Biointerface Research in Applied Chemistry
Platinum Open Access Journal (ISSN: 2069-5837)
Article
Volume 11, Issue 6, 2021, 14127 - 14141
https://doi.org/10.33263/BRIAC116.1412714141

Single-sided Time Domain-Nuclear Magnetic Resonance
to Study the Effect of Cell Membrane Electroporation on
the Water Mobility in Vegetal Tissues

lleana Menegazzo 1® | stefano Mammi !, Elisabetta Sieni 2*@, Paolo Sgarbossa 3® | Alessandra
Bartolozzi 3, Mirto Mozzon *® | Roberta Bertani *® | Michele Forzan 3@, Raji Sundararajan o )

Padova University, Department of Chemical Sciences via Marzolo 1, 35131 Padova, Italy

Insubria University, Department of Theoretical and Applied Sciences via Dunant, 3 21100 Varese, Italy

Padova University, Department of Industrial Engineering, via Marzolo, 9, 35131 Padova, ltaly

School of Engineering Technology, Purdue University, Knoy Hall of Technology, 401 N. Grant St. West Lafayette, IN
47907, USA

*  Correspondence: elisabetta.sieni@uninsubria.it (E.S.), raji@purdue.edu (R.S.);

N N

Scopus Author ID 7004860497
Received: 15.01.2021; Revised: 28.02.2021; Accepted: 2.03.2021; Published: 7.03.2021

Abstract: This paper presents the characteristics of potato and apple tissues, with/out electroporation,
by Time Domain-Nuclear Magnetic Resonance (TD-NMR). A portable TD-NMR was used to measure
the proton relaxation time, T2, and the changes in the cells due to molecular water mobility of potato
tubers,-NMR to identify the modifications that occurred at the cell level involving water molecules
mobility in potato tubers and apple tissues after the electroporation treatment and compared with non-
electroporated ones. The comparisons with normal potato and apple tissue and preliminary
measurements in bulk were performed. Samples were also analyzed in terms of conductivity of the
tissue and microscopic morphology. The results indicate that the electroporation process effect is
identified with a variation of the peak position in T2 distribution, associated with sub-cell modifications.
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1. Introduction

Electroporation involves the targeted application of high magnitude, short width
electrical pulses (EP) across the cell memabrane, which causes accumulation of charges and
hence enhnaces membrane voltage, Vm. When Vm is around 0.5 to 1V, across its 5nm
thickness, there is a several-fold enhancement of electric field (100MV/cm), leading to the pore
formation [1-10].

During electroporation, drug molecules can enter the cancer cells in various ways, such
as diffusion, electro-osmotic, and colloid-osmotic flow [11]. The flow of light and small drug
molecules due to electroporation is given by Fick’s equation [12]:

Fs(t) = Pox(N,T)A/2 (1 = ) ASe D' (1)

where Fs is the flow of molecules S diffusing through the plasma membrane, Ps is the
permeation coefficient of the molecule S across the membrane, x is a function, which represents
the probability of (O<x<1), A is cell surface, E is the applied electric field intensity, Ep is the
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threshold for permeabilization, AS is concentration difference of S between the cell and
external medium, k is the time constant of the resealing process, and t is the time after the pulse.

The pore formation is a two-step process [13]. First, small and non-conducting
hydrophobic pores form in the cell membrane. Second, these hydrophobic pores expand in size,
and lipid molecules invert on the edges to create conducting hydrophilic pores. The energy of
pore formation (E(r)) for both types of pores is a function of the pore radius (r) and Vm, as
shown in (1) for hydrophobic and (2) for hydrophilic pores, respectively [13].

E(r) = 27hroo(oo) [11(r/ro)/lo(r/ro)]) - wapVm?r? 2

E(r) = 2myr - [ 22l (r*)r*dr* + (C/r)* - mapVmr?  (3)
where h is the membrane thickness,oo(o0)is a constant (5-102N/m), r0 is the characteristic
length, lo and 11 are 0™ and 1% order modified Bessel functions, 7 is the strain energy per unit
length of the bilayer pore edge or perimeter, I' is the surface energy per unit area of the intact
bilayer, C is a constant (9.67-10%J%*m), ap is the property of the membrane and its aqueous
environment, expressed in terms of h and permittivity of water (ew) and membrane (em), as ap
= (ew - em)/[2h].

