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Abstract

Aims: This study aimed to determine how electric field strength, pulse width and shape, and
specific energy input relate to the effect of pulsed electric fields (PEF) on viability and membrane
permeabilization in Candida humilis and Saccharomyces cerevisiae suspended in potassium
phosphate buffer.

Methods and Results: Cells were treated with a micro-scale system with parallel plate electrodes.
Propidium iodide was added before or after treatments to differentiate between reversible and
irreversible membrane permeabilization. Treatments of C. humilis with 71 kV/cm and 48 kJ/kg
reduced cell counts by 3.9 + 0.6 log (cfu/mL). Pulse shape or width had only a small influence on
the treatment lethality. Variation of electric field strength (17 - 71 kV/cm), pulse width (0.086 - 4
us), and specific energy input (8 — 46 kJ/kg) demonstrated that specific energy input correlated to
the membrane permeabilization (r2 = 0.84), while other parameters were uncorrelated. A minimum
energy input of 3 and 12 kJ/kg was required to achieve reversible membrane permeabilization and
a reduction of cell counts, respectively, of C. humilis.

Conclusions: Energy input was the parameter that best described the inactivation efficiency of
PEF.

Significance and Impact of Study: This study is an important step to identify key process
parameters and to facilitate process design for improved cost-effectiveness of commercial PEF
treatment.

Key words: pulsed electric fields, Candida humilis, Saccharomyces cerevisiae, propidium iodide,
bleomycin, electric field strength, specific energy input.
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1. Introduction

Pulsed electric fields (PEF) have the potential to provide minimally processed and
microbiologically safe food products [1]. PEF can be delivered to achieve pasteurization
temperature, or to induce only a low temperature increase that avoids heat-induced changes in
colour, flavor, taste, and nutrient content of food. PEF induces local structural changes of cell
membranes and the breakdown of membrane permeability barrier [2,3]. This effect is also termed
as electroporation [4. Dielectric permittivity and electrical conductivity of the cell membrane differ
from those of cytoplasm and extracellular medium [5], which creates conditions for interfacial
polarization. When biological cells are exposed to an external electric field, most of this field
concentrates across the membrane [5]. When the transmembrane potential reaches a critical value
of 0.2 — 1.7 V, transient pores appear in the membrane [6,7,8]. The pore formation is irreversible
and may lead to cell death. Membrane permeabilization and cell death are also determined by pulse
shape, duration, and frequency, which correspond to energy input. Other factors determining the
efficacy of PEF include the size and shape of microorganisms, and the properties of treatment
medium [9,10,11].

PEF treatments transfer energy to the fluid and thus increase its temperature [12]. The energy
consumption of bactericidal PEF treatments ranges from 100 to 1000 kJ/kg [13] and energy
efficiency is considered to be a critical factor for commercial use of PEF processes [13, 14]. Heat
generated during PEF treatment is typically insufficient to kill microorganisms but may act
synergistically with PEF treatment to increase the process lethality. A temperature increase alters
the fluidity and stability of the cell membrane [15], and increases the electrical conductivity of
treatment medium [11]. An altered conductivity at a constant energy input decreases the field
strength [11]. In the past studies, the typical treatment chamber was a pipe [16]. These treatment
chambers generate non-homogeneous electric fields and temperature distribution; these
inhomogeneities substantially confound the assessment of the contribution of electric field, energy
input, and temperature on microbial inactivation [17].

Despite the designation of PEF as “promising emerging technology” in food processing, the
number of current commercial applications remains limited [11]. The reluctant adoption of this
technology by the food industry relates to the lack of insights on the physical parameters that
govern microbial inactivation. The field strength is thought to be the most relevant factor affecting
microbial inactivation, but the energy input and the resulting temperature increase may also
contribute to microbial inactivation [9,11]. It was therefore the aim of this study to use a
miniaturized PEF system to determine the contribution of energy input, field strength, pulse width,
shape, and frequency on yeast inactivation. This study used treatment chambers with parallel plate
electrodes to deliver homogeneous electric fields [18,19] and to allow a homogeneous distribution
of the temperature. Candida humilis and Saccharomyces cerevisiae were used as model
microorganisms.

2. Materials and methods

2.1 Preparation of inoculum and cell suspension

Candida humilis FUA4001 and Saccharomyces cerevisiae FUA4011 were grown on Difco Yeast-
Peptone-Dextrose agar (YPD, 1 % vyeast extract, 2 % peptone, 2 % dextrose, 2 % agar) and
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incubated at 30 °C for 48 h. Cultures were prepared by inoculation of single colonies in YPD broth,
incubation at 30 °C, 250 rpm overnight, followed by sub-culturing in YPD broth with 1 %
inoculum. C. humilis and S. cerevisiae were incubated at 30 °C, 250 rpm for about 24 h and 20 h,
respectively, to obtain cultures at late exponential or early stationary phase of growth.

Prior to PEF treatments, yeasts were harvested by centrifugation, washed in potassium phosphate
buffer (PB, KaHPO4-KH2PO4, 4 mM, pH 6.5, conductivity: 0.5~0.6 mS/cm), and then resuspended
in PB, or PB with 10 uM or 100 uM of propidium iodide (Acros Organics, New Jersey, USA). The
optical density (O.D.) of cell suspension in PB buffer at 600 nm was adjusted to 1.00+0.05. The
electrical conductivity was measured with an electrical conductivity meter (Hanna Instruments,
Laval, Québec, Canada). The cell suspensions were kept at room temperature prior to PEF
treatments.

