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In this study the combined effect of mechanical comminution and pulsed electric fields (PEF) treatments on both
cell disintegration and extractability of phenolic compounds during aqueous extraction from artichoke external
bracts, was investigated. Different-sized bract discs were treated with varying PEF conditions, namely 0.5-5 kV/
cm of electric field strength (E), and 1-20 kJ/kg of total specific energy input (Wr). The cell disintegration index
(Zp) of bract tissues, as well as the total phenolic content (TPC) and antioxidant activity (FRAP) of the extracts,
were assessed.

The results showed that increasing the comminution process intensity led to greater cell disintegration,
resulting in a peak extraction yield of phenolic compounds (17.61 + 1.24 mggar/100 g FW) achieved with the
smallest sample size. Moreover, the application of PEF treatment further increased the Z, value of the bract
tissues in a size-dependent manner. The greater the sample size, the stronger the PEF efficiency. Coherently,
under optimized PEF conditions (E = 3 kV/cm, Wy = 5 kJ/kg), the extracts exhibited higher TPC (+112-361%)
and FRAP values (+83-836 %) as compared to the control samples after 120 min of diffusion. The extraction rate
of phenolic compounds increased when the comminution degree was increased for both untreated and PEF-
treated samples, and this was successfully predicted using Peleg’s model.

These findings suggest that PEF can be a viable alternative to energy-intensive comminution pretreatment,
thus enhancing the extraction of phenolic compounds without requiring finely ground raw material handling.

1. Introduction consists of the flower heads (capitula), commonly known as “artichoke
heads,” and the part of the stems just below them. This portion of the
plant possesses high nutritional value and health-promoting compounds

such as phenols, inulin, fibers, and minerals (Carpentieri et al., 2022a;

The concept of recycling and valorizing biomass, in particular agro-
food residues and food processing by-products, has garnered significant

attention in recent decades. This approach offers a promising solution to
reduce waste whilst obtaining valuable, high-priced products such as
polyphenols (Francavilla et al., 2021), which possess the potential to
serve as active ingredients in various food, pharmaceutical, and
cosmetic sectors.

Within this framework, the production and processing of globe
artichoke stands as an intriguing case study. Globe artichoke is an
ancient herbaceous perennial plant belonging to the Asteraceae family,
originally found in the Mediterranean region (Francavilla et al., 2021;
Gominho et al., 2018). In 2019, global artichoke production exceeded
1.6 million tons, with Italy being the leading producer, followed by
Spain, and France (Ilahy et al., 2022). The edible part of the plant

Francavilla et al., 2021; Guida et al., 2013; Lattanzio et al., 2009).

During the harvesting and industrial processing of artichokes, a
substantial amount of biomass waste is generated, comprising approxi-
mately 60-80 % of the total raw material weight (Francavilla et al.,
2021). This waste mainly consists of stems and leaves left after har-
vesting, and outer bracts of the flowers removed during processing,
which are unsuitable for human consumption and typically discarded.
Consequently, processors face huge environmental and disposal costs
(Christaki et al., 2012; Lavecchia et al., 2019; Lopez-Salas et al., 2021;
Zuorro et al., 2014).

However, previous research has unveiled that artichoke wastes are
still a rich source of polyphenols (Zuorro et al., 2016), including
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chlorogenic acid, mono- and dicaffeoylquinic acids, apigenin, and
luteolin (Francavilla et al., 2021), with proven anti-inflammatory,
antioxidant, and anticancer properties (Carpentieri et al., 2022a; Lat-
tanzio et al., 2009; Llorach et al., 2002). Therefore, the development of
effective and sustainable methods for recovering these bioactive com-
pounds, which are found within the intracellular space of artichoke
tissues, is of utmost importance.

Traditional techniques commonly used in industrial-scale extraction
of bioactive compounds from plant-based biomass, such as Soxhlet
extraction, percolation, and maceration extraction, rely on solid-liquid
extraction (SLE) methods involving solvent application and leaching
(Ameer et al., 2017). However, while these methods offer a straight-
forward approach, they often suffer from drawbacks related to the
presence of the envelope (membranes and wall) surrounding the plant
cell and internal organelles (vacuoles), which hinder solvent penetration
and the mass transfer of intracellular compounds, thus resulting in slow
extraction processes (Carpentieri et al., 2021a).

To overcome these limitations, conventional solvent extraction
processes often require pre-treatments like size reduction (cutting/
grinding) of the raw material. These pre-treatments aim to enhance mass
transfer rates not only by increasing the surface-volume ratio and pro-
moting solid-liquid contact but also by causing cell disintegration by
mechanical destruction of cells at the cutting area (Ayala-Zavala et al.,
2011; Galanakis, 2012; Jaeger et al., 2012). However, the size reduction
of the raw material poses its own set of challenges. Excessively small
particle sizes can boost extraction yield by increasing the proportion of
disrupted cells, but this improvement comes at the expense of
energy-intensive pre-treatments, typically quantified at approximately
100-400 kJ/kg, particularly when dealing with wet products (Cao and
Rosentrater, 2015; Galanakis, 2015). On the other hand, finely ground
raw material exposes a larger surface area, potentially compromising
extract quality through oxidation (Turk et al., 2010), while making
downstream separation and purification processes more complicated
(Bouras et al., 2016; Galanakis, 2015; Moreira et al., 2019). Applying
mild mechanical pre-treatments may result in excessively large particle
sizes, retaining a significant number of intact cells. This hinders the
recovery of intracellular compounds during extraction, necessitating
longer extraction times, higher temperatures, and increased solvent
volumes (Gerschenson et al., 2015). Furthermore, the extraction process
is often conducted upon drying of plant biomass, which requires a sig-
nificant amount of energy (3000-8000 kJ/kg) and may cause thermal
degradation of valuable compounds (Singh et al., 2012).

To address these issues, researchers have explored the use of mild
cell disruption pre-treatments of wet plant-based biomass intending to
intensify the extractability of target intracellular compounds. The goal is
to enhance the extractability of target intracellular compounds, prevent
degradation, reduce energy costs, and ensure the effectiveness of sub-
sequent separation/purification steps (Carpentieri et al., 2021a).

