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ABSTRACT

The fundamental mechanisms of pulsed electric fields on biological cells are not yet fully elucidated,
though it is apparent that membrane electroporation plays a crucial role. Little is known about
treatment-chamber-specific effects, and systematic studies are scarce. Thus, the present study evaluates
the (dis-)advantages of various treatment chamber designs for liquid applications at differing scales.
Three chambers, namely parallel plate microfluidic (V: 0.1 ml/min; titanium electrodes), co-linear meso
(V: 5.0 ml/min; stainless steel electrodes), and co-linear macro (V: 83.3 ml/min; stainless steel elec-
trodes) chambers, were studied. Electroporation effects on Escherichia coli in media with 0.1-10.0 mS/
cm were evaluated by plate counts and flow cytometry at 8, 16, and 20 kV/cm. For the microfluidic cham-
ber, predominantly irreversible electroporation (2.5 logso reductions) was seen at 0.1 mS/cm, while high
irreversible electroporation (4.2 logs;o reductions) at 10.0 mS/cm was observed for the macro chamber.
The meso chamber indicated a similar trend towards increased conductivity, even though only low inac-
tivation levels were present. Variation in conductivity and electrode configuration or area likely induces
effects resulting in distinct electroporation levels, as observed for the micro and macro chamber. Suitable

application scenarios, depending on targeted electroporation effects, were suggested.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Pulsed electric field (PEF) treatment is used for a variety of food,
biotechnological and medical applications [ 1-3]. Usually, high field
strength levels (kV/cm range) are applied in very short pulses
(us-ms range). The fundamental mechanisms of PEFs on biological
cells are not yet fully elucidated, though it is apparent that pore
formation in cell membranes plays a major role. Pore formation,
commonly referred to as electroporation [4], occurs either tran-
siently, as the cells are capable of resealing the pores (reversible
electroporation), or permanently, resulting in cell death (irre-
versible electroporation) [5-7]. Critical process parameters include
the electric field strength (E), pulse width (1), pulse shape, pulse
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repetition frequency (f), electric field exposure time (t;), treatment
temperature (T), and specific energy input (Wpec) [2,8,9].

In the food industry, PEFs are used firstly, to enhance mass
transfer in vegetable tissues [10,11] and secondly, as a method of
non-thermal inactivation and preservation for liquid foods and
beverages [2,9] applying electric field strengths ranging from 15
to 40 kV/cm [12] resulting in irreversible electroporation effects
with a 5 to 6 logo reduction [9]. As such, PEFs are being used com-
mercially for the pasteurization of fruit juices at reduced tempera-
tures [13]. Recently, attention has been devoted to various
processes, including the extraction of valuable compounds from
microorganisms [14,15], the loading of microbial cells with small
molecules [16-18], the stimulation of cell growth [19,20], the use
of electric fields as a novel method in diagnostics [21], as well as
the use of nanosecond-PEFs for selective inactivation [3]. Medical
electroporation-based treatments, such as electrochemotherapy
(primarily used for cancer treatment [22]), gene electrotransfer,
or irreversible electroporation for tumor ablation [23], are
commonly used. Gene electrotransfer can stimulate the immune
system and is thus, a promising tool for the development of
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vaccines, i.e., against cancer [24] or against the severe acute respi-
ratory syndrome coronavirus, SARS-CoV [25]. The primary focus of
this paper concerns applications related to electroporation of bac-
terial cells suspended in liquids.

There has been to date, no extensive experimental study con-
sidering the suitability of treatment chamber designs at different
scales for PEF applications aiming at either reversible or irre-
versible effects. Such studies would be advantageous in providing
valuable insights for a variety of different purposes in life science
and beyond. Hence, this study aimed to provide experimental data
on the advantages and limitations of PEF treatment chambers -
from microfluidic to large-scale - for potential applications in food
and bio processing. For this purpose, a parallel plate microfluidic
PEF device and two differently sized co-linear treatment chambers
were studied. It is also worth mentioning here that the present
study did not focus on the scalability but rather on the applicability
of different existing treatment chamber configurations aiming at
reversible or irreversible electroporation effects. In order to draw
a conclusion on scalability, results must be supported by computa-
tional fluid dynamics (CFD) simulations [26]. For the sake of clarity,
in the following manuscript, the mentioned treatment chambers
will be referred to as micro, meso, and macro chambers, in ascend-
ing scale.

2. Material and methods
2.1. Microbial cultivation

Escherichia coli ATCC 9637 was used as a model microorganism
for the electroporation studies. Cultures were stored at —80 °C
until required. Cultivation was accomplished by streaking a loopful
of the stock culture onto tryptic soy agar plates (TSA; VWR Interna-
tional bvba, Leuven, Belgium), supplemented with 0.6% (w/v) yeast
extract (YE; Carl Roth GmbH, Karlsruhe, Germany), with subse-
quent overnight incubation at 37 °C. From these TSAYE plates, a
single colony was removed and inoculated into 15 ml tryptic soy
broth supplemented with 0.6% yeast extract (TSBYE; VWR). The
bacterial suspension was incubated aerobically overnight at
37 °C. The overnight culture was standardized to an optical density
at 600 nm (ODgqg) of ~0.1, using TSBYE, and incubated at 37 °C for
3.5 h to obtain cells in the early stationary growth phase, as previ-
ously determined by ODggo measurements (data not shown). The
cells were harvested and washed twice with their respective buffer
solutions (see Section 2.2) by centrifugation at 3200g for 15 min at
ambient temperature. The supernatant was discarded, and the
E. coli suspension was resuspended in its respective buffer solution
to obtain a final cell concentration of Ny ~ 107 colony forming units
(CFU) per ml, which were then used for the electroporation trials
(see Section 2.4).

