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ABSTRACT

Whey proteins are being integrated as high-value
food product ingredients due to their versatile and
tunable techno-functionality. To meet high food qual-
ity and clean label expectations by consumers, electric
field (EF) technologies have been proposed to open new
frontiers in this field. Despite a variety of studies, it
remains ambiguous which EF parameters are crucial
to achieving targeted whey protein modifications. Re-
constituted liquid whey protein concentrate (WPCrp)
and filtered, non-heat-treated liquid whey (WP gy)
at low protein dry weight concentrations (0.4% wt/
wt) were exposed to microsecond pulsed electric field
(nsPEF) treatments at EF intensities between 1.25 and
12.5kV /cm, pulserepetition frequencies between 0.38 and
85 Hz, and pulse lengths set to 10 or 100 ps. Protein
aggregations were quantified spectroscopically. We re-
port here that aggregates formed at lower temperatures
for psPEF compared with purely thermal treatments
in identical treatment geometries at similar time-
temperature profiles. We suggest that the observed
increase in absorbance is linked to protein migration,
the isoelectric point, local deprotonation phenomena
of thiol groups, and cation precipitation. The psPEF
treatment time, which is dependent on the pulse rep-
etition frequency, pulse length, and time of process, is
the main driver of the increase in absorbance. High
EF intensities balanced with shorter pulse repetition
frequencies to ensure similar energy inputs resulted
in no aggregate formation. For WPy, g, 12.5 kV/cm,
10 ps, 0.38 Hz (620 + 96 kJ/kg; £+ standard deviation)
did not result in an increase in absorbance, whereas
1.25 kV/em, 10 ps, 50 Hz (634 + 57 kJ/kg) with simi-
lar time-temperature profiles increased the absorbance
at a wavelength of 380 nm by a factor of 8.2 £ 1.7
compared with untreated WPy _g;. In conclusion, the
treatment time seems to dominate over high EF inten-
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sities at similar energy inputs for aggregate formation
and increase in absorbance.
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INTRODUCTION

Whey proteins have emerged from dairy side-streams
as widely used and high-value food product ingredients,
allowing a targeted alteration of the viscosity, solubility,
foaming, emulsification, and water absorption proper-
ties of food matrices (Farrokhi et al., 2019; Inthavong
et al., 2019). Edible films and coatings have addition-
ally expanded the appeal of integrating whey proteins
into formulations (Ramos et al., 2012; Cakmak et al.,
2020). Furthermore, whey proteins are enzymatically
hydrolyzed, liberating bioactive peptides and thereby
triggering beneficial physiological effects related to
the immune system, cardiovascular system, nervous
system, and gastrointestinal system (Pihlanto-Leppélé,
2000; Madureira et al., 2010; Dullius et al., 2018). Al-
tering protein structures, whether releasing peptides or
generating aggregates, has conventionally resulted in
overheating food matrices, thereby lowering the overall
food quality, or has culminated in reduced consumer
acceptance due to the use of enzymes and increased
focus on clean labels. Electric field (EF) technologies,
such as microsecond pulsed electric field (psPEF)
treatments, have been suggested to play a significant
role in simultaneously achieving increases in food qual-
ity and reducing the necessity of enzymatic treatments
(Mikhaylin et al., 2017; Giteru et al., 2018). Various
relevant mechanisms for protein modifications have
been linked to EF processes, namely ohmic heating,
pH shifts, electrochemical reactions, and electrolysis
(Meneses et al., 2011; Zhao et al., 2012; Giteru et al.,
2018). Modifications and alterations of whey protein
structures have been observed in different EF treat-
ment regimes (Giteru et al., 2018). These modifica-
tions, briefly summarized, included, for instance, the
reduction of the denaturation temperature of 3-LG by
approximately 4 to 5°C (Perez and Pilosof, 2004), the

6589


https://orcid.org/0000-0002-0198-4385
https://orcid.org/0000-0003-1633-848X
mailto:michael.beyrer@hevs.ch

Axelrod et al.: ELECTRIC FIELD-TRIGGERED WHEY PROTEIN AGGREGATIONS

release of 3-LG peptides (Mikhaylin et al., 2017), or
the formation of linear fibril-like aggregates in whey
protein isolate (Pereira et al., 2016). Studies working
with other EF setups, EF regimes, and protein ma-
trices, however, found no protein modification or no
additional modification compared with purely thermal
treatments with similar time-temperature profiles
(Barsotti et al., 2001; Axelrod et al., 2021; Figure 1).
Despite the lack of reporting and quantification of
crucial treatment parameters (Buchmann et al., 2018;
Huppertz et al., 2019), an observed trend is that a less
complex treatment setup, such as a batch instead of a
continuous system, increased the probability of observ-
ing protein structural changes. To achieve a successful
industrial implementation of EF technology, allowing
the fine-tuning of proteins in the long term, a better
understanding of the involved EF mechanisms, of the
EF intensity with respect to the treatment time at
similar energy inputs, and of the exact location of ag-
gregate formation, is urgently needed.

