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Uniform electroporation of the heterogeneous structure of spinach leaf cross section is a technological challenge
that is addressed in this investigation. Three dimensional models were created with cells arranged in specific
tissue types, considering a leaf with its air fraction and a leaf where the air fraction was replaced by a solution
of known properties using vacuum impregnation. The models were validated before electroporation, in the
frequency domain, where alternating voltage and current signal at frequencies from 20 Hz to 1 MHz were
used to measure conductivity of the tissue. They were also validated through measurements of current during
electroporation when a single 250 μs rectangular pulse with amplitudes ranging from 50 to 500 V was applied.
Model validations show that both the frequency dependent conductivity and electroporation are well predicted.
The importance of the wax layer and stomata in the model is thoroughly discussed.
Industrial relevance: Our aim was to investigate electroporation of the spinach leaf by developing a model which
would enable us to meet the technological challenge of achieving uniform electroporation in a highly
heterogeneous structure in the context of a process aimed at improving freezing stability of plant foods. Pulsed
electric field treatmentmay be used to introduce the cryoprotectantmolecules into the cells, and hence improve
the structure and properties of frozen food plants.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Electroporation of a cellmembrane is defined as an increase in its per-
meability due to exposure of the cell to a sufficiently strong, external elec-
tric field (Kotnik, Kramar, Pucihar, Miklavcic, & Tarek, 2012; Neumann &
Rosenheck, 1972; Neumann, Schaefer-Ridder, Wang, & Hofschneider,
1982; Zimmermann, Pilwat, & Riemann, 1974; Zimmermann & Vienken,
1982). Depending on the amplitude and duration of the applied electric
field, electroporation may occur in two forms: irreversible (Phillips,
Maor, & Rubinsky, 2011; Rowan, MacGregor, Anderson, Fouracre, &
Farish, 2000) or reversible (Glaser, Leikin, Chernomordik, Pastushenko,
& Sokirko, 1988; Miklavčič, Serša, Brecelj, Gehl, Soden, Bianchi, et al.,
2012). For either purpose, theoretical studies coupled with experimental
investigation contribute to the understanding of events taking place in
cells and tissues during electroporation.

Theoretical studies of single cell electroporation have been conduct-
ed from different perspectives. Aspects such as the dynamics of pore
formation and the transmembrane voltage distribution (DeBruin &
Krassowska, 1999), the electroporation caused by bipolar pulses and
dynamic pore radii (Talele, Gaynor, Cree, & van Ekeran, 2010), the
conductance of electroporated cell membrane (Suzuki, Ramos, Ribeiro,

Cazarolli, Silva, Leite, et al., 2011), the number of pores and pore radii
in the cell membrane (Talele & Gaynor, 2010), the process of pore
disappearance in the cell membrane (Saulis, 1997) and the electropora-
tion of intracellular membranes (Gowrishankar, Esser, Vasilkoski,
Smith, & Weaver, 2006; Retelj, Pucihar, & Miklavcic, 2013) have been
widely studied in the literature using single cell models. Electroporation
was also studied by using a model of dense cell suspension (Mezeme,
Pucihar, Pavlin, Brosseau, & Miklavčič, 2012).

Electroporation of tissues has attracted great attention. Electropora-
tion is an important technology used for medical purposes such as
cancer treatment (electrochemotherapy) (Yarmush, Golberg, Serša,
Kotnik, & Miklavčič, 2014), where the modeling of the electroporation
process in the tissue becomes essential for treatment planning
(Pavliha, Kos, Zupanič, Marčan, Serša & Miklavčič, 2012; Pavšelj &
Miklavčič, 2008). In these models describing tissue electroporation, the
representation of the heterogeneity and anisotropy of the tissues
becomes a challenge. There are number of models describing electropo-
ration in different types of tissues such as tumors, muscle, liver and skin,
where the heterogeneous tissue layers are considered and the thermal
effects of electroporation and transdermal drug delivery are studied
(Pavšelj & Miklavčič, 2011; Zorec, Becker, Reberšek, Miklavčič, &
Pavšelj, 2013). Electroporation of skin was also studied in terms of the
effect of bipolar pulses (Arena, Sano, Rylander, & Davalos, 2011). Three
dimensional models were used to evaluate the local electric field created
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in the anisotropic skeletalmuscle during the application of electric pulses
(Corovic, Zupanic, Kranjc, Al Sakere, Leroy-Willig, Mir, et al., 2010) and
two dimensional models of nerves, blood vessels and ducts have been
used to theoretically analyze irreversible electroporation (Daniels &
Rubinsky, 2009).