This two-step pore formation phenomenon is called electroporation, and it can enhance
the uptake of external molecules up to 1000 times [14]. When electroporation is applied
towards chemotherapeutics' uptake, this non-surgical procedure, known as
Electrochemotherapy (ECT), is gaining momentum as an alternative to conventional therapies
for advanced, inoperable, and radio- and chemo-resistant tumors of all histological types of
cutaneous and subcutaneous metastases in the EU [15]. This phenomenon is evidenced by an
increment of the tissue's conductivity [1, 16-18]. This technique is applied in medicine to
improve the chemotherapeutic drug uptake and the food industry to treat fruits to enhance juice
extraction or in low-temperature sterilization [19-25]. This technique is also used to study the
effect of electrical pulses on vegetal tissues. Towards this, numerous studies have shown that
Time Domain-Nuclear Magnetic Resonance (TD-NMR) is an excellent method to characterize
water mobility and water distribution in food items, such as meat, fish, cheese, cereals, fruits,
and vegetables, including potatoes [26—39].

The basic physical rationale behind the generation of the NMR signal is the same in all
kinds of NMR instruments, and it derives from the NMR-active atomic nuclei present in the
sample. Time Domain NMR applications include the measurements of the relaxation properties
of protons that, after excitation by a radiofrequency pulse, return to the equilibrium condition:
energy is lost to the surroundings in the form of heat (spin-lattice relaxation), and coherence
among spins is also lost (spin-spin relaxation).

The 1H NMR spin-lattice (T1) and spin-spin (T2) relaxation times of water in vegetable
tissue have been used to describe the water status. Whereas bulk water exhibits a single value
for each relaxation time, water compartmentalized in subcellular structures, such as vegetable
tissues, exhibits multiple relaxation time values. Water molecules or protons are in exchange
among these compartments, and the exchange rates are controlled by the permeability of the
membranes separating the compartments, their size, and/or by the diffusion processes of water
molecules.

Whereas differences in the longitudinal relaxation times (T1) are usually not sufficient
to identify water in different compartments, differences in transverse relaxation times (T2) are
more pronounced. Moreover, the total proton NMR signal from any sample region is directly
proportional to the proton density in that region, providing quantitative information about water

compartmentation.
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The literature reports that in vegetable cells, the mean distribution of T2 relaxation times
includes three populations, partially overlapped, associated with three proton compartments.
Specifically, the water populations could be assigned to water located in the cell wall,
cytoplasmic water, and water in the vacuole (with the longest T2 relaxation value) [40, 41]. In
potato cells, another proton population with the lowest T2 relaxation value is evident, and it
can be assigned to water on the surface or inside starch granules [42].

Changes in water NMR dynamic properties during ripening, processing, and storage
operations on fruits and vegetables can, in principle, reveal sub-cellular modifications and
contribute to a microscopic understanding of these processes [43]. Examples of the application
of this approach are present in the literature [44-47].

A special kind of TD-NMR was applied in the present work, that is, the Mobile
Universal Surface Explorer (Single-sided TD-NMR) [48, 49]. This portable, single-sided NMR
device has been designed to evaluate the proton content of objects non-invasively and non-
destructively. Specifically, we used it to measure the proton relaxation time and study the
associated mobility of water molecules before and after the electroporation process on potato
tissue samples of different varieties. Comparisons with apple tissue and preliminary
measurements in a bulk TD-NMR instrument (Minispec) were also performed.

The T2 transverse relaxation times measured with the Single-sided TD-NMR were
shown to be sensitive to the electroporation process. Preliminary studies with the NMR-
Minispec and microscope observations confirmed the data and suggested a deeper
comprehension of the process at the subcellular level.