The aim of this study was thus to observe and
quantify aggregations spectroscopically for different
EF regimes, to compare the aggregation develop-
ment against purely thermal treatments with similar
time-temperature curves, and to propose mechanisms
responsible for aggregate formation. Because heat
(cheese making and spray drying) and enzymes (cheese
making) result in structural changes of proteins in
whey, aggregation trends of reconstituted whey protein
concentrate (WPCy) were compared with a non-heat-
treated system containing native whey proteins—that
is, filtrated, non-heat-treated whey (WP, gy ). Gaining
more in-depth insights into relevant process windows
and involved EF mechanisms could potentially open
new chamber design ideas and opportunities to make
EF techno-functional tailoring of animal-derived and
plant-based proteins industrially feasible in the long
term.

MATERIALS AND METHODS
Reconstituted Whey Protein Concentrate

As described elsewhere (Axelrod et al., 2021), spray-
dried whey protein concentrate was generously provided
and analyzed by Hochdorf Swiss Nutrition AG, Swit-
zerland. Liquid whey concentrate (WPCp) was recon-
stituted from the whey protein concentrate powder in
ultrapure water (18.2 M(Q-cm, 25°C) at a concentration
of 0.5% (wt/wt). The reconstituted liquid (WPCy) was
stirred for 30 min, placed into the refrigerator at 4°C
overnight, heated to 55°C for 30 min under constant
stirring, and cooled down to room temperature before
further usage. The following mean values per 100 g of
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Figure 1. Comparison of the microsecond pulsed electric field
(nsPEF) treatment regime, treatment setup, and protein dry weight
concentration of whey and whey protein solutions. Empty symbols
represent no reported effect or no reported additional effect on whey
proteins compared with purely thermal treatments. Filled symbols
represent reported effect or reported additional effect on whey proteins
compared with purely thermal treatments. Note: Quantification and
analysis tools differ between the studies (Barsotti et al., 2001; Perez
and Pilosof, 2004; Axelrod et al., 2021).

WPC;, were reported: 24 mg of fat, 395 mg of whey
proteins, 68 mg of lactose, 15 mg of ash, 0.86 mg of
Na', 3.41 mg of K*, 2.37 mg of Ca’", 0.30 mg of Mg*",
1.92 mg of P, and 0.42 mg of CI". The electrical conduc-
tivity showed a value of 0.15 mS/cm (SevenCompact
conductivity meter, Mettler Toledo) and the pH a value
of 6.8 (827 pH Lab, Metrohm AG) at 25°C.

Filtrated, Non-Heat-Treated Whey

Raw centrifugated skim milk (200 L) at a pH of 6.7
at 25°C was kindly provided by Fromagerie d’Etiez
(Volleges, Valais, Switzerland). Non-pasteurized milk
serum was obtained by means of cross flow filtration
with ceramic membrane modules for microfiltration
and ultrafiltration (APV Hemisan). The cutoff was at
0.1 pm, surface area at 0.3 m?, transmembrane pres-
sure at 0.8 bar, cross flow at 10,000 L/h, and cooling
of the recycled feed was performed with tap water
at 10°C. To further reduce the conductivity of the
serum, allowing for a more stable usPEF treatment,
90 mL were placed in a dialysis bag (Spectrum Labs
Spectra/Por 1 6-8 kDa cellulose, MWCO, Thermo
Fisher Scientific), which was sealed and submerged
in ultrapure water (18.2 MQ-cm, 25°C) at 4°C for
24 h. The electrical conductivity and pH in the re-
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sulting filtered liquid whey (WPy_g) were 1.07 mS/
cm and 6.8, respectively. The following values were
measured per 100 g of WPy g, 444 mg of protein,
1.5 g of lactose, 5.28 mg of Na*, 20.62 mg of K*,
10.16 mg of Ca*", 1.99 mg of Mg”*", 7.92 mg of P. The
protein concentration was approximated by measur-
ing the total nitrogen content (TOC-L connected to
a TN module, Shimadzu Europa) and multiplying the
nitrogen content by a factor of 6.25 (Kjeldahl, 1883).
Lactose was determined enzymatically (TestKits, R-
Biopharm AG) and photometrically. Minerals were
quantified by inductively coupled plasma mass spec-
trometry (iCap ICP-MS, Thermo Fisher Scientific) in
helium collision mode. To test the effects of additional
free and reactive thiol groups, 0.26, 2.6, and 26 mM
solutions of L-cysteine hydrochloride (Sigma-Aldrich)
were added to WPy ;. These values were chosen
with respect to the approximated free thiol groups in
B-LG in the WPy g, (factors 2, 20, and 200 higher,
respectively). To ensure a similar time-temperature
profile, the EF intensity was chosen between 0.65 kV/
cm and 1.15 kV/cm (Eq. [1]), depending on the added
L-cysteine hydrochloride concentrations (0-26 mM).

