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The goal of our investigation was to explore the level of membrane permeabilization in plant and animal food
matrices (potato, apple, chicken) as resulting from subjecting these matrices to pulsed electric field treatment
whereby we employed different assessment methods (electrical impedance spectroscopy, current-voltage mea-
surements, magnetic resonance imaging). Our study was performed using a number of amplitudes of eight
electric pulses of 100 ps in duration, and results were expressed in terms of the change in electrical properties as

evaluated by electrical impedance spectroscopy, current-voltage measurements, and changes in the water (re)
distribution as evaluated by magnetic resonance imaging and T, mapping techniques. The findings of our
research provide useful insights and could be in support of an appropriate choice of electroporation assessment
methods in relation to the food matrix characteristics, and for the determination and selection of appropriate PEF

treatment conditions.

1. Introduction

Electroporation or pulsed electric field (PEF) treatment is a process
known to cause an increase of cell membrane permeability and conse-
quently an increase of the cell membrane and tissue conductivity. This
phenomenon takes place when a biological tissue is exposed to an
externally applied electric field of sufficient strength and is most often
explained by the creation of aqueous pathways (i.e. pores) in the lipid
domain of the cell membrane (Kotnik, Rems, Tarek, & Miklavcic, 2019).
The application of PEF treatment in food processing is gaining mo-
mentum, and it is currently under intensive research and development.
New electroporation-based treatments are continuously put to the test
and are optimized both at the laboratory and industrial scale processes
(Mahnic-Kalamiza, Vorobiev, & Miklavcic, 2014). PEF treatment offers
increasing benefits in terms of low energy requirements and minimiza-
tion of food quality deterioration. Following this preamble, it becomes
clear that an appropriate choice of methods assessing changes due to
electroporation occurring in biological matrices of alimentary interest is
crucial. Despite a considerable number of scientific papers accumulated
in the field, detailed information regarding the detection and
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quantification of the effects of electroporation in complex and highly
inhomogeneous multicellular systems, such as real food systems, is still
limited. Moreover, due to the unique characteristics and properties of
the biological tissue processed, a case-by-case PEF treatment optimiza-
tion protocol is often required (Bhat, Morton, Mason, & Bekhit, 2019;
Chalermchat, Malangone, & Dejmek, 2010; Golberg et al., 2016).

In food-related PEF applications, measurements of the dielectric
properties of the tissue are often used for the determination of the degree
of cell membrane disruption due to electroporation (Lebovka & Vor-
obiev, 2017). The electrical impedance spectroscopy (EIS) has been
suggested as a reliable method to estimate the extent of tissue damage
due to PEF treatment. This method relies on the theory that, from an
electrical point of view, an individual cell can be represented as an
insulating membrane exhibiting relatively high resistance to electric
current and considerable capacitance, and intra- and extra-cellular
media (electrolytes) that behave as a resistive (ohmic) load up to hun-
dreds of MHz (Grimnes, Martinsen, Grimnes, & Martinsen, 2015). Most
animal and vegetable tissues typically display a dispersion of impedance
between low- and high-frequency fields, that arise at a spectral band
starting from about 50 Hz and ending at about 10 MHz (Castellvi,
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Mercadal, & Ivorra, 2017). Multifrequency impedance measurement can
therefore be used to assess the degree of membrane permeabilization
due to PEF treatment (Angersbach, Heinz, & Knorr, 2002), and its utility
has already been demonstrated for various biological systems (Anger-
sbach, Heinz, & Knorr, 1999; Cukjati, Batiuskaite, André, Miklavcic, &
Mir, 2007; Mahnic-Kalamiza, Miklav¢i¢, & Vorobiev, 2015). Another
possible but infrequently used approach for the evaluation of tissue
electrical properties involves the analysis of the voltage and current
waveforms recorded during the application of the electric pulses. Elec-
tric current signals can be used to detect changes in the dielectric
properties of the cell membrane in real-time, and can thus be used to
assess the electroporation process. A discrete number of research papers
reported the analysis of the current signals during the application of the
high-voltage pulse, and it has been demonstrated that the dynamics of
current can be used as a key characterization feature of tissue electro-
poration (Cukjati et al., 2007; Langus, Kranjc, Kos, Sustar, & Miklav¢ic,
2016; Lv et al., 2020; Pavlin & Miklavcic, 2008).

