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A B S T R A C T   

Alteration of cell membrane permeability by exposure of plant tissues to pulsed electric fields (PEF) is associated 
with physical changes in cellular and subcellular structures. The aim of our study was to investigate the possible 
non-uniform effect of PEF treatment due to the structural heterogeneity of plant tissues commonly used in in-
dustrial PEF applications: apple fruits, potato tubers, and carrot taproots. Spatial distribution of T2 relaxation 
times was measured using magnetic resonance imaging in relation to local electric field established during PEF 
treatment and measured by magnetic resonance electrical impedance tomography. The results showed an 
increasingly inhomogeneous distribution of T2 relaxation times with increasing complexity of the structure 
(carrot > potato > apple). Feasibility and considerable potential for the use of the T2 mapping technique in the 
analysis of the effects of PEF on plant tissue structures was demonstrated.   

1. Introduction 

Pulsed electric field (PEF) applications in food have focused on 
improving processes based on the ability of PEF technology to improve 
mass transfer, such as increasing the kinetics of drying (Tylewicz et al., 
2022; Wiktor et al., 2016), increasing the yield of fruit juice extraction 
(Mahnič-Kalamiza et al., 2015; Praporscic et al., 2007), improving the 
release and bioaccessibility of valuable compounds (Canelli et al., 2022; 
Gagneten et al., 2019), and facilitating the reduction of toxicants 
(Genovese et al., 2019; Schouten et al., 2020) to list the most prominent 
and often studied applications. PEF treatment is based on the process of 
electroporation, a phenomenon that leads to an increase of cell mem-
branes permeability in a tissue exposed to high-voltage electric pulses. 
Electroporation is considered a threshold phenomenon, and is therefore 
dependent on local electric fields (Kotnik et al., 2012; Mahnič-Kalamiza, 
Vorobiev, et al., 2014; Mahnič-Kalamiza & Miklavčič, 2022). It is most 
often explained by the formation of hydrophilic pores in the lipid 
domain of the cell membrane (Kotnik et al., 2019), which increases the 
conductance of the membrane and the permeability of this hydrophobic 
barrier to mass transfer. 

As previously demonstrated, the change of the cell membrane 
permeability due to the exposure of biological tissues to PEF – especially 
of plant tissues – is also associated with physical changes in cellular and 
subcellular structures, i.e. changes in intra-cellular and extra-cellular 
volumes, as well as in the volume of the vacuole (Dellarosa et al., 
2018; Menegazzo et al., 2020), and consequently with the leakage of 
water and dissolved solutes from the intra- to the extra-cellular space 
(Mahnič-Kalamiza, Miklavčič, et al., 2014). Understanding such changes 
in the target food materials is of great importance for the desired 
treatment outcome. 

Magnetic resonance imaging (MRI) techniques have been used to 
monitor the spatially-dependent effect of PEF treatment in plant tissues 
(Dellarosa et al., 2018; Kranjc et al., 2016). Proton (1H) NMR imaging 
(MRI) and relaxation time mapping are very powerful tools for the study 
of plant-based foods, as they are sensitive to the mobility of water in the 
microscopic environment of the tissue. 1H NMR signal is proportional to 
the water distribution in the tissue, and can therefore provide valuable 
information about the anatomical details of the tissue (Kamal et al., 
2019; Patel et al., 2015). NMR relaxation time mapping can provide 
additional information on the microstructure of plant tissues and of the 
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water microenvironment (Collewet et al., 2022; Hills, 1995; Hills & 
Duce, 1990). Specifically, the transverse relaxation time T2 (also known 
as spin–spin relaxation time) has been used as an indication of the 
redistribution of water and solutes in the tissue after the PEF treatment 
(Genovese et al., 2021; Hjouj & Rubinsky, 2010). In addition, magnetic 
resonance electrical impedance tomography (MREIT) has been proposed 
as a method for monitoring the electric field distribution in the tissue 
during PEF treatment (Kranjc et al., 2011). MREIT is based on current 
density imaging (CDI), an MRI technique for measuring current density 
distribution, followed by reconstruction of the electric field distribution 
using numerical algorithms. MREIT has made rapid progress over the 
last decade, particularly in imaging the electrical conductivity of bio-
logical tissue (Seo & Woo, 2014). It is important to be aware that with 
the MREIT technique, the accumulative effect of electric current on the 
MRI signal phase is measured. Therefore, MREIT provides a time 
average of electric field distribution established during PEF treatment 
(Kranjc et al., 2012). 