The models describing electroporation are however mostly focused
on a simplified geometry which shows the tissues as stacks of layers
with specific bulk properties. In this paper we use a three dimensional
model, containing a well-defined structure built from individual cells
arranged in specific tissue types. Cells belonging to a certain tissue
possess shape, dimensions and location mimicking the tissues in the
real spinach leaf. The entire cross section of the leaf was considered
including elements such as the cuticular wax and stomata.

Our aim was to investigate electroporation of the spinach leaf cross
section by developing a model which would enable us to meet the
technological challenge of achieving uniform electroporation in a highly
heterogeneous structure in the context of a process aimed at improving
freezing stability of plant foods (Phoon, Gómez Galindo, Vicente, &
Dejmek, 2008; Shayanfar, Chauhan, Toepfl, & Heinz, 2013). The influ-
ence of specific elements such as cell size, cell arrangement, cuticular
wax layer and stomata on the creation of pores (i.e. electroporation of
the cell membranes under different applied pulse parameters), was
investigated. The effects of the connections between cells and the air
fraction in the tissue are also discussed. The model was first analyzed
in the frequency domain, where alternating voltage and current signal
at frequencies from 20 Hz to 1 MHzwere used to measure conductivity
in the tissue and validate the model.

2. Theoretical considerations

2.1. Spinach leaf structure

Spinach leaf has a typical thickness of 0.4 ± 0.1 mm. The cross
section of the leaf consists of different tissues arranged in four layers.

The spinach cross section is shown in Fig. 1A, where leaves were
incubated with fluorescein diacetate as described by Dymek, Dejmek,
and Gómez Galindo (2014) and examined under a microscope (Eclipse
Ti-U, Nikon, Japan). At the top of the leaf cross section there is an upper
epidermal tissue, which consists of a single layer of star-shaped cells.
Epidermal cells are covered by a cuticular wax layer. Underneath the
upper epidermis the palisade mesophyll is built from elongated cells
which are formed by two cell layers. Below the palisade mesophyll,
the spongy mesophyll is located. It has a multi-cell layer structure
characterized by round cells distributed in a loose and apparently
random structure. Themajority of the intercellular air fraction is located
in the spongy mesophyll (Warmbrodt &Woude, 1990). The air fraction
accounts for approximately 30% of the leaf volume (Winter, Robinson, &
Heldt, 1994). At the bottom, the lower epidermis is located.

2.2. Simplifications used to model the leaf

Themodel represents the internal tissues of a spinach leaf, restricting
the elements included in the model to the essential ones. The leaf tissue
possesses an extremely complex structure; therefore, the following
simplifications were introduced into the model.

Veins were not included in the model. Since obtaining a time-
dependent, finite-element solution for a 3D model with a complex
structure consisting of multiple cells is relatively demanding with
respect to computational time and random-access memory require-
ment, only a small part of the leaf with an area 107 μm × 107 μm was
modeled. In the spinach leaf the minor veins are located within the
distance from 49 to 231 μm (Warmbrodt & Woude, 1990) and were
neglected in the model.

In the leaf the majority of the air fraction is located in the spongy
mesophyll. Therefore, in the model, air fraction was neglected in the
epidermal tissue and palisade mesophyll. In these tissues the cells
were completely surrounded by extracellular liquid. However, in
the spongy mesophyll the cells were surrounded by a thin layer of

Fig. 1. The geometry of themodel. A, B. The geometry of themodel representing thewhole spinach cross section is shown in relationwith themicroscopic picture. The scale bar represents
100 μm. C. Side view of the model with connections between cells marked with black. Stomata are marked in green and the cuticular wax layer in black. The dimensions of the different
elements included in the model are shown in: D. epidermal cell, E. palisade mesophyll cell, F. spongy mesophyll cells, G. stoma.
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extracellular liquid, which mimics the apoplastic pathway (space
between the cell membrane and the cell wall) and connects all the
cells in the spongy mesophyll. This thin layer was then directly
surrounded by air, avoiding the need to specifically include the cell walls.

The shape of the epidermal cells was also simplified to avoid a too
complex structure leading to excessive number of finite elements in
the model and meshing problems. In the spinach leaf, epidermal cells
are star-shaped, whereas in the model they are represented as blocks.

