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Abstract

This study examined the influence of pulsed electric field (PEF) pretreatment on sodium chloride (NaCl) and moisture mass transfer in
radish (Raphanus sativus L.) tissues, aiming to improve salting efficiency while preserving microstructural integrity. PEF was applied with
50, 75, and 150 pulses at a constant field strength (1.0 kV/cm), pulse width (20 us), and frequency (50 Hz). Cell membrane disintegration
index (Z-index) increased from 0.00 to 0.85 with pulse number, indicating progressive electroporation of radish tissue. NaCl and
moisture diffusion were modelled using Peleg, Azuara, and Crank equations, with Azuara’s model providing the best fit (R2=0.713-
0.997; RMSE = 0.000-0.011), especially under isotonic and hypertonic conditions. Diffusion rate constants (s! and D¢) correlated positively
with pulse number, confirming that higher PEF intensities accelerated solute transfer. PEF-pretreated samples exhibited greater NaCl
uptake and moisture retention under hypertonic conditions, while maintaining mechanical stability. PEF-pretreated samples retained
their cutting force after salting (p > .05), whereas controls exhibited significant softening (p <.05). They also showed reduced volume
shrinkage (p <.01), reflecting preservation of microstructural integrity. These results demonstrate the potential of PEF as a nonthermal
technique to enhance salting performance and maintain quality in plant-based food products.
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Introduction

Pulse electric field (PEF) has emerged as a promising nonthermal
food processing technology because of its energy efficiency, low
thermal degradation, and fast treatment time in comparison
to conventional thermal methods (Morales-De La Pefia et al,
2021). The process consists of applying high-voltage electric
pulses for short durations, creating selective permeability in
cell membranes within the range of a few microseconds (Gao
et al.,, 2025). The pulse enhances cell permeability due to the
formation of temporary or permanent nanopores within the
cell membrane, thereby permitting the transfer of mass and
retention of fresh-like quality attributes in plant tissues. The
short duration of each pulse prevents excessive heat generation
and retains the thermal integrity of the food materials. Most
importantly, PEF maintains the sensory properties of the food
products, unlike the established thermal techniques such as
ohmic heating or autoclaving, which cause alterations in food
material properties (Gavahian & Farahnaky, 2018). Therefore,
PEF has shown benefits as a potential alternative for various

processing techniques, including pasteurisation, tenderisation,
extraction, and enhancement of mass transfer (Bhat et al., 2019).

Electroporation is one of the primary mechanisms underly-
ing PEF, which involves the disruption of the transmembrane
potential by the application of an electric field, leading to pore
formation in both plasma and tonoplast membranes. Irreversible
electroporation is possible when the field strength exceeds a
certain value, thereby creating changes in permeability that aid
diffusion and ionic conductivity (Demir et al., 2023). This method
has found applications in microbial destruction, extraction of
bioactive compounds, drying, and osmotic dehydration (Gavahian
& Farahnaky, 2018; Kumari et al., 2018).

Pulsed electric field-enhanced mass transfer has been reported
in many food systems. Pulsed electric field has been utilised to
enhance mass transfer during the drying of fruits and vegetables
(Ostermeier et al., 2018; Parniakov et al., 2016) and in osmotic
treatments like salting or sugaring (Tylewicz et al., 2020; Yu et al.,
2017). In these aforementioned food systems, cell membrane
permeabilisation can be regarded as the mechanism through
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which the cytoplasmic constituents (often regarded as secondary
metabolites) can be released from inside the plant tissue into the
external solution. This effect has been used in osmotic dehydra-
tion and drying applications, which observed enhanced water loss
and solid gain corresponding to increased porosity and disruption
of vacuoles (Kumari et al., 2018). However, PEF applications in low-
sugar or brine-based systems, typically encountered in fermen-
tation or traditional food preservation, have not received much
attention (Kim et al., 2024).

Radish (Raphanus sativus L. is a cruciferous vegetable conven-
tionally utilised in the preparation of fermented foods such as
kimchi and tsukemono. Its firm texture and homogeneous tissue
architecture are strong arguments for its utility for the study of
the mass transfer induced by PEF (Kim et al., 2024). Additionally,
its high-water content and response to structural change enable
the estimation of electroporation effects on diffusion kinetics and
texture preservation.

The structural characteristics of radish tissues, including thick
cell walls and low intercellular air space, offer a unique system for
understanding how electric field intensity affects internal solute
migration. Moreover, radish tissues provide a reproducible matrix
for imaging techniques such as scanning electron microscopy
(SEM) and dye-staining that visualise permeability changes and
cell damage (Kim et al., 2024). These features make it a model
crop for testing mild preservation interventions such as low-
temperature salting, especially where excessive dehydration or
shrinkage may negatively impact final product quality.