2.2. Model solution

Diluted phosphate-buffered saline (PBS Roti® fair 7.4; Carl Roth
GmbH, Karlsruhe, Germany) was used as a treatment media,
adjusting for electrical conductivity (o). Electrical conductivities
of 0.1 mS/cm (pH 7.0), 3.0 mS/cm (pH 7.3), and 10.0 mS/cm (pH
7.2) were adjusted with addition of dH,0. For the treatment media
with 0.1 mS/cm, 248 mM sucrose (ultrapure DNAse RNAse free;
VWR Chemicals, LLC, Solon, OH, USA) was added to prevent cell
lysis due to hyperosmotic stress [27]. Conductivity levels of these
model solutions are chosen to resemble either: (a) low-
conductive media (0.1 mS/cm), as present in biomedical samples
[28], (b) typical conductivity level for liquid foods (3.0 mS/cm)
[29], or (c) high conductive solutions (10.0 mS/cm), as used for
industrial biotechnological applications [30].
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2.3. PEF treatment setups

In this study, three continuous PEF treatment setups on differ-
ing scales (micro, meso, macro) were used. The setups were chosen
due to their application in biosensing and molecular diagnostics
(microfluidic chamber), laboratory electroporation studies (meso
chamber), as well as their use in pilot-scale trials (macro chamber).
Each setup was used based upon typical operating points, includ-
ing variable peripheral pieces of equipment (such as various
pumps), as pointed out in the subsequent sections. For all PEF
experiments, however, the same 6 kW pulse modulator (Scandi-
Nova Systems AB, Uppsala, Sweden) was used. This modulator is
able to deliver rectangular, mono, or bipolar pulses. The parameter
range which can be provided encompasses voltages up to 25 KV,
currents up to 200 A, frequencies up to 1000 Hz, as well as pulses
of 1-5 ps. The applied voltage and current were measured by a
high voltage probe (Tektronix P6015A, 1000X; Beaverton, OR,
USA) and a current probe (0.5-0.1 W Wide Band Current Trans-
former, Stangenes Industries, Inc., Palo Alto, CA, USA). The pulse
shapes were monitored and recorded by an oscilloscope (Gwinstek
MSO0-2072E, 70 MHz 1 GSa/s; Good Will Instrument CO., LTD., New
Taipei City, Taiwan).

2.3.1. Microfluidic parallel plate treatment chamber

A continuous microfluidic parallel plate treatment chamber,
further referred to as ‘micro chamber’, was provided by the Aus-
trian Institute of Technology (AIT; Vienna, Austria). Non-
passivated titanium electrodes at a distance of 81.3 pm were
installed (Supplementary Fig. S1, A). The setup was equipped with
a syringe pump (Fusion 200 Touch, KR Analytical Ltd., Sandbach,
United Kingdom), providing a volume flow rate of 0.1 ml/min, cor-
responding to a maximum Reynolds number (Re,.x) of 0.8, and a
mean residence time in the electric field zone of 4.3 s. Electrode
distance and optimal flow rate were set according to previous work
[31]. Re was calculated with the fluid density (p) and fluid dynamic
viscosity (n) of water, the hydraulic diameter (or insulator diame-
ter for co-linear chambers) (d), as well as the fluid velocity (V) (Eq.
(1)). Temperature measurements in the product stream were not
possible due to the miniscule dimensions. The outlet temperature
(Tout) was measured with a fiber optic sensor (Optocon, Weidmann
Electrical Technology AG, Rapperswil, Switzerland) attached to the
outside of the microfluidic chip directly next to the outlet, using
thermally insulating tape. The temperature in the untreated bacte-
rial solution was used as the inlet temperature (Tj,). The electric
field strength (E) for the parallel plate configuration is expressed
according to Eq. (2), by the applied voltage (U) and the distance
of the electrodes (d) [32].

Repe, — PTW (1)

E—

alc

(2)

2.3.2. Co-linear meso-sized treatment chamber

The continuous co-linear meso-sized treatment chamber, here-
after referred to as ‘meso chamber’, consists of a central, stainless
steel high-voltage electrode, two ground electrodes, and Teflon®
insulators (Supplemenatry Fig. S1, B). An HPLC pump (Shimadzu
LC-10AD VP HPLC Pump; Kyoto, Japan) transported the treatment
media at a flow rate of 5.0 ml/min (Re,,x of 55.6) and a mean res-
idence time in the electric field zone of 54.4 ms. T;, and T, were
measured in the center of the pipe, directly before and after the
treatment chamber, using K-type thermocouples (RS Components
GmbH, Morfelden-Walldorf, Germany). As the electric field within
co-linear electrode configurations is not homogeneous, a specific
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conversion factor (Cchamper) Was used to obtain an average electric
field strength from the electric field distribution, based on compu-
tational fluid dynamics (CFD) [33]. With this factor, an average E
can be calculated from the applied U (Eq. (3)). For the meso-
chamber, a Cchamper factor of 8.0/cm was used, as determined (data
not shown).

E= Cchamber U (3)

2.3.3. Co-linear macro-sized treatment chamber

In the center of the continuous co-linear macro-sized treatment
chamber, further referred to as ‘macro chamber’, a single central
cylindrical stainless steel high-voltage electrode was installed in
between two cylindrical Teflon® insulators and surrounded by
two ground electrodes (Supplementary Fig. S1, C). A screw pump
(MDC 006-12, Seepex GmbH, Bottrop, Germany) was used to pro-
vide a flow rate of 83.3 ml/min (Ren,x of 442.1) and a mean resi-
dence time in the electric field zone of 71.8 ms. For the macro
chamber, a Cchamper factor of 1.6/cm was used to calculate E, as
described by Jaeger, Meneses and Knorr [33]. Tj, and T, Were
measured directly before and after the treatment chamber with
K-type thermocouples (RS Components GmbH).

