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Abstract

Seed priming with Pulsed Electric Fields (PEF) is a promising strategy to enhance early
plant development and crop quality. This study evaluated PEF priming effects on Beetroot
(Beta vulgaris L.), Arugula (Eruca vesicaria), and Basil (Ocimum basilicum L.) microgreens
by assessing the effects of three distinct monopolar PEF protocols (PEFA: 2 kV/cm; PEFB:
3 kV/cm; PEFC: 4 kV/cm). PEFB and PEFC treatments significantly influenced imbibition.
Germination Indexes (DGI, CGI, and SVI) were positively and significantly affected, with
radicle length increasing up to 33% and DGI improving from 40 to 66 on the 1st day
(Beetroot, PEFC). Chlorophylls and the Total Carotenoid concentration increased in Basil
but decreased in Beetroot and Arugula. Fat and Protein increased in Beetroot (Fat: +41%;
Protein: +34%) and Arugula (Fat: +91%; Protein: +11%) treated with PEFC. PEFB led to an
increase in Starch in all species. Crude Fibre and Neutral Detergent Fibre decreased amongst
all species. Methionine rose by 100% in Beetroot treated with PEFC. Sensory analysis
showed slight increases in Sweet (Beetroot) and Aroma Intensity (Basil and Arugula),
although these changes were not statistically significant. Species-specific responses to
different PEF protocols were observed: optimal protocols seem to be PEFC for Beetroot,
PEFB for Arugula, and PEFA/B for Basil.

Keywords: pulsed electric fields; seed priming; microgreens; electrostimulation

1. Introduction
Global demographic trends and societal awareness of the need for sustainable, health-

ier, and functional foods paint a pressing picture for the future of food systems [1,2]. The
United Nations projects that the world population will reach 10.4 billion people by 2100 [3].
Simultaneously, the FAO estimates that by 2030, 8% of the global population, representing
670 million people, will suffer from undernourishment, making the Zero Hunger goal
proposed in the UN’s Agenda 2030 increasingly difficult to achieve [4]. These prospects,
together with present and future challenges linked to industrialisation, land use conflicts,
environmental issues, food security disparities, and healthcare cost increases associated
with problematic dietary and lifestyle choices [5,6], urge the necessity of a combination
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of heritage farming practices and innovative technologies and strategies to overcome
these challenges.

Humans have been consuming germinated seedlings since the dawn of time. For this
study, microgreen production was selected, with four main considerations.

Firstly, the economic factor: Although the first mention of microgreens utilisation
dates back to the 1980s, when high cuisine chefs primarily valued them for culinary reasons
(such as being more palatable than other germinated seedlings and for being colourful,
which sometimes earns them the name “food confetti”), their presence remained relatively
low profile [7,8]. However, recently, the market has been revitalised and, according to
Research and Markets, is expected to grow from 2.14 billion in 2024 to.93 billion USD by 2029,
representing a rapid compound annual growth rate (CAGR) of 13.1% [9].

Secondly, their nutritional richness: Microgreens contain a high concentration of essen-
tial minerals, such as Ca, Mg, Mn, and Zn, and generally exhibit lower nitrate content when
compared to their mature versions. In addition, recent studies highlight their abundance of
bioactive metabolites, such as β-carotene, which earned them the title of functional foods
or even superfoods [10–14].

Thirdly, Food Safety advantages: Compared with other germinated seedlings, particu-
larly sprouts, microgreens represent a safer alternative from a food security perspective.
While sprouts are grown under ideal conditions for microbial development, which, un-
fortunately, has already been linked to foodborne disease outbreaks, microgreens are
typically less prone to such risks, considering that only the aerial organs of the seedlings
are consumed [8].

Fourthly, and perhaps the most decisive factor, their suitability for assessing the
potential of new technologies and strategies to improve the germination rate and potentially
enhance the nutritional value of these foods at a fast pace: Given the short cycle between
sowing and harvesting, microgreens offer the advantage of rapid experimentation, allowing
for conclusions to be reached more quickly, which can be extrapolated and further studied
in other agricultural contexts.

Pulsed Electric Fields (PEF) have emerged as a technology with several potential ap-
plications in the AgriFood industry, some of which have been widely studied and already
approved by regulatory organisms for specific applications, such as the International Organ-
isation of Vine and Wine, and extrapolated to legislation, i.e., the European Commission, for
yield and extraction optimisation in red and white winemaking [15,16]. PEF is considered a
nonthermal, sustainable, and scalable process, capable of working at continuous flow and
with low energetic requirements [17] and consisting of the application of short high-voltage
pulses to biological materials, capable of inducing a permanent or transient increase in
the cell’s membrane permeability by inducing electroporation and/or electropermeabilisation
phenomena. The level of permeability can be modulated depending on the PEF protocol

used (electrical field strength
→
E , specific energy Ws, pulse polarity, shape, width, and

number), equipment, biological properties of the cell (i.e., shape, size, and cell membrane
type), physicochemical conditions of the medium (i.e., pH and electrical conductivity),
and position/angle of the cell centre relative to the electrical field vector [18–20]. This
versatility and modulation capacity allow for the application of PEF for a vast array of
applications with distinct objectives, such as mass transfer optimisation [21,22], inactivation
or stimulation of microorganisms [23–25], and, more recently, seed electropriming [11,26,27].

Although the first documented work on the use of electric stimuli on plants dates back
to 1746, being the subject of discussion amongst pioneer scholars, such as Dr Van Maimbray
of Edinburgh, Jan Ingenhousz (the “father” of photosynthesis), and Abbé Pierre Bertholon
de Saint-Lazare [28,29], the stimulation of plant growth and development through electricity
is still not widely applied in agricultural practices today. Earlier approaches to electrical
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stimulation in plants often involved long and time-consuming treatments, which limited
their practical application. In contrast, PEF technology may be capable of overcoming these
limitations by enabling short treatments and allowing for easy and fast application in seeds.

Published research on PEF electropriming of seeds is quite limited, as demonstrated
by the exhaustive review conducted by Attri et al. (2022) [26]. Published research has
explored the application of Pulsed Electric Fields (PEF) with various protocols on a range
of plant species, including Leaf Lettuce, Barley, Kale, Wheat, Chickpea, Mung bean, Bitter
gourd, Tomato, Medicago sativa, Chilli, Morning glory, and Green Foxtail [26]. Dymek et al.
(2012) reported that while treatments up to E = 1.2 kV/cm and 910 J/kg did not disrupt
metabolic activities, more intense E negatively affected radicle elongation [30]. Wheat
(Triticum aestivum L.) was studied by various teams. Ahmed et al. (2020), subjected wheat
seeds to PEF and obtained the best results with a protocol of 6 kV/cm [27]. Conversely,
Leong et al. (2016) [11] reported that an application of 0.5 kV/cm did not affect seed growth,
whereas treatment at 1.4 kV/cm slightly increased seedling size. However, exposure to
2 kV/cm caused a marked reduction in coleoptile length (−6 mm) and primary leaf
growth (−10 mm) [11]. In other species, namely Leaf Lettuce, growth was stimulated
at 0.2 kV/cm but inhibited at E > 1 kV/cm [31]. In contrast, Scutellaria baicalensis seeds
pre-imbibed for 12 h at 40 ◦C and exposed to fields ranging from 0 to 2.5 kV/cm showed the
highest germination potential (+29.25%) under a protocol of 0.5 kV/cm with 99 pulses of
120 µs [32]. These findings show that the impact of PEF follows a threshold-dependent
pattern, dependent on species and environmental/processing conditions.

In this context, the present work explores the application of PEF as a seed priming
strategy for microgreens, aiming to improve our understanding of the optimal protocols to
enhance germination and growth and to modulate the nutritional and bioactive profiles
of each species under study, with the potential to improve Food Quality and optimise
production efficiency and economic returns.

2. Materials and Methods
2.1. Plant Material

Wild Arugula (Arugula vesicaria var. sativa), Basil (Ocimum basilicum L.), and Beetroot
“Detroit 2” (Beta vulgaris subsp. vulgaris var. conditiva) seeds were purchased (Flora Lusitana,
Cantanhede, Portugal) to perform this assay.

2.2. PEF Equipment, Protocols, and Application

Considering the required output power and the PEF protocols for this assay, a high-
voltage, solid-state Marx Generator (SSMG) EPULSUS® PM1A-12, designed and produced
by EnergyPulse Systems (Lisbon, Portugal), was selected. Coupled to this SSMG, a static
batch transducer with parallel plate design, consisting of two stainless-steel electrodes
encased in acrylic, with variable distance between the electrodes (d) and a maximum load
capacity of 1 L, was used. This equipment delivers positive square-shaped pulses, with
a maximum capacity of 12 kV/250 A and 3 kW average output power. For this specific
assay, the selected gap between electrodes was d = 2 cm. Due to differences in seed size
and imbibition capacity, Beetroot and Basil required 60 mL of water, giving an electrode
area (Ac) of 30 cm2, while Arugula required 50 mL (Ac = 25 cm2).