In this frame, pulsed electric fields (PEF) treatment has been shown
to be promising as an efficient alternative to conventional cell disinte-
gration techniques (Arshad et al., 2021; Carpentieri et al., 2021a).
During PEF treatment, the exposure of plant tissue to an external electric
field in the form of microsecond pulses of moderate intensity (0.5-10
kV/cm) and relatively low specific energy (1-10 kJ/kg), leads to elec-
troporation of cell membranes and promotes extraction of intracellular
compounds with maintained particle size of the raw material (Raso
et al., 2016). This has shown great potential to intensify the selective
recovery of target intracellular compounds including polyphenols from
a wide range of food processing wastes and by-products (Arshad et al.,
2021), while reducing energy costs, solvent consumption, and treatment
time (Carpentieri et al., 2021b, 2022a,b; Frontuto et al., 2019; Mar-
tin-Garcia et al., 2020; Pataro et al., 2017).

Despite these potential advantages, there is currently limited
research on the feasibility of using PEF technology to enhance the
extraction efficiency of phenolic compounds from artichoke wastes.
Furthermore, the existing research focused exclusively on the outer
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bracts and stems, which were prepared by either cutting the bracts into
fixed-size strips measuring 2 cm in length or dicing the stems into 1 cm®
cubes (Battipaglia et al., 2009; Carpentieri et al., 2022a). Additionally,
no or very few systematic studies account for the complex interactions
between mechanical cell damages of plant tissues occurring during the
size reduction of raw material, cell disintegration caused by PEF treat-
ment, and the subsequent SLE step (Bouras et al., 2016; Jaeger et al.,
2012). This information will be essential for the integration of PEF
technology in the industrial scale extraction process since it may require
adjustment of operating parameters of the related conventional pro-
cessing steps, in order to maximize the beneficial effects of PEF on
extraction yield and purification.

The objective of this study was to investigate the effects of size
reduction (cutting), applied alone or in combination with PEF treat-
ment, on the degree of cell disintegration of external bracts of artichoke
tissues and the recovery yield of phenolic compounds during subsequent
aqueous extraction. Specifically, different PEF treatments of variable
electric field strength (E, kV/cm) and total specific energy input (Wr, kJ/
kg) were applied to samples of different sizes, in order to define the
optimal conditions that maximize the cell disintegration degree of the
tissue with the minimum energy consumption. The latter was then used
to investigate the effect of the PEF-assisted extraction on the recovery
yields of phenolic compounds, as well as on the antioxidant power of the
obtained extracts.

2. Materials and methods
2.1. Raw materials

Fresh artichoke heads of the “Cavaliere” variety were supplied by a
local producer and kept refrigerated at 4 °C until use, within 3 days from
harvesting. The moisture content on wet basis of artichoke bracts,
evaluated on arrival at the laboratory, was found to be 84.0 + 0.9 %.
Before the experiments, the outer bracts, constituting the non-edible
part of the artichoke head, were manually removed, and subsequently
cut into discs of variable diameter (D = 0.5, 0.8, 1.0, 1.5, 2.0, and 3.0
cm) utilizing cork borers (Fig. 1). To prevent enzymatic oxidative phe-
nomena of polyphenols, the discs of artichoke bracts were immediately
immersed in a 1% (w/v) citric acid solution in water, before carrying out
impedance analyses and PEF-assisted extraction experiments.

2.2. Chemicals

Folin-Ciocalteu reagents, sodium carbonate, citric acid, as well as
iron chloride, and 2,4,6-tripyridyl-S-triazine (TPTZ), were purchased
from Sigma-Aldrich (Sigma-Aldrich, Steinheim, Germany). Ascorbic
acid for FRAP assay was obtained from Acros Organics (Geel, Belgium),
while sodium acetate and acetic acid were purchased, respectively, from
Panreac (Panreac Quimica, Barcelona, Spain) and Fisher (Fisher Scien-
tific, Rodano, Italy).

2.3. PEF apparatus

The PEF treatments of artichoke bract discs were conducted using a
laboratory-scale batch system as described in a previous study (Pataro
et al., 2017). Briefly, the setup included a high voltage pulsed power
generator (Modulator PG, ScandiNova, Uppsala, Sweden) capable of
delivering monopolar square waveform pulses with a wide range of
pulse widths (3-25 ps) and repetition frequencies (1-450 Hz). A batch
treatment chamber was employed, consisting of two cylindrical
stainless-steel electrodes (3 cm in diameter) separated to a distance of up
to 5 cm by a polycarbonate tube containing the sample. The actual
voltage and current signals at the treatment chamber were measured
using a high voltage probe (Tektronix, P6015A, Wilsonville, OR, USA)
and a Rogowsky coil (2-0.1 Stangenes, Inc., USA), respectively, and
displayed on a 300 MHz digital oscilloscope (Tektronix, TDS 3034 B,
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Fig. 1. Representative photographs of artichoke external bracts discs of variable diameter: (a) 3 cm, (b) 2 cm, (c) 1.5 cm, (d) 1 c¢m, (e) 0.8 cm, and (f) 0.5 cm.

Wilsonville, OR, USA). The maximum electric field intensity (E, in
kV/cm) was determined by calculating the ratio of the peak voltage to
the electrode gap. The total specific energy input (W, in kJ/kg of
fresh-weight artichoke bracts) was calculated according to Eq. (1)
(Carpentieri et al., 2021b):

n 0
WT :;/0 U(t) L4 I(t)dt (1)

where U(t) and I(t) represent the voltage across the electrodes and the
current intensity through the treated product at time t, respectively, n is
the number of pulses applied, and m is the mass of the treated plant
material.

2.4. Quantification of cell disintegration degree via impedance analyses

Measurements of electrical complex impedance and the calculation
of cell disintegration index (Z) of the artichoke bract tissues were used
to characterize the electrical behavior and the degree of cell membrane
disruption induced by mechanical comminution (cutting) operation in
discs of different sizes as well as by subsequent PEF treatment, according
to the method described by Donsi et al. (2010a).