2.3.4. Processing parameters

The specific electrical energy input (Wspec) was used to compare
the treatment intensity of the three different chambers, as it is a
value summarizing the key parameters related to PEF treatment.
It was calculated according to Eq. (4) and Eq. (5), from the adjusted
and measured values. Wy is derived from the mass flow rate
(= p *V; p=1000 kg/m?), the pulse repetition frequency (f), fur-
ther referred to as the frequency, and the energy dissipated per
pulse (Wpuise), With Wpyise being calculated from the voltage (U),
the current (I) and the pulse duration, respectively pulse width
(7) [34]. For validation of Wpe, the increase of temperature during
the treatment (AT) and the specific heat capacity (c,,) of water, i.e.,
4.2 KJ/(kg K), were taken into consideration (Eq. (4)). The observed
discrepancies between AT and Wjpe. for the micro chamber are
related to its higher surface area to volume ratio, resulting in a fas-
ter heat dissipation compared to the meso and macro chambers
[35]. Tin was set to ambient temperature (22.2 + 1.5 °C) for all con-
ducted experiments.

Wipee = WPT“’SJ = ATc, (4)
with
W puise = Ult (5)

Besides Wi, the electric field exposure time (t;) was also eval-
uated. This parameter was calculated by multiplying the mean res-

idence time of the solution in the electric field (¢), f, and T as given

in Eq. (6), where t is calculated from the volumetric flow rate (V)
and the volume of the treatment zone (V) (Eq. (7)) [34].

te=tft (6)
with

-V

t= v (7)

2.4. Experimental design and electroporation trials

Experimental trials were conducted using three constant elec-
tric field strength levels of 8, 16, and 20 kV/cm, with 20 kV/cm
being the maximum intensity applicable for the micro chamber.
These field strength levels were chosen based on published data
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for the critical electric field strength E; for E. coli of 10.3-
14.0 kV/cm [36,37]. It was then possible to investigate a slightly
lower (8 kV/cm) and slightly higher (16 kV/cm) field strength, as
well as a field strength known to cause inactivation of E. coli by
electroporation at neutral pH (20 kV/cm) [38]. A detailed overview
of all process parameters is summarized in Table 1.

To start the continuous trials, the system was initially rinsed
with a PBS solution of a conductivity corresponding to the respec-
tive microbial suspension, and parameters according to the maxi-
mum target level of Wy,.. were adjusted. Once a stable steady
state was reached, PBS was replaced by E. coli suspension. 400 pl
of each sample was taken after 5 min for the micro and the meso
chambers, and after 0.5 min for the macro chamber, as previously
determined by residence time distribution profiles (data not
shown). To determine inactivation kinetics, the electrical parame-
ter settings were adjusted in descending order starting with the
maximum Wse.. The untreated reference (No) was taken at the
outlet of the equipment, at the end of each treatment cycle, after
switching off the generator. After sampling, the treated microbial
suspensions were immediately stored on ice for up to 1.5 h prior
to analysis. The cooling time of samples was kept constant in order
to ensure reproducible results.

2.5. Inactivation kinetics

The PEF-treated, as well as the reference samples, were serially
diluted in the respective buffer solution and drop plated onto
TSAYE plates. Incubation was carried out at 37 °C for 24 h. CFUs
of samples were counted and calculated as log;o (N/Ng), where N
represents the number of surviving bacteria after PEF treatment,
and Ny describes the initial bacterial count of the untreated cells.
All survival curves were plotted against Wg,e. as well as t. For
the sake of simplicity, log;o will be referred to as log hereafter.

2.6. Flow cytometric viability assessment

References and PEF-treated samples were diluted 1:100, in
order to obtain a cell concentration of ~10° cells/mL, being in the
optimal concentration range for flow cytometry (FCM) measure-
ments [39]. Viability assessment by FCM was performed according
to Nescerecka, Hammes and Juhna [40]. To avoid contamination of
the PEF unit with mutagenic and/or toxic stains [41], all staining
procedures were performed after PEF treatment. The samples were
stored on ice until staining to prevent resealing of membrane pores
prior to FCM analysis, and analysis was performed no later than
1.5 h after PEF treatment [42,43]. 148.5 pl of well-mixed E. coli sus-
pension were pipetted into each well of a 96-well microtiter plate.
For live/dead staining, 1.5 pl of a SYBR® Green 1 (SG1; green fluo-
rescence, cell membrane permeable; Life Technologies, Eugene, OR,
United States) and propidium iodide (PI; red fluorescence, cell
membrane impermeant; Thermo Fisher Scientific, Waltham, MA,
United States) working solution (in 10 mM Tris buffer) were added
to each sample, to obtain a final concentration of 1 x and 6 puM, for
SG1 and PI, respectively. The microtiter plate was then incubated
for 13 min, at 37 °C in the dark, while rotating. SG1 is cell mem-
brane permeable, thus also stains intact cells (viable; green fluores-
cence), while PI can only penetrate membrane-comprised cells
(referred to as damaged cells; red fluorescence). Thus, Pl-stained
cells are a strong indication of the loss of viability.

Measurements were conducted using a BD Accuri C6 flow
cytometer (BD Life Sciences, Franklin Lakes, NJ, USA), equipped
with a 50 mW laser emitting a wavelength of 488 nm. The flow
rate was set to 66 ul/min, and cells were counted in 50 pl. Each
measurement was conducted as analytical triplicates and biologi-
cal duplicates. Two fluorescent signals (FL1, green fluorescence;
FL-3, red fluorescence) and two light scattering signals (FSC-H, for-



Table 1

Process parameter ranges used for characterization and comparison of the three PEF chambers, including electrical conductivity (o), electrical field strength (E), specific energy input (Wspec), voltage (U), current (I), resistance (R), pulse

repetition frequency (f), pulse width (1), volume flow rate (V), average inlet temperature (Tj,, avg) and outlet temperature (Toye).