In our study, we selected three types of plant food tissues that have 
different structural complexity and are often used in industrial PEF ap-
plications, namely apple fruit (hereafter referred to as apple), potato 
tuber (hereafter referred to as potato) and carrot taproot (hereafter 
referred to as carrot). We have also chosen these plant tissues because 
they are of particular interest as model tissues for studies on medical 
applications of electroporation (Campana et al., 2016; Hjouj & Rubin-
sky, 2010). In our study, we aimed to investigate the possible non- 
uniform effect of PEF treatment due to the structural heterogeneity of 
plant tissues. We used MREIT to measure the spatial distribution of the 
electric field during PEF treatment, and T2 mapping to measure change 
in T2 relaxation times over the course of 6 h after treatment to investi-
gate the relationship between the local electric field and tissue 
structures. 

2. Material & methods 

2.1. Plant tissues 

The apples (Malus domestica, cv ‘Golden Delicious’), potatoes (Sola-
num tuberosum, cv ‘Liberta’) and carrots (Daucus carota, cv ‘Danvers’) 
used for this study were purchased at the local market (Ljubljana, 
Slovenia). Before the experiments, structurally similar sections of each 
plant type were selected first and then manually cut with a sharp 
stainless-steel cork-borer into cylindrical samples of 26 mm in diameter 
and 30 mm in height. For each sample, the analyses were carried out in 
three replicates of different fruits/vegetables. 

2.2. Experimental setup 

2.2.1. PEF treatment 
PEF treatment of the cylindrical-shape plant samples was performed 

using an electric pulse generator lab prototype (Novickij et al., 2016) 
connected to a pair of custom-built needle electrodes inserted into the 
sample tissue. The electrodes, made of platinum/iridium alloy (Pt/Ir: 
90/10 %), had a diameter of 1 mm, and were placed at a fixed 
centre-to-centre distance of 10.4 mm. The PEF treatment protocol con-
sisted of 2 sequences of 4 pulses with a duration of 100 µs and with a 
repetition frequency of 5 kHz. For potato and carrot tissues, the voltage 
of electric pulses was 750 V. Since apple tissue has a lower electrical 
conductivity compared to potato and carrot (Genovese et al., 2021), the 
voltage of electric pulses was increased to 1200 V in order obtain suf-
ficient signal from phase images of Current Density Imaging (CDI) 
sequence (Serša et al., 1994). The trigger input of the generator was 
connected to the MRI spectrometer and synchronized with the CDI pulse 
sequence. The delivery of the electric pulses was monitored with an 
oscilloscope (WavePro 7300A, LeCroy, NY, USA) and a current probe 
(AP015, LeCroy, NY, USA). 

2.2.2. T2 mapping 
Plant tissues were monitored by the T2 mapping before PEF treat-

ment and sequentially every hour until 6 h after PEF treatment. A multi- 
spin-echo (MSE) imaging sequence based on the Carr-Purcell-Meiboom- 
Gill (CPMG) multi-echo train (Carr & Purcell, 1954) was chosen to ac-
quire a set of differently T2-weighted MR images before and after 
applying the PEF treatment (i.e. 18 min after PEF treatment and every 
hour for the following 6 h). 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, 
Ettlinger, Germany). Pulse sequence imaging parameters were the 
following: field of view 30 mm; imaging matrix 128 × 128; inter-echo 
delay 70 ms; number of echoes 8. Slice thickness was initially set at 
5.1 mm but was later reduced to 3 mm as the signal-to-noise ratio (SNR) 
was high enough not to impact the quality of data. The calculation of T2 
maps was performed using the MRI Analysis Calculator plug-in of the 
ImageJ (NIH, Bethesda, MD, USA) image-processing software, fitting 
raw MSME (Multi-Slice-Multi-Echo) data at variable echo-time (R2 >

0.9). Additional analysis and quantitative assessment of T2 -weighted 
images was performed using MATLAB 2021b (MathWorks, Natick, MA, 
USA) on a desktop personal computer. 