Before each measurement, approximately 6 g of artichoke bract discs
of a given size (0.5, 0.8, 1.0, 1.5, 2.0, or 3.0 cm in diameter) were loaded
into the measuring cell, which was the same treatment chamber used for
application of the PEF treatments with the electrodes separated at a
distance of 1 + 0.1 cm. Distilled water was added to the bract discs until
achieving a solid-liquid ratio of 1:1 (g/mL). This ratio was found to be
the minimal water volume required to ensure electrical continuity be-
tween the electrodes. PEF treatments were carried out at different field
strength (E = 0.5, 1, 3, and 5 kV/cm) and total specific energy input (Wt
=1, 3,5, 10, and 20 kJ/kg) at a constant pulse width (20 ps) and fre-
quency (10 Hz). The PEF treatment time ranged between 20 ps (E = 5
kV/cm, Wy = 1 kJ/kg) and 45.6 ms (E = 0.5 kV/cm, Wt = 20 kJ/kg).
The initial temperature of the samples was 20 + 2 °C and no appreciable
temperature increases were detected due to the relatively low energy
input delivered during the treatment.

For the impedance measurements, the electrodes of the measuring
cell were connected to an impedance analyzer (1260, Solartron, UK),
which provides a frequency response of the complex impedance of the
sample in the range of 102-10° Hz. The results were plotted as the

absolute complex impedance |Z| as a function of the frequency, as well as
for the different sizes of the artichoke discs and PEF treatment
conditions.

The Z, value was calculated on the basis of the measurement of the
absolute value of the complex impedance of untreated 3 cm in diameter
artichoke bract tissues (|Zn|), which served as the reference (control),
and the absolute value of the complex impedance of bract tissues
following both comminution (0.5-3 cm in diameter) and subsequent
PEF treatment (|Z;|) in the low (0.1 kHz) and high (1 MHz) frequency
ranges, using Eq. (2) (Frontuto et al., 2019):

- |Zunlr (0,1 kHz)‘ - |Zu (0,1 kHz)|

Z (2)

P |Zunlr (0.1 kHz)| - |Zu (1 M) |

The calculated Z, values range between 0 (for intact tissue) and 1 (for
fully permeabilized tissue). All the measurements were carried out in
triplicate.

The achieved Z, values were used to elucidate the interaction be-
tween size reduction of the artichoke bracts and cell membrane disin-
tegration induced by PEF treatment. Additionally, these values were
instrumental in establishing the optimal PEF treatment conditions, in
terms of electric field strength (E,p,) and total specific energy input (Wr,
opt); to be used as an alternative or to complement mechanical commi-
nution to boost the extractability of intracellular compounds with
minimum energy consumption and without compromising the subse-
quent purification steps.

2.5. PEF-assisted aqueous extraction of phenolic compounds

For each PEF-assisted extraction experiment, three replicates of 6 g
of artichoke bract discs of different sizes (D = 0.5-3 cm) were loaded
into the treatment chamber, together with distilled water (solid-to-
liquid ratio = 1:1 g/mL), and subjected to electropermeabilization
treatment at the optimal treatment conditions (Eopr., Wrt,0pT.) Previ-
ously defined according to the results of impedance analyses. During the
PEF treatment, the pulse repetition frequency and the pulse duration
were kept constant at 10 Hz and 20 ps, respectively.

After each triplicated electro-permeabilization treatment, the discs
of artichoke bracts (18 g) were immediately subjected to SLE by placing
them into 250 mL Erlenmeyer flasks, where distilled water was added as
extracting solvent at a constant solid-to-liquid ratio (1:10 g/mL)
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according to previous findings (Battipaglia et al., 2009; Francavilla
et al., 2021). The flasks were then introduced in an orbital incubator
S$150 (PBI International, Milan, Italy) where the extraction process was
carried out under constant shaking at 160 rpm for different times (up to
360 min) at room temperatures (25 °C). For the sake of comparison, the
conventional SLE process was carried out using the same protocol but
without any PEF pre-treatment.

To examine the effect of extraction time on the release of phenolic
compounds, three replicates of 1 mL extract of both untreated (only
comminuted, Wt = 0 kJ/kg) and PEF-treated samples were withdrawn
from the flasks at different diffusion times (10, 20, 30, 45, 60, 120, 240,
and 360 min). The extracts were immediately centrifuged at 5700xg
(PK121R model, ALC International, Cologno Monzese, IT) for 10 min at
4 °C to separate the supernatant, which was subsequently filtered
through 0.45 pm syringe filters. The final extracts were then stored at
—20 °C until further analysis.

The extraction kinetics data of total phenolic content (TPC) in water
were fitted using the empirical equation (Eq. 3) proposed by Peleg
(1988). This equation is widely employed to describe the extraction
kinetics of intracellular compounds from various food matrices
(Bucic-Kojic et al., 2007; Odriozola-Serrano et al., 2008; Pataro et al.,
2020; Poojary and Passamonti, 2015). The equation is expressed as
follows:

TPC=— ®)

Vo + TPCo

Here, TPC is expressed as milligrams of gallic acid equivalents (GAE) per
100 g of fresh weight (FW) artichoke samples (mggar/100 g FW). It
signifies the total phenolic content at time t (in min). vo (in mggag/100 g
FW-min) denotes the extraction rate at the very beginning (t = tp), while
TPC,, (in mggap/100 g FW) indicates the maximum concentration of
phenolic compounds in the extracts, representing the equilibrium con-
centration of the total extracted analyte as time approaches infinity
(Pataro et al., 2020).

2.6. Determination of total phenolic content (TPC) and ferric reducing
antioxidant power (FRAP)

The total phenolic content of extracts from both untreated and PEF-
treated artichoke bract discs of different sizes was determined using the
Folin-Ciocalteau method as described by Bobinaite et al. (2015), with
slight modifications. Briefly, 1 mL of undiluted extract was mixed with 5
mL of 10% (v/v) Folin-Ciocalteau reagent and allowed to stand for 5 min
at room temperature. Afterward, 4 mL of sodium carbonate (7.5% w/v
in water) was added to the mixture, which was incubated for 60 min at
room temperature in a dark place. The absorbance of the obtained
mixture was then measured at 765 nm using a V-650 spectrophotometer
(Jasco Inc. Easton, MD, USA). Gallic acid dissolved in distilled water was
used to generate a five-point external standard calibration curve in a
concentration range comprised between 10 and 100 mg/L. TPC of ex-
tracts was then expressed as milligrams of gallic acid equivalents (GAE)
per 100 g of fresh weight (FW) artichoke bracts (mggag/100 g FW).

