (~20 V) led, in addition to stomatal opening,
to guard-cell death, as evidenced by light microscopy. Cell viability in both treated
and untreated leaves was confirmed by using neutral red staining. As expected, small
voltages damaged the epidermal and subsidiary cells but kept the guard cells viable,
whereas high voltages led to death of the guard cells as well.

4.7 Mechanism Involved in Electrifying Plant Tissues

Structural analysis by electron and light microscopy enabled a better understanding
of the mechanism involved during DC electrical field application to plant tissues.
The electrical treatment damages the cells, resulting in leakage of their contents
into the surrounding medium. In addition, the gel-like properties of the plant’s cell
wall may contribute to the observed tissue shrinkage (Cosgrove 2001; Zwieniecki
et al. 2001). Also observed was stomatal opening, presumably due to the differential
influence of the electrical treatment on guard-cell turgor, relative to its influence
on the turgor of the surrounding epidermal cells. The applied voltage damages the
epidermal cells; consequently, they lose their turgor and offer no resistance to the
swelling of the guard cells, which causes opening of the stomatal pore. Thus, many
stomata are seen to be open. Possible implications of the stomatal opening could
be facilitated water loss from the tissue to enhance drying processes and perhaps
ethylene production and involvement in the ripening process of fruits. In addition,
leakage of minerals from the cells and partial drying of the tissue due to the electrical
treatment could be observed.

5 Advantages and Future Prospects of Low Current/Low
Voltage DC Electrification

The contraction of plant tissues in a fluid medium is important for several reasons.
It provides a way of extracting desired components from the treated tissue (i.e.,
pigments, minerals, vitamins, antioxidants, and other tissue constituents from the
plant) without harming tissue integrity. Thus, it is possible to simultaneously obtain
the desired ingredients and utilize the tissue for further applications, such as pieces
to be included in jams or soups, or for individual quick-frozen processes. The
contraction can also serve as a partial dehydration technique. Other advantages
of the low DC electrification lie in its nonthermal character and its potential to
increase food quality. Electrification of potatoes resulted in reducing the browning
phenomenon in cut specimens. The electrically induced weight loss could be bene-
ficial for decreasing initial enzyme activity, and as a method of extracting betanin
or other substances from beet. The discrete volume transition of gels induced by the
electrical field can also be useful (Tanaka 1981; Tanaka et al. 1982) for technological
purposes other than food-related ones such as: making switches, memories and
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mechanochemical transducers, or even artificial muscles, for storing two- or three-
dimensional images via the local collapse and swelling of a gel, and for under-
standing retinal detachment and corneal edema.
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Electro-Osmotic Dewatering (EOD)
of Bio-Materials

Arun S. Mujumdar and Hiroshi Yoshida

Abstract In practical application of electro-osmotic dewatering (EOD), it is very
important to increase the dewatering rate, and to decrease the final water content
and the electric power consumption for water removal. In a batch apparatus for
dewatering operation of colloidal suspensions or sludges, electric power applica-
tions, such as alternating current (AC) electric field and interrupted or intermittent
electric field, and also arrangements and configurations of the electrode in contact
with the suspension or sludge can be available for improving the performance of
electro-osmotic dewatering. The effects of these electric field applications and the
electrode arrangements and configurations on the dewatering processes are shown,
and the usage of electro-osmotic dewatering is focused to biomaterials such as
sewage/activated sludge, waterworks sludge, food processing products and wastes,
and biomass sludge.

1 Introduction

Electro-osmotic dewatering (EOD) istypically performed by applying an external
electric field under direct current (DC) condition to a semisolid material placed
between two electrodes. In the process of EOD for a bed of semisolid material of
which the initial water content is uniform throughout the bed, as shown in Fig. 1,
EOD proceeds downwards and the water content in part of the material near the
upper electrode opposite to the drainage surface is locally reduced, resulting in an
increase of electrical contact resistance between the upper electrode and the material
being dewatered (Yoshida and Yukawa 1991; Yoshida and Yukawa 1992; Yoshida
1993). It is supposed that gas produced by electrolysis occurring at the electrode
increases the electrical contact resistance, and such increase of electric resistance
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Fig. 1 Proceeding of a bed of material dewatered by EOD

has a negative effect on the distribution of electric field strength throughout the
bed in the dewatering process. Consequently such a circumstance for EOD hinders
continuation of the dewatering, and the efficiency of EOD is reduced excessively.

For applying EOD practically to various kinds of materials, it is important essen-
tially to increase the dewatering rate, and to decrease the final water content and
the electric power consumption for water removal, as much as possible. From these
points of view, various applications of electric field, which are different from contin-
uous DC condition, have been attempted to improve the performance of EOD. In
order to reduce the negative effect for dewatering, which is characteristic of EOD,
such as the increase of electrical contact resistance mentioned above, many investi-
gations have been carried out for better and higher performance of EOD.

The mechanism of EOD is different from that of such widely used dewatering
processes as mechanical methods using fluid pressure, compressive and centrifugal
forces. EOD has some advantages compared with mechanical dewatering methods,
and it can be more effective for solid—liquid mixtures consisting of colloidal parti-
cles and gelatinous and biological materials that are not successfully dewatered by
mechanical methods. EOD has been applied to numerous materials, mainly inor-
ganic materials such as peat, clay, soil, coal, cement, concrete, metal and hydrox-
ides (Rampacek 1966). EOD for clay slurries and washed mineral sludges has been
examined for over a century. Referring to biomaterials, EOD has been used for
dewatering of waterworks and sewage sludges, food processing wastes, biological
wastes, and biomass sludges.

R&D on EOD carried out in the last two decades is described in this chapter. This
overview includes various published applications of electric field for processing
EOD which are expected to be available for enhancing the performance of EOD
are shown in terms of water removal and energy consumption.

2 Theoretical Backgrounds

2.1 Recent Theoretical Developments

Recent development of theories of EOD have principally been made by Iwata et al.
(Iwata et al. 1991a; Iwata 2000; Iwata et al. 2004).
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In EOD of a compressible semisolid material such as a sludge consisting of
liquid and solid particles, both electric field and hydraulic pressure gradients are
concurrently generated in a bed of the compressible material, and not only the liquid
but also the solid particles in the material move with the progress of dewatering. In
EOD combined with mechanical pressure, the effects of the strength of electric field
(E) and the hydraulic pressure (p;) distributions produced in the bed must be taken
into account in a theoretical consideration of the dewatering process. Since the solid
particles as well as the liquid migrate in the bed with dewatering, it is convenient to
use the mass of particles accumulated above per unit area of the drainage surface,
w, as a variable for representing an arbitrary position in the direction of the height
of the bed. In other words, w is defined a moving material coordinate system as
the mass of solids per unit cross-sectional area of the bed measured from the lower
electrode. Then the superficial linear velocity g of liquid flow in such a compressible
bed of dewatered material is expressed as follows (Iwata et al. 1991a):

q_;(ﬁﬁﬂ) )

N noe \ ppe Jdw

where p is the viscosity of liquid; oy, the effective charge on the solid surface per
unit volume of particles; &,, the density of solid particles; ¢, the porosity of the bed;
and «., the specific hydrodynamic resistance of the material dewatered. Equation 1
takes into account the tortuousity and size of liquid flowing path, and the first term
of the right hand side in Equation (1) represents the electro-osmotic flow, while the
second term, the hydraulic pressure flow in the material.

Using the electric current density, /, passing through the cross-section of the bed,
the specific electric conductivity of the material A, the volumetric specific surface
area of the particles S,, and the Kozeny constant k, E and «, in Equation (1) are
respectively given by
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In expression (mechanical pressure) under an electric field, the relation between
pr. and the solid compressive pressure ps in the material bed is given by the same
formula as the following one for pure expression.

dpr . dps
[ _l’_ -
Jdw dw
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Using Equations (2-3), Equation (1) can be rewritten as
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If the void ratio e defined by ¢/(1-¢) is used, the material balance of liquid with
respect to an infinitesimal element dw in the bed leads to the continuity equation
relating the change in g to the change in e as follows:

de dq
- — 5 L 5
i Pow )

where ¢ is the dewatering time. Substitution of Equation (4) into Equation (5) gives

de _ J 19% O’Sl aps (6)
o dw mac \ PpeA dw

Equation (6) is the basic equation representing for the process of EOD, and is
reduced to the consolidation equation if /=0. The basic differential Equation (6)
can be numerically solved using the empirical correlations of e versus pg, o5 versus
e, and X versus e, respectively, and the initial and boundary conditions given appro-
priately. Then one can estimate all of the e- and the pg-distributions in the material
bed in the dewatering process, as shown in Fig. 2, for example.

=129 AiIm? , psi=98.1kPa , p=490kPa

— Electro-osmosis+Expression
-— Electro-osmosis

(Top)

]

m
m

Dimensionless sludge height [
o
g
T

Void ratio e [-]

Fig. 2 Estimated time changes of e-distributions under pure EOD and EOD combined with
expression
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As de/dt in Equation (6) should be 0 at the end of dewatering, Equation (6) gives
the following equation:

aps _ ogl
oo PpEA

@)

Equation (7) suggests that the e- and the pg-distributions are not uniform numer-
ically at the final stage of dewatering, and that e at the drainage surface does not
change; that is, the initial value of e is maintained during dewatering and p; becomes
a maximum value near the upper electrode opposite to the drainage surface.

Based on Equation (6), another theoretical method was proposed recently (Iwata
et al. 2004). Here, the term on the left-hand side in Equation (5) is expressed as

follows:
de de 0dps
== ®)
ot dps ot

As in the mechanical consolidation process, the modified consolidation
coefficient C, defined by the following equation is introduced (Shirato et al. 1967).

P
d
uoe (— Ffs)
On the assumption that C, is constant during dewatering, Equation (6) is rewritten
as follows:

C, = €))
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where E, is a driving force for electro-osmotic flow and may be called “electro-
osmotic pressure gradient” physically in a sense. Assuming E,, to be also constant
during dewatering, Equation (6) can be reduced eventually to the following formula
representing the mechanical consolidation process. Accordingly EOD may be recog-
nized as a kind of consolidation.

Ips 9% ps
s _ ¢,
ot dw?

1D
Equation (11) can be solved by using the proper initial and boundary conditions
giving the following equation:

° _1yn—1 _
ps(co,r):ps,,-w,,gw_z{w} ~ {M w}
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In this equation, pg; is the pre-consolidation pressure, and wy, the total mass of
solid particles per unit cross-sectional area of the bed.
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Besides the above equation, the average consolidation coefficient Uc, which
represents the progress of dewatering can be expressed from Equations (4), (12)
as follows:

Li—L 32 o (=1 ! { 2n —1)?7? C,t
Uc -

= —-———— —_—— —e
Li—L; W 1P 4 o

} (13)
Here L is the thickness of the bed in the dewatering process, and L; and Ly,
the initial and the final thicknesses of the bed, respectively. C, and E,, in
Equations (9-10) are determined based on experimental data. Thus, for the process
of EOD under constant electric current, the time evolutions of L, the pg- and the
e-distributions in the material are estimated from Equations (12—13).

2.2 Principles for High Performance EOD

As described previously in the Section 1, the water content near the upper electrode
opposite to the drainage surface is locally reduced during EOD, resulting in increase
of electrical contact resistance between the electrode and the material being dewa-
tered. The specific electric conductivity, A?, of the material is ordinarily decreased
with decreasing water content, and then such a circumstance enhances the increase
of the electrical contact resistance. Consequently the efficiency of EOD is reduced
markedly.

For high-performance EOD, it is advisable to maintain low electrical contact
resistance and to make the strength of electric field throughout the material bed as
uniform and large as possible in the dewatering process. As it is difficult to estimate
local strength of electric field acting effectively for dewatering in the material, the
average strength of electric field, E,,, applied to all over the bed in the dewatering
process is discussed as follows.

The electric resistance between two electrodes, namely the electric resistance,
Rg, of the material bed, is expressed by

L
T AwA

Rg (14)
where A,, is an equivalent average specific electric conductivity of the material. L
and A are the thickness and the cross-sectional area of the bed, respectively, and
these may be regarded as the distance between two electrodes and the area of the
electrode, respectively. Rg in Equation (14) is also given by Equation (15) using the
voltage, V, applied to the bed and the electric current,i, passing through the cross-
section of the bed.

vV vV
Rp = — = — 15
E= T Ar a5

where I is the electric current density. From Equations (14-15), E,, is expressed by

Eop= o= = (16)
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If L and X,, are assumed to be nearly constant, V and I should be increased to
intensify E,,. L is actually decreased and A,, is also usually decreased with dewa-
tering, as described above.

Incidentally, EOD can be operated under constant voltage or constant current
condition. Accordingly, when an electric field is applied at a constant voltage oper-
ation (V = constant), E,, in Equation (16) should be increased theoretically because
of the decrease of L. However, a net value of E,, applied to the material being
dewatered is just reduced due to the occurrence of a large electrical contact resis-
tance enhanced with the progress of dewatering. While in the operation at constant
current (i = constant), net E,, in Equation (16) could be increased with decreasing
gy in spite of the enhancement of electrical contact resistance. In this operation,
however, the electric power would be poorly utilized; in other words, the applied
voltage required to maintain a constant current condition would be too high due
to the large electrical contact resistance. Equation (16) also indicates that E,, is
increased if A is smaller.

From the viewpoints mentioned above, various applications for better and higher
performance of EOD can be devised in principle to improve the dewatering rate,
the final water content, and the efficiency of electric power consumption for water
removal.

2.3 Characteristics of Materials Suitable for EOD

The electro-osmotic velocity of liquid flow u is given by the following equation
derived on the basis of an electrostatic capacitor model, for example.

¢D ¢D 1
u=-—F=—"—.—- 17
411 drp A
where ¢ is the zeta potential of the solid particle and D is the dielectric constant
of liquid. E, u, I, and A are as before. The electro-osmotic flow is a phenomenon
that is caused by the ¢-potential in an electric double layer at the interface between
different phases. In the derivation of Equation (17), it is assumed that the thickness
of the electric double layer is quite small compared with the diameter of the capil-
lary or pore size. As the electric double layer thickness is usually smaller than the
capillary diameter, Equation (17) is applicable to most cases, and u is independent
of the capillary structure; in other words, the electro-osmotic flow is not affected by
the diameter of the particles contained in the dewatered material. Hence, EOD can
be particularly effective for the material including very fine particles (e.g., colloids).
Equation (17) also indicates that u is proportional to the electrical properties such
as the ¢-potential of solid particles and the dielectric constant of liquid D, and that
is inversely proportional to the viscosity w and the specific electric conductivity
A of the liquid. Therefore, large ¢ and small © and X of the original material can
be appropriate for EOD, and it is advantageous that ¢ changes to the larger and A
changes to the smaller value in the dewatering process.
EOD has so far been known to be effective for dewatering of colloidal, gelati-
nous, and biological materials, which are not performed successfully by conventional
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mechanical dewatering methods. And the aspects of biomaterials that can be consid-
ered for EOD from the viewpoints described above may be summarized as follows:

1. As the electro-osmotic flow is theoretically considered to be independent of the
capillary structure, EOD could be effective for materials that have minute capil-
lary structures like fibrous plants.

2. Sewage sludge or activated sludge can hardly be dewatered mechanically,
because such sludge disposed biologically contains very fine particles such as
microorganisms and organic decomposed products.

3. The suspended particles in typical sewage sludge generally have negative
¢-potential. However, in the case that many kinds of colloidal particles are
contained not as the suspended particles in the liquid, the viscosity p of the
liquid becomes high, resulting in a disadvantage for EOD.

4. Coagulated or agglomerated sludge produced in wastewater and sewage treat-
ments is very compressible, collapsible and transformable, so that such a sludge
is extremely difficult to dewater by mechanical methods such as vacuum dewa-
tering, pressure dewatering or expression.

5. Gelatinous materials are often found in food processing products, and those are
also hardly removed by mechanical dewatering methods.

6. Proteins, polymers made of amino acids, exist as both cationic and anionic elec-
trolytes in aqueous solution and have a net charged surface with positive or nega-
tive ions environmentally depending on pH of the solution. Then the proteina-
ceous macromolecules have positive or negative ¢-potential in the solution, and
the proteins may be regarded as the particulates in solid-liquid separation for
bio-materials.

7. If corrosion of the electrode material is caused by electrolysis, the bio-materials
dewatered electro-osmotically are contaminated, and also they may be denatured
by ohmic heating.

3 Applications of Electric Field for High-Performance EOD

As explained briefly in Introduction, the characteristics of EOD have been examined
in many experimental studies. Combined operations of electrical and mechanical
dewatering fields were investigated and used in practice as a method for improve-
ment of EOD. The combined fields for high-performance EOD were applied by
the operations of EOD combined with vacuum dewatering, with hydraulic-pressure
dewatering, and with mechanical expression (Lockhart 1992; Yoshida 1993;
Wakeman and Tarleton 1999). Figure 3 shows schematically the process of EOD
combined with expression, for example. In the case of EOD only, the water content
in a bed of the material is reduced near the upper part of the bed, but much water
still remains in the lower part at the final stage of the dewatering, as shown later. On
the other hand, if the top surface of the bed is impermeable, mechanical expression
proceeds with dewatering from the lower part of the bed. Thus, EOD and mechan-
ical expression are complementary; they remove water from both the upper and
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Fig. 3 Schematic diagram of combined dewatering of electro-osmosis coupled with expression

the lower sides. Consequently, a combination of these dewatering operations can
be expected to be a useful means for improvement of EOD (Yoshida 1993). The
process of EOD combined with mechanical expression was discussed theoretically
and experimentally by taking into account the hydraulic pressure distribution in a

bed of the dewatered material (Iwata et al. 1991Db).

A batch-type experimental apparatus used for EOD is illustrated in Fig. 4.

A semisolid material to be dewatered is put between two
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Fig. 4 Typical batch-type experimental apparatus for EOD
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with each of the upper and the lower electrodes made of perforated plate or wire
netting in the vertical direction, and subsequently an electric field for EOD is typi-
cally applied and investigated under a continuous DC condition. The polarity of
both electrodes is determined in consideration of the polarity of ¢-potential of solid
particles so as to remove water downwards from the material.

In EOD under continuous DC operation for the semisolid material (e.g. sludge)
of which the initial water content is uniform throughout the sludge bed, a final
distribution of water content in the direction of height of the bed at the end of
dewatering is shown in Fig. 5. The ordinate in this figure represents a dimension-
less parameter that is obtained by normalizing the distance from the bottom of the
bed by the whole height of the bed at the end of dewatering, because the whole
bed height actually decreases with the progress of dewatering. Similar results are
obtained experimentally in the combined process of EOD and vacuum dewatering
(Yoshida 1993; Vijh 1999a).

As shown in Fig. 5, EOD under the condition of DC power supply is succes-
sively performed downwards and the water content is reduced considerably in the
upper part of the bed opposite to the drainage surface. The reduction of the water
content near the upper electrode enhances the increase of electrical contact resis-
tance between the upper electrode and the top surface of the sludge bed shown in
Fig. 4, resulting in a large expenditure of the voltage applied to the bed. In such
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Fig. 5 Final distribution of water content in sludge bed dewatered using electro-osmosis
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circumstances, the applied electric field does not act effectively in the lower part of
the bed, and then continuation of EOD becomes increasingly difficult.

Different applications of electric field, besides continuous DC, have recently
been investigated in an effort to improve the performance of EOD. New develop-
ments for high-performance EOD are described in the next section.

3.1 Electric Field Application with Electrode Polarity Reversals

An improvement for the performance of EOD under continuous DC condition
had been originally tested by Gray and Somogyi (1977). They investigated an
electro-osmotic treatment with the electrode polarity reversals of every 30 min for
red mud sludge and suggested that reversals of electrode polarity or electric current
direction improved consolidation of the sludge and more efficient dewatering.

The electric field application of alternating current (AC) with periodic reversals
of the electrode polarity has been also investigated from the viewpoint of lowering
an increase of the electrical contact resistance between the upper electrode and the
sludge being processed (Yoshida et al. 1999). By applying a very-low-frequency AC
electric field combined with mechanical expression to the sludge bed, the direction
of liquid flow in the bed by electro-osmosis can be reversed periodically with time,
and this EOD process was expected to be useful for sludge dewatering from both
sides of the bed between the electrodes.

The AC operation for an efficient EOD process was investigated in the region
of low frequency below 1 hertz (Hz) for the electrode polarity reversals. An AC
electric field was experimentally applied to the sludge bed actually by using an
electric power supply system consisting of function generator, power amplifier, and
oscilloscope, and both rectangular and sine waves can be mostly used as the wave
form of AC voltage, as shown in Fig. 6. An effective value (root mean square-
value: RMS-value) of the voltage applied under the condition of AC was used for
a comparison between the AC and DC operations, and the effective applied voltage
was constant in each wave form and equal to the DC voltage applied constant during
the dewatering process.

The effects of the wave form and the wave frequency on final dewatered amount
per unit cross-sectional area of the sludge bed for a clay material are shown in Fig. 7.
On a semi-log plot as shown in this figure, the value of final dewatered amount Q,
approximately in the low region below 1 Hz of the wave frequency f increases with
deceasing fin both the rectangular and sine waves, and then in the range below about
0.01 Hz Q; becomes larger than the DC operation. From these results, it is found
that the AC operation at a certain low frequency can improve the performance of
EOD compared with the DC operation. This fact suggests that the process of EOD
with electrode polarity reversals can be effective not only for reducing the water
content uniformly throughout the whole sludge bed but also reducing the excessive
increase of the electrical contact resistance caused by DC operation. However, it
was also reported that the efficiency of electric power consumption for the amount



132 A.S. Mujumdar, H. Yoshida

Rectangular wave

DC
©) S
5} N -
3 i) FT—> Time
©
Sine wave
DC
? ..
)
300 iy =
| )
SR \’j/ o
@
Fig. 6 Schematic diagram of wave forms of an AC electric field
3.0 P eI
. White clay
25 | | 40 volt
5 20 | \
£ . DC
o
X 15 L
S
10 I ©  Rectangular wave
®  Sine wave
0-5 1 1 L '} L
| DC lo.om 001 0.1 1 10 100

f [Hz]

Fig. 7 Relation between Q; and fin both rectangular and sine waves

of removed water under AC was lower than that under DC except near the end of
dewatering (Yoshida et al. 1999).

3.2 Interrupted or Intermittent Electric Field Application

Lockhart (1986), Lockhart and Hart (1988) studied many of the variables in terms
of EOD, and one of the variables was interrupted electric power application; in
other words, on—off power application. According to their studies, the experimental
results of on—off alternations with equal periods up to 5 min suggested that better
results than continuous DC power application were not always appeared, and that
the results depended on the material dewatered and the apparatus used in the
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experiments. It was also noted that the interrupted power applications did not offer
any inherent advantage or power saving capability, but the on—off power regimes
were not suggested to be not useful for practical value from power interruptions.
Therefore, interrupted EOD of a clay sludge was demonstrated for the first time
as a new method of interrupting power operation (Rabie et al. 1994; Gopalakrishnan
et al. 1999b). In this pioneering method shown in Fig. 8, a constant voltage or current
is applied for #,,, the on-time, followed by a period of 7,4, the off-time when the
power is turned off. This pattern is then repeated. Almost the same experimental
apparatus as shown in Fig. 4 was used, and the electrodes were short-circuited
through a shunt resister with extremely small resistance during the periods of power
interruption. In the interrupted regimes, the off-time ranged from 0.5 to 20 s with the
on-time fixed 30 s. Figure 9 gives an example of efficient interruption with a short
circuit and shows the volume of water removed as a function of the cumulative
on-time for both continuous DC and the interrupted processes with three off-times
of 0.5, 3, and 20s. It is seen that the largest volume of water was removed for the
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Fig. 9 Relation between water removal and cumulative on-time
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shortest off-time of 0.5 s, and that the interrupted EOD process with the off-time of
0.5 s removed finally about 40% more water than continuous DC.

Figure 10 shows the relation between the volume of water removed and the
cumulative electric power consumption for continuous DC, and the interrupted
processes with a short circuit of the off-times of 0.5 and 20s. For a given electric
power consumption, the interrupted EOD process with a short circuit of the 0.5s
off-time removed much water more than the DC process, whereas the interrupted
process with the 20 s off-time removed less than the DC process. From these results,
a certain operation in the interrupted mode has a beneficial effect if the electrodes
are short-circuited during the off-time, and the dewatering rates and the final volume
of water removed can be larger than those by continuous DC mode for equal energy
consumption. For the interrupted EOD process enhanced by short-circuiting the
electrodes, it was also reported that an experimental optimum off-time was 0.1 s
for an on-time of 30 s for Hydrocol clay suspensions (Gopalakrishnan et al. 1996a).

For efficient performance of EOD, an intermittent electric field, abbreviated to
IEF, made by rectifying an AC electric field can be used to reduce the excessive
increase of the electrical contact resistance with proceeding of the dewatering. The
rectified intermittent electric field was constituted of half waves as shown in Fig. 11,
in which both rectangular and sine waves were used as the wave form of AC, and
the magnitude of AC voltage applied could be divided by two conditions of both the
same peak-value voltage (PV) and the same effective RMS-value voltage (EV) as
the voltage applied under DC and AC electric fields. Figure 11 gives an example of
both PV and EV with 40 V under the IEF in each wave form.

In the rectified half-wave IEF, a diode was added to the AC circuit described
before for half-wave rectification of AC, and on-time of the electric power supply
was equal to off-time, and the on-off time was set in the region of more than 50s,
namely, very low frequency below 0.01 Hz of AC. Then the process of EOD under
the IEF was investigated experimentally, under both conditions of the same PV and
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Fig. 10 Relation between water removal and energy consumption
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Fig. 11 Schematic diagram of intermittent electric field (IEF) obtained by half-wave rectification
of AC electric field with rectangular and sine waves

the same EV as the constant voltage applied under DC or AC condition (Yoshida
2000).

Figure 12 shows the time evolutions of the amount of removed water W under
IEF of which AC with sine wave form was rectified to half waves at a very low
frequency of 0.001 Hz (on—off time = 500 s). Figure 13 shows the relation between
W and the electric power consumption P in the case of rectangular wave form with
fof 0.001 Hz. These figures show a comparison among the IEF, DC and AC, where
their EVs are constant and the same, respectively. It can be seen from Figs. 12 to
13 that both the dewatering rate dW/dt and W under the IEF are increased compared
with those under the DC and AC, and that the electric power efficiency W/P under
the IEF is remarkably higher than those under the DC and AC. These results are
considered to be due to the aforementioned electrical contact resistance which is
reduced to some extent during the dewatering process under the IEF.

The final amount of removed water W under the rectified half-wave IEF with
rectangular wave AC was investigated by varying the cycle time, corresponding to
the period of one on and off state, and the relation between W, and the cycle time
was shown in Fig. 14, where the voltages applied under the IEFs were in both cases
of PV=40 V and EV =40 V, and the cycle time was varied from 0.5 or 1.0 to
10 min. From this figure, Wy can be found to become maximal at around 5 min in
both cases, and even in the case of PV, W, in a certain range of the cycle times is
larger than that under the DC condition (Yoshida et al. 2001).
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An IEF under pulsed DC was also investigated by varying the ratio of on/off time
R defined as:

R = off-time/on-time (18)

The relation between W; and R in this pulsed IEF was obtained as shown in
Fig. 15. In this figure, the on-time is 4 min in all the pulsed DC IEF; therefore
R = 1.0 represents the half-wave IEF and the off-time is 4 min. Figure 16 also shows
the relation between the electric power efficiency for the final amount of removed
water Wy/Pr and R under the pulsed DC IEF. These results indicate that there is an

Wr [d]

Fig. 15 Wy under pulsed DC
1IEF
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Fig. 16 Efficiency of electric
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optimum value of R in terms of both W, and W,/P, that are respectively highest at
approximately R =0.75 (oft-time = 3 min) for all IEFs (Yoshida et al. 2001).

