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In this study, we investigated the influence of pulsed electric field (PEF) conditions during electrodialysis with
ultrafiltration membrane (EDUF) on the separation of peptides present in a whey protein hydrolysate (WPH). Six
PEF conditions, defined by different pulse/pause durations (1s/1s, 5s/1s, 5s/5s, 10s/1s, 10s/5s, 10s/10s) were
compared. Peptide migration efficiency (MRcharge) and selectivity were evaluated in both cationic and anionic
recovery compartments. The duty cycle (pulse duration divided by total cycle time) emerged as a key parameter,
with lower values consistently associated with higher peptide migration efficiency. These effects arise from the
combined action of concentration polarization (CP) relaxation during pauses and short-lived electroconvective
vortices (ECVs) generated at the start of each pulse. Furthermore, PEF conditions affected peptide selectivity,
likely due to the dynamic competition among charged peptides within the diffusion boundary layer (DBL), since
repeated pulse-pause cycles affect DBL extension and concentration profile formation, favoring the transport of
larger or less mobile peptides. Altogether, these results provide new insights into how mechanisms well estab-
lished in conventional electrodialysis (ED) also govern peptide transport in EDUF and that tuning the duty cycle
can strategically improve peptide migration efficiency.

1. Introduction

Industrial biofood streams such as whey, blood and wastewater are
complex, protein-rich matrices produced in very large volumes. Glob-
ally, around 180-190 million tons of whey are generated annually, with
projections of 203-241 million tons by 2030 (Buchanan et al., 2023).
Such by-products represent both an environmental burden and an op-
portunity since enzymatic hydrolysis of their protein fraction can release
diverse peptide mixtures with a wide range of bioactivities, including
antioxidant, antihypertensive, antibacterial (Arrutia et al., 2016) and
therefore high added-value potential. Valorization of whey through
peptide recovery thus represents an attractive circular economy
(Li-Chan, 2015; Zaky et al., 2022). However, industrial implementation
is hampered by the difficulty of selectively separating peptides, which

often share similar physicochemical properties (Fernandez et al., 2013).

Conventional membrane separations such as ultrafiltration and
nanofiltration offer scalability but discriminate primarily by size,
limiting peptide-level selectivity (Bazinet & Firdaous, 2013; Belfort,
2019). Electrodialysis with ultrafiltration membranes (EDUF) provides
an advantage by combining charge selectivity of ion-exchange mem-
branes with size exclusion of ultrafiltration membranes (Alavi & Ciftci,
2023). This hybrid mechanism has been used to separate peptides from
blood, milk and other hydrolysates (Cournoyer et al., 2024; He et al.,
2016). More recently (Cournoyer et al., 2024, 2025), studied the effect
of different current modes: continuous current (CC), PEF and polarity
reversal (PR) on the migration selectivity of peptides from a porcine
blood hydrolysate during electrodialysis with ultrafiltration membrane.
These studies demonstrated for the first time that the electrical current
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modes and conditions have effects on the mass transfer and final peptide
profiles in the recovery compartment. Indeed, three groups of current
conditions with similar performances were identified: CC, PEF with 10 s
pulse followed by 1 s pause (10s/1s) and PR with the same pulse/pause
duration (10s/1s) promoted the selective migration of cationic peptides
with low molecular masses. Despite the chosen cationic configuration of
the system (allowing only the recovery of cationic peptides), PR 1s/1s
facilitated the migration of some anionic peptides due to short polarity
reversal, while PEF 1s/1s exhibited intermediate behavior. However,
the chosen PEF conditions (10s/1s and 1s/1s) were not enough to fully
elucidate the underlying mechanisms involved in EDUF under PEF
process on peptide migration selectivity.

Few studies have demonstrated the positive impacts of PEF in con-
ventional electrodialysis (ED) systems (Lemay et al., 2019; Mishchuk
et al., 2001; Ruiz et al., 2007). These works showed that applying PEF
can reduce concentration polarization (CP), limit membrane fouling and
enhance mass transfer, leading to improved demineralization efficiency
and lower specific energy consumption compared to CC. In EDUF,
(Suwal et al., 2016) were the first to apply PEF and PR using a snow crab
by-product hydrolysate, demonstrating that both modes mitigated
fouling and water dissociation while PEF also led to lower energy con-
sumption compared to CC. However, their study focused primarily on
amino acid migration, leaving the mechanisms governing peptide
migration selectivity largely unexplored. Building on these findings,
(Cournoyer et al., 2024, 2025) provided the first direct evidence that the
electrical current modes significantly influence peptide migration
selectivity during EDUF. Nevertheless, the mechanistic basis of these
effects, particularly how specific PEF parameters modulate mass transfer
efficiency and peptide migration selectivity, remains poorly understood.

Mechanistically, these selectivity shifts may arise from CP and
transient diffusion boundary layer (DBL) dynamics. Indeed, in multi-
component ED, species with lower mobility or larger size are dispro-
portionately impacted by CP and electrostatic interactions, leading to
competitive hierarchies within the DBL (Zimmermann et al., 2023). In
ED under PEF, periodic CP relaxation during pauses can redistribute
species concentrations, while current surges and ECVs at pulse onset
create transient gradients. These conditions, in EDUF, may alter which
peptides reach the membrane surface, favoring some over others
depending on charge, size or diffusivity (Cournoyer et al., 2024, 2025).
However, systematic peptide-level evidence of such mechanisms in
EDUF remains scarce.

In this context, the aim of the present study was to explore different
PEF conditions to allow a more comprehensive study of their impact on
peptide migration efficiency and selectivity during fractionation of a
whey protein hydrolysate. The specific objectives were to (1) assess the
impact of different PEF conditions on peptide migration efficiency, (2) to
identify and characterize peptides, and (3) to study their impacts on
peptides selectivity.

2. Materials and methods
2.1. Whey protein hydrolysate

The whey protein hydrolysate (WPH) used in this study was prepared
from Prolacta 95, a whey protein isolate containing 90 % (w/w) protein
(Lactalis, Retiers, France). To produce the hydrolysate, 444 g of Prolacta
95 was dissolved in 20 L of deionized water, yielding a 2 % (w/v) so-
lution and allowed to solubilize overnight at 10 °C under gentle stirring.
Enzymatic hydrolysis was conducted for 3 h at 37 °C and pH 2.5 (Guo
et al., 1995) using pepsin at an enzyme-to-substrate ratio of 1:40
(Damen et al., 2024). The pH was maintained with 3 M HCL. Following
hydrolysis, the solution was heated to 80 °C for 15 min to inactivate the
enzyme (Geoffroy et al., 2022). The resulting WPH was divided into
aliquots and stored at —30 °C for subsequent EDUF experiments.
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2.2. Peptides separation in electrodialysis with ultrafiltration membrane

EDUF separations were carried out using an MP-type electrodialysis
cell (ElectroCell AB, Taby, Sweden) with an effective membrane surface
area of 100 cm?. The cell was assembled with a food-grade anion-ex-
change membrane (AMX-fg), a cation-exchange membrane (CMX-fg)
and two polyethersulfone ultrafiltration membranes (50 kDa MWCO,
Synder Filtration, Vacaville, CA, USA), positioned near the anode (FM1)
and cathode (FM2) (Fig. 1). The system included four recirculation loops
connected to external tanks. The feed compartment contained 600 mL of
2 % (w/v) WPH circulated at 700 mL/min. The anionic and cationic
recovery compartments each held 600 mL of KCI solution (2 g/L), also
circulated at 700 mL/min. The electrode rinsing compartments con-
tained 1000 mL of NaySO4 (20 g/L) circulated at 800 mL/min. Centrif-
ugal pumps (CL3503, Baldor Electric Company, Arkansas, USA) ensured
continuous circulation, with flow rates monitored and controlled by
flow meters (F-550, Blue-White Industries Ltd., CA, USA).