Spectroscopic Measurements

Ultraviolet—visible absorbance measurements (Cary
100, Agilent Technologies Inc.) were conducted for the
wavelength range of 320 to 900 nm—that is, examin-
ing a potential peak broadening beyond 320 nm due to
protein aggregation and quantifying turbidity (Pereira
et al., 2016) in the visible light range (380-700 nm).
Samples (n = 3) were measured in micro-cuvettes
(BrandTech Scientific Inc.) with a sample volume of
70 pL and a light path of 1 cm. Measurements rang-
ing below 300 nm were performed in quartz glass
high-performance cuvettes (Hellma GmbH & Co. KG)
with a sample volume of 2 mL and a light path of
1 cm (Supplemental Figure S1; https://www.research
-collection.ethz.ch/handle/20.500.11850/552192). The
instrument was blanked using ultrapure water (18.2
MQ-cm, 25°C). Samples exceeding an absorbance of
1.5, as was mainly the case for WPCy,, were diluted by
a factor of 100 before the measurements.

Pulsed EF and Purely Thermal Treatments

The psPEF treatments were conducted in electro-
poration cuvettes (Z706094, Sigma-Aldrich) with a
treatment volume (V) of 0.8 mL and a gap size (d) of
0.4 cm. The stainless-steel electrodes were placed in a
cuvette holder configuration (Buchmann et al., 2018)
and connected to a RUP6-15CL pulse generator (GBS-
Elektronik GmbH), which was connected to an external
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trigger (15 MHz FG300, Yokogawa Electric) that ap-
plied unipolar square-wave pulses (Figure 2a; Supple-
mental Figure S2, https://www.research-collection
.ethz.ch/handle/20.500.11850/552192). For WPCp, and
WPy, i, EF intensities (F) were chosen between 1.25
and 12.5 kV/cm, pulse repetition frequencies (f) be-
tween 0.38 and 85 Hz, and pulse lengths (7,) set to 10
or 100 ps. A voltage probe (P6015A, Tektronix Inc.)
and a current monitor (Model 110, Pearson Electronics
Inc.) coupled to an oscilloscope (Wave Surfer 10 and
Wave Surfer 3000z, Teledyne LeCroy GmbH) were used
to fully characterize the pulse shapes at the treatment
chamber. All trials were run in triplicate (n = 3).

During a time of process (¢) of 5 to 20 min, the spe-
cific energy input Wy (kJ/kg) was determined accord-
ing to Eq. [1] (Raso et al., 2016):

M:%ﬁ%@l@ﬁ 1]

Parameter m (kg) represents the mass of the fluid in the
treatment chamber, U (V) the voltage amplitude, and
I the electric current (A). Although the time of process
includes the exposure of the fluid to the electrical pulses
and to the heat in between pulses, the psPEF treatment
time includes only pulse exposure time and is given by
Eq. [2] (Supplemental Figure S3, https://www.research
-collection.ethz.ch/handle/20.500.11850/552192; Raso
et al., 2016):

tPEF =n- Tp. [2]

Parameter n corresponds to the number of pulses ap-
plied [i.e., time of process multiplied by the pulse rep-
etition frequency (f)]. The pulse length is represented
by 7, (s).