Nevertheless, measuring changes in the electrical properties, such as
complex impedance for example, presents a clear drawback of being
affected by additional (accounted or unaccounted for) phenomena,
whose effects may be mixed with (or superimposed to) physical changes
of interest that take place after exposure to PEF. Biological tissues pre-
sent high complexity of structure and spatially dependent properties,
and it has been demonstrated that the modification of cell membrane
permeabilization due to electroporation is also associated with modifi-
cation of the structure (i.e. intra- and extracellular volume change), and
ionic concentration variation due to leakage of intracellular content
(Mahnic-Kalamiza et al., 2015; Pavlin et al., 2005). Hence, other tech-
niques evaluating the effects of tissue electroporation have been sug-
gested. Magnetic resonance imaging (MRI) techniques have been
applied to monitor the spatially dependent effect of PEF treatment in
vegetable tissues (Dellarosa et al., 2018; Kranjc, Bajd, Sersa, de Boevere,
& Miklavceic, 2016). Transverse relaxation time Ty has been employed as
an indication of the redistribution of water and solutes in the tissue
following the PEF treatment (Hjouj & Rubinsky, 2010). Moreover, MRI
and magnetic resonance electrical impedance tomography (MREIT)
were proposed as methods to monitor the electric field distribution in
the tissue while applying the PEF treatment (Kranjc et al., 2016).

In our study we combined the electrical impedance spectroscopy, the
current-voltage measurements, and the magnetic resonance imaging
technique to explore the level of membrane permeabilization occurring
due to electroporation in raw plants and skeletal muscles of interest for
food and/or feed. We examined the variation of electrical properties and
water mobility of vegetable and animal tissues subjected to various in-
tensities of PEF treatment in order to investigate the consistency of the
PEF assessing methods in relation to the type of food matrix. Experi-
ments were performed in potato tuber and apple tissue since these
vegetable matrices are of high interest in industrial PEF applications.
Chicken broiler Pectoralis major was selected as a reference skeletal
muscle, as it is one of the most homogeneous muscles in farmed animals,
being almost entirely constituted of IIB fibre type, i.e. fast-twitch
glycolytic (Verdiglione & Cassandro, 2013). We performed impedance
measurements before and after the application of pulses, as it is an often
used method in food-related PEF applications to determine the degree of
membrane disruption (Lebovka & Vorobiev, 2017). We also performed
and analysed current and voltage measurements to gain additional in-
formation about the electroporation of cell membranes, as well as
magnetic resonance imaging for the characterization of the tissue’s PEF-
response by T mapping.

2. Materials and methods
2.1. Raw materials

2.1.1. Plant tissues
Two different plant tissues were used for this study: potato tubers
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(Solanum tuberosum, cv ‘Liberta’), and apples (Malus domestica, cv
‘Golden Delicious’), purchased from the local market. At the time of
experiments, the soluble solid content of apples was 11.3 + 0.3°Brix.

The raw materials, before trials, were manually cut using a sharp
cork-borer to obtain cylindrical-shape samples of 26 mm in diameter.
The thickness of the disks was 6 mm for electrical impedance spectros-
copy, and 30 mm for magnetic resonance imaging.

2.1.2. Skeletal muscle tissues

Boneless and skinless Pectoralis major muscles were obtained from
the same flock of broiler chickens (Ross 308 hybrid, slaughter age 46
days, average weight 2.9 kg) farmed and processed under commercial
conditions and, before trials, stored at 1 °C. Trials were conducted 48 h
post-mortem. Each fillet was sampled using the cranial portion of the
breast and cut along the direction of muscle fibres. From each sample,
disks of 26 mm in diameter were manually cut using a sharp cork-borer.
The thickness of the disks was 6 mm for electrical impedance spectros-
copy, and 30 mm for magnetic resonance imaging.

2.2. Experimental setup

2.2.1. Electrical impedance spectroscopy and current-voltage measurements

Two electrical impedance measurement systems were assembled by
connecting: 1) 4-needle electrodes, and 2) a treatment chamber con-
sisting of two stainless-steel parallel plate electrodes, to a precision LCR
meter (model E4980A, Keysight Inc., USA). The needle electrodes
(copper with nickel plating) were 6 mm long and 1 mm in diameter and
were spaced 5 mm (centre-to-centre) from each other along a straight
line. All four electrodes were employed to deliver the high-voltage
electroporation pulses, with the left-most two electrodes connected (in
parallel) to one polarity on the generator, and the right-most two elec-
trodes connected (in parallel) to the opposite polarity. In the case of two-
plate electrodes, the treatment chamber was used to hold the sample,
while the electrodes, spaced at 6 mm from each other, were employed to
both deliver the high-voltage electroporation pulses as well as for
impedance measurements. In both systems, switching relays were used
to switch the electrical connections of the electrodes between the high-
voltage pulse generator and the LCR meter.

Cylindrical samples were treated by delivering 8 rectangular
monopolar pulses of 100 ps duration to the tissue with a pulse repetition
rate of 1 Hz. For each treatment, different pulse amplitudes were used;
from 50 V to 1500 V for plant tissues, and from 250 V to 1500 V for
animal tissues.