PEF chamber o [mS/cm] E [kV/cm] Woapec [K]/kg] U[kV] 1[A] R [Q] f [Hz] T [ps] V [ml/min] Tin, avg [°C] Tout [°C]
Micro 0.1 8, 16, 20 5-100 0.07-0.2 0.5-1.1 112.9-164.0 190-725 3 0.1 20 36-42
(parallel plate) 3.0 8, 16, 20 15-150 0.06-0.2 11.7-41.5 3.8-5.9 11-125 3 0.1 22 27-34
10.0 8, 16, 20 100-150 0.06-0.2 28.3-123.0 1.3-24 3-36 3 0.1 23 28-32
Meso 0.1 8, 16, 20 0.02-17 1.0-2.6 0.07-0.2 8466.7-16638.7 10-1000 3 5.0 22 25-28
(co-linear) 3.0 8, 16, 20 5-150 1.0-2.6 1.0-3.8 619.5-1051.0 10-1000 3 5.0 23 24-52
10.0 8, 16, 20 50-150 1.0-2.5 3.2-109 218.3-340.9 10-1000 3 5.0 20 37-49
Macro 0.1 8, 16, 20 0.4-25 4.8-12.6 04-14 9000.0-11886.8 100-1000 3 83.3 24 25-30
(co-linear) 3.0 8, 16, 20 10-150 5.0-12.6 8.0-26.1 411.8-664.9 125-1000 3 83.3 22 26-58
10.0 8, 16, 20 100-150 5.2-13.0 35.5-84.1 130.2-165.8 53-396 3 83.3 24 48-58

‘1D 32 1a39DU1231S *F ffo133042S *f ‘punz g

1$8201 (120Z) I¥1 Ausiuay0.1192]01g
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ward scatter; SSC-H, side scatter) were collected. A threshold of
8000 was applied for FSC-H. To avoid cross-contamination, a wash-
ing step with Milli-Q® water (100 ul injection volume) was con-
ducted after each sample. FCM data were analyzed using the R
statistical environment (version 3.6.1) and the flowCore package
(version 1.52.1). The signal of the bacteria was electronically gated
from background noise as well as separated in Pl-positive and PI-
negative cells. The latter was based on reference samples that
received no treatment and whose viability was confirmed by flow
cytometry and plating in parallel. Signals with a comparatively
high ratio of FL3-H to FL1-H were counted as PI-positive. The per-
centage of Pl-positive cells resulting from PEF treatment (Plp) was
calculated based on the total cell count (TCC) in cell per ml, the
dead cell count (DCC) in cells per ml, as well as the ratio of clearly
Pl-positive cells detected in the untreated E. coli reference sample
(Plpo) (Eg. (8)).

Pl <DCC — PIpTCC

TCC — PIPOTCC> +100% ®)

2.7. Differentiation of electric field effects

To differentiate between electric field effects on E. coli cells,
inactivation levels obtained by plate counts (see Section 2.5) and
PI-positive cells (see Section 2.6) were compared. The following
four statements seem to apply: (1) Limited effects of the electric
field on the microbial cells were assumed to take place for inacti-
vation results < 0.5 log, due to fluctuations of microbiological mea-
surements. (2) When the amount of Pl-positive cells found was
greater than the amount of inactivated cells (as determined by
plate counts), then coexistence of reversible and irreversible elec-
troporation was assumed. (3) When similar amounts of PI-
positive cells and inactivated cells were found, predominantly irre-
versible electroporation had occurred. (4) When the amount of PI-
positive cells found was lower than the amount of inactivated cells,
then the coexistence of irreversible electroporation and potential
thermal effects was assumed.

2.8. Data processing and statistical analysis

Experiments were performed as both process and biological
duplicates. Data analysis was performed in Microsoft Excel 2010
(Microsoft Corp., Redmond, WA, USA). For visualization, SigmaPlot
14 (Systat Software, Inc., San Jose, CA, USA) was used. For statistical
significance among two groups, Student’s t-tests were carried out
using Statgraphics Centurion XVIII (Statpoint Technologies, Inc.,
Warrenton, VA, USA). A p-value < 0.05 was statistically significant.

3. Results and discussion

The role of various potential PEF treated samples was evaluated
using aqueous model solutions with defined conductivities on
three different continuous treatment chambers. Treatment cham-
ber suitability for reversible and irreversible electroporation was
assessed, aiming to mimic various application scenarios in food
and bioprocessing.

3.1. Influence of conductivity-related effects

The electrical conductivity level of the media is directly propor-
tional to the electric current, i.e., current flow increases with an
increasing media conductivity, given that other PEF parameters
remain constant. Generally, a lower electrical conductivity is aimed
for, as higher conductivities may result in lower PEF efficiency, due
to the fact that the resulting high currents lead to low peak electric
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fields associated with power limitations of the PEF generator
[44,45]. In addition, electrical conductivity defines the extent of
biological cell changes, such as electrofusion, electropermeabiliza-
tion, motility, or microbial inactivation [46,47].

In the present study, three different conductivity levels
between 0.1 and 10.0 mS/cm were used, the current increasing
along with the electrical conductivity (Table 1). Therefore, it is
assumed that the current density changed with the electrical con-
ductivity. However, the magnitude of the increasing current varied
for each treatment chamber, potentially due to differences in elec-
trode configuration and area and the associated differences in the
overall electrical resistance of the treatment chambers [48]. At
0.1 mS/cm, the current was in the range of 0.5-1.1 A (micro cham-
ber), 0.07-0.2 A (meso chamber), and 0.4-1.4 A (macro chamber),
increasing up to 123.0 A (micro chamber), 10.9 A (meso chamber),
and 84.1 A (macro chamber) at 10.0 mS/cm (Table 1).

The influence of the conductivity, the generator [49] as well as
the treatment chamber configuration can also be observed from
pulse shape images recorded during all PEF experiments (Supple-
mentary Fig. S2 A-I). The generator used in this study allows rect-
angular pulse shapes. In practice, pulse shapes differ slightly from
the ideal rectangular shape [50]. For the co-linear meso and macro
chamber with 10.0 mS/cm, nearly ideal rectangular pulse shapes
with rounded edges and an almost flat top were generated (Sup-
plementary Fig. S2 F, I). Pulse shapes at lower conductivities (0.1
mS/cm and 3.0 mS/cm) show an increase at the leading and trailing
edges as well as a decrease, or so-called droop, at the top (Supple-
mentary Fig. S2 D, E, G, H) [50]. For the micro chamber (parallel
plate design) at 3.0 mS/cm and 10.0 mS/cm, a leading peak fol-
lowed by a decreasing top was observed (Supplementary Fig. S2
B, C). The recorded voltage and current levels were less smooth
on the lower limit of measuring equipment, generating high noise.
In contrast, at lower conductivity (0.1 mS/cm), a rounded top with
a slight increase towards the trailing edge was observed (Supple-
mentary Fig. 1 A). Another generator type may have generated a
more ideal pulse shape for the micro chamber. However, to allow
for comparability, the same generator was used for PEF trials with
the micro, meso, and macro chamber. Generally, short rise and fall
times as well as a flat top are most efficient, as only very low levels
of surplus pulse energy (which may dissipate into thermal energy,
without exerting electroporation effects) is generated [51].