For purely thermal treatments (mainly indirect con-
ductive heat transfer), electroporation cuvettes (V =
0.8 mL, d = 0.4 cm) were placed in the identical cu-
vette holder configuration and placed in a polystyrene
foam climate box (V & 12 L) equipped with a heating
plate and a Pt 100 temperature controller (IKA Werke
GmbH & Co. KG; Figure 2b). The air temperature in
the climate box was set to be around 65°C. Experi-
ments were run in triplicate (n = 3).

The specific energy @, (kJ/kg) introduced by heat,
without taking the energy losses from the heat transfer
into account, can be approximated by Eq. [3]:

4Q. = ¢,(T)dT. 3]

Parameter T (K) represents the temperature, and c,
[kJ/(kg - K)] signifies the specific heat capacity of the
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whey protein solution, which can be approximated by
the polynomial shown in Eq. [4] (Kessler, 2002):

¢, =1 dw) - c,+ 0.135 - dw - cppp, + 0.789 - dw
* Cprotein + 0.029 - dw - ¢, + 0.047 - dw - ¢y [4]

The parameters ¢, [kJ/(kg - K)], ¢ [1.4 kJ/(kg - K)],
Cprotein [1.6 kJ/(kg - K)], cuq [0.8 kJ/(kg - K)], and ¢y,
[1.7 kJ/(kg - K)] correspond to the specific heat ca-
pacity of water, carbohydrates, protein, ash, and fat,
respectively. The parameter dw (kg/kg) corresponds to
the respective total dry weight concentration.

A fiber optic sensor (TS4, Weidmann Technologies
Deutschland GmbH) fully immersed in the fluid logged
the temperature at a logging rate of 1 Hz for both
usPEF and purely thermal treatments. Electropora-
tion cuvettes were placed into an ice bath immediately
after the treatments and measured spectroscopically
within 1 h. Replicates (n = 3) for different parameter
combinations were treated by means of randomization.
Parameter combinations were chosen to ensure similar
time-temperature profiles (i.e., a similar energy input).
Electric field intensities were selected with respect to
changing the pulse repetition frequency by a factor of
maximally 140.

Software and Statistics

Graphing and statistical analyses (mean and SD)
were performed in Origin 2019 (OriginLab Corpora-
tion). Molecular graphics were created with the UCSF
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Chimera package (University of California, San Fran-
cisco), for which the 1B0OO protein data bank file was
used (Wu et al., 1999; Pettersen et al., 2004; Tolkach
and Kulozik, 2007).

RESULTS AND DISCUSSION
Aggregate Formation

The degree of protein aggregation is crucial for in-
fluencing the properties of food matrices (Ryan et al.,
2013). Exposing whey to heat during cheese making
and spray drying can result in larger aggregates in the
initial solution before psPEF treatment, potentially
resulting in an altered aggregation reactivity (Supple-
mental Figure S4, https://www.research-collection.ethz
.ch/handle/20.500.11850/552192; Axelrod et al., 2021).
The increased size of protein aggregates after exposure
to heat was suggested to be quantifiable by measur-
ing the turbidity (LaClair and Etzel, 2009; Ryan et
al., 2012). Indeed, the absorbance of psPEF untreated
WPC;, was larger by a factor of 14.7 + 2.9 at a wave-
length of 380 nm compared with psPEF untreated
WPy

Treatments of WPCp with psPEF (2.5 kV/cm,
10 ps, 85 Hz, 632 £+ 15 kJ/kg) resulted in temperatures
of 54.4 £+ 0.3°C (Figure 3b) and in a protein aggregate
layer on the ground electrode (Figure 3d). Taking Eq.
[3] and Eq. [4] into account, 126 + 3 kJ/kg was intro-
duced into WPCy, by heat, without taking the energy
losses from the heat transfer into account. Thus, 80
+ 2% of the energy dissipated from the electrodes to

(b)

T-sensor

_ L aladelala )

Figure 2. Treatment chamber (volume = 0.8 mL, gap size = 0.4 cm) filled with liquid whey protein concentrate (WPCp) or filtered, non-
heat-treated liquid whey (WP g;) placed (a) in an electric field in the range of 1.25-12.5 kV/cm with a pulse repetition frequency of 0.38-85
Hz, and pulse lengths set to 10 us and 100 ps, or (b) placed into a climate box to achieve similar time-temperature profiles. HV = high voltage.
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the surrounding air due to the large surface-to-volume
ratio of the batch treatment. Scaling up the volume
with respect to the electrode area would have substan-
tial implications on the amount of stored energy. To
further validate the whey protein attachment to the
electrode, ultraviolet—visible measurements at 380 nm
before thoroughly shaking resulted in a decrease of the
absorbance by a factor of 2.1 4+ 0.1 compared with
untreated WPC;. Vigorous shaking led to an overall
increase of the absorbance, and thus to detachment of
the protein aggregates from the ground electrode (Fig-
ure 3a; Supplemental Figure S5, https://www.research
-collection.ethz.ch/handle/20.500.11850/552192).