Three representative approaches, specifically Peleg’s, Azuara’s,
and Crank’s models, were employed to model NaCl and moisture
diffusion in plant tissues. The Peleg model provides a straightfor-
ward empirical description of the initial diffusion rate and equi-
librium conditions. The Azuara model provides a semi-empirical
framework for estimating equilibrium parameters under concur-
rent water loss and solid gain. In contrast, the Crank model, based
on Fick’s second law of diffusion, enables mechanistic calculation
of effective diffusion coefficients. These models have been suc-
cessfully applied to mass transfer studies involving various fruits
and vegetables, including apples (Derossi et al., 2008), kiwifruits
(Prithani & Dash, 2020), carrots (Deshmukh et al.,, 2021), and
potatoes (Mokhtar et al., 2019). Together, these empirical, semi-
empirical, and mechanistic frameworks provide a comprehen-
sive basis for evaluating bidirectional mass transfer in radish
tissues.

This study aimed to evaluate how PEF-induced changes in
radish tissue permeability influence the kinetics of NaCl and
moisture mass transfer under isotonic and hypertonic salting con-
ditions. By modelling diffusion behaviour using Peleg, Azuara, and
Crank equations, and by analysing tissue permeability, shrinkage,
and mechanical integrity, this research aims to explore the rela-
tionship between electroporation intensity and salting efficiency.
The goal is to validate PEF as a scalable, nonthermal approach
for enhancing brining performance in plant-based food systems
without compromising structural quality.

Materials and methods

Sample preparation and PEF treatment

Fresh radish (R. sativus L.) was purchased from a local market and
stored at 5 °C until use. Only the lower white portion of each radish
was selected for uniformity, with the central xylem core removed
to minimise variability in texture and structure. The selected
sections were cut into cylindrical shapes (20 mm diameter x
50 mm length) with an average weight of 17.76 +0.22 g.

The PEF processing was carried out using a 5-kW power pulse
generator-HVP-5 (DIL, Germany). The batch-type experiment was
then conducted, keeping the parameters constant: field strength
of 1.0 kV/cm, pulse width of 20 us, and frequency of 50 Hz. The
intensity of the treatment was varied by changing the number
of pulses delivered: 50, 75, and 150 (designated as PN50, PN75,
and PN150, respectively). Each sample was positioned vertically
and centrally between parallel stainless-steel electrodes in the
treatment chamber. The selected pulse numbers (50, 75, and 150)
were based on preliminary experiments in which the Z-index was
used to evaluate tissue permeability, providing distinguishable
treatment intensities without inducing excessive structural dam-
age. To minimise thermal effects and ensure consistency across
treatments, the field strength (1.0 kV/cm), pulse width (20 us), and
frequency (50 Hz) were held constant.

Determination of cell membrane permeability
Electrical conductivity measurement

Cell membrane permeability was assessed by measuring the
electric conductivity (o) of each sample. Conductivity was
calculated from admittance values obtained using an LCR meter
(LCR-8000G; Instek, Taiwan) after PEF treatment. The term “LCR”
denotes inductance (L), capacitance (C), and resistance (R).
The LCR meter was connected to a batch chamber, following
the protocol described by Jeong et al. (2023). Each sample’s
admittance was measured at a frequency range of 1.0 kHz-
1.9 MHz and reported on a logarithmic scale. The electrical
conductivity was calculated using Equation 1 (Angersbach et al.,
1999):

Electrical conductivity o (S/m) =L x Y x % (1)

where ¢ is conductivity (S/m), L is the sample length (mm), Y is
admittance (mS), and A is the cross-sectional area (mm?) of the
radish cylinder.

Specific energy input calculation
Specific energy input (kj/kg) was calculated as:

UxIxtpyse x 1
m

(2

Wspec =

where U is the applied peak voltage (V), I is the average current
determined from tissue conductivity (¢ =0.02 S/m at 1 kHz) and
effective electrode area (20 mm diameter, 3.14 x 107 m?), tpyee is
pulse width (20 us), n is the pulse number, and m is the mass of
sample (g).

Ion leaching measurement

Ion leaching was used as an indirect measure of membrane
disintegration. Five radish cylinders were immersed in 500 ml
of deionised water at room temperature. Conductivity of the
surrounding solution was recorded at 30-min intervals over a 2-
hr period using a conductivity meter (CM-21P; TOA-DKK, Tokyo,
Japan).

