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ARTICLE INFO ABSTRACT

Keywords: An aging population has driven a need for novel food products that are dysphagia-friendly but still provide
Elderly adequate nutrition. This study investigated the potential of pulsed electric field (PEF) processing to create gels
Dysphagia

with varied textures from a chickpea flour slurry (10 % w/w). PEF treatment at 1 or 2 kV/cm and 410-500 kJ/kg
induced the formation of soft gels after overnight cooling (24 h, 4 °C). As specific energy increased, the hardness
of the gels rose (0.35 + 0.01 to 2.94 + 0.19 kPa), along with notable increases in rheological properties,
including storage modulus (195 + 42 to 2350 + 466 Pa) and yield stress (5.7 + 5.6 to 423.4 + 135.2 Pa) of the
gels, with textures spanning a range of International Dysphagia Diet Standardisation Initiative levels. However,
no differences in these parameters were observed between the two field strengths. Fourier transform infrared
spectra and light microscopy revealed that gel formation was mainly attributed to starch gelatinisation (1047/
1021 ratio decreased from 0.759 + 0.007 to 0.699 + 0.002) caused by a temperature increase due to the Joule
effect during PEF, while protein denaturation and aggregation became important in PEF-treated chickpea slurries
above 450 kJ/kg, resulting in a more solid-like gel formation. Importantly, gels formed following treatment at 2
kV/cm led to an increase in readily digestible starch (16.28 + 0.15 to 89.06 + 1.78 %) and a faster intestinal
protein digestion rate (1.16 + 0.20 x 1072 to 1.65 + 0.04 x 102 min™') during simulated gastrointestinal
digestion. This study demonstrated the use of PEF treatment as a rapid method (44.4-227.4 ms) to produce gels
with varying textural and rheological consistencies using a single ingredient, e.g. chickpea flour.

Emerging processing technologies
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Texture

In vitro digestion

1. Introduction

As the world population continues to age, its food-related needs also
change. This trend is already observable in most countries, especially
those with a higher average age. Older adults tend to suffer more
frequently from sensory impairments and swallowing difficulties, con-
ditions that require the development of specifically tailored food prod-
ucts (Khan et al., 2014). Among these conditions, oropharyngeal
dysphagia (OD) is one of the most common, with incidences up to 30 %
in healthy elderly patients (Ribeiro et al., 2024). Moreover, OD can arise
from other conditions such as stroke and oral cancer, which in turn af-
fects the patient’s proper hydration and nutrition and increases the risk
of aspiration pneumonia (Altman et al., 2010).

A growing research effort is focusing on understanding the proper
textural and rheological properties that foods must meet for this specific
population segment. This challenge is made even more complex by the
nature of the swallowing process itself, comprising different forces, such
as shearing and elongational forces, that act on the food as it travels from
the mouth to the stomach (Gallegos et al., 2023). Broadly speaking,
OD-affected patients can suffer from reduced tongue control, thus
increasing viscosity may be helpful to improve “in-mouth” food control.
On the other hand, excessive gel hardness can pose challenges for people
with chewing difficulties or swallowing pain, thus tenderisation or food
mincing may improve food intake. Various techniques such as the In-
ternational Dysphagia Diet Standardisation Initiative (IDDSI) and the
National Dysphagia Diet task force (NDD) have been developed to

* Corresponding author. Department of Food Science, University of Otago, PO BOX 56, Dunedin, 9054, New Zealand.

E-mail address: indrawati.oey@otago.ac.nz (I. Oey).

https://doi.org/10.1016/j.foodhyd.2025.111575

Received 5 March 2025; Received in revised form 1 May 2025; Accepted 23 May 2025

Available online 24 May 2025

0268-005X/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-0814-3762
https://orcid.org/0000-0003-0814-3762
https://orcid.org/0000-0002-0654-0070
https://orcid.org/0000-0002-0654-0070
https://orcid.org/0000-0002-3468-3394
https://orcid.org/0000-0002-3468-3394
https://orcid.org/0000-0002-2047-5252
https://orcid.org/0000-0002-2047-5252
mailto:indrawati.oey@otago.ac.nz
www.sciencedirect.com/science/journal/0268005X
https://www.elsevier.com/locate/foodhyd
https://doi.org/10.1016/j.foodhyd.2025.111575
https://doi.org/10.1016/j.foodhyd.2025.111575
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foodhyd.2025.111575&domain=pdf
http://creativecommons.org/licenses/by/4.0/

F. Drudi et al.

characterise the consistency of food products and facilitate the provision
of texture and viscosity appropriate to patients with swallowing diffi-
culties (Cichero et al., 2017; National Dysphagia Diet Task Force &
American Dietetic Association, 2002). These techniques have been
useful to establish baseline information to ensure foods designed for
dysphagia patients exhibit desirable textures, which may help to pro-
mote adequate oral intake, thus supporting nutrition. However, while
IDDSI and NDD techniques are both assessable and simple to perform,
they do not offer a comprehensive and reliable characterisation pro-
vided by more advanced techniques such as videofluoroscopic swallow
studies (Brito-de la Fuente et al., 2012). Indeed, such in vivo studies are
considered physiologically relevant, as they account for dynamic factors
during the actual food consumption, including the tongue handling, the
act of swallowing itself, together with the action of endogenous enzymes
such as salivary amylases, all of which can significantly alter the rheo-
logical properties of the food bolus and thus the consumption applica-
bility and safety for OD patients (Gallegos et al., 2023; Ortega et al.,
2020).

Nevertheless, many approaches have already been attempted to
obtain foods with specific texture, such as the use of thickeners, different
tenderisation techniques or specific product formulations (Methacanon
et al.,, 2021; Pematilleke et al., 2024). The application of emerging
processing technologies, such as ultrasound, 3D printing and
high-pressure processing, have also been investigated due to their
possible advantages, including enhanced personalisation of food prod-
ucts and texture softening without significant nutrient losses or dilution
(Bhuiyan et al., 2024, 2025; Liu et al., 2024; Sungsinchai et al., 2019).

Pulsed electric fields (PEF) is a technology based on the delivery of
short (ps-ms), high voltage pulses of current through a conductive me-
dium, creating an electric field. It is often utilised in the food industry for
applications involving mass transfer, where the application of electric
fields above a critical value can induce cell membrane permeabilisation,
thus enhancing the mass transfer process (Donsi et al., 2010; Karki et al.,
2022). More recently, the use of PEF on products where intact cell
membranes are absent or damaged (e.g. flours or protein isolates) has
been investigated as a tool to improve technological properties, focusing
on the possible effects on structure modification of macromolecules such
as starch and proteins (Giteru et al., 2018). The underlying mechanisms
in this application, though not fully understood, are thought to involve
structural stretching and reorganisation due to the polarisation force of
the electric field on charged structures, as well as electrochemical re-
actions like charged particle and radical formation from water hydro-
lysis near electrode surfaces (Giteru et al., 2018; Milanezzi & Silva,
2025). However, increasing specific energy will inevitably produce
more heat due to the Joule effect, thus temperature-mediated changes
may also occur.

Most studies apply electric fields above 10 kV/cm, particularly when
used for pasteurisation. However, some studies have found that lower
electric fields (<5 kV/cm) could result in structural modification of
flours, such as cassava (Conde et al., 2022), wheat (Achayuthakan et al.,
2023) and oat (Duque et al., 2020b) or on protein isolates (Gulzar et al.,
2024) and concentrates (Melchior et al., 2020). The use of low electric
fields has been reported to result in limited protein structural modifi-
cation (Taha et al., 2022) which implies better retention of nutritional
value. Moreover, from an industrial point of view, PEF treatment at low
electric fields on semi-solid foods (including slurries) is more favourable
due to the lower cost of generators and reduced energy consumption
compared to high electric field applications. Although some structural
effects have been observed for both starch and protein, there is less
agreement regarding the impact on functional properties, where other
factors (e.g. particle size) could play a role. Given that the production of
dysphagia-friendly products can be mediated through either protein
gelation or starch gelatinisation, it is important to understand the effect
of PEF treatment on the functional properties of protein and starch,
particularly when present as mixtures.

Legumes, such as chickpeas, are a promising ingredient for
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developing dysphagia-friendly gels due to their high protein and car-
bohydrate content. Although legumes generally contain higher levels of
antinutritional factors compared to cereals, they are rich in fibre and are
often less allergenic for certain population groups such as individuals
with celiac disease (Grasso et al., 2022; Kaur & Prasad, 2021). Among
legumes, chickpeas are the second most widely produced pulse globally,
with India being the leading producer (FAO, 2025). Moreover, their
relatively higher fat content compared to other legumes (except for
soybeans) makes them a nutritionally balanced ingredient for food
formulation (Jukanti et al., 2012). Furthermore, the widespread use of
its flour for various product formulations presents a promising starting
point for chickpea flour as the main ingredient for dysphagia-designed
food products.

To the best of our knowledge, there are no studies investigating the
effect of PEF on legume flour gelation, particularly in a slurry form.
Therefore, the aim of this study was to assess the feasibility of using PEF
treatment at different electric field strengths and specific energy levels
on a chickpea flour slurry to produce gels with specific textural and
rheological characteristics. Moreover, selected analyses were conducted
to investigate the underlying mechanisms of gel formation induced by
PEF treatment.