3. Numerical model

COMSOL Multiphysics 3.5a (COMSOL AB, Stockholm, Sweden), a
commercial finite element software package, was used to perform
calculations of the leaf conductivity at different frequencies when AC
voltage was applied, and to simulate pore formation in the cell mem-
branes when DC voltage (electroporative electric pulse) was applied.

3.1. Geometry of the model

The model of the spinach leaf cross section was created based on
microscopic pictures from previously published papers (Warmbrodt &
Woude, 1990; Winter, Robinson & Heldt, 1994) as well as our observa-
tions and measurements.

The model represents a part of the spinach leaf with an area of
107 μm × 107 μm and thickness of 420 μm. Fig. 1B shows how the
cells were arranged in the four tissue layers: lower and upper epidermis
and mesophyll differentiated into palisade and spongy cells. The
proportions of the tissues were based on the micrographs (Warmbrodt
& Woude, 1990; Winter, Robinson & Heldt, 1994). Epidermal cells
were presented as blocks with dimensions of 45 μm × 45 μm × 27 μm
(Fig. 1D). There was a single layer with four epidermal cells located at
the bottom and top of the leaf. Palisade mesophyll cells were presented
as 54 μm long cylinders having a diameter of 50 μm (Fig. 1E). They were
arranged in two layers, each consisting of four cells. Spongymesophyll is
the most irregularly structured tissue due to its high air fraction. There-
fore, to examine the influence of the cell distribution and size on the
electrical properties of the spinach leaf, three models with different
arrangements of spongy mesophyll cells were built, as shown in Fig. 2.
Model A contained two large spongy mesophyll cells with a diameter
of 100 μm; model B contained 4 rows of cells having a diameter of
50 μm, with 4 cells placed in each of the rows; and model C contained
randomly located spongy mesophyll cells with two different diameters:
50 and 40 μm.

Additionally,modelDwas built,whichhad the same cell arrangement
as model B. However, at the top and bottom of the leaf there were also
0.3 μm thick cuticular wax layers (Hardin, Jones, Weckler, Maness,
Dillwith, & Madden, 2013; Riederer & Schreiber, 2001) (Fig. 1C). Both
wax layers contained ellipsoidal holes filled with air (10 μm long and
4.5 μm wide), which were extended further into the epidermal tissue in
the shape of elliptic cylinders, representing the stomata (Fig. 1C and G,
marked with green).

3.2. Connections between cells

The proper function of the whole plant organism is enabled by
connections between cells. Since the cells are surrounded by non-
conductive air fraction, their connections influence significantly the
current flow through the tissues. In the model, the air fraction was
included only in the spongy mesophyll. To model the connections
between cells (the apoplastic pathway), in each of the different
models (A, B, C and D) the spongy mesophyll cells were surrounded
by a thin layer of extracellular fluid (shown in black in Fig. 1C and
also in white in side views of the models in Fig. 2). This layer was
built by slightly increased and elongated elements overlapping
each other at the poles; the minimum thickness of the layer was
0.5 μm, whereas at the poles of the spongy cells, its thickness was
increased to 4 μm, to allow connecting the cells. The rest of the
volume in spongy mesophyll was filled with air. The interface
between the layer representing the apoplastic pathway and the air
then mimicked the cell walls.

Another model was built representing a vacuum impregnated leaf,
where the air fraction was removed and all cells were surrounded by
an external solution of known properties, resulting in a continuously
conductive pathway trough the leaf. In this case, the connections
between cells were neglected. The cell walls could be omitted as well,
because they influence neither the electroporation process nor the
transport of small molecules (Kandušer, & Miklavčič, 2008).

3.3. Model parameters

To model the electrodes, an electric potential was assigned to the
upper and lower boundaries of the leaf model. One side was grounded
and the other was excited by a single, rectangular 250 μs pulse with
amplitudes ranging from 50 to 500 V. The pulse was modeled as
described by Retelj, Pucihar and Miklavcic (2013) using the COMSOL
function flc1hs. The pulse rise and fall timeswere set to 1 μs. The vertical
sides of themodel weremodeled as electrically insulated. Mathematical