2.2 PEF treatment apparatus

Continuous PEF treatments (Fig. S1 of the online supplementary material) were performed using
a custom-built laboratory scale PEF processing system (HIECO Ltd., Calgary, Alberta, Canada).
The system has a touchscreen two-syringe pump (Cole-Parmer Canada Company, Montreal,
Quebec, Canada) to infuse fluid to the treatment chamber through tubing. One syringe was filled
with PB buffer and directed the sheath flow to the two sides of the treatment chamber to avoid
exposing cells to the inhomogeneous fringe fields resulting from the roughness of the spacers. The
other syringe was filled with cell suspension and directed the flow to the central area of the
treatment chamber where the laminar fluid flow was undisturbed by the edges of the treatment
chamber. The combined flow rate was 0.5 mL/min, except for tests for critical field strength
determination where the combined flow rate was set at 0.25 mL/min. The PEF apparatus has a
system DC power supply (model 6655A, Hewlett Packard, Palo Alto, California, USA), and the
maximum output voltage and current are 120 V and 4 A, respectively. Square pulses were
generated by a function/arbitrary waveform generator (model 33220A, 20 MHz, Agilent
Technologies, Santa Clara, California, USA) and delivered by a custom-made source that delivers
rectangular pulses with 4 — 6 ns rise/fall times and up to 100 V in amplitude. In keeping with past
reports [20,21,22], the pulse shape and width were monitored by a digital storage oscilloscope
(model TDS2014B, 100 MHz, 4 channel, Tektronix, Beaverton, Oregon, USA) and logged in a
computer simultaneously. The applied voltage, the current across the treatment chamber, and the
resistance and capacitance were recorded by a 6.5 digit precision multimeter (model 8846A, Fluke
Corporation, Everett, Washington, USA) and logged in the computer simultaneously. All PEF
treatments done in this study were with an initial fluid temperature of 20+2 °C (inlet temperature,
Tin), and the maximum processing temperature was at 32 °C (outlet temperature, Tout). The fluid
temperatures before (Tin) and after (Tout) PEF treatment were measured by thermocouples placed
at the entrance and exit of the treatment chamber, monitored by digital multimeters (model
U1233A, Agilent Technologies), and logged in the computer simultaneously. The fluid
temperature increase was lineally correlated to the increase of specific energy input (Fig. S2). A
high accuracy digital pressure gauge (Omega, Laval, Quebec, Canada) was connected between
one syringe and the tubing to monitor the pressure of the flow system and to ensure the pressure
was stable before collecting samples.

Unless otherwise specified, bare gold electrodes were used for PEF treatments. These electrodes
were predominantly resistive and were employed for low-impedance electroporation (LIE).
Alternatively, electrodes covered with a thin dielectric barrier (alumina, Al20O3) were employed
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(Fig. S3). These were predominantly capacitive to allow high-impedance electroporation (HIE)
[23]. The dielectric barrier of HIE electrodes reduced the flow of conduction current through the
fluid to near zero while maintaining the electric field. All treatment chambers used in this study
were microfluidic chambers with parallel plate electrodes with an area of 2 mm? and a gap distance
of 13 — 14 um. When unipolar square pulses were applied to LIE or resistive electrodes (Fig. 1A),
the conduction current through the fluid section was constant and in phase with the voltage, and
the electric field was in steady state. When the same square pulses were applied to HIE or
capacitive electrodes, dielectric barriers acted as capacitor, and continued to charge in an
exponential process at the rate related to the characteristic scaling time (referred to as time
constant, z = 53 ns). To fully charge the capacitor, it took approximately five of these intervals. A
transient displacement current flows through the capacitor during this time that is predominantly
out of phase with the potential across the dielectric barriers. The discharging process was reverse
to the charging process, and resulted in a transient electric field across the fluid section in the
direction opposite to the original. Overall, the rectangular pulse applied to HIE electrodes resulted
in a bipolar exponentially decaying pulse across the fluid section (Fig. 1C). To obtain comparable
bipolar exponential pulses on LIE electrodes, the LIE electrodes were equipped with a capacitor
in series; the time constant (t) of bipolar exponential pulses on LIE electrodes was adjusted by
variation of the capacitance. In this configuration, square pulses applied to the LIE electrodes also
resulted in bipolar exponential pulses with a time constant of z = 86 ns (Fig. 1B). Even if the
voltage drop over the field section cannot be measured directly for exponential pulses, it can be
very accurately estimated using the known parameters electrode area, distance between the
electrodes, thickness of the alumina layer, and dielectric permittivity of the alumina and of the
aqueous suspension. The calculation accounted for the voltage dissipation that relates to the 100
nm alumina layer in the high impedance electrodes.

PEF processes transferred energy to the fluid and thereby increased the fluid temperature. Energy
dissipation U, as Joule heating from a single pulse of width At in a fluid of conductivity o, can be
expressed as

At
Up =J cEZ(t)V dt, (1)
0

where E;(t) is the electric field over the fluid section, and V is the volume of the treatment
chamber. For a LIE device powered by a square pulse (Fig. 1A), electric field was largely constant
over the duration of the pulse 4t, so that E;(t) = E, and Eq. (1) simplifies to

Upect = EZaVAt. (2)

For bipolar exponentially decaying pulses over the fluid section (Fig. 1B and 1C), total energy
dissipation was calculated by replacing E,(t) in Eq. (1) with Ege~t/%:

At
Uy’ = zf oEe TV dt = EfoVT (1 — e7244/7), 3)
0
When At > 5 T, term e ~24t/T tends to 0, resulting in
U™ = EgoVr. (4)