The effect of the half-wave IEF under pulsed DC was investigated by using a
cross-flow continuous-type experimental apparatus which consisted of two vertical
cylindrical electrodes. In such an apparatus used for electrokinetic dewatering of
slurry, an electric field was applied to the slurry flowing downwards continuously
between the vertical cylindrical electrodes. Thus the slurry can be dewatered electro-
osmotically toward both sides of the flowing path across the vertical electrodes.
The half-wave IEF was also available for the cross-flow continuous dewatering
apparatus, and the intermittent power application could be useful for improving the
performance of EOD not only in the batch experiment but also in the continuous
one (Yoshida 2001).

3.3 Electric Field Generated by Combination of Constant Current
and Constant Voltage Conditions

The process of EOD has been principally operated and investigated under conditions
of either constant voltage, abbreviated to CV, or constant current, abbreviated to
CC here. If the electric resistance between two electrodes R, namely the electric
resistance of the dewatered material is increased with proceeding of the dewatering,
the EOD process operated at CV goes to an end because the electric current passing
through the material bed gradually decreases, while the operation at CC has to be
stopped forcibly because the voltage required to maintain the condition of CC is too
high. The increase or decrease of R depends on the physical and electrical proper-
ties of the material to be dewatered. Therefore, a combination of CV and CC could
be determined according to the properties of the material so as to make the average
strength of electric field, E,,, applied to the whole bed of the material as large as
possible in the dewatering process, as described previously in the Section 2.2.
From this point of view, the operation of CV combined with CC was investigated
as a means to improve the EOD process, and such a combined operation was shown
to be effective in terms of the final amount of water removed W; and the efficiency
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of electric power consumption for its removal W¢/Py, as an example shown in Fig. 17
(Yoshida et al. 2004).

3.4 Electrode Arrangements and Configurations

Electrode arrangements for electrodewatering in relation to impoundments had been
investigated by a group of the Commonwealth Scientific and Research Organization
(CSIRO, Australia) (Lockhart 1986). Both horizontal and vertical electrode arrange-
ments were examined for in situ dewatering of sand and coal washery tailings,
and their electrodes were respectively set with mesh arrangement with consider-
able open area in each impoundment. The field trials for dewatering were carried
out using horizontal electrode arrangements at a coal washery tailing pond, and
the findings were attractive, especially considering the high cost of chemical floc-
culants needed for centrifugal dewatering practice. The vertical electrode arrange-
ments were found to be more appropriate at a sand washery tailing pond.

As described in the initial part of the Section 3, using EOD, the water content in
the sludge bed being processed cannot usually be reduced in the lower part near the
drainage surface. That is, it is difficult electro-osmotically to dewater throughout the
whole sludge bed. In view of this, an EOD system with multistage upper electrodes
was proposed, and it is schematically shown in Fig. 18 (Yoshida 1993). In this figure,
the experimental apparatus for the system is a case of three-stage perforated upper
electrodes as the anode is arranged vertically at regular intervals within the sludge
bed. It can be seen that the bed is divided into three parts by their upper electrodes
in the vertical direction. At the beginning, an electric field is applied between the
highest upper electrode (anode) and the lower electrode (cathode) on the drainage
surface. Thereafter, when the excessive increase of the electrical contact resistance
between the highest electrode and the sludge is observed; in other words, a drop
of the applied voltage is observed to be considerably large near the highest upper



140 A.S. Mujumdar, H. Yoshida

Uy
e
Upper
electrode switch
1].1{:. power supplyJ
Lower
electrode

Liquid

Fig. 18 Multistage upper electrode-type EOD apparatus (e.g. three-stage)

electrode, the upper electrode can be changed from the highest to the middle one by
use of the rotary switch. Thus, applying an electric field to the sludge bed alterna-
tively by switching in turn from the higher upper electrode downward to the lower
one, the water content can be reduced throughout the whole sludge bed. Using a
bentonite clay sludge and stainless steel for the electrode material, consequently
higher-performance of EOD could be realized using the multistage upper electrode
method (Yoshida 1993). However, it may be difficult to remove the upper electrodes
from inside of sludge bed after completing the dewatering process.

Another method using a third electrode called the “gate” electrode placed between
the upper and lower electrodes was experimented with to enhance the performance
of EOD, as illustrated in Fig. 19 (Yamada et al. 2001). According to the experimental
results reported, it was possible to control both the flow of electric current and the
migration of particles due to electrophoresis caused by the voltage applied to the
third gate electrode, and as the result a greater liquid flow could be achieved than
ordinary EOD operation. Yamada et al. (2001) also explained their good results
obtained under certain conditions in terms of a model of the field effect transistor
(FET) that involved electronic charge carriers that could be modulated by choosing
a voltage of the gate electrode. Vijh (2002) pointed out that the FET model is not
applicable to the phenomena involved in the gate-electrode system, and suggested
that the gate-electrode EOD is not essentially much different from the multistage
electrode EOD method mentioned above, but the gate electrode system possibly
provides a method for improving the EOD process under certain conditions.

Using a rotating upper electrode replaced with a stationary or fixed electrode
was experimentally investigated for an improvement of EOD (Ho and Chen 2001).
In this case, a sludge of bentonite was used and excess sludge was loaded beyond
the upper electrode to keep good contact between the electrode and the dewatered
sludge. The perforated plate upper electrode used for anode was rotated with the
speed from O to 300 rpm. This method promoted significantly an increase in the
rate of dewatering with the rotational speed, and the final amount of water removed
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from the sludge was demonstrated to reach maximum at about 240 rpm, as shown
in Fig. 20. It was discussed that such increase as maximum water removal was due
to the combined effect of both the “falling-off” of the dewatered sludge from the
rotating anode electrode and sufficient supply of fresh sludge on the anode, namely
the refreshment of the portion near the anode with wet fresh sludge. The increase of
water removal with rotating speed was associated with an electric current increased
by anode rotation. For these reasons, both effects would improve the performance
of EOD, and the upper electrode rotation also would be useful for making the water
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Fig. 20 Increase of dewatering with anode rotational speed
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content distribution along the sludge bed more uniform and higher solid concentra-
tion of the sludge dewatered.

In order to improve the performance of EOD from the viewpoint of increasing
electrical contact resistance, it is also possible to insert the upper electrode into the
material as dewatering proceeds, as shown in Fig. 21. Then a porous plate gener-
ally used for the upper electrode could be replaced with several rod-type electrodes
which are inserted into the sludge bed. In using the rod-type electrodes, if the area of
the rod-type electrode available for dewatering is regarded as the area of the bottom
surface of each rod, the total area of the upper electrodes which are in contact with
the sludge effectively for the dewatering is supposed to become smaller than the
area of a porous plate upper electrode used ordinarily.

From this point of view, electric field application was experimentally investigated
by decreasing the area of the plate-type upper electrode opposite to the drainage
surface compared with the cross-sectional area of the sludge bed, and the influence
of such electric field application as decreasing the area of the upper electrode on the
dewatering process was discussed in terms of total amount of water removed and
electric power consumption (Yoshida and Okada 2006).

Half of the cross-sectional area of the sludge bed was employed for the upper
electrode area and the electric field application was operated by the CC condi-
tion, and then the experimental results were compared with the upper electrode
with the same area as the cross-sectional area of the bed. Figure 22 shows the
variations of E,, with the lapse of time for the upper electrode with half area of
the cross-section of the sludge bed and with the same area as that. The value of
E,, was calculated using Equation (16) using the changes of V and L with time.
At the beginning, E,, in the upper electrode with half area of the cross-section
of the bed is larger than the same-area upper electrode as the bed, as shown in
this Fig. 22. This can be ascribed to the increase of Rg or V in the half-area elec-
trode. It is also suggested that an increase in the electrical contact resistance in the
half-area electrode is reduced compared with the same area electrode. Figure 23
compares the total amount of water removed, Wy, and the final efficiency of electric
power consumption for water removal, W//Py, in both operating conditions. It is
found that both Wy and W//P; in the half-area electrode are larger than the same-
area electrode of the bed. As mentioned above, a decrease of the area of the upper
electrode can be expected for the purpose of improving EOD performance.

Upper electrode | ower water content layer

Drain

Fig. 21 Rod-type upper electrode inserted into sludge bed with EOD
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As shown in Fig. 24, an essentially different type of experimental apparatus for
EOD from the experimental one shown in Fig. 4 was proposed, in which an electric
field was applied horizontally to facilitate the removal of gases produced at elec-
trodes and to keep the anode soaked in water during the dewatering process (Zhou
et al. 2001). This experimental apparatus was investigated for dewatering of waste
activated sludge taken from a wastewater treatment plant. The activated sludge can
be related to the Section 4. Figure 25 illustrates the time evolutions of water removal
with the electric field strength as a parameter. It is found that the water removal can
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Fig. 24 Experimental apparatus for horizontal electric field

be increased by increasing the applied voltage using the horizontal electric field.
It was also reported that, compared to the operation of EOD applied in a vertical
electric field, the apparatus using an application of the horizontal electric field had
advantages in terms of high efficiency, simple structure, and ease of operation.
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Fig. 25 Time evolutions of water removal with applied voltage
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4 EOD of Bio-Materials

As described earlier in the Section 2.3, EOD has the potential for dewatering of
biomaterials and has some advantages compared with conventional mechanical
dewatering methods. It has so far been used in practice mainly for dewatering of
biomaterials or biosludges produced from bioindustry and the related industrial
fields: for example, sewage/activated sludge, waterworks sludge, food processing
products and wastes, and biomass sludge.

4.1 Sewage/Activated Sludge and Biomass Sludge

Many installations for disposal of biosludge produced by wastewater treatment
process are used widely, so that a large amount of excess sewage/activated sludge
gets discharged from the process. Such sludges that are colloidal in nature with
extremely small particle size are very difficult to dewater purely mechanically.

Figure 26 gives an example of the effectiveness of EOD on sewage sludge dewa-
tering (Yukawa et al. 1986). Figure 27 shows that the water content in the discharged
cake of sewage sludge can be remarkably reduced by EOD, reaching about 50%,
which is a value that cannot be attained by mechanical expression (Kondoh and
Hiraoka 1990). Accordingly, a few equipments for EOD were developed in Japan,
and their practical operations are shown in Figs. 28-29, for example. As shown in
Fig. 28, one of them consisted of a rotary drum in which surface of the drum was
used as one electrode and a seamless moving belt as the other electrode, and the
sludge fed into the space between the drum and moving belt was dewatered electro-
osmotically under the combined field of electric field and expression (Yamaguchi
et al. 1986). Another industrial EOD device is filter press type as shown in Fig. 29
(Kondoh and Hiraoka 1990). This figure illustrates schematically the sectional view
of the filter chamber of the equipment. Each filter chamber consists of filter cloths,
filter plates, membrane for expression, and electrodes. After the filter chamber is
filled with sludge, the sludge is dewatered by pressure filtration at first and then
expressed by inflation of the membrane, and finally dewatered electro-osmotically
by an electric field. However, it seems that these equipments are not widely used at
this time.

CSIRO in Australia investigated the applicability of EOD to aerobic wastewater
treatment sludges which were particularly difficult to dewater using conventional
mechanical equipment (Barton et al. 1999). It was reported that the bench-scale
dewatering experiments produced cakes with solid contents of 42-46% in weight
using EOD, compared with 24-30 wt% using pressure dewatering alone. Thus,
EOD showed a substantial increase in the cake solid contents from sewage sludges
produced by biological wastewater treatment processes. Barton et al. (1999)
discussed a mathematical model for EOD described in the Section 2.1; the basic
differential Equation (6), which represents the process of EOD, for the adaptability
of application to sewage treatment sludges, and consequently preliminary results
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provided meaningfully a reasonable simulation of the modeling procedure for the

EOD process of sewage sludges as well.

In order to identify a relationship between water removal limits by EOD and the
forms of water in sewage sludge, the freezing—thawing technique was also examined
using an analysis of proton nuclear resonance (NMR) spectroscopy. And the NMR
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Dewatered cake

Fig. 29 Sectional view of filter-press-type EOD machine
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analysis showed to provide a good way of quantifying the degree of association of
water with the solids in thickened sewage sludge, and the dewatering limits by EOD
was identified by estimating the forms of water removed by mechanical dewatering
(Barton et al. 1999).

For the activated sewage sludge in wastewater treatment, the combined field tech-
niques of both EOD and pressure filtration or expression have been investigated on
laboratory and pilot-plant scales by many researchers to find the dewaterability of
the sludge and the technical possibility for it. And these techniques were confirmed
to be promising for the dewatering of the biological sludges in terms of attainable
solid contents (to more than 60 wt%) and very low power consumption compared
to that needed by thermal drying techniques (Smollen and Kafaar 1994; Saveyn
et al. 2001, 2005, 2006).

Biomass sludge resulting from the concentration of waste slurry from biological
wastewater treatment and enzyme production are rich in nutrients, and the sludge
can be used as fertilizer for agricultural soils. For the purpose of this utilization,
it has to be dewatered previously from around 3-5 wt% to 30 wt% in dry solid
contents, which could be easily demonstrated by the operation of EOD experimen-
tally, and low power consumption could be obtained when keeping the strength of
electric field to a low level, since the electrical conductivity was quite high for the
biomass sludge (Hansen et al. 2003).

4.2 Food Processing Products and Wastes

The operation of EOD combined with mechanical pressure (expression), which was
called the combined field dewatering, has so far been applied to food processing
industry, and several studies have been carried out on EOD of food materials.

To produce sardine powder for a gelatinous product such as “kamaboko”, a
continuous screw-press-type bench scale dewatering machine that is applicable to
avoide protein denaturation of fish meat was developed by applying combined field
of electro-osmotic and mechanical methods. In this EOD machine, the screw is used
as one electrode and the strainer as the other electrode. Final water content of sardine
minced meat soaked with water was only 60% by the conventional mechanical
method, but it was reduced to less than 40% in only 15-18 min by applying the
combined field (Suzuki et al. 1990).

The process of the combined field dewatering, involving electro-osmosis and
expression, was studied experimentally for seaweed (Lightfoot and Raghavan 1994,
1995). They observed that the addition of electro-osmosis to expression signifi-
cantly improved the performance of dewatering of seaweed. They also found that
electro-osmosis reduces the energy consumed for producing kelp meal for animal
consumption if dewatering is followed by thermal drying to produce the final
product dried.

The potential benefits of combined field dewatering were also investigated for
brewer’s grain, apple pomace, and vegetable waste (Orsat et al. 1996). They
conducted that their solid concentrations with the addition of an electric field to
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expression can be increased respectively from 30% to 48% for brewer’s spent grain,
from 23% to 53% for apple pomace, and from 11% to 67% for vegetable waste. As
mentioned above, the combined field dewatering of kelp (seaweed) before drying
process had been shown to be useful for reducing energy requirements for drying
(Lightfoot and Raghavan 1994). This preliminary investigation led to the develop-
ment of a pilot-scale operation for the production of kelp meal, and the kelp after
treating chemically and draining was dewatered experimentally using the pilot-scale
roller-press-type machine for the combined field dewatering (Orsat et al. 1999).
The roller press consisted of seven rollers (four bottoms and three tops) and two
idler rollers mounted on an aluminum truss frame, and the material to be dewatered
was loaded onto a belt, which carried the material through the press rollers where
the combined field was applied simultaneously. In this pilot-scale electro-osmotic
roller press operation for kelp meal production, it was ensured that the combined
field was effective at removing water from the drained kelp, in spite of remaining
problems with capacity and reliability.

Vegetable wastes produced from the food industry are costly to handle because
of their high moisture content. Effectiveness of the combined field dewatering for
such vegetable waste sludges was studied experimentally on small scale (Chen et
al. 1996). Chen et al. (1996) used fresh vegetable sludge samples made from one
part by weight of cauliflower and two parts of cucumber as a model of vegetable
waste. In the experiments with such a vegetable sludge, the final average water
removal of 55% was achieved by the combined field dewatering, and this was twice
as high as that of mechanical pressure alone and four times as high as that of EOD
alone.

Figure 30 shows the water removal with different initial heights of the sludge
bed for the combined field dewatering, in which the mechanical pressure was fixed
at a constant value and the initial strength of electric field, defined as the applied
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Fig. 30 Effect of initial bed height for vegetable sludge
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voltage divided by the initial bed height, was also fixed at a constant value. It is
observed in this figure that the water removed increases with increasing the initial
height of sludge bed and also the increase in the water removal tends to be smaller
with the initial bed height. Consequently, for the model vegetable sludges tested, it
was found that the combined field dewatering is more effective than just EOD and
mechanical pressure contributes significantly to the sludge dewatering, and that the
increase in the initial bed height increases the amount of water removed.

“Tofu” is a soy food generally regarded as one of the healthy foods and is very
popular in east Asia. The production of tofu yields enormous waste stream known
as “okara,” which is the solid residue after separation of soymilk produced by
squeezing or centrifugation of soybean mash. A large amount of okara discharged
in tofu manufacturing process has to be dried and burned or sent to landfill, but
the storage and transportation of it are very difficult because of its high moisture
content on wet basis (around 80%). Hence, okara treatment and disposal have been
a serious problem in food processing. To enhance the dewatering efficiency of okara,
a twinscrew-press-type ceramicfilter with electro-osmosis was designed and exam-
ined (Isobe et al. 1996; Li et al. 1999). It was reported that the water content of
okara was decreased by the screw press from 85% to 74% of which the dewatering
efficiency was 50%, and that was reduced considerably up to 40% in case of a
batch compression process with the addition of electro-osmosis. The experiments by
electro-osmosis were performed using DC and AC electric fields with the frequency
from 0.2 to 0.5 Hz, and the low-frequency AC fields combined with mechanical
pressure had the potential to be used in the dewatering of okara compared with DC
operation (Isobe et al. 1996).

Making a sheet of tofu, mechanical pressure dewatering has been used commonly,
but it has the disadvantage of low dewatering efficiency and poor quality control
based on the experience of the manufacturers. The combined field of electro-
osmosis and constant mechanical pressure was performed on the dewatering process
of tofu sheet (Li et al. 2002; Xia et al. 2003). Li et al. (2002) examined the applica-
tion of AC electric field with frequency ranging from 0.3 to 5 Hz for the dewatering
of tofu sheet, and found that the dewatering time was shortened markedly and the
AC frequency in the range 0.5-1 Hz provided good quality of tofu sheet dewatered
in terms of strength, strain and toughness. Xia et al. (2003) investigated combined
field dewatering for 10-30 min at applied voltage ranging from 30 to 50 V under
various pulsed DC electric field as shown in Fig. 31, and the microstructure of tofu
sheet was also observed by a scanning electron microscope (SEM). According to
their results, the combined field dewatering was found to increase the dewatering
rate for tofu sheet compared with that by mechanical pressure only. SEM micro-
graphs showed that the network of tofu sheet near anode was significantly more
compact and homogeneous, if the treatment of EOD was added to mechanical pres-
sure dewatering.

Removal of water by EOD from tomato paste suspension was also used to
concentrate the suspension (Al-Asheh et al. 2004; Jumah et al. 2005). For the
purpose of this treatmet, an apparatus was designed in a vertical orientation, and
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laboratory tests demonstrated applying electric field under both DC and AC oper-
ations to the tomato paste suspension held between two electrodes. The effects of
applied voltage, electric current, height of the bed, pH, and initial solid concentration
of the suspension were examined in terms of water removal and energy consump-
tion for dewatering. It is reported that significant amounts of water can be removed
by EOD under the operating conditions used. This process saved 70% of energy
compared with that needed to dry the same amount of water. The application of AC
electric field provided more promising results than those by DC application.

4.3 Miscellaneous Topics

There are a few interesting papers which are related to EOD applications where
dewatering per se is not objective (Vijh 1999a,b,c; 2004). Electrochemical treat-
ment of cancerous tumors has been studied experimentally. Vijh (1999c) proposed
a theoretical model to analyze the primary mechanism of electrochemical treatment
of the tumors. The idea for the analysis was that the process of electrochemical
treatment can be regarded as a case of EOD of the tumor tissue with the consequent
changes in pH, with the concomitant role of reactions at the electrodes. That is,
the electrochemical treatment of tumor causes a net flow of water from the anode
to the cathode, causing EOD of the tissue, based on the electrically induced flow of
water trapped between the tumor cells. All the main experimental observations—for
example, water removal near the anode and water accumulation near the cathode as
well as the associated pH changes and other factors considered to be involved in
necrosis—were explained by the analysis proposed. Some suggestions were made
based on the analysis to explain the enhancement of the efficacy of the process of
electrochemical treatment of cancerous tumors.

Electrokinetic remediation of contaminated soils and dredged sediments is
another application of EOD, which has attracted major attention. However, this
subject is outside of the scope of this chapter (e.g., Shaplro and Probstein 1993;
Reddy et al. 2005).
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5 Closing Remarks

Although EOD has been examined both theoretically and experimentally for decades
and its advantages in dewatering are well documented, commercial applications are
still few. Typically EOD is not as cost-effective as a stand-alone operation. It is
necessary to use it in combination with pressure or vacuum dewatering. Thus the
equipment capital cost is higher than that of conventional dewatering equipment.
Future R&D will hopefully allow cost-effective development of EOD-enhanced
equipment for sludge dewatering and contaminated soil remediation.
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Electrofiltration of Biomaterials

R. Hofmann, T. Kiippler, and C. Posten

Abstract Solid-liquid separation of biomaterials is still a problem that has not
sufficiently been solved on the technical scale. Most biological compounds like cells
and biopolymers exhibit comparatively high electrical surface charges. These allow
for the application of electrical forces strong enough to overcome hydrodynamical
forces. The contribution given here describes an innovative filter chamber, which
makes use of this property. In this so-called press electrofiltration, an electrical field
is superimposed onto a conventional dead-end filtration with membranes on both
sides of the filtration chamber. The electrical field induces an electrophoretic flux
of charged biomaterials towards the oppositely charged electrode. Thus, a big filter
cake can be built up on the membrane at this side, while dewatering happens at the
membrane next to the other electrode. Here only a thin surface layer is formed. One
special feature of this newly designed filter chamber is the separation of the elec-
trodes by flushing chambers. These allow for the removal of electrolysis gases, as
well as for pH and temperature control. After reviewing the mathematical descrip-
tion of electrofiltration, the chapter highlights the advantages of this approach by
describing different application examples. These range from dewatering of biopoly-
mers, namely polysaccharides and proteins, to removal of cells from product up to
fractionation of different polymer colloids from each other. Each example is exten-
sively discussed on the basis of given data for model systems and for real fermen-
tation suspensions. It is outlined that press electrofiltration is especially worthwhile
for fine, highly charged particles as being present in biosuspensions. One unique
selling point is the high final biopolymer concentration, which can be reached. For
transfer of these examples to processes in fermentation or food industries useful
general guidelines are given at the end of the chapter.
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1 Introduction

Bioseparation gets more and more important with the increasing level of chemical
production, which is impacted by biotechnology. As the purification of biopoly-
mers is often the most difficult task during a bioproduction, more effective and
economically attractive ways have to be developed to cope with the multicompo-
nent biobroths containing a valuable product. An ideal bioseparation process step
combines high separation efficiency with high selectivity and with gentle process
conditions. These requirements are best fulfilled by using membrane processes
(Ghosh 2003). Membrane processes are used to separate and concentrate microor-
ganisms in the primary separation step. Ultrafiltration is used to increase the concen-
tration of biopolymers such as proteins. For the filtration of biological material,
there is the drawback of high filtration resistances that biopolymers and microor-
ganisms have. Therefore, filtration processes are normally performed in a cross-
flow mode where a flow tangential to the filtration direction reduces the buildup of
the filter cake. To guarantee a flow that creates a shear force that is high enough,
the liquid must not excess a certain viscosity. As biopolymers often significantly
increase viscosity with increasing concentration, the end concentration of a cross-
flow filtration is limited. Additionally, shear forces can damage sensitive enzymes,
which is also a drawback (Kaufmann 1997). Electrofiltration is a promising alterna-
tive membrane process for an effective dewatering and fractionation of biomaterials,
and especially biopolymers. Here an electric field is used to decrease the filter cake
build-up. As biopolymer molecules—and therefore the colloid particles—often have
charged groups on their surfaces, they can be easily influenced in their movement
by an electric field. The electric field is brought into a filter chamber in a way that
the electric force on the molecule or particle to be separated within the chamber
is directed opposite to the flux direction. The concept was used for microfiltration
and ultrafiltration in bio-applications (Iritani et al. 1992; Wakeman 1986; Wakeman
1998). Electrofiltration can be used especially when high end concentrations are to
be achieved or to reach very high selectivities. The charge then has to be different
within the system to be separated. Concentration of biosolids allows very high end
concentrations, which can directly be fed into a drying system.

2 Dewatering of Biomaterials by Press Electrofiltration

Solid-liquid separation of biomaterials is, due to the poor permeability of biomate-
rial filter cakes, still a problem that has not sufficiently been solved on the technical
scale. Additional to their small size, another reason for the bad filterability of bioma-
terials and especially biopolymers can be found in their strong interaction with their
solvent, which in most cases is water. However, biomaterials also have a character-
istic that makes them well suited for the application of the press electrofiltration—
that is their high surface charge resulting from dissociation of functional groups or
the adsorption of small salt ions.
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2.1 Force Balance

Press electrofiltration superimposes an electric field onto a conventional dead-end
filtration. Due to this electric field, an electrophoretic flux of biomaterial is induced
in the opposite direction of the convective material flux, which is caused by the
hydraulic pressure gradient. This leads to a reduced surface layer or filter cake build-
up and further to accelerated filtration kinetics.

The forces that act on a single bioparticle can be estimated using the following
equations: The convective filtrate flux causes a hydrodynamic resistance force to
act on each particle deposited in the filter cake. This hydrodynamic force can be
estimated in a first assumption by Stoke’s law:

FrR=6-m-m-1-v¢ (1

In this equation the resistance force Fg is proportional to the hydrodynamic
radius of the particle and the filtrate flux velocity v¢. According to Karman and
Kozeny (Rumpf and Gupte 1971) the filter cake’s permeability, and so the filtrate
flux velocity, is in the first assumption proportional to the particle size to the power
of 2. Using this assumption for the hydrodynamic resistance force one gets the rough
proportionality:

Fr ~ 1 2)

The electric force acting on a charged bioparticle with the zeta potential { can be
estimated by Equation (3) (Schwuger 1996):

Fo=4-mm-g-g -m-{~m 3)

Thus, the electric force F increases proportionally with the size 1y, of the biopar-
ticle, while the hydrodynamic force increases with the particle size to the power
of 3.

Figure 1 shows the curve progressions of these forces acting in opposite direc-
tions with increasing particle size r,. From this comparison and the Equations (1)
and (3), one can see that especially for very fine and highly charged particles, the
electrophoretic force overwhelms the hydrostatic resistance force.

Hence, the following statements can be deduced from Equations (1) and (2):

e Press electrofiltration is worthwhile for fine particles and colloids such as microor-
ganisms, cell debris, and biopolymers.

e Press electrofiltration is worthwhile for the separation of highly charged particles
and colloids as biopolymers having dissociated chemical groups

Since biomaterials especially biopolymer such as polysaccharides and proteins
are often highly charged due to amino groups or carboxyl groups, press electro-
filtration is especially suited for their separation. Originally press electrofiltration
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Fig. 1 Estimation of the electric force and the hydrodynamic force as function of the hydrodynamic
radius of a bioparticle

was investigated for the dewatering of mineral suspensions. However, the great
disadvantage of dewatering mineral suspension compared to biosuspension by the
electrofiltration is the use of costly electrical energy, which often is not profitable
for such low-cost bulk products. Furthermore, suspended mineral particles are not
that fine and are hard to filter as biopolymers and their surface charge are generally
much smaller as they lack dissociated chemical groups.