2.2.3. Magnetic resonance electrical impedance tomography 
Magnetic resonance electrical impedance tomography (MREIT) was 

performed on plant tissues while applying the PEF treatment, following 
the method described in (Kranjc et al., 2016). The samples were scanned 
by the current density imaging (CDI) method during the application of 
the electric pulses in order to acquire a map of the current-induced 
magnetic field change in the sample. This can be detected via the 
phase shift registration by MRI (Joy, Scott, & Henkelman, 1989). The 
map was then processed using the magnetic resonance electrical 
impedance tomography (MREIT) J-substitution algorithm, based on 
iterative solving of the Laplace equation (Khang et al., 2002). The CDI 
data along with known sample geometry and potentials on the elec-
trodes were used as inputs for the MREIT algorithm to calculate the 
conductivity map and the electric field distribution in the plant tissues. 
In this study, the two-shot rapid acquisition with relaxation enhance-
ment (RARE) CDI pulse sequence (Figure S-1) was performed (Serša, 
2008), and the following imaging parameters were used: field of view 
30 mm; imaging matrix 64 × 64; inter-echo delay 2.64 ms. Slice thick-
ness was initially set at 8 mm but was later reduced to 3 mm as the SNR 
was high enough not to impact the quality of data. In the sequence, the 
block of electroporation pulses was positioned between the excitation 
RF pulse and the first refocusing RF pulse. MREIT algorithm was solved 
using the finite element method with the numerical computational 
environment MATLAB 2021b (MathWorks, Natick, MA, USA) on a 
desktop personal computer. 

2.2.4. Statistical analysis 
Significant differences among the results were evaluated by para-

metric analysis of variance (ANOVA) and Tukey multiple comparison, 
with a significance level of 95 % (p < 0.05). When the Shapiro-Wilk test 
for normality and Levene’s test for homoscedasticity of the data yielded 
statistically significant results (p < 0.05), the Kruskal-Wallis non-para-
metric multiple range test and Holm’s stepwise adjustment with a sig-
nificance level of 95 % (p < 0.05). Results are expressed as mean ±
standard deviations of replications (n = 3). Statistical analysis was 
performed in R Statistical Software (R Foundation for Statistical 
Computing, Vienna, Austria). 
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3. Results and discussions 

3.1. Spatial characterization of plant tissue structures, T2 times and 
electric field 

Fig. 1A shows T2 – weighted images of each type of plant tissue: 
apple, potato, and carrot. On each of the images, detailed internal 
structure can be identified based on the variation of signal intensity. 
Based on the sampling procedure used in this experiment (i.e. sample cut 
perpendicularly to the longitudinal axis of the tissue), it is possible to 
distinguish only the outer cortex parenchyma of the apple fruit. In terms 
of water distribution, the apple parenchyma is the most homogeneous 
tissue along the plane of observation compared to the other two tissue 
types, i.e., of the potato tuber and carrot. In potato tuber, two paren-
chyma regions can be clearly distinguished, the inner and outer medulla. 
The inner medulla (also known as the pith) of the potato tuber forms 
what is known as the ‘water-core’ parenchyma. The inner medulla is a 
conductive tissue, lower in starch compared to the outer medulla (also 
referred to as perimedullary region). The perimedullary zone (internal 
phloem region), on the other hand, is the storage parenchyma, charac-
terised by a high concentration of starch (Reeve, 1969). Finally, the 
carrot taproot presents the most complex structure compared to the 
apple and potato, in which the core of the central cylinder contains the 
parenchymatous xylem, in which vascular rays can be seen, and which is 
surrounded by the vascular cambium. The central cylinder is surrounded 

by a secondary phloem and cortex parenchyma. The xylem is a water- 
filled structure with lignified cell walls, mainly responsible for the 
transport of water and minerals, while the phloem consists mainly of 
densely packed, thin-walled cells and is responsible for the transport of 
nutrients (Esau, 1940). 