FRAP assay of extracts from both untreated and PEF-treated samples
was carried out according to the method described by Benzie and Strain
(1996), with slight modifications. Briefly, 2.5 mL of freshly prepared
FRAP working solution and 0.5 mL of undiluted water extract were
mixed and incubated for 10 min at ambient temperature. The absor-
bance of the reacting mixture was then spectrophotometrically
measured at 593 nm. Ascorbic acid dissolved in distilled water was used
as the standard for obtaining a calibration curve in a concentration
range comprised between 0 and 2 mmol/L. The FRAP values were
expressed as mmol of ascorbic acid equivalents (AAE) per 100 g of
fresh-weight artichoke bracts (mmolaag/100 g FW).
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2.7. Statistical analysis

All PEF treatments and analyses, unless otherwise specified, were
performed in triplicate. The mean values and standard deviations (SD) of
experimental data were calculated. Statistically significant differences
(p < 0.05) among the averages were evaluated using a one-way analysis
of variance (ANOVA) and Tukey’s test. The Pearson product-moment
correlation coefficient was used to measure the strength of the linear
relationship between two variables. Statistical analyses were carried out
using the SPSS 20 (SPSS Inc., Chicago, USA) statistical package. Sig-
maPlot 12.0 (Systat Software, Inc) was used for nonlinear regression
analysis by Eq. (3) to assess the effects of comminution degree and PEF
processing conditions on the kinetic parameters vy and TPC. The
goodness of model fitting was evaluated by calculating the determina-
tion coefficient (R?).

3. Results and discussions

3.1. Effect of comminution and PEF treatment on the electrical behavior
of artichoke bract tissues

Measurements of complex electrical impedance were utilized to
characterize the electrical behavior and the extent of cell membrane
disruption of artichoke bract tissues resulting from either mechanical
comminution (cutting) operation, or its combination with PEF
treatment.

Fig. 2a depicts the frequency impedance spectra of artichoke bracts
after single cutting operation in discs of different sizes (0.5-3 cm in
diameter). The results show that the absolute impedance value of the
largest discs of artichoke bract tissue is strongly frequency-dependent
showing a characteristic sigmoidal behavior as a result of  dispersion
(i.e. the phenomenon associated with the polarization of the cell mem-
brane) (Genovese et al., 2021). This is because, in the low-frequency
field (0.1-1 kHz), the large proportion of intact cell membranes likely
remained in the larger bract discs acts as a capacitor preventing the flow
of the electric current in the intracellular medium (ohmic-capacitive
behavior). With increasing frequency, the cell membrane becomes less
and less resistant to the current flow. At very high-frequency values
(0.1-1 MHz), the membrane is shorted out and the absolute value of the
complex impedance is representative of the contribution of both the
extra- and intracellular medium (pure ohmic behavior). Hence, the tis-
sue permeabilization induced by external stresses such as mechanical
comminution or PEF treatment is detectable in the low frequency range.
In the high-frequency range, because the cell membranes exhibit no or
negligible resistance to the current flow, there is practically no differ-
ence between the impedance of intact cells and cells with ruptured
membranes (Adekanmbi and Srivastava, 2019; Battipaglia et al., 2009;
Carpentieri et al., 2022b, 2023; Donsi et al., 2010a, 2010b; Pataro et al.,
2009; Sui et al., 2020).

The findings presented in Fig. 2a also show the transition from an
almost intact to a ruptured state as the size of the artichoke discs di-
minishes. This is because the size reduction of the artichoke discs below
3 cm in diameter likely reduces the number of intact cells at the cutting
area (Jaeger et al., 2012). Consequently, a gradual reduction in the
impedance modulus of the samples is observed at low-frequency values
(0.1-1 kHz), indicating a diminishing capacitive behavior as the degree
of comminution increases. This trend persists until reaching an almost
flat profile for the smallest investigated disc sizes (D = 0.5-0.8 cm).
Consequently, in such conditions, the electrical characteristics of the
vegetable tissue undergo a transition from an ohmic-capacitive behavior
to a purely ohmic one, signifying a substantial disruption in cell mem-
brane integrity.

Fig. 2b—g shows the frequency-impedance spectra achieved after PEF
treatments of artichoke discs of different sizes (D = 0.5-3 cm) at a fixed
field strength (3 kV/cm) and for different total specific energy inputs
(1-20 kJ/kg). Similar trends were also obtained for the other field
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Fig. 2. Frequency dependency of the absolute value of complex impedance (|Z|) for artichoke bract discs achieved after (a) single comminution operation at different
discs diameter, and (b-g) subsequent PEF treatment at constant field strength (E = 3 kV/cm) and different total specific energy inputs (Wr = 1-20 kJ/kg) with discs
diameter set at (b) 3 cm, (c) 2 cm, (d) 1.5, (¢) 1 cm, (f) 0.8 cm, (g) 0.5 cm. n = 9.
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strengths (0.5, 1, and 5 kV/cm) investigated (data not shown). The
application of a PEF treatment led to a significant lowering of the
impedance value due to the further loss of the capacitive properties of
the cell membrane after electropermeabilization (Carpentieri et al.,
2022b; Genovese et al., 2021). However, the impedance value experi-
ences a more significant decrease after PEF treatment in the case of
samples with larger sizes. For example, the application of the PEF
treatment at 3 kV/cm and 5 kJ/kg reduced the absolute value of the
complex impedance detected at 1 kHz from 1655 Q to 497 Q for bract
discs of 3 cm in diameter (Fig. 3b), and from 299 Q to 88 Q for samples of
0.5 cm in diameter (Fig. 3g). This effect can be attributed to the presence
of a higher number of intact cells within the larger bract discs available
for electroporation. Moreover, for any field strength applied, the abso-
lute value of the complex impedance decreased as long as the energy
input increased, especially for values greater than 1 kJ/kg. On the other
hand, data not shown revealed that for the same energy input, the higher
the field strength applied, the greater the membrane permeabilization
effect, which was more effective for field strength above 0.5 kV/cm and
when the PEF treatment was applied to the larger particles.