Conductivity disintegration index (Z-index)
The Z-index quantifies the degree of cell membrane rupture. It

was calculated using Equation 2 based on conductivity values at
1kHz (Lebovka et al., 2002):

Z — index = (0; — 03) / (of — 07) ()
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where o+, 0; and oy are the conductivities of the PEF-treated sam-
ple, intact (control) sample, and fully disrupted (frozen-thawed)
sample, respectively. Full disruption was achieved by freezing
samples at —20 °C for 24 hr and thawing at 5 °C for another 24 hr.

Neutral red staining

Cell viability and membrane integrity were visualised using neu-
tral red (NR) staining (Ersus & Barrett, 2010). In each radish
sample, the peripheral and central regions were cut into 500 um-
thick sections with 8 mm diameter on a hand microtome (FB1262;
Finn Science, Inc., USA). The dye solution was prepared from
0.5% aqueous neutral red (Atom Scientific, Ltd., UK) and 0.2 M
mannitol-0.01 M HEPES buffer (Thermo Fisher Scientific, MA,
USA) at pH 7.8, making up 0.04% dye solution. The slices were
placed in the prepared dye and stained for 2 hr, then rinsed with
the same buffer for 10 min. Micrographs were obtained from both
outer and central regions of the radish tissue using a compound
light microscope (CX22LED, Olympus, Japan).

Salting procedure and NaCl determination

Salting was performed by immersing individual radish cylinders
in NaCl solutions at 1%, 5%, and 10% (w/v) concentrations in
deionised water. The ratio of solid to liquid was maintained at
1 cylinder per 100 ml. Samples were kept at 5 °C under static
conditions for 12 hr, and brined samples were collected at 2-
hr intervals. The NaCl content was determined using the Mohr
titration method with AgNOs as the titrant.

Determination of mass transfer
Solid gain and moisture loss

Mass transfer was evaluated by calculating solid gain (SG) and
moisture loss (ML) on a wet basis, as defined in Equations 3 and 4:

Wst — Wso

SG(grqur) = 7o ()
Wyt — Wi

ML (5/9up) = W, ()

where Wy is the initial weight of radish, Wy represents the NaCl
weight at time t, Wy denotes the initial NaCl weight, Wy signifies
the moisture weight at time t, and Wyo symbolises the initial
moisture weight.

Peleg’s model

Peleg’s model describes mass transfer kinetics on a dry basis
(Peleg, 1988):

t
thxoiih-&-kzot (6)
X 1
T 7)
1
Xe=Xo % % (8)

where X; represents the NaCl or moisture content (g/gdb) at time
t, and Xo denotes the initial NaCl or moisture content of fresh
radish. For NaCl uptake, k; and k, are used as the Peleg rate
(s-[g/gdb]™') and capacity ([g/gdb]~!) constants, respectively; for
moisture loss, ks and ks serve as the corresponding constants.
Specifically, k; and ks describe the initial rate of NaCl gain and
moisture loss at t=0, respectively. X, is the equilibrium NacCl and
moisture content.

Azuara’s model

Azuara’s model, applied on a wet basis, was used to estimate
equilibrium values and rate constants (Azuara et al., 1992):

S, @t @ SG,0rMLy,

G = T g et ©
t t 1
L L 1
SG ~ SGw ' 515G (10)

where SG; and SG, represent the solid gain at time t and at
equilibrium, respectively. s; is the Azuara diffusion rate constant
for solid gain. For moisture loss, the same equations apply by
replacing SG with ML, and s; with s, , the corresponding diffusion
rate constant.

Crank’s model

Effective diffusivity (D') was determined using Crank’s model
based on Fick’s second law for cylindrical geometry (Crank, 1979):

SG or ML — 4
—— —1- —Dea? 11
SGa0rML. HZ:; (a7) P (~Deand) a
where r is the sample radius, and «, represents the roots of the
equation Jo (ray) = 0, and Jo(x) denotes the Bessel function of the
first kind of order zero.

Kinetics analysis

Kinetic models were fitted using GraphPad Prism ver. 9.3 (Graph-
Pad software, Boston, MA, USA). All models were fitted using time
in seconds. Model performance was assessed using the coefficient
of determination (R?) and root mean square error (RMSE), calcu-
lated as:

R?=1- -
ZT (Xexp,i - Yexp)

(12)

n

1/2

1

RMSE = |:Z Zl (Xexp,i - Xp?€)2:| (13)
i=

Radish microstructure

Radish microstructure was analysed using SEM (S-3400 N; Hitachi,
Japan). Freeze-dried samples were affixed to carbon tape, coated
with Pt-Pb, and imaged at 100x magnification.

