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ABBREVIATIONS

d — membrane thickness;

DNA — deoxyribonucleic acid;

DTT — dithiothreitol;

EDTA — ethylenediaminetetraacetic acid;

E — electric field strength;

En — enzymes;

FAD — flavin adenine dinucleotide;

M — menadione;

MH; — menadiol;

MREs — menadione reducing enzymes;

NADH - nicotinamide adenine dinucleotide;
NADPH - nicotinamide adenine dinucleotide phosphate;
nsPEFs — nanosecond electric field pulses;

PCD — programmed cell death;

PEF(s) — pulsed electric field(s);

PEG — polyethylene glycol;

R — cell radius;

RNA — ribonucleic acid;

ROS — reactive oxygen species;

Sox — oxidized form of substrate;

Sre— reduced form of substrate;

ssDNA — single stranded deoxyribonucleic acid;
TPP" — tetraphenylphosphonium ion;

Um— transmembrane voltage;

YCAI1 — yeast metacaspase 1;

0. — electric conductivities of the extracellular medium,;
oi — electric conductivity of the cytoplasm;

om — electric conductivity of the membrane;

&m — dielectric permittivity of the membrane;

0 — the angle between the site on the cell membrane where Un is measured
and the direction of external electric field;

7m— the time constant of the membrane charging.



INTRODUCTION

Yeast Saccharomyces cerevisiae is one of the most well-studied and
understood eukaryotic organisms. From a long time ago till now they have
been widely used in bakery and alcohol production. Interestingly, the same
microorganisms in a different environment like juice or dairy products cause
spoilage. The demand for nutritious foods is ever-growing and requires safer
and more efficient production processes. Meanwhile, the metabolic activity of
yeast cells is also successfully employed in biotechnology where cells are used
in the whole-cell bioprocesses such as biocatalysis and recombinant protein
production. These applications are dependent and are often hindered by the
natural barrier functions of the cell wall and cell membrane. They retard the
entry of substrates and release of products and thus limit the efficiency of
biotechnological procedures. Since yeast cells are an essential part in the food
industry, biotechnology as well as research, technology which could enhance
or diminish yeast productivity in a desired fashion will have a significant
worldwide impact in respective fields.

Pulsed electric field (PEF) is one of techniques which could be used to
improve permeability for target molecules. Growing experience suggests a
variety of applications, yet the integration of PEF technology into yeast-
related biotechnologies is not successfully developed. One of the reasons
being the lack of fundamental knowledge of yeast cell responses to such
treatment. There is very little detail about PEF effects on cell wall
permeability and death related pathways. It is known that PEF can be used as
a non-thermal processing technology for extending shelf-life of some
products. However, there is still a lack of data related to the effects of PEF on
yeast cells used for whole-cell bioprocesses. Use of yeast cells as a model for
the investigation of PEF induced effects is untapped and could provide
insights for both prospective applications and eukaryotic cell response
mechanisms.

Loading cells with DNA, enzymes and antibodies for research purposes,
introduction of probes and molecules for drug delivery and transporting
molecules into, out of cells and tissue are expected to depend quantitatively
on the extent of molecular transport. Fundamental description of cellular
responses, mechanical, electrical and molecular transport induced by exposure
to pulsed electric fields will be increasingly important. What is more, modern
instruments allow generation of high voltage electric field pulses with
nanosecond duration which could provide new prospective applications and
solutions to previously unsolvable problems. Such insights will open new



applications in therapeutics as well as food industry fields while increasing
efficiency and decreasing energy consumption.

In my dissertation I focus on answering questions needed to clarify steps
for successful knowledge transfer from fundamental yeast electroporation
research to biotechnological applications. The research and overview were
divided into three parts covering: 1 — fundamental research on yeast cells,
2 — evaluation of PEF induced effects via mediated amperometry and
3 —yeast cell responses to, and application of electric field pulses with
nanosecond duration.

STATEMENTS OF THESIS

1. Permeability of yeast Saccharomyces cerevisiae cell wall and plasma
membrane after exposure to electric field pulse with strength of up to 6 kV/ecm
changes similarly and stabilises within 100 seconds, thus confirming
involvement and importance of both structures in the recovery process.

2. Mediated amperometry can be employed for the investigation of electric
field effects on yeast membrane permeability to hydrophilic mediators as well
as activity of menadione reducing enzymes.

3. High voltage electric field pulses (up to 220 kV/cm) with nanosecond
duration (up to 90 ns) induce caspase-dependent cell death in yeast cells and
can be employed for their selective inactivation.