Fig. 2.The geometry of investigatedmodels of untreated spinach leaf cross sectionwith highlightedmain differences betweenmodels. The three dimensional viewaswell as the schematic
side view of the models is shown. Model A. The model represents the spinach leaf cross section with two large cells in the spongy mesophyll tissue. Model B. The model represents the
spinach leaf cross section with 16 cells in the spongy mesophyll tissue arranged in the 4 rows with 4 cells per row. Model C. The model represents the spinach leaf cross section with
randomly located cells in the spongy mesophyll tissue. Model D. The model represents the spinach leaf cross section with 16 cells in the spongy mesophyll tissue arranged in the 4
rows with 4 cells per row, the same as model B, but in model D also the cuticular wax layers and stomata are included.
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equations describing electroporation of the cell membrane were
taken from DeBruin and Krassowska (1999) and the method for
calculating the induced transmembrane voltage was adopted from
Pucihar, Miklavcic, and Kotnik (2009). Electric potential Vwas calcu-
lated by

−∇ σ i∇Vð Þ−∇∂ εi∇Vð Þ
∂t ¼ 0 ð1Þ

where σi and εi are the conductivity and dielectric permittivity,
respectively. The cell membrane was modeled using Distributed
Impedance boundary condition by

n � J ¼ σm

dm
V−Vref

� �
þ εm
dm

∂V
∂t −

∂Vref

∂t

 !
ð2Þ

where J is the current density through the cell membrane, n is the
unit vector normal to the membrane surface, V and Vref are the
potentials on each side of the membrane, dm is the membrane
thickness, σm is the membrane conductivity and εm is the membrane
dielectric permittivity. A difference between the electric potential on
each side of the boundary gives the induced transmembrane voltage
(ITV).

The differential equation describing the dynamics of pore formation is

dN
dt

¼ αe
ITV
Vep

� �2

1− N
N0

e
−q ITV

Vep

� �2
0
@

1
A ð3Þ

whereN is the pore density,N0 is the pore density in non-electroporated
cell membrane and α, q and Vep are electroporation parameters.
Formation of pores considerably increases the conductivity of the cell
membrane. This increase in conductivity due to electroporation can be
calculated as (DeBruin & Krassowska, 1999)

σ ep ¼ πr2pσpN
eVm−1

wew−nVm−nVm

w−nVm
eVm− wew−nVmþ nVm

wþ nVm

ð4Þ

where rp is the radius and σp is the internal conductivity of a pore. Vm=
ITV ⋅ F/(R ⋅ T) is the nondimensional transmembrane voltage, where F is
the Faraday constant, R is the universal gas constant, and T is the
temperature. Parameter n represents the length of pore entrance area,
and w accounts for the energy cost for moving an ion from a region of
high dielectric constant (water) to a small pore in the lipid bilayer
with low dielectric constant. The total membrane conductivity, as
used in Eq. (2), is then calculated in each time step as the sum of the
passive membrane conductivity (given in Table 1) and σep.

The conductivity and relative permittivity of the particular elements,
such as cytoplasm and cell membranes, were set according to the
published data and are listed in Table 1.

4. Measurements

4.1. Raw material

Spinach leaves were collected from the local supermarket. Leaves
were stored at 1–2 °C in closed plastic bags and used for experiments
until the expiration date established by the producer (9 days from the
packaging date). Leaves of similar size (6 ± 0.5 cm long and 2.5 ±
0.3 cm wide) were selected for the experiments.

4.2. Measurements of leaf electric conductivity

Samples (1 cm × 1 cm) were cut from the leaf. Each sample was cut
in the same spot at the center of the leaf, from the central vein towards

the edge. Samples were immersed in a 0.25 S/m PBS buffer (Phosphate
Buffered Saline) and placed between two flat stainless steel electrodes,
which were smaller than the sample, hence a leaf area of 64 mm2 was
enclosed between the electrodes. Conductivity of the PBSwasmeasured
with a conductivity meter (Orion 150, Orion Research Inc., Jacksonville,
FL, USA). Electrodes were squeezed with a plastic clamp and connected
to an impedance analyzer (4192A LF, Hewlett Packard, California, USA).
A sinusoidal signal of 1 V amplitudewas applied to the leaf samples and
the resistance (in Ohms) was recorded at frequencies from 20 Hz to
1 MHz. The measurement was done for untreated samples (with air
fraction) and for samples after vacuum impregnation (without air
fraction).

4.2.1. Evaluation of the effect of the air fraction on leaf electric conductivity
To determine the influence of the air fraction on the electrical prop-

erties of the spinach leaf and to analyze the importance of its presence in
the model, the air fraction of the leaf was removed and replaced by an
external solution using vacuum impregnation.