Textural properties

A texture analyser (TAHDIi/500; Stable Micro Systems, UK) with a
blade probe was used to determine cutting force (N), measured
as the maximum resistance during a 30 mm cut at 4 mm/s.
Measurements were taken following PEF treatment and after 12 hr
of brining to assess the impact of both processes on texture.

Measurement of volume shrinkage

Volume was calculated using the sample radius and length before
and after salting. Volume shrinkage (%) was calculated using:

Volume shinkage (%)

__ initial volume (mm?) — final volume (mm?)
- initial volume (mm?3)

x 100 (14)
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Figure 1. Cell membrane permeability of the control and PEF-treated radish. (A) Electric conductivity (n=5); (B) conductivity disintegration index
(Z-index); (C) ion leaching (n=3); and (D) neutral red (NR) staining (40x magnification). The scale bar in the micrograph is 100 um. Plots in (A) and (C)
represent experimental data expressed as mean =+ standard deviation. Plot (B) is based on Z-index calculations from data in (A).

Statistical analysis

All data were expressed as the mean +standard deviation. Each
experiment was performed in triplicate. One-way analysis of vari-
ance (ANOVA) and t-tests (SPSS v20, IBM, Armonk, NY, USA) were
used to compare means; significance was set at p <.05, with
Duncan'’s post hoc test applied where appropriate.

Results and discussion

Radish tissue permeability
Electrochemical properties

Radish tissue permeability was assessed using electrochemical
properties (Figure 1). Electrical conductivity increased with PEF
pulse number across the frequency range, indicating enhanced
ion mobility due to membrane permeabilisation. The specific
energy inputs for treatments PN50, PN75, and PN150 were calcu-
lated as 0.18, 0.27, and 0.53 kJ/kg, respectively, confirming that
the treatments were applied within a low-energy, nonthermal
range. As previously reported by Angersbach et al. (1999) and Dean
et al. (2008), conductivity values are dependent on frequencies,
with higher values at MHz frequencies for both intact and dis-
rupted cells. The Z-index, calculated from conductivity values
at 1 kHz, showed trends similar to conductivity, increasing with
pulse intensity (Figure 1B), which indicates a proportional rise in
cell disintegration.

This increased permeability reflects structural damage at the
vacuolar and plasma membrane levels. In a previous study, gin-
seng tissues have been shown to undergo tonoplast and plasma
membrane degradation (Kim et al., 2019). An increase in conduc-
tivity in ginseng tissue was reported following PEF application

at 3 kV/cm, indicating significant membrane disruption. The
tonoplast disintegration initiates the degradation of the other
organelles. Further breaking down of the membrane would allow
moisture to undergo homogenisation, facilitating ion release. This
was supported by increased ion leaching in PEF-treated samples
(Figure 1C), confirming enhanced diffusion of ions into the extra-
cellular space in contrast to the control samples, as reported by
Genovese et al. (2023).

Microscopy of cell membrane permeability

Pulsed electric field affects membrane integrity, as indicated by
NR staining (Figure 1D). The cells in the central and peripheral
regions of the control tissues stained red because the dye was
unable to remove the intact cells. There were no stained cells in
PEF-treated samples (PN50 sample excluded). In contrast to the
peripheral area, intact cells in the PN50 tissue were easier to see
in the middle of the tissue. This outcome is explained by the fact
that the PEF treatment (1.0 kV/cm, 50 pulses) does not generate
enough energy to evenly destroy inner cells from the outer layer.

The heterogeneous cellular damage pattern is consistent with
earlier findings that PEF sensitivity varies by cell size (Faridnia
et al,, 2015; Lépez-Gamez et al., 2020). The NR-staining results,
while indicative of membrane disruption, did not linearly reflect
Z-index values, likely due to post-treatment staining artefacts
and the progressive damage cascade during dye penetration. The
NR-staining outcomes reflect the variability of PEF effects on
heterogeneous tissue structures, influenced by cellular geometry
and dielectric properties (Kotnik et al., 2015). While the Z-index
and staining do not correlate perfectly due to post-treatment dif-
fusion artefacts, both reveal progressive membrane degradation
patterns.
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Figure 2. Change in electric conductivity of control and PEF-treated radish during the first 2 hr of brining across different NaCl concentrations. (A) 1%
NaCl; (B) 5% NaCl; (C) 10% NaCl. Values are expressed as mean + standard deviation (n=5).