Three distinct monopolar PEF protocols were selected: PEFA, consisting of
→
E = 2 kV/cm;

PEFB, with
→
E = 3 kV/cm; and PEFC, with

→
E = 4kV/cm. This was accomplished by only

varying the applied pulse voltage amplitude (U)—4 kV for PEFA, 6 kV for PEFB, and 8 kV
for PEFC—as demonstrated in Equation (1):

E =
U
d

(1)
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The remaining input PEF parameters were equal in all assays: 10 pulses (np) with a
pulse width (τ) of +10 µs at f = 1 Hz. To be able to determine the energy per pulse and the
specific energy (Ws) applied in each protocol, it is necessary to use Equations (2)–(4):

Treatment time (ton) = τ·np (2)

Total Energy Applied (Wt) = U·I·ton (3)

Speci f ic Energy (Ws) =
Wt

m
(4)

where m is the adimensional mass of the product, which was, in this case, directly extrapo-
lated from the volume of the samples, estimating a density of ρ = 1 kg/L.

Pulse Current (I), given in A, is an SSMG output value, dependent on the electrical
conductivity of the load (σ), pulse voltage (U), d, and Ac as per Ohm’s law. The PEF
protocols applied are summarised in Table 1.

Table 1. PEF protocol parameters for each subject assay of Arugula, Basil, and Beetroot.

Species Subject E
(kV/cm)

I
(A)

Energy per Pulse
(J)

Ws
(kJ/kg)

Arugula

Control - - - -
PEFA 2 1–2 0.1 0.020
PEFB 3 4–5 0.3 0.060
PEFC 4 9 0.6 0.120

Basil

Control - - - -
PEFA 2 7–8 0.3 0.050
PEFB 3 15–16 1 0.167
PEFC 4 25 2 0.333

Beetroot

Control - - - -
PEFA 2 25 1 0.167
PEFB 3 97–100 5.9 0.983
PEFC 4 144–145 11.5 1.917

Note: n = 3. For current amplitudes between 1 and 25 A, an associated error of 20% in measurement must be
considered, as advised by the manufacturer.

It is important to bear in mind that the selected range of protocols represented a
compromise between ensuring sublethal electropriming conditions [11,27] and maintaining
technological and economic feasibility. More intense protocols require an increase of the
equipment capacity, thereby raising costs and ultimately affecting the potential adoption of
this technology by the industry.

2.3. Germination, Growth, and Harvest Conditions

Sowing rates are crop specific, dependent on average seed weight, estimated germi-
nation rate, and desired crop density rate, and are essential not only to maximise fresh
yield per unit area and profitability but also to maintain product quality [33,34]. Thus,
the selected seed density for Arugula was 12 seeds/cm2, 5 seeds/cm2 for Basil, and
1.75 seeds/cm2 for Beetroot.

For each species, seeds were sown in four perforated aluminium trays (20 cm × 50 cm)
divided into three equal areas (20 cm × 16.67 cm), to use each section for each replicate of the
same treatment. The trays were previously prepared with ±560 g of germination substrate
(h = ±2 cm) (Siro® Germinação Bio, Leal & Soares, S.A., Mira, Portugal). In each tray,
450 mL of distilled water was added to guarantee an optimal environment for germination.
Trays were covered and stacked to create a germination-friendly environment, free of light
and highly humid. After 2 days, they were placed in an environmental simulation plant
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growth chamber (FitoClima 1200, Aralab, Lisbon, Portugal), equipped with programmable
controls for temperature, relative humidity, airflow, and photoperiod. The programmed
conditions were 23 ◦C, 50% relative humidity, and 50% airflow. Regarding the photoperiod,
a total blackout was maintained for the first 5–6 days, after which it was adjusted to a
12 h light/12 h dark cycle.

Parallelly, 10 seeds were counted and separately sown in substrate-filled Petri dishes
for each replicate, with each seed being numbered. These seeds were used to assess
germination and radicle length evaluation during the first 5 days after sowing, by visual
assessment of germination events and the determination of radicle length (seeds were
considered successfully germinated if the radicle ≥ 1 mm).

Each replicate was irrigated with 50 mL of distilled water per day, while seeds allocated
to Petri dishes received 10 mL per day.

2.4. Evaluation of Electroprimed Seed Germination and Growth

One of the most relevant indices used to assess germination development is the
Germination Index (GI). There are several formulas to calculate the GI. In fact, the GI can
be used to assess information directed to individual days—Daily Germination Index (%)
(DGI, Equation (2))—or in a cumulative form: Cumulative Germination Index (CGI) [27].
While there are different variations of the CGI, for this study, the index formula based on
Reddy (1985) and adapted by Walker-Simmons (1987) was selected [35,36]. This decision
was made since a maximum weight is attributed to embryos and seeds that develop earlier,
at the detriment of later-germinated seeds. These indices are still widely used and remain
relevant in the recent literature [32,37], as they are considered some of the most comprehensive
parameters, since they both account the number of germinated seeds and germination speed,
as supported by recent studies such as Kader (2005) and Al-Ansari & Ksiksi (2016) [38,39].
This occurs since the CGI’s used formula is as in Equation (3):

DGI (%) =
nDay·100

ntotal
(5)

CGI =
(

t f ·n1

)
+

(
t f−1·n2

)
+ . . . +

(
1·n f

)
(6)

where tf is the last day of germination (i.e., if germination lasts 5 days, tf = 5), and n is the
number of seeds germinated (i.e., n1 = number of seeds germinated on day 1).

Kotowski’s Coefficient of Velocity Index (CV) is possibly the oldest index still in use
nowadays, largely due to its higher sensitivity to early germination [40,41]. This happens
given that the CV increases when the number of germinated seedlings rises and/or when
the time required for germination decreases [42,43]. Therefore, CV serves as an indicator of
the germination velocity and can be calculated using Equation (7):

CV =
ntotal

∑(nx.tx)
(7)

where the total number of germinated seeds (ntotal) is divided by the weighted sum of the
number of germinated seeds by the day they germinated. Theoretically, the maximum
possible CV is 1, which would occur if all seeds germinated on the first day [38].

Seed Vigour Indexes (SVI-I and SVI-II) were developed by Abdul-Baki & Anderson
(1973) and comprise both the length and Dry Weight of the radicles or roots and shoots
and the standard germination percentage [44]. This classic non-destructive approach of
this index (SVI-I) considers the radicle lengths, which are ideal for assessing seed devel-
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opment without compromising assays, therefore being widely used in plant development
assessment assays [45,46]. The formula used is as demonstrated in Equation (8):

SVI = Germination Percentage·Average Radicle length (8)

Growth evaluation can also be assessed by the determination of Fresh and Dry Weights
and their relation. These kinds of parameters are essential to monitor the impact of different
agricultural practices and to estimate species’ standard growing behaviours.

2.5. Post-Harvest: Nutritional and Physicochemical Evaluation
2.5.1. Microgreen Sample Preparation
Extract Preparation

To assess physicochemical parameters, such as bioactive compounds, namely Chloro-
phylls a and b, Total Phenolic Content, and antioxidant capacity (ABTS and DPPH), it is
essential to select an adapted protocol compatible with different compound extractions.
Considering that dietary Chlorophylls a and b are mainly considered as lipophilic pig-
ments [47] while most plant phenolics possess a hydrophilic nature [48], two different types
of solvents were selected.

For the determination of photosynthetic pigments, the protocol based on the traditional
methodology of Lichtenthaler (1987) and as demonstrated by Falcioni et al. (2023) and
Xu et al. (2024) was used, with the formula variation adapted to the selected solvent,
Diethyl Ether [49–51]. The process consisted of the collection of healthy microgreen leaves,
followed by their weighing and joining at a ratio of 1:10 to Diethyl Ether (Fisher Scientific,
Loughborough, UK) [51]. This was followed by grinding using a stainless-steel pestle and
mortar. The resulting “pulp” was separated from the liquid by filtration. Immediately after
processing, spectroscopic analysis was performed to avoid the degradation of Chlorophylls.

For DPPH and ABTS Radical Scavenging assays, Total Phenolic Content, and Total
Soluble Solids, a hydroethanolic solution with a ratio of 70:30 ethanol/water was used. For
such, two extraction protocols were selected, both with a sample-to-solvent ratio of 1:10.
One protocol comprised Magnetic Stirring at 700 rpm (Variomag® Multipoint HP, Daytona
Beach, FL, USA), while the other underwent ultrasonic treatment at 37 kHz, resorting to
an S60 H Elmasonic ultrasonic bath (Elma Schmidbauer GmbH, Singen, Germany). The
extraction time and temperature were equal for both: 30 min at 20 ◦C. Afterwards, the
samples were subjected to filtration using Whatman nº 3 filter paper and a vacuum pump,
with this process being finalised by the refrigeration of the samples, protected from light,
until analysis.

2.5.2. UV–Vis Spectrophotometric Analysis
Chlorophyll a, Chlorophyll b, and Total Carotenoids

Leaf pigments were assessed by spectrophotometric analysis (UV-1280 Spectropho-
tometer, Shimadzu, Kyoto, Japan) via direct measurements of the Diethyl Ether extract
absorbance at λ = 470 nm, λ = 642.2 nm, and λ = 660.6 nm. The respective readings were
applied in the following formulas (Equations (9)–(12)):

Ca = 10.05A660.6 − 0.97A642.2 (9)

Cb = 16.36A642.2 − 2.43A660.6 (10)

Ca+b = 7.62A660.6 + 15.39A642.2 (11)

Cx+c =
1000A470 − 1.43Ca − 35.87Cb

205
(12)
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where Ca refers to Chlorophyll a, Cb to Chlorophyll b, C(a+b) to Total Chlorophylls, and C(x+c)

to Total Carotenoids, in µg/mL of plant extract [51].