RESEARCH DIRECTIONS

1. Fundamentals of electroporation and yeast cell responses to pulsed
electric field

1.1. Literature overview

Yeast Saccharomyces cerevisiae is a single-cell microorganism. It is
widely used as a model for eukaryotic cell biology, functional genomics as
well as systems biology'. Due to simple genetic manipulations, yeast became
the first eukaryotic organism with complete genomic sequence?. Comparison
of yeast genomic sequences with those of other model systems showed that
both protein amino acid sequences and functions had been conserved well
enough that annotations of function could be transferable from one eukaryotic
species to another. Furthermore, around 1000 yeast genes are members of
orthologous gene families associated with human disease®. Studies of gene
expression provided knowledge about transcriptional regulatory networks and
the transcription factors that control them*>. Analysis of marked mutants with
double deletions provided quantitative genetic interaction profiles for around
75 % S. cerevisiae genes®’. Relatively easy, safe and fast procedures required
for yeast cultivation led to efficient high throughput experiments.

Yeast cells can be considered as ellipsoid objects with an average diameter
of 5-10 pm®. Typically, they replicate by forming a bud which grows
throughout the cell cycle and later leaves its mother cell when mitosis is
completed’. Unlike mammalian cells, yeast cells are surrounded by an elastic
wall which maintains the shape of the cell, stabilizes internal osmotic
conditions, protects against physical stress and acts as a scaffold for proteins!®.

The configuration of the cell wall is tightly controlled. Thickness, structure
as well as composition vary considerably depending on environmental
conditions and its mass in terms of dry weight may account for up to 30 % of
total cell mass'!. B1,3- and P1,6-linked glucans, mannoproteins
(glycoproteins which contain 15 to 90 % mannose by weight) and chitin are
covalently joined to form higher-order complexes'2. The outer layer of a cell
wall has a brush-like surface consisting mostly of mannoproteins'* and can be
removed by proteolysis'*. The inner layer has a microfibrillar structure
consisting mainly of glucans which are B-glucanase-digestable'*. In yeast, cell
wall proteins and proteins often have glycosyl-phosphatidylinositol anchors
residing in plasma membrane'>!®, Overall, the cell wall is a tightly packed
dynamic structure with ~2 x 10° cell wall proteins'”.
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The porosity of yeast cell wall is an extensively investigated topic. In
studies which investigate permeability by measuring passive absorption,
permeability is distinguished into one limited by the membrane (M = 110 Da,
Einstein-Stokes hydrodynamic radius = 0.42 nm) and cell wall (M = 620-
760 Da, Einstein-Stokes hydrodynamic radius = 0.81-0.89 nm)'8. In contrast,
other researchers show that under specific conditions it is possible to detect
influx!® as well as leakage?® of whole proteins through the cell wall.
Permeability measurements performed under hyperosmotic conditions cause
a decrease in cellular volume and subsequent increase in its density?! also
highlighting the dynamic nature of the cell wall structure. A review article by
De Nobel and Barnett concluded that yeast cells in the exponential phase of
growth are permeable to molecules of up to 400 kDa with hydrodynamic
radius of 5,8 nm?2. The outermost layer is packed with mannoproteins which
give negative a charge to the cell wall and seems to be the main permeability
determining barrier since its removal results in higher wall’s permeability to
horseradish peroxidase (M = 40 kDa)* and dextrans®*. The entry of dextrans
(M =70 kDa) can be facilitated by modifying cell walls with EDTA and DTT,
yet there is a question about whether dextrans are internalized® or only
trapped®® in the cell wall. Pre-treatment with DTT (which reduces disulphide
bridges) increased release of invertase (320 kDa) from periplasmic space?.
EDTA opens up the wall by removing divalent cations from it and induce only
minor changes in permeability’’. Permeability measurements are highly
variable and depend on numerous parts of methodology, including the strain
of microorganisms, growth phase, osmotic, ionic conditions as well as probes
for permeability detection. Some researchers hypothesize that cell wall
contains some big pores through which globular proteins could enter even if
the average pore size is quite small. In order to efficiently manipulate
permeability of cell walls (to increase or decrease it), more research on
defining their structural changes and dynamics after exposure to abiotic
stresses is needed.