Multi-frequency parallel capacitance (Cp) and parallel resistance (Rp)
measurements of untreated and treated samples (i.e. between 3 and 5 s
after the pulse application) were performed in the frequency range of 50
Hz to 1 MHz by applying a 100 mV (for plant tissues) and 500 mV (for
animal tissues, due to the higher conductivity compared to plant tissues)
peak voltage to the outer electrodes. The outer electrodes (centre-to-
centre distance 15 mm) thus served as the current source and sink, while
the inner pair (centre-to-centre distance 5 mm) were used to measure
the voltage drop, as customarily configured in 4-electrode impedance
analysis. Data were acquired using an in-house developed software for
the LCR meter control and data capture (based on the Arduino and
National Instruments LabVIEW software platforms). The magnitude of
impedance was calculated according to Eq. (1).
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where R, and C;, are the measured resistance and capacitance in parallel,
respectively, and  is the angular frequency (w = 2zf) and f is the
excitation signal frequency in range of 50 Hz to 1 MHz as set in the
impedance analyser.

For each PEF treatment, the delivered voltage and current were
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measured and recorded by a high-voltage probe (model HVD3206A,
LeCroy USA) and a current probe (model CPO31A, LeCroy USA) con-
nected to a sequencing digital storage oscilloscope (model HDO6104A-
MS, LeCroy USA). The recorded voltage-current data were analysed
using MATLAB 2019b software (MathWorks, Natick, MA, USA).

2.2.2. Magnetic resonance imaging (MRI)

Magnetic resonance imaging (MRI) was performed on plant and
animal tissues while applying the PEF treatment. PEF treatment protocol
consisted of two sequences of 4 pulses of 100 ps duration, with a pulse
repetition frequency of 5 kHz and adjusting the voltage amplitude to
obtain sufficient signal-to-noise ratio of electric field in samples. The
electric pulses were delivered using a laboratory prototype electric pulse
generator (Novickij et al., 2016) connected to 2-needle electrodes with a
diameter of 1 mm made of platinum-iridium alloy (Pt/Ir: 90/10%).
Electrodes were inserted into the sample tissue at a centre-to-centre
distance of 10.4 mm, and the samples were PEF-treated while they
were scanned by the MRI. The MRI scanner consisted of a 2.35 T (100
MHz proton nuclear MR frequency) horizontal bore superconducting
magnet (Oxford Instruments, Abingdon, UK) connected to an Apollo
spectrometer (Tecmag, Houston TX, USA) and equipped with micro-
imaging accessories with maximum gradients of 250 mT/m (Bruker,
Ettlingen, Germany).

2.2.2.1. Current density imaging (CDI) and magnetic resonance electrical
impedance tomography (MREIT). The Current Density Imaging (CDI)
method relies on current-induced magnetic field change in the sample
that is detected via phase shift registration by magnetic resonance im-
aging (Joy, Scott, & Henkelman, 1989). Next, Magnetic Resonance
Electrical Impedance Tomography (MREIT) J-substitution algorithm,
based on iterative solving of the Laplace equation, was employed to
calculate the conductivity map and also the electric field by using CDI
data along with known sample geometry and potentials on the elec-
trodes as inputs for the algorithm (Khang et al., 2002; Kranjc et al.,
2016).

The two-shot RARE CDI pulse sequence (Sersa, 2008) was used to
image current density in the biological tissues during application of
electric pulses. Delivery of electroporation pulses was synchronized with
the CDI sequence using TTL pulses from the NMR/MRI spectrometer to
trigger the electric pulse generator. The following imaging parameters
were used: field of view 30 mm; imaging matrix 64 x 64; inter-echo
delay 2.64 ms. In the sequence, block of electroporation pulses was
positioned between the excitation RF pulse and the first refocusing RF
pulse. MREIT was performed by using the finite element method with
the numerical computational environment MATLAB 2019b (Math-
Works, Natick, MA, USA) on a desktop personal computer.

2.2.2.2. Multiparametric magnetic resonance imaging (MRI). A multi-
spin-echo (MSE) imaging sequence based on the Carr-Purcell-
Meiboom-Gill (CPMG) multi-echo train (Carr & Purcell, 1954) was
chosen to acquire T, weighted MR images. To mapping was performed
before and immediately after the PEF treatment (i.e. total imaging time
18 min after the PEF treatment). The calculation of T, maps was per-
formed by the MRI Analysis Calculator plug-in of the ImageJ (NIH; US)
image-processing software, fitting raw MSME data at variable TE (n = 8
echoes) (R2 > 0.9).

2.3. Statistical analysis

Significant differences among the results were evaluated by paired
samples Student’s t-test, parametric analysis of variance (ANOVA) and
Tukey multiple comparison, with a significance level of 95% (p < 0.05).
If Shapiro-Wilk test for normality and Levene’s test for homoscedasticity
of data resulted statistically significant (p < 0.05), non-parametric
multiple range test Kruskal-Wallis and Holm stepwise adjustment were
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used, with significant level of 95% (p < 0.05) (R Foundation for Sta-
tistical Computing, Austria). Results are expressed as mean + standard
deviations of replications (n = 4).