Before running the separation experiments, the limiting current
density (LCD) of the system was determined through preliminary
duplicate experiments following Cowan and Brown (Cowan & Brown,
1959), resulting in an LCD of 102 A/m? (1.02 A). Voltages were applied
under potentiostatic control using a 0-30 V power supply (HQ Power
PS3003, Xantrex, Burnaby, BC, Canada) and a multimeter monitored the
applied voltage directly at the electrodes. Six PEF conditions were
tested, varying both pulse and pause durations: 1s/1s, 5s/1s, 5s/5s,
10s/1s, 10s/5s, and 10s/10s (Table 1). During each pulse a constant
voltage of 7.8 V was applied, while during the pause the voltage
returned to 0 V, generating currents between 0.436 and 0.607 A using a
Pulsewave 760 generator (Bio-Rad Laboratories, Richmond, BC, Can-
ada). Each treatment applied 2 h of effective current, leading to different
total durations depending on the pulse/pause combination
(Marti-Calatayud et al., 2021). The temperature was continuously
monitored throughout the runs, although not actively controlled. Across
all experiments, the temperature variations between the start and the
end of each run averaged 11.18 + 1.26 °C. This variation was consistent
among conditions, indicating that any thermal effect, if present, would
have similarly affected all treatments. The randomized order of the ex-
periments further minimized potential bias due to temperature fluctu-
ations. A schematic diagram of the EDUF setup, including membrane
configuration, recirculation loops, and electrode placement is provided
in Fig. 1. To facilitate comparison among PEF conditions, the duty cycle
(o) and the frequency (Hz) were also considered, as they provide a more
comprehensive description of the pulsing pattern. The duty cycle (a) was
determined using equation (1) (Malek et al., 2013; Sistat et al., 2015),
and corresponds to the portion of time the current is active during each
cycle:

o= tpulse / (tpulse + tpause) (@)

Where t,yse and tpause in second (s) represent the time in which the
current was applied, or not, during a PEF signal. The frequency (Hz) is
defined as the number of times the PEF signal repeats in 1 s (Salam &
Rahman, 2018).

It is important to note that PEF used in this study refers to the
application of low-voltage, time-modulated electrical field during elec-
tromembrane separation. This approach differs fundamentally from the
high-intensity PEF (typically >1 kV/cm) used for electroporation or
microbial inactivation (Lytras et al., 2024). The voltages applied here
(7.8 V corresponds to 2 V/cm) are far below electroporation thresholds,
and the objective was to modulate peptide migration, CP and ECVs
phenomena rather than to induce membrane permeabilization or
cellular effects.

2.3. Total peptide concentration analysis

Peptide concentrations in the anionic and cationic compartments
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Fig. 1. Schematic diagram and cell configuration of the electrodialysis with ultrafiltration membrane system for the simultaneous separation of anionic and cationic
peptides obtained from whey protein hydrolysate. FM1 and FM2: filtration membranes with same molecular weight cut-off; AEM: anion-exchange membrane; CEM:
cation-exchange membrane; P': cationic peptide; P: anionic peptide; P°: neutral peptide (adapted from Suwal et al., 2017).

Table 1
Pulsed electric field conditions considered in this study.

PEF condition Pulse duration (s) Pause duration (s)

Ratio pulse/pause

Process duration (h) Duty cycle (-) Frequency (Hz)

1s/1s 1 1 1 4 0.5 0.50
5s/1s 5 1 2.4 0.83 0.17
5s/5s 5 5 1 4 0.5 0.10
10s/1s 10 1 10 2.2 0.91 0.09
10s/5s 10 5 2 3 0.67 0.07
10s/10s 10 10 1 4 0.5 0.05

were quantified using the pBCA Protein Assay Kit (Thermo Fisher Sci-
entific,c, Waltham, MA, USA) following the manufacturer’s protocol.
Absorbance at 562 nm was measured after 2 h incubation at 37 °C with

an xMark Microplate Spectrophotometer (Bio-Rad, Mississauga, ON,
Canada).

2.4. UPLC-MS/MS analyses: peptide migration and selectivity

2.4.1. UPLC-MS/MS method

Peptide identification in the recovery EDUF fractions under each PEF
condition was performed using UPLC-MS/MS. The chromatographic and
mass spectrometry setup was the same as previously described by
(Cournoyer et al., 2024; Damen et al., 2024), based on a 1290 Infinity II
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UPLC system coupled to a 6560 IM-Q-TOF mass spectrometer (Agilent
Technologies, Santa Clara, CA, USA). In this study, hydrolysate samples
(2 % w/v) were filtered through 0.45 pm PVDF filters and 10 pL were
injected into an Infinity Lab Poroshell 120 EC-C18 column (2.1 mm X
100 mm, 2.7 pum, Agilent, CA, USA). Separations were carried out at
45 °C with a flow rate of 0.4 mL/min and a maximum operating pressure
of 600 bar. The mobile phases consisted of solvent A (LC-MS grade water
with 0.1 % formic acid) and solvent B (LC-MS grade ACN with 0.1 %
formic acid). The gradient was optimized for peptides migration ana-
lyses, starting at 1 % B, ramping to 45 % B over 30 min, followed by a
2-min step at 95 % B and a 3-min cleaning at 100 % B before
re-equilibration. MS data were acquired in positive mode and analyzed
with Mass Hunter BioConform Software (Agilent Technologies), using
the same calibration and acquisition parameters as in (Cournoyer et al.,
2024; Damen et al., 2024).

2.4.2. Data treatment and statistical analysis

The recovered fractions from all EDUF experiments were analyzed
using the Agilent Mass Hunter Software package (Agilent Technologies,
Santa Clara, CA, USA). Initially, MS-spectra and UV-chromatograms
were acquired using LC/MS Data Acquisition Version B.08.00.
Through a visual comparison of the UV chromatograms obtained for the
different PEF conditions, the most important peaks from cationic and
anionic compartments were selected, focusing on those that varied the
most in terms of height between conditions. These peaks were consid-
ered representative of peptides that either migrated preferentially or
exhibited condition-dependent differences. The concentration factor
(CF, see Section 2.4.3) of each peak was then statistically compared
across PEF conditions using one-way ANOVA, followed by Tukey’s
pairwise multiple comparison test (p < 0.05). Only peaks that showed
significant differences between PEF conditions were considered for
further analysis.