Mass transfer in radish tissue
Conductivity changes during salting

During early salting (0-2 hr), conductivity at 1 kHz increased with
time and brine concentration, especially in PEF-treated samples
(Figure 2). The 1% brine-treated control showed minimal conduc-
tivity change, suggesting limited ion diffusion due to isotonicity.
In contrast, PEF-treated tissues exhibited continuous conductivity
increase, signifying improved NaCl uptake. This effect has been
previously documented by Kim et al. (2019), who showed that
PEF-induced membrane damage resulted in the loss of cytoplas-
mic integrity and facilitates ionic exchange with the external
medium. Parniakov et al. (2016) reinforced this by demonstrat-
ing conductivity increases in apple tissues under PEF, attributed
to accelerated ion migration. The study reported a Z-index of
~0.98, which indicated significant electroporation and showed
that conductivity is a reliable quantitative marker of membrane
disintegration.

At isotonic levels, the conductivity-based inference of NaCl
diffusion is ambiguous due to comparable ionic strength between
tissue and medium. Therefore, direct quantification of NaCl and
moisture transfer was pursued.

Solid gain kinetics

The solid gain mass transfer kinetics were modelled by Peleg,
Azuara, and Crank (Tables 1-3). Fresh radish in the 1% solution
showed minimal mass transfer in Azuara’s and Peleg’s models,
while mass transfer in the PEF-treated treatments demonstrated
a linear connection. According to the facilitated rate at the iso-
tonic level, the rate of NaCl absorption during initial salting was
connected with k;. The k; values for PN150 and 1% control were
0.391x 10° and 9.610 x 10°, respectively, suggesting that lower
values indicate faster absorption.

Similarly, the diffusion rate-related s; values of 1% solution
(1.681 x 10°-14.42 x 10°) showed a linear connection with PEF
intensity. The concentration of the NaCl solution showed a similar
upward trend. The action of PEF diminished as the concentration
gradient widened. Following PEF treatment, the NaCl equilibrium
concentration increased at each solution concentration and
is associated with values of k; and SG.. Under hypertonic
conditions, the PEF-treated samples in Crank’s model achieved
their maximum Desgyvalues. Consistent with other models, the
variations in solid gain kinetics decreased as the concentration
gradient increased.

This observation is consistent with studies by Rahaman
et al. (2019), who applied PEF to plum, and Li et al. (2021),
who explored similar effects during the pickling of lotus roots.
Both studies demonstrated improved solute diffusion as a
result of electroporation-induced pore formation. Li et al. (2021)

reported that PEF pretreatment (10,000 pulses over 20 s at 0.5-
1.5 kV/cm) increased the NaCl effective diffusion coefficient
from 9.51 x 10~ m?/s (control) to 17.42 x 10~/ m?/s in pickled
lotus root. This, in turn, facilitated salt diffusion and water
loss by disrupting cell structures and increasing membrane
permeability.

Interestingly, the increase in solution concentration reduced
the marginal benefit of PEF. This is due to the dominance of
the osmotic gradient at higher NaCl levels, which tends to sat-
urate transport mechanisms. As also reported by Wiktor and
Witrowa-Rajchert (2020), mass transfer efficiency can plateau
beyond a threshold, where osmotic forces override the mechanical
enhancements from electroporation.

Even at low intensities, PEF treatment enhanced mass transfer
in the current study. Mass transfer kinetics are increased by PEF
intensity; however, under hypertonic conditions, the differences
between the PEF-treated groups did not rise considerably. Changes
in electrical conductivity throughout the early salting stages were
followed by the results of Desg (Figure 2). The permeability of
the cell membrane controlled the mass transport during salt-
ing. According to its intensity, the PEF treatment increased the
permeability. The strength of the PEF treatment allowed for the
regulation of mass transfer with permeability level during the
initial salting stage.

However, even with low-intensity PEF treatment, permeability
increased gradually, which may have reduced the variance in the
diffusion rate during salting (Suchanek & Olejniczak, 2018). R? and
RMSE were used to assess the adequacy of Peleg’s, Azuara's, and
Crank’s models. The best model was Azuara’s (RMSE range: 0.000—
0.002, R? range: 0.806-0.997). Since there is virtually no change in
NaCl mass transfer at the isotonic level, the control sample’s R?
of 1% brine was the lowest of all the models.