2. Materials and Methods

Four different types of potato tubers, P1, P2, P3, and P4, and one type of apple were
purchased from the local market. These different types of potato tubers belong to different
varieties with clear or red peel and yellow core among those available at the experiments' time.
The apple variety was the one available at the time of the experiment. The experiments were
conducted in July. Each vegetable sample, either electroporated or non-electroporated, was
analyzed using the Single-sided TD-NMR. Each side of the treated sample was analyzed to
verify if the electroporation produced differences in terms of the water molecule’s mobility on
the surface. The same analysis was applied to the non-electroporated samples to determine the
differences by comparison.

For each sample type, the relaxation time T2 was also measured in the bulk instrument
Minispec to better understand the Single-sided TD-NMR results.

Electroporated tissues were prepared for optical microscope visualization. Treated
samples were observed one hour after electroporation. For each piece, both sides, top, and
bottom were sliced and observed under a microscope to evaluate the cell membrane
morphology. Non-treated pieces were also analyzed with the microscope for comparison.

24 h after treatment, the treated samples were observed for any color change and other
electroporation effects.

2.1. Electroporation.

From each of the potato and apple, six parallelepiped pieces with a size close to 5 x 10
x 30 mm were cut. Three of the pieces were treated with the electroporation voltage pulses,
and the other three were untreated controls. The voltage pulses were applied using the EPS02
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voltage pulse generator (IGEA SpA, Carpi, MO, Italy) connected to a pair of parallel stainless
steel plate electrodes with a gap of 5 mm, positioned, as shown in the set-up, in Fig. 1 (a) [50,
51].

To each sample, a sequence of 24 unidirectional voltage pulses, with a suitable
amplitude in the order of 1000 V/cm (500 V) for potato and in the order of 2000 V/cm (1000
V) for apple tissue were applied to one of the 10 x 30 mm sides. For each sample, the area
facing the positive electrode was marked. A and the one facing the negative electrode were
marked B.

The two sides, the treated and the untreated one, were then analyzed using the SINGLE-
SIDED TD-NMR probe. Finally, the sample's two sides were sliced, dyed with Methylene
Blue, and observed at the optical microscope. The data of the electroporated samples were
compared with those of the non-electroporated tissues.

2.2. Water content.

For each sample, the water content was measured by drying the samples in a static oven
(Mod. 2100 High-Performance Oven, F.1li Galli) according to the following procedure: (i) three
samples of the same vegetable was cut; (ii) each sample was weighed (HR-200 Scientific
Balance, A&D Instruments), obtaining the value, mrresh; (iii) the samples were dried for 24 h in
a static oven at 100 °C; (iv) the same samples were weighted till constant weight, obtaining the
dry weight, mary; (v) finally, the water content was computed as a percent using equation (1):

watercontent [%] = 100 ~LreshMdry (@)
Mfresh

2.3. Tissue morphology.

The tissue morphology before and after electroporation was studied using an inverted
microscope (Olympus 1X50). A thin layer from each side of the potato and apple parallelepiped
was cut in the electroporated area using a cutter. The larger section of the parallelepiped was
chosen. The slices were washed using deionized water and immersed in 0.2% Methylene blue
in deionized water (115943 Methylene blue C.1. 52015, Merck Chemicals) for 1 min. The
pieces were washed again in deionized water and then placed on a microscope glass slide
covered with a coverslip. Every slice was washed again by capillarity to remove the excess dye
and was observed using an Olympus IX50 microscope with a magnification of 400x and a
Canon EOS 1100D camera focusing on the cell membrane.

2.4. Single-sided TD-NMR vegetable tissue conductivity.

The vegetable tissue conductivity could be described as a non-linear function of the
electric field intensity, 6(E), as in [50, 52]:

1 =0y

o(E) = o, + > (1+tanh(k, (E-Ey)) )
where oo and ¢ 1 [S/m] is the conductivity at 0 V/cm, and at the maximum value of E (e.g.,
1000 V/cm), respectively, kv [m/V] is a constant and Ew [kV/m] is the electric field.