The peptide sequences corresponding to each peak were identified
using MS-spectra, and analyzed with BioConfirm Software (Version
10.0, Agilent Technologies). Biomolecules were matched to known
protein sequences present in the Prolacta hydrolysate, including beta-
lactoglobulin, alpha-lactalbumin, bovine serum albumin, and caseins
(alpha S1, S2, beta, and kappa). In addition, research was cross-
referenced with several bioactive peptide databases (BioPep, AHTPDB,
DFBP, PlantPep and PepLab). For each identified peptide, the amino
acid sequence, molecular mass (Da), and position within the specific
protein sequence were determined. Only peptides reproducibly detected
in at least two of the three experimental replicates were retained for
further analysis (Cournoyer et al., 2024). These reproducible peptides
were then used as markers to compare peptide migration across the
different PEF conditions. Finally, a principal component analysis (PCA)
was performed on the selected peaks, to study the general behavior of
PEF conditions on peptide migration.

2.4.3. Migration and migration selectivity of peptides

To assess the efficiency of the electric charge transported through the
electrodes to drive peptide migration, the migration rate based on
charges transported was introduced as Eq. (2):

MRcharge = Mpeptides /(80 2

Where MR parge is expressed in g/mva, Mpeprides the mass of peptides in
gram (g), S is the ultrafiltration membrane surface (0.01 m?) and C the
number of charges transported in Coulomb (C) (Cournoyer et al., 2024).
The mass of peptides (Mpeprides) used in Eq. (2) was determined from the
peptide concentrations quantified as described in Section 2.3. Briefly,
the peptide concentration (ug/mL) in each compartment at the end of
the experiment was multiplied by the corresponding solution volume
(mL) and the resulting value was converted to grams using the factor
106, according to Eq. (3):

Mpeptides = (Cpeptides~ v/ 106 3
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The effect of the separation on peptide migration was studied by
introducing the concentration factor of each peptide (CF;), defined as the
ratio of the final peak concentration in the recovery compartment to that
in the initial hydrolysate in the feed compartment before EDUF, as fol-
lows (Dushkova et al., 2023):

CF; (%) = (Cigr / Cip) x 100 (4)

Where the index i indicates the specific peak of interest, while Ciz and Cir
represent the area under the curve of the peak in the recovery and feed
compartments, respectively, as measured from UV chromatogram. This
parameter expresses the peptide enrichment in the recovery compart-
ment compared to the feed and is thus proportional to peptide
migration.

The selectivity of peptide migration was defined for each peptide i
with respect to peptide j as the ratio of the CF of peptide i to that of
peptide j (Wang et al., 2022):

Cir/p.
S = ﬂ = CF, / CF, (5)
J J
Gir/C.p

The first part of Eq. (5) suggests that the selectivity can be inter-
preted as the ratio between the abundance, obtained from UV chro-
matogram of species i (relative to j) in recovery and that in the feed
compartment. In Eq. (5), the reference peak for each recovery
compartment was chosen as the one with the lowest CF among the
selected peaks.

3. Results and discussion
3.1. Efficiency of mass transfer

From the final peptide concentrations data, the efficiency of peptide
migration (MRcharge) Was determined. In the C * re (Fig. 2a), assessing
the impact of pulse duration, 1s/1s led to a higher MRcparge than 10s/1s,
while no significant difference was observed with 5s/1s (p = 0.147). For
the pause duration, 10s/10s showed the highest MRcharge, followed by
10s/5s while condition 10s/1s had the lowest MRcparge. Regarding the
impact of the frequency, the MRcparge in 10s/10s was significantly higher
than in 1s/1s. In the Agc (Fig. 2b), assessing the impact of pulse dura-
tion, 1s/1s resulted in a significantly higher MR¢parge than 5s/1s (p =
0.018) and 10s/1s (p = 0.028). For the pause duration, MRcparge Was
higher in 10s/10s than in 10s/1s (p = 0.030), while no significant dif-
ference was observed compared to 10s/5s (p = 0.426). Finally, for the
impact of the frequency, the MRcharge in 5s/5s was significantly higher
than in 1s/1s and 10s/10s. These results confirm that the MRcparge is
influenced by the studied PEF conditions and in most cases, it increases
as o decreases. A similar trend was previously reported by (Cournoyer
etal., 2024, 2025), who compared CC, PEF and PR conditions during the
EDUF of a porcine cruor hydrolysate. The authors observed that, for the
same total duration of electric field application, the 1s/1s PEF condition
(o = 0.5) resulted in a significantly higher migration rate than 10s/1s («
= 0.91) and CC (a = 1) for cationic peptides. The present results extend
these findings by including broader range of PEF conditions and
examining both anionic and cationic recovery compartments, confirm-
ing that lower o values systematically lead to higher efficiencies.

To better illustrate this relationship, MRcharge Was plotted as a
function of « for both compartments (Fig. 3). The resulting curves clearly
show an inverse correlation, where MRharge increases as a decreases.
This graphical representation reinforces the conclusion that lower duty
cycles promote more efficient peptide migration under PEF operation.
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Fig. 3. Relationship between the mass transfer efficiency and the duty cycle in
(a) cationic and (b) anionic recovery compartments during electrodialysis with
ultrafiltration membrane. Continuous lines represent linear regression fits.

3.2. Peptide population in the recovery fractions

3.2.1. Analyses of UV chromatograms
Following UPLC-MS/MS analyses, UV chromatograms were gener-
ated for each recovery compartment and compared to the initial WPH

chromatogram under identical injection conditions (2 % w/v protein
concentration). To facilitate the identification of peptides recovered
under the different PEF conditions, chromatograms of the feed solution
and the recovery compartments were combined by charge type: Fig. 4
presents the results for the Cic and Fig. 5 for the Agc. From these
chromatograms, 22 prominent peaks in Cgc and 20 in Agc were selected
and labeled as key regions for the analysis of peptide migration differ-
ences observed in the experiment. Variations in peak height across
chromatograms demonstrated that the extent of peptide migration and
the selectivity of migration changed as a function of the studied PEF
conditions. These chromatographic shifts are consistent with earlier
EDUF studies that directly linked operating mode to differential peptide
recovery. In particular (Suwal et al., 2017), compared in situ and ex situ
enzymatic protein hydrolysis and separation in EDUF and reported that
during in situ hydrolysis, almost all peaks in the feed chromatogram
were reduced in height and area compared to the corresponding ex situ
controls, reflecting peptide migration from the feed compartment to-
ward the anionic and cationic recovery compartments. Importantly, by
analyzing peptide profiles and migration rates across compartments, the
authors observed that certain peaks in the ex situ experiment migrated to
a greater extent than their corresponding peaks in the in situ condition.
Moreover, some peaks present in the recovery compartments during the
ex situ experiment were absent under in situ experiment.

The selected peaks were then integrated in the Cgc, Agc and in the
initial WPH to determine their concentration factor (CF) (see Eq. (4))
and consequently assess the process selectivity. The statistical analysis
revealed significant differences across PEF conditions. Specifically, 8
peaks in Cic and 7 peaks in Agc were found to be statistically different
(p < 0.05), highlighting variations in peptide migration under the tested
conditions (Table 2).