4.0 T T T T T T T T T T T T
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\‘ ------- Purely thermal (WPC,, climate box)
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400

0.0+
300
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Aggregate layer formation and absorbance increase
due to purely thermal effects in the absence of electri-
cal effects were investigated by placing WPC; into a
climate box in a geometry identical to the psPEF setup
(Figure 2b). Due to the large surface-to-volume ratio of
the treatment chamber and the heat flow during psPEF
treatments from the fluid over the electrode to the
surrounding air layer, the local temperatures of fluid
elements in the near vicinity of the electrodes are lower
than or at least equal to fluid elements in the center.
Despite the temperature for purely thermal treatments
being higher or the same at every time point compared
with pusPEF-treated samples (Figure 3b) and tem-

(b)
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Figure 3. (a) Absorbance spectra of liquid whey protein concentrate (WPCy; dry weight concentration: 0.5% wt/wt) after heat transfer in
the climate box (purely thermal) and after a 10-min pulsed electric field (PEF) treatment (2.5 kV/cm, 10 ps, 85 Hz, 632 + 15 kJ/kg; £ SD)
before and after shaking (n = 3; shaded area represents SD). Shaking refers to the rapid up and down movement of the electroporation cuvettes
to detach aggregates from the ground electrode. (b) Time-temperature profile resulting from the ohmic heating effect during microsecond (ps)
PEF treatment and after heat transfer in the climate box (purely thermal; n = 3; shaded area represents SD). Visual images of the turbidity in
the treatment chamber (c) for untreated WPCp, (d) after psPEF treatment but before shaking, with a close-up of the protein aggregate layer
on the ground electrode, and (e) after usPEF treatment and after shaking.
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Anodic reactions

2 H,0 +2 e — H, (gas) + 2 OH™ (aq)
Ca? (aq) +2 OH- (aq) — Ca(OH), (solid)

2H,0 — 0, (gas) +4 H" (aq) +4 e
2 CI (ag) — Cl, (gas) +2 e
2 Fe (solid) — 2 Fe** (aq) + 6 e

HS OH

pKa~8.1

NH,

= Ca?
Cl wep

- H

OH- »=

OH- (aq) + H* (aq) = H,0 (1)

Figure 4. Visualization of the free thiol group embedded in the molecular structure of a 3-LG monomer with the chemical structure of an
unlinked cysteine AA and relating its pKa to generalized local pH shifts and ongoing chemical reactions during microsecond pulsed electric field
treatment based on experiments and simulations done by Saulis et al. (2005) and Meneses et al. (2011). Molecular graphics were inspired and
are described by Tolkach and Kulozik (2007). Briefly, the UCSF Chimera package (University of California, San Francisco) and 1B0O protein
data bank file were used (Wu et al., 1999; Pettersen et al., 2004). Aq = aqueous.

perature of the electrodes being assumed to be equal or
higher compared with the center of the fluid, no aggre-
gate layer and no increase in absorbance was detected
(Figure 3a). Moreover, the absorbance even decreased
slightly compared with the untreated WPCj, samples,
potentially reflecting the fact that the maximal protein
reconstitution had not fully been reached.
Considerable protein aggregation resulting from
purely thermal treatments occurs at temperatures
above 60°C due to the resulting molten globule state of
B-LG with exposed reactive thiol groups and hydropho-
bic regions, if given enough time (Tolkach and Kulozik,
2007). By introducing additional electrical effects,
protein aggregate formation can be expected at lower
than purely thermal temperatures based on reaching
the isoelectric point of 3-LG at a value of around 5
(Saulis et al., 2005; Meneses et al., 2011; Engelhardt et
al., 2013). Further mechanisms potentially explaining
the aggregates below expected purely thermal aggrega-
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tion temperatures are the deprotonation of thermally
exposed (40-55°C) free thiol groups (pKa ~ 8.1), due
to local alkaline conditions, hydroxide formation, and
metal ion leakage influencing the structural properties
of the proteins (Figure 4; Saulis et al., 2005; Tolkach
and Kulozik, 2007; Meneses et al., 2011; Ferreira et
al., 2021). The observed aggregate layer during usPEF
treatments at the ground was therefore likely to be re-
lated to the electrochemical reactions and the local pH
shift impacting cations and the thermally induced ac-
cessible reactive thiol group of the 3-LG monomer (Fig-
ure 4; Supplemental Figure S6, https://www.research
-collection.ethz.ch/handle/20.500.11850/552192; Saulis
et al., 2005; Tolkach and Kulozik, 2007; Meneses et al.,
2011; Ferreira et al., 2021).