The measured baseline, i.e. before the PEF treatment, spin–spin 
relaxation times (T2) made it possible to identify these different struc-
tures of the tissues based on their water content. As can be seen in 
Fig. 1B, each of the previously described plants has an increasingly 
inhomogeneous distribution of T2 relaxation times in the plane of 
observation with an increasing complexity of the structure (i.e. carrot >
potato > apple). In addition to T2 mapping, the electric field distribution 
using MREIT was determined during PEF (Fig. 1C). The non-uniformity 
of the obtained electric field distribution is primarily a consequence of 
the needle electrodes and the heterogeneity of the electrical conduc-
tivity due to the presence of different tissue structures. 

3.2. Apple 

Fig. 2 shows the measured dynamics of changes in T2 relaxation 
times in the cortex of the apple exposed to the PEF treatment. Fig. 2A 
shows a T2-weighted image scanned before PEF treatment where also 
three regions of interest of apple cortex are indicated (R1-3cx). As can be 
observed, the electric field distribution in the cortex of the apple 
(Fig. 1C) is the highest in the region close to the electrodes, R1cx with 

Fig. 1. Evaluation of T2 relaxation time distributions and electric field distributions within the different tissue structures of plants. A: T2 – weighted images of apple, 
potato and carrot with labelled tissue structures. B: Distribution of T2 values within the different tissue structures before application of PEF treatment. C: Measured 
electric field distributions during PEF treatment. 
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1700 V/cm, while the electric field decreases with increasing distance 
from the electrodes, R2cx and R3cx reaching 700 V/cm and 200 V/cm, 
respectively. The T2 values before and after the PEF treatment in R1-3cx 
are shown in Fig. 2B. In general, T2 significantly decreases immediately 
after PEF treatment (i.e. 18 min after PEF), with R1cx showing the largest 
decrease in T2, which decreases from 129 ± 0.002 to 107 ± 0.002 ms. 
Similar decrease in T2 is observed in the region between the electrodes 
(R2cx). In R3cx, although the lowest electric field (200 V/cm) was 
measured, it is still high enough to cause a consistent and significant 

drop in T2 values. However, in contrast to R1cx and R2cx the T2 dynamics 
in R3cx is different as continuous decrease in T2 times was measured 
throughout the observation period. The results of statistical analysis 
obtained with ANOVA are shown in Table S-1 (see Supplementary 
material). 

Field strengths greater than 150 V/cm have been reported to alter 
subcellular compartmentalization of apple parenchyma when 20 pulses 
at 100 µs of duration were applied (Dellarosa et al., 2016). Despite the 
fact that in this study the tissue was exposed to the electric pulses for a 

Fig. 2. Evaluation of T2 values in the cortex of the apple exposed to PEF. A: T2 values were evaluated in three Regions of interest (R1-3cx), each exposed to different 
electric field. The locations of the electrodes are marked with + and -. B: Time course of T2 values within R1-3cx. Each time point represents a mean of T2 ± standard 
deviation from the region of interest. Time point t = 0 shows T2 values before the application of PEF. 

Fig. 3. Evaluation of T2 values in the inner and outer medulla of the potato tuber exposed to PEF. A, C: An area of the potato that was exposed to an electric field 
greater than 250 V/cm is shaded in red. T2 values were evaluated in two Regions of interest in the inner medulla (R1-2in), and in the outer medulla (R1-2out). R1in,out 
and R2in,out were in the region exposed to an electric field greater and less than 250 V/cm, respectively. The inner medulla is marked with a grey solid line for better 
visualization. The locations of the electrodes are marked with + and -. B, D: Time course of T2 values within R1in,out and R2in,out. Each time point represents a mean of 
T2 ± standard deviation from the region of interest. Time point t = 0 shows T2 values before the application of PEF. Note different ranges of T2 in B and D. 

J. Genovese et al.                                                                                                                                                                                                                               



Food Chemistry 405 (2023) 134892

5

shorter period of time (i.e. lower number of pulses applied), changes in 
T2 values are comparable, suggesting that the electric field 200 V/cm (8 
pulses at 100 µs of duration) was sufficient to trigger electroporation. 
Due to the low electrical conductivity of the apple, the electric pulse 
voltage had to be increased to obtain a sufficient signal from phase 
images of CDI sequence, as previously reported in (Genovese et al., 
2021). Therefore, the entire volume of the apple sample was subjected to 
an electric field above the electroporation threshold. 