In the Cic, the pulse duration influenced the CF values across
different peaks. Specifically, 1s/1s led to a significantly higher CF for
peak 14 compared to 5s/1s and 10s/1s, whereas 5s/1s resulted in a
significantly lower CF than 1s/1s and 10s/1s for peaks 16 and 18.
Regarding the pause duration, 10s/1s showed a significantly lower CF
than 10s/10s for peaks 10, 12, 14, and 18, as well as compared to 10s/5s

for peak 16. Finally, in terms of frequency, 10s/10s had a significantly
lower CF than 5s/5s for peak 8, while the opposite was observed for peak
11. In addition, based on the observed results, it appears also that in the
Cc, apart from peaks 8 and 11, where conditions 5s/5s and 10s/10s
showed significant differences, no significant differences were observed
among the conditions with a value of 0.5 (1s/1s, 5s/5s, and 10s/10s)
across the other peaks. In contrast, for the other peaks, the observed
differences were predominantly between the conditions with higher o
values of 0.83 and 0.91 (10s/1s and 5s/1s respectively) or with an in-
termediate o value of 0.67 (10s/5s) and at least one condition with o of
0.5. This trend is particularly evident for peak 18, where the CF showed
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Fig. 4. UV-chromatograms of the (a) cationic recovery compartment at the end and
ultrafiltration membrane process for the six PEF conditions.

a 2.7-, 2.97- and 2.51-fold increase under conditions 1s/1s, 5s/5s and
10s/10s respectively, compared to conditions 5s/1 or 10s/1s. Similarly,
for peak 16, the CF showed a 2.98-, 3.53- and 2.88-fold increase under
conditions 1s/1s, 5s/5s and 10s/10s respectively, compared to 10s/1s
(Table 2).

In the Agc, the pulse duration also had an impact, with 1s/1s showing
a significantly higher CF for peaks 2, 16, and 17 compared to 5s/1s and

(b) corresponding feed solution (WPH) at the beginning of electrodialysis with

10s/1s; for peaks 5 and 10 compared to 10s/1s; and for peak 6 compared
to 5s/1s. For the pause duration, 10s/1s resulted in a significantly lower
CF than 10s/10s for peak 16. Finally, considering the frequency, 5s/5s
showed a significantly higher CF than 10s/10s for peak 6. This trend
observed in the Agc is similar to that observed in the Cfc, where the
main differences occurred between at least one of the conditions with a
higher a value and at least one of the conditions with an a value of 0.5.
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Fig. 5. UV-chromatograms of the (a) anionic recovery compartment at the end and (b) corresponding feed solution (WPH) at the beginning of electrodialysis with

ultrafiltration membrane process for the six PEF conditions.

Specifically, the CF for peak 6 showed a 3.02- and 1.88-fold increase
under conditions 1s/1s and 5s/5s respectively, compared to 5s/1s.

This trend, already observed in the MRcharge (process efficiency),
confirms that PEF conditions affect the peptide migration, and that
migration improves as the o decreases, since higher CF values were
observed for PEF conditions with lower « values (1s/1s, 5s/5s and 10s/
10s). Since both selectivity and CF were defined based on peaks, and
each peak may contain a group of co-eluting peptides rather than a
single peptide, the resulting values reflect the behavior of peptide
families rather than individual peptides.

3.2.2. Impact of PEF conditions on peptide migration

Principal component analysis (PCA) was applied to the CF data to
facilitate the study of the effects of PEF conditions on peptide migration.
For both compartments, the three repetitions of each condition were
represented with 95 % confidence ellipses to see if the groups were
distinct or overlapped in the PCA score plot (Zhu et al., 2014), helping to
understand how data clustered and how the conditions were related to
one another. The first principal component (PC1) explained a large
portion of the total variance in peptide migration data, with 57.8 % and
72.0 % for Cgc and Agc respectively. When considering both PC1 and
PC2, more than 75 % and 85 % of the total variance were explained in
Cic and Agc respectively, thus providing a good representation of the
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Table 2
Concentration factor of selected peaks as a function of pulsed electric field conditions for the cationic and anionic compartments for the six PEF conditions.
Peak Retention time Concentration factor (%)" p-value
(min)”
1s/1s 5s/1s 5s/5s 10s/1s 10s/5s 10s/10s
Avg sd Avg sd Avg sd Avg sd Avg sd Avg sd
Cationic 7 8.78 10.21 1.56 6.22° 1.06 11.83®> 150 7.54*® 18 7.90*® 110 9.84%" 317 0.029
compartment ab
8 953 7.12*" 067 5.15% 1.18 7.95° 036 5.312 0.65 6.04%" 067 5.60? 0.67  0.003
10 11.22 26.99 4.47  24.06 1.59  31.30 220 20987 474 27.61% 205 32.36° 282 0.008
a,b a,b a,b b
11 11.65 17.59 429 16.17 1.33 5.28° 231 14.33 426 15.02% 777 1850° 419 0.039
a,b a,b a,b b
12 11.86 1.89*® 035 1.43*® 022 1.71* 021 1.23? 003 1.61* 016 1.97° 0.17  0.010
14 12.80 8.39" 117 5.85° 041 7.90*® 011 5.592 021 6.93% 145 889" 112 0.003
16  13.49 6.37° 1.83 3.01° 215 7.55° 0.65 2142 0.62 6.47° 204 6.17> 101 0.005
18 14.49 3.46> 070 1.28% 0.41 3.80°¢ 024 1.282 047 1.93% 064 322> 091 <0,001
Anionic 2 688 15.62° 204 10497 218 15.03 1.40  10.11* 162 11.75% 263 13.13% 070 0.014
compartment ab b b
4 8.71 9.05*" 131 6.97% 1.37 10.40° 116 7.152 077 823% 109 926> 058 0.016
5 899 419> 078 237% 074 4.34°¢ 0.83 2112 043 3.32% 077 3.69* 046 0.008
b,c b,c
6 9.53 3.02> 026 1.972 0.23 3.70°¢ 015 2.29%" 037 253% 054 273> 004 <0.001
10 10.93 16.58° 0.62 14.08 1.33  14.16 1.68 12.06® 0.81 14.06> 204 13.98% 1.28 0.044
a,b a,b b b
16 1256 11.82¢ 241 7.10®® 105 11.63 1.88 6.802 1.67 9.65% 160 11.36 1.06  0.007
b,c b,c b,c
17 1278 30.03> 404 17542 272 29.04° 356 18.890® 1.83 21.95% 492 2555% 310 0.003
b b

# Retention time was averaged for all conditions and their repetitions.

b Concentration factor values followed by a different letter for each peak (row) are significantly different using a Tukey multiple comparison test (p < 0.05) (One-

way ANOVA with PEF conditions as treatments).

original data.