Total Phenolic Content

Total polyphenolic content (TPC) was analysed based on spectrophotometric analysis,
using the Folin–Ciocalteau method [52]. Initially, a calibration curve was prepared using
Gallic Acid as the standard (y = 3.6214x + 0.1881; R2 = 0.9961). The determination of TPC
was based on an optimised Singleton & Rossi methodology and performed as described
by Dulyanska et al. (2022) [53–55]. Succinctly, it consists of the addition of 125 µL of the
extract sample, 125 µL of Folin-Ciocalteau reagent, and 750 µL of Milli-Q water to a vial.
The mixture was incubated in the dark for 6 min, followed by the addition of 2 mL of 5%
Sodium Carbonate (Na2CO3). The solution was then vigorously shaken to ensure proper
homogenisation. The tubes were protected from light and left to react for 60 min. After this
period, the absorbance of the standards was measured at λ = 750 nm. A blank sample was
prepared by replacing the extract with 125 µL of Milli-Q water, and an auto-zero adjustment
was performed using Milli-Q water before sample readings. The results are expressed in
mg of Gallic Acid per gram of Fresh Weight (mg GAE/g FW).

Antioxidant Capacity

(a) DPPH Scavenging Assay

The following protocol was described by Dulyanska et al. (2022), being adapted
from Brand-Williams [53,56]: In the 1st assessment, DPPH was used by preparation of an
ethanolic solution (6 × 105 M), which was immediately protected from light. A blank reading
was performed at λ = 517 nm with ethanol to avoid its interference with the measurements.
This was followed by the adjustment of the DPPH solution to Abs ≈ 0.700 (Abs0) to ensure
a standardised starting reading for reliable results. Next, 100 µL of the sample, together
with 2 mL of the DPPH solution, was collected into a test tube, shaken, and left to react
for 30 min, protected from light. The absorbance of the prepared sample is then read at
λ = 517 nm (Abssample). The absorbance is adapted to the previously prepared calibration
curve (y = −0.2933x + 0.6395; R2 = 0.995) with Trolox, and the results are given in % of
DPPH inhibition (Equation (13)) and in µg Trolox Equivalents per gram of Fresh Weight
(µg TE/g FW).

% Inhibition =
Abs0 − Abssample

Abs0 ∗ 100
(13)

(b) ABTS Scavenging Assay

The evaluation of the antioxidant capacity through the methodology is performed
thanks to the reagent’s ability to oxidise and produce a stable free cationic radical ABTS•+.
The process began with the preparation of a calibration based on standardised Trolox
solutions (y = −0.2117 + 0.5905; R2 = 0.999). The selected protocol requires, as the
1st step, the addition of 2.45 mmol/L potassium persulfate (K2S2O8) to the ABTS rad-
ical aqueous solution (7 mmol/L) [57,58]. This will turn an otherwise colourless solution
into a green-blue-toned one. The ABTS solution is incubated at room temperature for
12–16 h, achieving oxidative stability. Finalised this period, the solution is diluted in ethanol
at a rate of 1:80, which is followed by the determination of the solution’s absorbance at
λ = 734 nm (autozero), being adjusted if necessary (Abs ≈ 0.700). The microgreen extract
preparation consisted of its addition (0.1 mL) to 2.0 mL of the ABTS•+ solution, followed
by homogenisation and a resting period of 15 min to allow for chemical reactions to take
place [59]. In the end, the absorbance at λ = 734 nm was determined, with the results being
expressed in % ABTS inhibition and µg TE/g FW.
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2.5.3. Total Soluble Solids

Total Soluble Solids, TSS, expressed in ◦Brix, were measured using a digital refractome-
ter (95200-001 model, Alla France, Chemillé-en-Anjou, France) to estimate the concentration
of TSS, constituted mainly of sugars, but not exclusively, including other refractive com-
pounds present in the sample, in this case the extract, such as organic acids [60].

2.5.4. Near-Infrared Reflectance Spectroscopy

Fourier Transform Near-Infrared Reflectance (FT-NIR) was the selected spectroscopy
technique to quantify the nutritional profile of the obtained microgreens. These analyses
were performed using a NIRMaster™ (BÜCHI Labortechnik, Flawil, Switzerland), which
has product-specific internal calibration curves and can assess several nutritional parame-
ters, as well as relevant amino acids, including Humidity, Fat, Protein, Crude Fibre, Ash,
Starch, NDF (Neutral Detergent Fibre), Lysine, Cystine, Methionine, and Phosphorus. The
results are presented as g/100 g of dry matter.

The sample processing followed this protocol: Freshly harvested microgreens were
weighed and placed in an oven at 65 ◦C for 12 h. After this period, dried microgreens were
pulverised to assess the Dry Weight using a stainless-steel pestle and mortar. The final
sample was collected into a vial and used to perform the readings.

2.6. Post-Harvest: Sensory Analysis

A descriptive sensory test was performed based on the guidelines of the Quantitative
Descriptive Analysis (QDA) methodology developed by Sidel & Stone [61,62]. Twelve
sensory descriptive attributes were selected and categorised into three groups:

• Visual (Integrity, Colour Intensity, and Tonality);
• Mouthfeel and Flavour (Bitter, Hot, Crispy, Sweet, Fibrous, Moist, Astringent,

and Aftertaste);
• Aroma (Intensity).

All sensory attributes were assessed using a Likert-type ordinal numerical scale from
1 to 10 [63]. A score of 1 indicated that the attribute was undetected/weak, while a score of
10 indicated that it was easily detected/excellent. Additionally, an extra parameter—Global
Evaluation—was included, also rated on a scale of 1 to 10.

The tasting panel consisted of 9 panellists (6 women and 3 men) with ages ranging
from 23 to 59 years and was composed of ESAV academics, researchers, and students,
all from the field of Food Technology and/or with knowledge in sensory evaluation of
other food categories. The sample was prepared using the same methodology presented
by Michell et al. (2020): microgreens were kept in the germination chamber at 23 ◦C until
harvest, followed by washing and refrigeration at 4 ◦C [64]. This was performed 1 h before
tasting, and the sample was served in randomised three-digit coded glass containers.

2.7. Data Analysis

All analyses were performed in triplicate in a randomised block design. The collected
data for each parameter are presented as the mean ± standard deviation (SD). All data
were subjected to statistical analysis using IBM SPSS Statistics, Version 28.0.1.0 (142) (SPSS
Inc., Chicago, IL, USA). A significance level of p = 0.05 was applied in all statistical analyses.
Partial Eta-Squared (ηp

2) expresses the effect size associated with parametric analysis of
variance (MANOVA or ANOVA). Higher values indicate greater proportion of difference
between subjects that can be attributed to the factor understudy (i.e., ηp

2 = 0.50 can be
interpreted as the treatment factor being able to explain 50% of the assessed differences
among subjects) [65,66].
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Graphics were generated using GraphPad Prism, Version 8.0.2 (GraphPad Software
Inc., San Diego, CA, USA) and Microsoft® Excel®, for Microsoft 365, version 2312, Build
16.0.17126.20132 (Microsoft Corporation, Redmond, WA, USA).

3. Results
3.1. Germination and Plant Growth Evaluation
3.1.1. Imbibition Process: Water Uptake and Electrical Conductivity

The results obtained from the assessment of seed imbibition were monitored through
the evaluation of water uptake, electrical conductivity, and temperature.

The results obtained for Beetroot seeds are summarised in Table 2.

Table 2. Evaluation of water uptake and electrical conductivity during Beetroot seed imbibition.

Parameter Control PEFA PEFB PEFC p ηp
2

Be
et

ro
ot

Before
Imbibition

Dry Weight (g) 8.3224 b ± 0.0046 8.3215 b ± 0.0042 8.3251 b ± 0.0024 8.3264 a ± 0.0028 0.022 0.255
σ H2O (mS/cm) 0.09 a ± 0.00 0.08 bc ± 0.01 0.09 ab ± 0.01 0.08 c ± 0.00 <0.001 0.556

◦C 13.9 a ± 0.1 13.9 b ± 0.0 13.9 b ± 0.0 13.9 b ± 0.0 0.016 0.273

1 h after
Imbibition

(10 min before PEF)
σ (mS/cm) 1.57 a ± 0.05 1.54 b ± 0.02 1.44 b ± 0.17 1.58 a ± 0.01 0.047 0.287

◦C 13.9 ± 0.1 13.9 ± 0.0 13.9 ± 0.0 13.9 ± 0.1 0.064 0.200

Post-PEF
σ (mS/cm) 2.54 ± 0.06 2.56 ± 0.07 2.58 ± 0.08 2.50 ± 0.08 0.182 0.139

◦C 15.4 b ± 0.1 15.5 a ± 0.1 15.4 b ± 0.1 15.5 a ± 0.1 <0.001 0.634

4 h post-PEF
(Before Sowing) Dry Weight (g) 12.1583 b ± 0.0945 12.5353 ab ± 0.3407 12.5591 a ± 0.0912 12.3299 a ± 0.0924 <0.001 0.459

4 h post-PEF
(Before Sowing)

σ (mS/cm) 3.05 b ± 0.10 3.19 a ± 0.07 3.18 a ± 0.08 3.16 b ± 0.09 0.007 0.312
◦C 18.6 a ± 0.2 18.1 b ± 0.1 18.2 b ± 0.1 18.1 b ± 0.1 <0.001 0.777

Statistically significant differences are indicated by different letters assigned to the means. n = 9. PEFA: 2 kV/cm,
PEFB: 3 kV/cm, and PEFC: 4 kV/cm.