When pulses are delivered at the frequency f to the fluid pumped through the system at the flow
rate &, total number of pulses N delivered to the treatment volume V is equal to
4
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N=Vf/¢. (5)
Specific energy input per unit mass of fluid whose density is p is then
W = NU,/pV = Upf [ép. (6)
Finally, the temperature increase of the fluid under treatment was calculated as
AT = W /ey, (7

where ¢, = 4.18 kJ/kg.°C is the specific heat capacity of water.
2.3 PEF treatment

One syringe with 10 mL of PB buffer and the other one with 10 mL of cell suspension with or
without Pl were fed to the treatment chamber continuously at room temperature. When the pressure
of the flow system stabilized, 1 mL of sample was collected as untreated sample or initial sample.
Subsequently, different PEF treatments were applied and 1 mL of each treated samples were
collected using 2 mL sterile Eppendorf tubes. The treatment chamber was used only once, and the
tubing was flushed with 20 mL of sterile water at 15 mL/min both before and after each set of test.
Before each run of experimental test, the treatment chamber was rinsed with 2 mL of sterile MilliQ
water and balanced with 2 mL of sterile PB buffer at flow rate of 0.5 mL/min.

2.3.1 Determination of PEF-induced reversible and irreversible permeabilization of yeasts

To compare the effects of bleomycin and propidium iodide (PI) on the viability of PEF-treated
C. humilis, cell suspensions in PB with 100 uM PI or 1 mg/L bleomycin (AdooQ BioScience,
Irvine, CA, USA) were processed at electric field strengths ranging from 18 to 71 kV/cm with
square pulses of 0.5 ps and 10 kHz, and with exponential pulses of 86 ns and 10 kHz.

To compare the effect of PEF treatment on reversible and irreversible permeabilization of the
membrane, Pl was added to cell suspensions before or after PEF treatment. C. humilis and S.
cerevisiae cell suspensions with and without 10 uM PI were processed with unipolar square pulses
of 0.5 pus and 10 kHz, and with bipolar exponential pulses with a time constant t of 86 ns and 10
kHz. After treatment, samples with Pl were counter-stained with Syto9 (Life Technologies,
Burlington, Ontario, Canada); the final concentrations of Pl and Syto9 were both 5 uM. The ratio
of fluorescence intensity of Pl (Aex of 535 nm; Aem of 617 nm) over that of Syto9 (Aex of 485 nm;
Aem of 538 nm) was calculated as a measure of reversible pore formation. Samples treated by PEF
in the absence of P1 were stained with Pl and Syto9 with final concentrations of 10 uM and 5 uM,
respectively. The ratio of fluorescence intensity of Pl over that of Syto9 was calculated as a
measure of irreversible pore formation. A calibration curve was established for each experiment
day by mixing cells treated at 80 °C for 10 min with untreated cells in proportions of 0 %, 50 %
and 100 %. The fluorescence intensity was measured with a multiwell plate fluorescence
spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA).

2.3.2 Effect of PEF treatment parameters on yeast viability

To determine the effect of pulse shape, C. humilis and S. cerevisiae cell suspensions with and
without 100 uM of Pl were processed with unipolar square pulses of 0.5 us and 10 kHz, or with
bipolar exponential pulses with T =86 ns and 10 kHz.

To assess the effect of pulse width, C. humilis cell suspensions with and without 100 uM PI were
processed with unipolar square pulses with pulse widths ranging from 125 ns to 2 ps. To keep the
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specific energy input constant across treatments, the increase of pulse width was compensated by
the decrease of pulse frequency from 40 to 2.5 kHz. In a second experiment, C. humilis cell
suspensions with and without 100 uM PI were processed with unipolar square pulses and bipolar
exponential pulses. To keep the specific energy input constant across treatments, the increase of
pulse width was compensated by the decrease of pulse frequency. Square pulses of 125 ns and 250
ns were applied at a frequency of 40 kHz and 20 kHz, respectively; exponential pulses with t =
172 ns and 344 ns (2 and 4 times the initial exponential pulse width) were applied at 5 kHz and
2.5 kHz, respectively.

To determine the critical field strength of PEF treatment against C. humilis, cell suspensions with
and without 100 uM of PI were processed with unipolar square pulses of 2 us. The flow rate was
set at 0.25 mL/min. To keep the specific energy input constant across treatments with different
field strengths ranging from 2 to 18 kV/cm, the decrease of field strength was compensated by the
increase of pulse frequency from 1.25 to 80 kHz, from 5 to 320 kHz, and from 10 to 160 kHz for
specific energy input at 3, 11 and 21 kJ/kg, respectively.

To determine the effect of energy input, field strength and pulse width, C. humilis cell suspensions
were processed with unipolar square pulses and bipolar exponential pulses at conditions specified
in Table 1.

To determine the effect of conduction current, C. humilis and S. cerevisiae cell suspensions with
and without 100 uM PI were processed with LIE (bipolar exponential pulses with t =86 ns) and
HIE (bipolar exponential pulses with t =53 ns) electrodes at 10 kHz (Fig. 1B and 1C). C. humilis
cell suspensions with and without 100 uM PI were processed with HIE electrodes with two
sequential pulses per unit time at 10 kHz (Fig. S4C). Treatments were performed with electric
field strengths ranging from 18 to 71 kV/cm.

2.4 Enumeration of viable cells

The PEF-treated and -untreated samples were serially diluted in PB buffer. Appropriate dilutions
were plated on YPD agar plates, and incubated at 30 °C for two days. Results were expressed as
logio of the survival fraction (N/No), where No is the cell count of untreated sample and N is the
cell count of PEF-treated sample. Initial cell counts of C. humilis and S. cerevisiae were (6.2 + 0.3)
x 108 cfu/mL and (6.3 + 0.4) x 10° cfu/mL, respectively. The detection limit was 10 cfu/mL. The
results are shown as means + standard deviation of three independent experiments.