3. Results
3.1. Impedance measurements

For various applied voltage amplitudes and different materials ana-
lysed, the ratio between the absolute impedance value after the elec-
troporation (|Z3|) and before PEF treatment (|Z;]) is reported. As a result
of p dispersion (i.e. the phenomenon associated with the polarization of
the cell membrane), the frequency dependence of the impedance can be
observed in plant tissues (Figs. 1, 2 A,C). Considering that low-frequency
currents cannot penetrate the intact cell membrane and are restricted to
pass via the extracellular space; when electroporation occurs, it will
cause an increase of cell membrane permeability, resulting in a decrease
in the magnitude of electrical impedance (i.e. low-frequency currents
can pass through the intracellular space). Hence, for a better visualiza-
tion of the dependency of the impedance decrease on the magnitude of
the applied electric field, the normalized absolute impedance at sam-
pling frequency of 5 kHz is shown (Figs. 1, 2 B,D). The indicated fre-
quency has been selected considering that, in the case of two-electrode
impedance measurements, the method suffers from electrode polariza-
tion effects. Thus, a high enough frequency must be used to enable
comparison of plate to 4-electrode measurements. Moreover, for both
electrodes configurations (4-needle and plate electrodes) it has to be
taken into account that the impedance value (Z,) depends on the pulse
parameters applied (i.e. 8 pulses of 100 ps in duration).

In the potato tissue, a consistent drop of the normalized impedance
from approx. 1 (i.e. no differences in the impedance measured after
electroporation compared to the corresponding value before electropo-
ration) to 0.57 + 0.07, measured with 4-needle electrodes, has been
attained after applying 150 V (Fig. 1B). The same critical electroporation
value was found when parallel-plate electrodes (i.e. two-electrode
measurements) were used (Fig. 1D), showing a significant drop of the
impedance magnitude at 150 V of applied voltage amplitude (i.e. elec-
tric field strength of 250 V/cm, calculated as the ratio between the
applied voltage and the electrodes distance). For both methods used, i.e.
needles and plates, applied voltage amplitudes above 500 V did not
result in a further impedance decrease, suggesting that maximum cell
membrane permeabilization was achieved using this particular experi-
mental protocol (i.e. number of pulses and pulse duration) (Fig. 1 B,D).
Given the similar inter-electrode distance between the two electrode
configurations (i.e. 6 mm for plates and 5 mm for needles), the same
absolute voltages result in comparable voltage-to-distance ratios, thus in
comparable electric field strength (although it is important to remember
that the field strength is highly inhomogeneous for needle electrodes).

Apple tissue showed a pronounced and significant decrease (p <
0.05) in the normalized impedance when 300 V pulses were applied
with 4-needle electrodes (Fig. 2B), as well as when applied with parallel-
plate electrodes (U = 300 V, i.e. 500 V/cm voltage-to-distance ratio)
(Fig. 2D).

We also used the 4-needle electrodes configuration system to eval-
uate the anisotropy of skeletal muscles at different levels of PEF (i.e. how
impedance varies when electric field vector is aligned predominantly
along or across muscle fibres). Results of the absolute impedance ratio
with both fibre orientations, parallel (along the fibres) and perpendic-
ular (across the fibres), are reported (Fig. 3B). As opposed to the needle
electrode configuration, with plate electrodes the electric field was
applied only perpendicularly to the muscle fibre orientation. The abso-
lute impedance ratio for chicken breast showed much smaller differ-
ences, compared to plant tissues, when plotted on the same scale as in
Figs. 1,2. However, on an expanded scale, the ratio decreases with the
amplitude of the applied voltage (Fig. 3 B,D — see inserts). The decrease
of the normalized impedance started to be significant (p < 0.05) after
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Fig. 1. Potato tuber normalized absolute impedance versus frequency at different applied voltage [U] amplitudes measured with 4-needle-electrodes (A), and plate-
electrodes (C) configuration (not all the applied voltages are shown for clarity of presentation). Normalized absolute impedance at sampling frequency of 5 kHz
versus the applied voltage [U] measured with 4-needle-electrodes (B), and plate-electrodes (D) configuration. Results are expressed as means + standard deviations

(error bars) of n = 4.

applying a voltage of amplitude of 1200 V, for both needle- and plate-
electrodes (Fig. 3 B,D). As shown in Fig. 3B, the electrical impedance
spectroscopy did not show any skeletal muscle tissue anisotropy, as the
variations of the normalized absolute impedance did not present any
statistical difference (p > 0.05) between the parallel and the perpen-
dicular orientation of the muscle fibres.