Overall, the outcomes presented here provide clear evidence of the
potential of single mechanical comminution or its combination with PEF
treatment in altering the electrical behavior of artichoke bract tissues by
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inducing the disruption of the cell membrane to an extent that depends
on the treatment intensity.

3.2. Effect of comminution and PEF treatment on the cell disintegration
index of artichoke bract tissues

The impedance measurements (Fig. 2) were used for the evaluation
of the cell disintegration index (Zp) according to Eq. (2), which has been
widely demonstrated to be a reliable indicator to quantify the proportion
of damaged cells in terms of cell membrane disruption in diverse agri-
food by-products tissues (Bobinaite et al., 2015; Carpentieri et al.,
2022b, 2023; Frontuto et al., 2019; Pataro et al., 2019, 2020). For the Z,
calculation, the almost intact tissue associated with the untreated (Wy =
0 kJ/kg) artichoke bract discs of 3 cm in diameter was used as the
reference (control) sample (Z, = 0).

Results are plotted in Fig. 3 as cumulative cell disintegration index
achieved after the comminution operation of artichoke bracts in discs of
different sizes (D = 3-0.5 cm), and subsequent PEF treatment at
different field strength and energy input. A Z, value of only 0.18 £ 0.08
was found for untreated artichoke bracts cut in discs of 2 cm in diameter,
indicating that only a minor part of the plant cells (18%) was destroyed
upon mild cutting operation applied alone (Fig. 3b). Increasing the
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Fig. 3. Cumulative cell disintegration index (Zp) of artichoke bract tissues after comminution to discs of (a) 3 cm, (b) 2 cm, (c) 1.5 cm, (d) 1 cm, (e) 0.8 cm, and (f)
0.5 cm in diameter and subsequent PEF treatment at different intensity (E = 0.5-5 kV/cm; Wt = 1-20 kJ/kg). Different letters above the bars indicate significant

differences among the mean values (p < 0.05). n = 9.
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degree of comminution intensity resulted in bract discs of smaller sizes
and therefore in a higher degree of mechanical cell disruption. As a
result, the Z, value of untreated artichoke bracts cut in discs of 1.5, 1.0,
0.8, and 0.5 cm in diameter, increased up to 0.48 + 0.04 (Fig. 3c), 0.61
+ 0.04 (Fig. 3d), 0.74 + 0.03 (Fig. 3e), and 0.88 + 0.01 (Fig. 3f),
respectively.

By applying PEF treatment at different field strengths (0.5-5 kV/cm)
and energy inputs (1-20 kJ/kg), additional cell disintegration could be
achieved in a sample size-dependent manner (Fig. 3a—f). For instance,
when subjecting artichoke bract tissues cut into 3 cm diameter discs (Z,
= 0) to PEF treatment at 3 kV/cm and 20 kJ/kg, a Z, value of 0.77 was
obtained (Fig. 3a). Upon reducing the diameter of the bracts to 2.0, 1.5,
1.0, 0.8, and 0.5 cm, in addition to the cell damage incurred from me-
chanical comminution (Fig. 3b—f), further membrane disruption was
observed following PEF treatment. However, the incremental increase in
Zp values diminished to 0.71 (Fig. 3b), 0.42 (Fig. 3c), 0.37 (Fig. 3d), 0.24
(Fig. 3e), and 0.08 (Fig. 3f), respectively. The more pronounced increase
in cell disruption observed in mildly comminuted samples might be
ascribed to the greater number of intact cells available for electropora-
tion in the larger bract discs (Jaeger et al., 2012). However, as the
comminution process becomes more intense, a greater proportion of
cells undergoes mechanical damage. Consequently, the contribution of
the subsequent PEF treatment to Z, becomes progressively less signifi-
cant, regardless of the applied treatment intensity. This is corroborated
by the findings of Fig. 3f, which shows that the majority of the plant cells
(88% on average) were destroyed when the highest comminution in-
tensity was applied, and applying the PEF treatment yielded either no or
only marginal (9% on average) additional cell disintegration (p > 0.05).

Additionally, results reveal that the extent of cell membrane per-
meabilization increased with increasing the field strength and energy
input, even though the effect of energy input appeared slightly more
pronounced than that of the field strength. In particular, according to
previous findings (Barba et al., 2015; Carpentieri et al., 2021b, 202;
Fincan, 2015; Frontuto et al., 2019; Luengo et al., 2013; Pataro et al.,
2019), regardless of the field strength applied, the extent of cell mem-
brane permeabilization significantly (p < 0.05) increased with the
augmentation of energy input, reaching a saturation point at approxi-
mately 5 kJ/kg. Beyond this threshold, no additional significant (p >
0.05) cellular damages could be detected. The only exception was
observed in mild comminuted samples with diameters of 3 cm, 2 cm, and
1.5 cm when exposed to the lowest field strength (0.5 kV/cm). In these
cases, a significant (p < 0.05) increase in Z, value was noted when the
energy input was raised from 5 to 20 kJ/kg (Fig. 3a—c). On the other
hand, results of ANOVA revealed that, at any given energy input and for
samples ranging in size from 2 cm to 0.8 cm in diameter (Fig. 3a-e),
significant differences (p < 0.05) in the Z, value were detected only
when the field strength increased from 0.5 to 3 kV/cm for bract discs of
3, 2 and 1.5 cm in diameter, and from 1 to 3 kV/cm for bract discs of 1
and 0.8 cm in diameter. However, applying PEF treatment at the highest
field strength (5 kV/cm) did not result in additional increases (p > 0.05)
in the extent of cellular damages. For the smallest artichoke discs (D =
0.5 cm), no significant differences (p > 0.05) in Z, values were detected
within the explored spectrum of field strengths, regardless of the specific
energy input delivered to the sample (Fig. 3f). It is also worth noting that
artichoke discs of 2 cm in diameter subjected to PEF treatment at 3
kV/cm and 5 kJ/kg (Fig. 3b) had a similar level of cell disintegration (Z,
= 0.88) as the smallest discs (0.5 cm in diameter) after single commi-
nution pre-treatment (Fig. 3f). These findings emphasize the potential of
PEF as a gentle alternative or complementary approach to traditional
mechanical cell disintegration methods that rely on reducing the size of
raw material. PEF offers the advantage of eliminating the necessity to
manage fine-grinded samples, thereby preventing potential complica-
tions in subsequent separation and purification processes.