For the Cc, the loading plot (Fig. 6a) shows that most peaks pri-
marily contribute to PC1, except peak 11 which is predominantly
associated with PC2. Based on migration correlations, three distinct
groups of peaks can be identified: group A including only peak 11; group
B with peaks 10, 12 and 14; and group C made up of peaks 16, 18, 7 and
8. In parallel, the score plot (Fig. 6b) reveals a clear separation of several
PEF conditions along PC1, without overlapping confidence ellipses.
Specifically, regarding the pulse duration, 1s/1s is separated from 5s/1s
and 10s/1s, while for the pause duration, 10s/5s is separated from 10s/
1s. However, the impact of the frequency does not result in significant
separation among the conditions along PC1. Along PC2, 5s/5s is sepa-
rated from 10s/10s, further highlighting the influence of PEF conditions
on peptide migration. PEF conditions located on the positive side of the
PC1 are associated with higher migration values for most peptides
compared to those on the negative side. This suggests a decreasing trend
in peptide migration depending on the PEF condition in the following
order: 1s/1s, 5s/5s and 10s/10s, followed by 10s/5s and finally 10s/1s
and 5s/1s. Interestingly, PC1, which represents the migration of most
peptides, is negatively correlated with the duty cycle, confirming that
conditions with lower o value correspond to higher migration. This
trend aligns with the previously observed MRcharge results (see Section
3.1). On the other hand, the frequency does not show a clear effect in the
score plot, as conditions 1s/1s (high frequency) and 10s/10s (low fre-
quency), which share the same o value appear overlapped. However, 5s/
5s appears distinctly located relative to other conditions with the same o
value, suggesting in this case a potential effect of the frequency.

Similarly, in the Agc, the loading plot (Fig. 7a) indicates two groups
of peaks with correlated migration: group D including peaks 10 and 2
and group E including peaks 17, 5, 16, 6 and 4. The score plot (Fig. 7b)
reveals that contrary to the C ™ gc, the separation of PEF conditions
occurs only along PC1. Specifically, regarding the pulse duration, 1s/1s
is separated from 5s/1s and 10s/1s, while for pause duration and fre-
quency, no separation without overlapping confidence ellipses is
observed. Conditions 1s/1s, 5s/5s and 10s/10s located on the positive
side of the PC1 are associated with higher migration values for most of

the peptides compared to 10s/1s which is located on the negative side
with no overlapping confidence ellipses.

The additional graph of PC1 for both cationic and anionic com-
partments as a function of a (Fig. 8) further supports the conclusions
drawn from the PCA score plots. Since PC1 accounts for most of the
variance in peptide migration, following its behavior provides a reliable
indicator of the global impact of the PEF conditions. Across compart-
ments, PC1 values decrease as a increases, showing that lower a con-
ditions (1s/1s, 5s/5s and 10s/10s) are systematically associated with
higher peptide migration. This trend once again highlights that a is a key
factor influencing overall peptide migration, while differences in pulse
or pause duration have more subtle effects. The consistent pattern
observed in both cationic and anionic compartments reinforces the idea
that tuning o can be used strategically to optimize migration efficiency
across a range of PEF conditions.

To further interpret the PCA results, the selectivity of each peptide
was assessed relative to a reference peak using ANOVA. Peak 12 was
considered as reference for Cgic and peak 6 for Agc. The reference peak
for each recovery compartment was chosen as the one with the lowest
CF among the selected peaks. The analysis revealed a significant effect of
the PEF conditions on the selectivity, specifically, Sg 12 (selectivity of
peak 8 referred to peak 12), S11,12 and Syg 12 in Cic and S10,6 in the Arc
(p = 0.05). In the Cfc, the loading plot identified three clusters of
correlated CFs (A, B and C). Since peak 12, used as the reference belongs
to group B, peaks outside group B were expected to show PEF-dependent
selectivity variations. While significant effects were observed for Sg 12,
S11,12 and S;g,12, other potential variations may have not been detected
due to data variability and consequent low statistical power. A similar
trend was observed in the Agc, where the PCA loading plot identified
two groups of correlated CFs (D and E). Given this clustering pattern, at
least one binary selectivity was expected to change with PEF conditions
when using peak 6, which belong to group E as a reference. This was
confirmed by Sig6, corresponding to the peak with the highest contri-
bution to PC2 and the weakest correlation with the reference group,
which showed statistically significant variation across PEF conditions.

These differences in selectivity could be better explained by



L.C. Mafotang T. et al.

(2) A g
0.8
12
04 14 B
= 10
=
]
= 0
8 18
A~ 716
0.4 C
8
-0.8
-0.8 -0.4 0 0.4 0.8
PC1 (57.8 %)
4
(b)
3
2
.
~ 1 A L .
: v
"3 ~ A
20 -
«
O -
A -1 PEF condition
A .
e Is/ls
-2 Vv S5s/ls
Ss/5s
3 10s/1s
A 10s/5s
e 10s/10s
-4
-6 -4 -2 0 2 4 6

PC1 (57.8 %)
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score plot, of the 8 selected peaks for the six pulsed electric field conditions
tested for the cationic compartment. The shaded areas refer to 95 % confi-
dence ellipses.

considering species-specific interactions within the DBL, as supported by
recent work from (Zimmermann et al., 2023) in multicomponent ED
systems. In such systems, ions or charged species with lower mobility or
larger size are disproportionately impacted by CP and electrostatic in-
teractions, especially when coexisting with faster, smaller counterions.
This creates a competitive hierarchy in the DBL, where only the species
that maintain sufficient local concentration and exhibit high electro-
phoretic mobility are efficiently transported. This concept aligns with
the theoretical models (Geraldes & Afonso, 2010; Gorobchenko et al.,
2022; Zabolotsky et al., 2020), which describe how ion selectivity in
multi-ionic systems depends on current density and on each ion’s critical
current density. According to these models, as the applied current ap-
proaches the limiting value for a given species, its boundary concen-
tration tends toward zero and mass transfer becomes dominated by
diffusion through the DBL rather than membrane permselectivity.
Therefore, when transient or pulsating electric fields are applied, as in
PEF-ED, the system repeatedly crosses these transport regimes, alter-
nating between periods dominated by electromigration (during the
pulse) and diffusion-controlled recovery (during the pause). Such tran-
sitions are expected to dynamically modulate the hierarchy of species
competition at the membrane surface.

When extended to EDUF, such competitive effects have been exper-
imentally observed during the separation, where the presence of abun-
dant peptides was shown to affect the migration of specific species
through inter-species competition as previously observed by (Langevin
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et al., 2012; Roblet et al., 2013) on peptides mixture and (Aider et al.,
2008) on chitosan oligomers. In the present study, similar interactions
are expected within the DBL, where differences in concentration and
charged-based interactions dynamically affect each peptide’s access to
the membrane surface. For instance, during long pause duration when
the electric field is off, the concentration gradients near the membrane
have time to relax, leading to a more uniform distribution of peptides in
the DBL (Cournoyer et al., 2025). This reduces the strong transport
advantage typically held by smaller, highly charged and consequently
faster peptides under constant field conditions. As a result, larger or less
mobile peptides have a better chance to reach the membrane and
migrate, shifting the balance of which peptides are transported and thus
their selectivity. Moreover, the study emphasizes that electromigration
under non-steady conditions (like PEF) causes transient concentration
and electric field gradients. These momentary changes affect each
peptide species differently depending on their size, charge or diffusivity.
So, peptides with similar charges but different molecular weight or
hydrophobicity may then respond differently to these transient profiles
(Cournoyer et al., 2025).