2.5 Statistical analyses

Results are based on at least three independent replicates. Significant differences between
treatments at different conditions were evaluated with Student’s t-test. An error probability of less
than 5% (P<0.05) was considered significant. Linear regression analyses were conducted using
Sigmaplot software (Sigmaplot, Version 12.5, Systat Software Inc., San Jose California, USA).

3. Results

3.1 Quantification of reversible and irreversible pore formation

This study initially compared the cytotoxicity of Pl and bleomycin to electroporated cells (Fig. 2).
Bleomycin is a membrane-impermeant compound which is cytotoxic only to membrane-damaged
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cells [24,25]. PI is a membrane-impermeant nucleic acid binding dye. It has been widely used to
assess irreversible membrane damage by quantification of PI fluorescence after lethal or sublethal
treatments but its cytotoxicity towards yeasts is not documented. The viability of cells in the
presence of 10 uM or 100 uM of PI, or 1 mg/L bleomycin remained unaffected (data not shown),
confirming that Pl and bleomycin are not cytotoxic unless the membrane is permeabilized. PEF
treatment at a specific energy input of less than 12 kJ/kg did not reduce cell counts of C. humilis
and S. cerevisiae unless PI or bleomycin was present (Fig. 2 and Fig. 3A). The viability of PEF-
treated cells in the presence of P1 or bleomycin decreased even at a low specific energy input (Fig.
2B), which indicates that the cytotoxicity of 100 uM PI to membrane damaged cells is similar or
higher than that of 1 mg/L bleomycin.

The permeabilization of yeast membrane to P1 was also assessed by PEF treatment in the presence
of 10 uM PI, followed by quantification of Pl fluorescence. The reduction of C. humilis or S.
cerevisiae cell counts in samples exposed to PEF treatment in the presence of 100 uM PI
corresponded to an increase of Pl fluorescence after PEF treatment in presence of 10 uM PI (data
not shown). Likewise, the reduction of C. humilis or S. cerevisiae cell counts in samples exposed
to PEF treatment alone corresponded to an increase of Pl fluorescence after PEF treatment (data
not shown). Quantification of Pl fluorescence after PEF treatment in the presence of 10 uM PI,
and the enumeration of viable cells after PEF treatment in the presence of 100 uM P1 thus represent
alternative methods for quantification of reversible pore formation. The determination of viable
cells after PEF treatments with and without Pl provides a lower limit of detection, and was
routinely used to assess the difference between reversible and irreversible electroporation.

3.2 Effect of pulse shape on PEF inactivation efficiency

Square pulses and exponential pulses are two pulse shapes that are often used in PEF inactivation
experiments [26]. The effect of pulse shape on PEF inactivation efficiency of yeasts was
determined by treatments with square or exponential pulses at a constant energy input (Fig. 3).
The viability of S. cerevisiae was unaffected by PEF treatments in the absence of PI, while the
viability of C. humilis was reduced if the specific energy input exceeded 12 kJ/kg (Fig. 3A). PEF
treatments in the presence of PI reduced cell counts of S. cerevisiae and C. humilis when the
specific energy input exceeded 5 and 3 kJ/kg, respectively (Fig. 3B). The reduction of cell counts
was similar when treatments with square pulses and exponential pulses were normalized with
respect to specific energy input (Fig. 3B). These data demonstrate that exponential and square
pulses of equivalent specific energy input have equivalent effects on membrane pore formation by
PEF. C. humilis was more sensitive to PEF when compared to S. cerevisiae, and was subsequently
used as model organism.

3.3 Effect of pulse width on PEF inactivation efficiency

A vast majority of past studies on microbial survival after PEF exposure used pulse widths ranging
from 1-10 ps [27,28,29]. A major benefit of short pulses is the reduced energy input per pulse and
the associated lower temperature increase. The effect of pulse width on the lethality of PEF was
determined by treatment with 13 and 52 kJ/kg in the absence of Pl (Fig. 4). All treatments at a
specific energy input of 52 kJ/kg achieved a cell count reduction of about 4.2 log. Treatments at a
specific energy input of 13 kJ/kg had a significantly increased lethality when the pulse width was
increased from 0.125 to 2 ps (Fig. 4). A second experiment employed square pulses and
exponential pulses with two different pulse widths or time constants, respectively. In this second
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experiment, the pulse width had no effect or inconclusive effects on microbial survival (data not
shown). Taken together, results indicate that the pulse width has a significant but relatively minor
effect on the lethality of PEF.

3.4 Critical field strength of PEF treatment against C. humilis

Based on the electromechanical model for PEF electroporation mechanism proposed by
Zimmermann et al. in 1973 [2], cell membrane electroporation occurs only when the external field
imposes a transmembrane potential that is equal to or greater than the rupture potential. The critical
field strength of PEF treatment against C. humilis was determined by treatments with square pulses
at a constant specific energy input (Fig. 5). PEF treatments in the absence of PI significantly
(P=0.02) reduced cell counts only when specific energy input exceeded 11 kJ/kg and field strength
exceeded 9 kV/cm. PEF treatments in the presence of Pl significantly (P=0.03) reduced cell counts
when specific energy input exceeded 3 kJ/kg and field strength exceeded 4 kV/cm. The critical
field strengths of PEF treatments against C. humilis were thus 4 and 9 kV/cm for reversible and
irreversible electroporation, respectively. The cell radius of C. humilis in the short axial direction
is about 2-3 pum and 6-10 um in the long axial direction. The minimal potential needed to cause
reversible and irreversible electroporation against C. humilis can thus be estimated as 0.8 V and
1.8V, respectively.