Based on the results of Fig. 3, 3 kV/cm and 5 kJ/kg were selected as
the optimal PEF treatment conditions to be used as a pre-treatment of
artichoke bract discs before the subsequent extraction process.
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Interestingly, the energy consumption needed for the effective electro-
permeabilization of the studied bract tissues represents a negligible
fraction, approximately 2.5%, compared to the energy typically used in
the comminution operations of wet matrices, as highlighted by Gal-
anakis (2015).

The general trend of the influence of electric field strength and total
specific energy input on Z, values observed in this research is somehow
consistent with previously reported data for other plant tissues, where a
dependency on the electric field strength and the energy input was
identified (Carpentieri et al., 2022b, 2023; Frontuto et al., 2019; Pataro
et al.,, 2019). However, through a comprehensive literature survey, it
was found that only Battipaglia et al. (2009) investigated the impact of
PEF treatment on the degree of cell disintegration in artichoke bract
tissues. The authors found that the application of PEF treatment, carried
out under milder (0.8 kV/cm and 1 kJ/kg) or more intense (1.6 kV/cm
and 5 kJ/kg) conditions, increased the permeabilization degree (Z,) of 2
cm-thick strips of artichoke bracts tissues up to 0.5 and 0.9, respectively,
which is consistent with results achieved in this work.

Furthermore, data are very limited regarding the level of cell disin-
tegration in fruits or vegetables upon cutting and grinding pre-treatment
applied alone or in combination with PEF treatment to intensify the
subsequent extraction processes of juice or valuable compounds from
plant tissues. As an example, Angersbach et al. (1999) found a Z, value
of 0.55 for coarsely ground potato (strips with a cross-section area of 2.5
x 0.6 mm) and 0.84 for fine-grained potato (particle size 0.3-0.7 mm),
thus corroborating the remarkable influence of the size reduction of
plant tissue on the degree of cell disruption detected in this work.
However, only in the work of Jaeger et al. (2012) the mutual interaction
between mechanical grinding and PEF treatment on cell disruption was
studied, with the aim to intensify the recovery yield of juice during
PEF-assisted pressing from apple mash of different size (2, 5, and 9 mm).
Results showed that mash of 2 mm in size (fine grinding) had already
experienced significant cell destruction (86%) through grinding, making
PEF treatment unnecessary. On the other hand, mash with larger par-
ticles (5 and 9 mm), and more intact cells, led to a Z, value of 0.48 and
0.51, respectively, thus showing potential for further cell disintegration
by PEF treatment.

3.3. Effect of comminution degree and PEF pre-treatment on TPC
extraction kinetic and antioxidant activity

Fig. 4 illustrates the impact of comminution degree alone (Fig. 4a) or
in combination with PEF treatment at fixed electric field strength (3 kV/
cm) and total specific energy input (5 kJ/kg) (Fig. 4b) on the extraction
kinetics of total phenolic content (TPC) from artichoke bract discs (D =
0.5-3 cm) in water. The kinetic experimental data from untreated and
PEF-treated artichoke bract discs were fitted by Peleg’s model (Eq. (3)).
The calculated parameters of this model, namely vy and TPC,, and
values of determination coefficients R? are presented in Table 1. A
higher vy value in Eq. (3) indicates a faster extraction rate, while a
greater TPC,, value suggests a higher extraction yield (Pataro et al.,
2020). The determination coefficients ranged from 0.904 to 0.993, thus
indicating that Peleg’s model could be reasonably applied to predict the
extraction rate of TPC in water. This is in agreement with previous
findings on the extraction of intracellular compounds like polyphenols
or carotenoids from different plant tissues (Bucic-Kojic et al., 2007;
Carpentieri et al., 2021b; Odriozola-Serrano et al., 2008; Pataro et al.,
2020; Poojary and Passamonti, 2015).

Furthermore, Fig. 4 demonstrates that, regardless of the cell disin-
tegration pre-treatment application, the TPC extraction was highly
dependent on the extraction time. Initially, TPC increased rapidly as the
solvent penetrated the solid matrix, driven by the high concentration
gradient between the solid and liquid phases (Pataro et al., 2020).
However, the extraction rate gradually decreased over time due to the
diminishing driving force and the decrease in analyte concentration in
the solid phase (Poojary and Passamonti, 2015), eventually reaching an
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Fig. 4. Extraction kinetics of total phenolic content (TPC) in water from (a)
untreated and (b) PEF (3 kV/cm and 5 kJ/kg)-treated artichoke bract discs of
variable size (D = 0.5-3 cm). The extraction temperature was set at 25 °C. The
symbols represent experimental data, whereas the curves arise from fitting
using Peleg’s model (Eq. (3)). n = 9. The inserts depict the pictures of the ex-
tracts after 120 min of extraction from untreated (Fig. 4a) and PEF (3 kV/cm, 5
kJ/kg)-treated (Fig. 4b) artichoke bract discs (D = 3 cm).

almost equilibrium condition. Most of the phenolic compounds were
recovered in approximately 120 min of extraction, with longer diffusion
times yielding no substantial increment in the total phenolics’ amount,
regardless of the bract disc size and cell disintegration method applied.

Interestingly, from the results of Fig. 4, it appears that water is a good
extraction solvent because it can dissolve a substantial amount of
phenolic compounds. This is corroborated by the findings of Battipaglia
et al. (2009), who found that the aqueous extraction of phenolic com-
pounds from artichoke bracts tissue led to similar recovery yields as
those detected when hydro-alcoholic mixtures were used, thus avoiding
the need for organic solvents, and contributing to a more sustainable and
“green” process. However, the extraction kinetic in water of phenolic
compounds, originally located in the intracellular space of artichoke cell
tissues, is significantly dependent on the bract disc size and on the
applied PEF treatment. Specifically, regardless of the extraction time
and PEF application, a gradual and significant (p < 0.05) enhancement
in the diffusion rates of phenolic compounds in the extracts could be
detected with increasing the intensity of the comminution process, due
to the consequent increase in the surface-volume ratio of the samples
and partial cell disintegration induced at the cutting area (Fig. 4a).
Notably, the artichoke bract discs of 2 and 3 cm in diameter exhibited a
relatively low surface-volume ratio and contained a substantial pro-
portion of intact cells. Consequently, the extraction of phenolic com-
pounds in water was quite slow, with a limited recovery yield even after
long diffusion times (Fig. 4a). In contrast, higher comminution
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Table 1

Initial extraction rate (vp) and maximum total phenolic content (TPC,,) of ex-
tracts from untreated and PEF (E = 3 kV/cm, W = 5 kJ/kg)-treated artichoke
bract discs of variable size (D = 0.5-3 cm), obtained by fitting the experimental
data of TPC extraction kinetics (Fig. 4) with Peleg’s model (Eq. (3)).