2. Materials and methods
2.1. Chickpea and chemical reagents

Chickpea flour was acquired from a local supplier (Lot. NZ034699,
Scalzo Foods Industries, Melbourne, Australia) and stored in airtight
plastic bags until use. The proximate composition of the flour was
determined (in triplicate) as follows: moisture 8.70 + 0.27 % (AOAC
14.004), crude protein 22.24 + 0.19 % (AOAC 14.067, nitrogen x 6.25),
crude fat 5.74 + 0.13 % (AOAC 14.018), ash 2.20 + 0.08 % (AOAC
14.006), starch 42.94 + 2.03 % (Megazyme AA/AMG kit, Wicklow,
Ireland) and non-starch carbohydrates 18.32 % (calculated by differ-
ence). For in vitro digestion, the following enzymes were used: Asper-
gillus oryzae a-amylase (Sigma 10065, St. Louis, Missouri, USA), porcine
stomach pepsin (A4289, AppliChem, Darmstadt, Germany), porcine
pancreas pancreatin (Sigma P7545) and porcine bile extract (SC-
214601, ChemCruz, Dallas, Texas, USA).

2.2. PEF treatments

Chickpea flour and distilled water were weighed (PBC 3500, Kern,
Albstadt, Germany) in individual screw cups to obtain 100 g slurry with
a flour concentration of 10 + 0.01 % (wet basis, wb) and electrical
conductivity of 2.15 + 0.08 mS/cm. To ensure flour hydration, all
slurries were left to hydrate at 3.1 + 0.6 °C for 16 h prior to PEF
treatment. A 10 % concentration was selected based on preliminary
trials, as lower concentrations did not lead to gelation while highly
concentrated mixtures resulted in excessive electrical conductivity,
which hindered the operation and performance of the PEF unit system
used in this study.

PEF treatments were performed using a pilot scale PEF system
(ELCRACK-HVP 5, DIL, Quakenbrueck, Germany) operated in batch
mode using a chamber (10 cm length and 5 cm depth) with an 8 cm
stainless-steel electrode gap. The system delivered bipolar square pulses
with a constant pulse duration of 30 ps and frequency of 200 Hz,
monitored through an oscilloscope (UT2025C, Uni-Trend, Dongguan,
China). For each treatment, the slurry was gently shaken in the screw
cup and transferred into the chamber (average treatment mass 98.41 +
0.22 g). The sample temperature was then manually measured using a
digital thermometer (TemplOK, Thermo Scientific, Waltham, Massa-
chusetts, USA) placed at the centre of the treatment chamber. PEF
treatment was immediately performed to minimise temperature changes
and prevent sedimentation. Following PEF treatment, the sample tem-
perature was measured within 30 s after the delivery of the final pulse. It
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is acknowledged that some heat dissipation to the environment likely
occurred during the PEF treatment and the brief interval before mea-
surement, resulting in recorded temperatures being slightly lower than
the actual peak temperatures achieved during treatment.

Based on preliminary trials, two electric field strengths (1 and 2 kV/
cm) were selected, based on the conductivity of the sample and the
maximum current (100 A) that could be applied using said PEF gener-
ator. The application of PEF at specific energies exceeding 500 kJ/kg
resulted in an in-chamber starch gelatinisation, producing strong gels
that could not be poured and formed undesirable clumps. Conversely,
PEF application at energies below 410 kJ/kg failed to form gels, with
sedimentation observed over time, similar to what was observed in
control samples. Based on these observations, PEF treatments within the
range of 410-500 kJ/kg were selected for further evaluation of their
ability to induce the formation of chickpea gels. A sampling interval of
15-20 kJ/kg was chosen to provide adequate resolution for monitoring
structural changes, while ensuring that the energy levels were achiev-
able within the current experimental setup. The number of pulses and
pulse energy were used to calculate the specific energy applied to a
certain sample weight. To ensure consistency across replications, the
same pulse number was used to achieve certain target energy values.
However, minor variations in pulse energy and sample weight influ-
enced the resulting specific energy. Therefore, the energy levels reported
in this study represent the best attempts to cover the targeted specific
energy range. The exact specific energy values delivered in each treat-
ment are detailed in Table 1, while the rounded values of 410, 425, 450,
465, 485 and 500 kJ/kg are used for simplicity and ease of discussion.

2.3. Setting of PEF-produced chickpea gels

Following PEF treatment, each chickpea slurry in the PEF chamber
was quickly mixed with a plastic spatula and transferred to a 100 mL
plastic container (5 cm height, 6 cm diameter) to allow gel setting for 24
h under refrigerated conditions (4 °C) (Fisher & Paykel, Auckland, New
Zealand). A total of 10 chickpea gels were prepared for each PEF
treatment. Chickpea flour-water slurries without PEF treatment (later
referred to as “untreated”) were used as control.

2.4. Classification of PEF-produced chickpea gels using the International
Dysphagia Diet Standardisation Initiative (IDDSI) framework

To classify the obtained chickpea gels using the 8-scale level under

Table 1
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the IDDSI framework, the fork-press, fork-drip and spoon-tilt tests were
performed in accordance with IDDSI methodology (Cichero et al., 2017;
Xie et al., 2024) on five different gel samples for each PEF treatment
condition. Briefly, under the framework, levels 0 to 2 refer to liquid food
with increasing thickness, levels 3 and 4 indicate intermediate consis-
tencies between liquid and solid, while levels 5 to 7 refer to solid foods.
Photos of the gels were simultaneously captured in a standardised
manner using an iPhone 13 (Apple Inc., Cupertino, California, USA)
mounted on a fixed stand 40 cm in front of the sample with camera
settings of 1/16 aperture and 1/100 s shutter speed.

2.5. Texture analysis of PEF-produced chickpea gels

Compression tests were performed on chilled (4 °C) chickpea gels
(from Section 2.3) in their own container using a texture analyser (TA.
HDplus, TA Stable Microsystems, Surrey, UK) equipped with a 5 kg load
cell and a 20 mm cylindrical probe (P/20). Compression was conducted
at a probe speed of 0.5 mm/s until 60 % strain was reached, with a
trigger force of 0.01 N. Hardness was measured as the maximum stress
recorded, while Young’s modulus was calculated as the slope of the
curve until 5 % strain on a stress-strain plot, using the instrument soft-
ware (Exponent, TA Stable Microsystems, Surrey, UK). Texture analysis
was repeated on five independent chickpea gel samples for each con-
dition. To better highlight the effect of specific energy, obtained data
were fitted to an exponential equation regardless of the voltage used.
After texture analysis, the gel samples were freeze-dried (FreeZone Plus,
Labcono, Kansas City, Missouri, USA) for subsequent FTIR and DSC
analysis.

2.6. Rheological assessment of PEF-produced chickpea gels

2.6.1. Flow behaviour

Flow curve was carried out at 25 °C using a rheometer (Discovery
HR-3, TA Instruments, New Castle, Delaware, USA) equipped with a 40
mm parallel plate geometry and 1 mm gap. Flow behaviour was per-
formed after the gel sample (from Section 2.3) had rested for 3 min to
allow structural relaxation after loading. The shear rate was varied from
0.1 to 100 s~!, and the test was conducted in triplicate. To better
highlight the effect of specific energy, data at 50 s~ were fitted to a
linear equation irrespective of the voltage used. To avoid misinterpre-
tation, rotational data were used solely to discuss the differences be-
tween IDDSI and NDD classification in the current study, while the

PEF process parameters used to treat chickpea slurry samples (mean =+ standard deviation, n = 10).

Sample Electric field strength Specific energy [kJ/ Pulse count  Average pulse energy =~ Treatment time Electrical resistance”  Delta temperature’
code” [kV/cm] kgl [J1 [ms] [Q] [°C]

1,500 1.05 + 0.00° 501.4 + 2.06% 7579 + 19% 6.5 = 0.02¢ 227.4 + 0.56° 146 + 1.03° 66.5 + 0.98%°
1.485 1.04 + 0.02° 485.4 + 2.64° 7346 + 33° 6.5 + 0.03¢ 220.4 + 1.00° 149 + 1.88¢ 65.7 + 2.10°
1.465 1.05 + 0.01° 469.6 + 3.69° 7133 + 45° 6.5 + 0.03¢ 214.0 + 1.35° 152 + 1.50° 63.6 + 1.36°
1.450 1.05 + 0.00° 449.3 + 1.77° 6846 + 8¢ 6.5 = 0.02¢ 205.4 + 0.25¢ 155 + 0.99° 60.5 + 1.57¢
1.425 1.05 + 0.02° 429.8 + 1.87% 6590 + 21° 6.4 + 0.02° 197.7 + 0.63° 160 + 1.08° 57.8 + 0.90°
1.410 1.05 + 0.00° 411.9 + 1.31M 6343 + 19" 6.4 + 0.00° 190.3 + 0.57° 164 + 1.07° 56.5 + 0.53%
2.500 2.02 + 0.03¢ 500.6 + 3.16% 1794 + 98 27.5 + 0.15% 53.8 + 0.26% 140 + 2.45° 67.3 + 1.35%
2.485 2.05 =+ 0.05° 485.7 + 5.72° 1738 + 18" 27.5 +0.24° 52.1 + 0.53" 145 + 5.49° 64.3 + 1.23°
2.465 2.06 + 0.04" 464.4 + 3.234 1665 + 12°  27.5 + 0.10° 50.0 + 0.36! 148 + 3.39¢ 61.0 + 1.609
2.450 2.08 + 0.03% 447.2 + 5.06 1604 +20'  27.4 +0.10° 48.1 + 0.60’ 151 + 2.70° 57.6 + 2.24%
2425 2.08 + 0.03% 4243 + 2.47" 1535 + 2¥ 27.2 +0.12° 46.1 + 0.07% 154 + 2.29° 55.6 + 1.36%"
2.410 2.09 + 0.02* 409.4 + 3.96' 1479 + 2! 27.2 +0.17° 44.4 + 0.06 156 + 4.59° 53.7 + 1.93"