3.3. Potato 

Fig. 3 shows the measured dynamics of changes in T2 relaxation 
times in the inner and outer medulla of the potato exposed to the PEF 
treatment. Fig. 3A, C show a baseline T2 – weighted image of a potato 
tuber before it was exposed to PEF treatment with a marked area where 
potato was exposed to an electric field greater than 250 V/cm. This 
electric field value was chosen as a threshold based on previous report in 
which a consistent decrease in the T2 value was only achieved in the 
potato tuber exposed to electric fields greater than 250 V/cm (Genovese 
et al., 2021). Each of the evaluated regions of interest were divided into 
the area exposed to electric fields greater than 250 V/cm (R1in, R1out in 
Fig. 3, where subscripts in and out stand for inner and outer medulla, 
respectively) and the area exposed to electric fields lower than 250 V/ 
cm (R2in, R2out in Fig. 3). In addition, Fig. 3B shows the dynamics of T2 
changes in the inner medulla or water pith, while the Fig. 3D shows the 
dynamics in the outer medulla of the potato (note different ranges of T2 
in Fig. 3B and D). At time 0, i.e. before application of PEF, different 
initial T2 value within same structure can be observed. That is in 
agreement with inhomogeneous distribution of T2 relaxation times of 
tissue structures also observed in Fig. 1B (in case of potato structures, 
inner medulla has baseline T2 times between 200 and 350 ms, while 
outer medulla between 120 and 180 ms). 

In Fig. 3B, it can be observed that the inner medulla of the potato is 
the region most affected by the PEF treatment. The R1in shows a 
continuous and significant decrease in T2 values after the application of 
the high-voltage pulses during the 6 h follow-up. In contrast, the part of 
the medulla exposed to electric fields lower than the threshold (i.e. 250 
V/cm) shows a statistically significant increase in T2 relaxation times, 
starting 2 h after the PEF treatment (R2in in Fig. 3B). This increase in T2 
values indicates that, after PEF treatment, the water starts to re- 
distribute within the vascular system and starts diffusing out from the 
electroporated area (i.e. area exposed to high electric field) towards the 
edges of the sample (i.e. area of low electric field). 

The outer medulla of the potato tuber exhibits smaller but still sig-
nificant decrease in the absolute and relative value of T2 than the inner 
medulla. A slow decrease in T2 values is only observed in the region 
exposed to electric field strengths above the threshold (R1out in Fig. 3D), 
while no statistically significant changes in T2 values are observed in the 
regions below the electroporation threshold (R2out in Fig. 3D). The re-
sults of statistical analysis obtained with ANOVA are shown in Table S-1. 

In potato tuber, the change in T2 following PEF treatment is strongly 
structure-dependent, with the inner medulla being the tissue region 
where most of the water is drained out due to electroporation of the cell 
membranes (i.e. greater decrease in T2). In the outer medulla region, 
high values of electric field were reached (i.e. 450–500 V/cm, R1out in 
Fig. 3C), but the decrease in T2 relaxation times is much smaller. 
Therefore, the inhomogeneities of the cell structure in the potato tissue 
affect the consequences of electroporation in terms of water mobility 
and water interactions with the surrounding macromolecules. 

3.4. Carrot 

Fig. 4 shows the measured dynamics of changes in T2 relaxation 
times in the tissue structures of the carrot exposed to the PEF treatment. 
T2-maps of carrot allowed differentiation of various tissue structures 
based on different transverse relaxation times of their cells containing 