Moisture loss kinetics

Among the three models tested, Azuara’s model showed the
best performance in describing moisture loss kinetics (RMSE
range: 0.003-0.011, R? range: 0.713-0.995), validating its utility in
dynamic salting conditions. Contrary to NaCl uptake, PEF-treated
samples exhibited moderate moisture loss, particularly under
hypertonic conditions. PN150 showed lower equilibrium moisture
levels and higher mass transfer rates, reflecting its high Z-index
and homogenous internal porosity. Moisture loss suppression in
PEF-treated samples likely results from controlled pore formation,
which maintains cellular hydration despite salt influx (Genovese
et al., 2023). Notably, control samples in 1% brine showed the
lowest Azuara s, values (2.586 x 107°), implying the greatest
resistance to mass transfer and a slower approach to equilibrium
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Table 1. Parameters of Peleg’s model for solid gain and moisture loss with different PEF treatment and brine concentrations.

Solid gain Moisture loss

Brine conc. Sample k1 ko R?2 RMSE ks kq R?2 RMSE

(s+(g/gdb)? (g/gdb)~* (s+(g/gdb)~? (g/gdb)~?

1% Control 9.610 x 10° 16.14 0.806 0.005 5.161 x 10* 0.471 0.709 0.138
PN50 1.165 x 10° 5.255 0.955 0.010 0.259 x 10% 1.250 0.885 0.099
PN75 0.582 x 10° 6.417 0.965 0.009 0.596 x 10% 0.599 0.983 0.009
PN150 0.391 x 10° 5.653 0.948 0.013 0.438 x 104 0.658 0.927 0.131

5% Control 2.017 x 104 3.026 0.990 0.011 1.429 x 103 0.118 0.994 0.184
PN50 0.930 x 10* 2.279 0.974 0.023 1.165 x 103 0.138 0.991 0.202
PN75 1.766 x 10* 1.656 0.966 0.032 1.684 x 103 0.174 0.985 0.203
PN150 0.825 x 10* 1.580 0.978 0.030 1.198 x 103 0.448 0.965 0.145

10% Control 5.032 x 103 1.113 0.996 0.018 9.359 x 10? 0.133 0.993 0.199
PN50 4.148 x 103 1.014 0.984 0.041 8.474 x 10? 0.123 0.992 0.226
PN75 4.153 x 103 1.022 0.997 0.017 9.098 x 10? 0.116 0.993 0.214
PN150 4924 x 103 0.767 0.995 0.028 9.458 x 10? 0.308 0.961 0.220

Table 2. Parameters of Azuara’s model for solid gain and moisture loss with different PEF treatment and brine concentrations.

Solid gain Moisture loss
Brine conc. Sample st SGeo (g/gwb) R? RMSE sy MLeo (g/gwb) R? RMSE
1% Control 1.681 x 10™> 0.003 0.806 0.000 2.586 x 107> 0.046 0.814 0.004
PN50 4508 x 107> 0.008 0.955 0.000 64.08 x 107> 0.021 0.713 0.005
PN75 11.02 x 10™> 0.007 0.965 0.000 6.873 x 107> 0.061 0.966 0.003
PN150 14.42 x 107> 0.008 0.948 0.001 44,86 x 107> 0.042 0.857 0.006
5% Control 14.99 x 10—> 0.015 0.990 0.000 7.565 x 10~ 0.367 0.995 0.007
PN50 24.54 x 10™> 0.019 0.974 0.001 9.847 x 107> 0.290 0.987 0.010
PN75 9.382 x 107> 0.027 0.966 0.001 8.567 x 107> 0.217 0.984 0.008
PN150 19.17 x 1075 0.029 0.978 0.001 35.29 x 105 0.056 0.903 0.006
10% Control 2.214 x 107*  0.040 0.996 0.001 1.333 x 107%  0.294 0.989 0.009
PN50 2.446 x 107%  0.044 0.984 0.002 1.280 x 10~* 0.309 0.989 0.010
PN75 2463 x 107*  0.044 0.997 0.001 1.103 x 107% 0.337 0.990 0.010
PN150 1.558 x 10~* 0.058 0.995 0.001 4564 x 107*  0.080 0.865 0.011

Table 3. Parameters of Crank’s model for solid gain and moisture loss with different PEF treatment and brine concentrations.