3.2.3. Identification and characterization of peptides

The peptides present in the peaks (for both the anionic and cationic
compartments) highlighted in Table 2 were identified and analyzed in
terms of their amino acid sequence, molecular weight, and corre-
sponding whey proteins. Additionally, detailed information about the
peptide’s presence or absence in these peaks across the different PEF
conditions is also provided in Table 3. Bioinformatics tools (Biosynth;
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(NovoPro)) were used to determine the isoelectric point (pI), net charge
at pH 7, GRAVY score, as the average of hydropathy values of amino acid
residues, and the percentage of hydrophobic residues. The net charge of
the peptides was presented at pH 7 to reflect their charged state during
the separation process carried out at pH 7.

In total, 14 peptides were identified in the Cfc with molecular
weights ranging from 431.238 Da to 2109.221 Da (Table 4). Among
these peptides migrated in the Cgc, 5 had an isoelectric point (pI) below
7, indicating a negative charge, while the remaining peptides were
positively charged. Group A from PCA (Fig. 6a) contained a positively
charged peptide (NKVLVL). Group B appeared to be a mixture of posi-
tively, negatively and neutrally charged peptides, with molecular
masses ranging from 583.267 to 1217.670 Da and 80 % of peptides
having molecular masses above 800 Da. Group C consisted primarily of
positively charged peptides (with only one neutral peptide, GGVSL) and
molecular masses ranging from 431.238 to 2109.221 Da, with 75 % of
peptides with molecular masses above 800 Da. In the Agc, 9 peptides
were identified with molecular masses ranging from 381.190 Da to
1307.673 Da. All peptides that migrated in the Agc had a pl below 7,
confirming their negative charge. Group D from PCA (Fig. 7a) contained
three peptides: VRTPEVDDE, VRTPEVDDEAL and AASDISL, with mo-
lecular masses of 1058.488; 1242.610; and 675.344 Da, respectively.
Group E appeared to be a mixture, including peptides with low

10

Food Bioscience 74 (2025) 108013

molecular masses (373.221; 381.190; 675.344; 805.395 and 955.509
Da) and higher molecular masses (1058.488; 1157.598; 1242.610 and
1307.673 Da). The migration of negatively charged or neutral peptides,
particularly in cationic recovery configuration, has been previously
documented in the literature, likely due to electrostatic or hydrophobic
interactions forming aggregates with a net positive charge that are able
to migrate (Cournoyer et al., 2024, 2025; Faucher et al., 2022; Geoffroy
et al., 2022; Kadel et al., 2021).

These identified sequences were compared to the literature reporting
active peptide sequences from whey protein and were also tested in
databases, including BioPep, AHTPDB, DFBP, PlantPep and PepLab.
Among the anionic peptides, peak 2 contained a known binding peptide
(VRTPEVDDE), peaks 4 and 5 contained antioxidative peptides (YSL and
EIL respectively). Regarding the cationic peptides, no bioactive peptides
were identified. However, potential bioactive peptides were identified,
with sequences similar to known bioactive peptides, differing only by a
few amino acids (Table 5).

To better understand the distribution of peptides observed in the PCA
loading plots (Figs. 6a and 7a), an additional PCA was performed on the
considered physicochemical characteristics (data not shown). This
complementary analysis aimed to identify possible relationships
explaining their clustering. Among the considered features, the net
charge at pH 7 (and the closely related pI) emerged as the strongest
contributors to group discrimination. However, a notable variability in
charge was observed within some clusters, particularly in group C where
peptide charges ranged from O to 3 (Table 4). This suggests that while
charge plays an important role in peptide behavior during EDUF, it is not
the only determining factor and that other features also have an impact
that cannot be fully resolved with the current dataset. From a physico-
chemical perspective, the apparent influence of charge can be tenta-
tively related to the limiting current density (LCD) concept established
in ED theory. Although LCD in this study was experimentally determined
for the entire system configuration and not for each peptide species, it
nonetheless provides a useful theoretical framework to interpret charge-
dependent transport. In ED, the LCD represents the point at which ion
migration at the membrane interface is balanced by diffusion from the
bulk solution. Theoretical and experimental studies have shown that
LCD values are strongly affected by both ionic valence and diffusivity,
since these parameters determine how efficiently ions move through the
DBL (Tekinalp et al., 2023; Zimmermann et al., 2023). Based on this,
charge may influence peptide migration efficiency in a way comparable
to diffusivity: a more highly charged peptide can, in principle, carry
more current and experience stronger electrostatic driving forces.
However, these two parameters are not independent. In complex peptide
systems such as EDUF, the transport of charged species cannot be
explained only by their charge or diffusivity. A higher charge can
sometimes be counterbalanced by lower diffusivity, as larger peptides
diffuse more slowly despite carrying higher charge and peptides with
comparable charge may still behave differently depending on other
characteristics such as MW, sequence length, or 3D structure, all of
which can influence mobility through steric and hydrodynamic effects.

4. Global discussion

The efficiency of peptide migration, expressed as MRcharge, Was
strongly affected by PEF conditions and the trends observed can be
explained by the interplay between CP relaxation and ECV activity.
Regarding pulse duration, MRcharge in Cfic was higher under 1s/1s
compared to 10s/1s, while no significant difference was observed with
5s/1s. This agrees with the fact that more frequent pulses generate more
current surges and ECV events per unit time, reducing CP and favoring
peptide transport as previously reported in EDUF by (Cournoyer et al.,
2025). In Agc, the trend was even clearer, with 1s/1s exhibiting signif-
icantly higher MRcharge than both 5s/1s and 10s/1s.

Regarding the impact of pause duration, under the 10s/1s condition,
the system has minimal pause duration between pulses. Although this



L.C. Mafotang T. et al.