3.5 Analysis of the factors describing the lethality of PEF

Past studies evaluated the effect of single parameters on the lethality of PEF [30,31,32]; however,
the parameters energy input, electric field strength, and pulse shape, frequency, and width are
interdependent. Therefore, we evaluated the lethality of PEF on C. humilis with 22 different
combinations of field strength, energy input, and pulse width (Table 1). Data were plotted as a
function of specific energy input (Fig. 5A), electric field strength (Fig. 5B), and pulse width (Fig.
5C). Field strength or pulse width, when considered on their own, explain only a small part of
variation in process lethality (Fig. 5B and 5C). The percentage of variability explained by these
parameters was only 10% and 0.3%, respectively. Treatments with a specific energy input of less
than 12 kJ/kg reduced the viable cell counts of C. humilis by less than 1 log(cfu/mL) even at high
field strength (Fig. 5B). When only treatments with a specific energy input of greater than 12 kJ/kg
were considered, the field strength explained 59% of the variation in the process lethality (Fig.
5B). Conversely, specific energy input, the only parameter that includes the information about all
other parameters, explains most of the variation in process lethality (r> of 0.84, Fig. 5A). The
specific energy input thus represents the most useful gauge of the lethality of PEF.

3.6 Effect of conduction current on PEF inactivation efficiency

The fluid between two electrodes is conductive, allowing ionic current to flow and generate ohmic
heating. LIE electrodes allow bare metal (gold) to be in contact with the electrolyte, which
facilitates electron injection. The resulting conduction current can introduce electrolysis and other
electrochemical reactions at the electrode surface. HIE electrodes are made of alumina-covered
gold. The alumina layer limits electron injection to values that all but eliminate electrochemical
reactions at the electrodes. This experiment was conducted to determine whether conduction
current plays a role in electroporation. PEF treatments in the absence of PI (Fig. 6A) were not
lethal to either S. cerevisiae or C. humilis. PEF treatments in the presence of Pl (Fig. 6B)
demonstrated that treatments with LIE and HIE electrodes had a comparable lethality when
normalized to the specific energy input. Although voltage across the fluid in HIE electrodes cannot
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be accessed by direct measurement and was thus estimated numerically, this result suggests that
conduction current is not essential for the electroporation of yeasts in phosphate buffer by PEF.
The use of single and two sequential bipolar exponential pulses also had no influence on the
process lethality (Fig. 6B). The results further confirmed, however, that C. humilis is more
sensitive to PEF, and that a specific energy input of about 3 and 12 kJ/kg are required to achieve
reversible and irreversible electroporation, respectively.

4. Discussion and conclusion

Energy input, electric field strength, pulse width, and the number of pulses or pulse frequency are
interdependent, therefore, simultaneous variation of these parameters allows identification of the
factors which best describe the lethality of PEF treatments. The present study systematically varied
the specific energy input, the electric field strength, and pulse shape and width. We also compared
the lethal effect square pulses and exponential pulses. Experiments with two different pulse shapes
implemented with two different electrode systems provided consistent results, and demonstrated
that the specific energy input best described the efficacy of PEF. The critical field strength and
specific energy input for reversible and irreversible electroporation of C. humilis were 2 kV/cm
and 3 kJ/kg, and 9 kV/cm and 12 kJ/kg, respectively. The field strength was significantly correlated
to process lethality against C. humilis only when considering treatments with energy input that was
higher than a critical energy input of 12 kJ/kg. Accordingly, achieving the same specific energy
input by adjustment of electric field strength, pulse width or the pulse frequency achieves
comparable process lethality.

The three main types of PEF treatment chambers, namely co-field [11], coaxial [33] and parallel
plate [14], differ substantially with respect to the homogeneity of treatment conditions. Compared
to other treatment chambers, parallel plate electrodes provide more uniform electric fields and
temperature distribution [14]. The small dimensions of the electrode and the application of a sheath
flow to keep yeast cells in the center of the treatment chamber where the field is uniform provide
additional measures to ensure homogenous treatment conditions for each microbial cell. The
experimental equipment used in this study thus provides an excellent tool to determine parameters
governing the lethality of PEF on yeast cells.

Direct metal-electrolyte contact allows electron injection to the treatment medium [34]. The
resulting electrolysis of water causes formation of hydrogen or oxygen bubbles, which may disturb
the electric field [35]. Electrolysis also results in a deposit of corrosion products on the electrode
surface which may contaminate food products [36]. Covering the metallic electrodes with a layer
of insulating material, e.g. alumina, prevents electrode corrosion [23,37] while movement of ions
at the membrane solution interface in response to the electrical field still occurs. Although the
voltage across the fluid during treatment with exponential pulses was not measured but estimated
numerically, our study indicates that electroporation by PEF with bare electrodes and alumina-
covered electrodes is comparable. Conduction current is thus not necessary for electroporation,
and contamination of PEF-treated medium or food products by electrode corrosion products can
be prevented.

Propidium iodide (PI), a nucleotide-binding probe excluded by intact cells, is a good indicator of
membrane permeabilization introduced by PEF treatments [22,38]. Our study demonstrated that
Pl shows similar cytotoxicity to membrane-damaged cells as bleomycin, a known cytotoxic

compound [24,25]. Enumeration of viable cells of PEF-treated samples in the presence and
9
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absence of 100 uM of PI correlated to quantification of pore formation by fluorescent detection,
and thus provides an alternative method for determination of reversible and irreversible pore
formation by PEF treatments.