3.2. Voltage-current signal analysis

The changes of the dielectric properties of tissues occurring due to
electroporation can also be assessed by analysing the current during the
application of electric pulses. Electric current signals can be used to
detect changes in the dielectric properties of the cell membrane, and it
can thus be used to assess the electroporation process. A typical current
signal during PEF application to a tissue consist of a rapid initial increase
followed by an exponential decrease (a current spike), which corre-
sponds to the current required for charging of the membrane. When
electroporation occurs, the current shows further increase before
reaching a constant level at the end of the pulse (schematic presentation
in Fig. 4A). This further increase during the pulse is consistent with the
cell membrane permeabilization (Cukjati et al., 2007; Pavlin &
Miklavcic, 2008). In fact, when cell membrane electroporation / per-
meabilization increases, the conductivity increases, so the total current
increases for constant applied voltage. Fig. 4A depicts the electric cur-
rent difference between the value of I, (current reached at the end of
the pulse, i.e. 100 ps after initial current increase) and Ijyj (current value
at 10 ps after initial current increase, of arbitrary choice) normalized to
the current value at the end of the pulse (Al,m) for all the investigated
specimens. In potato tissue, the permeabilization level was attained at
applied voltage of amplitudes of about 100 V for both electrode con-
figurations, needles and plates (Fig. 4 B,C), reaching a maximum per-
meabilization above 300 V. In apple tissue, when high-voltage pulses

were delivered using 4-needle electrodes (Fig. 4B), the maximum in-
crease of current during the pulse has been observed at permeabilizing
applied voltage intensities of about 200 V, reaching a saturation level
above 500 V. A slightly lower ‘critical’ electroporation value was found
when the PEF treatment was delivered using plate electrodes (Fig. 4C),
presenting the highest increase of current at 150 V (i.e. approx. 250 V/
cm of the voltage-to-distance ratio). The animal tissue investigated
displayed a constant level of current during the pulse at all the applied
voltage amplitudes considered.

In addition, measured voltage and current waveforms, when
parallel-plate electrode configuration was used, were analysed in terms
of conductivity at 100th ps of the pulse (i.e. at the end of the first pulse)
(Fig. 5). The conductivity was calculated according to Eq. (2).

o= (I/U)(d/S) @)
where I/U is the ratio between current and voltage measured at 100 ps of
the pulse, d is the distance between the electrodes, and S the contact
surface between the electrode and the sample.

Fig. 5 displays the conductivity change at different applied voltage
amplitudes (U). Raw data were fitted following a sigmoid curve (potato
R2 = 0.90; apple R? = 0.83; chicken R% = 0.08). It can be observed that
the conductivity of plant tissues depends on the electric field magnitude.
While in the potato specimen the conductivity slowly increases for U
between 50 and 500 V, reaching a plateau at U > 600 V; in apple ¢ shows
an abrupt increase between 100 and 200 V, and saturates at higher
voltage amplitudes. Conversely, the conductivity of the chicken sample
did not display any increase with increased voltage amplitude. The
chicken was subjected to a different range of voltage amplitudes (i.e.
between 200 V and 1000 V) than the one used for vegetable tissue (i.e.
between 50 V and 1000 V), as the previously reported EIS data (Fig. 3D)
clearly showed no changes in impedance for U = 250 V. Therefore, we
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Fig. 2. Apple tissue normalized absolute impedance versus frequency at different applied voltage [U] amplitudes measured with 4-needle-electrodes (A), and plate-
electrodes (C) configuration (not all the applied voltages are shown for clarity of presentation). Normalized absolute impedance at sampling frequency of 5 kHz
versus the applied voltage [U] measured with 4-needle-electrodes (B), and plate-electrodes (D) configuration. Results are expressed as means + standard deviations

(error bars) of n = 4.

assumed that U < 250 V would not affect the tissue with the presented
experimental set up.

3.3. Electric field distributions and T2 mapping in plant and animal tissues

By means of MREIT we obtained electric field distributions in the
potato, apple, and chicken samples when subjected to high-voltage
electric pulses. For each biological sample considered, an optimal
voltage amplitude was selected to obtain a good signal-to-noise ratio of
MR signals (i.e. potato 750 V; apple 1180 V; chicken 860 V).

In addition to MREIT, T, mapping was also performed in the same
samples to determine changes of tissue water content that would occur
due to the application of electroporation pulses. In fact, T relaxation
value is correlated by the proton exchange between water and solutes
and by diffusion of water protons through internally generated magnetic
field gradients, causing magnetic susceptibility differences in the tissue
exposed to the magnetic field, such as interfaces between air and liquid-
filled pores. Therefore, T, values reflect — to a certain extent — the
structure of the sample based on its water content (Defraeye et al.,
2013). In our study, the effect of PEF treatment on T, relaxation times
was evaluated in potato tuber, apple tissue and chicken skeletal muscle
(Fig. 6) by measuring T, values before and after the application of the
electroporation pulses. An area crossing the middle of the samples, with
electrodes included, was taken into consideration as this area was
exposed to a wide range of electric field values (solid lines in Fig. 6). In
case of potato tuber, Ty values obtained before application of high-
voltage pulses (dotted line in Fig. 6A) revealed different water content
in the tuber tissue’s heterogeneous structure. After application of high-
voltage pulses (dashed line in Fig. 6A), T values decreased in areas
exposed to the electric field strengths above approx. 250 V/cm,
consistent with threshold value determined by EIS and current analysis.