2.2 Filtration

For the macroscopic description of the cake (or dead-end) filtration Darcy’s law can
be employed. In this equation the filtrate volume flux is proportional to the applied
pressure Ap and the square of the filter surface area, and is inversely proportional to
the viscosity of the solvent m¢, the mass specific filter cake resistance oy, and the
deposited mass of biomaterial on the filter mcaie gry-

dV¢ _ Ap - A?
dte MNf * Cay - Mceake,dry

“)

The filtration resistance of the filter medium is neglected here as the cake resis-
tance highly dominates filtration kinetics.
The overall mass balance around the filter cake

Meake,dry = €+ (Vf + Vcake,wet) (5)

leads to a relationship between the deposited mass of biomaterial mge ry and
the filtrate volume Vj.
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Since Vakewer 18 much smaller than V¢, Equation (5) can be approximated as
follows:

Meake,dry = € * Vf (6)

With the relation of Equation (6) the integrated form of Equation (4) is given as

te Nf - Ay - C

LM T "y 7
Vi 2-Ap-Az T @)

Since polymer filter cakes are highly compressible, an average specific filtration
resistance a,, must be used, which in the integrated Darcy’s law, Equation (7), is
averaged over the filter cake height and the filtration time t;. Furthermore, the filter
resistance of the filter medium was neglected in the equations above as in most cases
the filter cake resistance of the biomaterials is much greater than the filter resistance
of the membrane or filter cloth.

By plotting the filtration time t; and the total filtrate volume Vy data as t/Vy
versus V¢, the specific filter cake resistance a,, can be calculated from the slope of
the plot, if a conventional press filtration is performed.

Press electrofiltration superimposes an electric field onto a conventional dead-
end filtration. The electric field acts parallel to the flow direction of the filtrate, and
therefore the process remains a dead-end filtration process. The electric field induces
an electrophoretic flux of charged biomaterials towards the oppositely charged elec-
trode. In the case of negatively charged biopolymers, the filter cake assembly on
the membrane next to the cathode (minus pole) is reduced by the electrophoretic
flux of these biopolymers away from this membrane. Thus, only a thin surface layer
is formed on this filter medium. In the following text this membrane is termed the
cathode-side membrane, or working membrane see Fig. 2. The negatively charged
biopolymers are retained by the opposing anode-side membrane, where they are
deposited, forming a thick filter cake. If the biomaterial is negatively charged, elec-
trophoretic and convective biopolymer flux act in opposite directions at the cathode-
side membrane. This means that on this membrane the filter cake buildup is reduced
due to the electric field. The filtration on this “working” membrane can be described
by Yukawas enhancement of Darcy’s law (Hofmann 2005; Hofmann, Kaeppler and
Posten 20006).

Therefore, Yukawa et al. (1976) enhanced the integrated Darcy equation (Equa-
tion 7) in the numerator by the externally applied electric field strength E, given as
(Ecrit — E)/Ecri- Thereby E.y is the critical electric field strength at which the electric
force is in balance with the hydrodynamic resistance force. In order to account for
the electro-osmotic dewatering of the filter cake, an electro-osmotic pressure Ape is
added to the hydraulic pressure Apy,. This enhancement of Darcy’s law is shown in
Equation (8)

t_f _ Mfay - C- (Eerit — B) /Ecrit
Vi 2 (Ap, + Ap,) - A?

- Vi (¥
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Fig. 2 Press electrofiltration using an electrofilter plate, Fr: hydrodynamic force and Fy: electric
force

Figure 3shows different t¢/V; versus V¢ plots with varying electric field strengths.
The ti/V¢ versus V¢ plot of a conventional press filtration without an superimposed
electric field has a constant positive slope. This indicates that a filter cake is continu-
ously built up on both filtration membranes, thereby reducing the filtrate flux. At the
outset, in response to an increasing electric field, the slope of the t;/V¢ over the V¢
curve decreases. Nevertheless it remains stable. However at a certain electric field
strength it changes its course. Ideally the t;/V¢ versus V¢ plot shows a section with
a horizontal proceeding. This indicates that the applied electric field strength is as
great as the critical electrical field strength in Equation (8). At this field strength, the
slope is zero. For a phenomenological interpretation of the proceedings during the
press electrofiltration, the curve in Fig. 4 is divided into three sections (Hofmann
and Posten 2003). In this example a negatively charged biopolymer is dewatered by
press electrofiltration. This means that during the filtration the negatively charged
biopolymers migrate to the anode-side membrane and away from the cathode-side
membrane.

Section I: The plot shows a positive slope. At the beginning of the press elec-
trofiltration there is no biopolymer filter cake on either membrane, resulting in a
large filtrate flux. Thus, a large hydrodynamic resistance force acts on biopolymers
deposited on the membrane. A thin filter cake is formed on the membrane, since the
resistance force is greater than the electrophoretic force.
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Fig. 4 Schematic t;/V; versus Vi plot for the press electrofiltration of a highly charged bioparticle

Section II: The formation of a biopolymer cake on the anode- and the cathode-side
membrane in Section I causes a decrease in both the filtrate flux and the hydro-
dynamic resistance force acting on the biopolymers deposited on the membranes.
On the anode-side membrane the resistance force and the electrophoretic force
act in the same direction, but on the cathode-side membrane they act in opposite
directions. At a certain point, the resistance force acting on the biopolymer on
the cathode-side membrane becomes as great as the electrophoretic force. From
this point no more biopolymer is deposited on the cathode-side filter cake. The
t/Vi, versus Vi plot shows a horizontal course since the filter cake height remains
constant. The electric field strength here is as large as the critical electric field
strength in Yukawas modification of Darcy’s law (Equation 8). Keeping the
biopolymer cake height small and constant dramatically improves the dewatering
of the biopolymer dispersion.

Section III: With the further proceeding of the press electrofiltration the slope of
the plot increases again. This indicates that an increasing amount of biopolymer is
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deposited on the cathode-side membrane. During the experiment the total biopolymer
concentration in the filter chamber increases. These biopolymers are deposited
mainly on the anode-side filter cake, causing the filter cake formed on the anode-
side membrane to grow and come into contact with cathode-side filter cake. This
results in a reduction of the filtrate flux through this membrane and marks the end
of the positive effect of the electric field on the filtration kinetics. In this section a
consolidation of the whole filter cake takes place.

2.3 Press Electrofiltration Versus Thermal Evaporation
Press electrofiltration comes along with consumption of electric energy. This elec-
tric energy consumption can be calculated according to Equation (9) by measuring
the amperage I, the applied voltage U, and the filtration time t;:
Wa=U-1-t ©)
The specific energy consumption may be calculated with Equation (10) knowing

the filtrate flux velocity vy, the electric field strength E, the specific conductivity k.
of the bio-dispersion, and the width of the filter plates dgjer-

Wa _ U-g _p. 2 K Ane Vi 1 B dier - Ke (10)
Vi Ra-Vi — ™ diger Vi Asier Vi Vi
U — —,——

t
1/Rel

Since electric energy is necessary to maintain the electric field, press electro-
filtration is a hybrid between a mechanical and a thermal dewatering process with
respect to energy consumption. The energy consumption during press electrofil-
tration depends primarily on the electric conductivity of the dispersion. A high
conductivity causes a high current to flow through the electrofilter, which leads
to increasing electric energy consumption. Therefore, it is essential to optimize the
electrofiltration process in such a way that the ionic strength of the dispersion is as
low as possible. This can be achieved by optimizing the use of salts in the upstream
production steps. Furthermore, an upstream desalination step might also be worth-
while in some cases. Practical experience has shown that the specific conductivity
of a biopolymer dispersion should be below 8—10 mS/cm if press electrofiltration is
to be sensible from an energy-related point of view.

Apart from the energy consumption, a further advantage of the press
electrofiltration compared to a thermal evaporation is that the temperature during
electrofiltration may be controlled by an unrestricted regulation of the quantity and
temperature of the flushing solution. Other than the temperature increase, arguments
often cited against press electrofiltration technology involved safety aspects. In this
newly constructed electrofilter plate shown in Fig. 2, the electrolysis gas formed at
the electrodes is removed by an electrode flushing. At the anode, oxygen can be
formed and at the cathode, hydrogen. In order to prevent the formation of chlorine
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gas it is recommended to use, for example, a Na, SOy solution as the flushing solu-
tion. In order to prevent a mixing of the cathodic and anodic electrolysis gases, the
flushing solution can be degassed in a settler immediately after leaving the electro-
filter and before going to the filtrate collecting tank. In such a settler it is further
possible to dilute the electrolysis gases by an air flow. The quantity of hydrogen
generated can be estimated by Faraday’s law (Equation 11) and from the amperage
I flowing through the electrofilter. Thus, it is possible to specify the air flow required
for a safe dilution of the hydrogen gas.
Cathode : My, _ T
dte 2-F
dN()2 1 DNC]2 1

= or =
dt, 4.F dt, 2-F

A more sophisticated method of handling the electrolytically formed hydrogen
and oxygen gases would be a conversion of this chemical energy again into elec-
tric energy using a fuel cell. This would also offer the possibility to apply press
electrofiltration for dispersion having a high specific conductivity.

Other electrolysis products formed at the anode and cathode can be H;O* and
OH". By mixing the flushing solutions in the filtrate collecting tank as shown in
Fig. 5, these ions neutralize each other, thereby preventing a pH shift during elec-
trofiltration. The use of a buffer solution for the electrode flushing offers a further
possibility of working at a defined pH.

(11)
Anode :

Example 1: Press electrofiltration of the polysaccharide xanthan in a pilot-scale
filter press

In the following, a pilot-scale concentration of the polysaccharide xanthan by
press electrofiltration is discussed. An electrofilter press equipped with the
electrofilter plates SYMBIOSE 250 of the company LENSER (Senden, Germany) is

pressure vessel with
bioplymer dispersion

i
=

= vessel with
flush liquid
and filtrate

anode cathode

e

Y 1l \vy,

balance _____» =

Fig. 5 Build up of a press electrofiltration plant in lab-scale
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Table 1 Technical data of the production-scale electrofilter plates SYMBIOSE 250 and
SYMBIOSE 470 (Lenser GmbH, Senden, Germany)

Filter chamber Surface
Type volume [dm?] Filter medium area [cm?]
Symbiose 250 0.337 all kinds of MF- and UF-membranes 225
all kinds of filter cloth
Symbiose 470 1.7 all kinds of filter cloth 1174

employed. Hitherto there are two different electrofilter plates available which can be
used in conventional filter presses. The technical data of this filter plates are listed
in Table 1.

The filter plate SYMBIOSE 250 can be equipped with micro- or ultrafiltration
membranes. Thus, it is suitable for dewatering biocolloids like polysaccharide or
enzyme dispersions. The larger electrofilter plate SYMBIOSE 470 can be used for
the dewatering of plant homogenisates.

The setup of the electrofilter press with its periphery is shown in Fig. 6.

A detailed description ofthis work is given by (Hofmann et al. 2006). Figure 7
shows the comparison of t¢/V¢ versus V¢ plots of a pilot-scale press electrofiltra-
tion and a conventional press filtration of the polysaccharide xanthan. The xanthan
concentration in the dispersion was 5 g/l. Xanthan is an extracellular microbial
polysaccharide. Due to its ability to increase viscosity of liquids and liquid solu-
tions, it is one of most important technical biopolymers. Its molecular weight is
between 1 and 12 million Da (Lecourtier and Chauveteau 1984; Paradossi and
Brant 1982; Steinbiichel 2003) and its main chain is predominatly composed of the

[
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Fig. 6 Pilot-scale electrofilter press with peripherals
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dispersion in a pilot-scale (electro)filter press (U= 150 V, Ap = 8 bar, Cxanthano =3 g/1)

sugar glucose. Every second glucose residue possesses a trisaccharide side chain.
The carboxyl groups of the glucuronic acid and the pyruvate dissociate in aqueous
solution and thus give the molecule a relatively high negative charge. This is an
important factor for the applicability of press electrofiltration.

The applied voltage in the electrofiltration shown in Fig. 7 was 50 V. The pressure
in the press electrofiltration and the conventional press filtration experiment was
8 bar. The most striking differences between both filtrations are the curve progres-
sions of the t;/V; versus V; plots. The conventional press filtration has a straight line
with a large slope. The press electrofiltration is a curved line showing the three char-
acteristic sections of a press electrofiltration. That electrofiltration shows the three
characteristic sections indicates that the filtration kinetics of the electrofiltration is
dominated by electrophoretic effects. The slope of the t;/Vy versus V¢ plot of the
conventional press filtration is approximately 185 times greater than the slope of
the press electrofiltration in Section II (see Fig. 7). This means that for conventional

energy/filtrate mass [kJ / kg filtrate]

[} 50 100 150 200 250
Cxmtan [81]

Fig. 8 Specific energy consumption during the electrofiltration of a xanthan dispersion
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press filtration, 185 times more time is required to attain the same quantity of filtrate,
compared to press electrofiltration. The complete curve for conventional press filtra-
tion reaches filtrate volume V; of 1.6 I at a ty/V¢ value of approximately 18,000
s/dm?, is not plotted here as the electrofiltration plot would no longer be visible.
Figure 8 shows the specific energy consumption during dewatering the xanthan
dispersion from 5 g/l up to 220 g/l. For concentrating it up to 220 g/l the specific
energy consumption was 114 kJ/kg filtrate. Regarding the evaporation energy of
water, which is 2250 kJ/kg, electrofiltration exhibits a much higher energy efficiency
than the thermal dewatering process.

Figure 9 shows a picture of the press electrofilter plate SYMBIOSE 250 (or
better one half of the filter chamber) before the electrofiltration. Figure 10 shows

Fig. 9 Filter chamber of the electrofilter plate SYMBIOSE250

Fig. 10 Xanthan filter cake after press electrofiltration (Cxantman = 220 g/1)
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Fig. 11 t/V; versus V¢ plot of press electrofiltrations at different pressures

a picture of the xanthan filter cake after press electrofiltration. The final xanthan
concentration in this filter cake is approximately 220 g/1.

Biomaterials often form highly compressible filter cakes. Consequently the
applied pressure has an effect on the course of the filtration plot (see Fig. 11.). By
increasing the pressure, the beginning of the ineffective Section III is shifted towards
a greater filtrate volume. This means that a greater biopolymer concentration will
develop within the filter chamber. Because of the compressibility of xanthan filter
cakes, the anode-side filter cake becomes more compressed with increasing pres-
sure. Thus, a bigger overall xanthan concentration in the filter chamber is necessary
until the anode-side filter cake comes into contact with the cathode-side membrane
(the working membrane). This gives the operator of an electrofilter the chance to
optimize its energy efficiency of its electrofilter by increasing the pressure.

2.4 Press Electrofiltration Versus Cross-Flow Filtration

State of the art for the dewatering of biopolymer dispersions and biosuspensions,
which are difficult to filtrate, is hitherto the cross-flow-filtration. In cross-flow filtra-
tion, although the shear force of the recirculating dispersion minimizes surface layer
deposition on the filtration membrane, this method of deposition control is not as
effective as deposition control of press electrofiltration. This can be explained by
the fact that the electric force field is in its effect much more specific than the shear
force field of the cross flow filtration. The electric field acts directly on individual
bioparticles rather than the shear forces that act only on the bulk solution. The elec-
tric forces in electrofiltration depend mainly on the bioparticle surface charge and
the concentration gradient within the liquid (rather than on the distance from the
walls). This makes it more effective for deposition control. In cross-flow filtration
the shear force close to the wall approaches zero. However, this is where deposition
takes place.
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Fig. 12 Combination of an electrofilter press with a cross-flow filter device for a cost-saving
biopolymer dewatering up to high concentrations

But the comparison of cross-flow filtration and dead-end-electrofiltration plant
must be extended to more than just the filtrate fluxes. It is undeniable that the
electrofiltration device is more expensive than the cross-flow device because of the
electrical system required. However, the unique selling point of press electrofiltra-
tion compared to cross-flow filtration is the high final biopolymer concentrations
that can be reached. These concentrations are much higher than in the dynamic
filtration process such as cross-flow filtration as biopolymers strongly increase the
viscosity of dispersion even at low concentrations. As shown in Fig. 12, it can
be advantageous to pre-concentrate a dispersion first, using cross-flow filtration or
even centrifugation, and then dewater the pre-concentrated dispersion in a smaller-
dimensioned press electrofilter to the desired final concentration.

3 Fractionation

In addition to dewatering and concentration of biopolymers, the electrofiltration
approach can also be applied for the separation of mixtures containing several
components. Producing a certain substance with a biotechnological approach often
leads to suspensions consisting of a multitude of components, such as cell debris,
polysaccharides, proteins, DNA, and small organic compounds. If only one substance
is the desired product, a multitude of separation unit operations have to be stringed
together in order to achieve the purity needed. All operations are linked to a
certain product loss and of course to investment and operating costs. Thus, there
is a big demand for more effective processes that can combine more than one
separation criterion, so called hybrid processes, such as the previously discussed
electrofiltration.

When considering fractionation processes in biotechnology, one has to look at the
separation methods that are possible. Fractionation is performed by precipitation,
chromatography, or filtration. But commonly used technologies have drawbacks,
such as toxic precipitation agents, high costs (chromatography), or unsatisfactory
selectivities (filtration), especially for mixtures of similar-sized components such as
protein mixtures.

Filtration is, on the other hand, advantageous because of low costs, high scala-
bility, and good performance. There have been several studies that have attempted to
increase filtration selectivity by using charged membranes, electrostatic interactions,



Electrofiltration of Biomaterials 169

or gas sparging (Bellara et al. 1997; Ghosh and Cui 1998; Ghosh et al. 1998; Mehta
and Zydney 2006; Vaneijndhoven et al. 1995).

Electrofiltration takes advantage of the fact that biopolymers are often charged
because of acidic and basic side groups, such as carboxyl or amino groups. According
to pH and ionic strength, the zeta potential can be set and chosen in a way that only
one substance or one group of molecules is charged in a distinctive way. Of course,
the variation is limited by interaction effects between the molecules, as they might
coagulate if they are oppositely charged.

The interactions between two species can be characterized by the approach
of Derjaguin-Landau-Verwey-Overbeek (DLVO) both for particle systems and for
biopolymers such as proteins. The pair potential of mean force can be calculated by
an addition of three potentials:

W2(a) = Wig(a) + Weiee(a) + Waisp(a) (12)

Wi is the hard-sphere potential, Weiec the potential of electric force, and Wi
the potential of dispersion. The most important for electrofiltration are the electric
forces that are highly depending on pH and ionic strength:

Z2e*a lexp[—k(a — 1)]
dmepe, (1 + kr/2)?

WEleC(a) = (13)

The pH value changes the charge z, and the ionic strength of the solution deter-
mines the Debye-Hueckel parameter k.

These interactions have to be considered,when pH and ionic strength settings are
optimized in order to maximize the electric force (see Equation 3).

3.1 Fractionation of Bacteria and Extracellular Enzyme Product

In whole-cell biotechnology, the first separation step is the removal of the solid,
that is, the microorganisms that are whole cells or cell debris, depending on the
product location intra- or extracellular. Centrifugation and filtration processes are
used for this purpose. In common dead-end filtration processes, the filtration rate is
not sufficient because of the high specific cake resistance of cell mass. Cross-flow
techniques can be used to overcome this limitation. But there the drawback that
the retentate suspension has to remain pumpable, and can therefore not be concen-
trated to a high end concentration remains. Viscosity increases extremely with cell
concentration.

Using electrofiltration is an alternative that combines the advantages of high
filter performance and as a dead-end-process, high end concentration. This end
concentration also lowers the amount of wastewater that is needed in cross-flow
approaches where the product can be won by diluting the retentate.
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A cultivation of Bacillus licheniformis (German Collection of Microorganisms
and Cell Cultures DSMZ 1969) was filtrated after the bioproduction as a fraction-
ation example. Bacillus licheniformis is a gram-positive bacterium that is used to
produce extracellular enzymes such as serine-alkaline-proteases and a-amylases
(Takac et al. 2000). The separation was performed with and without an electric field
to investigate the impact of the electrokinetic effects for this filtration (Képpler et al.
2006). Bacillus licheniformis was cultivated in a synthetic medium and was filtered
when its bio dry mass concentration was approximately 6 g/l. Figure 13 shows the
filtration kinetics of the filtrations in the form t/V versus V, where the slope indi-
cates filtration resistance, meaning that small slope is equivalent to a small filtration
resistance. It can be seen that an electric field can greatly accelerate the filtration.
With the field on, 700 ml of filtrate could be won in a tenth of the time needed
without the electric field. The reason for this behavior is that the microorganisms
have a zeta potential of approximately —20 to —30 mV. Therefore, their migration to
the anode-side membrane is accelerated and their migration to the cathode side is
decelerated. At a certain point of time during the filtration, the electric force prevails
over the hydrodynamic resistance force (see Equations 1 and 3) and the all microor-
ganisms migrate to the anode side. Therefore, only a small filter cake resistance
can be detected on the cathode side. Measurement of the mass of the filter cake
showed that 5-7 times more mass was found on the anode side. In addition to this
electrophoretic effect, there is also electroosmosis, which enhances the filtration
speed.

Filtration acceleration can be used to shorten the whole separation process or to
achieve higher concentrations of the retentate. This higher end concentration leads
to a smaller product loss during this filtration step.

In addition to the acceleration the filter cake manipulation, the two-sided electro-
filtration approach can be used to increase the yield of extracellular enzyme present
in the suspension liquid. Figure 14 shows that the transmission of enzyme could be

-0V
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Fig. 13 t;/V; versus V; plot of a filtration of Bacillus licheniformis with and without electric field
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Fig. 14 Transmission of extracellular enzymes during the filtration of Bacillus licheniformis with
and without electric field

enlarged. The reason for that was a reduced filter cake layer that could be passed
easier. It was measured that filter cake layer on the anode side was 5—7 times smaller
than on the cathode side. The effect, however, is only an increase of approximately
50%, which is less than expected. One reason is the mentioned interactions between
enzymes and microorganisms. They are oppositely charged and therefore not freely
dissolved in the liquid. They might be attached to a certain degree to the microor-
ganisms and, there, do not reach the filtrate as the electric force is not strong enough
to disrupt that connection.

But, on the whole, the increase of filtration velocity and of product yield makes
electrofiltration an interesting option for primary separation after fermentation.

3.2 Fractionation of Highly Viscous Polysaccaride and Protein

After primary separation, the fermentation broth still contains a multitude of
different substances. As a model system a mixture of xanthan and BSA protein
was chosen exemplary in order to simulate the separation of a valuable protein out
of a liquid which contains rests of complex substrate. This could be waste from food
or agricultural industries. Xanthan is highly viscosifying. The fractionation of the
two systems could be greatly improved with respect to filtrate velocity as the main
filtration resistance is brought by xanthan, and therefore the effects described in
Section 2 of this chapter are also valid for the fractionation process. More important
is the yield of (BSA), which was collected in the filtrate. A membrane was chosen
that could easily be passed through by Bovine serum albumin (BSA), and which
completely retained xanthan (pore size was 0.1 wm). Figure 15 shows the transmis-
sion values for BSA in experiments with and without the application of an electric
field. Without an electric field only small amounts (below 20%) could be won; with
longer duration of the experiment, this value decreased because of the filter cake



172 R. Hofmann et al.

0.7 & 4 Vimm
== 0 Vimm
0,6
05 ._.—’//r-.’__._\'\‘
=
£ o4
£
g 03
-
0.2 1
o1
1] T T T T J
0 50 100 150 200 250

Filtrate volume V¢ [cm']

Fig. 15 Transmission of BSA during the filtration of a xanthan-BSA mixture with and without
electric field

buildup, which prevented BSA from reaching the filtrate as it was effective as a
secondary membrane. With an electric field 50% could be won from the beginning,
and moreover, this value could be kept constant as the filter cake layer on the anodic
side remains constant after a certain point of time.

3.3 Fractionation of Proteins

Bioactive peptides have been separated from alpha(s2-)casein hydrolysates
(Bargeman et al. 2002a,b,c). An ultrafiltration membrane for the separation of the
peptides by electro-ultrafiltration and ion-exchange membranes to separate the elec-
trode from the feed and filtrate stream was used.

Another approach refrains from using ion-exchange membranes: The filter
chamber shown in Fig. 2 can be equipped with two ultrafiltration membranes that
are unequal in their molecular weight cutoff (MWCO). Molecules of similar size
can be separated by using a pH value that lies between the pl of the two proteins.
Then, they are unequally charged. The one that is negatively charged will predomi-
nantly migrate to the anode side, while the other that is then positively charged will
move to the cathode side. Choosing membranes that definitely retain one molecule
on their electrophoretically preferred side and the other membrane that allows the
protein to pass through offers the chance of reaching high selectivity of the ultra-
filtration procedure. Figure 16 shows the schematic of the exemplary separation of
BSA (69 kDa, pI =4.7-4.9) and lysozyme (14 kDa, pI = 11), which are unequal in
both charge and size. The BSA migrates to the anode side and is collected there at
the 10 kDa membrane. Lysozyme can pass the other side where a 50 or 100 kDa
membrane was used. Using larger pore sizes on the cathode side would enhance the
flux, and therefore the equilibrium between electric force and hydrodynamic force
would not be maintained. Trials with a 0.1 wm membrane showed that the pressure
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Fig. 16 Outline of the processes taking place within the filter chamber during two-sided electroul-
trafiltration (Képpler and Posten 2007)

applied has to be regulated even to a very small value in order to keep the flow

velocity small.

The results obtained by trials are displayed in Figs. 17 and 18. Figure 17
shows the transmission values of BSA and lysozyme in the experiment with and
without electric field. We can see that without an electric field the transmission of
both proteins decreases with time. On both sides of the filter chamber the BSA
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Fig. 17 Transmission of BSA and lysozyme in experiments with a two-sided dead-end filtration
apparatus with and without electric field
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Fig. 18 Comparison of filtrate flux and selectivity of filtrations with and without an electric field

molecules, which are bigger than the lysozyme molecules, are partially retained by
the membranes and build a layer on the membrane which decreases both the filtrate
flux and the transmission of lysozyme. At the beginning, some BSA molecules
could transmit through the 50 kDa membrane, but later, the blockage of the filter
cake layer hinders the following BSA proteins of entering the filtrate. If the electric
field is applied, the situation is different. From the beginning of the filtration the
BSA molecules migrate predominantly to the anode side, where they are retained by
the membrane. Therefore, the amount of BSA molecules reaching the cathode side is
quite small and no resistance cake can be formed. Lysozyme molecules can migrate
to and through the cathode-side membrane as they are positively charged. With the
duration of the filtration the BSA transmission even decreases. At the beginning
the flux is quite high, and thus the electric force cannot completely dominate the
migration of BSA. Later the flux decreases and the electric force is stronger than
the hydrodynamic resistance. BSA molecules entering the filter chamber will then
only migrate to the anode side.

The transmission values of lysozyme could be largely increased in comparison
to the case when no electric field is applied. Therefore, the high transmission of
lysozyme and the increased retention of BSA lead to high selectivities of more than
100 in this case, and also more than 800 as reported (Kippler and Posten 2007).
Figure 18 illustrates the effects of the electric field in this application with respect
to selectivity and filtrate flux. The filtrate flux is also largely enhanced as the BSA
layer on the anode side does not exist in the electrofiltration case, which makes it
possible for the liquid to enter the filtrate at a higher rate.