Past studies plotted the lethality of PEF as a function of number of pulses, electric field strength,
or pulse width [9,10,30,31,32,39]. An increase of field strength, pulse width, or the number of
pulses also results in an increase of the specific energy input. In the present study, we report that
an increase of specific energy input increases the lethality of the PEF treatment and that this
increase of process lethality is largely independent on whether the increase was achieved by
increasing the number of pulses, pulse width, or field strength. To compare this conclusion with
literature data, Table 2 summarizes past studies that investigated PEF inactivation of S. cerevisiae.
Literature data on the inactivation of C. humilis is scarce. Past studies document a large variability
of the process lethality even if the reported process parameters (field strength, pulse frequency or
energy input) are comparable. Differences in pH or process temperature, or the inhomogeneity
with respect to electric field and temperature distribution, and the flow characteristics [40] only
partially account for this large variation in the lethality of PEF reported in past studies.
Nevertheless, literature data allow the conclusion that the lethality of PEF is low unless PEF are
combined with low pH, a processing temperature higher than 40 °C, or an energy input exceeding
60 kJ/kg (Table 2). We observed no cell death of S. cerevisiae after treatment with phosphate
buffer at pH 6.5 with the energy input of 50 kJ/kg or less and electric field strengths of 71 k\V/cm.
These data conform to literature data that was generated at neutral pH and ambient temperature.
The use of PI, however, demonstrates that reversible electroporation of S. cerevisiae is achieved
at a specific energy input ranging from 5-50 kJ/kg. This reversible electroporation may account
for the effect of lower pH or higher temperature on the lethality of PEF. Metabolic consequences
of electroporation are more severe at a low pH because reversible pore formation may result in
dissipation of vital proton gradients before membrane pores are resealed. The cytoplasmic pH of
S. cerevisiae is closely linked to cellular viability [41]. A temperature of 40 °C is not lethal to
S. cerevisiae, however, even a modest increase in temperature will increase membrane fluidity
which enhances electroporation [42,43]. An increase in membrane fluidity also increased the time
required for resealing of the membrane after electroporation [44,45,46]. Taken together, literature
data and the present study indicate that inactivation of S. cerevisiae by PEF requires a high energy
input, or a combination of PEF with enhanced temperature, acidic condition, or cytotoxic
compounds.

The critical field strengths tested in this study for C. humilis were 0.8 V and 1.8 V for reversible
and irreversible electroporation, respectively, matching theoretical values (0.2-1.7 V) proposed
previously [6]. Since the thickness of microbial cytoplasmic membranes is constant (about 5-10
nm), the critical field strength depends on the compressibility and permittivity of the membrane,
the initial temperature of treatment medium and the valence of the ions [7,14,47]. The size and
shape of C. humilis, about 2-3 um x 6-10 um, is similar to that of S. cerevisiae, about 3-4 um X 5-
9 um, so it is reasonable to assume their critical field strengths are also similar. The critical field
strength for S. cerevisiae was reported as 4.7 to 8 kV/cm [48,49], matches values obtained in our
study.

The present study and previous studies relating PEF lethality to the specific energy input employed
field strengths that are higher than the critical field strength that is required to induce the critical
transmembrane potential of 0.8 — 1.8 V [this study and 6]. If this condition is met, modeling of
PEF lethality on S. cerevisiae and other microorganisms in food is achieved with a high degree of
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correlation between experimental and predicted values when using specific energy input as control
parameter [29,50]. It is thus recommended to plot PEF inactivation efficiency as a function of
specific energy input. This parameter also provides guidance with respect to the processing cost,
which are mainly determined by the energy use.

In conclusion, specific energy input was the parameter that best described reversible
electroporation and lethality of PEF treatment of yeasts; the effects of electric field strength, pulse
width and frequency, or pulse shape was significant but much less pronounced. Conduction current
across the electrode surface is not necessary to achieve electroporation by PEF. In order to increase
cost-effectiveness ratio, it is recommended to combine PEF technology with modest thermal
treatment or cytotoxic compounds.
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Figure legends:

Fig. 1. Examples for pulse waveforms and current flow used in this study. The voltage setting at
the power supply is represented by dotted black lines; the resulting voltage at the electrodes is
represented by grey lines; the resulting current in the treatment chamber is represented by a solid
black line. (A) Square pulse applied to LIE electrodes. (B) Square pulse applied to LIE electrodes
with a capacitor. (C) Square pulse applied to a HIE or capacitive device. Panel B and C show half
of the bipolar exponential pulse. The time constant (z) indicates when the voltage has decayed to
1/e of the maximum amplitude.

Fig. 2. Cytotoxicity of bleomycin (1 mg/L) and propidium iodide (100 pM) to PEF-treated
C. humilis. Panel A: PEF treatment with square pulses of 0.5 us and 10 kHz; Panel B: PEF
treatment with exponential pulses of 86 ns and 10 kHz. (A) PEF treatment in the presence of
1 mg/L of bleomycin; (A) PEF treatment in the presence of 100 uM of propidium iodide. The
results are shown as means + standard deviations of three independent experiments. Without PEF
treatment, the viability of C. humilis in the presence of 1 mg/L of bleomycin or 100 uM of
propidium iodide remained unaffected (n=6). No is the cell count of untreated sample and N is the
cell count of PEF-treated sample. Significant differences (P<0.05) between treatments at the same
energy input and field strength but in the presence of different compound are indicated by a star.

Fig. 3. Effect of pulse shape on the inactivation of C. humilis and S. cerevisiae by PEF. Panel A:
PEF treatment alone; Panel B: PEF treatment in the presence of 100 uM of propidium iodide.
Symbols indicate treatment combinations as follows: S. cerevisiae (o, ®); C. humilis (A, A);
square pulses of 0.5 us and 10 kHz (e, A); exponential pulses of 86 ns and 10 kHz (o, A). The
specific energy input was adjusted by setting the field strength to 18, 36, 54 and 71 kV/cm. No is
the cell count of untreated sample and N is the cell count of PEF-treated sample. Results are shown
as means * standard deviations of three independent experiments.