Different letters within the same column indicate statistically significant differences (p < 0.05).
Fixed PEF and sample parameters were as follows: frequency 200 Hz, pulse length 30 ps, bipolar square pulses, initial temperature of the sample 3.1 + 0.6 °C and

sample conductivity 2.15 + 0.08 mS/cm.

@ Sample codes represent the two process variables: electric field strength and specific energy.
b The electrical resistance of the sample in the PEF chamber was estimated by the PEF interface software based on the actual electric current and voltage delivered

through the sample.

¢ The delta temperature was estimated based on the difference between the temperature of the sample measured 30 s after the last PEF pulse delivered and the initial

temperature of the sample measured 30 s before the first PEF pulse delivered.
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primary rheological discussion focused on oscillatory data.

2.6.2. Amplitude sweep

Using the same rheometer set up, elastic modulus (G) and loss
modulus (G*’) were recorded over a logarithmic amplitude ramp from
0.1 to 1000 % at a fixed frequency of 0.1 Hz. The test was conducted in
triplicate on freshly loaded samples (from Section 2.3) for each PEF
treatment condition. The limit for the linear viscoelastic region (LVR),
and yield stress (extrapolated from the stress-strain plot) were calculated
using the TRIOS software (TA Instruments, New Castle, Delaware, USA).
To better highlight the effect of specific energy, yield stress data were
fitted to a linear equation irrespective of the voltage used.

2.6.3. Frequency sweep

Finally, freshly loaded chickpea gel samples (from Section 2.3) for
each PEF treatment condition, were analysed in triplicate performing a
frequency sweep test after 3 min of resting, ranging from 0.01 to 100 Hz.
G/, G and tan & were recorded. Amplitude values were chosen to ensure
the test was conducted within the LVR for each gel sample. The G’ and
G’ curves were fitted using the following Power Law equations (Egs. 1
and 2) using TRIOS software.

G=A"" Eq. (1)

G =A"-o" Eq. (2)
where o represents the angular frequency (rad/s), while A, A> are the
constants and B, B’ the exponential factors for the equations. To better
highlight the effect of specific energy, A’ data were fitted to a linear
equation irrespective of the voltage used.

2.7. Evaluation of syneresis and soluble protein leaching from PEF-
produced chickpea gels

Immediately after the PEF treatments, chickpea slurry samples were
transferred to four pre-weighed 50 mL falcon tubes, and the initial
weights were recorded. After 24 h of refrigerated storage (4 °C), the gel
samples were centrifuged at 4500 x g for 10 min (Kubota 7000, Tokyo,
Japan), and the supernatant was collected and weighed. Syneresis was
calculated by dividing the supernatant weight by the initial slurry
sample weight and expressed as a percentage (Bashir & Aggarwal,
2016). Samples treated with 410 kJ/kg were not assessed for syneresis
and protein leaching due to their extremely weak structure which
challenged appropriate separation of the supernatant from the gel. The
amount of protein leached into the supernatant was determined using
the Bradford method (Bradford, 1976) in a 96-well plate, with absor-
bance measured at 595 nm using a plate reader (Synergy 2, BioTek,
Winooski, Vermont, USA). Each supernatant collected was assessed in
triplicate. Bovine serum albumin was used as a standard to construct the
calibration curve.

2.8. Microscopic examination of PEF-produced chickpea gels

Chickpea gel sample (5 mg, from Section 2.3) was placed on a glass
slide and mixed with 10 pL of Lugol staining solution to visualise the
swelling and gelatinisation of starch granules (Nilsson et al., 2023). A
light microscope (Magnum Ceti, Medline Scientific, Oxford, UK)
equipped with a digital camera (XCAM 5.0 MP, ToupTek, Hangzhou,
China) at 100 x magnification was used.

2.9. Characterisation of starch and protein structures for PEF-produced
chickpea gels using Fourier transform infrared (FTIR) spectroscopy

An ATR-FTIR spectrometer (Cary 630, Agilent, Santa Clara, Cali-
fornia, USA) was used to analyse freeze-dried samples (prepared as
described in Section 2.5), averaging 60 scans per sample in the range of
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4000 to 650 cm ! with a resolution of 2 cm™!. Background spectra were
recorded before each sample, and the crystal was cleaned with ethanol
prior to each use. Three measurements were performed for each sample.
All spectra were pretreated using standard normal variate (SNV). Sub-
sequently, the peak ratio 1047,/1022 cm ™" was calculated to assess the
starch short-ordered structure, while the amide I to amide Il ratio (1635/
1539 cm™ 1) was used to evaluate protein structure (de la Rosa-Millan
et al., 2018; Wang et al., 2016). To further observe structural changes in
secondary protein structures, a second-order derivative was performed
on the region between 1600 and 1700 cm™! after Savitsky-Golay
smoothing was applied (7-point interval, 2nd polynomial order)
(Carbonaro et al., 2012). Data analysis and visualisation were conducted
using Origin (version 2018, USA) and Spectragryph (version 1.2.16.1,
Germany).

2.10. Determination of starch gelatinisation degree in PEF-produced
chickpea gels using differential scanning calorimetry (DSC)

Three milligrams of freeze-dried samples (from Section 2.5) and 7 pL
of double-distilled water were loaded, in duplicates, into aluminium
hermetic pans and equilibrated for 24 h. The samples were then ana-
lysed using a DSC (Discovery 200, TA Instruments, New Castle, Dela-
ware, USA) from 20 to 100 °C at a scanning rate of 10 °C/min, with an
empty pan as reference. Onset temperature (T,), peak temperature (T})
and gelatinisation enthalpy (AH) were obtained from the endothermic
peak using TRIOS software (TA Instruments, New Castle, Delaware,
USA). Gelatinisation degree (GD) was calculated using Eq. (3) (Duque
et al., 2020a,b).

Eq. (3)

GD [%)] = <1 AH Sample) 100

" AH control

2.11. Invitro oral-gastrointestinal digestion procedure of PEF-produced
chickpea gels

INFOGEST in vitro digestion procedure (Minekus et al., 2014), with
modifications from Johnston et al. (2024) was applied. The analysis was
performed in triplicate on selected samples (2 kV/cm 500 kJ/kg, 2
kvV/cm 410 kJ/kg, 1 kV/cm 500 kJ/kg, 1 kV/cm 410 kJ/kg and un-
treated, covering the extremes of the tested conditions in the study).
Prior to gastric digestion, 30 mL of chickpea gel samples (from Section
2.3) were consistently broken down via back extrusion with a texture
analyser (47 mm vessel diameter, 35 mm probe diameter, 2 mm/s
compression speed, 90 % compression). This method was chosen to
standardise gel structure disruption. Afterwards, each disrupted
chickpea gel sample was transferred to a 100 mL digestion vessel (bo-
rosilicate glass), where 2.5 mL of saliva juice (12.5 mg/mL a-amylase,
1.2 mM NaCl, 2 mM KCl, 25 mM NaHCO3) was added and the sample
mixture was incubated for 2 min at 37 °C with agitation (55 stroke/min).
To terminate the oral digestion phase, the mixture pH was adjusted to
pH 3 using 1 M HCI. Then, 10 mL of gastric juice (40 mg/mL porcine
stomach pepsin, 151 mM NaCl, 28 mM KCI, 1 mM HCI, pH 3) was added
and further incubated for 2 h at 37 °C with agitation. Subsequently, the
pH was adjusted to pH 7 using 1 M NaOH to terminate the gastric
digestion phase. Then, 20 mL of intestinal juice (10 mg/mL porcine
pancreas pancreatin, 8.452 mg/mL porcine bile extract, 0.1 M NaHCOs,
pH 7) was added to simulate the small intestinal phase that lasted 4 h at
37 °C with agitation.