The space between the membrane and the cell wall is called as periplasmic
and it hosts various enzymes (invertase, acid phosphatase, a-galactosidase)
needed for efficient metabolism. This zone of the cell is very dynamic,
interacting both with the inner part of a cell wall and plasma membrane®,

The plasma membrane consists of lipids and proteins in approximately
equal proportions. Heterogeneous composition allows a wide range of distinct
roles and functions?®:
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1. Acts as a barrier against free diffusion of solutes.

2. Catalyse specific exchange reactions.

3. Stores energy in the form of transmembrane ions and solute gradients.
4. Regulates the rate of energy dissipation.

5. Provides sites for binding specific molecules to invoke catabolic signalling
pathways.

6. Provides organized support matrix for the site of enzyme pathways
involved in the biosynthesis of the cell components.

The lipid bilayer is composed of phospholipids, glycosphingolipids and
ergosterol which forms a hydrophobic barrier and supports the structure of
integral proteins. Leaflets of the membrane are asymmetrical, thus
maintaining membrane surface potential as well as membrane protein
activity”. Relative amounts of major phospholipids (phosphatidylcholine,
phosphatidylethanolamine, phosphatidylinositol, phosphatidylserine and
phosphatidic acid with minor amounts of cytidine-diphosphate-
diacylglycerol) depend on yeast strain, growth phase, temperature as well as
nutrient availability*®2. Bilayer structure with the lipophilic area surrounded
by hydrophilic lipid head groups provides a three-dimensional area for
transmembrane proteins and channels. Accurate structure and orientation of
enzymes are essential for their activity and are maintained within membranes.

Some proteins actively transport charged ions and molecules across the
membrane, therein generating an electric membrane potential difference.
The electric gradient at both sides of the plasma membrane contributes to the
driving force for the uptake of cations and other molecules through their
respective transporters®**>. Since membrane acts as an insulator separating
charged species, it can be described as a capacitor with specific conductance
and resting membrane potential. Physiological ranges of transmembrane
voltage, the mechanical pressure exerted by it and the capacitive energy stored
in the membrane do not perturb the integrity of a membrane. Selective
permeability maintained by hydrophobicity of a membrane and specific
channels within it is important for efficient transport of nutrients as well as
protection against toxic compounds. Due to the mobile nature of lipid
molecules, hydrophobic pores are formed by spontaneous thermal fluctuations
of membrane lipids within membranes. Many applications like the
introduction of target molecules or extraction of intracellular compounds
require fast and efficient improvement of permeability.

One of the techniques which can be used to permeabilize cells and improve
molecular transport is exposure to the pulsed electric field. During exposure,
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the additional component of the voltage across the membrane superimposes
onto resting voltage and exists only as long as the external field is present’.
The induced transmembrane voltage is proportional to the strength of the
external electric field, and can induce transmembrane voltages far exceeding
their physiological range®’. The very presence of an induced transmembrane
potential provides the free energy necessary for structural rearrangements of
membrane phospholipids and thus enables hydrophilic pore formation®3.
Such perturbation, often termed electroporation or electropermeabilization,
can lead to structural rearrangements of lipids in the membrane bilayer
resulting in the formation of and stabilization of pores***!. The extent of
permeabilization depends on experimental conditions, duration of exposure as
well as cell type*!.

Potential distribution in the region surrounding a spherical cell with a non-
conducting membrane can be described by the Laplace equation:

U, = 1.5RE cos @ (D)

where Up is the transmembrane voltage, R is cell radius, and 6 is the angle
between the site on the cell membrane where Uy, is measured and the direction
of external electric field E*°. Transient behaviour during initial microseconds
is described with some modifications:

Uy, = 1.5RE cos 8(1 — e~ t/Tm) (2)

where tmis the time constant of the membrane charging, and can be expressed
as:

Repy,

Tm = g0, (3)
iY%e
2d—ai+ZJe+R0'm

Important components in these processes are gi, omand ge being the electric
conductivity of the cytoplasm, cell membrane and extracellular medium
respectively; em being the dielectric permittivity of the membrane; and d being
membrane thickness*®. These equations are applicable to situations where
spherical cells in dilute suspensions are exposed to electric field pulses longer
than 1 ps. In concentrated suspensions, where cell volume fraction exceeds
10 %, the local field around each cell starts affecting adjacent cells***. 1t is
important to consider that slight differences in cell size and shape could result
in distinct values of induced transmembrane potential*’. It was shown that
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optimal electrical field strength for permeabilization of cells with different
size (radius ratios S. cerevisiae/K. lactis = 1.56) is different*. Cells of H.
polymorpha which are even smaller in average size, need stronger pulses in
order to achieve the same results*. Critical values of induced transmembrane
potential above which the permeabilization usually occurs ranges from 0.25 V
up to 1 V3¢, According to the standard model of electroporation, the formation
of hydrophilic pores is followed by rearrangement into aqueous pores which
are then stable due to a local minimum of free energy. This state is reversible
until chemical and/or mechanical breakdown of membrane structure occurs.
The concept of hydrophilic pore formation is supported by measured
membrane conductivity changes and increased molecular transport after
exposure to an electric field, yet remains theoretical due to lack of visual
confirmation of the phenomena®®,