Before imbibition, the goal was to ensure the most consistent initial conditions across
all groups to eliminate any potential differences that could influence the impact of the
treatment on seed imbibition. Tap water was used to kickstart seed imbibition. Be-
fore imbibition, the σ and temperature of the tap water were determined. Although
all three parameters showed statistically significant differences between groups, these
differences can be considered negligible from a practical standpoint, given the minimal
variations between groups and the very low standard deviations. At 1 h after imbibition and
10 min before PEF application, it is possible to see that the seeds were subjected to similar
temperature conditions; in addition, we can also see a slight σ difference, considered statis-
tically significant, which we can attribute to seed variability. This difference was diluted
immediately post-PEF treatment. At 4 h after PEF treatment, seeds were separated from
water, dried with a paper towel, and weighed.

PEF treatment significantly affected the water uptake capacity of seeds in relation
to the Control for protocols PEFB and PEFC, with 3 and 4 kV/cm, respectively, given
that the weight was significantly higher when compared with Control subjects. The ηp

2

value indicates a large effect, with 45.9% of the variability attributed to the PEF treat-
ment. As expected, σ was higher for all treated subjects, indicating that electroporation
was successful, to different degrees, as it indicates the release of ionic content to the
imbibition solution.

The results for Arugula are presented in Table 3.
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Table 3. Evaluation of water uptake and electrical conductivity during Arugula seed imbibition.

Parameter Control PEFA PEFB PEFC p ηp
2

A
ru

gu
la

Before
Imbibition

Dry Weight (g) 0.9134 ± 0.0004 0.9134 ± 0.0002 0.9136 ± 0.0002 0.9135 ± 0.0004 0.565 0.061
σ H2O (mS/cm) 0.09 ± 0.01 0.09 ± 0.00 0.09 ± 0.01 0.09 ± 0.00 0.100 0.333

◦C 14.0 ab ± 0.1 13.8 c ± 0.1 14.0 b ± 0.1 13.9 bc ± 0.0 <0.001 0.625

1 h after
Imbibition

(10 min before PEF)
σ (mS/cm) 0.17 a ± 0.01 0.16 b ± 0.01 0.16 b ± 0.01 0.17 ab ± 0.09 <0.001 0.333

◦C 14.4 a ± 0.1 14.5 b ± 0.1 14.6 b ± 0.0 14.7 c ± 0.1 <0.001 0.704

Post-PEF
σ (mS/cm) 0.19 b ± 0.01 0.23 a ± 0.02 0.22 a ± 0.00 0.23 a ± 0.01 <0.001 0.727

◦C 15.4 c ± 0.1 16.2 b ± 0.3 16.6 a ± 0.2 16.8 a ± 0.1 <0.001 0.917

4 h post-PEF
(Before Sowing)

Dry Weight (g) - - - - - -
σ (mS/cm) 0.30 b ± 0.01 0.32 a ± 0.02 0.30 b ± 0.00 0.31 b ± 0.01 0.004 0.331

◦C 18.1 ± 0.1 18.1 ± 0.2 18.0 ± 0.2 17.9 ± 0.2 0.071 0.195

Note: Statistically significant differences are indicated by different letters assigned to the means. n = 9. PEFA: 2 kV/cm,
PEFB: 3 kV/cm, and PEFC: 4 kV/cm.

The evaluation of imbibition in Arugula presented some challenges stemming from
the seed morphology. Arugula seeds have a reduced size, which hinders the capacity of
drying the excess water from them before the final weighing, given that many seeds can be
lost in the process. Consequently, seed weight was only measured prior to imbibition, while
the electroporation effect was monitored via σ. Once again, the initial conditions are found
to be identical to all groups, considering that significant differences were not found for the
Initial Dry Weight, nor for imbibition, water uptake, or electrical conductivity. Immediately
post-PEF treatment, differences in terms of σ became evident, where PEFA and PEFC
exhibited an increase in conductivity 21% superior to the Control, being this difference
attributed to the variable treatment by 72.7%. However, this difference diminished over
time. At the 4 h mark, only PEFA presented a significantly higher σ. This suggests that
over time, the diffused ions transferred from the seeds to the solution reached the same
equilibrium between the Control, PEFB, and PEFC.

Table 4 presents the results obtained for the evaluation of imbibition parameters
for Basil.

Table 4. Evaluation of water uptake and electrical conductivity during Basil seed imbibition.

Parameter Control PEFA PEFB PEFC p ηp
2

Ba
si

l

Before
Imbibition

Dry Weight (g) 3.0560 ± 0.0003 3.0559 ± 0.0003 3.0562 ± 0.0005 3.0562 ± 0.0005 0.212 0.129
σ H2O (mS/cm) 0.09 ± 0.00 0.09 ± 0.00 0.09 ± 0.00 0.09 ± 0.01 0.327 0.273

◦C 14.4 a ± 0.0 14.3 b ± 0.1 14.3 b ± 0.1 14.4 ab ± 0.1 0.007 0.314

1 h after
Imbibition

(10 min before PEF)

σ (mS/cm) 0.28 a ± 0.01 0.24 b ± 0.02 0.23 b ± 0.02 0.27 a ± 0.02 <0.001 0.634
◦C 15.7 ± 0.1 15.8 ± 0.2 15.8 ± 0.1 15.7 ± 0.1 0.05 0.220

Post-PEF
σ (mS/cm) 0.35 c ± 0.01 0.34 c ± 0.01 0.37 b ± 0.00 0.38 a ± 0.01 <0.001 0.926

◦C 15.3 c ± 0.1 15.6 a ± 0.1 15.3 c ± 0.1 15.5 b ± 0.1 <0.001 0.824

4 h post-PEF
(Before Sowing)

Dry Weight (g) 42.4782 b ± 0.6799 41.5625 b ± 1.1760 43.0547 a ± 1.2489 43.6487 a ± 0.9732 <0.001 0.38
σ (mS/cm) 0.40 c ± 0.01 0.41 b ± 0.01 0.41 b ± 0.01 0.43 a ± 0.01 <0.001 0.746

◦C 17.4 ± 0.1 17.5 ± 0.2 17.4 ± 0.1 17.3 ± 0.1 0.109 0.170

Note: Statistically significant differences are indicated by different letters assigned to the means. n = 9. PEFA: 2 kV/cm,
PEFB: 3 kV/cm, and PEFC: 4 kV/cm.

Basil’s initial samples and condition statistics for initial weight and water conductivity
were homogeneous. Immediately before PEF treatment, two groups were formed: the
Control and PEFC presented significantly higher σ values than PEFA and PEFB. Despite
this, after treatment, the highest σ-value groups switched to PEFB and PEFC, presenting
significantly higher σ values in comparison to the Control and PEFA, with 92.6% of this dif-
ference attributed to PEF effect. At 4 h post-PEF, the weight and σ were significantly higher
in seeds treated with protocols PEFB and PEFC, which indicates that water imbibition was
modulated by electroporation of the seed tissues.
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While the analysis denotes that statistically there were significant temperature dif-
ferences, these can be discarded, as the differences are very small, which renders them
irrelevant in this context.

The evaluation of water uptake and electrical conductivity during the imbibition of
Basil, Beetroot, and Arugula seeds under different PEF treatments revealed several trends
and species-specific responses. For instance, the magnitude of the change in membrane
permeability varied between species, as observed by the different behaviours observed
for σ and water uptake. While Basil presented the highest increase in σ and Final Seed
Weight for PEFC, σ was not altered for Beetroot immediately post-PEF treatment. For
Beetroot, differences were only found 4 h post-PEF, with PEFB presenting the highest
increase in Final Seed Weight, which contrasts with σ values, considering the highest was
obtained for protocol PEFA. In opposition, Arugula presented the largest difference in σ

immediately post-PEF (PEFA and PEFC); however, after 4 h, PEFA was the only group
significantly higher.

Some studies corroborate these results, while others contradict this, which displays
the complexity of the protocol selection. For instance, a treatment of 3 kV/cm, when
accompanied by a specific energy of 19.8 kJ/kg, represented an increase in water uptake
of 25% in wheat seeds before malting; however, at a lower energy protocol (9.9 kJ/kg), a
decrease in moisture absorption was observed [67]. Other authors reported that wheat
seeds subjected to PEF pre-treatment at an electric field strength below 6 kV/cm (100 µs
pulse width, 25 pulses) did not exhibit increased water uptake; however, when treated at
6 kV/cm with 50 pulses, the seeds showed a significant increase in water content, rising
from 50.93% to 56.56%. [27]. This suggests that both field strength and specific energy play
a critical role in modulating water absorption during early seed hydration.

These results indicate that PEF effects are species dependent, possibly due to differ-
ences in seed coat structure and cell membrane composition.

3.1.2. Germination Indexes and Radicle Length

The results obtained for radicle length and the number of germinated seeds for Beet-
root, Arugula, and Basil over five days under different treatment conditions are summarised
in Table 5.