Solid gain Moisture loss
Brine conc. Sample De(s) (m?/s) R? RMSE Dequr) (m?/s) R? RMSE
1% Control 3.304 x 10~10 0.599 0.136 7.748 x 1010 0.312 0.775
PN50 4,069 x 10710 0.653 0.126 11.64 x 10710 0.945 0.075
PN75 6.330 x 10710 0.948 0.061 7.907 x 10710 0.748 0.130
PN150 81.24 x 10710 0.927 0.081 11.63 x 10710 0.876 0.113
5% Control 8.224 x 1010 0.839 0.122 5.979 x 10710 0.958 0.053
PN50 6.930 x 1010 0.982 0.036 7.051 x 10-10 0.961 0.054
PN75 5.582 x 10710 0.961 0.077 6.292 x 10710 0.944 0.062
PN150 11.81 x 10710 0.970 0.056 34.47 x 10~10 0.943 0.086
10% Control 7.295 x 10710 0.994 0.021 7.797 x 10710 0.982 0.039
PN50 7.445 x 1010 0.977 0.043 8.169 x 1010 0.981 0.040
PN75 7.580 x 10710 0.983 0.038 7.323 x 10710 0.981 0.039
PN150 7.481 x 10710 0.992 0.025 20.27 x 1010 0.953 0.077

compared to the PEF-treated samples (Figure 3A). In contrast, PEF-
treated tissues achieved equilibrium more efficiently. Although
PN50 exhibited the highest s, value under 1% brine, this may
be partially attributed to the model’s sensitivity to low MLoo,

rather than a direct reflection of enhanced diffusion. These
results reflect the static salting condition used in this study,
where permeabilised membranes may facilitate rapid moisture
equilibration. However, under agitated conditions, mass transfer
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Figure 3. Solid gain and moisture loss (g/gwb) in control and PEF-treated radish at different brine concentrations over 12 hr. (A, D) 1% NacCl; (B, E) 5%
NaCl; (C, F) 10% NaCl. Experimental data are shown as mean + standard deviation (n=3). Lines represent model predictions based on Azuara’s model.

may be further enhanced due to reduced boundary resistance and
stable osmotic gradients (Amami et al., 2005; Dermesonlouoglou
et al,, 2018; Mari et al., 2024).

Microstructural and textural changes

Scanning electron microscopy imaging revealed that the microstruc-

ture of PN150 samples remained intact, while controls expe-
rienced substantial cell wall shrinkage under >5% brine
(Figure 4A). Pulsed electric field released turgor pressure without
damaging the cell wall, in contrast to control tissues, where
osmotic stress induced anisotropic shrinkage. Previous studies
also confirm that PEF preserves wall structure (Kim et al., 2019;
Oey et al., 2017).

Texture analysis showed that PN150 exhibited a significant
reduction in cutting force (14.64 £2.35 N) compared to controls
(41.63+5.17 N). This was consistent across brine concentrations,
suggesting that PEF-induced softening was primarily due to turgor
loss rather than cell wall degradation. In controls, Na*t displace-
ment of Ca’* in pectin likely increased solubility and texture
deterioration (Kastner et al., 2020). Meanwhile, PN150 reached a
mechanical plateau after PEF treatment, indicating stable texture
postsalting. Interestingly, while PEF softened the texture, it pre-
vented the extensive anisotropic collapse observed in controls, a
phenomenon critical for maintaining product quality during mild
processing. Studies in strawberry (Fauster et al., 2020) and sweet
potato (Kim et al., 2023) showed that PEF forms microchannels
while preserving the mechanical scaffold, thus enhancing mass
transfer without compromising structure.

Fauster et al. (2020) showed that freeze-dried strawberries and
bell peppers treated with PEF lost structural integrity up to 50%
and firmness was reduced by 60%-70%, even at low energy inputs.
These structural benefits resulted in improved homogeneity and
mechanical stability, sustained during prolonged storage. Pulsed
electric field-induced pore formation also assisted in moisture
diffusion during freeze-drying, stabilising the internal structure,
preventing collapse, and maintaining the structural properties.

A similar study by Lammerskitten et al. (2020) reported that
PEF-assisted pretreatment in strawberries imparted increased tis-
sue porosity and uniformity, directly affecting shrinkage patterns
for fast drying. The study indicated that the spatially distributed
microchannels facilitated balanced moisture removal, especially
beneficial in the high-surface-area plant matrices. The PEF appli-
cation was further demonstrated by Oey et al. (2017) in potato
tissues, whereby PEF blocks the dehydration-initiated breakdown
of microstructural integrity by preserving the cell wall scaffold
while allowing cytoplasmic leakage. This dual effect prevented
excessive collapse and irregular shrinkage, thus ensuring a more
consistent product geometry, besides facilitating the maintenance
of the sensory and textural traits of the product during salting
and postprocessing processes like drying or storage. Collectively,
these findings indicate that PEF treatment helps reduce shrinkage
in radish and positively enhances the mechanical consistency of
the dehydrated products.