Three leaves were immersed in 100ml PBS buffer with conductivity
of 0.25 S/m. Immersed leaves were placed in a vessel connected to a
vacuum pump and vacuum controller (S.I.A., Bologna, Italy) as described
by Panarese, Dejmek, Rocculi and Gómez Galindo (2013). The pressure
was decreased to 150 mbar in 3.5 min. It was kept constant at 150 mbar
for 1 min and increased for 4.5 min until atmospheric pressure was re-
corded. Samples were kept under atmospheric pressure for 10 min. The
entire cycle was repeated twice (Demir, 2012). The relative increase in
the leaf mass after vacuum impregnation was 39 ± 5%.

4.3. Measurements of current changes during electroporation

Leaves were placed between two flat stainless steel electrodes. The
gap between electrodes was 4 mm and it was filled with PBS buffer of
conductivity 0.25 S/m. The area of the leaf samples enclosed between
the electrodes was 64 mm2. A single electric pulse of 250 μs with
amplitude of 50, 100, 200, 300, 400 or 500 V was applied. The pulse
was delivered by a CEPT® electroporator (ARC AROMA PURE, Lund,
Sweden). The current was recorded by a scopemeter (Fluke 123, Indus-
trial Scopemeter, Washington, USA) equipped with a current probe.

5. Results and discussion

5.1. Influence of the cell size, cell arrangement, cuticular wax layer and
stomata on the frequency-dependent conductivity of the spinach leaf model

Results obtained using models A–C (Fig. 2) were compared with
measurements of the frequency-dependent conductivity of the spinach
leaves (Fig. 3). When comparing models A–C with experimental mea-
surements, it can be clearly seen that themodels resulted in higher con-
ductivity values for frequencies lower than 10 kHz and failed to predict
the increase in conductivity measured from 100 kHz to 1MHz. Further-
more, results obtained from models A, B and C show that the influence
of the spongymesophyll cell size and cell arrangement on the calculated
conductivity is not significant. Two large cells located in the spongy
mesophyll (Fig. 2,model A) showed a very similar conductivity (differed
by 0.15 mS/m) as 16 cells located in the spongymesophyll (Fig. 2,model
B) at 10 Hz. Randomly located cells (Fig. 2, model C) resulted in slightly
lower conductivities.

Model D (Fig. 2) contains additional elements to model B: cuticular
wax layer and stomata, which has a significant influence on the overall
electrical properties of the spinach leaf. Model D resulted in conductiv-
ity values increasing from 0.56 mS/m at 10 Hz to 4 mS/m at 1 MHz and
was thus the only one able to predict (at least qualitatively) the mea-
sured increase in conductivity with increasing frequency. This clearly
demonstrates that the electrical properties of the cuticular wax layer
predominantly determine the properties of the leaf in the observed
frequency range (stomata were filled with air and hence could not
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contribute to the calculated increase in conductivity). This also explains
why models A–C, although possessing different cell sizes and arrange-
ments, responded similarly; the polarization of cell membranes (known
as theMaxwell–Wagner effect) does not considerably affect the calculat-
ed overall conductivity of the leaf at this frequency range.

One can also note that at high frequencies (N10 kHz) model D with
cuticular wax layer gives similar results as models A, B and C without
cuticular wax. This means that at these frequencies, the cuticular wax
becomes electrically ‘transparent’ and the rest of the leaf tissues deter-
mine the leaf conductivity. Since the values predicted by the model
are lower compared to the measured conductivity for frequencies
above 10 kHz, apparently themodel underestimates the overall conduc-
tivity of internal leaf tissues. This may be due to different factors such as
the number of cell membranes, cell volumes, as well as extra- and intra-
cellular conductivities. An important factor influencing the disagree-
ment between the data obtained theoretically and experimentally
may also be the connections between the cells. In the plant tissue all
cells are connected by the plasmodesmata for the proper functioning
of the whole organism. The symplast, which is the continuum created
by the connected cytoplasms, is not included in the model, since the

cells are modeled as membrane-separated elements. The symplast
may influence the electrical properties of the tissue by creating
additional conductive pathways to the apoplast.

The air fraction is clearly another factor influencing the disparity of
the theoretical and experimental results. The average amount of air in
the tissue is known, however the location and the size of the air spaces
are not uniform in the highly unorganized structure, while in themodel
the structure is simplified and symmetrical.

Moreover, there are assumptions made considering the conductivi-
ties of the cytoplasm and extracellular liquid. The values are taken
from previously published data (Table 1), which may also introduce
certain differences between the theoretical and experimental data.