Table 3
Peptide presence in peaks across different PEF conditions.
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Peak” Peptide sequence Molecular mass (Da) Associated protein Presence in the condition
10s/10s 10s/5s 10s/1s 5s/5s 5s/1s 1s/1s
Cationic compartment 7 AQSAPLRV 840.482 p-lactoglobulin X X X X X X
GGVSL 431.238 X X X X X X
8 YKKYLL 826.496 p-lactoglobulin X X X X X X
10 LDAQSAPLRV 1068.593 p-lactoglobulin X X X X X X
11 NKVLVL 684.453 p-lactoglobulin X X X X X X
12 YSLAM 583.267 p-lactoglobulin X X X X X X
14 LPMHIRL 878.517 p-lactoglobulin X X X X X X
SFNPTQL 805.398 X X X X X X
LIVTQTMKGLD 1217.670 X X X X X X
16 PMHIRL 765.433 p-lactoglobulin X X X X X X
KGLDIQKVAGTW 1314.733 X X X X
KFDKALKALPMHIRL 1780.062 X X X
ALPMHIRL 949.555 X
18 LEKFDKALKALPMHIRLS 2109.221 p-lactoglobulin X X X X X X
Anionic compartment 2 VRTPEVDDE 1058.488 p-lactoglobulin X X X X X X
4 EGDLEILLQKW 1307.673 p-lactoglobulin X X X X X X
YSL 381.190 X X X X X X
5 EIL 373.221 p-lactoglobulin X X X X X X
6 DAQSAPLRV 955.509 p-lactoglobulin X X X X X X
10 VRTPEVDDEAL 1242.610 p-lactoglobulin X X X X X X
AASDISL 675.344 X X X X X X
16 DTDYKKYLL 1157.598 p-lactoglobulin X X X X X X
17 SFNPTQL 805.395 p-lactoglobulin X X X X X X
# N° of peak corresponds to the number of the peak in the UV-chromatograms in Figs. 4a and 5a.
Table 4
Characteristics of peptides identified in the major chromatogram’s peaks in each compartment.
Main Group  Sequences Molecular Associated Location  Isolelectric Net charge ~ GRAVY  Hydrophobic
peaks Mass (Da) protein point atpH7 residues (%)
Cationic 7 C AQSAPLRV 840.482 B-LG 34-41 9.80 1.00 0.15 0.63
compartment 7 C GGVSL 431.238 p-LG 19-23 5.53 0.00 1.28 0.80
8 C YKKYLL 826.496 B-LG 99-104 9.53 1.99 —-0.47 0.33
10 B LDAQSAPLRV 1068.593 B-LG 32-41 5.84 0.00 0.15 0.60
11 A NKVLVL 684.453 B-LG 90-95 8.75 0.99 1.43 0.67
12 B YSLAM 583.267 B-LG 20-24 5.52 —0.01 1.08 0.60
14 B LPMHIRL 878.517 B-LG 143-149 9.76 1.10 0.67 0.71
14 B SFNPTQL 805.398 B-LG 150-156 5.24 —0.01 —0.50 0.43
14 B LIVTQTMKGLD 1217.670 B-LG 1-11 6.09 0.00 0.50 0.55
16 C PMHIRL 765.433 B-LG 144-149 10.18 1.10 0.15 0.67
16 C KGLDIQKVAGTW 1314.733 B-LG 8-19 8.59 0.99 -0.24 0.58
16 C KFDKALKALPMHIRL 1780.062 B-LG 135-149 10.29 3.09 —0.02 0.60
16 C ALPMHIRL 949.555 B-LG 142-149 9.80 1.10 0.81 0.75
18 C LEKFDKALKALPMHIRLS ~ 2109.221 B-LG 133-150 9.70 2.10 —0.04 0.56
Anionic 2 D VRTPEVDDE 1058.488 B-LG 123-131 4.16 —-3.00 —-1.38 0.33
compartment 4 E EGDLEILLQKW 1307.673 B-LG 51-61 4.14 —2.00 —0.30 0.55
4 E YSL 381.190 B-LG 20-22 5.52 —0.01 0.57 0.33
5 E EIL 373.221 B-LG 55-57 4.05 —-1.00 1.60 0.67
6 E DAQSAPLRV 955.509 p-LG 33-41 5.84 0.00 —0.26 0.56
10 D VRTPEVDDEAL 1242.610 B-LG 123-133 4.05 —3.00 —0.62 0.45
10 D AASDISL 675.344 B-LG 25-31 4.05 —-1.00 0.97 0.57
16 E DTDYKKYLL 1157.598 B-LG 96-104 5.96 0.00 -1.17 0.22
17 E SFNPTQL 805.395 B-LG 150-156 5.24 —0.01 —-0.50 0.43

*The principal component analysis was used to define groups A, B, C, D and E as outlined below. GRAVY: Grand Average of Hydropathy index. p-LG: p-Lactoglobulin.

allows for more frequent reapplication of the electric field, the 1s pause
may not be long enough for the DBL to fully relax or for the ion con-
centration near the membrane surface to recover sufficiently
(Nikonenko et al., 2024). Consequently, even if ECVs are periodically
generated, their potential to enhance mass transfer is compromised by
the elevated resistance caused by residual CP. This can be supported by
numerical simulations by (Uzdenova et al., 2015) suggesting that when
pauses are too brief, electroconvection alone cannot maintain enhanced
ion transport in overlimiting conditions. This means that even though
vortices are forming, their positive effect on peptide migration is limited
because there isn’t enough time for the system’s resistance to recover in
this condition (Cournoyer et al., 2025). This is reflected in the lowest
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MR charge in 10s/1s. As the pause duration increases to 5 s (10s/5s), the
system is granted more time to dissipate CP and re-establish favorable
ion gradients before the next pulse. This leads to improved current ef-
ficiency (Bazinet & Geoffroy, 2020). Additionally (Lemay et al., 2019),
emphasized that longer pause intervals allow for better ion replacement
in the boundary layer, which lowers local resistance and enhances
overall transport efficiency during the subsequent pulse. In the 10s/10s
condition, the extended 10 s pause further enhances CP dissipation and
facilitates even greater recovery of the depleted ion layers. This leads to
the highest observed MRcharge in the cationic compartment, and com-
parable performance to 10s/5s in the anionic compartment. However,
the relatively small improvement between 10s/5s and 10s/10s in the
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Table 5
Predicted and reported activities of peptide sequences identified in the selected chromatogram peaks.
Peaks  Identified Match in Matching Known and potential activity Database = Database ID Ref.
sequence Database (%)
Cationic recovery 7 AQSAPLRV DAQSAPLRVY 80 Anti-Hypertensive (IC50%: 12.2 AHTPDB 2546 Tavares et al. (2011)
compartment pM) potential
7 AQSAPLRV DAQSAPLRVY 80 ACE inhibitor potential BioPep 9112.0 Tavares et al. (2011)
7 AQSAPLRV DAQSAPLRVY 80 ACE-inhibitory potential DFBP DFBPACEI1039 Tavares et al. (2011)
7 AQSAPLRV DAQSAPLRVY 80 ACE inhibitor potential PepLab PL59 Tavares et al. (2011)
12 YSLAM WYSLAM 83 Anti-Hypertensive (IC50 : 56.3 AHTPDB 6965 Hernandez-Ledesma
pM) potential et al. (2007)
12 YSLAM WYSLAM 83 antioxidative potential BioPep 7903.0 Hernandez-Ledesma
et al. (2007)
12 YSLAM WYSLAM 83 (ACE-inhibitory peptides, DFBP DFBPANOX0294  Hernandez-Ledesma
Multifunctional peptides, et al. (2007)
Antioxidative peptides)
potential
Anionic recovery 6 DAQSAPLRV DAQSAPLRVY 920 Anti-Hypertensive (IC50 : 12.2 AHTPDB 2546 Tavares et al. (2011)
compartment pM) potential
6 DAQSAPLRV DAQSAPLRVY 90 ACE inhibitor potential BioPep 9112.0 Tavares et al. (2011)
6 DAQSAPLRV DAQSAPLRVY 90 ACE-inhibitory potential DFBP DFBPACEI1039 Tavares et al. (2011)
6 DAQSAPLRV DAQSAPLRVY 90 ACE inhibitor potential PepLab PL59 Tavares et al. (2011)
5 EIL EIL 100 Antioxidative DFBP DFBPANOX0874 Tian et al. (2015)
5 EIL EIL 100 ACE-inhibitor PlantPep PPepDB_3136 Gu and Wu (2013)
2 VRTPEVDDE VRTPEVDDE 100 binding BioPep 10183.0 Caetano-silva et al.
(2015)
2 VRTPEVDDE LVRTPEVDDE 920 binding potential BioPep 10172.0 Caetano-silva et al.
(2015)
4 YSL YSL 100 Antioxidative DFBP DFBPANOX0839 Tian et al. (2015)
4 YSL YSL 100 Antioxidant PlantPep PPepDB_3714 X. Wang et al. (2017)

# 1C50: concentration of the peptide (in micromolar, pM) required to inhibit 50 % of the target activity. Sequences in bold represent those with known bioactivities.

anionic compartment suggests a saturation point in recovery benefits.
This is consistent with findings by (Rubinstein & Zaltzman, 2000), who
noted that beyond a certain relaxation threshold, the conventional ED
system’s recovery is essentially complete, and further increases in pause
duration did not lead to additional benefit.