Aliquots of digesta were collected from each digestion vessel at
predefined timepoints along the gastrointestinal digestion to assess the
extent of protein and starch being digested in the control and PEF-
obtained chickpea gel samples. To determine protein digestibility,
0.25 mL of digesta was added to a 1.7 mL tube prefilled with 0.25 mL 20
% w/v trichloroacetic acid and stored at 4 °C until analysis within 24 h.
To determine starch digestibility, 0.25 mL of digesta was diluted in 1.25
mL sodium acetate buffer (100 mM, pH 5) and immediately boiled for
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10 min (TE-10A, Techne, Illinois, USA) to ensure complete inactivation
of digestive enzymes prior to 4 °C storage until analysis within 24 h.

2.11.1. Determination of digested protein and starch

Protein digestibility was determined by measuring a-amino groups in
the digesta using the o-phthaldialdehyde assay (Johnston et al., 2024).
The tubes containing digesta were centrifuged (13000 x g, 5 min), the
resulting supernatant was diluted at a 1:10 ratio, and 26.7 pL of the
diluted supernatant was mixed with 200 pL of freshly prepared OPA
reagent (0.8 mg/mL o-phthaldialdehyde dissolved in buffer containing
2 % ethanol, 50 mM sodium tetraborate, 1 % sodium dodecyl sulphate
and 0.2 % 2-mercaptoetanol). Absorbance was measured at 310 nm
using a plate reader (Synergy 2, BioTek, Winooski, Vermont, USA).
L-serine was used as standard to generate the calibration curve (0-500
mg/mL).

Starch digestibility was determined by measuring glucose levels in
the digesta using the total starch assay kit (K-TSTA, Megazyme, Wick-
low, Ireland). The diluted digesta were centrifuged (11180 x g, 5 min)
and 1 mL of the resulting supernatant was quantified for glucose. This
was achieved following enzymatic reactions with amyloglucosidase (1
h, 0.05 mL/mL) and glucose oxidase/peroxidase (30 min, 50 °C).
Absorbance was measured at 510 nm using a plate reader (Synergy 2,
BioTek, Winooski, Vermont, USA).

2.11.2. Determination of total protein and starch in undigested gel samples

To express the results of Section 2.11.1 as a percentage of the total
protein or starch present in the chickpea gels, the total a-amino groups
and total starch content on undigested sample were determined. Total
a-amino groups were quantified by complete digestion of 10 mg of un-
digested freeze-dried chickpea gel samples in 1 mL of 6 M HCI for 24 h at
110 °C. Subsequently, the acid was evaporated under vacuum (0.08
mbar, 120 min) and the sample was resuspended in 5 mL distilled water
prior to o-phthaldialdehyde assay. Total starch quantification in undi-
gested samples was determined using Megazyme K-TSTA assay kit
(Megazyme, Wicklow, Ireland).

2.11.3. Kinetic modelling of protein and starch digestibility

Experimental data for protein released during gastric and intestinal
digestion phases were fitted to a zero order (Eq. (4)) and first order
fractional conversion (Eq. (5)) kinetic model, respectively, following the
works of (Johnston et al., 2024; Palchen et al., 2022).

Ye=Yo + ket Eq. (9

Yt =Ymax + (yo __ymax)'eik[t Eq 5)

where t is time (min), k, and k; represent the rate constants (min~1) for
zero and first order kinetics, respectively (thus referring to gastric and
intestinal digestions), while y;, ymax and yp corresponded to the % of
protein digested at time zero, final (end of intestinal) and time t (0-240
min), respectively.

Data fitting was performed on Matlab (R2024b, USA) using the
function “Isqcurvefit”, while R? adjusted and plotted residuals were
utilised to monitor the quality of the fitting. Starch intestinal digestion
was characterised by determining the percentages of rapidly digestible
starch (RDS), slowly digestible starch (SDS) and resistant starch (RS)
based on the work of Alpos et al. (2021).

2.12. Statistical analysis

All analyses were performed at least in triplicate. Statistical differ-
ences between samples (o« = 0.05) were evaluated using either para-
metric or non-parametric analysis of variance, depending on the
characteristics of the data collected. The choice of test was based on
preliminary dataset assessments using the Levene test for homogeneity
of variance and the Shapiro-Wilk test for normality (p < 0.05). If the
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assumptions of homogeneity and normality were met, a parametric one-
way ANOVA followed by Tukey’s post-hoc test was conducted. Other-
wise, a non-parametric Kruskal-Wallis with Holm’s post-hoc test was
applied. All statistical analyses were carried out using R (R Foundation
for Statistical Computing, Vienna, Austria).

3. Results

3.1. Textural characteristics and IDDSI classification of PEF-produced
chickpea gels

Compression tests were performed on each chickpea gel sample to
provide quantitative data supporting the IDDSI classification results.
Fig. 1b and c show the Young’s modulus and the maximum hardness
recorded during the compression test for each gel sample, respectively.
A clear trend was observed for both texture parameters, where
increasing specific energy from 410 to 500 kJ/kg resulted in an expo-
nential increase in both maximum gel hardness (from 0.35 + 0.01 to
2.94 + 0.19 kPa) and Young’s modulus (from 3.50 + 0.18 to 109.71 +
5.90 Pa) of the chickpea gels.

Although the IDDSI classification is based on an empirical assess-
ment, it was adopted in this study as a rapid screening tool to identify the
PEF processing parameters that could induce gelation with varying
consistencies. The results of fork-drip (Fig. 1a), spoon-tilt (Fig. S1) and
fork-press (Fig. S2) tests on chickpea samples prepared after PEF treat-
ment and overnight gel setting (4 °C) collectively highlighted an energy-
dependent effect of PEF treatment on chickpea slurry gelation. Starting
from an untreated chickpea flour-water slurry showing flour setting and
sedimentation, those samples PEF-treated at 410 kJ/kg were classified
as “mildly thick fluids” (IDDSI level 2), characterised as fluids that flow
from a spoon. PEF treatment at 425 kJ/kg produced chickpea samples
classified as “liquidised — extremely thick” (IDDSI level 3), which are
considered drinkable but require more time for oral control and tongue
propulsion during consumption. PEF treatment at 450-465 kJ/kg
induced the formation of gels strong enough to stand on the spoon for
the spoon-tilt test, but weak enough to form mounds on a fork with
minimal slipping. These gels were considered “pureed — extremely
thick” (IDDSI level 4). On the other hand, PEF treatments of 485 and
500 kJ/kg produced stronger chickpea gels classified as “minced and
moist” (IDDSI level 5), capable of retaining indentation after the fork-
press test but easily smashed before causing blanching of the thumbnail.

Nevertheless, it is important to note that chickpea gels classified
within the same IDDSI level do not necessarily exhibit identical textural
properties. For example, the maximum hardness of chickpea samples
PEF-treated at 500 kJ/kg was nearly double that of samples PEF-treated
at 485 kJ/kg (2.94 + 0.19 and 1.77 £ 0.51 kPa, respectively), despite
both behaving very similarly and both being classified as “minced and
moist” (IDDSI level 5) (Fig. 1a, S1 and S2).

3.2. Rheological characteristics of PEF-produced chickpea gels

To achieve a more precise characterisation of the PEF-produced
chickpea gels, rheological analyses were performed to provide better
insights into their soft solid behaviour and fundamental structural
properties.

3.2.1. Flow behaviour

All samples clearly demonstrated a shear-thinning flow behaviour, a
common characteristic of most food matrices, particularly starch-
protein-based gels, where viscosity decreased with increasing shear
rate (Fig. 2). It was also found that increasing the specific energy during
PEF treatment of chickpea slurries predominantly raised the viscosity of
the resulting samples (Fig. 2a, linear fashion y = 0.06x — 25.7, R% = 0.75,
x = treatment energy, y = viscosity at 50 s~1) without significantly
altering the slope of the flow curve, thereby maintaining a similar shear-
thinning behaviour. Typically, a shear stress of 50 s™! is recommended
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Fig. 2. Viscosity profiles for chickpea gel samples fabricated using PEF at electric field strengths of (a) 1 and (b) 2 kV/cm, respectively. Points represent the mean +

standard deviation of three independent samples.

by the National Dysphagia Diet (NDD) task force as representative of the
stress experienced by the food bolus in the oral cavity to classify food
products for dysphagia diets (National Dysphagia Diet Task Force &
American Dietetic Association, 2002). The NDD classifications defined
viscosity ranges as “thin” (<50 mPa s), “nectar-thick” (51-350 mPa s),
“honey-thick” (351-1750 mPa s) and “spoon-thick” (>1751 mPa s).
Therefore, those chickpea gel samples obtained by PEF at either 410,
425 or 450 kJ/kg were classified as “honey-thick”, despite being clas-
sified earlier into three different IDDSI levels (2, 3 and 4, respectively).
These discrepancies between the two classifications have also been
highlighted by other authors (An et al., 2023; Su et al., 2018) and are
likely due to differences in classification criteria: NDD focuses on
objective (but limited) measurements, like viscosity at a specific shear
rate, while IDDSI adopts a more comprehensive, but empirical, approach
and includes additional categories (eight classification levels in IDDSI
vs. four classification levels in NDD). Furthermore, relying solely on
viscosity at a particular shear rate for product classification comes with
limitations, since the stresses experienced by the bolus during swal-
lowing can vary significantly, reaching up to 1000 s~ ! (Gallegos et al.,
2023). Moreover, elongational deformation occurs during swallowing,
making it more complex and difficult to characterise with a single

rheological parameter (Methacanon et al., 2021; Ong et al., 2018).