Sample E Wr Size Vo (Mggar/ TPC, R?
(kv/ &J/ (cm) 100 g FW (mggae/100
cm) kg) min) g FW)
Untreated 0 0 0.5 1.04 +0.07¢  18.97 + 0.957
0.44°
0.8 0.62 +0.05° 9.73+0.37¢  0.980
1 0.32+0.01°  7.05+0.23° 0.941
1.5 0.28 + 4.88 +0.21°  0.990
0.01%®
2 0.25 + 351 +0.17°  0.904
0.01%
3 0.11 +0.01*  3.42+0.08*  0.981
PEF- 3 5 0.5 3.40 +0.14"  39.91 + 0.984
treated 0.69!
0.8 215+ 0.08%  37.32+ 0.978
0.54!
1 1.68 +0.12f 3518+ 0.987
0.14"
1.5 1.34 +0.04°  31.63 + 0.993
0.278
2 0.73+0.03°  31.20 + 0.983
0.388
3 0.31 +0.01° 2542+ 0.975
0.11f

Data are means =+ standard deviations (n = 9). Different lowercase letters in the
same column indicate significant differences among the mean values (p < 0.05).

intensities led to the generation of smaller bract discs, resulting in a
more pronounced mechanical disruption of cells (Fig. 3). As a result, the
extraction rate of phenolic compounds exhibited a gradual increment,
culminating in a TPC value of 17.6 + 1.2 mggar/100 g FW in extracts
derived from the smallest bract discs (0.5 cm in diameter). This level was
approximately six times higher compared to the observed TPC value for
the largest bract discs (3 cm in diameter), which measured 2.89 + 0.06
mggar/100 g FW after 120 min of water diffusion.

Furthermore, in agreement with the results shown in Fig. 3, the
additional cell membrane permeabilization induced by the application
of PEF (3 kV/cm - 5 kJ/kg) treatment positively influenced both the
extraction rates and yields of phenolic compounds, which resulted
significantly (p < 0.05) higher compared to the untreated samples,
regardless of the bract size (Fig. 4b and Table 1). For instance, in the case
of 3 cm diameter bract discs, the amount of phenolic compounds
recovered after 120 min of extraction was 2.89 + 0.06 mggar/100 g FW
for untreated samples, whereas it increased to 13.33 + 1.76 mggar/100
g FW for PEF-treated samples. This significant difference is visually
corroborated by the inserts of Fig. 4, where the appearance of the ex-
tracts after 120 min of extraction for untreated and PEF-treated arti-
choke bract discs (D = 3 cm) is shown. The color intensity of the extract
is closely related to the content of phenolic compounds.

However, in accordance with previous research (Jaeger et al., 2012;
Turk et al., 2010), the effect of PEF treatment was more pronounced for
larger bract discs due to the higher number of intact cells remained in
the artichoke tissue, which are susceptible to cell disintegration during
PEF treatment (Figs. 3-4).

As per the literature survey, the impact of a PEF pre-treatment on
polyphenol extractability from artichoke wastes has been investigated
only by Battipaglia et al. (2009). In this preliminary work, the authors
observed that PEF (0.8-1.6 kV/cm, 1-5 kJ/kg)-induced permeabiliza-
tion of the cell membranes significantly accelerated the release of
polyphenolic compounds from the outer bracts of artichokes, leading to
higher extractability of TPC (+30-150%) as compared with SLE
extraction of untreated samples. These results perfectly align with the
outcomes obtained in the present work (Fig. 4 and Table 1).
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However, only a few works investigated the combination of size
reduction and PEF pre-treatment for extracting valuable compounds
from plant tissues, but none of them dealt with artichoke wastes.
Nevertheless, in line with our findings, Bouras et al. (2016) found that
PEF treatment of Norway spruce bark slices (10 mm in length) signifi-
cantly enhanced the aqueous SLE of phenolic compounds compared to
control extraction, yielding results comparable to sawdust diffusion (1.2
mm in diameter). Other researchers have demonstrated that the appli-
cation of PEF treatment before pressing lemon residues (Peiro et al.,
2019) or apple mash (Turk et al., 2010) of various sizes significantly
increased the release of phenolic compounds. However, partially in
contrast with our results, the impact of size reduction on phenolic
compound extraction yield was observed only in untreated samples,
with no significant differences detected among PEF-treated samples of
different sizes. This suggests that PEF pre-treatment could eliminate the
need for grinding or cutting procedures in intensifying industrial pro-
cesses for plant-based materials.

Table 2 displays the antioxidant activity (FRAP) of extracts obtained
from both untreated and PEF-treated (3 kV/cm - 5 kJ/kg) artichoke
bract discs after 120 min of water diffusion, as a function of the sample
size (D = 0.5-3 cm) and the corresponding percentage increase upon the
application of PEF pre-treatment. Additionally, the table includes the
TPC values previously presented in Fig. 4 to emphasize the relationship
between phenolic content and the antioxidant activity of the extracts.
The results reveal that, in alignment with the respective TPC values, the
FRAP values for both untreated and electropermeabilized samples
exhibit a significant increase (p < 0.05) as the degree of comminution
increases. Specifically, significant differences (p < 0.05) in the FRAP
values were observed when the size of the bract discs decreased from 1
cm to 0.5 cm for untreated samples, and from 3 cm to 1.5 cm and from
1.5 cm to 0.5 cm for PEF-treated samples.