said structures. The cortex tissue was characterised by much shorter 
relaxation times (i.e. in the range of 50–65 ms) than xylem and cambium 
(Fig. 4A, B). The cambium is easily recognised as the bright ring sur-
rounding the central core cylinder with the xylem (Fig. 4E, F). The xylem 
tissue inside the ring of cambium was characterised by longer T2 
relaxation times (i.e. in the range of 250–300 ms, Fig. 4C, 4D). Inter-
estingly, as in potato tuber, T2 relaxation times changes of carrot 
structures were visible in areas exposed to an electric field greater than 
250 V/cm. Therefore, each of the evaluated regions of interest were 
divided into the area exposed to electric fields greater than 250 V/cm 
(R1cx,xy,cb,vr in Fig. 4, where subscripts stand for the different tissue 
structures of carrot) and the area exposed to electric fields lower than 
250 V/cm (R2cx,xy,cb,vr in Fig. 4). In the parenchyma cortex exposed to 
electric fields above the threshold, the T2 relaxation time shows an 
abrupt and significant increase after the application of PEF treatment (i. 
e. after 18 min), indicating that water protons undergo an increase in 
mobility (Fig. 4B). As a confirmation, no statistically significant change 
in T2 relaxation times is observed when the cortex was exposed to 
electric fields of less than 250 V/cm (i.e. R2cx in Fig. 4B). The same trend 
is observed in the cambium ring, displayed in Fig. 4F, where significant 
increase in T2 times is observed 18 min after the application of elec-
troporation pulses with an electric field greater than 250 V/cm. On the 
other hand, the xylem tissue (Fig. 4D), characterised by a higher amount 
of free water (hence longer T2 time) and by cells of almost uniform shape 
and size, shows a significant decrease in T2 times after the application of 
PEF treatment in the areas exposed to higher electric fields (E > 250 V/ 
cm, R1xy in Fig. 4D). Interestingly, T2 values in the area of xylem 
exposed to lower electric field strengths significantly increase immedi-
ately after the PEF treatment R2xy (Fig. 4D). Thus, we can speculate that 
the central core cylinder of the carrot (i.e. the vascular system of the 
taproot) might have a lower electroporation threshold than the other 
tissue structures. The results of statistical analysis obtained with ANOVA 
are shown in Table S-1. Changes of T2 values in the vascular rays of the 
carrot due to the PEF treatment (Fig. 4G, 4H) are addressed in Section 
3.6. 

The dynamics of changes in relaxation times after the application of 
PEF treatment showed that different tissue structures of the carrot 
exposed to the electric field greater than 250 V/cm resulted in a ho-
mogenisation of T2 values around 100–150 ms. This effect is clearly 
visible in the T2-weighted image scanned 6 h after the PEF treatment 
(Fig. 5B). While the T2 values in the image scanned before the PEF 
treatment (Fig. 5A) have much broader distribution with the T2 values in 
the range between 90 and 350 ms, this distribution becomes narrower 6 
h after the application of the electroporation pulses (Fig. 5B) where the 
xylem and the vascular rays in the marked area can hardly be distin-
guished from the parenchyma tissue of the cortex and cambium. T2 
homogenisation effect is also evident in a narrower distribution of T2 
values in the areas exposed to PEF treatment (Fig. 5C). 