To further investigate the potential role of thiol groups
in aggregate formation, additional L-cysteine-HCl at
concentrations of 0.26, 2.6, and 26 mM was added to
WPy, g1 These added thiol groups resulted in a gradual
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increase of the absorbance after psPEF treatment, sug-
gesting the importance of the cysteine side chains in
terms of the matrix reactivity (Figure 5a). The addition
of L-cysteine-HCI did not seem to reduce the increase
in absorbance by, for instance, reacting with thiol
groups found in 3-LG, hindering 3-LG interactions. A
pure solution of 26 mM L-cysteine-HCI also resulted
in increased absorbance, further indicating the sig-
nificance of deprotonated thiol groups. Notably, a pure
5 mM CaCl, solution also resulted in higher absorbance,
suggesting that, in addition to thiol reactivity, cation
precipitation might play an important role in detect-
ing an increase in absorbance (Figure 5b; Stapulionis,
1999; Saulis et al., 2005; Pataro et al., 2014; Lei et al.,
2017). We conclude that the observed increase in ab-
sorbance in the whey solutions after psPEF treatments
compared with purely thermal treatments stems from
the sufficiently high electrochemical potential (—500
V), most probably resulting in protein migration, in-
creased reactivity of thiol groups, and cation precipita-
tion. Thus, after psPEF treatment, the absorbance and
turbidity increase should in all likelihood be attributed
to aggregates resulting from thiol reactivity, hydroxide
precipitates, and other chemical species.

Effect of EF Intensity on Protein Aggregation

The EF intensity was increased from 2.5 kV/em to
12.5 kV/cm, while simultaneously reducing the pulse
repetition frequency (f) from 85 Hz to 3.5 Hz for WPCy,
and from 10 Hz to 0.38 Hz for WPy, g, to ensure a simi-
lar energy input (Eq. [1]). Despite choosing a similar
energy input, resulting in a comparable time-temper-
ature profile for 12 kV/cm compared with 2.5 kV /cm,
no increase in absorbance was detected for 12 kV/cm
in both WPC, and WPy, g, (Figure 6). Purely thermal
treatments with similar or higher temperature values at
every time point did not result in an increase of the ab-
sorbance, and consequently no aggregates were visually
observed. Differences between the absorbance of WPC;,
and WPy g, as previously mentioned, originate from
purity differences and heat exposure in pre-processes.
Reducing the EF from 2.5 kV/cm to 1.25 kV /cm and
increasing f from 10 Hz to 50 Hz, once again to ensure
similar energy inputs and time-temperature profiles,
increased the absorbance for WPy, g;. Although the en-
ergy input and the time-temperature profile remained
comparable, the treatment time (Eq. [2]) changed
drastically, increasing from 21 to 510 ms for WPC;
and from 2.3 to 300 ms for WPy, g when increasing f.
It is evident that a longer treatment time, or, in this
case, an increased pulse repetition frequency, leads to
an increased time for aqueous species to interact and a
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longer time of deprotonation of the thiol groups, giv-
ing the side chains more time to react, interact, and
form covalent disulfide bonds, thus increasing the ab-
sorbance.