The electrical conductivity, o, of the vegetable tissues was evaluated experimentally,
using a suitable multi-box device, with 8 wells. Each well has a rectangular section (11x9 mm)
and is 11.3 mm thick, as described in (Fig. 1 (b)). The voltage pulses were applied using a plate
electrode formed by two stainless steel plates with rectangular geometry with the side 10 mm
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long and distant L = 7 mm (covering all the box depth of 11.3 mm). The two plates were
inserted into each box.

Electrical conctact
A

Figure 1. Experimental set-ups used for (a) the treatment with voltage pulses of the samples for the TD-NMR
experiment and (b) for the evaluation of the electrical conductivity of the vegetable tissue [53].

Eight voltage pulses were applied to the electrode plates using the voltage pulse
generator. The amplitude of the voltage pulses was varied from 100 V (E = 143 VV/cm) to 1000
V (E = 1370 V/cm). Voltage and current values were recorded and analyzed to compute the
resistance at the electrodes and the material's corresponding conductivity as in [30]. The
conductivity was computed using Ohm’s law in equation (3), and the model for the
conductivity, o, of a parallelepiped with section A = 10x11.3 mm and length L =7 mm:

o=== (6)
RA
The measured conductivity values as a function of the electric field intensity were fitted
using the non-linear least mean square method to find the parameters of equation (2) [50, 54].

2.5. TD-NMR.

T2 measurements were carried out using a Bruker compact spectrometer (Minispecmg-
series). When equipped with a Profiler with a 0 mm depth probe, the single-sided TD-NMR
surface has a Larmor frequency of 15.50 MHz. The samples were analyzed at room temperature
using a multi-echo CPMG-type pulse sequence with echo times of 100 ps; 2500 echoes were
recorded [55, 56]. For bulk T2 measurements, the Bruker Minispec magnet was equipped with
a 10 mm temperature-controlled probe with 6 us dead time. The magnetic field strength was
0.47 T, corresponding to a resonance frequency for protons of 19.95 MHz. The samples were
analyzed at 22 °C, using the Carr-Purcell-Meiboom-Gill (CPMG) sequence with a t value of
150 ps. Data from 10000 echoes were acquired for 16 or 32 scans for each measurement.

The relaxation times of the different components were extracted from multiexponential
decay curves using the program Uniform PENalty (UPEN), based on the inverse Laplace
transform developed by Fantazzini and co-workers (Upenwin ver. 1.04) [57, 58].

UPEN inverts the CPMG signal searching for the least biased distribution of relaxation
times according to the following equation: 1(2tn)=Xi lo(Tzi)exp(—2tn/T2,), where 2t is the
CPMG interpulse spacing, n is the index of a CPMG echo, and lo(T2,) is the signal intensity of
the T2i component at t= 0, sampled logarithmically in the interval between T2min and
T2,max.Negative feedback is also applied by the software algorithm to a smoothing function to
prevent excessive details in the distribution of relaxation times. As a consequence, the
resolution of features is lowered as a default [59]. The major advantage of this approach
concerning other fitting models (such as the Levenberg—Marquardt one) is that an a priori
knowledge about the number of Tzs is unnecessary.

In the present work, the default UPEN parameters were generally adopted.
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2.6. Statistical analysis.

Statistical analysis on measurements data was performed using an ANOVA test to
compare the values of the relevant peaks of the T2 time measured in different conditions.

3. Results and Discussion

Fig. 2 (a) and (b) show the non-clectroporated tissue of a potato tuber. Here, arrow ‘1’
points to the cell wall of a typical potato cell with polygonal shape, arrow ‘2’ to the starch
granules, and arrow ‘3’ to an area where the cells are smaller and packed, and the white star
represents the vacuole structure inside the cell. Differences in the tissue morphology
(dimensions of cells and vacuoles or different starch granules packing) could cause differences
in recorded values. It is well known that the potato tubers also show inhomogeneity in tissue
morphology. Comparatively, the apple tissue is more homogeneous concerning potato tissue,
and no starch granules are present, as shown in Fig. 2 (c).