Design of controlled treatment procedure for a particular investigation or
application involves the choice of various pulse parameters including
amplitude, duration, number and repetition frequency. If those parameters
exceed the optimal values, irreversible electroporation takes place due to DNA
damage*® and membrane disintegration*’. Various pulses can be combined to
achieve desired results and should be optimized for specific purposes.
Reversible electroporation for various kinds of molecules can be performed
by using longer pulses (few milliseconds) or a combination of high-voltage
short-duration pulses and low-voltage long-duration pulses*®*. The most
frequently used pulse shapes are exponential and square waves. When rise
time of pulse amplitude was investigated (2 pus, 10 ps, 100 pus), no significant
effects on permeabilization or survivability was detected>’. Such data suggests
that rise time is most important for short pulses where its duration is
comparable to the whole pulse width. Study on bipolar pulses revealed that
the main permeabilization defining parameter is the time during which the
pulse amplitude exceeds certain threshold>°. It was previously proposed that a
train of sufficiently strong pulses will cause permeability which increases
within a population of cells with a rise in pulse number while E controls the
area of permeabilization®'. Exposure to multiple pulses causes cumulative
perturbations in membrane structure and increase the probability of aqueous
pore formation. Such an outcome can be beneficial to specific applications
like pasteurization, but may conceal fundamental subtilties™ due to change of
the system after each consecutive pulse>.

The solution surrounding the cells has a significant impact on its own.
Solutes in the suspension define conductivity and osmolarity of a system,
conditions under which the abiotic stress will be experienced by the cell.
Under ideal circumstances for fundamental experiments, the composition of a
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solution should not be toxic both before and after permeabilization. During
pulsed electrical field treatment, both intracellular and extracellular charged
components will be affected by a potential difference between electrodes thus
producing measurable currents. Higher conductivity leads to stronger currents
within a solution and causes Joule heating which can affect viability as well
as permeability on its own, especially when long pulses are used®.
Experimental evidence on how conductivity affects electroporation is
ambiguous. Irreversible electroporation can be enhanced> or diminished*® by
higher conductivity. Such ambiguity is possibly facilitated by different cell
lines and composition of solutions. Results of successful reversible
electroporation are achieved in suspensions with lower conductivity>2.

Osmolarity is another parameter of a suspension which affects
electroporation results. It is easier to permeabilize cells in a hypertonic media
while the rate of resealing is greater in under hyperosmotic conditions®’. In
mammalian cells, permeabilization in isotonic medium can result in a volume
increase of up to 100 % while the increase is significantly lower in hypertonic
medium’®. Regarding transformation and other applications, osmolarity
conditions should be optimized to each specific organism.

Research on yeast and other microorganisms provided various insights on
electroporation phenomena and can roughly be classified into 3 categories
related to applications: genetic transformation of microorganisms,
inactivation of microorganisms and extraction of biomolecules.

Introduction of exogenous compounds

One of the most extensively introduced molecules into a wide range of
cells is DNA. The first transformation after PEF treatment was successfully
performed in mouse cells®. It soon became the standard procedure for
transforming plant cells® and bacteria®'. It is assumed that exposure to pulsed
electric fields results in the pore formation across the membrane which in turn
allows entry of macromolecules®?. Electroporation of yeast spheroplasts was
first performed by Karube et al.®* while electrotransformation of whole
Saccharomyces cerevisiae cells followed soon after®. Efforts for
simplification of procedure and varying access to instrumentation resulted in
plenty of protocols emphasizing different aspects of the treatment. Delorme
used log-phase cells within a fresh medium with plasmid DNA and exposed
to 2.25kV/em with 25 uF capacitance reaching up to 4.5 x 10°
transformants/ug plasmid DNA®. Multiple other studies have shown that
replicating cells in early or mid-log phase can be transformed up to 10 times