For the micro chamber (Fig. 1 A-C), the highest level of inacti-
vation (2.7 + 0.2 log) was achieved at 0.1 mS/cm by applying
20 kV/cm and a Wype of 100 kJ/kg, while at 10.0 mS/cm inactiva-
tion by microfluidic PEF was highly ineffective (0.7 + 0.0 log). For
the meso chamber, no conductivity-related effects were seen,
and a maximum log reduction of 1.3 + 0.2 was obtained (Fig. 1
D-F). In contrast to the micro chamber, the macro chamber
showed a trend towards increasing inactivation levels along with
higher electrical conductivity (Fig. 1 G-I). In detail, a limited reduc-
tion of max. 0.5 + 0.3 log was observed at 0.1 mS/cm, while the
highest inactivation of 4.2 + 0.1 log was observed using a high elec-
trical conductivity, electric field strength, and specific energy input
(10.0 mS/cm; 20 kV/cm; 150 kJ/kg). The high inactivation levels are
comparable with previous work, as described hereafter. Timmer-
mans, Mastwijk, Berendsen, Nederhoff, Matser, Van Boekel and
Nierop Groot [52] reported a ~ 4 log reduction of E. coli at 20 kV/
cm in orange juice, showing a similar conductivity (pH = 3.8;
¢ = 5.9 mS/cm), using a co-linear treatment chamber and Kan-
duser, Beli¢, Corovi¢ and Skrjanc [53] reported similar inactivation
effects of ~ 4.6 log on E. coli with 30 kV/cm using a batch treatment
chamber.

The limited inactivation levels observed could also be attributed
to the characteristics of the pulse generator. The maximum pulse
repetition frequency deployed in this study was 1000 Hz. This
introduced limitations in the current, so that the maximum tar-
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Fig. 1. Inactivation data for E. coli as a function of total specific energy input (Wjpec) at different electric field strengths (E) in 0.1 mS/cm, 3.0 mS/cm, and 10.0 mS/cm buffered
PBS solution for the micro (A-C), meso (D-F) and macro (G-I) chamber. Due to limitations in the current, the maximum targeted Wj.. levels could not be reached for the

lowest conductive media (A, D, G), independent of the used treatment chamber.

geted Wpec levels could not be reached for both the lowest con-
ductive media as well as for the lowest (average) electric field
strength (8 kV/cm) in higher conductive media (Fig. 1 A, B, D, E,
F, G, H), independent of the used treatment chamber. Upper limita-
tions were already observed at 725 Hz for the micro chamber,
resulting in an electric breakdown. Therefore, for the micro, meso,
and macro chambers, maximum levels of 100 kJ/kg, 26 kJ/kg, and
17 KJ/kg could be achieved at 0.1 mS/cm, respectively. Thus, it
can be concluded that the co-linear configurations (meso and
macro chambers) in this study are of limited use for inactivation
purposes where low conductivity levels are present, and a genera-
tor with limited variability of the pulse repetition frequency is
deployed. This is a consequence of chamber design, which aims
for relatively high chamber impedance levels to limit the current.
This is in contrast to parallel plate configurations, such as the
microfluidic device [9], which exhibits relatively low impedance
levels. Due to the low electrical resistance of microfluidic devices
in the sub-kilohertz range of the pulse repetition frequency, elec-
trochemical reactions like the erosion of electrodes or local
changes within the pH can occur [54]. Thus, achieving sufficiently
high levels of Wgp is only possible by using very high pulse repe-
tition frequencies in the upper kilohertz range and beyond, possi-
bly overwhelming the pulse generator. Other limitations are
breakdown, electrochemical reactions, and electrical arching asso-
ciated with gas bubble formation inside the treatment chamber.
Therefore, in order to use the desired levels of Wpec, when high

levels of irreversible microbial inactivation are targeted for low
conductive media, parallel plate configurations, such as the micro
chamber used in this study, may provide advantages.

The achieved inactivation in the present study failed to reach 5
to 6 log [9], which is the typically desired inactivation range for
food pasteurization. It is assumed that the relatively low maximum
field strength of 20 kV/cm, which was the upper limit for the micro
chamber, prevented more pronounced irreversible electroporation
effects. Moreover, in the neutral pH range, low inactivation levels
are typically reported independent of the energy input levels
[55]. A further increase of Wype. to levels above 150 kj/kg might
have resulted in increased inactivation levels. However, this would
also have been accompanied by distinct thermal effects, which are
not desirable for “non-thermal” preservation applications using
PEF [56].

Inactivation levels in the microfluidic parallel plate treatment
chamber decreased with increasing conductivity. This effect was
not observed in the present study in the co-linear meso chamber.
In contrast, results for the macro chamber showed a slight increase
in inactivation levels with increasing electrical conductivity, a con-
tradiction also found in the existing scientific literature on
conductivity-related effects. Some studies found no conductivity-
dependency of the resulting inactivation levels [57,58], while other
studies showed decreased inactivation of E. coli by using lower
conductive media [59,60] when all other process parameters
remained constant. Further studies, in contrast, reported increased
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inactivation effects with lower electrical conductivity of the media
[61,62]. According to Barbosa-Canovas, Pothakamury, Gongora-
Nieto and Swanson [63], the electrical conductivity of food should
be lowered, as increased conductivity increases the ionic strength,
resulting in decreased inactivation effects. This, however, depend-
ing upon the respective formulation, is not always possible. More-
over, it is known that the greater the conductivity difference
between media and microbial cytoplasm, the weaker and less
resistant microbial cells become against PEF, as a result of an
increased ionic particle flow through the membranes. Most of the
previous literature on food covers only a small conductivity range
(~2.0-6.8 mS/cm), where low conductivities within the uS-range
are usually not investigated at all. This is a limiting factor for life
science applications, where typically low conductive samples
within the uS-range are present. For example, media with < 0.8
mS/cm are considered for the electropermeabilization of mam-
malian cells [64,65], while a final conductivity of 0.16 mS/cm is
aimed at the cell-specific inactivation of blood cells [31,66].