Figure 2. (a) and (b) Potato morphology for sample P1 (left) and P2 (right) and (c) apple tissue morphology.
Stars identify the vacuole structure, where, arrow ‘1’ shows the cell wall, arrow ‘2’ shows the starch granules,
and arrow 3 shows the area where the cells are smaller and packed.

To determine the electric field needed to electroporate the analyzed tissue's cell
membrane, the sample conductivity was evaluated as in [24]. The electric field intensity was
chosen to maximize conductivity and guarantee the tissue's electroporation for any higher field
intensity.

The parameters of the curve of the vegetable tissue conductivity described in equation
(2) as a function of the electric field intensity are obtained by fitting the measurement data
obtained applying incremental voltage amplitude to potato or apple cube as described in
Materials and Methods. The measured conductivities for each applied voltage for the four
potato types and one apple are reported in Fig. 3 (a) and (b), respectively. Data obtained from
the different potato samples are identified with different symbols (P1, crosses; P2, triangles;
P3, circles; and P4, dots). Fig. 3(c) shows two examples of the treated potato samples 24 h after
the treatment and the color changes due to electroporation, whereas Fig. 3(d) shows the apple
samples treated with incremental electric field intensity observed 24 h after electroporation.
The four different types of potatoes show differences in terms of conductivity. At an electric
field of 1000 V/cm, all the potato tubers show their maximum conductivity values, indicating
that the field intensity chosen to treat the potato slices analyzed with Single-sided TD-NMR is
suitable to electroporate the tissues. In the case of the apple samples, the maximum
conductivity is reached using an electric field intensity of 970 V/m; therefore, at 2000 V/cm,
the electric field intensity used for the treatment of the apple slices analyzed with the Single-
sided TD-NMR, the tissue could be considered electroporated.
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The conductivity values measured in the experimental set-up in Fig. 1(b) and evaluated
at each electric field amplitude are reported in Table 1, whereas Table 2A reports the values of
the four parameters of the model (2) evaluated for each potato tuber or apple sample. Table 2B
also reports the water content evaluated for each sample used in the experiments as determined
by equation (1). The potatoes' water content was close to 80% in three of the samples, whereas
the last potato tuber showed a higher value of 83%. The ANOVA analysis would have a p-
value of 0.086 for all the potato tubers compared and a p-value of 0.27 if the P1, P2, and P3
samples were considered, indicating that the values are statistically not significantly different
(p=0.05). Quantitatively, the samples P1, P2, and P3 have a comparable water content, whereas
the water content of the sample P4 is higher. In apple samples, the water content was 83%.

@ ®)

P4
P3
[V/cm] 143 214 429 571 714 857 1071 1371
)
3 S el e
S O an SR8 i o T T =
[V/cm] 0 143 214 429 571 714 857 1071 1371
(@D

Figure 4. Conductivity in [S/m] as a function of the electric field amplitude in [\V/cm] for (a) the four tubers
analyzed and (b) apple tissue. (b) Pictures of the vegetable pieces electroporated at different electric field
intensities taken 24 h after treatment: (c) two representative samples, P2 and P3, of potato tubers and (d) apple
tissue.

Table 1. Conductivity in [S/m] measured at different electric field amplitudes in [VV/cm] with standard deviation
for potato and apple samples.

P1 P2 P3 P4 Al

E[Vicm] | 6[S/m]- | std(c) | o[S/m] | std(s) |o[S/m]-| std(c) | o[S/m]-| std(c) | o[S/m]- | std (o)
143 0.23 +0.050 | 0.10 +0.017 0.23 +0.050 0.08 +0.000 | 0.083 | +0.000
214 0.40 +0.043 | 0.21 +0.052 0.30 +0.074 0.13 +0.010 | 0.083 | +0.000
429 0.49 +0.001 | 0.33 +0.012 0.50 +0.015 0.28 +0.011 | 0.087 | +0.005
571 0.62 +0.096 | 0.49 +0.143 0.55 +0.024 0.36 +0.000 | 0.094 | +0.008
714 0.70 +0.075 | 0.49 +0.000 0.60 +0.034 0.44 +0.033 | 0.095 | +0.007
857 0.67 +0.098 | 041 +0.029 0.70 +0.059 0.40 +0.049 | 0.112 | #0.011
971 0.94 +0.097 | 050 +0.005 0.81 +0.073 0.44 +0.028 | 0.133 | #0.015
1071 0.98 +0.022 | 057 +0.059 0.76 +0.073 0.67 +0.004 | 0.134 +0.01
1371 0.87 +0.000 | 0.65 +0.194 0.80 +0.007 0.60 +0.010 | 0.126 +0.00