As is shown in Fig. 16, the lysozyme molecules, which pass the membrane,
have direct contact with the electrodes. As the electric field strength present is high
enough to disrupt water molecules, it is possible that proteins may be damaged.
However, the volume fraction of high electrical field in the whole flashing chamber
is very small. Works with xanthan polysaccharide have shown that there was no
change of the chemical structure of the polysaccharide in an electrofiltration appli-
cation (Hofmann and Posten 2002). In the case of protein fractionation, an analyt-
ical test was used that compares the measured concentration with the activity of
the enzyme. If there is damage to the active site of the enzyme due to the electric
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Fig. 19 Effect of the electric field on the activity of an enzyme (lysozyme) during the filtration
procedure

field this should be seen when comparing concentration and activity values, at least
if the damage is excessive. As it can be seen in Fig. 19, the transmission values
measured by concentration do not differ greatly from the measurements with the
specific activity test. That means that there is not great destruction of enzymatic
activity for lysozyme. As these measurements have certain deviations, it can not be
completely excluded that some lysozyme molecules were destroyed or damaged.
This, however, is only interesting for the production of imperative highly purified
pharmaceutical substances.

3.4 Outlook for the Fractionation with Electrofiltration

Fractionations have certain limits when using an electroultrafiltration approach. The
charge of the molecules that are to be separated has to be different. So each process
in which the charge of certain molecule groups differs from others can be an area
where electrofiltration could be used. For example, DNA has a negative charge. This
might also be a field of application if DNA has to be separated from other molecules
that are uncharged or positively charged.

In the future, the development of a continuously running device in which the
flow in the filter chamber remains small enough to be in a dead-end-like procedure
is plausible. Additionally, the interaction between membrane and molecules can be
used for a better fractionation process. Then, the extremely high selectivity might
still be increased.

Protein mixtures that consist of equal-sized molecules can also be separated by
the two-sided electrofiltration approach. When both size and charge are equal, elec-
trofiltration is limited. The parameter settings, such as pH or ionic strength, could
be changed in order to shift the charge values. But there are limits. Ionic strength
cannot be lowered easily and dialysis steps or diafiltration is cost-intensive and has
to be challenged economically.
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But there are many cases where electrofiltration can be used as a fractionation
tool to increase purity, yield, and kinetics of downstream processing.

4 General Guidelines

As concluding remarks about the operation of a press electrofiltration, several rules
of thumb are summarized here that are based on the practical experience of the
authors with this technology:

1. The press electrofiltration of biomaterials forming a compressible filter cake
should be performed at a filtration pressure chosen as high as possible. The
greater the applied electric field strength, the more a pressure increase improves
the energy efficiency of the press electrofiltration.

2. An increase in the electric field strength normally causes an increase of the
filtrate flux. However, the specific energy consumption (W /Vy) increases with
an increased electric field strength. Theoretically the filtrate flux velocity should
increase proportional to the electric field strength, and the specific energy
consumption should increase proportional to the applied electric field strength.
Electrofiltration experiments with the polysaccharide xanthan showed this
behavior.

3. Microfiltration membranes are, with respect to their greater mechanical stability
and greater porosity, better suited for electrofiltration than ultrafiltration
membranes. The more porous and the thinner the filter medium is, the smaller
the voltage drop over the membrane and the greater the electric field strength
within the filter chamber.

4. Electrodes should be flushed by a sulfate or phosphate solution. Chlorides
containing salt solutions are not suited since chlorine is formed at the electrodes.

5. The specific conductance of the biopolymer dispersion should be as small as
possible but remaining at least smaller than 8—10 mS/cm. An upstream desali-
nation step or an integrated process development with a focus on a reduction of
the salt concentration in the biopolymer dispersion can significantly reduce the
process costs of an electrofiltration.

6. An active cooling of the electrode flushing reduces the conductivity of the
biopolymer dispersion in the filter chamber and the flush liquid. The smaller the
conductivity, the greater the electric field strength can be and the faster the elec-
trofiltration. For electrofiltration it is not worthwhile to increase the temperature
with the goal of decreasing the viscosity of the filtrate. According to Darcy’s law
(Equation 4) a decrease in viscosity would increase the filtrate flux. However,
the most beneficial effect if one wants to dewater biomaterials is a reduction of
the filter cake height.

7. For the fractionation of biological components, it is important to have a distinc-
tion of these components in their charge. This can be achieved by changing the
pH or ionic strength in the suspension. Highly charged components that are
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oppositely charged can form aggregates. Thus, interactions of the components
are crucial in an electrofiltration fractionation

8. Enzyme degradation has to be considered when dealing with sensitive molecules.
No degradation of enzymes was observed in the investigations. But when dealing
with substances where small amounts of damaged proteins have to be defi-
nitely excluded, like pharma proteins, additional membranes that separate filtrate
chambers and electrodes should be installed.

5 Nomenclature

a Particle radius [m]

A Surface [m?]

Afiteer Filter membrane area [m?]
c Concentration [kg/m?3]
dfilerFilter plate distance [m]
EfiteerFilter Electric field [V/m]

e Elementary charge [C]
Eic Critical electric field [V/m]
F Faraday constant [C/mol]
Fe Electrical force [N]

Fr Hydrodynamic resistance force [N]
heake Height of filter cake [m]

1 Electric current [A]
Meake,dry Mass of filter cake [kg]
Nu2 Amount of hydrogen [mol]
No» Amount of oxygen [mol]

p Pressure [Pa]

Pe Electroosmotic pressure [Pa]
P Electric power [W]

Ph Hydrodynamic pressure [Pa]
r Particle distance [m]

r Particle distance [m]

Ra Electric resistance [Ohm]
I'h Hydrodynamic radius [m]
t Time [s]

tr Filtration time [h]

U Voltage [V]

Veakenet Volume of filter cake [m?]
\' Filtrate velocity [m/s]

Vi Filtrate volume [m?]

W Interaction potential [J]
Wiisp Dispersion potential [J]
W Electric energy [J]

Welee Electrostatic potential [J]
Whs Hard sphere potential [J]

4 Valence [-]




178 R. Hofmann et al.

Greek letters:

Qay Specific filter cake resistance [m/kg]
e Permittivity constant [-]

g0 Permittivity of vacuum [As/(Vm)]
an Viscosity of fluid [Pa s]

Ke Conductivity [S/m]

K Debye-Hueckel-parameter [1/m]

14 Zeta potential [mV]
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Food Industry Applications for Pulsed
Electric Fields

Henry Jaeger, Ana Balasa, and Dietrich Knorr

Abstract In this chapter the potential of pulsed electric fields (PEF) to enhance or
create alternatives to conventional methods in food processing will be summarized.
After a brief introduction of the historical background, some applications for gentle
food preservation will be presented. The enhancement of mass transfer processes
like extraction or drying by PEF-pretreatment will be pointed out by showing exam-
ples ranging from fruit juice and plant oil recovery to the disintegration of animal
tissue. The use of PEF for the softening of plant tissue, for the induction of stress
reactions, as well as for wastewater treatment will be illustrated. The discussion of
energy requirements and cost-effectiveness will complete the chapter.

1 Introduction

The possible application of this nonthermal technology in a wide range of the food
industry is based on its effect on biological cells—electroporation.

When exposed to high electric field pulses, cell membranes develop pores that
may be permanent or temporary, depending on the intensity and treatment condi-
tions. Pore formation increases membrane permeability, which results in the oss of
cell content or intrusion of surrounding media.

Low treatment intensity allows a reversible disturbance of the phospholipids
bilayer, which is routinely used as tool in molecular biology to introduce polar
molecules like DNA into a host cell through the cell membrane. The quick voltage
shock disrupts areas of the membrane temporarily, but then the membrane may reseal
quickly and leave the cell intact. Recent investigations showed the potential of this
low-intensity treatment to induce stress reactions in plant cells resulting in the promo-
tion of a defense mechanism by increased production of secondary metabolites.
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Fig. 1 Food applications of biological tissue exposure to pulsed electric fields with required elec-
tric field strength and energy input. Increasing treatment intensity will lead to formation of large,
irreversible membrane pores resulting in permanent electropermeabilization of cells (E, electrical
field strength; E;;, minimal field strength necessary for pore formation)

An irreversible perforation of the cell membrane reduces its barrier effect perma-
nently and causes cell death. Applied to fruit and vegetable cells, mass transfer
processes like pressing, extraction, or drying are more effective; in the case of meat
brining and pickling, mass transport and microdiffusion could be enhanced. The
loss of cell vitality caused by electroporation is, furthermore, a capable tool for the
inactivation of microorganisms used for a nonthermal pasteurization of liquid food.

The mentioned applications with their typical electric field strength and energy
requirements are outlined in Fig. 1. The most important process variables include
electric field strength and distribution in the treatment chamber, energy input, and
treatment temperature. From a processing point of view the energy input required to
achieve a certain microbial inactivation or cell disintegration seems to be appropriate
to be used as a treatment intensity parameter as it can indicate costs of operation.

However, neither treatment time (product of pulse width and number of pulses)
nor specific energy input is adequate to describe processing parameters sufficiently
as no information is given about the energy delivered per pulse or the number of
pulses per volume element.

Designs for industrial food processing are emerging nowadays. The challenges
for industrial implementation are as follows:

e Availability of impulse generation systems in industrial scale.

e Minimization of the consumption of electrical energy by optimized process
conditions.

e Evaluation of process efficiency for the different application possibilities

e Customer acceptance as a possible health hazard of this new process by affecting
food constituents in a negative way is not exhaustively investigated as it is in the
case for most traditional operations within food technology.

Within this chapter, potential applications of pulsed electric fields in the food
industry will be shown. Apart from preservation, the disintegration of biological
tissue and the induction of stress reactions in plant cells will be discussed in detail.
The historical background of the technology as well as the most present considera-
tions about cost estimation and technical feasibility will frame the work.
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2 Historical Approach

The application of electrical currents for microbial inactivation has been investigated
as early as the time when electricity was commercially available. At the end of the
nineteenth century bactericidal effects by the use of direct and alternating current
were under investigation of Prochownick and Spaeth (1890) and Thiele and Wolf
(1899). Although an inactivation of Staphylococcus aureus in suspension was not
found after application of direct current of 300 mA, differences of media acidity at
different points of the treatment chamber were observed.

One of the first attempts to use electricity for milk pasteurization was in the 1920s
with a process called “electropure” by the application of a 220 V alternating current
within a carbon electrode treatment chamber (Beattie and Lewis 1925; Fetterman
1928; Moses 1938). The method was based on thermal treatment using direct
heating of milk by a current flowing through, and it was believed that the bactericidal
action was due to the generated heat. Some researchers have reported a microbial
inactivation below thermal death points, assumed to be caused by the formation
of toxic compounds (Tracy 1932). The process was accepted as safe pasteurization
method in six states in the United States. Around 50 units were in operation until the
1950s mainly provided by Trumbell Electric Manufacturing Co. and served about
50,000 consumers (Edebo and Selin 1968; Getchell 1935). Rising energy costs and
competition with novel thermal preservation technologies like UHT finally lead to
the discontinuation of this application (Toepfl et al. 2007b).

Unlike the “electropure” process, based on Joule heating, which involves the
passage of an electrical current resulting in the generation of heat by the resistivity
of the food material, a technology using high-voltage electricity up to 32 kV for a
pulsed discharge application across two electrodes was investigated since the 1950s
and resulted in a process called electrohydraulic treatment (Gilliland and Speck
1967a). The electrodes were submerged below the surface of an aqueous suspension
containing microorganisms within a pressure vessel. Electric arcs resulting in the
formation of transient pressure shock waves, ultraviolet light pulses, electrochem-
ical reactions, and highly reactive radicals were claimed to be responsible for the
bactericidal effect (Gilliland and Speck 1967b).

The electrohydraulic treatment was regarded as a quick, effective, and inex-
pensive nonthermal method for the sterilization of water and sewage without the
need for raising temperature or adding chemicals (Allen and Soike 1967). Although
promising results were obtained in these early studies, except for wastewater treat-
ment the application of this process in food technology was never realized
(Jeyamkondan et al. 1999). Disintegration of food particles and food contamination
caused by the electrode material seemed to be the main reasons.

The phenomena of ohmic heating, electrochemical reactions, and hydraulic pres-
sure attributed to the use of electrical energy in the described applications are of less
importance when short pulses without arcing are applied.

Pioneering experimental work of the pulsed electric fields application for food
processing was undertaken by Heinz Doevenspeck. He described efficiency of
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pulsed electric fields for cell disruption within food material for improvement of
the phase separation (Doevenspeck 1960, 1961). Within the next 10 years pulsed
electric field technology was further developed by Doevenspeck and expanded to
microbial inactivation. Growth of microorganisms and spoilage of beer samples was
prevented after a pulsed electric field treatment. Treatment of fish tissue led to an
improved separation of solid and liquid phase and an increase in digestibility of the
PEF-treated fish slurry in comparison to conventionally fish meal.

The application of the PEF process as a pretreatment to enhance the production of
biogas was investigated in a wastewater treatment plant resulting in a 20% increase.
Other application examples given in Doevenspecks patent range from wastewater
and tap water treatment to cleaning of gasses as well as extraction applications. An
inactivation of pathogens in marination brine and egg powder suspensions has also
been described. An industrial-scale plant has been erected for the processing of beef
and pork material and fish waste material with a capacity of up to 2500 kg/hour in a
fat smeltery in Germany in 1961 (Toepfl et al. 2007b).

The first systematic studies on the nonthermal lethal effect of pulsed electric
fields on microorganisms were conducted at Unilever Research Centre in the United
Kingdom (Sale and Hamilton 1967). The insignificance of electrolysis on the lethal
effect of DC pulses could be shown. Damage to the cell membrane with an irre-
versible loss of its function as semipermeable barrier was proposed as cause of
cell death. Leakage of ions and loss of cytoplasmic content together with changes
in membrane morphology and cell lysis after treatment confirmed this assumption
(Sale and Hamilton 1968). As the killing effect of PEF was not dependent on current
density, it was concluded that inactivation occurred due to nonthermal effects and
electric field strength was identified as one of the most important factors.

Krupp Maschinentechnik recognized the technique’s potential, and a group
consulted by Doevenspeck worked on alternative processing techniques to induce
cell disintegration and to improve phase separation culminating in the develop-
ment of the processes Elcrack® and Elsteril®. In the Elcrack® process a slurry of
comminuted fish or slaughterhouse offal was pumped through one or more dielectric
discharge zones where the animal cells were subjected to the high-voltage pulses.
This treatment disrupts the cell membrane, permitting the fat to emerge from the
animal cells and consequently improving fat recovery during subsequent mechan-
ical separation step (Krupp 1988). The Elsteril® process aims at microbial inacti-
vation in pumpable food at higher field intensities since microbial cells are smaller
in diameter than animal cells and therefore require higher field strength for cell
disruption.

A similar application is given in a U.S. patent (Anonymous 1987) that describes
“methods and apparatus for extending the shelf-life of fluid food products” by
subjecting the fluid foodstuff such as dairy products, fruit juices, and fluid egg products
to a controlled high-voltage electric field treatment. The patent recommends that elec-
tric pulses should be applied at a temperature of at least 45°C and itis further suggested
that the fluid food product should be subjected to the PEF-treatment at pasteurization
temperatures by which substantially improved shelf-life extensions may be achieved
over those obtained by conventional pasteurization process.
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A pilot scale PEF unit with a capacity of up to 200 kg/hour for treatment of sugar
beet, palm fruit, oil seeds, fruit mashes, and fish slurry was developed by Krupp
Maschinentechnik and industrial equipment has been realized to be installed in a
fish factory in Norway . The application consisted of the Elcrack® system and a
subsequent separation of free liquid followed by slurry separation in a screw press.
Decanter centrifuges and separators were used to separate the fluid in the water
and oil phase. Protein was removed using an ultrafiltration. In the beginning of the
1990s interest in PEF application increased at a research level and a great number
of working groups in universities as well as commercial activities followed.

In 1995 Pure Pulse Technologies developed a continuous processing system
called CoolPure® for the treatment of up to 2000 1/hour. In the same year a letter of
no objection was released by the Food and Drug Administration (FDA) for the use of

Fig. 2 PurePulse prototype system (A) providing a maximum voltage of 10 kV and an average
power of 8000 J/s. It was used by the Department of Food Biotechnology and Food Process
Engineering from 1998 to 2005 for fruit and vegetable processing along with different treatment
chamber designs (B and C, developed at Berlin University of Technology) for the PEF-treatment
of potato prior to starch extraction
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PEF technology in food preservation. Additionally, in 1996 the treatment of liquid
egg has been approved with certain conditions yet to be accepted (Barbosa-Canovas
and Altunakar 2007).

Although the investigations on pulsed electric field technology are numerous,
only a limited amount of technical- or industrial-scale prototypes and/or commercial
applications are available. At present, there are approximately 25 research groups
working on PEF applications for food production. Research work is performed on
microbial and enzyme inactivation, PEF applications as a disintegration technique,
and the induction of stress response in biological cells.

A prototype for potato starch extraction (Fig. 2) was developed by ProPuls,
Germany, and commercial prototypes for this application based on a patented Marx
Generator design have been developed by KEA-Tec, Germany. Industrial prototypes
for disintegration of plant material were developed for a sugar processing and a fruit
juice company in Germany (Kraus 2003, 2004; Schultheiss et al. 2002; Schultheiss
et al. 2004). A technical-scale unit for the preservation of fruit juice was installed in
2003 at Stork Food Systems in the Netherlands (Braakman 2003).

The first commercial PEF application was installed in 2005 in the United States
for fruit juice preservation (Clark 2006). Genesis Juice Corp. used to distribute
unpasteurized premium fruit juices until a warning letter of FDA was published
(FDA 2003) requesting a nonthermal preservation technique. After PEF-
pasteurization, a shelf life of 4 weeks has been obtained under refrigeration condi-
tions. Clearance of the FDA is available since 1996, indicating the techniques
potential for safe and gentle preservation.

In Europe, an approval is still pending. Based on the Novel Food legislation,
the manufacturer can obtain the possibility to commercialize PEF-treated products
if substantial equivalence to a commercially available, conventionally processed
product is proven.

3 Preservation of Foods by Pulsed Electric Fields

Consumer interest in fresh-like products with maintained taste, colour, flavour, and
nutritional value is increasing, and therefore industrial interest in nonthermal inac-
tivation of microorganisms in foods is arising. PEF-treatment combines gentle food
preservation with short treatment times, continuous operation, and easy implemen-
tation into existing product flow.

Effective inactivation for most of the spoilage and pathogenic microorganisms
has been shown, but in comparison to the treatment of plant or animal tissue the
treatment intensity needs to be much higher. The potential to achieve sufficient
reduction of microbes in various food products like fruit or vegetable juices (Ayhan
et al. 2002; Evrendilek et al. 2000; Heinz et al. 2003; Hodgins et al. 2002; Lechner
and Cserhalmi 2004; McDonald et al. 2000; Min and Zhang 2003; Molinari et al.
2004; Zhang et al. 1994), model beer (Ulmer et al. 2002) or milk (Bendicho et al.
2002; Sepulveda et al. 2005; Toepfl et al. 2006) has been investigated.
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Reports on the effects of PEF on enzymes are limited and different experimental
setups and processing parameters make them difficult to compare (Schuten et al.
2004; Van Loey et al. 2002; Yang et al. 2004).

Enzyme inactivation after PEF-treatment is likely to be related to secondary
effects such as local temperature distributions, electrochemical reactions or forma-
tion of free radicals instead of primary effects of the electric field. Unless utilizing
thermal effects, the higher resistivity of enzymes might be a restriction for the
preservation of liquid food by PEF as the reduction of enzymatic activity is often
critical in food processing and preservation.

On the other hand, many enzymes are positively used in food processing and
therefore PEF provides a high potential for the development of new processes and
products.

The availability of pilot-scale equipment with continuous operability allows
production capacities up to 1000 1/hour. Components required are an impulse gener-
ation system and a treatment chamber, where the food is pumped through while
being exposed to the electrical field at ambient or refrigerated as well as elevated
temperatures. Heat exchangers might be used to preheat the media. After treatment,
the dissipated electrical energy resulting in a temperature increase has to be removed
before aseptic packaging. An example of a colinear treatment chamber that can be
easily implemented into existing processing lines is given in Fig. 3. It consists of
a central high-voltage electrode and grounded counterparts separated by insulators.
The product is pumped through by a central drilling.

The geometry of the treatment chamber has a considerable effect on electric
field distribution and the total resistance and therewith on the discharge circuit. For
application in the food industry the electrode and insulator material have to be food
grade, and autoclavable, electrochemical properties, electrode erosion, and release
of metallic particles into the food material have to be taken into account (Mastwijk
2004; Morren et al. 2003; Roodenburg et al. 2005a, 2005b).

Although PEF is based on a nonthermal inactivation mechanism, a product
temperature increase occurs due to the dissipation of electric energy. A specific
energy input of, for example, 220 kJ/kg will cause a temperature raise from 20°C
to 72°C, using water as an example with a specific heat capacity of 4.19 kJ/kg K.

T
& 0 ¢

Fig. 3 Design of a colinear treatment chamber for the continous treatment of liquid food and fruit
mashes used at Berlin University of Technology
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Depending on product and target organism this specific energy input might still not
be sufficient for a desired reduction in colony counts, leading to an even higher

temperature increase.

One concept to prevent temperature raise above a certain level is to split the
total energy input needed for microbial inactivation into several portions. There-
fore, the serial alignment of multiple treatment chambers with intermediate cooling
sections is an option to maintain temperature below critical levels (Fig. 4). For
cooling, an additional amount of energy will be required, leading to an unfavourable
energy balance, which is only justifiable in case of heat-sensitive and high-value

products.
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On the other hand, allowing a certain temperature increase during PEF-treatment
or raising the inlet temperature by preheating the product is reported to reduce the
pulse number and the energy input required to obtain a certain level of microbial
inactivation.

Treatment temperature has a highly synergetic effect on treatment efficacy as it
significantly influences cell membrane fluidity and stability. At low temperatures
the phospholipid bilayer is packed in a gel-like structure whereas its order decreases
with increasing temperature forming a liquid-crystalline structure (Jayaram et al.
1992; Stanley 1991). The effect of increasing efficiency of PEF application at
elevated temperatures has been reported in several studies (Evrendilek and Zhang
2003; Li, Zhang et al. 2005; Toepfl et al. 2007a).

The high energy input of a PEF-treatment at low temperatures results in high
costs of operation. By using a combination of heat and PEF-treatment, the energy
consumption and the maximum temperature can be reduced. Compared to sole heat
treatment, a given inactivation can be obtained at lower temperatures without any
holding times resulting in a lower thermal load. Therefore, from a processing point
of view, splitting the total required energy input into thermal energy, which makes
the microbes more susceptible to PEF, and electrical pulse energy, which causes
electroporation, is a possibility for the optimization of inactivation and energy
consumption. A processing concept including heat recovery after PEF-treatment,
where the energy dissipated by PEF, is used to preheat untreated media will be
presented in a later section.

3.1 Juice

The first commercial application of PEF for fruit juice preservation has been
reported in the United States (Clark 2006), processing 200 I/hour of apple, straw-
berry, and other juices and showing its potential for an industrial exploitation. In
addition to microbial inactivation, residual enzyme activity will determine shelf life
of fruit juices if no chilled distribution is used.

The impact of a PEF-treatment on juice quality has been investigated by different
research groups and no apparent changes in physical or chemical properties caused
by electric field exposure have been found (Ayhan et al. 2001, 2002; Barbosa-
Cénovas et al. 1998; Lechner and Cserhalmi 2004; Min and Zhang 2003; Yeom
et al. 2000; Zarate-Rodriguez and Ortega-Rivas 2000).

In comparison to heat treated samples a higher amount of retained vitamin C and
a 5-9% loss of flavour compounds in comparison to up to 25% loss after a thermal
treatment could be observed. In a study investigating PEF-impact on four citrus
juice varieties, no real difference was found for °Brix, pH, conductivity, viscosity,
as well as nonenzymatic browning index and formation of hydroxymethylfurfurol
after a treatment at 28 kV/cm and 50 pulses (Cserhalmi et al. 2006). The energy
input is not given, but can be estimated to be in a range of 68 klJ/kg for grapefruit,
66 kJ/kg for lemon and orange juice, and 83 kJ/kg for tangerine juice for the pulse
parameters mentioned. The processing intensity was in a similar range with one
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required for microbial inactivation; so, these results underline the minor impact of a
PEF application on juice quality in contrast to a conventional heat treatment.

A comparison between a sole thermal treatment and a PEF-treatment of E. coli in
apple juice at different initial PEF temperatures and energy levels in relation to the
maximum temperature after treatment is shown in Fig. 5. By using a combination
of heat and PEF-treatment, the input of electrical energy and the maximum temper-
ature can be reduced. Compared to sole heat treatment, a given inactivation can be

obtained at lower temperatures, resulting in a lower thermal load and in an improved
preservation of quality and fresh-like character of the juice.

3.2 Milk

Milk was the first product commercially pasteurized by the direct application of
electrical energy using the “electropure” process established in the 1920s. Hence, it
is not surprising that also applicability of pulsed electric energy within a treatment
for milk preservation was studied (Bendicho et al. 2002; Sampedro et al. 2005;
Sepulveda et al. 2005; Smith et al. 2002; Toepfl et al. 2006).
As in the case of juice decontamination, the focus was on microbial inactivation
(Calderon-Miranda et al. 1999; Evrendilek et al. 2004; Picart et al. 2002; Reina

et al. 1998) as well as on PEF impact on enzymes (Bendicho et al. 2003; Castro
et al. 2001).
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Only few data are available regarding PEF effects on other milk constituents and
technological milk properties. Perez and Pilosof (2004) reported a partial modifica-
tion of the native structure of (3-Lactoglobulin when subjecting the concentrate to
an electric field of 12.5 kV/cm. Thermal stability of 3-Lg was reduced after PEF
but gelation rate showed to be enhanced. Bovine Immunoglobulin G subjected to
PEF at 41 kV/cm for 54 ps did not show any detectable changes in the secondary
structure or the thermal stability (Li, Bomser et al. 2005; Li, Zhang et al. 2003).

Investigations, conducted at Berlin University of Technology, showed a 4.5
log reduction of Escherichia coli and Pseudomonas fluorescens in milk (Fig. 6),
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Fig. 6 PEF-Inactivation of E. coli and Ps. fluorescens in milk depending on specific energy input
and treatment temperature. Field strength 21.6 kV/cm, flow 5 1/hour (adapted from Jaeger 2006)
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to the different energy inputs with only one pass resulting in a temperature increase up to 80°C at
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whereas the inactivation of lactoperoxidase in milk by PEF revealed only a slight
decrease in enzyme activity of about 5% when using a multipass system (Fig. 7).

Several effects of electric fields on enzymes have been proposed, including
conformational changes of protein structure, local thermal, and pH effects as well as
formation of radicals or other electrochemical reactions. The electrophoretic effect
might cause changes or the release of central ions from complex protein structures.

Changes of pH or local differences in temperature increase as well as the
release of metallic particles from the electrodes might play an additional role
and might be considered as impact factors causing enzyme inactivation as the
electroporation effect is related to membrane structures only. In case of lactoper-
oxidase the retained antimicrobial activity after the PEF decontamination of milk
can be used to delay the growth of microorganisms during storage. In contrast to
application of thermal energy an only limited impact of PEF-treatment on food
constituents was found.