3.2.2. Amplitude sweep

An amplitude sweep test is generally conducted to identify the linear
viscoelastic region (LVR), where loss and storage moduli are indepen-
dent of amplitude, thus providing important information about the yield
stress, which is the critical stress value at which the studied sample
begins to flow (Dinkgreve et al., 2016; Mezger, 2020). Moreover, since
swallowing involves stresses exceeding the LVR, having an under-
standing of the food sample behaviour under these conditions becomes
crucial (Ren et al.,, 2024). Oscillatory rheological tests, namely fre-
quency and amplitude sweeps, were not performed on the control
sample because its consistency was too liquid to yield meaningful re-
sults. In the context of the chickpea gel samples obtained by PEF, both
their G’ygr and G’ygr values increased with higher applied specific
energy, while tan § consistently remained below 1 (Fig. 3a and b,
Table 2), indicating a strong elastic behaviour, in agreement with the
texture analysis results. Additionally, the yield stress (cy) of chickpea
gels increased as energy applied during PEF treatment increased
(Fig. S3b, linear fashion y = 4.84x — 1999, R% = 0.90, x = treatment
energy, y = Oy). As a result, the application of PEF at a higher energy
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Table 2
Rheological parameters obtained during amplitude sweep test of PEF-produced
chickpea gel samples (mean + standard deviation, n = 3).

Sample Elastic modulus Loss modulus Tan Spygr * Yield
code G’Lyg [Pa] * G’Lyg [Pa] * stress oy
[Pa]
1.500 2811 =+ 325° 313 + 417 0.111 £ 0.002%® 482 + 5°
1.485 2264 + 321%° 239 + 372 0.105 + 0.002° 310 =+ 48>
1.465 1899 + 196" 191 + 23" 0.101 + 0.002° 269 + 14
1.450 665 + 2209 61 + 20%f 0.091 +0.001¢ 112+ 7%
1.425 383 + 140°f 39 + 15°% 0.101 £+ 0.003° 55 + 258"
1.410 240 + 52 83 + 106%f 0.089 £ 0.001¢ 15+ 12
2.500 2350 + 4662 238 + 65% 0.113 + 0.002* 423 +
135%
2.485 2418 + 13° 254 + 48 0.116 + 0.002* 377 +
1osabc
2.465 1385 + 14 120 + 35% 0.100 + 0.003° 227 4+ 7%
2.450 706 + 2869 61 + 28% 0.088 + 0.001¢ 152 + 16
2.425 318 + 124°f% 24 +10% 0.076 + 0.001¢ 34 + 21N
2.410 195 + 428 15 + 38 0.075 + 0.002° 16 + 6'

Different letters within the same column indicate statistically significant dif-
ferences (p < 0.05).

2 G” Lvr, G” Lvr and tan § yg are the average values obtained at amplitudes
between 0.01 % and 0.1 %, representing the linear viscoelastic region (LVR).

produced chickpea gels with enhanced stress resistance before flowing,
potentially making them suitable for dysphagia patients who require
soft, cohesive and non-chewable foods due to progressive tongue
weakness.

3.2.3. Frequency sweep test

Once LVR is identified in the amplitude sweep test, the subsequent
frequency sweep test can gather insights into the internal structure and
long-term stability of the food sample. As expected, G’ curves for all PEF-
treated chickpea gels showed relatively flat slopes (0.06<B’<0.15) with
G’ values approximately ten times higher than those of G, thus indi-
cating a gel-like elastic behaviour (Fig. 3c and d, Table 3) (Mezger, 2020;
Xie et al., 2024). Moreover, gels treated with PEF at higher specific
energies led to increased G’ and A’ values (Fig. S3c, linear fashion y =
30.55x - 12519, R? = 0.92, x = treatment energy, y = A), supporting the
results from texture analysis and amplitude sweep tests. In contrast, G*’
for all PEF-produced chickpea gels demonstrated greater sensitivity
(0.15<B’’<0.19) towards changes in frequency during the rheological
analysis, particularly at frequencies above 0.1-1 Hz, with more pro-
nounced changes observed in chickpea gels obtained after exposure to
lower specific energies. The loss factor (tan §) can be used to classify soft
gels as either weak paste-like (tan & > 0.1) or firm self-standing (tan & <
0.1) (Shim & Mulvaney, 2001); all PEF-produced chickpea gels in the
current study mostly exhibited tan & values between 0.08 and 0.2,
depending on the frequency (data not shown). However, the lowest tan &
values were recorded at 0.1 Hz for chickpea gels obtained after
higher-energy PEF treatments (>465 kJ/kg), while those obtained after
lower-energy PEF treatments reached their lowest tan & values at
approximately 1 Hz. These findings indicate that the maximum elasticity
of the studied chickpea gels occurred at different timescales (1 or 10 s),
which may be crucial for evaluating their suitability for consumption by
dysphagia patients.
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Table 3

Rheological parameters derived from fitting frequency sweep results of PEF-
produced chickpea gel samples using the Power Law equations (Eqs 1. and 2)
(mean =+ standard deviation, n = 3).

Sample A'[Pa. B [-] R? A”[Pa.s] B [-] R%

code s]

1.500 2975+  0.071 + 0.984 284 +28"  0.157 + 0.927
2337 0.006% 0.0054

1.485 2632+  0.076 + 0.960 246 +36°®  0.159 + 0.901
3974 0.005° 0.005"¢d

1.465 1817+  0.071 + 0.973 166 + 2 0.163 + 0.856
31 0.006% 0.003"d

1.450 923 + 0.061 + 0.936 85+ 5% 0.176 + 0.740
211¢ 0.002¢ 0.012%

1.425 383 + 0.095 + 0.866 39+ 10%  0.181 + 0.823
93¢ 0.014%¢ 0.006%

1.410 244 + 0.125 + 0.757  25+8%" 0184+ 0.738
95¢ 0.004%" 0.004%

2.500 2531+  0.080 + 0.963 249 +21°® 0.151 + 0.933
2287 0.003b¢d 0.006¢

2.485 2309+  0.083 + 0.954 227 +15°  0.151 + 0.954
150" 0.010%d 0.0024

2.465 1588 +  0.081 + 0.931 148 + 4% 0.169 + 0.854
14 0.009%d 0.0072¢

2,450 942 + 0.087 + 0.862 81 + 0 0.175 + 0.804
864 0.008% 0.001%¢

2.425 337 + 0.146 + 0.687 30+ 118" 0173 + 0.702
152¢ 0.0122 0.006%>

2.410 218 + 0.154 + 0.741 21 £ 9" 0.185 + 0.700
134° 0.060% 0.005%

Different letters within the same column indicate statistically significant dif-
ferences (p < 0.05). R* and R?" refer, respectively, to the coefficient of deter-
mination for Egs. (1) and (2).

3.3. Susceptibility of PEF-produced chickpea gels to syneresis and soluble
protein leaching

Syneresis, defined as the expulsion of water or liquid from a gel
network, often occurs in starch-based gels due to molecular rearrange-
ments such as amylose crystallisation and the subsequent shrinkage of
the gel network, a phenomenon commonly referred to as starch retro-
gradation (Morris, 1990). Understanding such behaviour, along with the
amount of protein present in the expelled liquid, from the PEF-produced
chickpea gels could be useful in providing insights into their structural
stability, interactions between chickpea starch and protein, and poten-
tial sensory properties. While the application of different electric field
strengths (1 and 2 kV/cm) did not appear to influence syneresis in the
chickpea gels, the use of higher specific energies during PEF treatment
resulted in chickpea gels with significantly reduced syneresis from 56.8
+ 2.0 % to 29.9 £ 1.2 % for 425 kJ/kg and 500 kJ/kg, respectively (p <
0.05, Table 4). Interestingly, the protein content in the expelled liquid
progressively decreased with increasing specific energies during PEF

Table 4

Syneresis and soluble protein content leached from PEF-produced chickpea gel
samples, measured in the supernatant after centrifugation (4500 x g, 10 min)
(mean =+ standard deviation, n = 3).

Sample code Syneresis [%] Protein content [mg/mL]

1,500 29.8 + 4.84 5.7 + 0.2
1.485 37.2 +£2.2° 6.0 £ 0.2%
1.465 40.9 + 1.6™ 6.0 + 0.2%
1.450 44.7 + 2.2P 6.2 + 0.2
1.425 56.1 + 0.4% 6.2 £ 0.2°
2.500 29.9 +1.2¢ 5.5 + 0.3¢
2.485 38.8 + 1.8™ 5.8 + 0.3
2465 41.9 + 1.7 5.8 + 0.3
2.450 43.3 + 0.8 6.2 £ 0.3%
2.425 56.8 + 2.0° 6.2 + 0.3

Different letters within the same column indicate statistically significant dif-
ferences (p < 0.05).
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treatment from 6.2 + 0.2 mg/mL for 425 kJ/kg to 5.5 + 0.3 mg/mL
after 500 kJ/kg treatments.