3.5. Spatial distribution of electroporation in tissue structures 

It has been reported that changes in T2 relaxation times can be used 
to quantify the effect of electroporation in plant tissues (Dellarosa et al., 
2016; Kranjc et al., 2016). Electroporation pulses lead to structural 
changes, such as damage to cell membranes, and thus alter the interior 
of the cells as well as the extracellular environment, which in turn affect 
the proton relaxation times. As described by Hills & Duce (1990), in 
biological systems the diffusion of water between cell compartments and 
also the proton chemical exchange between water and other solutes are 
often the processes that predominantly influence the proton relaxation 
times. Furthermore, the proton signal of plant tissues is characterised by 
multiexponential decays, thus reflecting the information of different cell 
compartments, with a different water content and water physical 
properties (Mariette et al., 2012; Van As & Van Duynhoven, 2013). The 
primary effect of electroporation is associated with the cell membrane 
disruption and loss of compartmentalisation, leading to a redistribution 
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Fig. 4. Evaluation of T2 values in the cortex, xylem, cambium, and vascular rays of the carrot exposed to PEF. A, C, E, G: An area of the carrot that was exposed to an 
electric field greater than 250 V/cm is shaded in red. T2 values were evaluated in two Regions of interest in the cortex (R1-2cx), in the xylem (R1-2xy), in the cambium 
(R1-2cb), and in the vascular rays (R1-2vr). R1cx,xy,cb,vr and R2cx,xy,cb,vr were in the regions exposed to an electric field greater and less than 250 V/cm, respectively. 
The locations of the electrodes are marked with + and -. B, D, F, H: Time course of T2 values within R1cx,xy,cb,vr and R2cx,xy,cb,vr. Each time point represents a mean of 
T2 ± standard deviation from the region of interest. Time point t = 0 shows T2 values before the application of PEF. Note different ranges of T2 in B, D, F, H. 
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of water between different compartments and tissue structures and also 
to a significant change in water-solutes interactions (Lebovka et al., 
2002). In our study, these changes, triggered by PEF treatment, were 
spatially visualised by T2 mapping. Above the electroporation threshold, 
in the apple, potato, and carrot, the increased permeability of cell 
membranes, tonoplast and plasma membrane, likely contributed to a 
redistribution of water and increased diffusion from sites of low resis-
tance to water permeation (i.e. vascular bundles) to high ones (i.e. 
cortex). The dynamics of changes for all plant tissues can be seen in 
videos within Supplementary material. The shortening of T2 relaxation 
times could be due to the loss of magnetisation of protons, which results 
from the faster exchange of water as it crosses the vacuolar membrane 
towards the cytoplasm and extracellular space. Protons lose their mag-
netisation in the cytoplasm and cell wall (Donker et al., 1996). This 
phenomenon is clearly visible in apple tissue after the PEF treatment (i. 
e. 18 min after pulsation) and leads to a 17 % reduction in T2 relaxation 
times in the tissue areas where electric fields between 700 and 1700 V/ 
cm were reached (Fig. 2). As noted before, PEF treatment of apples led to 
a collapse of cell structure (vacuole and cytoplasmatic space), which in 
turn led to a redistribution of cell contents and a different interaction 
between water and macromolecules, possibly contributing to a system-
atic reduction in T2 (Dellarosa et al., 2016, 2018). Furthermore, it is 
important to highlight that apple tissue is characterised by high porosity 
(higher than potato and carrot tissues) with air-filled intercellular spaces 
(Madiouli et al., 2012). Since gas and water have different magnetic 
susceptibilities, internal magnetic gradients occur at the air-water 
interface around the intercellular air gaps (Duce et al., 1992). The 
diffusion of water molecules through these internal magnetic gradients 
is responsible for the loss of signal intensity (i.e. shorter T2 relaxation 
time). 

In tissues with more complex structures, such as potato and carrot, 
the difference in signal intensity between the vascular system and the 
surrounding parenchyma provided information about the inhomoge-
neous effect of PEF treatment. The higher T2 values of the vascular 
systems (inner medulla in potato and xylem in carrot) indicate the 
presence of bulk water. In these areas (specifically at E > 250 V/cm) the 
observed higher rate of proton magnetisation loss (i.e. decrease in T2) 
may indicate an increase in the rate of water exchange between the 
cytoplasm and intercellular spaces after the application of PEF pulses 
and during the subsequent 6 h. 

In carrot, parenchyma cortex is largely composed of parenchyma 
cells storing sugars (mainly glucose, fructose, and sucrose), and it is 
possible that here the water molecules and sugars interact more 
intensely, which can explain the shorter initial T2 of carrot cortex (be-
tween 45 and 70 ms) compared to apple and potato parenchyma (be-
tween 105–130 ms and 120–170 ms, respectively). The application of 
the PEF treatment triggered the possible release of sugars, as already 

shown before (Aguiló-Aguayo et al., 2014), leading to variations in the 
water-sugar interactions and the proton exchange, and therefore 
contributing significantly, along with the increase of localised water 
content, to the observed increase in T2 after PEF treatment in the pa-
renchyma cortex (Fig. 4B). Similar increase of T2 after PEF treatment can 
also be observed in cambium (Fig. 4F). 