Other potential conductivity-related effects, such as local pH
shifts [54,67] or the current density [60,68], which were not exper-
imentally investigated in the present study, could have affected
microbial resistance against PEFs. The variation in electrode config-
uration and size, resulting in differing gaps between the electrodes
(Supplementary Fig. S1), could have affected electric field homo-
geneity, as discussed in previous research [54]. In detail, the nar-
row electrode gap of the micro chamber (81.3 um) could have
resulted in more substantial pH changes within the treatment
chamber. This could potentially lead to localized increased inacti-
vation levels at low electrical conductivity, presumably because
the medium, in this case, had the lowest buffer capacity of all
employed solutions (dilution to 0.1 mS/cm). This behavior did
not take place in the meso- and macro chamber, as discussed
above. According to Li, Wu, Zhao, Wei, Zhong, Wang, Liang and Li
[54], PBS-buffered solutions could affect cell disruption and viabil-
ity, i.e., HCIO generated by KCl, which is typically found within PBS
buffer, can have toxic effects on microbial cells. In contrast, Mene-
ses, Jaeger and Knorr [67] concluded that pH shifts were observed
within a NaCl solution but not for PBS. Generally, by increasing the
buffer capacity of the PEF-treated liquid, pH shifts can be reduced
to some extent. This, however, may or may not be influenceable,
depending upon the individual medium to be treated and its
composition.

Moreover, the current density, affected by the current flow as a
result of the various conductivity levels (0.1-10 mS/cm), could
have affected the resulting inactivation levels obtained for the
micro, meso, and macro chambers. Hence, the highest overall inac-
tivation level obtained with the macro chamber at 10 mS/cm can
potentially be related to the highest measured current within this
study (Table 1) and its inherent increased current density. Specific
conclusions on the current density would require further experi-
mental investigation. Existing literature on the impact of the cur-
rent density on electric field effects, however, is contradictory.
According to Emanuel, Roman and Cahan [60], an increase in cur-
rent density resulted in higher inactivation levels of Pseudomonas
putida F1, while another study reported that E. coli electroporation
was only indirectly influenced by changes in the current density
[68].

Hence, it is suggested that the relationship between conductiv-
ity and inactivation level is not only dependent on the conductivity
difference of the media and the treated microbes. It would be pos-
sible that other parameters, directly or indirectly influenced by the
electrode configuration and area, such as local pH shifts [54], dif-
ferences in current density [60,68], electrochemical reactions
including electrode erosion [69,70], and local thermal effects
[71], among others, could affect this relationship. Moreover, the
intrinsic characteristics of the potential product to be PEF treated

Bioelectrochemistry 141 (2021) 107841

have to be considered, including its conductivity, pH, and ionic
strength [67]. Additionally, the variance in electric field exposure
time t, among the three treatment chambers may have affected
the present outcomes, as further discussed in Section 3.2.

3.2. Effect of the electric field exposure time

In general, the electric field exposure time t. is dependent upon

the mean residence time of the media in the electric field t, the
pulse repetition frequency f, as well as the pulse width (Eq. (6)),
of which only the latter value was constant for experimental trials
with the three treatment chambers. Process control was achieved
by variation of f, aiming at constant levels of Wy for the differing
media to be treated. An increase in the media conductivity led to
the necessity of a lower f, therefore resulting in decreasing values
of t. (Supplementary Fig. S3). The highest log reduction (4.2 log)
was attained by the macro chamber at an electrical conductivity
of 3.0 mS/cm, showing a t; of 89.4 us (Supplementary Fig. S3).
The highest t; of 13.1 ms was observed for the micro chamber with
low electrical conductivity (0.1 mS/cm), resulting in a reduction of
1.7 log. But the increase in electroporated E. coli cells in the micro
chamber was associated with an increased t; at decreasing media
conductivity, even though Wj,e. was relatively low (100 kJ/kg) at
the highest t, (13.1 ms). A positive relationship of E. coli inactiva-
tion and t; was previously reported by many researchers, using
parallel plate electrodes [72], co-field [73], or concentric electrode
configurations [74]. The positive relationship between inactivation
efficiency and Wi (Fig. 1) was more straightforward and is in
agreement with several studies [75-77]. Hence, it is concluded that
the conductivity-related effects (as discussed in Section 3.1) and
the associated Wy, played a more decisive role than t; in terms
of inactivation efficacy. t; is therefore not further considered for
the discussion of the suitability of the treatment chambers. For
the sake of clarity, irreversible electroporation is used synony-
mously for inactivation and log reduction hereafter, to allow a
straightforward discussion on reversible and irreversible electro-
poration effects [78].

3.3. Limitations related to treatment chamber configuration and size

The micro chamber in this study has a parallel plate configura-
tion, which usually shows a very uniform electric field distribution
as well as a large opposing electrode surface. However, owing to
the low electrical resistance and pulse parameters used, electro-
chemical reactions like local pH shifts [54] or electrode erosion
can occur at the electrode-liquid interface [69,70]. In the present
study, the latter was observed at 20 kV/cm with maximum Wypec.
Electrode erosion, however, can be avoided by using a passivated
finish or erosion-resistant metals [79], while local pH shifts can
be reduced by adjusting the buffer composition or increasing the
electrode gap [54]. In turn, co-linear treatment chambers of the
meso and macro chambers are characterized by inhomogeneity
of the electric field distribution within the treatment zone, also
leading to heterogeneous temperature distribution. This can result
in local hot spots or may induce a dielectric breakdown, which can
lead to insufficient treatment [80,81].