The reduction of maximum temperature during milk preservation and the short
residence time of a PEF-treatment will maintain heat-sensitive constituents after
microbial decontamination.

A combined application of mild heat and pulsed electric fields for milk preserva-
tion can provide a possibility to operate at lower maximum temperature than during
conventional processing. This is of high interest with regard to servicing times of
heat exchangers, where a reduction of biofouling and associated efforts for cleaning
of heat exchanger plates could provide a potential to increase operation times and
cost reduction (Bansal and Chen 2006).



Food Industry Applications for Pulsed Electric Fields 193
4 Improvement of Mass Transfer Process in Plant Material

Even though most of the studies have been committed to the ability of PEF tech-
nology to inactivate microorganisms, in the last decades progressive research has
been done on its impact on chemical composition of foods, PEF-assisted cell expres-
sion and extraction, and induction of stress reactions in plant tissue, which offers
numerous possibilities for the food industry.

4.1 PEF-Assisted Cell Expression and Extraction

Conventional disintegration techniques such as grinding, pressing, and thermal
and enzymatic treatments are some of many operations applied in food industry
for mechanical disruption of cellular material prior to recovery of intracellular
compounds or juice and oil extraction. The main objective of the aforementioned
techniques is permeabilization of a cell membrane to promote intracellular compo-
nents and/or liquid accessibility. However, these techniques may destroy tissue; may
deteriorate textural properties of a product and loss of nutritionally and technolog-
ically valuable components may occur, which limits products potential for further
utilization of raw material.

PEF-induced cell membrane permeabilization, called electroporation, is used to
increase permeability of the cell membrane and, in the case of expression and extrac-
tion, enhance mass transport out of the cells (Bazhal and Vorobiev 2000; Doeven-
speck 1961; Fincan et al. 2004; Flaumenbaum 1968; Knorr and Angersbach 1998;
Knorr et al. 1994). Disruption of the cells can be achieved by applying PEFs of
different intensities (for particular products) across the cell medium or plant tissue.
Larger cells need lower electric field intensities to achieve sufficient cell disruption,
while smaller cells need much higher treatment intensities for the same degree of
cell membrane permeabilization.

Additional to cell size, cell geometry is of a great importance for achieving
process treatment intensity to induce sufficient transmembrane potential for an
electropermeabilization. Furthermore, initial condition of cellular structure, type of
biological material, and homogeneity of the structure contributes to the effectiveness
of the treatment. Due to the mentioned reasons the most efficient processing condi-
tions are not the same for variant plant systems employed, and individual approach
is necessary to optimize PEF-treatment intensity needed for membrane electroper-
meabilization.

4.1.1 Fruit Juice Extraction and Expression

PEF technology can be utilized within fruit juice production not only as a preser-
vation method but as a pretreatment of raw material to increase permeability of
the cells enhancing juice extraction and extraction of intracellular components
(processing scheme is shown in Fig. 8).
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The first attempt to produce apple juice with higher extraction yield of valu-
able components was in the 1960s (Flaumenbaum 1968). Until today a couple of
studies have been made with the objective to improve solid-liquid extraction of
juice from apple mash (Bazhal et al. 2001; Lebovka et al. 2004a; McLellan et al.
1991; Schilling et al. 2007; Toepfl et al. 2005), whereas several groups reported
high increase in juice yield after PEF-treatment, while few could not achieve such
a high distinction. Bazhal and Vorobiev (2000) reported significant increase in total
juice yield after intermediate PEF-treatment (in between two pressings).

When PEF-treatment of very low intensities (100-520 V/cm) was simultaneously
applied to pressure treatment (Bazhal et al. 2001), a passive form of PEF-induced
cell plasmolysis was revealed. Damage of electropermeabilized cells together with
moisture migration out of the cells was enhanced with pressure and cell membrane
resealing process was hindered. One of the advantages of such a treatment is in
increased purity and clarity of extracted juices.

Although the effectiveness of a process concerning juice yield slightly varied
within reports, it was mostly agreed that no apparent change in pH value, total
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sugars, and total acidity was reached. Additionally, the content of many nutritionally
valuable compounds was retained or even enhanced.

When PEF is employed instead of enzymatic mash maceration, it is possible
to regain antioxidant substances from plant processing residual material (Balasa
et al. 2006). Also, good potential for pectin recovery is enabled (Schilling et al.
2007), since these food components have not been destroyed with enzymatic or
high-temperature treatments.

PEF processing technology can be easily integrated in already existing industrial
plant with conventional juice making process (Fig. 8). For a variety of application,
batch systems can be employed as a pretreatment operation prior to size degradation,
while the true potential is in continuous PEF-treatment processing. Therefore, PEF
could be implemented together with a decanter centrifuge, which allows solid—liquid
continuous separation, within the continuous juice making process. Practical appli-
cation of such a process does not require development of the inverse process design
procedure.

On the other hand, it has to be mentioned that the implementation of PEF
disintegration has to come along with the adaptation of previous and subsequent
processing steps. The mash particle size, based on the grinding technique, as well as
the system used for solid—liquid separation, likea belt press, filter press, or decanter,
is an important influence parameter. Only a well-aligned process will be able to
convert the cell disintegration obtained by PEF into a higher juice yield at the
end.

The impact of different PEF-treatment intensities on juice yield from Royal Gala
and Jona Gold in a baling press in comparison with untreated and enzyme treated
sample is shown in Fig. 9. In comparison to a filter press a higher surface/volume
ratio is obtained in a baling press as the mash is divided into several lots. Even if a
baling press is operable in batch mode only, it shows a principle of liquid—solid
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Fig. 9 Juice yield obtained in baling press from two apple varieties after PEF-treatment at 2 kV/cm
and different specific energy input in comparison to enzyme treatment and untreated sample
(adapted from Toepfl 2006)
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separation similar to that of a belt press. The application of belt presses could
provide a highly promising and continuously operated alternative to the applica-
tion of filter presses. The improvement and adaptation of separation techniques on
structural changes of fruit mashes caused by PEF-treatment is therefore a major
requirement for successful PEF application.

Solid-liquid expression of PEF-pretreated carrots (Knorr et al. 1994) and grapes
(Balasa et al. 2006; Praporscic et al. 2007; Tedjo et al. 2002) was studied on the
laboratory scale as well. In Additional to the higher juice yield obtained after
PEF-treatment, evaluation of selected quality criteria for both juices showed that
application of high-intensity electric field pulses on mash resulted in higher
B-carotene content and pigment release in juice than from samples processed in a
conventional way.

Good flavor and color characteristics of a product together with high nutritive
value are not only of a great importance for food technologists, but awareness of
consumers rose together with demands for high-quality natural foods. As high-
temperature treatments cause losses of nutritionally and physiologically valuable
components, therefore lowering product quality, PEF was observed not to deterio-
rate these properties maintaining fresh characteristics of the final product.

The possibility of employing PEF technology in sugar processing has also
attracted attention. Current industrial production of sugar includes thermal denat-
uration of the cell membranes with temperatures above 70°C with subsequent
extraction. Temperature facilitates diffusion coefficient and sugar together with
water-soluble substances diffuse out of the cells. On the other hand, structural
substances from the cell wall undergo changes due to high-temperature treatment
and become water soluble, which does not attribute to high purity of extracted raw
juices.

Therefore, a nonthermal method for enhancing efficiency of the sugar produc-
tion process with PEFs was developed (El-Belghiti et al. 2005; Eshtiaghi and Knorr
1999; Knorr and Angersbach 1998). Extraction of sugar beet using moderate electric
field treatment of around 1.2-2.4 kV/cm followed by mechanical pressing resulted
in two- to threefold increase of the solid concentration in the obtained extract
(Eshtiaghi and Knorr 2000). In a similar study Bouzrara and Vorobiev (2000) have
been investigating mechanism of solid-liquid expression from sugar beet cossettes,
whereas they showed PEF-enhanced mechanical compression with facilitated liquid
extraction from permeabilized cells.

PEF-treatment was successfully applied at the laboratory level and with scale-up
experiments towards a novel process of cold juice extraction (Jemai and Vorobiev
2006). Processing scheme, which consisted of two initial pressing steps with an
intermediate PEF-treatment, followed by one or more washing steps and a final
pulp pressing, turned out to be very efficient and results obtained showed significant
increase in extracted juice yield. Purity and quality of juices obtained after PEF-
treatment was shown to be higher than of industrial juices, while denaturation of cell
wall components due to high-temperature treatment did not occur. Such a process
can lead to much reduced energy consumption.
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4.1.2 Plant Oil Extraction

Plant oils are used in wide variety of ways in food, medicine, cosmetics, and indus-
trial production of biodiesel that attracted a huge interest in a last couple of years.
Based on the same effect (increased mass transfer coefficient due to electroperme-
abilization), application of high-intensity electric fields could replace and upgrade
conventional techniques in recovery of plant oils.

Till date, there are not many studies done in this field, but few showed promising
results. Extraction of oil on laboratory scale from PEF-pretreated maize, soybeans,
and olives was developed and is shown in Fig. 10 (Guderjan et al. 2005).
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Besides higher oil yield, additional progress is shown in higher content of nutri-
tional ingredients. The oil yield obtained by different extraction techniques after
PEF-treatment of maize germs is shown in Fig. 11.

Further investigation of low-intensity PEF-treatment on oil yield and functional
food ingredients content after pressing and solvent extraction of rapeseed was done
by Guderjan et al. (2007). Unsaturated properties and saponification values of
rapeseed oil stayed unchanged, while higher concentration of free fatty acids and
chlorophyll was determined. The possibility of using nonthermal PEF processing in
extraction of plant oils offers higher extraction yield with preservation of functional
food ingredients.

4.1.3 Extraction of Intracellular Compounds

Available methods for the recovery of intracellular compounds that are used nowa-
days are freeze-thawing and mechanical expression or extraction with strong organic
solvents. The efficiency of these methods depends on the degree of cell membrane
permeabilization influencing extraction process. As the primary effect of PEF on
biological cells is breakdown of the cell membrane, application of such a treatment
could be used instead of conventional processing methods.

Enhancing diffusion of soluble substances through the membrane for winning
of bioactive substances like different macromolecules, flavors, pigments, and other
cell metabolites is of considerable interest not only for food industry but in cosmetic
production or in biotechnology as well.

Extraction of intracellular pigments facilitated with high-intensity electric field
treatment had proven to be a very efficient process in terms of energy and time
consumption for winning of these valuable components with beneficial antioxidant
properties (Balasa et al. 2006; Eshtiaghi and Knorr 2000; Fincan et al. 2004; Tedjo
et al. 2002). PEF-induced cell permeabilization and release of intracellular pigments
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(anthocyanins) from wine grapes was studied by Tedjo et al. (2002). They showed a
threefold increase of total anthocyanin content after applying electric field strength
of 3 kV/cm and 50 pulses.

The advantage of such a nonthermal treatment is in the utilization of extrac-
tion application related to good pressing efficiency and enhanced extraction of
intracellular components, mentioned in previous subchapters. The content of func-
tional food ingredients (e.g., flavonoids, carotenoids, phenolic acids) in such a
product is higher, which contributes to consumer demands for healthy, valuable food
with higher nutritional value. Impact of low-intensity PEF-treatment (1 kV/cm) on
extractability of belatain (main beetroot pigment) and ionic species was shown by
Fincan et al. (2004). Ninety percent of the total red coloring release was obtained
with low energy input of 7 kJ/kg.

In addition, this type of nonthermal electroporation might be beneficial for the
development of a high-quality food product with further possibility of residue
exploitation. Industrial and agricultural residues are valuable source of natural
antioxidants, which are often wasted or disposed as soil conditioner, whereas they
could be further utilized for the recovery of valuable intracellular compounds.

One other possible commercial exploitation for the recovery of intracellular
components is electropermeabilization of seaweed, microalgae, and other aquatic
species. PEF-treatment provides good potential of gentle processing in contrast to
hot-water extracts, which are commonly used for winning of bioactive substances
(e.g., vitamins, pigments, proteins, minerals, hormones) from aqueous species.
Koehler et al. (2005) reported an increase of 27%, 809%, and 525% in protein,
chlorophyll, and carotenoids content of extracts obtained from PEF-treated
(15 kV/cm) algae (Chlorella vulgaris), with total energy input of 100 kJ/kg. Data
for Chlorella vulgaris and Spirulina platensis microalgae are given in Table 1.

4.2 Drying Enhancement

Removal of water is one of the oldest methods used for food preservation. Food
industries nowadays are mostly using high-temperature treatments (thermal dehy-
dration and/or hot drying) to produce dehydrated foods. Physical and biochemical
status of foods are affected with conventional dehydration methods, contributing to
change in colour, texture, and taste of heat-treated products. Valuable heat-sensitive

Table 1 Increase of extraction of intracellular compounds from Chlorella (Chl.) and Spirulina
(Spir.) microalgae after PEF-treatment of rehydrated spraydried algal biomass at 15 kV/cm and
100 kJ/kg and subsequent disintegration by boll mill followed by hot-water extraction (adapted
from Koehler et al. 2005)

Yield Yield
Component Chl. Chl. PEF increase (%) Spir. Spir. PEF increase (%)
Protein (g/100 g) 5.48 6.98 +27 33.68 38.12 +13
Chlorophyll (g/100 g) 0.011 0.1 +809 0.17 0.26 +52.9
Carotenoids (g/100 g) 0.008 0.05 +525 0.044 0.11 +150

Protease (Units/100 g)  204.7 707.2 +245.5 864.2 812.5 -94




200 H. Jaeger et al.

90

80 4
70 A
601 —=— control

50 —s—PEF

A\
\A\\
30+ \A
N\

20
10 K:\.\
0 ] T T T T T T \IA'\$:£ T
0 20 40 60 80 100 120 140
Drying time (min)

Relative moisture (%)

Fig. 12 Relative moisture content (weight balance) of 5 mm thick potato slices during convective
air drying at 80°C air temperature and 1 m/s air velocity. PEF-pretreatment was performed after
sample blanching 5 min at 85°C applying 60 pulses of 1.5 kV/cm (adapted from Toepfl 2006)

components are lost as well. Diffusion of moisture from the core to the surface
determines drying rate of the product, and therefore acceleration of mass transfer
would be advantageous.

As electropermeabilization of the cell membrane leads to drastic increase in mass
transfer rates, high-intensity PEF-treatment can be exploited within this process as
well. PEF-enhanced permeability of potato tissue, which resulted in improved mass
transfer during air dehydration and therefore shorter drying time, was demonstrated
by Angersbach and Knorr (1997) and Rastogi et al. (1999).

Diffusion coefficients and drying rates of osmotic dehydration accelerated with
high-intensity PEF-pretreated carrots (0.22-1.60 kV/cm) were investigated by
Rastogi et al. (1999). With such a low treatment intensities, where the applied energy
was in a range of 0.04-2.25 kJ/kg, increase of temperature did not occur, whereas
enhanced diffusion coefficient contributed to faster water loss.

It has been shown that application of PEF-treatment minimizes quality degrada-
tion and saves energy by a means of reducing drying times, as shown in Fig. 12
(Ade-Omowaye et al. 2001a, 2001b). When taken into account that PEF-treatment
of plant and animal tissue applied for drying enhancement requires energy input in
arange of 2-20 kJ/kg, it is evident that there is a potential to reduce the total energy
input required for product processing.

5 Softening of Plant Tissue

The effect of irreversible electroporation of biological cells results in the loss of
membrane semipermeability and subsequently in a decrease of turgor pressure
within the cell. Since this pressure acts as the plant cell supportive structure, a loss
of turgor results in tissue softening.
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Fig. 13 Impact of a PEF-treatment (1.2 kV/cm, 10 kJ/kg) on textural properties of potato tissue.
Bold lines show the average of three samples of untreated and PEF-treated potato (adapted from
Janositz 2005)

It is obvious that a change of textural properties can be utilized during production
and processing of various biological products. Tissue softening of apple, potato,
and carrot after PEF-treatment have been described and a reduction of the elastic
modulus was reported (Fincan and Dejmek 2003; Lebovka et al. 2004b).

For sugar beet 50% steady-state cutting force reduction and improvement of
cut quality could be observed (Kraus 2003) along with less abrasion of the cutting
devices.

A reduction of grinding energy of potato similar to that of thermal or enzy-
matic treatment can be achieved with a continuous, short-time, and low-energy
(~10 kJ/kg) PEF-treatment. Cutting behaviour and properties of the cut surface
are reported to be changed, resulting, for example, in a lower fat uptake of French
fries when processing PEF-pretreated potato (Janositz 2005). A force—displacement
curve of potato samples after PEF-treatment in comparison with untreated samples
is shown in Fig. 13.

6 Stress

Plants have evolved defense mechanisms like the synthesis of proteins and phyto-
chemicals when they are exposed to extreme circumstances. Naturally occurring
adverse external conditions such as wind, rain, deficit in physical or chemical
environment, or imposer to other living organisms can cause a defensive response
(Mitchell 1996). Phytochemical defense can be characterized as accumulation of
different pigments, flavors, and other bioactive components, which are important
anti-inflammatory and antioxidant substances and therefore valuable food ingre-
dients. Although strained conditions are naturally occurring, they may also be
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artificially induced to stimulate plants for the production of large amounts of
phytochemicals.

One of the PEF applications that attracted considerable interest in the last
years is induction of stress response reactions with biosynthesis of plant metabo-
lites. Nonthermal gentle processing with very low treatment intensities (from 0 to
1.5 kV/cm) is related to retention and availability of plant metabolites, whereas
production of secondary metabolites and modification of functional properties of
food ingredients are possible.

As mentioned before, application of low-intensity treatment does not necessary
cause irreversible permeabilization. When an external electric field with adequate
strength is applied, initiation of conductive channels across the membrane occurs,
with a temporal pore formation. The electrically insulating properties of a membrane
can be recovered within very-short-time resealing pores and restoring vitality and
metabolic activity of the cells (Angersbach et al. 2000). As PEF-treatment perme-
abilizes the cell membrane to a certain degree, after which resealing of pores occur,
biological systems can be stimulated by meaning of stimulation of metabolic activity
and subsequent production of secondary metabolites.

Doenenburg and Knorr (1993) studied the impact of low-intensity PEF-treatment
(0-1.6 kV/cm, 0-30 pulses) in a frame of reversible and irreversible membrane
permeabilization on the production and recovery of secondary metabolites from
cultured plant tissue. They reported that sustainable content of plant pigment was
released before cell viability was lost. PEF-induced release of intracellular pigments
from plant systems was shown by Guderjan et al. (2005). It was reported that
sublethal treatment of maize germs (0.6 kV/cm) increased phytosterol produc-
tion, which resulted in increased oil yield with higher phytosterol concentration.
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Fig. 14 Total polyphenolic content of grape marc and grape juice obtained from grapes treated
with different PEF intensities (0.5; 1; 2.4 kV/cm, 50 pulses). 13%, 22%, and 28% denotes increase
of total polyphenolic content of grape juice in comparison to untreated sample; 24%, 15% and 14%
denotes increase of total polyphenolic content of grape marc in comparison with untreated sample.
GAE: Gallic acid equivalent (adapted from Balasa and Knorr 2006)
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Interestingly, such a high increase could not be asserted with PEF-treatment in a
range of irreversible membrane permeabilizations at 7.3 kV/cm and 120 pulses.

Secondary metabolite production from wine grapes (Vitis vinifera) induced with
electric field pulses of low intensity (specific energy input of 0.1 kJ/kg) was inves-
tigated at Berlin University of Technology. Total polyphenolic increase after PEF-
treatment of grapes is shown in Fig. 14.

Reversible electroporation began to be intensively investigated only in the last
couple of years, whereas the mechanism of plant response to electromechanical
impact at the present moment is still scarce.

7 Meat Treatment

Only a few reports are available on the impact of PEF-treatment on protein-based
food structures like meat and fish or protein gels (Barsotti et al. 2001; Gudmundsson
and Hafsteinsson 2001; Hafsteinsson et al. 2000; Sitzmann and Miinch 1988).

Permeabilization of meat tissue was reported to be utilized to enhance mass
transfer as occurring during drying or brining processes (Toepfl and Heinz 2007).
Salt in combination with antimicrobials like nitrite is used to increase the shelf life
of meat products. Depending on the type of salting (brining or dry pile salting),
a certain time depending on diffusion rate is required for impregnation to allow
penetration of salt to the product core. Another hurdle to prevent microbial growth
is a further reduction of water activity obtained by drying and maturing (Black
forest or Parma-type ham, Salami-type sausage). PEF technology for the disinte-
gration of animal cellular tissue like for the disintegration of fruit and vegetable
products is therefore an appropriate tool to improve mass transfer processes and
accelerate curing and drying, reducing time requirements. The improved availability
of intracellular liquid for fermenting cultures accelerates the fermentation of raw
sausages.

PEF-treatment of whole pieces of meat as a “dry” treatment can be realized by
different designs, all allowing direct contact between meat and electrodes (Fig. 15),
whereas for the treatment of pumpable minced sausage, a continuous colinear flow-
through treatment chamber design (as shown in Fig. 3) is appropriate.

The impact of PEF on meat tissue integrity was shown by treating pork shoulder
samples with varying intensities (Toepfl and Heinz 2007). Increased sample conduc-
tivity could be observed by increasing treatment intensity, indicating higher tissue
permeability and improved ion flux. Reduction of the maximum cutting force
instantaneously after PEF-treatment as well as a tender structure of dry cured ham
after maturing was observed. The enhanced activity of endogenous proteolytic
enzymes due to their increased release after PEF-treatment is assumed to cause
this tenderization improvement. The impact of PEF-treatment on meat conduc-
tivity could be shown to be similar to the mechanical stress during tumbling; so
PEF-treatment provides a potential to reduce tumbling time during cooked ham
processing.
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Fig. 15 Design concepts for a continuous treatment of meat pieces. fop: Semicontinuous conveying
system using the ground electrode as part of the transport box; centre: Moveable electrodes
designed as roller; bottom: Fixed and movable conveyor belts to transport pieces through an elec-
trode pair (as proposed by the German Institute of Food Technology, Quakenbrueck)

The drying of pork shoulder was reported to be accelerated depending on PEF-
treatment intensity and salting procedure so that an enhanced drying rate and a
reduction of drying time could be achieved. As drying rate is mainly determined
by the diffusion of moisture from the product core to the surface apart from the
water removal from the surface, disintegrated meat structure improves the drying
process.

In treating minced meat, the PEF application could be used as an additional
disintegration technique, apart from grinding, resulting in a decrease in curing time
of sausages as moisture removal is accelerated and an enhanced fermentation due
to the improved release of intracellular substances takes place. To allow a treat-
ment of sausage meats the treatment chamber is implemented in the filling tube.
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No detrimental effect on starter cultures will occur as the applied field intensity is
too low to cause microbial inactivation.

PEF-pretreatment can be utilized to improve uptake of salt and nitrite. An
increase of brine uptake in fish based on an enhanced diffusion of salt to the product
core was reported by Hafsteinsson et al. (2000).

During the production of cooked ham, commonly pickling brine is injected up
to 25% of fresh weight to induce nitrite, salt, and spices and to improve yield
after cooking. Injection is followed by tumbling to improve brine distribution and
to achieve mechanical disintegration. The impact of PEF on mass transport and
microdiffusion of brine was investigated by Toepfl (2006). The drip loss after
cooking of ham was observed to be reduced from 22% to 13% when processing
PEF-treated (2 kV/cm and 10 kJ/kg) meat (Fig. 16).

The microstructure of the ham samples analyzed by Scanning electron
microscopy (SEM) microscopy indicates enhanced protein swelling after PEF-
treatment due to the formation of protein—water interactions due to facilitated brine
and phosphate microdiffusion and an inclusion of free water by improved access of
phosphates to protein filaments. As the drip loss of PEF-treated meat is increased
during cooking if brine was used without phosphate addition, it can be concluded
that water-binding capacity is not enhanced by the PEF-treatment itself but by the
synergetic effect of phosphate and PEF.

Mechanical stress during tumbling enhances even the distribution of brine and
partial protein disintegration, improving the water binding capacity. In comparison
with untreated samples the tumbling time for PEF-treated meat could be reduced,
still achieving similar weight yield leading to shortened time and smaller production
costs.
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Fig. 16 Weight development during production of cooked ham relative to fresh weight. 22% (w/w)
brine injection with 1.5% phosphate addition, tumbling 2 hours, curing 4 hours, cooking up to 64°C
core temperature (adapted from Toepfl 2006)
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8 Wastewater Treatment

PEF-treatment attributes have not only found applicability in the possible disinte-
gration or pasteurization of food products but also in the treatment of wastewater,
which can be also considered as a product generated during food processing.

Sludge as resulting from the processing of wastewater consists of large amounts
of organic matter mainly in the form of a variety of different organisms. Their disin-
tegration by application of PEF-treatment and the subsequent release of intracellular
material initiates and promotes biodegradation and autolysis of cells resulting in a
minimization of excess sludge production.

Volatile suspended-solids and gas production during anaerobic degradation were
found to be improved after a PEF-treatment at 15 kV/cm and an energy input of
150 kJ/1 (Kopplow et al. 2004). Increasing chemical oxygen demand (COD) and as
a result of the release of organic material, an improvement of digestion and subse-
quent dewatering was observed (Loeffler et al. 2001).

In contrast to conventional disintegration techniques such as thermal or ultra-
sound treatment or mechanical rupture, PEF-treatment causes a direct and efficient
permeabilization of cell membranes within short processing times. An improved
agglomeration and sludge separation and, as to be seen in Fig. 17, a 45% reduction
of total suspended solids in the excess sludge was demonstrated by Koners et al.
(2004) by using an energy input of 100 kJ/kg at 15 kV/cm, allowing a sludge reten-
tion time of 14 days.

Unlike microbial contamination of food products, which is aimed to be inacti-
vated by PEF-treatment, the microbiota of sludge is much more diverse and opti-
mization of PEF-treatment parameters would be required.
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Fig. 17 Cumulative total soluble solids (TSS) and energy input during a 2 month trial. PEF
processing of 200 1 of sludge at 5 I/hour, 15 kV/cm and 35°C. Retention time of 14 days (adapted
from Toepfl 2006)
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9 Energy Requirements and Cost-Effectiveness

Electric energy input and field strength need to be selected depending on the
different applications and target organisms (Fig. 18). The desired level of cell perme-
abilization can range from a few percent of reversibly permebealized cells (for the
induction of stress response) to over 90% for the improvement of mass transfer in
plant tissue and up to 8 log-cycles inactivation for a safe microbial decontamination.

The different processing intensity requirements determine the treatment costs.
Field strength mainly influences the investment costs as it depends on the high-
voltage power supply equipment. Energy input primarily determines the costs of
operation as it requires a certain electric energy consumption

A higher field strength increases the total costs for realizing a certain specific
energy input. For the disintegration of plant or animal tissue the energy efficiency
of a PEF-treatment (2-20 kJ/kg) in comparison to a mild electric field (MEF) appli-
cation (20—40 kJ/kg) can be seen. MEF applications, as described by Jemai and
Vorobiev (2002) and Sensoy and Sastry (2004), is characterized as a process of
controlled, possibly reversible permeabilization by electric fields from 1 V/cm to
1000 V/cm used to enhance diffusion coefficients of soluble substances from apple
slices or improve the extraction from tea and mint leaves.