3.4. Microstructural changes in the starch granules and protein bodies of
PEF-treated chickpea slurries

To determine whether the chickpea gels formed following PEF
treatments were predominantly driven by starch gelatinisation, light
microscopy images (Fig. 4) of chickpea slurries were captured after
staining with iodine solution, revealing a purple tone in starch granules
that faded with increasing swelling and gelatinisation (Nilsson et al.,
2023). For the control (untreated) chickpea slurries, intact starch
granules (stained dark purple), protein bodies (yellowish particles) and
remnants of damaged cells were observed. For those chickpea slurries
PEF-treated with increasing applied energy, the starch granules
exhibited progressive swelling, though some ungelatinised starch
granules were still present in both 410 and 425 kJ/kg-treated samples.
At higher-energy PEF treatments, the number of ungelatinised granules
in chickpea slurries decreased, though a few remained, likely due to the
rapid PEF treatment (44.4-227.4 ms). With increasing specific energy,
swollen starch granules in chickpea slurries formed larger and more
resistant clumps (even after rigorous mixing following PEF treatment),
likely due to greater amylose leaching, which contributed to a more
cohesive gel network matrix trapping the starch granules (Morris,
1990). Furthermore, the microscopic images suggested that
higher-energy PEF treatments led to increased aggregation and inter-
action of protein bodies, with larger aggregates forming at the bound-
aries of swollen starch granules.

3.5. Comparison of the starch and protein structural features of PEF-
produced chickpea gels

To better understand the effect of PEF on the starch and protein more
specifically, FTIR analysis were performed. Full range FTIR spectra for
all chickpea gel samples are presented in Fig. S4, displaying peak ar-
rangements consistent with those previously reported (Chavez-Murillo
et al., 2018; Garcia-Valle et al., 2021) where peaks were assigned as
follows: 800-1200 cm* for backbone vibration of C-C, C-N and C-O
bonds typical of polysaccharides, 1500-1600 cm ™" for amide II generally
assigned to N-H bending in peptide bonds of protein molecules,
1600-1700 cm ™~ for amide I associated with C=0 stretching in peptide
bonds, 2800-3000 cm ™ for C-H stretching in aliphatic groups typically
ascribed to lipids, and 3000-3500 cm ™' for O-H group interactions
through hydrogen bonding between water molecules or other chickpea
flour components (Carbonaro et al., 2008; Garcia-Valle et al., 2021). The
main parameters of interest in the current study for chickpea were
absorbance ratios 1047/1022 and 1635/1539 referring to starch
short-range ordered structure and protein overall structure (amide I/1I
ratio), respectively (Table 5).

The short-ordered crystalline structure in starch granules was eval-
uated using the absorbance ratio at 1047 and 1022 cm™!, representing
ordered and unordered structures, respectively. In all PEF-treated
chickpea samples, a decrease in the 1047,/1022 ratio was observed
compared to the control (untreated) chickpea sample. For chickpea
samples PEF-treated at 2 kV/cm, a progressive decrease in the 1047/
1022 ratio was observed as the specific energy increased (i.e. from 0.759
=+ 0.007 to 0.699 + 0.005 for control and 500 kJ/kg, respectively). In
contrast, for chickpea samples PEF-treated at 1 kV/cm, the ratio
decreased overall compared to the control, but no consistent trend was
observed with increasing specific energy, with the 1047/1022 ratio
values ranging from 0.71 + 0.00 (1 kV/cm, 500 kJ/kg) to 0.735 + 0.08
(1 kV/cm, 450 kJ/kg). Such incomplete loss of ordered structure agrees
with light microscopy images (Fig. 4) showing the presence of native
and partially swollen starch granules. The decrease in the 1047,/1022
ratio aligns with similar findings previously reported in PEF-treated oat
slurries (Duque et al., 2020a, Duque et al., 2022).
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500 k/kg

Fig. 4. Light microscopic images (100 x magnification) of untreated and PEF-treated chickpea slurry samples, with starch granules stained purple using iodine
Lugol’s solution. The white/black scale bar represents 100 pm, while red and green arrows highlight unswollen starch granules and protein body aggregation,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 5

FTIR absorbance ratios for untreated and PEF-treated chickpea samples (mean

+ standard deviation, n = 3).

Sample FTIR absorbance ratios

code 1635/1539 (representing protein 1047/1022 (representing starch
overall structure of amide I/I1 short-range ordered structure)
ratio)

Control 1.64 + 0.02% 0.759 + 0.007%

1.500 1.95 + 0.08%° 0.712 + 0.004%f

1.485 2.05 + 0.07% 0.712 + 0.013%

1.465 1.80 + 0.03° 0.735 + 0.008*

1.450 1.72 + 0.04%¢ 0.735 + 0.010%°

1.425 1.74 + 0.05%¢ 0.730 + 0.008"

1.410 1.72 4 0.03%¢ 0.719 + 0.005%¢

2.500 2.01 + 0.05% 0.699 =+ 0.002f

2.485 1.95 + 0.06™° 0.708 + 0.009%

2.465 1.84 + 0.05" 0.714 + 0.005%

2.450 1.71 +0.01%¢ 0.718 + 0.003%¢

2425 1.77 4+ 0.03%¢ 0.717 + 0.001¢

2.410 1.54 + 0.05° 0.765 + 0.016%

Different letters within the same column indicate statistically significant dif-
ferences (p < 0.05).

In the spectral region corresponding to amide I and II, a general trend
of increased absorbance ratio at 1635 and 1539 cm ™! was observed with
increasing specific energy applied to chickpea samples during PEF
treatment (Table 5). To gain qualitative insights into the secondary
protein structures, second derivative spectra of the amide I region were

x10°
T

Second derivative [a.u.]

analysed (Fig. 5). The most affected peaks in all PEF-treated chickpea
samples were located at 1640-1635 cm ™ (associated with p-sheets) and
1705-1699 ¢cm ! (associated with intermolecular interactions and pro-
tein aggregation) (Carbonaro et al., 2008).

3.6. Comparison of the starch gelatinisation degree in PEF-produced
chickpea gels

Having observed the central effect of starch in the gel formation, DSC
analysis was performed to assess the degree of gelatinisation in the
samples. DSC analysis of control (untreated) chickpea samples (Fig. 6)
revealed a single broad endothermic peak starting at approximately
60 °C, corresponding to typical gelatinisation phenomena in starch such
as granule hydration, molecular rearrangement, crystallite melting and
swelling (Ratnayake & Jackson, 2007), as previously observed in
chickpea flour (Bashir & Aggarwal, 2016; Kaur & Singh, 2005; Lefevre
et al.,, 2021). When PEF treatment was applied, all samples exhibited a
shift of this endothermic peak to higher temperatures, along with a
reduction in peak area, indicating an increased degree of gelatinisation.
The effect was particularly pronounced for those chickpea samples
PEF-treated at up to 450 kJ/kg, beyond which additional energy had
only marginal impacts, since almost full starch gelatinisation was
reached (above 450 kJ/kg, gelatinisation degree ranged between 95 and
98 % for all samples).
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Fig. 5. FTIR spectra (after second derivative application) in the amide I region
for untreated and PEF-treated chickpea samples.
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Fig. 6. Examples of single stacked DSC thermograms obtained for untreated
and PEF-treated chickpea samples (at 2 kV/cm), highlighting the progressive
disappearance and “right-shifting” trend of the gelatinisation peak. Gray arrows
indicate the presence of gelatinisation peaks.
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3.7. Comparison of the in vitro starch and protein digestibility of PEF-
produced chickpea gels

A properly formulated dysphagia product should not only show the
desired textural characteristics but also present good nutritional and
digestibility properties, thus gastric and intestinal digestion assays were
performed on selected samples.

For starch digestion during the in vitro small intestinal phase, all
PEF-treated chickpea gel samples exhibited a statistically significant
increase in readily digestible starch (RDS%) compared to the control
(untreated) sample (Table 6, Fig. S5a). A greater RDS% was observed in
gel samples obtained with PEF applied at higher specific energies and
higher electric fields. Conversely, resistant starch (RS%) in PEF-treated
chickpea gel samples showed an opposing trend, decreasing signifi-
cantly as specific energy and electric field levels increased.

For protein digestion during the in vitro small intestinal phase, dif-
ferences between control (untreated) and PEF-treated chickpea gel
samples were less pronounced (Fig. S5b), with no statistically significant
differences in the estimated final protein hydrolysis %, which averaged
at 36 % (Ymax, Table 6). However, the estimated rate constant of protein
digestion demonstrated a statistically significant increase when
comparing chickpea gel samples from control and those obtained after
exposure to PEF at 2 kV/cm and 500 kJ/kg. These findings suggest that
the application of PEF can accelerate protein digestion during the in-
testinal phase without affecting the final amount of protein digested.