Flow conditions may be altered towards a turbulent flow in
order to increase treatment homogeneity, but the occurring high
shear forces may negatively affect the quality of the treated sam-
ples [82,83]. This concept is further limited when treatment cham-
bers are downscaled, as particularly microfluidic systems are
characterized by fully laminar flow conditions [84].

Therefore, laminar flow conditions were used in the present
study to mimic potential life science applications and for compara-
bility of the three treatment chambers. According to Pataro, Sena-
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tore, Donsi and Ferrari [85], however, increasing the Reynolds
number within laminar flow conditions may already result in
improved treatment homogeneity and hence, increased treatment
efficiency. The Re number for the macro chamber (Rep,.x = 442.1)
was approximately 8-fold as well as 550-fold higher than that of
the meso and micro chambers, with a Re,.x of 55.6 and 0.8, respec-
tively. The increased Re number determined for the macro cham-
ber might have positively affected the amount of irreversibly
electroporated cells attained. The treatment homogeneity and
electric field distribution can, however, be assessed in more detail
using computational simulation tools [70,81,86-88] and is not fur-
ther discussed within the present study.

3.4. Distinction of reversible, irreversible, and thermal effects

The suitability of treatment chamber design and electrode con-
figuration for targeted reversible and irreversible electroporation
applications was assessed by examining the differentiation of elec-
tric field effects. Log reduction obtained by plate counts (Fig. 1) and
the amount of permeabilized cells, also referred to as PI-positive
cells (Fig. 2), were used to further differentiate between electric
field effects. These results were expressed categorically, i.e. no
detectable electroporation, reversible electroporation, non-thermal
irreversible electroporation, and heat-induced irreversible membrane
damage due to occurring Joule heating effects [89,90], as visualized
in Fig. 3. Results observed by plate counts were indicated as log

Micro chamber

Meso chamber
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reduction and additionally presented as percentage reduction to
allow a direct comparison to the percentage of PI-positive cells.
In the present study, PEF treatment in the micro chamber with
high conductive media (10.0 mS/cm) resulted in limited detectable
electroporation (max. 55.9 £ 2.0% at 20 kV/cm, < 19.3% for 8 kV/cm
and 16 kV/cm). In the macro chamber at 0.1 mS/cm with 16 kV/cm,
a small fraction of reversibly electroporated cells (max. 28.7%) was
likely, based on 28.3-82.4% Pl-positive cells and 0-0.5 log (~0-
64.6%) reduction detected by plate counts. Non-thermal inactiva-
tion effects related to irreversible electroporation were mainly
observed for the micro chamber with 0.1 mS/cm and 3.0 mS/cm
as well as for the macro chamber with 3.0 mS/cm and 10.0 mS/
cm. Irreversible effects (max. 1.0 log reduction and 70.9% PI-
positive cells) were probably already present at low E values
(8 kV/cm) in the macro chamber at 3.0 mS/cm. Electroporation of
E. coli cells at E < 8 kV/cm was previously also observed by Haberl
Megli¢, JaneZ, Peterka, Flisar, Kotnik and Miklavéi¢ [91], Taketo
[92], for 6.25 kV/cm and 5 kV/cm, respectively. However, for the
meso and macro chambers with high conductive media and E > Ejt,
non-thermal inactivation was likely overlapping with thermal
inactivation effects [93]. This was assumed to be due to the
increased log reduction obtained by plate counts where distinctly
lower percentages of Pl-positive cells were observed. Here, it is
suggested that high conductivity levels and the associated
increased current flow resulted in the more pronounced formation
of local hot spots, as reported by Buckow, Schroeder, Berres, Bau-
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Fig. 2. Pl-positive E. coli cells as an indication of the amount of permeabilized cells over the total specific energy input (Wspec) at different electric field strengths (E) in 0.1 mS/
cm, 3.0 mS/cm, and 10.0 mS/cm buffered PBS solution for the micro (A-C), meso (D-F) and macro (G-I) PEF chambers. Due to limitations in the current, the maximum
targeted Wy, levels could not be reached for the lowest conductive media (A, D, G), independent of the used treatment chamber.
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mann and Knoerzer [86]. This may be confirmed by the fact that
maximum outlet temperatures of 52 °C and 58 °C were observed
for the meso and macro chambers, respectively, causing thermal
damage to vegetative bacteria due to protein denaturation, among
other possible mechanisms [94]. However, in the present study,
the assumptions made from the comparison of Pl-positive cells
and plate counts did not include further differentiation of thermal
effects. Other studies with a focus on CFD data or carefully and
well-designed experimental approaches should supplement dis-
cussion on thermal effects [93,95].

The results of the present study are overall in line with different
effects that may occur during PEF treatment, as defined by Kotnik,
Frey, Sack, Haberl Megli¢, Peterka and Miklavci¢ [89]. The ranges
for electroporation and electropermeabilization of cells overlap,
as they depend upon cell size and orientation within the electric
field, as well as on media properties, including conductivity, pH,
osmolarity, and types of solutes present. Detailed descriptions of
electroporation and electropermeabilization are found in previous
work [96] but go beyond the scope of the present study, which
concentrated on conductivity-related effects as a distinct influenc-
ing factor on electroporation (see Section 3.1). It is hypothesized
that local changes within the pH and current density affected the
relationship between conductivity and inactivation level [60,67],
as previously discussed.

The distinction between reversible and irreversible injury of
E. coli cells by plating and PI staining, as used in the present study,
was previously reported [97,98], and methodology was confirmed

with ethylenediaminetetraacetic acid (EDTA)-treated cells [97].
The differentiation of electric field effects in the present study is,
however, based on two different methods, namely plate counts
and PI-positive cells. Thus, this differentiation method can be used
to indicate a trend in electric field effects but not to draw ultimate
conclusions. Additional proof to distinguish between reversible
and irreversible effects is possible by plating on selective and
non-selective media [37,99,100]. Other staining methods as in
double staining with cFDA (used to indicate esterase activity)
and PI were previously used to distinguish reversible and irre-
versible effects [78,101].