Volume shrinkage postsalting

Visual and dimensional evidence suggested that treatment with
PEF caused more cells to shrink regardless of whether they were
placed under hypertonic conditions (Figure 5A). The control sam-
ples exhibited localised, directional shrinkage because of the
nonuniform water loss and turgor collapse. On the contrary, the
PN150 shrank uniformly. Previous work done in freeze-drying
strawberries showed that PEF pretreatment formed a more uni-
form pore structure and lowered the amount of volume loss
(Fauster et al., 2020; Lammerskitten et al., 2020).

In further research, Rahaman et al. (2019) showed that PEF
pretreatment in plums not only accelerated moisture removal
from drying but also produced low volumetric distortion during
drying. Their findings suggested that electroporation provided
microstructural stabilisation, thereby minimising tissue collapse,
thereby increasing texture and rehydration properties of the prod-
uct. These properties are particularly important in salt-preserved
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Figure 4. Microstructure (A) and cutting force (B) of radish samples (control and PN150) after 12 hr of brining at different NaCl concentrations. SEM
images captured at 500x magnification with a 500 um scale bar. Cutting force data are shown as mean =+ standard deviation (n=6). Different letters
indicate significant differences at p <.05. Asterisks (**) indicate significant differences between control and PN150 (p <.01) using Student’s t-test.

products where tissue deformation may alter quality. Further evi-
dence supporting these hypotheses was provided by Ostermeier
et al. (2018), whereby application of PEF on onion was found to
enhance uniform drying and minimise cracking due to moisture
redistribution. This control over dehydration caused by increased
membrane permeability and consequent softening of structure
elevates the sensory and mechanical attributes of the vegetables.

Industrial relevance

Despite its demonstrated effectiveness at the laboratory scale,
several practical considerations remain for industrial adoption
of PEF technology, including equipment costs, energy consump-
tion, and regulatory compliance. However, its successful inte-
gration into commercial potato processing lines highlights both
the technical feasibility and operational benefits of PEF (Fauster
et al,, 2018; Hill et al., 2022). The ability of PEF to enhance mem-
brane permeability without compromising structural integrity
makes it particularly well suited for preprocessing steps such
as washing and cutting. In this context, the improvements in
permeability and mass transfer observed in radish tissues suggest
that similar enhancements could be achieved in other vegetables
subjected to brining or infusion. Provided that equivalent levels
of electroporation can be maintained at scale, PEF treatment
offers a promising, nonthermal strategy to improve salting effi-
ciency and product quality across a range of plant-based food
systems.

Conclusion

This study demonstrated that PEF treatment significantly
enhanced the mass transfer kinetics of sodium chloride in
radish tissues by increasing cell membrane permeability. The
conductivity disintegration index (Z-index) correlated proportion-
ally with pulse intensity, confirming the progressive structural
disintegration that facilitated solute uptake. Kinetic modelling
using Peleg, Azuara, and Crank equations revealed that Azuara’s
model best described the mass transfer behaviour, particularly
under hypertonic conditions, with improved fits (R* up to 0.998,
RMSE as low as 0.000). The effective diffusivity and diffusion
rate constants increased with PEF intensity, confirming its
role in accelerating salt penetration while controlling moisture
migration.

Furthermore, PEF treatment allowed for rapid NaCl absorption
under both isotonic and hypertonic conditions with minimal
loss of tissue moisture. Structural assessments revealed that
PEF preserved microstructural integrity and reduced volumetric
shrinkage, supporting uniform dehydration and improved phys-
ical stability. Textural measurements showed that PEF-treated
samples maintained mechanical integrity post-salting, indicating
that softening was limited to turgor release without significant
cell wall degradation.

These findings emphasise the role of PEF as a nonthermal,
energy-efficient technology for enhancing salting efficiency
in plant-based systems. It offers a promising approach to
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denote significant differences between control and PN150 (p < .01) using Student’s t-test.

balance rapid mass transfer with the preservation of sensory
and structural quality. The present study was limited to
radish tissues under fixed processing conditions, and further
research is required to confirm the broader applicability of the
findings to other plant matrices and industrial-scale operations.
Nevertheless, the underlying principle of electroporation is
inherently transferable to brining and infusion processes in a
wide range of vegetables. Future investigations should focus on
scale-up optimisation and explore the integration of PEF with
complementary technologies such as fermentation, dehydration,
and packaging, to enhance its industrial relevance and adoption.
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