Bringing these observations and hypotheses into
the context of 2 highly cited, seemingly contradictory
papers in this field results in a plausible explanation.
Perez and Pilosof (2004) reported lower denaturation
temperatures by using pulsed EF for 3-LG compared
with purely thermal treatments, whereas Barsotti et al.
(2001) reported no significant unfolding of 3-LG. Both
studies were conducted in batches with plate-plate
geometries, applying exponential decay pulses. Two
major differences were that Perez and Pilosof (2004)
used (1) aluminum-based electrodes, whereas Barsotti
et al. (2001) used stainless-steel electrodes. Stainless-
steel electrodes produce lower local pH differences than
aluminum electrodes (Saulis et al., 2005). Perez and
Pilosof (2004) also increased (2) the treatment time by
increasing the decaying time of the longest reported
pulse from 1.4 ps to 2 ms, while decreasing the maxi-
mum number of pulses from 500 to 10. Notably, the EF
intensity was around half the value reported by Perez
and Pilosof (2004) compared with Barsotti et al. (2001).
This further undermines the fact that the treatment
time might be more relevant than the EF intensity in
terms of changing the protein structure, as Barsotti et
al. (2001) reported no significant unfolding of 3-LG and
Perez and Pilosof (2004) reported a lower denaturation
temperature after having applied pulsed EF. The polar-
ity of the pulses was not reported. Both aluminum and
stainless-steel electrodes reduce the amount of gaseous
chloride at the anode compared with inert electrodes
(e.g., platinum) and increase the concentration of metal
ions—namely, aluminum and iron, respectively (Saulis
et al., 2005; Hedberg and Odnevall Wallinder, 2015).
In summary, electrode reactivity and applied treatment
times are the most plausible explanations for the dif-
ferent conclusions on whether EF had an additional
effect on protein aggregation. In the present study, the
increases in absorbance and aggregate formation were
detected below purely thermal denaturation tempera-
tures using stainless-steel electrodes, suggesting that
the more relevant parameter to be considered here was
indeed the psPEF treatment time.

Effect of Treatment Time on Protein Aggregation

To further investigate the role and significance of the
treatment time on protein aggregations, the process
times were halved (5 min) and doubled (20 min) with
respect to the 10 min seen previously (Figure 7). This
changes the exposure of the fluid to the very short elec-
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Figure 5. (a) Absorbance for filtered, non-heat-treated liquid whey (WP; _g,) and for (b) pure L-cysteine-HCl and CaCl, solutions for dif-
ferent AA and ion concentrations after 10 min at a pulse length of 10 ps, a pulse repetition frequency of 50 Hz, and an electric field intensity
between 0.65 kV/cm and 1.15 kV/cm, depending on the conductivity to reach a similar time-temperature profile (n = 3; shaded area represents
SD). Panels (c) and (d) show corresponding time-temperature profiles resulting from ohmic heating effects during microsecond pulsed electric

field treatments or from the heat transfer in the climate box (purely thermal).

trical effects during the pulse peaks (treatment time)
as well as the overarching heat exposure originating
from the heat capacity of the fluid (time of process).
We found that WP;_g; resulted in smaller aggregates
than WPC;, allowing more precise and reproducible
results—that is, less precipitation potentially falsifying
absorbance measurements related to decrease in absor-
bance due to protein aggregation. Therefore, WPy, g
was used to further investigate the effect of treatment
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time on the change in absorbance. Increasing the time
of process from 5 to 20 min increased the psPEF treat-
ment time from 30 to 120 ms and the absorbance at 380
nm from 0.28 £ 0.02 (351 £+ 36 kJ/kg, 5 min) to 1.05
+ 0.01 (1,275 £ 153 kJ/kg, 20 min). In terms of energy
consumption, time of process, and absorbance increase,
reducing the voltage and increasing f seems to be the
more industrial relevant approach, as an absorbance at
380 nm of 1.18 £ 0.07 [1.25 kV /cm, 10 ps, 50 Hz, 10 min
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Figure 6. Absorbance spectra for (a) liquid whey protein concentrate (WPCp) and (b) filtered, non-heat-treated liquid whey (WPy _g,) for
different electric field intensities and pulse repetition frequencies quantifying the turbidity partially related to protein aggregations after 10 min
(n = 3; shaded area represents SD). Panels (c) and (d) show corresponding time-temperature profiles resulting from ohmic heating effects during
microsecond pulsed electric field treatments or from the heat transfer in the climate box (purely thermal).

(634 + 57 kJ/kg)] was achieved within 10 min (Figure
6). No differences were found when comparing treat-
ments for which the pulse length was increased instead
of the pulse repetition frequency; that is, increasing the
pulse length from 10 to 100 ps while simultaneously
reducing f from 10 Hz to 1 Hz (Figure 8). However, the
EF intensity had to be increased by 0.5 kV/cm to en-
sure an almost identical time-temperature profile. Most
likely this originated from the generator control, pulse
shape, or differences in heat dissipation. The time of
process could potentially be further reduced by further
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coupling an increased pulse length or pulse repetition
frequency with electrode cooling.