3.5. Relevance and potential applications within life sciences

The suitability of the different treatment chambers for potential
life science applications is discussed hereafter, based on pre-
defined conductive model solutions, representing biomedical sam-
ples with 0.1 mS/cm [28], liquid foods with 3.0 mS/cm [29], and
industrial biotechnological applications with 10 mS/cm [30]. The
parallel plate micro chamber used in this study was initially devel-
oped to induce cell-specific selective lysis of blood cells for sepsis
diagnostics in the medical field, which was further tested with pas-
sivated electrodes to overcome faradaic current effects [31]. For
conductive media of 0.1 mS/cm or 3.0 mS/cm, with 16-20 kV/cm
(max. 2.7 log and 94.7% Pl-positive cells; mainly irreversible elec-
troporation), the micro chamber could possibly be used for extrac-
tion of DNA or proteins from microbial cells, where only
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diminutive sample sizes are available [102]. By combining the
micro chamber with lab-on-a-chip analyses, rapid quantification
of the extracted molecules would be possible [103]. Further stud-
ies, however, are required to prove this hypothesis. Moreover,
microfluidic PEF combined with lab-on-a-chip analysis was previ-
ously used for selective irreversible electroporation as well as for
further separation of irreversibly electroporated cells, reversibly
electroporated cells, and cells not affected by the electric field
[104]. In contrast, microfluidic devices are not suitable for food
pasteurization, as they are not designed for high throughput, and
the obtained maximum irreversible electroporation rate of 2.5
log cycles would be insufficient.

As previously reported, the co-linear meso chamber could be
used for extracting compounds from E. coli or other bacterial cells
[105]. In this study, up to 89% of recombinant periplasmic proteins
were successfully extracted from E. coli cells using the same co-
linear meso chamber. However, as tested under the circumstances
in the present study, it is not suitable for preservation applications,
as only a maximum of 1.3 log cycles were inactivated.

Maximum irreversible electroporation of 4.2 log cycles was
observed with the co-linear macro chamber at 16 kV/cm (Wgpec
of 150 kJ/kg, pH ~ 7), making it suitable for the preservation of liq-
uid food or the extraction of intracellular compounds from
microorganisms [3]. Co-linear electrode configurations have a con-
siderably higher treatment capacity and allow for high throughput
operations. They usually show high electrical resistance and
require low current, thus being more suitable than parallel plate
designs for continuous large-scale applications in the food industry
[106,107]. This is illustrated by the fact that co-linear PEF treat-
ment chambers have been successfully used for the irreversible
electroporation of vegetative bacterial cells [34,52,55,108] and
inactivation of bacterial endospores [109]. However, when using
lower conductive media (0.1 mS/cm) for the co-linear macro cham-
ber, a certain degree of reversibly electroporated cells (up to 28.7%)
was apparent at 16 kV/cm. This is a drawback for food preserva-
tion, as spoilage microorganisms or pathogens would remain
intact, putting food safety at risk. Hence, process parameters that
assure solely irreversible electroporation need to be selected in
the preservation of food. In contrast, other applications prefer
remaining cell viability. Within low conductive media, the co-
linear macro chamber could be used to continuously load micro-
bial cells with small molecules [110,111], though in the present
experiments, cell viability was only preserved to a minimal extent.
One can assume that electric field strengths between 8 and 16 kV/
cm paired with lower pulse repetition frequencies could produce
an increased number of reversible pores. Reversible electropora-
tion (0.9-7.5 kV/cm) [17,18,47] has been used in a variety of cases,
for example to load trehalose into the probiotic Lactobacillus plan-
tarum to increase its robustness in food processing [17], to intro-
duce tetraphenylphosphonium ions [18] or selenium and zinc
ions [111] into Saccharomyces cerevisiae cells, or zinc ions into Lac-
tobacillus rhamnosus [110]. The tendency towards reversible effects
with lower media conductivity, as suggested for the macro cham-
ber, was in agreement with previous literature [47]. It, however,
has to be noted that media conductivity in literature was generally
higher (1 mS/cm and 15 mS/cm) and thus not directly comparable
to the present findings. The cause for this discrepancy could possi-
bly be due to the fact that previous literature is limited to labora-
tory experiments in electroporation cuvettes, while the present
study was conducted in continuous treatment chambers.

4. Conclusions

This study emphasizes that a detailed consideration of process
and product parameters is crucial to evaluate the advantages and
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limitations of continuous microfluidic and larger-scale PEF treat-
ments for life science applications. For co-linear macro-sized treat-
ment chambers, a higher electrical conductivity, while for parallel
plate microfluidic treatment chambers, a lower electrical conduc-
tivity can increase non-thermal irreversible electroporation, possi-
bly related to local pH shifts or changes in the current density. A
conductivity-related trend, however, cannot be derived for co-
linear meso-sized treatment chambers. Although the electrical con-
ductivity of the product, as well as the treatment chamber config-
uration, are crucial parameters, which may influence a variety of
different phenomena within the electric field, it remains unclear
how and to what extent these reactions interact and how they
may affect microbial cells in flow-through chambers. Still, the
treatment chamber configuration and electrode area as well as
the sample conductivity should be carefully considered for the
intended use. Moreover, results indicate that comparability among
treatment chambers with the same electrode configuration
remains challenging. Independent from the treatment chamber
design and sample conductivity, the present study contributes to
the understanding of electric field effects, thereby enhancing the
ability to evaluate the suitability of PEF treatment chambers for
targeted irreversible or reversible effects on microorganisms for
life science applications.

Future research that investigates both conductivity-related
phenomena in more detail, as well as experimental conditions that
allow the scalability of the treatment chambers, is needed. The
development of an easy, rapid, but at the same time, reliable
method for the differentiation of electric field effects for continu-
ous larger-scale PEF applications would be beneficial.
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