Exemplarily, a cost-benefit analysis for the increase of olive oil yield by the
application of PEFs is shown in Table 2. Olive oil, in comparison with maize germ
and rapeseed oil, gains a higher price on the market, and increase of oil yield
has therefore a much higher financial benefit. The calculations show that PEF-
equipment will amortize itself within 2 years for a given production capacity. The
energy input for the decontamination of liquid food dependent on the processing
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Fig. 18 Required processing intensities for the induction of stress reactions, disintegration of plant
or animal cells and microbial inactivation in comparison to a mild electric field (MEF)-treatment
or ohmic heating. When exceeding an energy input of 250 kJ/kg, mainly thermal effects occur.
Electric energy costs are based on a price of 10 ct/kW-hour (adapted from Toepfl 2006)
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Table 2 Cost—benefit analysis for the increase of olive oil yield by application of PEF. Estimated
was a production capacity of 100 t/day during 3 months per year working 5 days a week. PEF-
treatment was performed at 2 kV/cm and 60 pulses corresponding to a specific energy input of
3.4 kJ/kg (adapted from Guderjan 2006)

Traditional oil PEF—pretreatment
production (1% increase of oil yield)

Product specifications

Qil content in olives (%) 22

Oil yield (%) 90 91

Oil per tonne germ (kg/t)

Processing capacity

Processing capacity (t/year) 6000

Oil t/year 1.188 1.201

Costs

PEF investment costs (Euro) 100.000

PEF energy consumption (kJ/kg oil) 3,43

Energy consumption kW-hour/t 0,953

Energy costs (Euro/t) 0,095

Energy costs per year (Euro/year) 571,67

Olive Oil selling prices (Euro/t) 3.800

Sales revenue (Euro/year) 4.514.400 4.564.560

Profit less energy costs (Euro/year) 49.588

conditions was reported to be in the range of 300—1000 kJ/kg mainly due to the
fact that intermediate cooling was applied to maintain treatment temperature at the
ambient level. For a conventional thermal pasteurization of fruit juice, an energy
input of 20 kJ/kg is sufficient due to heat recovery potential of up to 95%.

The strong synergetic effect of temperature and microbial inactivation by PEFs
offers the possibility for an energetic optimization of an energy-intensive PEF
decontamination process by using heat recovery so that an energy input of only
40 kJ/kg is needed.

An enthalpy diagram for the PEF process for the pasteurization of apple juice
is shown in Fig. 19. To preheat the juice to a temperature of 55°C, the energy of
the PEF-treated product is utilized in a heat exchanger and the treated product is
cooled to 17°C. After a start-up phase, the pasteurization process can be operated
by the input of electrical energy; no additional energy input is needed for heating
and cooling.

The optimum process parameters have to be identified as PEF-treatment at lower
temperature does not provide the possibility to recover the dissipated energy, since
there is no need to preheat the product. Higher electric energy input is necessary to
obtain sufficient inactivation, which results in high costs of operation needed to cool
the product after treatment.

Pulse modulator typology and components, supplier as well as processing and
product parameters lead to a wide range of investment costs obtained. Energy
requirements for cell disintegration can be estimated to be in the range of 1-3 kW-
hour/t and for preservation of liquid food, in the range of 30-50 kW-hour/t. The
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Fig. 19 Enthalpy diagramm of a suggested PEF-treatment system for apple juice with an initial
temperature of 55°C and a specific energy input of 40 kJ/kg sufficient for a 6-log reduction of
E. coli. As specific heat capacity 3.8 kJ/kgK was used, the heat loss in the heat exchanger was
estimated for 5% (adapted from Heinz et al. 2003)

investment required for an installation of a 30 kW pulse generator based on a solid
state typology providing rectangular bipolar pulses with a peak voltage up to 30 kV
and repetition rates up to 1000 Hz is currently estimated to be in the range of 125.000
Euros, resulting in a treatment capacity of up to 10 t/hour for cell disintegration or
1t/hour for liquid media decontamination (Toepfl 2007).

Calculations do not include additional benefits due to the less detrimental impacts
of PEF on product quality. Reduction of processing times by the implementation
of PEF in the above-mentioned processes of meat treatment, the disintegration of
plant tissue instead of enzymatic treatment with its potential to extract native struc-
ture pectin from the pomace or the accelerated drying of plant material have to be
considered as well as increased yield of juice or oil containing higher contents of
valuable compounds. Therefore, a further reduction of total costs seems obvious.

For an efficient PEF pasteurization of liquid food, the required treatment intensity
is much higher in terms of electric field strength and energy input in comparison to
those required for disintegration of plant or animal tissue . The use of electrical
power is commonly connected to higher costs than energy derived by fuel or gas.
If PEF-treatment at the ambient temperature is desired, the electric energy input
required for microbial decontamination will have to be removed by active cooling,
causing additional costs of operation and investment. These extra costs will have to
be justified by sufficient margins or consumer benefits.

10 Future Aspects

The application of PEF in food processing has the potential for different applica-
tions. When operating at low electric field strength and energy input as in the case
of plant or animal cell disintegration, the cost balance and the availability of pulse
modulators with corresponding power are improved considerably. Application of
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PEF provides a good potential to replace conventional cell disintegration techniques,
and continuous application of short treatment durations makes PEF an attractive
candidate as a novel nonthermal unit operation.

Highly valuable substances from plants used as health ingredients or for cosmetic
application attract considerable interest. An increase of these substances by PEF-
induced synthesis as a stress reaction and an enhanced extraction by the use of
PEF for cell disintegration appear promising to promote the development of this
technique.

For pasteurization application in the milk or juice industry, the margins appear
too small to justify the replacement of thermal preservation. On the other hand,
high-value products like enzyme or vitamin solutions or protein fractions isolated
from milk, which are all very heat sensitive, are potential products for nonthermal
pasteurization by PEF.

The combination of techniques that deliver effective preservation without the
extreme use of any single technique is a major trend within the food industry.
Therefore, the combination of PEF with other stress factors like mild heat, antimi-
crobial compounds, pH, or organic acids, as well as the combination with other
nonthermal decontamination techniques like microfiltration, will determine further
development.

The interactions between the product and PEF process and possible undesired
changes still remain uncertain and for this reason the legislative situation in Europe
still remains arguable as each new technology has to obtain authorization through
the process set out in the Novel Food Regulation .

There are still some technological challenges especially in the case of PEF-
pasteurization that have to be overcome prior to industrial exploitation. Optimization
of the treatment chamber design and electrode geometry, which determines electric
field distribution and flow pattern along with local deviations in field strength, resi-
dence time, and temperature gradients, is of special interest. Electrochemical reactions
and electrode erosion have to be controlled to maintain chemical food safety.

At present, no experience on long-term reliability of the impulse generators as
well as electrode lifetime and service and maintenance costs is available, and it
remains challenging to convince potential users to invest in PEF technology.
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Application of High-Voltage Electrical
Discharges for the Aqueous Extraction
from Oilseeds and Other Plants

Cécile Grémy-Gros, Jean-Louis Lanoisellé, and Eugene Vorobiev

Abstract Aqueous extraction is a traditional operation unit used to recover from
food plants various products such as sugar, oil, or proteins. The yields of extrac-
tion are generally low. To enhance aqueous extraction different treatments may
be applied before and/or during extraction. Application of high-voltage electrical
discharges in water leads to original phenomena such as shock waves or active
species creation. Steps of creation and required material are presented. High-voltage
electrical discharges in water are interesting for different applications especially for
extraction.

1 Introduction

The electrotechnology called high-voltage electrical discharges (HVED), which is
presented in this chapter, is used in aqueous solutions in order to extract oil and
soluble material from plant products. Basically, HVED can be divided into three
categories (Fig. 1): (i) arc discharge through the interior of solid material; (ii)
underwater arc discharge, which can initiate a strong pressure pulse and produce
significant oxidative chemistry in the bulk liquid resulting from UV-photolysis, elec-
trohydraulic cavitation, and supercritical water oxidation; (iii) electrolytic discharge,
which can establish and maintain a strong electric filed in a treatment chamber for
a few microseconds but will avoid heating and electrical breakdown.

When electrical treatment is applied in an aqueous solution, different phenomena
are observed during HVED, depending on electric field intensity. If the electric
field is of low intensity, water carries electricity and behaves like a good elec-
trical conductor. Electrical signals look like simple exponential decreases (Fig. 2)
(Sun et al. 1997) such as signals observed in wet solid electrical treatment. When the
electric field overshoots the breakdown electric field, a new phenomenon involving
this electrical breakdown is observed. Electric current goes through water, which
behaves like an insulating material, and produces shock waves, ultraviolet
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Fig. 1 Categories of electric discharges: arc discharge through solid (left), liquid (center), elec-
trolytic discharge (right) (adapted from Bluhm et al. 2001)
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Fig. 2 Typical voltage and current curves in absence of electrical breakdown (Gros 2005)

radiations, and active species (Naugol’nykh and Roi 1971; Sun et al. 1998). Then,
the electrical signals look like damped oscillations (Sun et al. 1998; Zuckerman
et al. 2002; Gros et al. 2004). The application of HVED produces such phenomena.
In fact, classical discharge, which mainly depends on electrical conductivity of the
aqueous solution and creation of electrical breakdown, can be in competition.
Lightning is the first electrical breakdown observed by humans. The electric
origin of this natural phenomenon was discovered by Benjamin Franklin in 1753.
The first artificial electrical breakdown was produced by Humphry Davy towards
1800 (Hnatiuc 2002). This is the beginning of intense activity in research and in the
application of electrical discharge. In 1905, Swedbery found that a pulsed discharge
in water can produce an intense shock wave (Lu et al. 2001). The study of electrical
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breakdowns leads to the identification of their main characteristics, namely, their
huge complexity, the influence of many factors, and the variety of their forms
(electrical breakdown, corona discharge, streamer, lightning, etc.). Even after two
centuries of research and about 20 major theories, many aspects of this phenomenon
stay unappreciated. Many authors have tried to explain the formation of electrical
breakdown in liquids, mainly water (Naugol’'nykh and Roi 1971; Katsuki et al.
2002).

Extraction is an essential operation for industries that treat biological materials.
Many technologies have been developed for this operation. Extraction may be done
by pressure (screw press, hydraulic press (Beckett 1999), belt press, etc.) or by a
solvent, for example, hexane (Abu-Arabi et al. 2000), supercritical CO, (Bozan
and Temelli 2002), or water. The transfer of solute from biological solids to an
adjacent liquid is a traditional unit operation in different food applications. It is
used to obtain various products such as sugar, coffee, tea, and pectin. To enhance
aqueous extraction different treatments (mechanical, biological, thermal, electrical
(El-Belghiti et al. 2005)) may be applied before and/or during extraction.

Concerning oilseeds, aqueous extraction may be mainly used to recover oil
and/or soluble products such as proteins (Lopes Barbosa et al. 2006), gums, and
mucilage (flaxseed, mustard). Aqueous extraction may be the central operation or
a part of the process. Indeed, different types of product can be treated: whole or
crushed seed, press-cake, and defatted cake.

A seed is considered as oilseed if it is grown largely for oil. The major oilseeds
produced in 2005 (FAO 2005; United States Department of Agriculture 2007) are
soybean (217.9 Mt), rapeseed (48.6 Mt), cottonseed (42.5 Mt), peanut/groundnut
(33.9 Mt), sunflower seed (29.7 Mt), palm kernel (10 Mt), copra/coconut (5.6 Mt),
sesame seed (3.2 Mt), flaxseed/linseed (1.8 Mt), and castor seed (1.3 Mt in 2003).

The treatment of whole oilseeds (e.g., flaxseed (Cui et al. 1994) and white
mustard (Balke and Diosady 2000)) with aqueous extraction is usually used to extract
mucilage that is present in the hull of seeds. Mucilage is a heterogeneous polysac-
charide which has interesting properties and may have applications in food industry.
There are many different methods of aqueous mucilage extraction. Some authors
have tested the hot extraction from flaxseed (Mazza and Biliaderis 1989; Bhatty
1993; Cui et al. 1994). Optimum conditions have been determined by experimental
design: temperature of 85-90°C, pH 6.5-7.0, and 13/1 water/seed ratio (Cui et al.
1994). Others have soaked whole seeds in water or sodium bicarbonate solutions
(0.05 and 0.10 M for 6 and 12 hours) and have used polysaccharide degrading
enzymes (Wanasundara and Shahidi 1997). On white mustard seeds, two-stage extrac-
tion process using water with an initial temperature of 45°C at an 8/1 water/seed
ratio resulted in over 90% mucilage removal in approximately 3 hours (Balke and
Diosady 2000). The authors also show the existence of two steps in mucilage
extraction: first hydration of the seed and mucilage, then dissolution of mucilage.

The aqueous extraction of oil is an interesting alternative to solvent extraction due
to simultaneous recovery of protein and oil, the better quality of oil, and the absence
of volatile organic compounds emission (Rosenthal et al. 1996). But aqueous extrac-
tion has also some disadvantages: lower oil yield, high water consumption, and the
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addition of demulsification operation. Sometimes this problem of low extraction
efficiency of aqueous processes can be overcome by optimization of process param-
eters (pH, temperature, time, water/seed ratio, agitation, number of treatments, etc.)
or by the use of hydrolytic enzymes (Tano-Debrah and Ohta 1997; Sharma et al.
2002).

The aqueous extraction process of oil is generally composed of three main stages:

e Firstly, the crushed product is dispersed in water. The crushing stage is crucial for
aqueous extraction. It induces the particles reduction and structure modifications;
this facilitates the oil output (Southwell and Harris 1992). However, an excessive
crushing leads to stable emulsion formation when the product is dispersed in
water. Indeed, smaller oil drops are obtained and demulsification becomes more
difficult (Aguilera et al. 1983). Concerning the water/seed ratio, the lowest values
seem preferable to obtain less stable emulsions and generate less effluent to treat.
But higher water/seed ratios are required to achieve better oil yield. The optimal
water/seed ratio depends on the type of treated product.

e Secondly, the aqueous mixture is agitated to enhance oil and proteins extraction.
Whereas a simple agitation is needed to obtain high oil yield for groundnut and
sunflower, greater energies are needed to have an efficient extraction for other
seeds. For each product, an optimal value of pH exists for oil extraction (Kim
1989; Southwell and Harris 1992). This value corresponds also to the optimum
of protein extraction: a strong correlation seems to exist between protein and
oil extraction. Moreover, weakest yields of extraction for oil and proteins are
obtained for the isoelectric pH, which corresponds to the minimum solubility of
proteins. Thus, aqueous extraction may be considered as an operation of protein
solubilization which involves oil extraction. The temperature of extraction seems
to have a complex effect on oil extraction. The optimal duration of extraction
depends on treated product. The increase of the duration leads to the production
of more stable emulsion.

e Thirdly, this separation stage is performed to recover oil and proteins.

Different physical treatments as ultrasounds, microwave heating, instantaneous
pressure drop, etc., can be used to increase extraction yields. This chapter focuses
on the application of HVED for the enhancement of aqueous extraction from
oilseeds.

2 High-Voltage Electrical Discharges

The steps of creation of HVEDs are explained below. The HVED have already
different applications such as degradation of organic compounds contained in water
(Sugiarto and Sato 2001), microorganism inactivation (Zuckerman et al. 2002), or
extraction of soluble material (Vishkvaztzev et al. 1998; Barskaya et al. 2000).
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Fig. 3 Type of electric discharge in aqueous solution. (a) streamer, E = 4.4 kV/cm; (b) streamer
and spark, E = 13.3 kV/cm; (¢) spark, E = 33.3 kV/cm (Sugiarto and Sato 2001)

2.1 Steps of Creation

The application of high voltage across the electrodes leads to accelerate the elec-
trons that achieve enough energy to excite water molecules. Then an avalanche of
electrons is created. Air bubbles, which are initially presented in liquid or formed
thanks to local heating, participate and accelerate the phenomenon (Alkimov et al.
1971).

If electric field is intense enough, avalanche of electrons becomes the starting
point of streamer propagation from the positive electrode to the negative one
(Fig. 3). Lots of active molecules are produced inside of streamers under action
of excited electrons (Joshi et al. 1995; Sun et al. 1998).

When one of the streamers reaches negative electrode, electrical breakdown
occurs and discharge channel is created. This leads to the increase of arc diameter,
current increase, and voltage decrease. This discharge channel, which is also called
leader, is characterized by a plasma with high conductivity due to the large plasma
electron temperature and density. Also, the large plasma density and temperature
gradients, together with the nonelastic properties of the liquid, lead to the formation
of shock waves (Vitkovitsky 1997; Zuckerman et al. 2002). In addition to the shock
wave formation, ultraviolet radiations and active species are produced (Sun et al.
1998).

All these steps of arc creation may be interesting for comprehension of such a
technology, but a question is still there: how can we produce electrical breakdown
in water?

2.2 Condition of Apparition

In order to obtain electrical breakdown between two electrodes, the value of applied
electric field E (V/m) must exceed the breakdown electric field Ey,. Different
formulas are used to calculate E according to electrodes geometry (Burkes 1978).
For needle/plate electrode, electric field is calculated with the following formula:
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E=0.9.(£>.r+l (1)

[ r

where U is the applied voltage (V), r is the electrode radius (m) and / is the distance
between electrodes (m).
The value of Ey,: (V/m) can be estimated from the next semiempirical formula
(Martin 1973):
Epy =k 51 2)
where k is a constant (V.s'/3>.m™%3), S is the area of the electrode (m?) and . is

the effective time of the applied voltage (s), that is, the duration between voltage
application and leader creation while voltage is almost constant.

2.3 Material and Energy

The production of electrical breakdown in water requires a generator with a huge
capacitor. In Figs. 4 and 5 an example of generator and chamber of treatment used to
produce HVED for extraction is presented. Some characteristics of electrical circuits
of laboratory-scale HVED generators are presented in Table 1.

The energy is initially contained in the capacitor. A huge quantity of energy is
needed to create the electrical breakdown in water. This energy is considered as
losses of energy. Authors have managed to determine different origins of energy
losses for HVED treatment in water (Yushkov 2004). The losses of energy Wy, in
the pre-breakdown stage of discharge buildup can be represented in the following
form:

W =W+ W, + Ws 3)

Capacitor (200 nF)
Grrs i

Cuneul l 2?“1‘”

Tension
sensor

2 Needle electrode
% Plate electrode

Metal

Fig. 4 Schema of a HVED generator (Gros et al. 2004)
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Fig. 5 Generator of HVED (Gros 2005)

Table 1 Characteristics of electrical circuits of laboratory scale HVED generators

Capacitor C Inductance L Distance between
Energy W({J) (nF) (nH) electrodes [ (mm) Reference
200 0.01 15-200 13-50 Barskaya et al. 2000
160 0.2 1.15 5 Gros et al. 2004

where W, is the energy losses with the formation of overheated instability in the
zone of potential electrode due to the flow of ion currents from this electrode; W, is
the energy losses with formation and development of leaders in the working space;
W3 is the energy losses due to spreading of currents from the surface of the bare part
of the potential electrode and surface of leaders. Yushkov (2004) has shown that the
energy losses are not negligible; they can achieve up to 50% of the energy contained
in the capacitor.

With the experimental equipment presented in Fig. 4, Gros et al. (2004) have
treated a suspension of linseed press-cake in a long time experiment (2,500 pulses)

Voltage (kV)
Current (kA)

Time (us)

Fig. 6 Typical voltage and current curves measured during a HVED with a 5 mm interelectrode
distance. f.5 : effective time of the applied voltage ~ 0.5 ws; fp: duration between the measure
beginning and the creation of the discharge channel (Gros et al. 2004)
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Fig. 7 Typical voltage and current curves measured at the beginning of HVED with a 5 mm
interelectrode distance (photographs: Sun et al. 1998)

and recorded electrical signals (Figs. 6 and 7). They determined the duration of
electrical breakdown formation z.¢ , the electrical characteristics associated to the
damped oscillations and the energy consumed during these oscillations. The values
of f.g increase during the experiment (Fig. 8a). This is explained by the increase
of electrical conductivity of the treated mixture during experiment. This also means
that energy losses becomes higher during formation of electrical breakdown: the
pulse energy decreases with the increase of z.¢ (Fig. 8b).

2.4 Interest in HVED for Various Applications

An electricalbreakdown in water has many applications because of various effects
that can be produced: ultraviolet radiations, active species (Sun et al. 1998), and
shock waves (Vitkovitsky 1997).

These secondary effects can be used, for example, for water ozonation. The
application of electrical breakdown leads to bubbles division and improves treat-
ment efficiency. The creation of active substances, involves destruction of polluting
substances and microorganisms (Malik et al. 2001). The application of HVED
permits the degradation of pollutants such as phenol (Sugiarto and Sato 2001; Chen
et al. 2004), the decoloration of dyes (Sugiarto et al. 2003) and inactivation of
microorganisms (Zuckerman et al. 2002). Electrical breakdown in water can also
be of interest for the effects of associated shock waves. Mikula et al. 1997 have
used discharges (U= 40 kV, I, =45 kA, C=0.50 pF, L = 1.4 pH, [ = 7 mm)
to treat water suspensions of TiO, or wood (sawdust, needles) and water solution
of methylhydroxyethylcellulose. Shock waves crush TiO, particles: their average
diameter decreases and suspension turbidity is modified. In fact, TiO, aggregates,
which are spontaneously formed in water, are broken thanks to shock waves. In
the case of beech sawdust, the rate of acid hydrolysis increases with the number
of discharge pulses. These changes have been interpreted as the result of phys-
ical destruction of the materials, for example, increasing of specific surface area of
the treated materials. The viscosity of the solution of methylhydroxyethylcellulose
slowly decreased with application of pulses but the molecular weight of the polymer
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Fig. 8 Evolution of the duration of electrical breakdown formation f.¢ during a 2,500 pulses
experiment (a). Relation between 7. and the energy consumed after electrical breakdown (b) (Gros
et al. 2004)

changed only slightly. The treatment of spruce needles improves their wetability and
thus the contact with microorganisms (Mikula et al. 1997).Apparatuses were also
developed to split up rocks (Wesley and Ayres 1984).

3 Extraction Enhanced by HVED

HVED treatments may also be interesting to enhance aqueous extraction. The
effects of classical aqueous extraction and HVED are combined.
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Fig. 9 HPLC profiles of soymilk produced with classical extraction and extraction enhanced by
HVED (wavelength = 280 nm) (Vishkvaztzev et al. 1998)

3.1 Quality of Extracted Products

As HVED treatment produces active species, authors were interested in the quality
of proteins (Vishkvaztzev et al. 1998). They have used HPLCto compare protein
profile of soymilk obtain with classical extraction and HVED treatment. Their
conclusion is that HVED treatment seems to have no effect on quality of extracted
proteins (Fig. 9). Gros (2005) has also tested effect of HVED treatment on quality
of proteins. HVED pulses are applied on BSA solution using a 1 1 cell chamber
related to a generator (U =40kV, C = 0.20 pF, / =5 mm, W = 160 J). Treated and
untreated solutions are compared using HPLC (Fig. 10). No difference is observed
between the two signals. This result confirms the absence of effect of HVED treat-
ment on proteins.

3.2 Extraction of Soluble Molecules

HVEDs may be used to accelerate soluble molecules extraction from biological
products (Fig. 11) (Barskaya et al. 2000). With a generator (U = 50 kV, C = 0.01
WwE, I = 13-50 mm, W = 100-500 J), extraction speed could be multiplied by 40 up
to 50 compared to infusion.

HVED treatment is used to enhance a mucilage extraction from whole linseed
(Gros et al. 2003). Authors compared aqueous extraction at 34°C under agitation
(120 rpm) with different water/seed ratios and HVED treatment. Seeds of 50 g are
melted with 500 ml of demineralized water (20°C) and treated for 10 min (i.e.,
300 pulses at 0.5 Hz) with a generator (U = 40 kV, C = 0.20 pF, /[ = 5 mm,
W = 160 J). A centrifuge separation is then performed (17,700g, 20°C, 10 min)
to obtain the solution and residue. The residue is then treated a second and a third
time with freshwater in the same conditions. During HVED treatment, linseeds are
crushed under action of shock waves. Three 10 min treatments were sufficient to
extract mucilage almost entirely (Fig. 12). In the third one, proteins begin to be
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Fig. 10 HPLC profiles of untreated (a) and treated (b) solutions of protein (wavelength = 280 nm)

(Gros 2005)
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Fig. 11 Effect of HVED treatment on extraction of different biological products (Barskaya et al.

2000)
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Fig. 12 Amount of matter extracted with different water/seed ratios and with three electrical
discharge treatments with generator of electrical discharges (Gros et al. 2003)

extracted. The authors also observed that the increase of first treatment duration
has an undesirable effect: mucilage creates a jelly, which traps the seeds, and so
centrifuge separation becomes less efficient.

El-Belghiti (2005) has applied HVED for aqueous extraction of solutes from two
dried products: tea leaves and Datura inoxia (common name: moonflower) roots.
The water/gratings ratio was fixed as 10. Aqueous extraction was carried out at room
temperature (20°C) under stirring at 250 rpm. HVED (U = 40 kV, 100 pulses) had
smashed products to small fragments, and a limited increase of 10°C temperature
was observed. The extraction kinetics were obtained by measuring, in the suspen-
sion, Brix(tea leaves, Fig. 13) or electric conductivity (Datura inoxia roots, Fig. 14).

2.5 4

Brix (%)

0 20 40 60 80 100

Time (min)

Fig. 13 Effect of a HVED treatment on aqueous extraction from dried tea leaves (adapted from
El-Belghiti 2005)
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Fig. 14 Effect of a HVED treatment on aqueous extraction from dried Datura inoxia roots (adapted
from El-Belghiti 2005)

In both cases, HVED application has led to higher solute concentration and has
increased the extraction kinetic.

El-Belghiti et al. (2007) have compared moderate pulsed electric field (MPEF),
HVED, and ultrasonic irradiations (UI) as treatments to enhance aqueous extrac-
tion from fennel gratings. The objective was to obtain extract used as natural food
preservative (antioxidants). The water/gratings ratio was fixed as 2. Aqueous extrac-
tion was carried out at room temperature (20°C) under stirring at 250 rpm. The
three assisted extractions led to the same final yield of solutes and preserve the

%40- —o— HVED
5 30 8 —a— MPEF
—o—TUI
20 —&— Without treatment|
10
L e o

© 20 4 60 8 100 120 140 160 180 200 220
Time of extraction, min

Fig. 15 Kinetics of solute extraction from fennel gratings pre-treated by MPEF, HVED and UI.
¢* (%) is the ratio ¢/cs, ¢ being the actual solutes concentration in solution and c., being the
equilibrium solutes concentration (El-Belghiti et al. 2007)
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antioxidant substances. However, their kinetics were different due to the principles
of action and the treatments used, which were different (Fig. 15). HVED and UI
offered, respectively, the most rapid and the slowest kinetics. The final yield of 98%
was reached in 20 min with HVED, in 40 min with MPEF, and in more than 180 min
with UI. The amounts of energy needed for these treatments were also different: the
treatment by Ul requires a high amount of energy (320 kJ/kg) compared to HVED
and MPEF (70 and 40 kJ/kg, respectively). Thus, the MPEF treatment appears to be
energetically the most economic one.

3.3 Oil Extraction

Aqueous extraction of oil may also be enhanced by application of HVED. Kinetic
of aqueous extraction enhanced by HVED is established for linseed press-cake
(Gros 2005). Linseeds are crushed and pressed for 1 hour with an hydraulic press
(12 MPa, 50°C) (Gros et al. 2003). Press-cake is reduced in powder (30 g) and
melt with demineralized water (300 ml, 5 wS/cm, 20°C). The mixture is treated
with HVED (1-1,640 pulses) and centrifuged (10,000g, 20°C, 20 min). As soon as
linseed powder and water are in contact, 26% of the residual oil moves into water
(Fig. 16). This first step of extraction is simply due to a washing effect of water.
Then from 15 to 220 pulses, oil is extracted under the action of HVED and 26% of
oil remains in the residue after 1, 640 pulses.