5.2. Influence of the air fraction on the conductivity of the spinach leaf

To avoid the randomness introduced by the air fraction in plant
tissues, a model without the air fraction was created and investigated.
The model of vacuum impregnated leaf is simpler, and hence, less
random than themodel of non-treated leaf as the connections between
cells and the air fraction is removed. The air fraction was exchanged

Fig. 3. Comparison of the conductivity changes over the frequency range for experimental measurements and 4 different models with different arrangements of cells in the spongy me-
sophyll represented in Fig. 2. Error bar represents standard deviation of three replicates.

Table 1
Parameters used in the model.

Parameter Value

Extracellular liquid conductivity (σex) 0.0084 S/m (Stout, Hall, & McLaughlin, 1987)
Extracellular liquid permittivity (εex) 80 (Gavish & Promislow, 2012)
Cell membrane conductivity (σm) 0.00003 S/m (Wanichapichart, Bunthawin, Kaewpaiboon, & Kanchanapoom, 2002)
Cell membrane permittivity (εm) 10 (Wanichapichart, Bunthawin, Kaewpaiboon & Kanchanapoom, 2002)
Cytoplasm conductivity (σcyt) 0.2 S/m (Harris & Kell, 1983)
Cytoplasm permittivity (εcyt) 80 (Asami, Hanai, & Koizumi, 1980)
Cuticular wax layer conductivity (σcut) 5 × 10−8 S/m (Ramos-Barrado, Benavente & Heredia, 1993), 5 × 10−7 S/m
Cuticular wax layer permittivity (εcut) 10, 45, 80 (Gavish & Promislow, 2012)
Air conductivity (σair) 8 × 10−15 S/m (Pawar, Murugavel, & Lal, 2009)
Air permittivity (εair) 1.006 (Hector & Schultz, 1936)
Impregnating solution conductivity (σim) 0.25 S/m
Impregnating solution permittivity (εim) 80 (Gavish & Promislow, 2012)
Electroporation parameter (α) 109 m−2 s−1 (DeBruin & Krassowska, 1999)
Characteristic voltage of electroporation (Vep) 0.258 V (DeBruin & Krassowska, 1999)
Electroporation constant (q) 2.46 (DeBruin & Krassowska, 1999)
Equilibrium pore density (N0) 1.5 × 109 m−2 (DeBruin & Krassowska, 1999)
Energy barrier within pore (w) 2.65 (DeBruin & Krassowska, 1999)
Pore radius (rp) 0.76 nm (DeBruin & Krassowska, 1999)
Relative entrance length of pores (n) 0.15 (DeBruin & Krassowska, 1999)
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with a solution of 0.25 S/m conductivity. The model was compared to
the experimental data obtained by investigating the conductivity of
the leaf samples after vacuum impregnation. For investigating the vacu-
um impregnated leaf, model D was chosen (4 rows, 4 cells per row).
Opened stomata after vacuum impregnation (which were observed
under the microscope — results not shown) suggest that they were
not fully flooded with buffer after the vacuum impregnation process
(Sibbernsen & Mott, 2010). Therefore, in the model representing the
vacuum impregnated leaf (without air fraction) stomata were filled
with air.

In Section 5.1. we stressed the important influence of the cuticular
wax layer on the overall conductivity of the leaf. However, to the best
of our knowledge, there are no studies describing the conductivity and
permittivity of the spinach cuticularwax layer. For this reasonwe tested
different values of cuticularwax conductivity and permittivity and com-
pared the calculated results with experimental measurements. The
conductivity of tomato cuticular wax, 5 × 10−8 S/m, was taken as a
reference from the existing literature (Ramos-Barrado, Benavente, &
Heredia, 1993), and in addition, a higher conductivity of 5 × 10−7 S/m
was also tested. The relative permittivity of the cuticularwaxwas inves-
tigated in the range from 10 to 80, since it is composed from a cuticle
matrix with a relative permittivity of approximately 10, containing
aqueous pores filled with ionic solutes with relative permittivity of
approximately 80 (Schönherr, 2006).