Table 5. Radicle length (mm) and number of germinated seeds.

Day

1 n1 2 n2 3 n3 4 n4 5 n5

Beetroot

Control 4.29 ± 2.84 12 6.66 ± 5.18 16 12.08 ± 9.04 18 18.86 ± 12.28 18 21.87 ± 13.70 19
PEFA 4.16 ± 3.17 16 7.47 ± 5.53 16 13.40 ± 11.56 16 18.59 ± 16.95 16 19.53 ± 17.06 16
PEFB 5.44 ± 3.91 16 8.53 ± 7.17 17 15.59 ± 12.65 17 19.92 ± 17.11 18 21.28 ± 18.07 18
PEFC 5.00 ± 3.16 20 9.64 ± 5.49 21 20.30 ± 12.87 22 26.89 ± 16.29 23 29.09 ± 16.13 23

Arugula

Control 1.97 ± 1.75 18 7.35 ± 5.67 23 15.04 ± 9.01 24 20.23 ± 11.09 24 22.06 ± 11.22 25
PEFA 3.45 ± 3.70 20 10.89 ± 8.43 23 19.21 ± 11.41 24 21.06 ± 12.79 25 22.58 ± 12.99 25
PEFB 4.73 ± 3.45 22 12.82 ± 7.30 25 20.43 ± 11.42 29 24.72 ± 12.14 29 29.95 ± 13.70 29
PEFC 3.97 ± 3.49 19 10.77 ± 7.46 24 20.04 ± 10.61 26 23.89 ± 10.05 26 26.32 ± 9.61 28

Basil

Control 1.50 ± 0.71 5 3.09 ± 1.77 11 4.64 ± 2.98 14 7.12 ± 4.23 14 7.63 ± 4.62 15
PEFA 1.44 ± 1.33 9 2.13 ± 1.38 16 3.32 ± 2.07 17 4.08 ± 3.86 19 4.92 ± 4.43 19
PEFB 2.46 ± 2.9 12 4.29 ± 3.94 14 6.83 ± 5.26 15 8.97 ± 6.79 15 10.93 ± 9.03 15
PEFC 2.15 ± 3.02 13 3.28 ± 1.76 16 6.91 ± 5.26 17 8.09 ± 5.78 17 9.27 ± 5.64 17

Note: nt = number of seeds germinated on Day t; ntotal = 30 seeds.

A Linear Mixed Model (LMM) was conducted to examine the effects of the day, treatment,
and their interaction, concluding that for Beetroot, a significant main effect associated with
treatment was found (F(3, 338) = 4.575, p = 0.004), meaning that statistically, treatments did
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influence radicle length. The same was observed for Arugula (F(3, 468) = 6.188, p < 0.001)
and for Basil (F(3, 268) = 8.292, p < 0.001). For all species, differences regarding both radicle
length and number of germinated seeds per subject were clear from day 1. Besides this,
observing the table implied that treatment effects were consistent over time for all species,
which means that the results were not diluted throughout the assay. This is corroborated
by statistical analysis, considering that the interaction day x treatment was not significant
for all species (Beetroot: F(12, 338) = 0.482, p = 0.925; Arugula: F(12, 468) = 0.399, p = 0.964;
Basil: F(12, 268) = 0.594, p = 0.847).

With this information, information growing indices were determined. The Daily
Germination Index (DGI), Cumulative Germination Index (CGI), for Kotowski’s Coefficient
of Velocity Index (CV), and Seed Vigour Index (SVI) are presented in Table 6.

Table 6. Results of the Germination and Growth Indexes.

CGI CV SVI
DGI (%)

Day 1 Day 2 Day 3 Day 4 Day 5

Beetroot

Control 233 0.613 875 40.0 53.3 60.0 60.0 63.3
PEFA 240 1.000 1042 53.3 53.3 53.3 53.3 53.3
PEFB 253 0.818 1135 53.3 56.7 56.7 60.0 60.0
PEFC 319 0.793 1939 66.7 70.0 73.3 76.7 76.7

Arugula

Control 327 0.694 1324 60.0 76.7 80.0 80.0 83.3
PEFA 339 0.758 1505 66.7 76.7 80.0 83.3 83.3
PEFB 384 0.725 2196 73.3 83.3 96.7 96.7 96.7
PEFC 349 0.622 1667 63.3 80.0 86.7 86.7 93.3

Basil

Control 154 0.484 127 16.7 36.7 46.7 46.7 50.0
PEFA 217 0.559 148 30.0 53.3 56.7 63.3 63.3
PEFB 206 0.789 437 40.0 46.7 50.0 50.0 50.0
PEFC 231 0.773 402 43.3 53.3 56.7 56.7 56.7

Note: ntotal = 30 seeds.

The effect of PEF treatments is evident for all species, with the optimal protocol
varying for each species. For instance, while the best results were observed with the
4 kV/cm protocol (PEFC) for Basil and Beetroot, a 3 kV/cm protocol (PEFB) seemed to be
the most suitable for Arugula. This conclusion is supported by both the average radicle
length and the number of seeds germinated, further corroborated by the Germination
Indexes. This is consistent with previous work on wheat seeds, in which PEF priming
improved water uptake, accelerated germination, and increased juice yield (%) [27]. Mecha-
nistically, the electroporation effect of the PEF treatment facilitates faster and more efficient
imbibition, which impacts the activation of metabolic enzymes, enhances embryo growth
potential, and possibly weakens the outer protective layers, which might contribute to more
efficient radicle protrusion. Water uptake by the embryo is crucial for radicle emergence,
as it drives its expansion and the pressure required for radicle protrusion [68,69]. As said,
imbibition also kickstarts the mobilisation of seed reserves during germination. Amylase
activation leads to the degradation of Starch molecules into simple sugars (i.e., glucose and
maltose), while proteases release amino acids (essential for protein synthesis), and lipases
mobilise stored lipids into usable energy [70]. Thus, it can be hypothesised that an opti-
misation of the imbibition process will accelerate and/or increase metabolite availability
while also improving cellular hydration, resulting in higher turgor pressure that positively
influences cell expansion, elongation, and division, promoting faster tissue growth [71].
A recent study performed by Song et al. (2024) supports this theory, as they reported an
increase in α-amylase, antioxidant enzymes, soluble proteins, and soluble sugars [32].
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The observed species-specific responses to different protocols are consistent with the
fact that pore formation during PEF application depends strongly on three main factors:
(a) PEF protocol (electrical field strength (E), specific energy (Ws), pulse shape, polarity,
width and number, and treatment time), (b) physicochemical characteristics of the medium
(e.g., conductivity (σ), temperature, and pH), and (c) biological properties of the cell
(e.g., cell radius (R), shape, and cell membrane type) [18,19,72]. Therefore, if the PEF
protocol is too intense for the morphological characteristics of the seeds and its cells, it
may negatively affect embryo development, ultimately leading to delayed germination or
even seed inactivation and death. Excessive electroporation can cause severe or irreversible
membrane damage, compromising cell viability [73]. Thus, optimising PEF parameters for
each species is essential.

3.2. Post-Harvest: Nutritional and Physicochemical Evaluation
3.2.1. UV–Vis Spectrophotometric Analysis
Chlorophyll a, Chlorophyll b, and Total Carotenoids

The effects of the different PEF treatments on Chlorophyll a (Ca), Chlorophyll b (Cb),
Total Chlorophylls (C(a+b)), and Total Carotenoids are summarised in Figure 1.

 

Figure 1. Chlorophyll a, Chlorophyll b, and Total Carotenoids of the three studied species. Statistical
comparisons were conducted between different groups within each species. Statistically significant
differences (Tukey’s p < 0.05) are indicated by different letters assigned to the means. PEFA: 2 kV/cm,
PEFB: 3 kV/cm, PEFC: 4kV/cm.
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For Beetroot and Arugula, PEF treatments led to a significant reduction in Ca, Cb, C(a+b),
and Carotenoids. However, for Beetroot, the effect size of the treatment was considered
relatively low, with a maximum of 30.6% of the variability attributed to the PEF. In contrast,
for Arugula, the treatment had a large effect size: at least 73.1% of the differences could be
attributed to PEF application.

Basil contradicted this trend. While PEFA also resulted in a decrease in Chlorophyll
and Carotenoid concentrations, more intense protocols (PEFB and PEFC, at 3 and 4 kV/cm,
respectively) led to an increase in all pigment concentrations: Ca, Cb, C(a+b), and Carotenoids.
However, in this case, the statistical effect of the treatment was lower, with a maximum of
42.6% of the variability attributed to PEFs. These findings align with Ahmed et al. (2020),
who reported that higher electrical field strengths and a greater number of pulses led to a
nearly proportional increase in Total Chlorophylls and the Carotenoid concentration [27].