Table 2a. Values of the parameters of the conductivity model (2) for potato and apple samples.

Sample | 60[S/m] | 61[S/m] kv [cm/V] Ew [kV/cm]
P1 0.104 0.96 0.0012 480.7
P2 0.0001 0.54 0.0024 280.9
P3 0.0001 0.79 0.0019 340.1
P4 0.0001 0.56 0.0021 478.2
Al 0.083 0.132 0.0058 797.1
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Table 2b. Water content [%] for potato and apple samples.

Sample Water content [%0] Std [%]
P1 79.4 +0.3
P2 79.5 +1.1
P3 80.6 +0.4
P4 83.0 0.7
Al 83% 0.7

The potato and apple tissues treated with the electric field observed 24 h after
electroporation appear dark compared to the non-treated ones, which maintained their original
yellow color. Fig. 4 shows the potato and apple pieces 24 h after pulse application. In potato
samples, the color after electroporation is between dark brown and black. Specifically, the color
change after electroporation of samples P1 and P2 is less intense than the one that occurred in
samples P3 and P4. Electroporation of the apple sample caused the color to become clear brown
from the original yellow of the non-electroporated sample.

' Not-EP EP

Not-EP EP

Not-EP EP  Not-EP EP Not-EP EP

(a) (®)

Figure 4. Vegetable pieces treated (labeled with EP) and non-treated were observed 24 h after the voltage
pulses application. (a) potato, 4 tubers, and (b) apple.

Figure 5. Microscope images of non-treated and electroporated (a) potato (4 tubers) and (b) for apple tissue.
Arrows highlight membrane and cell wall, while stars the vacuole structure.

At the microscopic level, the images of the potato tissue (Fig.5 (a)) reveal well-defined
cell membranes and cell walls, with a regular and square shape in the non-treated tissues,
whereas they appear damaged and with an irregular shape in the electroporated tissue[60-65].
Here, the arrow in the electroporated samples (EP) shows the points where the cell membrane
appears detached from the cell wall. In the non-electroporated samples' images, the cell
membrane appears attached to the cell wall and shows a regular shape. The stars in both series

https://biointerfaceresearch.com/ 14134


https://doi.org/10.33263/BRIAC116.1412714141
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC116.1412714141

of images show vacuole structures that are retracted in the electroporated cells. This could be
related to the loss of liquid fraction. The tissue after electroporation shows a larger loss of
liquid less than the one related to non-treated tissue observed at the same time. Fig. 5 (b) shows
a comparison of the apple tissues before and after electroporation. In this case, the cell wall,
marked with white arrows, is modified; cells appear to be of irregular shape, and the cell
membrane detached from the cell wall.

Fig. 6 shows the Single-Sided TD-NMR T2 values follow the typical distribution. The
peak component at 150-160 ms and a broader one in the range 0.5-20 ms could be identified in
all the samples, both treated and non-treated. The arrow with the star marks the 150-160 ms
component. Comparing with the T2 profiles reported in the literature, we can assign the main
peak to the water in the vacuole marked by the arrow on the right side (water in the vacuole
shows the longest T2 value), and the other water populations are overlapped. The left two
arrows indicate the contribution of water, not in vacuole towards T2. Specifically, the water
populations could be assigned to water located on the cell wall, cytoplasmatic water, and water
linked to starch granules [41-43].