Fig. 4 shows the comparison of the theoretical and experimental
data of the vacuum impregnated leaf. The measured conductivity
increases with frequency (bold dashed line, Fig. 4). All of the tested
values of cuticular wax conductivity and relative permittivity reasonably
agreedwith themeasurements. However, themodel using 5 × 10−7 S/m
(dashed line B, Fig. 4) had the best prediction of the conductivity values
at low frequencies (10–1000 Hz). The final conductivity (at 1 MHz) is
similar (90.2–99.8 mS/m) for all tested conductivities and permittivities
of the wax layer, consistent with the previously noted observation that
the cuticular wax becomes electrically ‘transparent’ at this frequency,
and its influence on the overall leaf conductivity is negligible. The
wider transition of the frequency-dependent increase in the measured
data compared tomodel predictions is also indicative of multiple relaxa-
tion processes, which could be described by a constant phase element,
such as for tomato cuticle (Ramos-Barrado, Benavente & Heredia, 1993).

Indeed, themodel of vacuum impregnated leaf even slightly overes-
timates the measured conductivity at 1 MHz. In the model an ideal
process of vacuum impregnation (100% of the air is replaced by the
solution) is considered, which may have contributed to the observed

discrepancy between the models and experimental data. It was
observed that when spinach leaves were impregnated with a sugar so-
lution and examined with micro-X-ray tomography (Panarese, unpub-
lished data), random air pockets remained in the structure accounting
for approximately 2–3% of the total volume. These air pockets would
decrease the general conductivity of the leaf.

5.3. Electroporation of the spinach leaf cross section

Electroporation of the vacuum impregnated spinach tissue was
investigated and compared with the theoretical results by measuring
the electric current during the pulse at applied voltages from 50 to
500 V (Fig. 6). Since the leaf is covered with a cuticular wax layer of
high resistance, the stomata seem to play a critical role in the electric
field distribution within the leaf and the current flow through the leaf
cross section.

Stomatawere investigated in two hypothetical situations (i)with air
in the stomata. This scenario is supported by microscopic observations
(Fig. 5A), done as described by Dymek, Dejmek and Gómez Galindo
(2014), showing opened stomata (marked with arrows) after vacuum
impregnation. According to Sibbernsen and Mott (2010) stomata
would close if totally flooded with solution. (ii) It is assumed that
electroporation provokes leakage from electroporated cells with a
consequent temporalwetting of the solution of the guard cells of stoma-
ta. This scenario is supported by microscopic observations (Fig. 5B)
showing electroporated guard cells when propidium iodide was used
as an electroporation indicator (Dymek, Dejmek & Gómez Galindo,
2014). With pulse amplitudes of 200 V–500 V all the guard cells were
uniformly electroporated within the leaf samples (Fig. 5B). With pulse
amplitude of 100 V, some of the guard cells in the leaf sample were
not electroporated and with pulse amplitude of 50 V, none of the
observed guard cells were electroporated. Electric current values obtain-
ed by the models at 50 and 100 V are enclosed within the error bars of
the measurements. Cells wetting by electroporation may be regarded
as temporal as it is well known that a cell membrane that is partially
damaged has the ability to recover even if the damage has caused
enhanced ion leakage. ATPase activity will help the cell to take up leaked
ions against the concentration gradient (Arora & Palta, 1991). We have
here considered the application of a single pulse. It is worth to underline
that if a train of pulses would be applied to cause reversible perme-
abilization, the first pulse or pulses affecting stomata will change the
modeling situation from a tissue with air-filled stomata to a tissue with
stomata filled with cell sap.

Fig. 4. Themeasured conductivity of vacuum impregnated spinach leaves comparedwith themodel solved for different values of the conductivity (σ) and permittivity (ε) of the cuticular
wax layer: I. ε=80,σ=5×10−7 S/m II. ε=80, σ=5× 10−8 S/m III. ε=45, σ=5× 10−7 S/m IV. ε=10,σ=5× 10−7 S/m. Error bar represents standard deviation of three replicates.
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In Fig. 6, the current predicted for the two models based on the
hypothetical situations described above was compared with measured
values of the current during the application of the electric pulse.
The model with cell sap in stomata shows good agreement between
theoretical and experimental values during the application of electric
pulses, whereas the model with air in stomata shows significantly
lower values than the measurements. The experimentally measured
current increased from 0.1 A at 50 V to 4.5 A at 500 V. The model with
air in stomata resulted in currents from 0.00055 A at 50 V to 0.0054 at
500 V. The current obtained by solving the model with solution in
stomata was 0.33 A at 50 V and it increased up to 3.9 A at 500 V.