In summary, pigments were significantly affected by the application of PEF, exhibiting
decreased levels of Chlorophylls and Carotenoids, except for Basil species. PEF significantly
affected pigment concentrations, generally leading to a decrease in Chlorophylls and
Carotenoids. The observed species and protocol-specific responses might reflect differences
in seed coat permeability and seed and cellular morphology, which can influence PEF
effects and affect electroporation, leading to different impacts on seed imbibition, hydrolytic
enzymes, and ion fluxes, affecting the germination kickstart and influencing metabolic
processes, growth, and baseline pigment biosynthesis [19]. In species where the pigment
concentration decreased, faster tissue growth may have diluted pigments within expanding
tissues, reducing the concentration per unit of mass. Thus, while Basil may benefit from
higher-intensity PEF due to threshold-stimulated biosynthesis, Beetroot and Arugula may
experience dilution effects. Despite its potential, little is known about how electroporation
affects seed germination and plant physiology. This knowledge gap emphasises the novelty
of the area and the need for further mechanistic research.

Total Phenolic Content

In order to better understand the impact of PEF treatments across species and extrac-
tion methods, multivariate analyses were conducted under two perspectives: (i) globally,
by species, to assess possible differences between the selected extraction methods and
(ii) separately, by species and extraction type, to determine the impact of each PEF treat-
ment on the antioxidative content, Total Phenolic Contend, and Total Soluble Solids of
each extract.

With the (i) approach, it was possible to conclude that the extraction methodology
presents considerable effects on the concentration of compounds within the extracts:

Effect: extraction method:

• Beetroot: F(5, 60) = 5.084, p < 0.001, ηp
2 = 0.770;

• Arugula: F(5, 60) = 4.777, p < 0.001, ηp
2 = 0.285;

• Basil: F(5, 60) = 12.109, p < 0.001, ηp
2 = 0.502.

Interaction: extraction method x treatment:

• Beetroot: F(15, 186) = 3.081, p < 0.001, ηp
2 = 0.321;

• Arugula: F(15, 186) = 2.182, p = 0.008, ηp
2 = 0.150;

• Basil: F(15, 186) = 2.657, p = 0.001, ηp
2 = 0.176.

Therefore, it is possible to conclude that the type of extraction methodology—Magnetic
Stirring (MS) and Ultrasound (US)—significantly affected the extraction capacity of the
compounds under study, as was observed by the results obtained by effect analysis of both
the extraction method and the interaction of extraction methodology x treatment. This is
easily corroborated by the data tables displayed over the course of this subchapter, where



Appl. Sci. 2025, 15, 12481 15 of 26

in general, higher extraction rates are found in extracts subjected to US treatment when
compared with MS.

In addition, across all species, in a general way, it is viable to conclude that all PEF treat-
ments present a strong and significant antioxidant activity of the plant extracts, considering
that for the condition treatment, the MANOVA results show:

Effect: treatment:

• Beetroot: F(15, 77697) = 34.498, p < 0.001, ηp
2 = 0.429;

• Arugula: F(15, 77697) = 11.045, p < 0.001, ηp
2 = 0.441;

• Basil: F(15, 77697) = 3.136, p < 0.001, ηp
2 = 0.514.

Thus, it was viable to advance with the (ii) approach to allow for the detection of
differences caused by the different PEF protocols applied.

Starting with the comparison between Total Phenolic Content (TPC), it was possible to
find some key differences between its concentration on microgreens subjected to different
PEF-priming protocols. The results for TPC are shown in Figure 2.

 

Figure 2. Total Phenolic Content in Beetroot, Arugula, and Basil microgreens. Statistical comparisons
were conducted within each colour group. MS: Magnetic Stirring; US: Ultrasound. Statistically
significant differences (Tukey’s p < 0.05) are indicated by different letters assigned to the means.

Regarding Beetroot, it is possible to observe that for extracts obtained by MS, no
significant differences were observed between all subjects. However, for the same species
but in extracts obtained with the aid of Ultrasound, PEFB (3 kV/cm) presented a signifi-
cantly higher concentration of TPC, representing a 15% increase in TPC when compared to
the Control. For Arugula, the opposite trend is observed, with no statistically significant
differences between subjects obtained with US. In contrast, for MS extraction, a significant
increase of up to 30% TPC concentration was obtained for more intense PEF treatments,
namely the PEFB and PEFC protocols.

Finally, for Basil, all protocols represented an increase in the TPC of both extract types.
The highest TPC concentration was obtained with US extraction, when it increased 45%,
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from 1.345 to 1.956 mg GAE/g FW, with a protocol of 1 kV/cm. Regarding MS extraction,
the peak was also observed for the PEFA protocol, which allowed for an increase from
1.196 to 1.562 mg GAE/g FW, representing 30.5% more TPC in this extract.

Antioxidant Capacity

The results of the DPPH and ABTS assays are presented by species in the tables below.
The data for Beetroot are shown in Table 7.

Table 7. Antioxidant capacity (DPPH and ABTS) of Beetroot in µg TE/g FW.

Parameter Extract Control PEFA PEFB PEFC p ηp
2

Beetroot

DPPH

US
% inhibition 42.82 c ± 1.29 44.12 bc ± 1.52 46.35 a ± 0.11 44.37 b ± 0.63

<0.001 0.623
µg TE/g FW 7.96 c ± 0.31 8.28 bc ± 0.37 8.82 a ± 0.03 8.34 b ± 0.15

AM
% inhibition 39.81 b ± 1.71 37.95 b ± 2.66 38.86 b ± 1.28 44.73 a ± 0.59

<0.001 0.720
µg TE/g FW 7.24 b ± 0.41 6.78 b ± 0.64 7.00 b ± 0.31 8.43 a ± 0.14

ABTS

US
% inhibition 57.29 b ± 13.18 70.20 a ± 7.49 59.14 b ± 2.83 69.41 a ± 1.77

0.001 0.389
µg TE/g FW 67.85 b ± 22.09 89.50 a ± 12.56 70.94 b ± 4.75 88.16 a ± 2.96

AM
% inhibition 36.87 b ± 13.37 67.06 a ± 12.94 65.27 a ± 11.60 58.17 a ± 8.77

<0.001 0.623
µg TE/g FW 33.61 b ± 22.41 84.22 a ± 21.70 81.23 a ± 19.46 69.32 a ± 27.84

Note: Statistically significant differences are indicated by different letters assigned to the means. PEFA: 2 kV/cm,
PEFB: 3 kV/cm, and PEFC: 4 kV/cm.

Consistent with the trends observed for TPC, US proved more effective for the recovery
of bioactive compounds from microgreens. In this species, the most effective seed priming
protocols for enhancing the antioxidant potential were those involving higher electric
field intensities, 3 to 4 kV/cm. Statistically significant increases in antioxidant capacity, as
measured by DPPH, were observed in PEF-treated samples, ranging from 10.8% (PEFB,
US) to 12.4% (PEFC, AM) inhibition increases when compared to the respective Controls. A
similar pattern was found with the ABTS assay, where all PEF-primed samples exhibited
significantly higher antioxidant capacities than the Controls. This reinforces the conclusion
that seed priming with more intensive Pulsed Electric Fields can effectively enhance the
synthesis or accumulation of antioxidant compounds in Beetroot microgreens.

The results for Arugula are presented in Table 8:

Table 8. Antioxidant capacity (DPPH and ABTS) of Arugula.

Parameter Extract Control PEFA PEFB PEFC p ηp
2

Arugula

DPPH

US
% inhibition 70.19 ab ± 4.15 68.37 ab ± 5.48 62.96 b ± 8.38 73.19 a ± 6.83

0.015 0.275
µg TE/g FW 14.59 ab ± 1.00 14.15 ab ± 1.33 12.84 b ± 2.03 15.32 a ± 1.65

AM
% inhibition 70.47 ab ± 4.57 68.37 ab ± 5.48 62.96 b ± 8.38 73.19 a ± 6.83

0.015 0.274
µg TE/g FW 14.65 ab ± 1.11 14.15 ab ± 1.33 12.84 b ± 2.03 15.32 a ± 1.65

ABTS

US
% inhibition 29.48 ± 2.81 31.17 ± 8.20 29.91 ± 0.90 31.52 ± 3.89

0.796 0.034
µg TE/g FW 21.22 ± 4.70 24.06 ± 13.75 21.93 ± 1.51 24.63 ± 6.52

AM
% inhibition 39.74 ab ± 11.69 28.54 c ± 5.43 30.28 bc ± 3.99 40.68 a ± 7.58

0.002 0.358
µg TE/g FW 38.42 ab ± 19.60 19.65 c ± 9.10 22.56 bc ± 6.70 39.40 a ± 12.71

Note: Statistically significant differences are indicated by different letters assigned to the means. PEFA: 2 kV/cm,
PEFB: 3 kV/cm, and PEFC: 4 kV/cm.

In contrast to what was observed for Beetroot, no clear advantage was detected
for US extraction over MS in enhancing antioxidant capacity, as both extracts exhibited
similar trends. The highest DPPH inhibition values were obtained with the PEFC protocol,
indicating that the most intense electric field protocol might enhance the antioxidant
potential of this species. Specifically, for US extracts, microgreens whose seeds were
subjected to PEFC exhibited a statistically significant increase in DPPH inhibition (+5% vs.
Control). A similar pattern was observed for MS extracts, reinforcing this trend.



Appl. Sci. 2025, 15, 12481 17 of 26

Regarding ABTS, no statistically significant differences were found among US extracts
(p = 0.796), suggesting that this method may not be sensitive enough to detect variations
in antioxidant capacity in Arugula under these extraction conditions. However, for MS
extracts, a significant effect was observed (p = 0.002), with PEFC treatment again yielding
the highest inhibition percentage (40.68%), significantly surpassing the Control and PEFA.
These results suggest that for Arugula, the ABTS method is more responsive to differences
in seed priming treatments when AM is used and that PEFC can be the most suitable to
enhance the extraction of ABTS-reactive compounds.