Interestingly, structures with a higher water content, i.e. with higher T5
values, released more water after application of the pulses (measured as
a larger decrease of T, values) compared to areas with a lower water
content. The obtained trend of the T, decrease due to the application of
high-voltage pulses is in accordance with the results obtained in the only
comparable MR study on potato tuber (Kranjc et al., 2016), although
that study did not take the pre-existing heterogenous distribution of
water content within the tuber into consideration.

Apple exhibited less variation in T, values along the plane of
observation compared to potato tuber. Slow decrease of T, values
(dotted line in Fig. 6B) towards the edge of the apple sample suggests a
higher water content in the centre of the sample. After the application of
high-voltage pulses, we obtained a decrease of T, values (dashed line in
Fig. 6B) in the middle of the apple and a slight increase of Ty values
towards the edge, presumably as a consequence of alteration of the
tonoplast and the plasma membrane, causing a damaged compartmen-
talization that initiated diffusion of intracellular water towards extra-
cellular spaces (Dellarosa et al., 2018, 2016). Due to limitation of the
method, the apple tissue was exposed to higher applied voltage than
potato, therefore we were not able to determine the electroporation
threshold.

T» mapping of untreated and PEF-treated chicken breast fillets was
also performed to understand if the applied PEF treatment could
contribute to a change in the protein-water interaction and could lead to
a loss of water from the sample. In our study, the application of PEF
treatment did not induce any considerable change of the T, relaxation
times (Fig. 6C).

4. Discussion

The aim of our study was to analyse the effect of PEF treatment by
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kHz versus the applied voltage [U] measured with 4-needle-electrodes (B), and plate-electrodes (D) configuration. Measurements with 4-needle electrodes were
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bars) of n = 4.

A B Needle - electrodes C Plate - electrodes
—$— potato 05 —&— potaio
~§ —apple 7§ —apple
--@-—chicken ----chicken

—— =

010 100 o 7 e
Alnorm: (Iﬁn_ Iinit)/ Iﬁn 0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
UM UM

Fig. 4. Normalized electric current difference (Al,om) between the final (I,) and initial (I;y;) current values of the pulse portion with current increase following a
decaying exponential function during the pulse (A). The difference was normalized to the current value at the end of the pulse (Ig;,). An example of Al Obtained in
potato, apple and chicken tissue exposed to electric pulses applied using needle (B) and plate (C) electrodes. U — applied voltage.

measuring electrical properties and water mobility in different raw
biological materials of plant and animal origin, and to determine the
level of membrane permeabilization due to electroporation.
Appropriate choice of methods used to test the cell membrane
integrity in different multicellular systems could be of value in both food
industry and research setting for determining and selecting adequate
PEF treatment conditions and to monitor the lab- / industrial-scale
processes. For successful application of the PEF treatment, it is impor-
tant to understand that methods used to assess the degree of electro-
poration depend, among other, on highly inhomogeneous properties and
complexity of food materials (Mahnic-Kalamiza et al., 2014), such as

electrical properties, porosity, and structure. For this reason, the goal of
our investigation was to explore the level of membrane permeabilization
in diverse food materials (vegetables and meat), employing different
methods used for the assessment of membrane permeabilization (i.e.
EIS, current-voltage measurements, MRI, and T, mapping).

In general, the impedance of PEF-treated plant tissues (Figs. 1 and 2)
shows a strong dependence on the magnitude of the applied voltage /
electric field strength. Moreover, it can be observed that the analysed
vegetables exhibit a non-linear decrease of their impedance modulus
following the PEF treatment, suggesting the thresholding nature of the
phenomenon (Figs. 1 and 2 B). The remarkable decrease of impedance
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Fig. 5. Conductivity values at 100th ps of the first pulse recorded using plate
electrodes configuration versus the amplitude of applied voltage [U], and the
sigmoid function used to model the data.