For dry matter (Fig. 17), the first contact between linseed powder and water
provokes an immediate extraction of 15.5% of dry matter (first phase). From 80
to 1,640 pulses dry matter is also extracted (second phase). This extraction in two
phases was also described for aqueous extraction of mucilage from mustard seed
(Balke and Diosady 2000).

Optimization of such a process is possible using classical lever for aqueous
extraction (pH, time, water/seed ratio, agitation, number of treatments, etc.) and
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Fig. 16 Effect of number of pulses on oil contain in final residue (Gros et al. 2004)
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Fig. 17 Effect of number of pulses on quantity of dry matter in liquid phase () and solid residue
(M) during HVED treatment (Gros et al. 2004)

knowledge on HVED. Thanks to previous results (Gros 2005), a process based on
two stages of aqueous extraction enhanced by HVED was proposed to recover oil
from linseed press-cake. The extraction process was optimized using an experi-
mental strategy based on a central composite design with star points (Gros et al.
2005). For each experiment, the same number of pulses (280) is applied. Authors
have tested the effect of the repartition of pulses on two successive steps (134267
60+4-220; 130+4-150; 200+4-80; 247+33) and three process parameters: pH (4.9; 5.2;
5.8; 6.2; 6.5), water/press-cake ratio (6.67/1; 7.5/1; 8.75/1; 10/1; 10.83/1), and
temperature (13; 20; 30; 40; 47°C). The authors have examined the main effect
of these parameters on oil and soluble matter extraction and on energy consumed
after electrical breakdown.

The pH has an effect on discharge efficiency and on aqueous extraction of oil but
not on soluble matter (Figs. 18-20). The pH of suspension was controlled by addi-
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Fig. 18 Main effects of parameters on oil contained into the final residue (Gros et al. 2005) (curves:
model; points: mean of experimental values)
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tion of acid or base: electrical conductivity of suspension was modified and losses of
energy during HVED creation were increased. The HVED were less efficient with
the addition of ions. pH modifies the solubility of proteins: minimum solubility
is observed at pH 3.5-4.0 (isoelectric pH) for linseed proteins (Dev and Quensel
1988). So the increase of pH increases the solubility of proteins and enhances oil
extraction.

Water/press-cake ratio had an effect on discharge efficiency and on aqueous
extraction of oil (Figs. 18 and 20). The increase of water/press-cake ratio has
decreased the extraction efficiency. This effect came from enhanced extraction for
concentrated suspensions and from the decrease of discharge efficiency with the
increase of water/press-cake ratio.

Duration of first treatment had an effect on extraction of oil and soluble matter.
There was an optimal repartition of pulses between the first and the second treatment
for oil extraction. This effect results from the decrease of extraction efficiency in the
first treatment (Fig. 21) as it was observed during kinetic study.
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Fig. 19 Main effects of parameters on dry matter contained into residue (Gros 2005)
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Fig. 20 Main effects of parameters on useful energy consumed for a 280 pulses experimentation
(Gros et al. 2005)



Application of High-Voltage Electrical Discharges 233

10
2 Second treatment
o 8 /
‘C'-.:" = ooo
g E 6 8
S "g @ oﬁoo -3
— = 4 %p g irst treatment
o :5 -] -]
p= PR ]
B 3 . o
g ‘g . ..0’0. .
2% 0 —_—
o 0 10 20 30 40 50
2 Pulse energy ()

Fig. 21 Relation between mean duration of electrical breakdown formation 7.5 and mean energy
consumed (Gros et al. 2005)

Temperature had an effect on extraction of oil and dry matter but not on discharge
efficiency.

4 Conclusion

HVED:s in water produce different phenomena such as ultraviolet radiation, actives
species, and shock waves. All these phenomena may be interesting for different
applications (water treatment, pretreatment of biological product, particle crushing).
Even if HVED treatment is aggressive, no denaturation of protein is observed on
treated samples.

Concerning aqueous extraction, HVED enhances kinetic and quantity of extracted
matter (soluble matter, oil). To understand and optimize aqueous extraction enhanced
by HVED, knowledge of physical principles of discharges and aqueous extraction
are required.

HVEDs in water should not be considered as the unique solution to enhance
the aqueous extraction from food plants. However, this type of electrical treatment
gives the interesting results for different tested products (soybean, potato, tea, peat,
linseed, Datura roots, fennel grating, linseed press-cake).
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Industrial-Scale Treatment of Biological
Tissues with Pulsed Electric Fields

H. Bluhm and M. Sack

Abstract In this section we discuss the technical requirements and perspectives
for industrial-scale electroporation of plant cell tissues. Energetically it seems more
favorable to apply strong fields and short pulses than weak fields and long pulses.
Different generator configurations for the production of strong pulsed electric fields
and the durability of their main components are considered. Schemes for the process
control and the verification of the achieved degree of electroporation are examined.
In the second part of this contribution we describe the status of some emerging
industrial applications like sugar beet treatment, extraction of aromas, and flavors
from wine grapes, and the conditioning of green biomass for energetic utilization
by electroporation-assisted dewatering.

1 Introduction

The present contribution will be restricted to the industrial exploitation of perma-
nent pores (permeability) induced by strong pulsed electric fields (PEFs) in the
membranes of plant cells, a process usually termed electroporation. A detailed
description of electroporation has been given in Chapters 1 and 2 of this book
and will not be repeated here. Stress reactions enhancing the production of certain
substances in the cell interior or influencing the growth of fungi, which also have
been reported in the literature (Tsukamoto et al. 2003), will not be considered.

The treatment of plant cell tissues with PEFs as a supplementary step or a substi-
tute for existing procedures in a food processing chain is justified only if economic,
ecologic, or qualitative advantages can be realized. These advantages can result from
an increased yield of nutriments, shorter process times, reduced energy consump-
tion, or a longer shelf life of the product.

Industrial-scale treatment of plant cell tissues generally demands for large
throughputs. A large sugar factory, for example, is capable to process a sugar beet
flow rate of up to 600 t/hour, while the capacity of a fruit dejuicing plant is typically
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of the order of 100 t/hour. A large throughput can either be realized by a large flow
cross-section or a high flow velocity. Evidently a robust, reliable, and inexpensive
technology for the production of adequately strong electric fields in large volumes is
a prerequisite for a successful industrial utilization of electroporation. The formation
of large irreversible pores is a function of the product of field strength E and pulse
duration 7. Energetically it seems more favorable to create the permanent pores with
strong fields and short pulses than with weak fields and long pulses. To illustrate
this let us consider a flow of sugar beet cossettes with a packing density of 60%.
To maintain the integrity of the cossettes the flow velocity needs to be restricted to
less than 1.5 m/s. In our example the cross-section of the field zone is assumed to be
0.3 x 0.3 m? and its length 1.50 m. Thus, the sugar beet throughput corresponds to
290 t/hour and the time during which a cell remains in the reactor becomes 1 s. There
is a threshold of about 0.5 V for the potential across a membrane that needs to be
exceeded before pores begin to grow. Assuming a mean size of 100 pm for the sugar
beet cells, we can conclude that a minimum field strength of 10 kV/m is required.
For a pulse duration of 1us, typically 30 pulses with 500 kV/m are necessary to
open the membrane. Let us now compare the two extreme cases of DC operation
at 10 kV/m with that of pulsed operation at 500 kV/m, 30 Hz repetition rate, and
1 s pulse width. The conductivity of a suspension of sugar beet cossettes is on the
order of 0.3 S/m. In case of DC operation we need a voltage amplitude of 3 kV
and the ohmic current becomes 1.35 kA. Thus, the high-voltage supply must deliver
an average power of 4.05 MW. In case of pulsed operation, a voltage amplitude of
150 kV and a pulsed current of 67.5 kA are needed. However, the average power
reduces to 160 kW.

The requirements for pulse generators suitable for industrial-scale treatment of
plant cell tissues have been summarized in Table 1.

Besides supplying the requested electrical parameters, the pulse generator should
allow a low maintenance rate and a long durability of components to meet the
economic requirements.

2 Pulse Generators for Industrial Applications

2.1 Generator Configurations

The parameters summarized in Table 1 can be realized through different gener-
ator configurations. The simplest setup is a high-voltage capacitor or a parallel

Table 1 Requirements for industrial-scale pulse generators

Parameter Value

Pulse amplitude 100 kV-1 MV
Pulse current 10-100 kA
Power of pulse 1-10 GW
Pulse duration 1-10 ps
Average power 100-500 kW
Repetition rate 1-50 Hz

Component lifetime 10° pulses
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connection of several capacitors discharged into the reaction chamber through a
closing switch. A variant of this configuration is the Blumlein setup shown in
Fig. la. Here two LC chains are charged in parallel and discharged in series thus
doubling the output voltage. The main problem with all of these configurations is
to achieve the required pulse amplitude of several hundred kilovolts. Of course it is
conceivable to increase the output voltage by a pulse transformer as shown in Fig.
1b. However, the core of this transformer needs to be quite large since the core cross
section F multiplied with the sum of the saturation inductance B, and the remnant
inductance B, of the ferromagnetic material must be greater than the time integral
of the voltage pulse U(t):

F(B, + B;) > / U(t)dt (1)

For a voltage amplitude of 100 kV and a pulse duration of several ps F can reach
several tenth of a square meter. Another disadvantage is that the pulse transformer
does not only change the voltage amplitude but also multiplies the impedance of the
generator with the square of the transformation factor n. For this reason and to avoid
pulse deformation, # has to be limited.

Therefore, a more attractive configuration is the Marx generator whose principle
is shown in Fig. 1c. The Marx generator consists of several high voltage capacitors
that are charged in parallel from a high-voltage power supply and by closing a set
of switches discharged in series (Marx 1923, 1924). Using a Marx configuration it
is easily possible to achieve megavolts in output voltage.

A generator consisting of a set of LC chains in a Marx generator configuration
(Fig. 1d) is capable of delivering a high rectangular shaped output voltage without
the use of a transformer. But due to the larger amount of elements such a device is
much more complex and costly than a Marx generator. For many industrial applica-
tions the higher efficiency of a rectangular pulse compared to a rather slowly rising
and exponentially decaying pulse of a Marx generator is not required.

An important parameter of the Marx generator is its impedance Z, which we
define as /L/C, where L is the total inductance of the circuit including the induc-
tance of the connections between the Marx and the reactor and C is the serial capac-
itance of the erected Marx generator C = Ci/k (Cs = stage capacitance, k = number
of stages) (Bluhm 2006). In general the electroporation reactor can be considered as
a purely resistive load R and the actual voltage at the reactor Up,y is determined by
the ratio of the Marx impedance and the load resistance. This ratio also determines
the percentage of voltage reversal Uy, at the Marx capacitors which is an impor-
tant parameter for the lifetime of high-voltage capacitors and should not exceed the
value rated by the constructor of the capacitor. Typically it should be less than 20%
of the maximum rated voltage. The necessary electric fields inside the reactor and
the allowable voltage reversal determine the range of acceptable variations of the
reactor resistance R resulting from variations in the conductance of the cell suspen-
sion flowing through the reactor.

Analyzing the equivalent circuit of the erected Marx generator with a total
erected voltage Uy connected to the load, we obtain the following expressions
for the relative amplitude Up,,/Uy and for the fractional voltage reversal U.,/U as
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Fig. 1 Possible generator configurations for industrial-scale electroporation. (a) and (b) LC chains
in Blumlein configuration without and with a high voltage pulse transformer. (¢) Marx generator.
(d) Two-stage Marx generator with LC chains. The diagrams on the right-hand side show the
attainable pulse shapes
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a function of the ratio Z/R:
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The equations above are given for the periodically damped case with Z > ', R
only, as the aperiodically damped case is of less interest for industrial electropora-
tion devices. Equations (2) and (3) have been plotted in Fig. 2. The crosshatched
area is the granted operating range for a permitted reversal of up to 30% and an
accepted reduction of the pulse amplitude down to 45% of its maximum. Commonly
the impedance of a repetitive multistage Marx-generator exceeds 20 () while the
exemplary reactor described in the introduction represents a resistance between 4 ()
and 8 (). Therefore, several Marx generators connected in parallel will be required
to drive a large-scale reactor. The problem of synchronizing these generators will be
discussed later.

Figure 3 shows two prototype Marx generators that were built to drive a demon-
stration plant for sugar beet treatment (Schultheiss et al. 2004). They consisted of
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Fig. 2 Voltage amplitude Uy,x and the voltage reversal U, of a Marx generator divided by
the total erected voltage Uj as a function of the ratio of the Marx impedance Z and reactor
resistance R
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Fig. 3 Seven-stage Marx generators built to drive a demonstration plant for sugar beet treatment

seven stages and were able to deliver a voltage pulse with a total erected voltage
Uy =350 kV at a repetition rate of up to 20 Hz. The low energy-density capacitors
were rated for a lifetime of more than 10° shots.

2.2 Spark Gap Switches

The spark gap switches used in the generators shown in Fig. 3 were contained in a
common cylindrical polyethylene tube and operated in a self-break mode. Ignition
occurred when the capacitors had been charged past the breakdown voltage of the
first switch gap whose interelectrode distance had been reduced compared to the
others. Thus, a consecutive ignition of switches was enforced and the breakdown
of the following gaps was facilitated through illumination with UV light from the arcs
of the preceding ones. Nitrogen gas was circulated through the switch housing both
for cooling and removing of the debris that was eliminated from the gas stream by
filters.

Also for industrial-scale generators spark gap switches seem more favorable than
solid state switches. Gas filled spark gaps are simple, robust, and inexpensive. The
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high complexity and the large dimensions of a high-voltage, high-current thyristor
stack, for example, which also lead to large product costs, have up to now prevented
the broad use of solid state switches in pulsed power applications. The complexity
is increased by protective circuits often necessary to prevent the destruction of the
device in case of any malfunction in the circuit.

Nevertheless there are also major problems connected with the use of spark gap
switches. Their main problem is the burn-up of the switch electrodes. Erosion does
not only lead to an enlargement of the interelectrode gap but also to a change—in
most cases a roughening—of the electrode surface and to a contamination of the
switching gas with dust and gaseous reaction products. The combination of these
effects can result in a strong change of the ignition properties and ultimately limits
the lifetime of the switch. Also precipitation of debris from the electrodes on the
inner wall of the switch housing can contribute to this degradation. Two measures
have been taken to retard the alteration of the switching characteristics: profiling of
the field distribution on the electrode surface and selection of suitable materials. A
uniform field distribution across the electrode surface can provide a homogeneous
burn-up. This has been reached by shaping the surface with a Borda profile (Borda
1766).

Figure 4 shows a set of switch electrodes machined with such a profile inside
the switch housing. If in addition the surface area of the electrode is made large the
growth rate of the interelectrode gap is slowed down. The onset of electrode erosion
requires a sufficiently high locally restricted energy deposition that either leads to
mechanical stress, local melting or evaporation of the material (Donaldson 1990,
1991). A complete modeling of the electrode burn-up in a spark gap is very complex,
and quantitative scaling laws descending from it will probably never become avail-
able (Belkin 1971; Belkin and Kiselev 1977). For that aim not only the melting and
evaporation of the material have to be calculated but also magnetohydrodynamic and

Fig. 4 Set of spark gap switches with Borda electrode profiles in a common switch housing
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acoustic effects expelling the material from the melt zone need to be considered. In
addition, the plasma physics in the spark channel and the influence of evaporating
material on the plasma properties have to be simulated. On the other hand, if one
restricts the simulation to isolated phenomena we can only expect some hints for
the selection of suitable electrode materials and for a possible qualitative scaling

of the burn-up with current, pulse duration, kind of gas, etc. It turns out that the
1

load integral f I(t)*dt is a useful parameter to describe the phenomena (Zingerman
0

1960). One can derive the following formula that relates the load integral with the
material and spark channel properties:

Ip

TZ /

/ 1(Y2de = % bt (5)
C

0

Here I(t) is the current flowing through the spark; t, is the pulse duration;
Tetr = Ty is the difference between the melting point of the electrode material and
its initial temperature; p is the material density; ¢’ = ¢+ AH\,/Tef is the reduced
specific heat taking into account the melt heat AH,,; « is the heat conductivity; U,
is the cathode fall and b is the arc radius. We can see from Equation (5) that the
admissible load integral before the beginning of melting increases with the square
of the melting temperature, the product pc'k, and the spark channel radius b with
a power of 4 and it is inversely proportional to the square of the cathode fall U.>.
The problem with Equation (5) is that neither the channel radius b nor the cathode
fall U, and their parametric dependence on the nature of the switching gas and the
switch current are known.

A similar equation like Equation (5) can be derived for the onset of evaporation.
However, for the range of currents and pulse durations of interest here electrode
erosion is dominated by the molten volume and not by evaporation.

A different form of Equation (5) can be derived if we introduce the heat flux
'y = U.I/nb? and solve for the melting temperature 7y

Loy
Jpck T

From the above considerations we can derive the following criteria for the selec-
tion of electrode materials: Preferable are materials with large values of pc'T.g and
/& pc' Ty, The first parameter describes the necessary specific energy to melt the
electrode material while the second is proportional to the heat flux required for the
onset of melting. Here i is the mean heat conductivity between room temperature
and the melting point. A classification of materials based on these parameters is
presented in Table 2.

Composite materials try to take advantage of the different physical properties of
their components (Haufe et al. 1972; Donaldson 1991). Among these materials CuW
is most frequently used for spark gap electrodes. Besides CuW, CuCr and CuCrZr
are commonly applied. CuW exploits the good heat conductivity of copper and the

(6)

Tegr =
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Table 2 Classification of possible electrode materials based on the assumption that melting is the
dominating erosion mechanism

Material Tu[Kl &[J/secmK] [JgKl  pcTeg[lem3]  /pc’k Tee [T/em?s'?]
Tungsten 3695  1.105 0.271 1.75- 10% 7.97 - 103
Molybdenum 2896 1.38 0.251 6.54- 103 478 10°
Copper 1357 3.54 0.727 6.56 103 4.8310°
Niobium 2750 0.537 0.265 5.45-103 265103

high melting point of tungsten. In table 3 the thermophysical properties of Cu, W,
and Cr have been listet. CuW consists of a spongy matrix of tungsten that has been
impregnated with copper. Since the melting temperature of Cu is much below that of
W, molten Cu remains with a certain probability within the solid tungsten matrix. If
the heat transfer between copper and tungsten occurs sufficiently fast copper begins
to evaporate before tungsten starts to melt because even the evaporation temperature
of copper is lower than the melting point of tungsten. On the other hand the heat of
evaporation of copper is more thanthree times larger than the heat of melting of
tungsten. Therefore, it is expected that the heat flux to the electrode for material
erosion can be appreciably larger than for pure copper or tungsten. The mixing ratio
for minimum erosion depends also on the structure of the matrix. According to
experimental experience the lowest erosion rates appear at 30—40% of Cu.

Important for the success of the matrix concept is the rapidity of temperature
equilibration between the components. In this respect the heat conductivity of the
material component with the lower boiling temperature, the heat transfer coefficient
between components, and the structure of the matrix are crucial parameters.

At required current levels above 10 kA, it seems impossible to eliminate the
burn-up of electrodes. Therefore, the self-breakdown level of spark gaps will change
during operation and needs to be compensated periodically. This can either be
achieved by reducing the gas pressure or by mechanically readjusting the gap width.

Some experience with the burn-up of CuW electrodes has been gained in our
laboratory (Sack and Bluhm 2005). At a current level of /=4.5 kA, pulse width of
th = 1.4 s, and load integral of 20 A”s averaging over 500 000 pulses, the mean
material losses were found to be 183 ng per pulse for one pair of electrodes. At the
working level of an industrial Marx generator of t= 9.5 kA, f, =1.15 s pulse
width, and a load integral of 82 A’s, losses of 824 ng per pulse have been measured.

Table 3 Thermophysical properties of Cu, W, and Cr to explain the properties of composite mate-
rials. ¢, k& are the mean heat capacitance and thermal conductivity respectively

pCTeff pCTeff kY )OZ'I? Teff LY, pZ‘E Teff
Kml[J/s (melting) (boiling) (melting) (boiling)

Material T,[K] T7.[K] K] [J/em?] [J/em?] [J/em2s'2]  [J/em?2s'2)
Wolfram 3695 5828 0.95 1.75 -10* 1.01-10° 7.97 -10° 2.23-10*
Kupfer 1357 2835 2.67 6.56 -10° 5.61-10* 4.83°10° 1.93 104

Chrom 2180 2944
Zirkon 2128 4682
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The applied electrodes were machined with a Borda profile of 40 mm diameter. If a
maintenance period of 200 million pulses, corresponding to approximately 3 month
operation of a generator running at 20 Hz, were acceptable, an increase of the gap
distance by 1.9 mm for /=4.5 kA and 8.7 mm for /= 9.5 kA would have been
to be compensated, corresponding to about 16% and 73% respectively of the initial
gap width of 12 mm. These values demonstrate the severity of electrode wear and
request for a permanent and automatic adjustment of the switch self-breakdown
level. Since the homogeneous field distribution of the Borda profile fosters the
uniform burn-up across the electrode surface, it is possible to reduce the increase
of the gap width by enlarging the electrode area. Nevertheless at least for the higher
current it seems not feasible to compensate the burn-up just by reducing the gas
pressure. Systems for adjusting the gap distance mechanically during operation have
therefore been designed. A conceivable control scheme will be discussed later.

2.3 Synchronization

It has been mentioned already that the impedance of a multistage repetitive Marx
generator is generally much larger than the equivalent resistance of a large-volume
industrial electroporation reactor. Designing the Marx generator to match the reactor
impedance, although in principle conceivable, severely enhances the switch elec-
trode burn-up. Therefore it is preferable to divide the total required pulse current
between several Marx generators. However, this requires synchronizing their pulse
generation. Synchronization can be achieved by triggering the first switch in the
Marx generators with a sufficiently low jitter. Triggering of spark gap breakdown
is generally obtained with an auxiliary electrode (Bluhm 2006). The partial gap
between this electrode and one of the main electrodes is rapidly overvolted with the
help of an additional trigger pulse generator. After breakdown of this partial gap,
the entire charging voltage appears across the second partial gap and leads to its
rapid ignition. The disadvantage of this kind of triggering is the even quicker wear
of the exposed trigger electrode. A trigatron-type trigger circuit exhibits as well an
increased wear for the same reasons. Therefore, we have developed a new durable
trigger concept that does not need a third electrode (Sack et al. 2003, 2005). The
principle is shown in Fig. 5.

It is based on the superposition of a voltage pulse on the charging voltage of
the first capacitor C;, which appears across the two-electrode spark gap S;. For
that purpose the ground-side charging coil is replaced by a pulse transformer 7 g
connected to an auxiliary pulse generator. The pulse transformer superimposes a
voltage pulse to the charging voltage of the stage capacitor. The spark gap S, ignites
because of overvoltage and launches an ignition wave through the other switches.
Additionally, the transformer decouples the auxiliary trigger pulse generator from
the load voltage of the Marx capacitors.

In the auxiliary trigger pulse generator, a semiconductor switch connects an
energy storage capacitor to the primary of the pulse transformer. Depending on the
design the trigger pulse can either be generated when the semiconductor switch
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Fig. 5 General scheme of a trigger concept without a trigger electrode based on the superposition
of a trigger pulse on the charging voltage of capacitor C;, which appears across the spark gap S,

closes or when it subsequently opens. After triggering, the trigger pulse polarity is
opposite to the stage voltage across the transformer. Hence, a transient insulation of
the two adjacent stages has to be provided by a sufficiently large inductance in the
pulse transformer branch. In case of pulse generation at closing time the stages may
be insulated either by an increased stray inductance of the pulse transformer, or by
an additional series inductance. If the trigger pulse is generated by switch opening,
the inductance of the transformer’s secondary serves as the transient insulation.

Moreover, the trigger pulse generator has to withstand the voltage appearing
across the secondary. Although a closed switch is inherently protected against
overvoltage, it has to cope with the current through the charging branch ramping
up during pulse formation of the Marx generator. The current driven through the
secondary of the transformer flows in the same direction as the current of the trigger
pulse. Hence, the switch has to be designed for the sum of both currents. An anti-
parallel diode may protect the switch in case of ringing.

An open switch has to be protected against the voltage induced across the
primary. The main protective measure is to choose a sufficiently large transformer
ratio, which guarantees that the induced voltage remains safely below the maximum
voltage rating of the semiconductor switch. Additionally, suppressor diodes may
protect the switch. A diode in series to the switch protects it against polarity reversal
due to ringing, as for many IGBTSs (insulated gate bipolar transistor) or MOSFETSs
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(metal oxide semiconductor field effect transistor) the reverse breakdown voltage is
much less than the forward breakdown voltage.

To obtain a low jitter a fast-rising overvoltage pulse across the spark gap is essen-
tial. The stray capacitances of the first stage together with the equivalent inductance
of the two charging branches form a resonant circuit determining the rise time of
the trigger pulse. If one trigger transformer is implemented e.g. in the ground side
charging branch, its effective inductance Lrtig s forms together with the charging
coil Ly in the high-voltage side charging branch an inductive voltage divider. The
voltage across the spark gap can be calculated from Equation (7) as the sum of the
charging voltage of Cjand the secondary pulse voltage multiplied by the divider
ratio.

Lin g, )

Us, = Ue, + —11
Si ot Lin +LT],3,eff Pulse

For the fast rising trigger pulse, the stage capacitors C; and C, can be regarded
to be of low impedance. The equivalent inductance of the arrangement is given by

Ly - L1, efr

(8)
Lig + L1, eff

Ll,equ. =

Provided, that both inductances are of the same order the voltage across the spark
gap is only approximately half of the secondary trigger pulse amplitude. The equiv-
alent inductance is approximately half of the inductance in each branch.

To compensate for the effect of the voltage divider, the secondary pulse voltage
might be increased. But this measure is at the expense of greater effort for the insula-
tion of the pulse transformer, and of more energy required to charge its stray capac-
itances to a higher voltage. Alternatively, each of the two charging branches can be
equipped with the described combination of trigger transformer and trigger pulse
generator as shown in Fig. 6. Both pulse generators need to be synchronized since
they drive the load in a parallel configuration. If both trigger pulse generators have
equal amplitudes, there is no leakage current through either of the two branches.

Using the Marx generator in a common unipolar configuration the pulse circuit
consisting of the generator and the electroporation reactor as a load is preferably
grounded at the electroporation reactor rather than at the Marx generator. In this
way the inductive voltage drop across the ground connection between the generator
and the reactor does not lead to any additional current flow along the product stream.
Such a leakage current would be undesirable since it reduces the efficiency of the
device. But in such a configuration the ground side of the Marx generator floats at
10-20 kV above ground. In case of an accidental flash-over bridging the electrodes
inside the electroporation reactor, the floating voltage above ground could become
even higher. If the trigger circuitry is empowered from the ground side, the trigger
transformers or an extra insulated power supply have to be designed to withstand
this voltage. For the transformer—pulse generator combination at the high-voltage
side of the charging branch the charging voltage has to be considered additionally.
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Fig. 6 Improved scheme of a trigger concept without a trigger electrode with one transformer—
pulse generator combination in each charging branch powered by the Marx generator’s charging
current

To overcome these insulation requirements, the trigger pulse generators can be
empowered by the charging current of the Marx generator. A DC power supply
performs a kind of impedance matching, so that the storage capacitor of the trigger
pulse generator can be charged together with the stage capacitors of the Marx gener-
ator. Additionally, it delivers the auxiliary power required for the control circuitry
and for the fiber-optic receiver used to synchronize the pulse generation.