Furthermore, as reported in Table 2, extracts obtained from PEF-
treated samples exhibited significantly (p < 0.05) higher TPC
(+112-361%) and antioxidant activity (+83-836%) as compared to
extracts from untreated samples. However, the difference in FRAP be-
tween extracts from untreated and electrically permeabilized bract discs
tended to decrease at smaller sizes, likely due to the reduced difference
in TPC at smaller sizes between untreated and PEF-treated samples
(Fig. 4 and Table 2). The maximum FRAP values were detected when the
smallest discs were considered, with (2.28 + 0.41 mmolaar/100 g FW)
or without (1.25 + 0.04 mmolaar/100 g FW) the application of PEF
treatments.

It is worth noting that, coherently with the findings presented in
Fig. 4b, the antioxidant activity of the extracts obtained after PEF
treatment of the largest bract discs (1.34 + 0.02 mmolpar/100 g FW)
appeared to be comparable to that achieved from untreated samples of
the smallest size (1.25 + 0.04 mmolaag/100 g FW). These observations
align with the study conducted by Bouras et al. (2016). The authors
observed that the antioxidant activity of aqueous extracts from Norway
spruce bark slices (10 mm in length) was approximately 30 times higher
than that of the untreated samples but was nearly the same for PEF

Table 2
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treatment and smallest particles (i.e., sawdust).
3.4. Correlation analysis

The correlation between the Z, of artichoke bract tissues, TPC, and
FRAP of extracts from untreated and PEF-treated samples of various
sizes is summarized in Table 3. Notably, the results indicate a strong
correlation between the degree of size reduction and cell membrane
disintegration caused by mechanical comminution with the TPC in the
corresponding extracts (Fig. 4a-Table 3). However, a more robust cor-
relation was observed between TPC and Z, values when PEF was applied
in combination with the comminution step (Fig. 4b-Table 3). This
finding suggests that the combined treatment has the potential to further
enhance the degree of cell membrane permeabilization in artichoke
tissues, thereby facilitating solvent penetration and the recovery of
phenolic compounds.

Additionally, in line with previous findings (Bouras et al., 2016), a
significantly positive correlation was found between TPC and FRAP
values of artichoke bract extracts (Table 3). This observation implies
that the phenolic compounds present in artichoke bract tissues play a
crucial role in contributing to the overall antioxidant activity of the
extracts.

4. Conclusions

This study demonstrated the effectiveness of combining PEF tech-
nology with gentle mechanical size reduction (cutting) to disrupt cell
membranes in artichoke bract tissues without requiring finely ground
raw material handling. The degree of cell disruption depended on the
treatment intensity and sample size, offering the potential to optimize
PEF’s impact on the extractability of phenolic compounds.

Enhancing the intensity of the comminution process resulted in
improved diffusion rates by inducing partial cell disintegration. This, in
turn, led to higher yields in TPC and increased antioxidant activity in the
extracts. However, PEF application further accelerated the release of
phenolic compounds, resulting in substantially higher yields. Interest-
ingly, the effect of PEF on the extraction rate was mitigated by the in-
crease in cutting pre-treatment intensity, as smaller-sized samples had
fewer intact cells susceptible to PEF-induced disruption. The optimal
PEF treatment conditions were found at 3 kV/cm and 5 kJ/kg for arti-
choke bract discs with a diameter ranging from 3 to 0.8 cm, while for the
smallest-sized bract discs, PEF appeared ineffective. Operating under
these optimal conditions significantly increased TPC (5-fold on average)
and antioxidant activity (6-fold on average) as compared to the un-
treated samples. For larger bract discs (2-3 cm), PEF treatment yielded
similar TPC and FRAP values as extracts from smaller discs (0.5 cm) after
a single comminution pre-treatment.

In conclusion, PEF application reduces the need for energy-intensive
mechanical size reduction of plant biomass, enabling the processing of
larger-sized samples while preserving the integrity of valuable com-
pounds and facilitating downstream separation and purification phases,

Total phenolic content (TPC) and antioxidant activity (FRAP) of extracts from untreated and PEF (E = 3 kV/cm, W = 5 kJ/kg)-treated artichoke bract discs of variable
size (D = 0.5-3 cm). Percentage increases in TPC and FRAP values experienced by PEF-treated samples as compared to untreated ones are also presented. Extraction

time and temperature were set at 120 min and 25 °C, respectively.

D (cm) TPCuntreated TPCpEF-treated TPC increase after PEF (%) FRAP ntreated FRAPpEF.treated FRAP increase after PEF (%)
(mggar/100 g FW) (mmolar/100 g FW)

0.5 17.61 + 1.24%A 37.26 + 1.66"° 112 1.25 + 0.04°%A 2.28 + 0.41"F 83

0.8 8.81 +0.11%* 32.31 + 2,770 267 0.96 + 0.02°* 2.10 + 0.368"P 119

1 6.33 + 0.10"A 28.21 + 0.818% 355 0.55 + 0.023>A 1.95 + 0.158"B 254

1.5 4.32 + 0.207PA 26.78 + 0.358 520 0.57 + 0.022>A 1.80 + 0.03%" 216

2 2.72 + 0.14%4 21.48 + 0.525F 690 0.33 £ 0.02%4 1.54 + 0.12°8 367

3 2.89 + 0.06™* 13.33 + 1.76%8 361 0.14 £ 0.01%# 1.34 + 0.029eP 836

Data are means + standard deviations (n = 9). Different lowercase letters in the same column indicate significant differences among the mean values (p < 0.05). For
each tested response, different uppercase letters in the same row indicate significant differences between the mean values (p < 0.05).
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Table 3
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Correlation coefficient among cell disintegration index (Z,) of artichoke bract tissues, total phenolic content (TPC), and antioxidant activity (FRAP) of extracts from
untreated and PEF (E = 3 kV/cm, W = 5 kJ/kg)-treated artichoke bract discs of different sizes (D = 0.5-3 cm). Extraction time and temperature were set at 120 min

and 25 °C, respectively.

Z, TPC (untreated) TPC (PEF-treated) FRAP (untreated) FRAP (PEF-treated)
Z, 1 0.833 0.975 0.945 0.934
TPC (untreated) 0.833 1 NA 0.923 NA
TPC (PEF-treated) 0.975 NA 1 NA 0.984
FRAP (untreated) 0.945 0.923 NA 1 NA
FRAP (PEF-treated) 0.934 NA 0.984 NA 1

NA means Not Applicable.
thereby enhancing overall extraction efficiency.
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