3.6. Limitations of the study 

The experimental setup for MR imaging used in our study provided 
images with a pixel size of 469 × 469 µm for the electric field distri-
bution and 234 × 234 µm for the T2 maps. Although the achieved spatial 
resolution of MRI allowed the observation of most structures used in our 
study, the pixel size is still too large for observation of smaller structures 
such as the rays in the xylem of a carrot, as shown by the high standard 
deviations of T2 relaxation time in Fig. 4H. Another technical limitation 
is related to MREIT algorithm used in this study; it reconstructs plant 
tissue conductivity as isotropic, even though plants such as carrot 
exhibit anisotropic behaviour (Pacheco-Aguirre et al., 2014). 

4. Conclusion 

In this paper, we analyse the change in T2 relaxation times due to PEF 
treatment to investigate the non-uniform effect of electroporation due to 
the structural heterogeneity of plant tissues. We believe our study has 
successfully and conclusively demonstrated feasibility and considerable 
potential for the use of T2 mapping MRI technique in analysis of plant 
tissue structures, especially when studying the plant tissue response to 
electroporation/PEF treatment. This imaging method facilitates multi-
ple possible novel approaches (stand-alone and combined) to analysis of 
the PEF-treated tissue, since it allows for a contactless and a non- 
invasive imaging of water mobility and water-solute interactions 
which are of major importance in all applications of PEF in food tech-
nology where enhancing mass transport is the primary objective of the 
electrical (pre)treatment. 

Being able to analyse the water distribution and redistribution within 
the electroporated tissue is of importance not only for determining the 
treatment intensity and the fitness for purpose of a specific treatment 
protocol in a particular food matrix, but also for basic studies of material 
properties and their modification as a consequence of processing by 
using emerging technologies. In this case, the technique offers new 
means of visualising and quantitatively studying phenomena induced in 
turgid plant tissues by means of electroporation and correlating these 
observations with other, previously established methods of experi-
mental study, such as texture analysis and electrical impedance 
spectroscopy. 

In previous works in the field of PEF applications for food 

Fig. 5. Comparison of T2 values before and after the application of PEF. A: T2 - weighted image of carrot before the application of PEF. B: T2 - weighted image of 
carrot after 6 h of application of PEF. C: Distribution of T2 values within the blue and red marked areas. The blue and red marked areas include all different tissue 
structures of the carrot exposed to the electric field greater than 250 V/cm. 
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technology, electrical impedance and/or textural response of tissue to 
PEF treatment have been extensively studied and have been proposed as 
methods of characterising the degree to which electrical treatment af-
fects (damages) the raw plant material (Boussetta et al., 2009; Genovese 
et al., 2021; Lebovka et al., 2002; Mahnič-Kalamiza et al., 2015). Some 
of these observations made in the mentioned studies call for intricate 
explanations involving effects of PEF on water redistribution in tissue, 
and the approach demonstrated in this paper can be thought of as a 
complimentary method of significant potential and explanatory power 
that can be used to corroborate hypotheses made in the past as to how 
electroporation affects plant tissue. 
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draft, Supervision. Matej Kranjc: Investigation, Methodology, Data 
curation, Visualization, Software, Writing – original draft, Writing – 
review & editing, Supervision, Funding acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

The author JG would like to acknowledge the financial support 
provided by Marco Polo Mobility Programme funded by Department of 
Agricultural and Food Sciences of University of Bologna to conduct the 
presented study at University of Ljubljana. The authors DM, SMK, and 
MK would like to acknowledge the financial support through research 
programs and projects granted by the Slovenian Research Agency 
(ARRS), namely the research program P2-0249, the funding for Junior 
Researcher to MS, the postdoctoral project Z7-1886 (awarded to SMK), 
and research project J2-1733 (awarded to MK). This study was con-
ducted within Infrastructure Program: Network of research infrastruc-
ture centres at the University of Ljubljana (MRIC UL IP-0510). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.foodchem.2022.134892. 

References 

Aguiló-Aguayo, I., Downey, G., Keenan, D. F., Lyng, J. G., Brunton, N., & Rai, D. K. 
(2014). Observations on the water distribution and extractable sugar content in 
carrot slices after pulsed electric field treatment. Food Research International, 64, 
18–24. https://doi.org/10.1016/J.FOODRES.2014.06.011 

Boussetta, N., Lebovka, N., Vorobiev, E., Adenier, H., Bedel-Cloutour, C., & 
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