%
1,2E402 ‘
1,0E+02 P2 side B
8,0E+01 /
P2 side B - EP |
3 6,08+01 o
= X
4,0E+01 l
2,0E+01 J
0,0E+00 L e 11—
1,0E-01 1,0E+00 1,0E+01 1,0E+02 1,0E+03 1,0E+04

time [ms]
Figure 6. Typical inverse Laplace transform of the T2 signal for not-treated and treated potatoes, where the
main peak is marked by the star and the other water components are marked by a cross and a circle.

' : B
X -~ . II'|I 2 x 0 : 2
i v\ i ! il
(@) ) | -(c') |
:_-’{'(—\?:'_
e
(D

Figure 7. inverse Laplace transform of the T2 signal (a) for not-treated potato side A and B and for
electroporated and non-electroporated potato (b) side A and (c) side B. Panel (d) represents the electroporation
asymmetry if unipolar pulses are used.

In Fig. 6, the T2 relaxation value behavior at sides A and B of the sample is also
reported. The T2 values show a difference in the area marked by the two arrows at the left. In
fact, it is well known that the electroporation effect is different on the side facing the positive
https://biointerfaceresearch.com/ 14135
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and the negative electrode if the pulses are applied in the same direction without reversing them
periodically [11].

It must be noted that, due to the inhomogeneous magnetic field of the Single-sided TD-
NMR, the T2 values measured in this work are shorter than the values previously reported for
homogeneous TD-NMR, but some similar considerations apply.

In the case of electroporated potatoes, the first part of the profile changes, and the T2
relaxation value of the main population is lower.

Fig.7a-c shows the T2 distribution evaluated at side A and side B of electroporated and
non-electroporated potato slices. In the non-treated potato, side A and B show a similar profile,
whereas side A and B display differences in T2 distribution for the electroporated potato. The
observed asymmetry could be related to the opposite polarity of the electrodes on the two sides
as schematically represented in Fig 7 (d), where the side facing the positive electrode shows a
larger electroporated area on the membrane surface with smaller pores, whereas on the side
facing the negative electrode the electroporation area is smaller, but with larger pores [11].
Finally, considering electroporated samples, the area's peak marked a circle appears modified
concerning both the signal related to the non-electroporated sample (side A and side B).

In Table 3, the values of the main T2 component for each side of the electroporated and
non-electroporated potato pieces are reported. Both sides of non-electroporated potatoes show
the same T2 values. The electroporated pieces' peak maxima are shifted toward lower values,
and the two sides of the electroporated potato show different peak shifts. The T2 of the positive
side (A) is longer than the negative one (B). This result reflects the asymmetry of the
electroporation process. The electroporation of cell membranes depends on the voltage polarity
of the applied pulses. The side of the membrane facing a positive polarity shows a larger area
of electroporation, whereas the side of the cell membrane facing the zero voltage electrode
(negative polarity) experiments more intense electroporation in a smaller area, as shown in Fig.
7(b)-(c) [66]. Because the Single-sided TD-NMR detects water in the first layer (up to a
maximum depth of 1 mm), it can distinguish the two sides.

Table 3. Position of the main peak [ms] in electroporated and non-electroporated potatoes.

Side A Side B EP Side A EP Side B
P1 156 159 143 105
P2 162 162 166 113
P3 150 180 138 104
P4 156 151 139 134

Focusing on the values of the T2 main peak for the non-electroporated sides (columns
1 and 2) in Table 3 and using ANOVA, it appears that the two groups are homogenous (the p-
value is 0.32, null hypothesis: T2 values for side A and side B are similar). Considering the
electroporated side A of the potato piece and the corresponding non-electroporated one, the
ANOVA analysis shows that the two groups are different (except for sample P2) and the p-
value is < 0.05; nevertheless, the largest difference is observed on side B comparing the
electroporated and the non-electroporated samples. In this case, the ANOVA analysis for the
two groups of values shows a p-value <0.05 (0.001). Sides A and B analyzed after
electroporation show a difference in Tz value (p-value <0.05 — null hypothesis: T2 values for
side A and side B are similar). This result enforces the hypothesis that the electroporation in
unipolar pulses is different if the slice surface is faced with the positive or negative electrode.