Fig. 4. Effect of pulse width on the inactivation of C. humilis by PEF with square pulses. Black
bars: electric field strength and specific energy input were 36 kV/cm and 13 kJ/kg, respectively;
Grey bars: electric field strength and specific energy input were 71 kV/cm and 52 kJ/kg,
respectively. Results are shown as means + standard deviations of three independent experiments.
No is the cell count of untreated sample and N is the cell count of PEF-treated sample. Significant
differences between treatments at the same energy input and field strength but with different pulse
width are indicated by a bracket and the corresponding P-value.

Fig. 5. Critical field strength of PEF treatment against C. humilis. Panel A: PEF treatment alone;
Panel B: PEF treatment in the presence of 100 uM propidium iodide. Symbols stand for PEF
treatments with specific energy input at 3 kJ/kg (A), 11 kJ/kg (o) and 21 kJ/kg (o). Significant
differences (P<0.05) between treatments at the same energy input and pulse width but with
different field strength are indicated by a bracket and a star. No is the cell count of untreated sample
and N is the cell count of PEF-treated sample. Results are shown as means + standard deviations
of three independent experiments.

Fig. 6. Effect of specific energy input, electric field strength and pulse width on the inactivation
of C. humilis exposed to PEF treatment alone. Data were plotted as a function of specific energy
input (Panel A), field strength (Panel B) and pulse width (Panel C). Panel A: Treatments were
carried out with exponential pulses of 86 ns (m), 172 ns (o) and 344 ns (#), and with square pulses
of 0.5 us (@), 1 us (0), 2 us (A) and 4 us (A). Panel B and C: PEF treatments were carried out
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with exponential pulses and a specific energy input of 8 kJ/kg ('), and with square pulses and a
specific energy input of 11.5 (V), 23 (m) and 46 kJ/kg (o) (Table 1). Lines show linear regression
lines. The regression coefficients for data plotted in Panels A, B and C were 0.84, 0.10 and 0.003,
respectively. The regression coefficient for data plotted in Panel B was 0.59 when only with an
energy input higher than 12 kJ/kg were considered in the regression. No is the cell count of
untreated sample and N is the cell count of PEF-treated sample. Results are shown as means +
standard deviations of three independent experiments.

Fig. 7. Effect of conduction current on the inactivation of C. humilis and S. cerevisiae by PEF.
Panel A: PEF treatments alone; Panel B: PEF treatments in the presence of 100 uM propidium
iodide. Symbols indicate treatment combinations as follows: S. cerevisiae (o, @); C. humilis (A,
A, V); LIE electrodes with pulses of 86 ns (o, A); HIE electrodes with pulses of 53 ns (e, V);
HIE electrodes with pulses of 53 ns and adjusted specific energy input by doubling the number of
pulses (A). Pulse frequency and pulse shape were constant throughout, 10 kHz and exponential
decay pulses, respectively. Field strength was adjusted according to specific energy input from 18
kV/cmto 71 kV/cm. No is the cell count of untreated sample and N is the cell count of PEF-treated
sample. Results are shown as means + standard deviations of three independent experiments.
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Table 1 Treatment parameters to determine the effect of specific energy input, electric field

strength, and pulse width on the inactivation efficiency of PEF treatments.

Exposure time per pulse / pus?

Specific Pulse
Energy Input ~ Frequency 0.5 1 2 4 Pulse Shape
/Klkg /kHz Electric Field Strength / kV cm!®
5 —°) - 71 50 )
8 Exponential)
10 - 71 50 36
5 50 36 - 18
11.5 Square
10 36 - 18 -
5 71 50 36 -
23 Square
10 50 36 - 18
5 - 71 50 36
46 Square
10 71 50 36 -

ATime constants of exponential pulses with exposure time of 1, 2 and 4 us were 86, 172, 344 ns,

respectively.

bThe electrical field strength was calculated based on a voltage setting of 100, 75, 50, or 25V at
the power generator; the average gap distance across the fluid section was 14 um. For square
pulses, the resulting voltage at the electrode is shown Figure 1A. For exponential pulses, the
voltage drop over the field section cannot be measured directly but can be very accurately
estimated using the known parameters electrode area, distance between the electrodes, and the

dielectric permittivity of the aqueous suspension (Figure 1B).

° — not done.
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505 Table 2 Parameters of PEF treatments used to inactivate S. cerevisiae in past studies

. Energy 1 E Pulse
Slrlsggilsllgn /msgcm‘l pH (IIIJ (;I%I) density T/O‘f:g /kV width Reference
0 /kJL! cm’! / us
- - 35 23 25 15 - [51]
2.24 - 6 28 30 50 2.5 [26]
Aonle fuice - - 3.5 33 8 12 60 [10]
ppic] 2.6 3.5 3 50 35 20 2 [29]
1.85 - 4 92.4 30 20 [32]
2.1 3.7 5.4 336 57 40 1 [52]
Grane iuice 0.92 6 6 32.4 415 27 3 [50]
pe) 0.98 6 5 50.8 39 24 3 [3]
Orange juice 1.23 34 6 144 10 12.5 20 [21]
Watermelon 3.0 5.3 1 57 51 20 2 [29]
juice
Beer 22 - 0.2 312 43 45 1.5 [53]
1.38 42 3.8 530 31.5 35 1.5 [54]
Chinese rice 1.9 43 45 151 39 21 3 [28]
wine
Nutritive 4 5 1.8 188 40 25 4 [55]
treatment 5 5 188 40 25 [56]
medium
0.8 7 2 71 25 21 20 [9]
NaCl buffer 0.5 6.6 0.8 375 30 25 40 [57]
Ringer solution 1.25 - 6 80 <70 16 6.2 [11]
. 2 7.2 5 60 37 30 3.6 [27]
Trizma buffer 2 72 4 764 30 30.9 3.11 [19]
Phosphate
. 4 7 4 153.4 41 20 4 [58]
Citrate
phosphate 2 7 2 120 35 19.5 3.16 [59]
buffer