When plotting the absorbance of the applied usPEF
parameter combinations as a function of treatment
time, it becomes apparent that increases in absorbance
and protein aggregation primarily depend on the com-
bination of pulse length and pulse repetition frequency
(Figure 9). Energy input and EF intensity seem to play
a less significant role in terms of aggregate formation.
A similar trend was found for WPC;, (Supplemental
Figure S7, https://www.research-collection.ethz.ch/


https://www.research-collection.ethz.ch/handle/20.500.11850/552192

Axelrod et al.: ELECTRIC FIELD-TRIGGERED WHEY PROTEIN AGGREGATIONS

(a)

2.5 T T T T T T T

=+ =25kV cm™, 10 us, 10 Hz, 351£36 kJ kg™' (5 min)

| |- 2.5kVcm™, 10 us, 10 Hz, 719481 kJ kg™ (10 min)

20LC =2.5kV cm™, 10 ps, 8-10 Hz, 1275+153 kJ kg™ (20 min)|
Edl I SR Purely thermal (WP_g,, climate box) T

-~ Control (WP, g, untreated)
8 15} .
&
O b ~
S 10 ~
8 B ~ ~ -
< S T~
e CEL TEE PSS .
600 700 800 900

Wavelength (nm)

6598

(b)

90 T T T T T
== -25kVcm™ 10 s, 10 Hz, 35136 kJ kg™ (5 min)
80k [ 2.5kV cm™, 10 ps, 10 Hz, 719+81 kJ kg™ (10 min) i
= =2.5kVcm?’, 10 us, 8-10 Hz, 1275153 kJ kg™ (20 min)
—~ T pooeee Purely thermal (20 min, climate box)
O 70t .
N
()
— - wees -
S 60
-— Vo oo o oo o o oo o o
o
o 50 i
£
O 40 .
-
30 s
20 1 1 1 1 1
0 5 10 15 20

Time of process (min)

Figure 7. (a) Absorbance spectra for filtered, non-heat-treated liquid whey (WP, g;) for different times of process (5, 10, or 20 min) quan-
tifying the turbidity development of WPy g, (n = 3; shaded area represents SD). (b) Corresponding time-temperature profiles resulting from
ohmic heating effects during microsecond pulsed electric field treatments or from the heat transfer in the climate box (purely thermal).

handle/20.500.11850/552192). We emphasize that the
EF intensity must be large enough to induce formation
of reactive species, resulting in a local pH change at
the ground, and that the temperature must be high
enough (40-55°C) to initiate an intramolecular transi-
tion—that is, greater accessibility of the free thiol group
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(Tolkach and Kulozik, 2007). Finally, the application
of pulsed EF, as opposed to direct or alternating cur-
rent, allows for a more controllable time-temperature
profile, while still consistently exposing protein side
chains to local pH changes and generating reactivity
at the electrodes.

(b)
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Figure 8. (a) Absorbance spectra for liquid whey protein concentrate for different electric field intensities, pulse repetition frequencies, and
pulse lengths quantifying the turbidity related to protein aggregations (n = 3; shaded area represents SD). (b) Corresponding time-temperature
profiles resulting from ohmic heating effects during microsecond pulsed electric field treatments.
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Figure 9. Absorbance at the lower end of the visible wavelength
spectrum (380 nm) quantifying the turbidity of filtered, non-heat-
treated liquid whey for different microsecond pulsed electric field
(nsPEF) treatment times (Eq. [3]) and purely thermal treatments in a
climate box with a similar time-temperature profile (n = 3).

CONCLUSIONS

Batch psPEF treatments of WPCp, and WPy, g, (pro-
tein dry weight concentration: 0.4% wt/wt) in a plate-
plate geometry (0.8 mL) revealed that the increase
in absorbance and the formation of aggregates were
highly dependent on psPEF treatment time—that is,
the combination of pulse length and pulse repetition
frequency over the time of process (Eq. [2])—and less
dependent on EF intensity. Protein migration, the iso-
electric point, temporary local deprotonation of thiol
groups, and cation precipitation were likely the main
drivers for absorbance increase and aggregate forma-
tion. Continuous industrial applications of stable ag-
gregate triggering below purely thermal conditions, to
control the viscosity of reconstituted products, might
be enabled by longer treatment times with adapted
geometries.
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