can be explained by permeabilization of the cell membranes. In fact,
since the cell membrane exhibits high impedance prior to the treatment,
when electroporation occurs, it becomes more permeable, leading to a
decrease of the said impedance (Ivorra, 2010). When analysing the
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impedance variation with different electrodes (needle and plate), the
impedance decrease is reached at the same threshold levels. Thresholds,
however, were found to be lower in potatoes than apples (U ~ 150 V;
250 V/cm for potatoes, U ~ 300 V; 500 V/cm for apples). The analysis of
the current measured during the delivery of pulses can also be used as a
simple method to detect changes in the dielectric properties of the tissue
exposed to PEF treatment. When electroporation occurs, the cell mem-
brane conductivity and permeability increase, which is reflected in the
increase of the current during the pulse. As for the decrease in imped-
ance, the maximum current increase was found to occur after a certain
‘threshold’ permeabilization level. The same as found by impedance
analysis, the threshold as determined by current analysis was shown to
be lower in potato than in apple (U ~ 100 V for potatoes, U ~ 150 V for
apples) (Fig. 4). Observing the trend of measured conductivity at the end
of the first pulse in plant tissues, reported in Fig. 5, a simple interpre-
tation of these results would be that potato tissue is, from the water
distribution perspective, much more homogeneous, and its conductivity
increases almost linearly with the subsequent delivered electroporation
pulses as more and more cells are electroporated since this renders a
proportionally greater amount of extracellular liquid available for ionic
transport (and thus current conduction). In the apple tissue, due to large
amount of air in the tissue (i.e. higher porosity than potato) and dis-
associated domains of tissue caused by pockets of air, higher field
strength is necessary to cause a sufficient release of liquid. In fact, once a
sufficiently conductive pathway in tissue is formed by a critical amount
of released liquid, a step-like increase of conductivity is observed.
Hence, different ‘threshold’ values of the magnitude of the applied
voltage have been determined in relation to the different methods/plant
tissues analysed in this study. The obtained results were not expected.
For instance, since the apple cell size (=~ 130 pm diameter) is larger than
that of potato (= 35 pm diameter), a lower electroporation threshold
was expected in apple (i.e. the critical transmembrane potential is
reached with external electric fields proportionally decreasing with the
cell radius (Kotnik, Miklavcic, & Slivnik, 1998)). Similar observations
were also previously reported in studies employing EIS for the evalua-
tion of PEF-treatment efficacy in orange and potato tissues, where the
latter, constituted of smaller size cells, was more efficiently electro-
porated when voltage-to-distance ratios (U/d) equal to 400 V/cm and
1000 V/cm were applied, respectively, employing two-plate electrodes
(Ben Ammar, Lanoisellé, Lebovka, Van Hecke, & Vorobiev, 2011). The
reported discrepancies could be explained by the dissimilar character-
istics of the plant materials that could affect the electrical parameters,
such as the electrical conductivity change (i.e. the ratio between the
electrical conductivity of electroporated tissue and the electrical con-
ductivity of intact tissue) (Ben Ammar et al., 2011); cell packing density;
spatial distribution of air; overall tissue moisture; and initial cell turgor
pressure. Moreover, plant cells are embedded in a matrix of cell walls,
that can also affect passive electrical properties of biological systems. In
fact, the charged groups of polysaccharides and other polymers that
constitute the porous structure of cell walls contribute to the bulk
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Fig. 6. T, — values acquired before (dotted lines) and after PEF treatment (dashed lines) in potato tuber (A), apple tissue (B), and chicken breast (C) along an area
crossing the middle of the sample. Electric field (solid lines) was obtained by means of MREIT. Ranges of electric field corresponding to variations of T, value are

marked by gray color background.
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electrical properties of the tissue, and the change of ionic concentration
in the extracellular media that may occur after electroporation (i.e.
release of the cytoplasmatic fluid) could, in turn, induce changes in the
measured electrical characteristics (Markx & Davey, 1999).

When chicken breast was analysed by applying the same train of 8
high-voltage pulses, we did not observe changes in its electrical prop-
erties as we did in plant tissue. In fact, only a small (but progressive with
the increase of the applied voltage) decrease of the absolute impedance
was shown (Fig. 3), which could be ascribed to a slight heating of the
tissue subjected to electric pulses. Changes in current/conductivity
observed (Figs. 4 and 5) were negligible. Similar ex vivo experiments
have previously been conducted on chicken and beef liver (Kranjc, Bajd,
Sersa, Woo, & Miklavcic, 2012; Langus et al., 2016) where, contrary to
observations in the present study, an exponential increase in current
amplitude has been shown when applying the same train of pulses. The
discrepancies found, although surprising, can be explained by the
different anatomy of chicken breast vs. beef liver, the latter being
constituted of hepatocytes that are not affected by post-mortem degra-
dation processes typical of muscle fibres (Zaefarian, Abdollahi, Cow-
ieson, & Ravindran, 2019).