Basil DPPH and ABTS results are displayed in Table 9:

Table 9. Antioxidant capacity (DPPH and ABTS) of Basil.

Parameter Extract Control PEFA PEFB PEFC p ηp
2

Basil

DPPH

US
% inhibition 79.44 b ± 1.36 78.76 b ± 0.39 79.22 b ± 0.68 81.25 a ± 1.07

<0.001 0.527
µg TE/g FW 16.83 b ± 0.33 16.67 b ± 0.09 16.78 b ± 0.17 17.27 a ± 0.26

AM
% inhibition 79.44 b ± 1.36 78.76 b ± 0.39 79.22 b ± 0.68 81.25 a ± 1.07

<0.001 0.527
µg TE/g FW 16.83 b ± 0.33 16.67 b ± 0.09 16.78 b ± 0.17 17.27 a ± 0.26

ABTS

US
% inhibition 28.95 ± 3.14 30.47 ± 1.27 31.25 ± 4.62 27.39 ± 2.42

0.060 0.204
µg TE/g FW 20.33 ± 5.26 22.88 ± 2.13 24.19 ± 7.74 17.71 ± 4.06

AM
% inhibition 30.64 ± 5.00 28.31 ± 5.10 31.53 ± 2.67 28.34 ± 1.14

0.204 0.132
µg TE/g FW 23.17 ± 8.39 19.26 ± 8.55 24.66 ± 4.47 19.31 ± 1.91

Note: Statistically significant differences are indicated by different letters assigned to the means. PEFA: 2 kV/cm,
PEFB: 3 kV/cm, and PEFC: 4 kV/cm.

Overall, DPPH inhibition and concentration values were high across all subjects, which
demonstrates the antioxidant potential of this species. While no statistically significant
differences were observed among treatments in US extracts when using MS, PEFC treatment
presented a statistically significant enhancement in antioxidant activity, with a large effect
size of 52.7% attributed to the PEF treatment. However, realistically, this only represents an
increase of 2.6% in antioxidant capacity.

Contrary to what was observed in the DPPH assay, ABTS results were not significantly
different between treatments in any of the extraction modalities. This might indicate one
of two conclusions: there is a less pronounced impact of PEF priming on ABTS-reactive
compounds under this extraction method, or there was no influence of the treatment on
antioxidant activity. Considering the results obtained for DPPH, the first hypothesis might
be the correct one, as there is the possibility that each assay—DPPH and ABTS—might
target different antioxidant compounds.

Based on the present results, PEF treatments, particularly the PEFB and PEFC protocols,
induced significant changes in the antioxidant profile of microgreens, with Beetroot show-
ing the most pronounced effects. When exposed to field strengths of 3 to 4 kV/cm, Beetroot
microgreens exhibited a 15% increase in TPC and a 12.4% enhancement in antioxidant
capacity (ABTS). Ahmed et al. (2020) also reported significant increases in concentration of
antioxidant compounds and TPC in wheat plantlet juice after applying 2 to 6 kV/cm to the
seeds [27]. Curiously, no impact on DPPH inhibition was found when PEF treatments of
0.5 to 2 kV/cm were applied to wheatgrass seeds as a pre-sowing technique [11]. These
findings are consistent with previous studies indicating that PEF-induced membrane per-
meabilisation can trigger the generation of reactive oxygen species (ROS), a response to
abiotic stress in plant cells [11,74]. The transient oxidative burst caused by ROS accumula-
tion is believed to activate antioxidant defence pathways, often resulting in the biosynthesis
of phenolic compounds and other secondary metabolites with protective functions [75].
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3.2.2. Total Soluble Solids

The results obtained for Total Soluble Solids (TSS), by direct measurement of ◦Brix of
the prepared hydroalcoholic extract, are represented in Figure 3.

 

Figure 3. Total Soluble Solids in Beetroot, Arugula, and Basil microgreens. Statistically significant
differences are indicated by different letters assigned to the means. Statistical comparisons were
conducted within each colour group. MS: Magnetic Stirring; US: Ultrasound.

The analysis of Beetroot extracts presented consistent behaviour, with both the MS and
US extraction methods displaying significantly higher ◦Brix values for extracts obtained from
microgreens derived from seeds treated with the PEFC protocol (AM—Control: 17.8 ◦Brix vs.
PEF3: 18.4 ◦Brix; US—Control: 17.96 ◦Brix vs. PEF3: 19.30 ◦Brix). This corresponds to an
increase in TSS present in microgreens of approximately 3.4 and 7.5%, respectively.

The opposite was observed for Arugula, considering that the ◦Brix values were signifi-
cantly higher in Control samples—both US and MS—compared to all PEF-treated groups,
presenting a maximum decrease in TSS of −3.2% and −4% for US and MS, respectively.

Basil presented intermediate results: in MS extracts, the highest TSS was found in
the Control sample (18.43 ◦Brix), whereas in US extracts, the PEFC treatment yielded the
highest value (18.34 ◦Brix).

Beetroot results are in line with a study conducted on Scutellaria baicalensis seeds,
which showed that PEF treatment of 0.5 kV/cm significantly increased α-amylase activity,
leading to the conversion of Starch into soluble sugars during early growth [32]. This
suggests that PEF can accelerate cellular metabolism and promote sugar accumulation
in seedlings. However, given the contrasting results observed in Basil and Arugula, the
effect of PEF on sugar content appears to be species specific and dependent on the applied
treatment parameters.
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3.2.3. % Dry Matter

Dry matter content (%) was assessed and is shown in Figure 4.

Figure 4. The % Dry Matter in Beetroot, Arugula, and Basil microgreens. Statistically significant
differences are indicated by different letters assigned to the means. Statistical comparisons were
conducted within each colour group.

The results demonstrate that significant increases in the % dry matter were observed
for Basil seeds treated with 4 kV/cm (F(3, 32) = 6.789, p = 0.001, η2

p = 0.246) and for
the most intense PEF treatments in Beetroot (3 and 4 kV/cm) (F(3, 32) = 5.902, p = 0.003,
η2

p = 0.389). Similarly, an increase for these protocols was also reported in Arugula, albeit
not statistically significant.

3.2.4. Near-Infrared Reflectance Spectroscopy

After analysis, the sample humidity was standardised to ensure a consistent basis for
comparison. This allows the results to be expressed either as a percentage or in g/100 g of
dried sample. The results were analysed, and the final data are presented in Table 10:

Table 10. Nutritional parameters of the different PEF protocols for Beetroot, Arugula, and Basil.

Parameter Control PEFA PEFB PEFC p ηp
2

Beetroot

Fat 2.92 ± 0.41 2.70 ± 0.30 2.06 ± 0.20 4.13 ± 1.58 0.084 0.545
Protein 15.39 b ± 0.98 15.51 b ± 0.60 14.69 ab ± 0.29 20.72 a ± 3.90 0.023 0.678

Crude Fibre 17.05 a ± 0.29 17.42 a ± 0.48 16.94 ab ± 0.35 12.84 b ± 3.13 0.024 0.672
Ash 27.05 a ± 1.46 27.34 a ± 0.67 27.41 a ± 0.56 19.40 b ± 5.40 0.021 0.685

Starch 27.81 c ± 0.74 27.50 c ± 0.64 32.54 a ± 0.58 30.63 b ± 0.47 <0.001 0.945
Neutral Detergent

Fibre 43.69 a ± 0.84 45.10 a ± 0.68 42.78 ab ± 0.44 35.87 b ± 5.87 0.022 0.680

Lysine 2.32 a ± 0.14 2.35 a ± 0.09 2.30 a ± 0.03 2.01 b ± 0.06 0.005 0.778
Cystine 0.35 ± 0.02 0.30 ± 0.01 0.29 ± 0.01 0.50 ± 0.22 0.155 0.462

Methionine 0.20 ± 0.06 0.20 ± 0.03 0.11 ± 0.02 0.40 ± 0.22 0.083 0.546
Phosphorus 2.03 ± 0.02 2.05 ± 0.04 2.02 ± 0.01 1.11 ± 0.87 0.074 0.560

Arugula

Fat 1.27 c ± 0.08 1.63 b ± 0.12 2.35 a ± 0.04 2.43 a ± 0.14 <0.001 0.971
Protein 9.27 bc ± 0.17 9.03 c ± 0.11 10.32 a ± 0.32 9.56 b ± 0.08 <0.001 0.905

Crude Fibre 6.87 d ± 0.13 7.19 c ± 0.07 8.97 a ± 0.08 8.49 b ± 0.07 <0.001 0.993
Ash 7.80 b ± 0.65 7.98 b ± 0.07 8.57 ab ± 0.19 9.91 a ± 0.72 0.005 0.779

Starch 32.00 c ± 0.33 34.37 b ± 0.49 35.85 a ± 0.42 35.49 a ± 0.29 <0.001 0.957
Neutral Detergent

Fibre 32.76 a ± 0.24 31.45 b ± 0.18 32.19 a ± 0.37 30.96 b ± 0.28 <0.001 0.905

Lysine 1.58 b ± 0.03 1.59 b ± 0.02 1.45 a ± 0.02 1.47 a ± 0.02 <0.001 0.924
Cystine 0.28 a ± 0.00 0.27 a ± 0.01 0.15 c ± 0.02 0.20 b ± 0.01 <0.001 0.974

Methionine 0.11 b ± 0.01 0.15 b ± 0.01 0.13 b ± 0.01 0.19 a ± 0.02 0.001 0.854
Phosphorus 0.59 c ± 0.01 0.66 b ± 0.01 0.74 a ± 0.01 0.76 a ± 0.02 <0.001 0.982



Appl. Sci. 2025, 15, 12481 20 of 26

Table 10. Cont.