4. Discussion

Chickpea flour, with its high starch (42.94 %) and protein (22.24 %)
content, has the potential for gel formation driven by both starch
gelatinisation and protein gelation, both mechanisms that could be
affected by PEF. During PEF treatment, the rapid application of high
voltage pulses induced heating, arising from the Joule effect. This is a
sudden and fast heating process (Table 1) that immediately caused the
starch gelatinisation and thermal-related changes to chickpea protein.
With the help of light microscopy, images of PEF-produced chickpea gels
(Fig. 4), showed marked starch granule swelling, suggesting a relatively
quick formation of a starch-based network. This network likely formed
through hydrogen bond interactions, resulting in a continuous amylose
phase. Once starches started to swell and gelatinise, a gel was formed,
thus it is possible to infer that the obtained starch-protein composite gel
samples were capable of entrapping unswollen starch granules and other
flour components (e.g. protein bodies) (Joshi et al., 2014; Lyu et al.,
2022; Nilsson et al., 2023). The predominantly starchy nature of the
chickpea gel is supported by the lower gelatinisation temperature of
starch compared to the denaturation temperature of proteins (70-75 °C
and 80-120 °C, respectively (Kaur & Singh, 2005; Lefevre et al., 2021)),
indicating that starch gelatinisation is the faster mechanism driving gel
formation for PEF-derived chickpea gels. During PEF treatment, expo-
sure to a higher energy level appeared to gelatinise more starch granules
in the chickpea slurries, creating a more cohesive network, as reflected
in the increased G’ and hardness recorded for the resulting gels during

Table 6
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rheological and textural analysis (Table 2, Fig. 1b and c). In fact, DSC
results further confirmed this trend, showing a sharp increase in the
degree of starch gelatinisation (GD) reaching around 66-67 % for 410
kJ/kg and 80-90 % for 425 kJ/kg, while those chickpea gels produced
with PEF applied beyond 450 kJ/kg showed GD stabilising to approxi-
mately 95-98 %, indicating near-full starch gelatinisation because of
high energy PEF treatment (Fig. 6). The starch-dominant nature of the
chickpea gel was also observed by a relatively high loss factor (tan § =
G’’/G)) and sensitivity to frequency (thus a higher B**, Table 3) for all
PEF-obtained gels during the frequency sweep test. This aligns with
other findings (Shim & Mulvaney, 2001) on thermal treated whey
protein-corn starch gels formulated with different starch/protein ratios,
where steeper tan § increase was associated with gels where starch was
the predominant constituent. This is due to the entangled polymer
network typical of starch-based gels that shows higher B’’ compared to
protein-based gels, where the nature of the gel is more cross-linked.
Together, these results strongly support the potential of high-energy
PEF treatment to promote the formation of a starch-dominant gel
network by inducing starch gelatinisation during the process.
Chickpea flour, like other legumes such as soy and pea, is a good
source of protein, consisting mainly of globulin (S7 and S11), followed
by albumins and glutelin (Grasso et al., 2022). Chickpea proteins are
recognised to have comparable functional and gelation properties with
those of other legumes, although high variation can be observed due to
the extraction method and the cultivar variability (Grasso et al., 2022).
Therefore, the role of chickpea proteins in the overall gel structure
formation for these PEF-produced chickpea gels cannot be overlooked.
Previous studies have shown that when plant proteins are present in
lower concentrations than starch, they tend to disrupt the starch gel
network by forming inclusions, resulting in reduced gel strength
compared to starch-only gels (Lyu et al., 2022; Nilsson et al., 2023; Ren
et al., 2024). A previous study (Sun & Arntfield, 2011) further observed
that pea protein gelation is highly sensitive to heating and cooling rates,
with faster heating rates leading to higher gelation temperatures.
Therefore, optimal gel strength for pea protein required a controlled
heating rate (2 °C/min). Considering that the heating rates during PEF
treatment in this study were much faster (44.4-227.4 ms), it is plausible
that such rapid heating rates might hinder gelation of chickpea proteins,
potentially shifting their gelation temperature, thus preventing any
protein-based gel formation. Nevertheless, stronger chickpea gels ob-
tained by high-energy PEF treatment (>450 kJ/kg) exhibited reduced
syneresis and protein losses in the expelled liquid (Table 4), suggesting
some degree of interaction and entanglement between starch and pro-
tein, even as the gelatinisation degree of starch plateaued (Fig. 6). This
improved water retention could be attributed to enhanced interactions
between protein molecules and water, likely mediated by hydrogen
bonding. Light microscopy images further support the observation of
increased aggregation of protein bodies around swollen starch granules
for chickpea gel samples from high-energy PEF treatments (Fig. 4). FTIR
results also supported these findings, with changes in second derivative
spectra indicating protein denaturation occurred (Table 5). Specifically,
there appeared to be a loss of p-sheets, an increase in intermolecular

In vitro protein digestion (final protein hydrolysis ymax, initial protein hydrolysis yo, rate constant k;) and starch digestion (readily digestible starch (RDS), slowly
digestible starch (SDS), resistant starch (RS))-related parameters for untreated and selected PEF-produced chickpea gel samples (mean =+ standard deviation, n = 3).

Sample code Starch intestinal digestion

Protein intestinal digestion

RDS [%] RDS [%] RDS [%] Vinax [%] o [%] ki [ x 1072 min~1] R? o
CTRL 16.28 + 0.15° 13.99 + 6.73° 69.73 + 6.81% 36.15 + 3.04 13.31 +1.80 ®® 1.16 + 0.20° 0.968
2.500 89.06 + 1.78° 0.71 + 4.59" 10.24 + 2.81° 34.34 + 1.38 10.91 =+ 0.27° 1.65 + 0.04 2 0.966
2.410 80.24 + 4.05" 16.78 + 4.78° 2.98 + 0.76° 33.46 + 0.90 11.53 + 0.51%° 1.42 + 0.12% 0.958
1,500 79.83 + 0.53" 2.73 + 4.42a" 17.38 + 4.96° 39.35 + 0.22 14.81 +0.60 1.51 +£0.22 0.959
1.410 82.10 + 3.14° 0.47 + 2.64° 17.43 + 2.66" 38.53 + 2.58 14.20 +0.98 ° 1.29 + 0.39 @ 0.953

Different letters within the same column indicate statistically significant differences (p < 0.05). dej was determined adjusting R? for the number of parameters

considered in the model.

10



F. Drudi et al.

aggregates, and a rise in the amide I/II ratio alongside a decrease in
absorbance values for both amide peaks in all PEF-produced chickpea
gels. These structural changes align with observations in legume protein
isolates, concentrates and flours subjected to PEF treatments at electric
field strengths ranging from 2 to 5 kV/cm up to 50 kV/cm (Duque et al.,
2020b; Liu et al., 2011; Melchior et al., 2020; Perez et al., 2024), where
the observed changes were attributed to polarisation effects on charged
dipoles present in the protein backbone caused by PEF, leading to
structural rearrangements. It is plausible that increasing the energy
delivered during PEF treatment facilitated protein structural rear-
rangements in the chickpea slurries, enabling greater interactions with
amylose and amylopectin chains. Consequently, it could be that these
interactions, facilitated by high-energy PEF treatment, contributed to
the formation of firmer chickpea gels with reduced syneresis.

In the current study, chickpea gels obtained using PEF treatments at
increasing energy levels showed significant increases in specific textural
(hardness) and rheological parameters (yield stress, A', G’1yr). However,
other characteristics of the chickpea gels remained consistent. During
the amplitude sweep test, after reaching the critical strain (defined as
the end of the LVR where G’ drops below 90 % of its value within the
LVR), all PEF-produced chickpea gel samples similarly exhibited a
typical type Il behaviour (Fig. 3). This behaviour consists of a decrease
in G’ accompanied by a weak but sudden rise in G’* (i.e. a temporary
increase in G” as G’ decreases) (Hyun et al., 2011). Similar phenomena
have been documented in comparable starch-protein gel matrices (Gu
et al., 2024; Ren et al., 2024) and are believed to result from the tem-
porary reorganisation of particles into aggregates or clusters before ul-
timately breaking down under higher strain amplitudes (Gu et al., 2024;
Hyun et al., 2011). When the loss modulus was normalised (G’/G’ Ly,
data not shown), the increase in G” was consistent across all
PEF-produced chickpea gel samples. This consistency suggests that the
structural reorganisation responsible for this type III behaviour was not
significantly influenced by PEF treatment, even among chickpea gels
exhibiting different rheological properties.