Finally, regarding the impact of frequency (1s/1s, 5s/5s and 10s/
10s), the resulting differences can be explained by considering the
competing effects of ECVs and the restauration of the depleted con-
centration near the membrane surface during the pause, as well as the
interactions between them. From the perspective of ECV effect, shorter
pulses are more favorable. The 1s/1s condition, where pulses are reap-
plied every second, allows vortices to contribute more frequently to DBL
destabilization during EDUF (Cournoyer et al., 2025). However, longer
pauses observed in 5s/5s and 10s/10s allow for greater relaxation of the
CP layer and restoration of concentration of charged peptides in the
DBL, which reduces system resistance and improves current efficiency
during the next pulse. Thanks to these opposing trends, the experimental
data indicate that in most cases, all three conditions yielded comparable
performance in terms of MRcparge in both compartments. This apparent
paradox can be explained by considering the compensating effects of
pulse and pause durations under the same o value. Although all three
conditions share the same a and thus the same total time under voltage,
the mechanisms driving mass transfer differ. 1s/1s promotes more
frequent ECV while 5s/5s and 10s/10s enhance CP relaxation and DBL
recovery. These opposing effects balance each other, leading to similar
overall MRcharge despite the differences in pulse and pause durations.
However, following the PCA analysis and MReparge results, the 5s/5s
condition outperformed both 1s/1s and 10s/10s. This could be
explained by the interplay between CP during the pause and ECV ac-
tivity during the pulse. Under 1s/1s, the short pause duration does not
allow sufficient CP relaxation, so despite the frequent ECVs generation,
their ability to enhance mass transfer is limited by the persistent po-
larization near the membrane. In contrast, under 10s/10s, the long
pause allows full CP relaxation, but the long pulse interval reduces
drastically the frequency of ECVs activation, diminishing their cumu-
lative contribution. The 5s/5s condition achieves a better balance: the
pause is long enough to partially dissipate CP while the pulse duration
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remains short enough to maintain frequent ECV activity. This optimal
compromise would explain the higher migration efficiency and distinct
clustering of 5s/5s observed in the PCA analysis.

The observed results in this study confirm and extend the hypothesis
proposed (Cournoyer et al., 2024, 2025) that the electrical current
modes strongly shape peptide migration in EDUF. However, whereas
Cournoyer et al. grouped conditions into broad clusters (e.g., CC, PEF
10s/1s and PR 10s/1s showing similar selectivity), the present study
using a wider range of PEF conditions revealed a finer structure in the
peptide response. In the Cfc, three correlated clusters of peaks (groups
A-C) emerged from the loading plot and the score plot separated mul-
tiple PEF conditions along PC1 and PC2; importantly, PC1 correlates
negatively with duty cycle (o), indicating that lower o systematically
favors higher peptide migration. The Agc showed a simpler distribution,
but the same general trend linking PC1 and o was observed. These re-
sults therefore reproduce the effect reported by Cournoyer et al. while
demonstrating that the duty cycle (and not only a single combination of
pulse and pause durations) is a robust, predictive descriptor of global
migration behavior.

The pattern that emerges from this study supports a polarization-
driven, competition-based mechanism in the DBL. In multicomponent
systems, differences in electrophoretic mobility, diffusivity, and con-
centration establish a transport hierarchy that favors smaller, faster
species under steady fields (Zimmermann et al., 2023). Under PEF, pe-
riodic pauses enable partial DBL relaxation, while the onset of each pulse
generates a transient current surge and short-lived ECVs that enhance
ion and peptide availability at the membrane surface as proposed by
(Cournoyer et al., 2025). This dynamic explains why low a (e.g., more
frequent pulses as in 1s/1s or relatively longer pauses as in 5s/5s and
10s/10s) were associated with higher overall migration: frequent
re-application of the field produces more current surges/ECV events per
unit time, mitigating CP and improving transport. In contrast, long
pulses combined with short pauses (high a as in 10s/1s) reinforce a
persistent DBL and promote steady-state selectivity favoring the low
molecular weight and highly charged molecules and consequently these
fastest species.

The observed selectivity shifts were restricted to a subset of peptides
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(peaks 8, 11 and 18 in Cgc and peak 10 in Agc), which were less strongly
correlated with the reference clusters identified by PCA. These peptides
appear to occupy a borderline position in the migration hierarchy:
mobile enough to cross the membrane under certain conditions, but
sensitive to transient changes in CP and DBL relaxation induced by PEF.
In contrast, peptides tightly grouped with the reference clusters showed
little or no selectivity variation, indicating that dominant fast-migrating
species remain largely unaffected by pulse/pause cycling.

5. Conclusions

This study demonstrates that PEF conditions influence the efficiency
and the selectivity of peptide migration. This was explained by the
competitive nature of charge transport in multicomponent systems,
where peptides and other charged species compete within the DBL. PEF
modulates this competition, ultimately affecting which peptides are
preferentially transported. These findings were explained based on the
well-established mechanisms described in ED, where CP and ECVs are
known to significantly influence ion transport. Building on the mecha-
nisms previously proposed for EDUF by (Cournoyer et al., 2025), the
present study supports the hypothesis that polarization-driven phe-
nomena also influence peptide migration under PEF conditions. Our
findings contribute to a deeper understanding of how these mechanisms
can be used to enhance both separation efficiency and selectivity. Based
on these observations, from the operational perspective, if the objective
is the efficiency of peptide migration, low a conditions are recom-
mended. This is because the efficiency in PEF regime strongly depends
on the duty cycle, therefore, the shorter the pulse/pause ratio (Table 1),
the higher the efficiency of mass transfer, which is consistent with the
results observed in ED for salt demineralization (Mishchuk et al., 2001;
Nikonenko et al., 2010).

Future work will focus on a thorough analysis of the effects of the
considered PEF conditions on peptide migration. A comprehensive study
employing a machine learning approach is currently underway to
explore the migration behavior of the peptide population involved in the
process, including all peptides, both migrating and non-migrating pep-
tides. This analysis will consider all the physicochemical characteristics
of the peptides, providing deeper insights into the peptide features
influencing their migration and the associated phenomena.
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