506 Y Touter: designates the outlet temperature of fluid after PEF treatment

507
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Fig. 1. Examples for pulse waveforms and current flow used in this study. The voltage setting at
the power supply is represented by dotted black lines; the resulting voltage at the electrodes is
represented by grey lines; the resulting current in the treatment chamber is represented by a solid
black line. (A) Square pulse applied to LIE electrodes. (B) Square pulse applied to LIE electrodes
with a capacitor. (C) Square pulse applied to a HIE or capacitive device. Panel B and C show half
of the bipolar exponential pulse. The time constant (z) indicates when the voltage has decayed to
1/e of the maximum amplitude.
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Fig. 2. Cytotoxicity of bleomycin (1 mg/L) and propidium iodide (100 pM) to PEF-treated
C. humilis. Panel A: PEF treatment with square pulses of 0.5 ps and 10 kHz; Panel B: PEF
treatment with exponential pulses of 86 ns and 10 kHz. (A) PEF treatment in the presence of
1 mg/L of bleomycin; (A) PEF treatment in the presence of 100 uM of propidium iodide. The
results are shown as means + standard deviations of three independent experiments. Without PEF
treatment, the viability of C. humilis in the presence of 1 mg/L of bleomycin or 100 pM of
propidium iodide remained unaffected (n=6). No is the cell count of untreated sample and N is the
cell count of PEF-treated sample. Significant differences (P<0.05) between treatments at the same
energy input and field strength but in the presence of different compound are indicated by a star.
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Fig. 3. Effect of pulse shape on the inactivation of C. humilis and S. cerevisiae by PEF. Panel A:
PEF treatment alone; Panel B: PEF treatment in the presence of 100 uM of propidium iodide.
Symbols indicate treatment combinations as follows: S. cerevisiae (o, ®); C. humilis (A, A);
square pulses of 0.5 us and 10 kHz (e, A); exponential pulses of 86 ns and 10 kHz (o, A). The
specific energy input was adjusted by setting the field strength to 18, 36, 54 and 71 kV/cm. No is
the cell count of untreated sample and N is the cell count of PEF-treated sample. Results are shown
as means * standard deviations of three independent experiments.
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Fig. 4. Effect of pulse width on the inactivation of C. humilis by PEF with square pulses. Black
bars: electric field strength and specific energy input were 36 kV/cm and 13 kJ/kg, respectively;
Grey bars: electric field strength and specific energy input were 71 kV/cm and 52 kJ/kg,
respectively. Results are shown as means + standard deviations of three independent experiments.
No is the cell count of untreated sample and N is the cell count of PEF-treated sample. Significant
differences between treatments at the same energy input and field strength but with different pulse
width are indicated by a bracket and the corresponding P-value.
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Fig. 5. Critical field strength of PEF treatment against C. humilis. Panel A: PEF treatment alone;
Panel B: PEF treatment in the presence of 100 uM propidium iodide. Symbols stand for PEF
treatments with specific energy input at 3 kJ/kg (A), 11 kJ/kg (o) and 21 kJ/kg (o). Significant
differences (P<0.05) between treatments at the same energy input and pulse width but with
different field strength are indicated by a bracket and a star. No is the cell count of untreated sample
and N is the cell count of PEF-treated sample. Results are shown as means + standard deviations
of three independent experiments.
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Fig. 6. Effect of specific energy input, electric field strength and pulse width on the inactivation
of C. humilis exposed to PEF treatment alone. Data were plotted as a function of specific energy
input (Panel A), field strength (Panel B) and pulse width (Panel C). Panel A: Treatments were
carried out with exponential pulses of 86 ns (m), 172 ns (o) and 344 ns (#), and with square pulses
of 0.5 us (@), 1 us (o), 2 us (A) and 4 ps (A). Panel B and C: PEF treatments were carried out
with exponential pulses and a specific energy input of 8 kJ/kg ('), and with square pulses and a
specific energy input of 11.5 (V), 23 (m) and 46 kJ/kg (o) (Table 1). Lines show linear regression
lines. The regression coefficients for data plotted in Panels A, B and C were 0.84, 0.10 and 0.003,
respectively. The regression coefficient for data plotted in Panel B was 0.59 when only with an
energy input higher than 12 kJ/kg were considered in the regression. No is the cell count of
untreated sample and N is the cell count of PEF-treated sample. Results are shown as means +
standard deviations of three independent experiments.
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Fig. 7. Effect of conduction current on the inactivation of C. humilis and S. cerevisiae by PEF.
Panel A: PEF treatments alone; Panel B: PEF treatments in the presence of 100 uM propidium
iodide. Symbols indicate treatment combinations as follows: S. cerevisiae (o, @); C. humilis (A,
A, V); LIE electrodes with pulses of 86 ns (o, A); HIE electrodes with pulses of 53 ns (e, V);
HIE electrodes with pulses of 53 ns and adjusted specific energy input by doubling the number of
pulses (A). Pulse frequency and pulse shape were constant throughout, 10 kHz and exponential
decay pulses, respectively. Field strength was adjusted according to specific energy input from 18
kV/cmto 71 kV/cm. No is the cell count of untreated sample and N is the cell count of PEF-treated
sample. Results are shown as means + standard deviations of three independent experiments.
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