Parameter Control PEFA PEFB PEFC p ηp
2

Basil

Fat 4.44 b ± 0.02 4.44 b ± 0.06 5.07 a ± 0.13 5.00 a ± 0.21 <0.001 0.888
Protein 22.87 a ± 0.12 22.13 b ± 0.23 22.26 ab ± 0.15 22.87 a ± 0.42 0.013 0.722

Crude Fibre 11.77 a ± 0.19 11.21 b ± 0.08 11.40 b ± 0.13 11.10 b ± 0.10 0.001 0.850
Ash 17.80 a ± 0.33 15.94 b ± 0.41 16.30 b ± 0.11 16.44 b ± 0.31 <0.001 0.887

Starch 28.81 b ± 0.49 30.67 a ± 0.18 31.52 a ± 0.25 30.75 a ± 0.44 <0.001 0.918
Neutral Detergent

Fibre 34.18 a ± 0.47 33.08 b ± 0.16 32.65 b ± 0.04 32.52 b ± 0.14 <0.001 0.907

Lysine 2.08 a ± 0.01 1.98 b ± 0.02 1.94 c ± 0.02 1.99 bc ± 0.03 <0.001 0.883
Cystine 0.68 a ± 0.01 0.64 b ± 0.01 0.61 c ± 0.01 0.63 bc ± 0.01 <0.001 0.889

Methionine 0.51 bc ± 0.00 0.49 c ± 0.01 0.54 a ± 0.01 0.53 ab ± 0.01 0.001 0.847
Phosphorus 0.54 b ± 0.02 0.52 b ± 0.01 0.63 a ± 0.02 0.61 a ± 0.01 <0.001 0.906

Note: Statistically significant differences are indicated by different letters assigned to the means. PEFA: 2 kV/cm,
PEFB: 3 kV/cm, and PEFC: 4 kV/cm.

There are clear trends regarding the global results of nutritional profiles. For instance,
Starch increased in all three species when subjected to PEFB protocols (Beetroot: +17%;
Arugula: +12%; Basil: +9.4%). Protein presented an increase of up to 34% and 11% in
Beetroot and Arugula when exposed to 4 kV/cm. The same intensity was also responsible
for the significant increase in Fat (vs. Control): 41% in Beetroot, 91% in Arugula, and +14%
in Basil.

The impact on Fibre Content is particularly interesting. Crude Fibre generally de-
creased in comparison with the Control: −24.7% in Beetroot, −5.7% in Basil (PEFC), and
30.6% in Arugula (PEFB). The concentration of Neutral Detergent Fibre (NDF) was also
diminished, with the most relevant differences being −17.9% in Beetroot, −5.5% in Arugula,
and −4.8% in Basil, all observed when seeds were subjected to 4 kV/cm.

Since Crude Fibre mainly consists of cellulose and lignin, a reduction in its concentra-
tion may enhance digestibility. These compounds are concentrated in cell walls, and their
reduction can increase microgreen nutrient density and decrease “fill”, thereby increasing
intake and better digestibility rates. In contrast, NDF also includes hemicellulose, which
humans have more difficulty degrading, but ruminants can utilise through degradation
and fermentation [76]. NDF decreased in all species, treated with PEFC (Beetroot: −17.9%;
Arugula: −5.5%; Basil: −4.8%).

In addition, the CF/NDF ratio in Beetroot decreased from 39% to 36% when subjected
to a 4 kV/cm protocol, which might be interpreted as an improvement in digestibility, since
a higher relative proportion of hemicellulose implies that vegetable cell walls present a
more soluble composition. While this is less relevant regarding human consumption, it
would be interesting to extrapolate to other agronomic systems and study the possible
positive impacts on ruminant feed. Arugula and Basil presented opposite trends, where
CF/NDF increased from 33.5% to 34% in Arugula and from 21% to 27% in Basil with the
PEFC protocol.

Regarding amino acids, Lysine decreased in PEF-treated samples for all species by up
to 13%, while Methionine increased in all species: up to 100% in Beetroot, 72% in Arugula,
and 5.8% in Basil. Cystine concentration was species dependent, increasing by 42% in
Beetroot treated with 4 kV/cm but decreasing in Arugula (−46%) and Basil (−10%).

With the exception of Beetroot, where the Phosphorus content decreased under PEFC
treatment (−45%), its concentration increased by up to 28% in Arugula and 16.6% in Basil.

Across all species, PEFB and PEFC treatments generally had the most significant
impacts on nutritional parameters.
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3.3. Post-Harvest: Sensory Analysis

The results of the comparative sensory analysis performed on the three species under
study—Beetroot, Arugula, and Basil—to assess possible organoleptic differences are repre-
sented in radar charts, one for each of the species. The results for Beetroot are presented in
Figure 5.

Figure 5. Comparison of Beetroot sensory profiles.

For instance, Beetroot’s sensory profile was not heavily affected by any of the PEF
treatments, with the most pronounced differences being reported for Colour Intensity, with
PEFB subjects demonstrating a slight reduction compared to other treatments. Sweet is
possibly one of the most appealing and considered attributes when discussing Beetroot;
PEF treatments above 3 kV/cm seem to enhance this attribute, as PEFC and PEFB received
the highest scores. In contrast, Tonality remained relatively stable across all groups. Aroma
Intensity was enhanced in all Beetroot microgreens treated with PEFs, with this difference
being more prominent in PEFA and PEFC. Crispy, Hot, Fibrous, Moisture, and Astrin-
gency attributes showed minor variations but remained consistent across treatments. In
addition, the lingering effect regarding Aftertaste seemed to persist for longer in micro-
greens obtained from PEFA- and PEFC-treated seeds. The conducted statistical analysis
supports the conclusion that neither PEF treatment affected the sensory profile significantly
(F(36, 69) = 0.559, p = 0.971, ηp

2 = 0.226).
Regarding Arugula’s comparative sensory analysis (Figure 6), panellists identified

the most noticeable differences in Aroma Intensity, with PEFB receiving the highest score,
followed by PEFC, while subjects of the Control and PEFA groups exhibited lower similar
values. One of the primary interests in terms of curiosity was determining if electropriming
had any effect on Arugula’s Hot attribute. In fact, a reduction in the score for this attribute
was found for all PEF subjects, as the Control received the highest score. Similarly, Aftertaste
presented the same behaviour. In contrast, Astringency was slightly more noticeable
in PEFC. Like Beetroot, Colour Intensity and Tonality presented small fluctuations but
remained generally consistent across treatments. Statistical analysis demonstrates that
while these differences are noticed, they are not statistically significant; however, the
medium effect size of the treatment was the highest amongst the three species, being able
to explain 41.5% of the assessed differences between treatments (F(36, 57) = 1.124, p = 0.341,
ηp

2 = 0.415).
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Figure 6. Comparison of Arugula sensory profiles.

The sensory results of Basil are expressed in Figure 7.

Figure 7. Comparison of Basil sensory profiles.

The comparative sensory analysis of Basil also revealed interesting results (Figure 7).
Different treatments appeared to affect Aroma Intensity, considering that higher scores
were attributed to the Control, while PEFB presented the least fragrant sample. In contrast,
a more intense PEF protocol seems to increase the perception of Sweet, considering its
successive increase of scores up to PEFC. Astringency, Bitter, and Crispy attributes seem not
to be affected by the pre-sowing treatments. Equally to the other counterparts, statistical
analysis indicated that the observed differences are not statistically different, with 32.4% of
the detected variation explained by the different PEF treatments (F(36, 57) = 0.760, p = 0.809,
ηp

2 = 0.324).
Overall, while some findings suggest that some sensory attributes can be influenced

by the different PEF protocols applied as a pre-sowing treatment, statistical analysis reveals
that these differences are not significant. However, these results suggest that minor effects
can take place for specific sensory attributes, such as Sweet for Beetroot, Hot for Arugula,
and Aroma Intensity for Basil, which highlights a potential need for further research on
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this subject, ideally focusing on future studies with a tasting panel specifically trained for
these descriptors and niche types of food products.

4. Conclusions
Electroporation induced by PEF promoted faster seed hydration, enhancing reserve

mobilisation, optimised germination and growth, and significantly affected nutritional
content, antioxidant capacity, % dry matter, ◦Brix, and photosynthetic pigment concen-
tration. A significant impact on the sensory profiles was undetected. Species-specific
responses to different PEF protocols were observed: PEF application seems to be the most
suitable for Beetroot at 4 kV/cm, 3 kV/cm for Arugula, and 2–3 kV/cm for Basil. These
results show the potential of PEF to tailor microgreen characteristics according to desired
objectives, while further studies should address long-term effects, underlying mechanisms,
and scalability for agricultural applications.
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