2.4 Burn-Up Control Scheme

Several possibilities exist to determine the growth of the gap in the switches due to
burn-up: Mechanical or optical measurements of the gap width, although possible in
principle, are costly and may require periodic interruptions of operation. Therefore,
we prefer to derive a control parameter from changes of the switching characteristics
itself.

During pulsed breakdown of a spark gap we can distinguish several time steps:
to the time until the static breakdown voltage U is exceeded, #; the statistical delay
time until an avalanche effective electron appears in the gap, t, the avalanche buildup
time until the critical charge density for streamer propagation is reached and 7, the
time until a low-resistance arc across the gap has been established (Bluhm 2006). If
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we assume that the times 7y, £, and 7, are short compared to the avalanche buildup
time the time integral of the applied voltage U(t) above U is a constant that just
depends on the gap geometry (Kind 1958):

to+ts+1,
[U@) — Upldt = F ©)

to+1s

Here F is a constant depending on the gap geometry. #y and 7, can be considered
to be small if the voltage across the gap rises very fast and #,. is always quite short.
In addition we can reduce f; even further if the start electrons are supplied from
a corona discharge that appears in the gap during charging of the capacitors. In the
trigger scheme described before the shape U(t) of the trigger pulse remains constant.
Therefore, any deviations of the integral in Equation (9) reflect changes of the gap
geometry which determines both #, and Uj.

For practical reasons it is advantageous to choose as the control parameter the
avalanche buildup time 7,. For that purpose the light pulse from the first spark gap
of the Marx generator can be analyzed. If we determine the time difference between
the initiation of the trigger generator and the light signal from the spark gap and
subtract the constant delay of the trigger circuitry we get a measure of the gap
geometry, which can be used to control the gap distance or the switch gas pressure.
As the measurement exhibits some scattering due to the jitter, it is necessary to do
an averaging before the processing.

Figure 7 demonstrates the effectiveness of this control process. Here instead of
increasing the gap distance in the switches we changed the breakdown character-
istics of the spark gap switches by increasing the gas pressure from 1.15 bar to
1.25 bar leading to an increase of the ignition delay. The figure shows the trigger
delay, that is, the time between the signal to the trigger generator and the breakdown
of the first spark gap, the delay to ignite the remaining spark gaps of the Marx
generator (delay Marx generator), the total delay time as the sum of both curves,
and the charging voltage per stage. Initially, the pressure had been stabilized to a
trigger delay of 0.4 s in the first gap for a charging voltage of 35 kV per stage.
Raising the pressure to 1.25 bar the delay doubled and became 0.8 s. It came back
to the initial value after the charging voltage was increased to 40 kV.

Since the trigger delay is a statistical process the signals need to be averaged
over several shots before an adjustment of the switch gap is made. Naturally the
fine tuning of the switch will become easier if the jitter of the trigger delay is small.
A small jitter is also required to obtain a good synchronization of several Marx
generators. A necessary condition for small jitter is a fast rising trigger pulse. In
addition pre-ionization of the spark gap can appreciably reduce this jitter.

For that purpose a passive corona discharge has been applied. The corona
discharge is established around a thin wire which is electrically connected to the
negatively charged electrode of the spark gap. Because of the electron emission a
negative glow discharge is more stable than a positive one. The wire is bent to a
ring and mounted at some distance around the electrode gap in such a way, that
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Fig. 7 Demonstration of switch control by measurement of the delay of spark ignition in the first
gap. Before pulse 60 the pressure and the charging voltage had been adjusted to 1.15 bar and 35 kV
respectively. From pulse 60 on the pressure was gradually raised to 1.25 bar, while the charging
voltage was still kept at 35 kV. From pulse 85 on the voltage was readjusted to reach the previous
trigger delay of 0.4 s

the glow discharge around the wire radiates UV light into the gap and onto the
electrodes. The ring-like structure causes a symmetric radiation and electron injec-
tion fostering together with a homogeneous field distribution a homogeneous wear
along the electrode surface. The diameter of the wire and the distance from the
electrodes is chosen such that on the one hand the inhomogeneous field around the
wire is sufficient to establish the glow discharge. On the other hand, the field inside
the space between the wire and the electrodes is chosen low enough to inhibit a
direct discharge between the wire and the positive electrode. Figure. 8 shows the
equipotential lines of a non optimized configuration with spherical electrodes.

Fig. 8 Equipotential distribution in a spark gap with spherical electrodes surrounded by a corona
wire to supply sufficient start electrons before the application of the trigger pulse
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To achieve a homogeneous field distribution similar to the field configuration of
the undisturbed Borda profile the shape of the electrodes needs further optimization
to compensate for to the influence of the corona ring.

It has been experimentally confirmed that a small jitter of the time delay can
be achieved with this setup. A jitter (2 o) of the total switching time of less than
92 ns has been obtained for a charging voltage of 90% of the self-breakdown
value.

2.5 Screening of the Degree of Electroporation

To verify that the desired degree of electroporation of the treated plant cell tissue
is achieved a continuous measurement is required. In principle it is possible to
draw samples from the stream of treated plant cells and to determine the achiev-
able product yield in a laboratory. However this procedure seems rather slow
and probably not acceptable. Therefore, an in situ measurement technique is
necessary.

Such a technique can be based on considerations about the equivalent electric
circuit of cell tissue. A single biological cell in a conducting suspension connected
to a pulse generator can be represented by the circuitry shown in Fig. 9.

A cell tissue can be modeled by a complex parallel and series arrangement of
such equivalent circuits, bridged by additional resistors representing ohmic current
paths around the cells, formed, for example, by capillaries (Fig. 10 centre). However,
such a network can be formally restructured to a network of the same simplified
structure as for a single cell but with values for the elements that depend on the
geometry (Fig. 10 right).

The specific resistance of a cell membrane has been measured by Greenham to be
of the order of 3000 Ohm cm? (Greenham 1966). Pores forming in the membrane
cause a reduction of the membrane resistance while the membrane capacitance is
little affected. Nevertheless the frequency response of the tissue network can change
appreciably.

ngg Tcm Rg

c.”_— =R R E +
i u(t)

R.Z LT C. .

=

Fig. 9 Equivalent circuit of a biological cell. R;, = membrane resistance, C;;, = membrane capac-
itance, R, = resistance of cytoplasm, R, =resistance of suspension outside the cell, Cs = stray
capacitance bypassing the cell, R, = generator impedance, U(t) =time-dependent voltage pulse
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Fig. 10 Simplified equivalent circuits of a single biological cell (top) and of cell tissue (bottom)

Therefore, it has been proposed to derive the value of R, sjssue from an impedance
measurement at two frequencies sufficiently apart and to use the result as a measure
of the degree of electroporation that has been achieved (Angersbach et al. 1997,
1999; Lebovka et al. 2000, 2001). At a low frequency in the range of several hundred
hertz, the capacitive part of the current through the cell membrane becomes negli-
gible; hence, the sum of Ry gisue and Ry, issue 1S Obtained. At a high frequency in the
range of several megahertz, the capacitance is short-circuited and only the value
of Rs.issue Will be measured. Ry, sissue can be calculated from the difference of both
results. The cell tissue is considered to be electroporated completely, when Ry, tissue
has fallen to several ohms. Then the membranes of many cells will have been dena-
tured and the cytoplasm will penetrate into the space outside the cell enclosure. This
diffusion process is supported by the inner pressure of the cells.

The described method works fine for small reactors, where the inductivities of
the leads can be neglected. Figure. 11 shows the complex impedance of a cubical
sugar beet sample in the frequency range between 100 Hz and 10 MHz. It is evident
that in this case the upper frequency needs to exceed 5 MHz. To use this method
in a large-scale industrial reactor, electrode separations of several 10 cm have to be
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Fig. 11 Complex impedance of a cubical sample (125 cm?) from a sugar beet both for raw and
treated material

bridged. In these cases, one cannot neglect the effect of inductances which together
with stray capacitances can form a resonant circuit.

Furthermore, it will take between 1 and 2 s to probe the reactor with two frequen-
cies. Therefore, in a stream of plant material the probed samples will not be identical
resulting in erroneous measurements, if the flow is inhomogeneous. A simultaneous
measurement at two frequencies could avoid this problem. However in this case
it would become necessary to investigate, whether the biological system is linear
enough for the two measurement frequencies not to influence each other. Anyway,
the measurement device would be more complex.

To overcome these difficulties a new measurement method has been proposed
(Sack and Bluhm 2007). It is based on the change of the phase angle between
voltage across the sample and current through the sample with frequency. Espe-
cially at medium frequencies the influence of the capacitive current flow through the
cell membranes on the phase shift becomes quite strong. For sugar beets the phase
shift is maximal at approximately 50 kHz, both for raw and partly electroporated
beets. As the capacity C becomes more and more shorted while the electroporation
progresses, the phase angle decreases and can be taken as a measure for the degree
of electroporation that has been reached. If all cells were completely opened, the
phase angle should come close to 0° in the ideal case.

Conducting the measurements at frequencies around 50 kHz ensures that the
influence of stray inductances remains small. In addition using just a single frequency
makes continuous monitoring of the degree of dissociation of the plant cell material
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much easier. We can determine the phase shift between the current and voltage
signals just from the time difference between their zero crossings.

3 Emerging Industrial Applications

3.1 Treatment of Sugar Beets

Probably the most advanced large scale industrial application of electroporation
is the treatment of sugar beets. The standard procedure of sugar production from
beets consists of carving the fruits into cossettes and subsequently extracting the
juice from these cossettes at elevated temperatures with as little water as possible
(Schiweck and Clarke 2001). The sugar dissolved in the cell juice can leave the beet
cossettes only if the cell and vacuole membranes have been destroyed. In modern
sugar plants this is achieved by thermal denaturation at temperatures above 70°C
(Fig. 12). The transport of sugar and other water-soluble substances from the inside
of the cossettes to the extraction water occurs by diffusion. Since the diffusion
coefficient is temperature dependent the extraction temperature should be as high
as possible. However, at too large temperatures, considerable amounts of struc-
tural substances from the cell walls are also denatured and become water soluble.
Thus impure raw juices are achieved which need extensive processing. Therefore
a temperature course is applied which represents a compromise: Denaturation is
achieved by heating the cossettes to 70-78°C for a short time and extraction is
carried out at 69-73°C.

The temperature course also influences the surviving of microorganisms intro-
duced into the process by soil from the beets. The metabolism of these bacteria
can lead to sugar losses. Some organisms are not at all inhibited at the applied
temperatures and therefore disinfectants (e.g., hydrogen peroxide and formalin) are
generally introduced into the extraction system.

Appreciable energy savings and less expensive purification procedures are
conceivable if the juice extraction could be carried out at much reduced tempera-
tures. The use of PEFs as a nonthermal method for the breakage of cell membranes
in vegetables has first been described by Doevensbeck and Flaumenbaum (Doeven-
speck 1962; Flaumenbaum 1967). Recently it has been proposed to use a combi-
nation of pressing and PEF-treatment for the extraction of juice from sugar beets
(Bouzrara and Vorobiev 2000, 2001; Jemai and Vorobiev 2003; Eshtiaghi and Knorr
2002). Although this process can lead to a much reduced energy consumption it
represents a completely new technology and requires a redesign of the entire sugar
plant. Also it seems difficult to scale-up their proposal from the laboratory level to
the large throughputs of up to 15 000 t/day required for an economic sugar factory.

Here we restrict the discussion to a different approach which aims at integrating
the pulsed electric field treatment into the production line of existing sugar plants as
indicated in Fig. 12 (Schultheiss et al. 2002, 2004).
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Fig. 12 Entrance stage of a conventional sugar factory

To demonstrate the potential advantages of electroporation for the extraction of
juice from sugar beet cells the mobile test device KEA (Karlsruher Elektroporations
Anlage — Karlsruhe electroporation device) was built in the Research Centre Karls-
ruhe and used in several experimental campaigns at a sugar factory. A general view
of the facility is shown in the left part of Fig. 13. The treatment chamber shown
in the right part was built from a polypropylene-tube of 18 cm inner diameter. It
contains four electrode pairs constructed from stainless steel. Each pair consisted
of two disk shaped electrodes of 4 cm diameter, axially and azimuthally displaced
by 16 cm and 90° respectively. The twisted electrode pairs secured that each cell of
an entire sugar beet passing through the tube had seen at least the minimum field
at the centre between two electrodes. At nominal pulse voltage this field reached
a value of in average 8.8 kV/cm. The treated beets leaving the reaction tube were
transported to a tub with the help of a screw conveyor visible on the left side in Fig.
13. A maximum throughput of 300 kg/hour could be handled with this setup.

High voltage pulses with amplitudes of up to 220 kV were created with the
help of a six-stage low-impedance Marx generator. Discharging the Marx into the
reaction chamber a unipolar pulse of about 1 ws duration is achieved. Each pulse
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Fig. 13 The mobile test device KEA used to demonstrate the potential advantages of electropo-
ration for the production of sugar from sugar beets. The left part shows the complete set up. The
photo on the right depicts the treatment vessel

represents an electrical energy of 0.75 kJ. The Marx was capable to run at a repeti-
tion rate of 10 Hz. Both the Marx generator and the reaction tube were housed in a
Faraday cage to eliminate the emission of electromagnetic noise. The high voltage
supply is a 10 kW commercially available unit.

At first entire sugar beats were treated. After treatment they were cut into
pieces and either cold pressed or extracted in water at different temperature levels.
Figure 14 shows a cut through sugar beets before and after treatment in the reaction
chamber together with the corresponding yield of juice obtained by cold pressing
with 32 bar pressure for 15 min. Juice droplets appearing on the cut surface of
the treated beet are indicative that the cell membranes have been destroyed by the

Fig. 14 Cut through sugar beets before and after treatment in the reaction chamber together with
the corresponding yield of juice obtained by cold pressing with 32 bar pressure for 15 minutes
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pulsed electric fields. It has been found that the same specific yield as through
thermal denaturation at 72°C could be achieved with much lower specific energy
input. Thus, it is evident that electric pulse treatment has a large potential for energy
saving.

Besides by cold-pressing the sugar beets treated in the KEA reaction chamber
were also extracted by diffusion into water. It was found that the same sucrose
extraction as in the standard procedure at 72°C could be achieved at lower temper-
atures. Since the mobility of the sugar molecules decreases with falling tempera-
ture longer extraction times would become necessary at too low temperatures, thus
reducing the achievable mass throughput. Therefore, a compromise has to be found,
which is considered to be below 70°C. At this temperature a thermal dissociation of
cell substances does not yet occur and we can expect a purer raw juice draft.

As shown in Fig. 15 this has indeed been observed. Here the raw juice purity—
defined as the sucrose fraction in the juice—has been plotted versus the cossette
purity—defined as the ratio of sugar to the total solid mass in the beet. It is seen
that especially for beets of lower quality electroporation and extraction at lower
temperatures lead to improved juice purity. Generally there is always a mixture of
beet qualities entering the sugar factory.

In addition to the benefits described above it has also been found that the raw
juice draft (i.e., weight of juice/weight of beet), which in the standard procedure is
around 110%, could be significantly reduced, without changing the sucrose extrac-
tion. For thermal reasons it is desirable to attain the lowest possible raw juice draft.

Summarising the results, it is obvious that replacing the normal thermal treatment
at elevated temperatures (>70°C) for denaturation by the application of pulsed elec-
tric fields in the process line of a sugar factory leads to numerous advantages. There
are two major areas for energy saving in a sugar factory by adding an electroporation
step to the process line: Extraction can be carried out at lower temperatures and with
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Fig. 15 Raw juice purity versus cossette purity. At low beet quality the raw juice purity obtained
from treatment with PEFs is superior
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Fig. 16 Transport drum and reactor vessel of the 10 t/hour sugar beet electroporation facility
KEA-ZAR

lower raw juice draft. It seems feasible to integrate the electroporation step into the
process line without requiring major changes of the other components of the sugar
plant.

Encouraged by the findings with the mobile plant the demonstration plant KEA-
ZAR was built at a factory site (Frenzel et al. 2005). This facility allowed a
throughput of up to 10 t/hour. Its reaction chamber consisted of a coaxial cylindrical
set up. The inner cylinder providing the beet transport was a plastic drum with spikes
protruding from its surface (Fig. 16). The high-voltage electrodes were placed in
the jacket of the outer cylinder. The ground electrodes were stainless steel ribbons
mounted on the jacket of the inner cylinder.

The pulses were supplied from the two seven-stage Marx generators shown in
Fig. 3, each delivering pulses with an amplitude of 210 kV at a frequency of 20 Hz.
The complete facility is shown in Fig. 17. KEA-ZAR could demonstrate that the
advantages of electroporation for the extraction of sugar from sugar beets can also
be realized under the conditions of industrial production and the operating experi-
ence gained with KEA-ZAR will enter into the design of the next demonstration
plant fully integrated into the factory and designed to treat a partial stream of up to
1500 t/day. KEA-ZAR has also shown that field homogeneity is important for the
complete destruction of all beet cells.

Another important parameter for the disintegration of beet cells is the temper-
ature at which the treatment is carried out. This is shown in Fig. 18, where the
yield of juice has been plotted as a function of temperature for equal pulse parame-
ters (30 pulses with E =3 kV/cm). Since beets are harvested in autumn and stored
outside, their temperature can become close to 0°C. Experiments showed, that the
amount of electrical energy needed for complete denaturation of cells increases with
decreasing temperature (Frenzel et al. 2005). Therefore, an optimum processing
strategy has to be developed, that is, comparing the costs for the delivery of higher
electric fields with those of preheating the beets using the waste heat from the
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Fig. 17 Prototype facility KEA-ZAR during construction at the factory site
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Fig. 18 Yield of juice from sugar beet samples as a function of temperature for equal pulse proto-
cols (30 pulses of 3 kV/cm)

concentration of raw juice in the later process stages of the factory. However, to
warm up the entire stream of beets in the sugar factory seems not feasible because
of the rather large thermal time constants. Therefore, it is more advantageous to cut
the beets into cossettes which because of their smallness need much shorter times to
warm up before treatment. An additional advantage of cossettes is that they allow a
simpler transport concept without mechanical elements.

3.2 Treatment of Grapes

Bouquet, taste, and color of wine are decisively determined by the degree of disin-
tegration of the skin cells of wine berries. Commonly this is either achieved by
mash fermentation or by mash heating. In the first case alcohol is produced which
then acts as the extractive agent (aqueous-alcoholic extraction). The disadvantage
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of this process is that it is time consuming and therefore expensive. Mash heating
(aqueous-thermal extraction) is quicker and very often supported by the addition of
enzymes.

Electroporation of wine grapes is an alternative non-thermal process completed
in a few seconds leading to a prudent extraction of colors and valuable constituents
within hours (Eshtiaghi and Knorr 2000; Tedjo et al. 2002).

To explore the capabilities of electroporation for the production of wine a facility
allowing a throughput of several tons per hour is required. Thus, it is possible to
look into the complete process chain up to the final product. For that purpose the
specially designed mobile facility KEA-Wein, shown in Fig. 19, has been built at
the Research Centre Karlsruhe and operated in several campaigns between 2001 and
2006 together with the State-Institute on Wine-Cultivation in Freiburg, Germany and
the company KEA-TEC GmbH (Sigler et al. 2005). KEA-Wein, was able to produce
electric fields of up to 60 kV/cm in the reactor at a repetition rate of up to 15 Hz. It
was able to handle a throughput of up to 1 t/hour at a connected wattage of 15 kW.
The average specific energy consumption was around 15 kW-hour/t. To prevent a
flash-over inside the reactor due to air bubbles the must can be pressurized up to a
pressure of 8 bar.

Both red and white wine grapes have been treated (Sigler et al. 2005). Red
Burgundy mash has first been electroporated in 2001 and compared to a control
sample that was disintegrated by the usual heating process. To extract color and
tanning substances both samples were left to stand for one night and then pressed,
precleared and fermented into wine. As shown in Table 4 the tanning and acid
concentrations of the electroporated must samples were somewhat lower than those
of the control samples. However this can probably be changed by varying the elec-
trical parameters. Nevertheless, the basic analytic data of the finished wine, espe-
cially the color and tanning agent values came very close to those of the control
specimen.

Fig. 19 Mobile facility KEA-Wein for the treatment of grape mash with strong PEFs
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Table 4 Basic analytic data for red burgundy must and wine (2001) (Sigler et al. 2005)
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Blind tasting by 48 knowledgeable persons resulted in indistinguishable quality
ranking between both wines.

Additional campaigns were carried out in 2003 and 2004. It was the aim to reduce
the centrifugal sludge content further by optimizing the hydraulic transport through
the reactor and to extend the treatment to other types of grapes. The results were
similar as in 2001 and showed especially high contents of digestible nitrogen in the
must. Always rather high field strengths, on the order of 50 kV/cm, were required
to get satisfactory color extraction. This finding has been attributed to the smallness
of vacuoles in the cells of the skins containing the color (Fig. 20). Also it became
apparent that the nonthermal aqueous extraction conditions allow new modified red

Fig. 20 Microscopic picture of peel tissue of red Burgundy wine grapes showing several small,
irregularly shaped color containing vacuoles per cell
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wine profiles. Future experiments shall exploit this potential and evaluate whether a
combination between electroporation and fermentation can lead to advantages.

From the vintage in 2002 Riesling mash without stalks has been treated. Both, the
control and the electroporated sample were pumped through the facility. Therefore,
the mechanical stress was equal and any differences in the result could solely be
attributed to the effect of electroporation. For further comparison mash has also
been prepared by whole-berry pressing (WBP). The results are presented in Table 5.
As expected the must from the latter treatment showed the lowest sludge content
while the electroporated sample had the highest sludge fraction. However in the
precleared must the differences became small. Strikingly the must obtained from the
electroporated mash showed lower acid values but higher contents of tanning agents
and yeast digestible nitrogen. The finished wine from the electroporated variant was
still characterized by a larger content of tanning substances and a larger amount of
sugar free extract. Also remarkable is the higher fraction of potassium indicating
complete cell disintegration.

Of much interest in the field of white wine preparation is the liberation of aromas
and their precursors especially from the peels of the berries. Electroporation clearly
led to the largest amount of aromas in the wine.

A sensual examination of the finished wines by 50 butlers clearly put the elec-
troporated wine in the first rank and graded its quality with the highest valuation. In
2005 these results were confirmed for bouquet wines like Traminer.

Thus in the domain of white wines electroporation improves the extraction of
type specific aromas and aroma precursors. As shown in Fig. 21 electroporation
produces the highest yield of terpenes and other aroma substances.

Summarizing, electroporation of grapes allows an effective and prudent extrac-
tion especially of those substances contained in the cells of the berry skin. Therefore,

Table S Basic analytic data for Riesling must and wine (2002) (Sigler et al. 2005)
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Electro- 79 0.80 057 86 37 989 206 205 68 41 92 038 776 13
poration
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Fig. 21 Aroma substances in Riesling wine after different kinds of processing

it offers the potential to develop wines of new characters and flavors. It can either
be applied as a self-contained method or in combination with common methods. In
case of red must preparation it can lead to economic advantages by either reducing
the energy cost or the time for color extraction. Despite these obvious advantages a
license for the use of electroporation in wine production is still pending.

3.3 Conditioning of Green Biomass by Electroporation
Assisted Dewatering

To exploit the unrealized energetic capacity of biomass, which has been estimated
to potentially cover up to 20% of the present energy consumption in Europe, it is
indispensable to cultivate energy plants.

Among all sources, agriculture has the largest potential for a directed production
of energetically useable biomass. Therefore it is to be expected that the cultivated
area for energy plants like corn, lupines, etc., shall grow appreciably. In addition
new cultivation concepts like the two-culture utilization system promise an essen-
tial increase in the yield of dry biomass while simultaneously relieving cultivated
ecosystems (Scheffer 2003). In this concept it is intended to harvest nonripened
plants. However, their energetic utilization requires new concepts for preservation and
dewatering. Commonly ensilage is presently used for preservation. But the energetic
utilization of silage especially for the production of liquid fuel from biomass (biomass
to liquid (BTL) process) requires extensive dehydration by pressing and heating.

As depicted in Fig. 22 electroporation could support drying and establish a new
procedure for preservation of green biomass. It is conceivable that the degradation
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Fig. 22 Concept of electroporation assisted dewatering of green biomass. The figure shows the
two possible paths to store biomass and to prepare it for utilization in a BTL process

of cells before ensilage facilitates the pressing of silage. An alternative preservation
concept, which becomes especially attractive for the green biomass produced in the
two-culture concept, can be based on electroporation assisted pressing and addi-
tional drying by heating. If the degree of moisture in the dried biomass falls below
15-20%, it becomes storable for longer time.

The pressed-out juice contains fine grinded and easily solvable and breakable
organic substances and is therefore considered as the ideal substrate for further
utilization in biogas plants.

For the electroporation of plant material, a good electric contact to the electrodes
is essential. Therefore, usually the material is either suspended in water or treated as
mash. But for the dewatering of green biomass aiming at rather low water contents
both methods cannot be applied. Any process water added for electroporation has to
be removed in the subsequent drying step.

Hence, some water from the plant material is extracted in a pressing step
before electroporation. The juice fills the space between the plant material and
the electrodes and displaces the air. Moreover, this step compacts the material and
thus improves the effectiveness. During electroporation the mechanical pressure is
kept constant. The electroporation-assisted dewatering process starts already during
pulse application. In case of a batch process with the force applied through a piston,
the piston moves down a bit as the water is extracted from the opened cells.

After electroporation water is further extracted by pressing. As an example
Fig. 23 shows the relative contents of dry mass and juice with water soluble
substances for young maize plants after electroporation and the subsequent pressing
step after varying numbers of pulses at a field strength £=7 kV/cm and a pulse
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Fig. 23 Relative contents of dry mass and water with water-soluble substances for young maize
plants after electroporation with growing numbers of pulses (E= 7 kV/cm, #, =1.6 ps) and a
subsequent pressing step (Sack et al. 2007)
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Fig. 24 Temporal decrease of the relative humidity for young maize plants during thermal drying
at 105°C (E=7 kV/em, t, = 1.6 ws). The curves are for plants treated with different numbers of
pulses
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duration of #, = 1.6 ps. Without electroporation approximately 63% of the juice can
be extracted. This fraction increases with the number of applied pulses to 85% after
applying 80 pulses. Nevertheless the relative humidity in this case is still 63%.

The required relative humidity of 15-20% is achieved in a subsequent drying
process. Fig. 24 shows the temporal decrease of the relative humidity during a
thermal drying process in an oven at 105°C. The electroporation-assisted drying
enables a much faster processing. The diagram shows that after application of 80
pulses the threshold value of 20% relative humidity is reached in one quarter of the
time needed for nonelectroporated material.

In Fig. 25 the required energy per kg of dry mass to achieve a relative rest
humidity of 0% and 20% for young maize plants treated with different numbers of
electrical field pulses has been plotted. Here the energies were divided into energy
for electroporation and energy for evaporation. The electric energy required for
electroporation was always small compared to the thermal energy for the drying
process. In case of 80 pulses it amounted to 150 kJ per kilogram dry mass while
the necessary thermal energy became about 3700 kJ/kg. Without electroporation a
total specific energy of approximately 10000 kJ/ kg was needed. These findings
clearly demonstrate a considerable energy saving potential. However, a complete
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Fig. 25 Required energy per kg of dry mass to achieve relative rest humidity of 0% and
20% respectively for young maize plants treated with different pulse numbers (£=7 kV/cm,
th, = 1.6 ps). The energies have been split into energy for electroporation and evaporation
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energy balance still needs a more careful consideration of heat recycling and to
take into account the efficiency of electric energy conversion in the electroporation
step.
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