The electroporation assessment methodologies we used in this study
are largely associated not only with the degree of cell permeabilization,
but with other secondary effects. For instance, some of the consequences
of membrane permeabilization correspond to structure modifications
and intracellular fluid leaking outside the cell (Puértolas, Luengo,
Alvarez, & Raso, 2012). The latter could play an important role in
affecting the measured electrical properties of plant cells, characterised
by high gradient of osmotic pressure between the intra- and extracellular
fluids. On the other hand, post-mortem skeletal muscle undergoes a series
of physical and biochemical modifications related to myofibrillar
structure, cytoskeleton, and membranes (Schreurs & Uijttenboogaart,
2000). Soon after the onset of rigour, plasma membrane and the mem-
brane of the sarcoplasmic reticulum degenerate from their normal
laminar structure, increasing their degree of porosity (Damez, Clerjon,
Abouelkaram, & Lepetit, 2008). Rigor mortis onset in poultry is more
rapid than in bovine and porcine muscles since, chicken breast in
particular, is mainly composed of fast-twitching fibres that are associ-
ated with the anaerobic glycolysis (Schreurs & Uijttenboogaart, 2000).
As rigour progresses, the space for water to be held in the myofibrils is
reduced, and fluid can be forced into the extra-myofibrillar spaces,
where it is more easily lost as drip (Huff-Lonergan & Lonergan, 2005).
Therefore, it is quite possible that, at the time we performed treatment
and analysis (ca. 48 h post-mortem), the muscle fibre membranes were
already significantly degraded (Schreurs & Uijttenboogaart, 2000), and
so no further changes in the electrical properties were detected
following the PEF treatment.

To confirm this hypothesis, our experimental design included the
characterization of the food tissue response in terms of water mobility to
different levels of electric field strength by the MRI technique. By
employing T, relaxometry measurements, it is possible to obtain infor-
mation related to the water content and the interaction of water with the
surrounding macromolecules. Electroporation pulses can induce struc-
tural changes, such as the cell membrane damage, affecting NMR
relaxation rates. In fact, the primary effect of PEF treatment is related to
cell membrane electroporation and to a consequential release of the
intracellular content. We observed a general decrease of T in plant
tissues (Fig. 6 A,B) that can be ascribed to the loss of compartmentali-
zation and diffusion of intracellular water and ion leakage through the
tonoplast and the plasmalemma membranes, resulting in inner
morphology modifications (e.g. overall volume shrinkage) and in
different water-solutes interactions, as already reported previously
(Dellarosa et al., 2018; Hills & Remigereau, 1997; Kranjc et al., 2016). In
our study, we also observed that potato specimens exhibit a larger
variation of T, relaxation rates compared to apple, which could
conceivably be attributed to a more extensive (re)distribution of intra-
cellular fluids. This could explain the lower electroporation ‘threshold’
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we detected in potato tissue (as compared to apple) when measuring the
electrical properties. Moreover, the extent of Ty changes in PEF-treated
potato and apple parenchyma we observed are comparable to those
already reported in literature (Dellarosa et al., 2018; Kranjc et al., 2016).
On the contrary, we were unable to detect changes in bulk water
mobility in chicken breast muscles under the present experimental
conditions by means of the MR imaging. Similar observations were
previously reported in PEF-treated post rigour beef muscle (72 h post-
mortem, electric field applied 1.9 kV/cm), where no major changes of the
T, relaxation times were observed, suggesting that the PEF treatment
did not induce any modification of the muscle fibre membranes, while a
significant weight loss was due to the fluid in the extracellular space
(O’Dowd, Arimi, Noci, Cronin, & Lyng, 2013).

5. Conclusions

In our study, the application of PEF treatments to different matrices
of food interest (plant tissues and skeletal muscles) was experimentally
investigated, and the level of membrane permeabilization due to elec-
troporation was explored by means of various PEF assessing methodol-
ogies. Electrical properties measurements were performed comparing
two different electrode configurations, a 4-electrode system with nee-
dles inserted in the tissues, and a plate-electrode system in contact with
the surface of samples. In the plant tissues considered (potatoes and
apples) we demonstrated that data recorded before and after the high-
voltage pulses are significantly influenced not only by the structural
characteristics of biological tissues (e.g. cell size), but that the exchange
of fluids between intra- and extra-cellular environments dramatically
influences the electrical properties. The same effect was observed ana-
lysing the conductivity change by monitoring current waveforms.
Nevertheless, skeletal muscle used in this study did not yield similar
results, which demonstrates that the aforementioned electroporation
assessment methods must be used critically and with caution for PEF
treatment optimization. Magnetic resonance electrical impedance to-
mography for monitoring the electric field distribution and T mapping
confirmed that the plant cell membranes’ breakdown due to electro-
poration caused a significant decrease of T, relaxation times, most
probably due to the release of intracellular content into the extracellular
space. On the contrary, the muscle fibres seemed to be unaffected by the
PEF treatment. We assume this is a consequence of alteration of sarco-
plasmic membranes caused by post-mortem biodegradative processes.
The findings of this research can be of support in the future selection of
meat conditions (i.e. aging time) for the effectiveness of PEF treatment
applications. This work provides important insights and calls for critical
choice of electroporation assessment methods, also with respect to
matrix characteristics (e.g. physiological state) in determination of PEF
treatment conditions.
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