Fig. 7 shows the calculated values of the resistance (i.e. inversed
value of conductance) of the spinach leaf cross section for voltages

from 50 to 500 V. The resistance was calculated frommeasured current
by R = V/I, where R — resistance (Ω), V — voltage (V), and I — current
(A). The resistance decreased significantly as the voltages applied
were increased from 50 to 300 V and did not further decrease with
increasing amplitude of pulses from 300 V to 500 V. Electroporation of
the cell membranes causing the decrease of resistance is accompanied
by the increasing number of the average pore density calculated by
themodel (Fig. 7). Fig. 7 also shows that pore density increasesmarked-
ly in the range from50V to 300V for bothmodels. At applied voltages in
the range from 300 V to 500 V pore density however is not further
increased. We can conclude that the evolution of pore density corre-
sponds well to the observed decrease in resistance as the function of
the applied pulse amplitude.

Fig. 5. Representative microscopic pictures showing: A. open stomata after vacuum impregnation process (marked with arrows). B. electroporated guard cells of stomata previously
stained with propidium iodide as described in Dymek et al. (2014). One 250 μm rectangular, monopolar pulse with amplitude of 200 V was applied to previously vacuum impregnated
leaf. The scale bars represent 20 μm.

Fig. 6.Themeasured electric current throughvacuum impregnated spinach leaf at different appliedvoltages, comparedwith themodel solved for twodifferent situations inwhich stomata
are either filled with air or with leaked cell sap from electroporated guard cells. Error bar represents standard deviation of three replicates.
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A detailed representation of pore density at various applied voltages,
indicating electroporation of the different types of cells in the entire
cross section of the leaf, was calculated as described by DeBruin and
Krassowska (1999) and is shown in Fig. 8. The density of pores is
compared between the model with air and the model with cell sap in
the stomata. The main difference in pore density can be seen at 50 V,
where the model with cell sap in the stomata results in higher pore
density than the model with stomata filled with air.

Even if the two tested models show very different results on the
changes of current with increasing voltage (Fig. 6), the pore density in
the range from 100 to 500 V is similar for the model with air in stomata
and for the model with cell sap in stomata (Fig. 8). Since the resistance
of the outer layers (upper and lower cuticular wax) is significantly
higher than the interior of the leaf cross section (epidermal, mesophyll
cells and solution surrounding the cells) the current is determined by
the stomata filled either with air or cell sap. However, the pore density
is not influenced by the change of settings in themodels (air in stomata
or cell sap in stomata) due to the still significantly higher resistance of
the cuticular wax layer from the internal tissues, regardless of how
stomata is filled.

At 50V themodelwith air filled stomata is electroporated only at the
external surface of the epidermal cells, while the spongy and palisade
mesophyll is slightly electroporated. The model with solution in the
stomata shows that at 50 V the epidermal cells are electroporatedmost-
ly at the surface but also the internal tissues (palisade and spongy
mesophyll) are electroporated showing higher pore density than that
for themodelwith air in the stomata.Worth highlighting is the different
pattern of pore formation at 50 V. For themodelwith stomatafilledwith
air electroporation starts at the central part of the epidermal cells
surface, while in the model with stomata filled with solution the pores
are created around the stomata and at the central part of the epidermal
cells surface. With higher voltages (100–500 V) the density of pore
increases uniformly in all tissue types. Interesting, the progression of
pores density with higher applied voltage (from 100 V to 500 V) is
similar for both models. At 100 V the cells of all the tissue types are
electroporated at the poles facing the electric field direction. At 200 V it
can be seen that the spongymesophyll cells are uniformly electroporated,
while for the palisademesophyll cells higher pore density is still visible at
the poles than at the sides. With higher voltages (300–500 V) the pore
density becomes uniform for all the cells.

6. Conclusions

This study has focused on modeling electroporation of the complex
heterogeneous structure of spinach leaves. The following remarks
underline important findings:

1. In themodel of vacuum impregnated leaf, the impregnating solution
considerably contributes to the conductive pathways through the
leaf cross section. The frequency-dependent conductivity obtained
with the model of vacuum impregnated leaf agrees well with the
measurements. In the model of nontreated leaf, however, the extent
of conductive pathways was probably underestimated.

2. The general conductivity of the leaf is significantly determined by the
low conductive wax layer. Since stomata are ‘holes’ in the wax layer,
they play a crucial role in the current flow throughout the leaf cross
section. The current is, therefore, markedly affected if stomata are
filled with air/gas or cell sap.

3. This theoretical investigation of electroporation shows that, under
the investigated PEF conditions, pores start to be created in the
membranes of epidermal cells at low voltages (50 V) andwith higher
voltages the pore density becomes uniform in the entire leaf cross
section.
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