The potato sample P2 was also analyzed in the more homogeneous magnetic field of
the Minispec instrument (Fig. 8a). The measured T2 bulk values were different: the T2 of the
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vacuole population protons before and after electroporation 765.2 ms and 433.8 ms. A fast
relaxing component (2.58 ms) is present. In the presence of a strongly inhomogeneous
magnetic field, such as in the case of the Single-sided TD-NMR, the transverse relaxation time
does not depend only on spin-spin interactions, but it is also controlled by molecular diffusion
through the gradient, which results in a more rapid loss of coherence with the consequent
shortening of the observed T2 values and the disappearance of very short T2 components. In
potato cells, the lowest T2 relaxation value can be assigned to water on the surface or inside
starch granules [43]. Water in the cytoplasm, on cell walls, and in extracellular spaces shows
overlapping T2 values between 30-40 ms and 250-300 ms.

Electroporation causes a decrease of the T2 value associated with the vacuole water
protons, as observed in surface T2 measurements. Starch water protons T2 values appear as a
more disperse component, with a maximum T2 shifted to about 4.6 ms.

After drying the potato in the oven, only the starch protons T2 component is still present
(Fig. 8b), confirming the right attribution of the lowest T2 value to this cell compartment.

(@) (b)
Figure 8. (a) T2 distribution of potato P2 before and after electroporation as measured with Minispec (b) T2
distribution in potato P2 after drying in the oven.

(@) (b)
Figure 9. T2 distribution of the apple sample as measured with the Single-sided TD-NMO0052 (a) and the
Minispec (b).

NMR measurements on apple samples gave similar results to potato tissues. Fig 9a
shows the T2 distributions obtained before and after electroporation of apple with the Single-
sided TD-NMR (side B) and Fig. 9b, with the Minispec. Using the Single-sided TD-NMR, the
longest T2 value (237.6 ms) is higher than the one found in potatoes. This could be, probably
because apples have bigger vacuoles than potatoes. Similar to what was found with potatoes,
after electroporation, this peak is shifted to lower values (141.4 ms).

As expected, T2 values in a more homogeneous field are higher than in the
inhomogeneous Single-sided TD-NMR. Water protons in vacuoles have a T2 relaxation time
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of 992.9 ms, while after electroporation, the value decreases to 792.8 ms. In comparison with
potato proton populations, the absence of starch protons T2 component is evident. Correlations
of T2 values with vacuolar volumes and water loss were already reported in the literature
[39, 42].

4. Conclusions

In this research, changes in potato tubers and apple tissues treated with electroporation
were studied, evaluating the tissues' conductivity, taking microscope images, and analyzing
their TD-NMR response.

The analysis using TD-NMR shows different behaviors in the distribution of the
transverse relaxation time T2 values. The differences could be related to the modification in the
structure of the cells that were damaged by voltage pulses and consequently lost some water
originally stored inside their structure. This loss of internal water was also visible at a
macroscopic level observing that the electroporated slices were wetter than the non-treated
ones.

The T2 differences in treated and non-treated samples observed in this work may be
explained with increased permeability of water pools across membranes due to the
electroporation that affected the exchange rate among water protons from different
compartments and leads to a loss of vacuolar water content.

The vacuole size reduction has been initially evidenced by decreasing the main T2 value
at the portable Single-sided TD-NMR and by the acquisition of images obtained at the
electronic microscope.

A more accurate analysis of the transverse relaxation time distribution in potato and
apple was performed using TD-NMR Minispec to confirm the relationship between the T2
values and the different compartments of the cells in which water is found. Moreover, the
Minispec data of potato samples showed an interesting increase in the T2 value associated with
the starch granules' protons upon electroporation. This can be explained by increased mobility
of the starch in the cytoplasm after reducing the vacuolar volume.

Overall, comparing all the data obtained in the present work, TD-NMR's ability in
monitoring subcellular water compartmentation proved to be valuable to confirm the cell
changes after the electroporation process quickly, and there is a good correlation with previous
literature.
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