While the effect of specific energy on the rheological and textural
properties of the PEF-produced chickpea gels was evident, no statisti-
cally significant differences were observed between gel samples after
PEF treatment at different electric field strengths (Tables 2 and 3, Fig. 1b
and c). It can be postulated that Joule heating, driven by the increase in
specific energy input and the corresponding temperature rise during PEF
treatment, could be a key mechanism contributing to gel formation in
the current study. This is supported by the fact that the recorded tem-
peratures of chickpea slurries post-PEF treatment, ranging from 56.4 +
2.35 t0 69.9 + 1.34 °C (Table 1), aligned closely with the pasting tem-
perature of the chickpea flour (70-75 °C, (Chung et al., 2008; Kaur &
Singh, 2005)), and DSC results further supported this observation
(Fig. 6). Nevertheless, in previous studies where pure starches (such as
corn, cassava, wheat and rice) were PEF-treated with a variable electric
field (8-30 kV/cm), a slight reduction in enthalpy was observed com-
bined with a decreased gelatinisation temperature (Milanezzi & Silva,
2025), in contrast to what was observed in the present study on
PEF-produced chickpea gels, where a shift to a higher gelatinisation
degree appeared (Fig. 6). This discrepancy may stem from the rapid
heating induced by the Joule effect during PEF treatment, leading to
significant starch granule swelling and high degree of starch gelatini-
sation, rather than mere structural rearrangement of starch granules.
Similar phenomena have been documented by (Ratnayake & Jackson,
2007), who noted shifts in gelatinisation peak temperature and peak
area reduction for different starches (rice, corn and potato) under
thermal treatment at increasing temperatures (35-85 °C, 5-20 min).
Nevertheless, for the purpose of producing dysphagia-friendly food
products, complete starch gelatinisation offers distinct advantages,
including improved textural consistency and nutrient digestibility of the
final product. The Joule effect, often considered undesirable, played a
beneficial role for the intended application, enabling rapid gel formation
(within microseconds) that minimised sedimentation of insoluble
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components (e.g. starch and fibres). This rapid heating mechanism
highlights the potential of PEF as a rapid and low energy technique for
creating tailored gel textures, which may be suitable for dysphagia diet
management pending further studies.

Apart from Joule heating, the application of high electric fields
during PEF treatment can induce electrochemical reactions and molec-
ular polarisation, as observed in previous studies (Giteru et al., 2018;
Milanezzi & Silva, 2025). These phenomena are particularly relevant for
structural modifications in macromolecules, such as starch and protein,
especially under high electric field conditions. Studies on low electric
field applications (1-5 kV/cm) have demonstrated that structural
changes are achievable in both starches (Achayuthakan et al., 2023;
Conde et al., 2022; Duque et al., 2020b; Qiu et al., 2021) and proteins
(Gulzar et al., 2024; Melchior et al., 2020). In the current study, the FTIR
amide I/1I ratio of chickpea samples increased significantly after 1 and 2
kV/cm electric field treatment (Table 5). This finding contrasts with the
FTIR result of Rodriguez Espinosa (2023), who observed no significant
changes in the amide I/1I ratio of faba beans subjected to steam pressure
toasting (0-120 min, 121 °C). Thus, the amide I/II ratio increase might
be attributed to the unique effects of PEF, where electric fields induce
molecular polarisation and structural rearrangement, independent of
the heating caused by the Joule effect.

In all the chickpea gels studied, starch digestibility behaviours dur-
ing the simulated small intestinal phase appeared to be affected by the
intensity of electric field strength applied during PEF treatment
(Table 6). Previous studies using low electric field strengths (0.1-1.1
kV/cm) and specific energies of 0.3-150 kJ/kg (Abduh et al., 2019;
Castro et al., 2024; Johnston et al., 2024) reported limited improve-
ments in starch digestibility, except in cases where electroporation
enhanced starch accessibility to digestive enzymes. At higher electric
field strengths (1.25-8.6 kV/cm) and specific energies of 50-500 kJ/kg
(Achayuthakan et al., 2023; Conde et al., 2022; Duque et al., 2022; Hong
etal., 2018, 2020; Li et al., 2019; Wu et al., 2019), a consistent increase
in RDS and reduction in RS were observed, likely due to starch granule
disruption, loss of short-ordered structure and partial gelatinisation
induced by PEF treatment. Application of PEF treatment beyond 10
kV/cm has been shown to further increase RDS while reducing SDS and
RS (Zeng et al., 2016), attributed to more extensive starch granule
disruption improving enzyme accessibility. Therefore, despite resulting
in similar post-PEF temperature rises and IDDSI classification levels, the
observed differences in RDS for chickpea gels obtained by PEF treat-
ments at different electric field strengths suggest that electric field ef-
fects contributed to enhancing the digestive enzyme accessibility to
starch granules. The instantaneous Joule effect arising from PEF treat-
ment when increasing specific energy could have induced rapid starch
gelatinisation, thereby leading to an improved starch digestibility of the
resulting chickpea gels. These findings highlight the dual mechanisms of
Joule heating and PEF-induced structural modifications on starch,
which worked synergistically to improve starch digestibility of the
PEF-produced chickpea gels. The ability of PEF technology to enhance
starch digestibility of chickpea gels while maintaining their designated
IDDSI classification level is particularly valuable for dysphagic patients,
who are at higher risk of malnutrition (Foley et al., 2009).

Protein digestibility of chickpea gels during the small intestinal
phase (kj, Table 6) also showed significant differences between control
samples and those subjected to PEF treatment, particularly for gel
samples obtained with PEF applied at 2 kV/cm and 500 kJ/kg. Previous
studies on PEF and plant protein digestion suggest that structural
modifications, such as those resulting from electroporation, enhance
accessibility of chickpea proteins to digestive enzymes (Alpos et al.,
2021; Johnston et al., 2024). For animal proteins, Liu et al. (2018) have
reported similar beneficial effects on protein digestibility, attributing
the improvement to partial denaturation/unfolding of proteins induced
by PEF treatments at high specific energies. These changes are thought
to increase surface accessibility of proteins for digestive enzymes.
Further research is needed to understand the specific mechanisms
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through which PEF-induced electrochemical modifications impact plant
proteins to optimise PEF treatments for enhanced protein digestibility,
particularly when targeting populations with higher nutritional needs,
such as OD-affected patients.

Although the PEF-produced chickpea gels are promising for OD-
affected individuals from a textural and rheological perspective,
further formulation optimisation by incorporating additional in-
gredients could improve their stability, consistency, safety, and swal-
lowing effectiveness. One potential strategy is to enhance water
retention capacity of the gel to reduce phase separation and eliminate
syneresis, while ensuring uniform texture and easier handling during
storage and shelf-life. This is particularly critical for OD-affected pa-
tients, as inconsistent textures may hinder proper swallowing and in-
crease the risk of aspiration. Another strategy is to increase the energy
density (calorie content) of the gel without compromising its gel con-
sistency, making it more nutritionally valuable for OD-affected patients,
who are at higher risk of malnutrition. Adding hydrocolloids or opti-
mising PEF parameters could be explored as potential strategies to
achieve this goal.

Given that the PEF-produced chickpea gels were predominantly
starch-based, further research should explore their textural changes
during the oral phase of swallowing, particularly in the presence of
salivary amylase, which may hydrolyse starch and compromise gel
integrity (Ortega et al., 2020). In the current study, a noticeable
decrease in gel viscosity was observed during in vitro gastrointestinal
digestion, occurring after the addition of amylase. However, the oral
phase in this study was standardised to 2 min in accordance with the
INFOGEST protocol (Minekus et al., 2014), considerably longer than the
typical 3-20 s duration observed in OD-affected patients (Moon et al.,
2018). Future studies should aim to replicate more realistic oral phase
conditions to better understand the impact of starch depolymerisation
on gel breakdown and the resulting rheological modifications. This will
be crucial to determine the actual applicability and safety of the ob-
tained gels for the nutrition of OD-patients as changes in their rheo-
logical properties during consumption can have important repercussions
on the applicability of the gels. Moreover, the effects of water loss and
lubrication during mastication and swallowing process (Matsuo &
Fujishima, 2020) deserve further exploration.

5. Conclusion

Overall, the use of PEF technology for gel formation can plausibly be
attributed to a combination of mechanisms: primary thermal effects
induced by Joule heating, which led to starch gelatinisation, and
structural modifications caused by PEF on starch and proteins. Joule
heating, on one hand, facilitated rapid temperature increases that
caused granule swelling and amylose leaching, forming the gel network
(as suggested by the clear specific energy effect (e.g. higher energies
increased starch gelatinisation and reduced the 1047,/1022 ratio, thus
improving the overall textural and rheological properties of the gel). On
the other hand, electrochemical effects, such as molecular polarisation,
likely contributed to enhanced macromolecular interactions and struc-
tural rearrangements between starch, protein and other macromolecules
in the chickpea flour. However, the precise role of electrochemical ef-
fects, including protein denaturation and starch chain rearrangements,
on the functional properties of the gels remains to be fully elucidated,
particularly given that digestibility differences observed in chickpea gels
between PEF treatments applied at different electric fields were not re-
flected in the rheological or textural properties of the gels. Therefore,
further studies should be conducted to distinguish between effects
caused by thermal heating and those induced by electrochemical reac-
tion. This study provides scientific evidence that PEF technology can be
used as a sole processing step to tailor textural properties of chickpea
flour-water mixtures. By selecting the optimal combination of electric
field strength and specific energy, a clean label product can be obtained
using a single ingredient, e.g. chickpea flour, with varying rheological
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properties, that could make it useable for patients with dysphagia.
Nevertheless, a more in-depth study such as using videofluoroscopic
swallow technique (also possibly considering the effect of endogenous
enzymes present in saliva), is necessary to assess the actual sample
behaviour during swallowing, ensuring the proper applicability of the
product for OD-affected patients.
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