66,67

more efficiently than stationary cells According to Rech et al.
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electroporation can facilitate entry of both circular and linear yeast artificial
chromosomes resulting in up to 320 transformants/ug®. By adding PEG into
a buffer, the electroporation procedure was successfully applied for
integrative transformation®. The electrotransformation was further enhanced
(up to 3.0 x 10° transformants/ug) by treating cells in a buffer containing 1 M
sorbitol and plating them onto media supplemented with 1 M sorbitol™.
Incubation of intact yeast under hyperosmotic conditions improved
electrotransformation efficiency’! without change in survival. It was
suggested that rise in transformation efficiency is related to alteration of
membrane ultrastructure during shrinkage under hypertonic conditions’'.
Electrotransformation in hypotonic medium was more efficient, but higher
percentage of cells died after such treatment’. In order to limit leakage of
intracellular material and to prevent cell death electroporation of yeast is
usually performed in a hypertonic solution of 1.0 M sorbitol’®’?. Another
group showed that it is even possible to transform cells straight from the
colony”. Additional pre-treatment of yeast cells by DTT can enhance
efficiency by up to 5-fold, suggesting that during transformation cell wall act
as a major barrier for molecules like DNA™. It was also shown that
electrotransformation can be performed with both exponential”® and
squarewave’® formats. When compared to other techniques used for
transformation, electroporation provides simple, efficient and short
protocols”’.

Similar permeabilization guidelines and tendencies in yeast are valid for a
wide range of molecules. According to the literature, the cell wall is fully
permeable to the molecules that are smaller than 760 Da; thus, the main barrier
for charged species should be plasma membrane'®. Validation of
electroporation in yeast is usually performed with propidium iodide which
after entering the cell starts to shine®. Multiple studies used small
fluorophores to validate that permeability of yeast cells increases with a rise
in electric field strength and pulse duration®®*. A weaker electric field can be
compensated by longer pulses and vice versa*. Pulses with longer duration
led to higher permeability both before and after recovery. The fast recovery
under hypoosmotic conditions was observed during the first 20-25 minutes
after permeabilization?®. The study showed that labelling of yeast cells with
macromolecules depends on the growth phase as efficiency in stationary phase
decreases by up to 40 % when compared to early log®. Studies with
permeability to bigger molecules showed that even after exposure to PEF
entry of fluorescent dextran (M = 71200 Da) into yeast cells was mainly
limited by the cell wall. Majority of dextran molecules were washed off or
removed enzymatically together with a cell wall after treatment®, thus
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indicating that investigation of permeability is quite complicated. The
interaction between the plasma membrane and cell wall as well as dynamics
of permeability are still open questions for further analysis.

Extraction of intracellular compounds

Introduction as well as extraction of compounds face same barriers of cell
envelope. In order to surpass them, various techniques can be used including
enzymatic, mechanical and chemical treatments. It has been reported that
compounds like adenosine triphosphate®, trehalose’ and intracellular
proteins of different molar mass can be recovered by PEF treatment**”°. The
electroextraction of proteins from yeast suspensions was observed after
treatment with electric field strengths as low as 3.2 kV/cm*. It was observed
that the release of intracellular proteins increased with a rise in E*. Exposure
to lethal electroporation conditions results in a long-term leakage of
intracellular ~ proteins®.  Process  of  glyceraldehyde-3-phosphate
dehydrogenase (M =145 kDa) 3-phosphoglycerate kinase (M =45 kDa),
hexokinase (M = 100 kDa) leakage reach saturation within 4 hours*!. Higher
yields of active enzymes extracted from yeast cells treated by irreversible
electroporation than from enzymatically or mechanically disintegrated ones.
Such efficiency was lower in treatments with higher E suggesting thermal
denaturation*. Electric parameters such as voltage, treatment time, applied
energy as well as wave form modulates selectivity and efficiency of product
release®. Due to the smaller size of internal structures, it was possible to
induce irreversible permeabilization of plasma membranes of all treated cells
while preserving intactness of organelles and preventing leakage of
proteolytic enzymes*. Investigation of membranes throughout the cell
showed that permeabilization primarily occurs in plasma membrane’®!,
These effects result in a selective release of intracellular compounds without
losing their activity.

It was shown that by increasing electric field strength release of
cytoplasmic proteins from cells in stationary phase can be improved and
become comparable to the release from cells in exponential phase?,
suggesting that difference in efficiency is related to the cell wall structure. The
impact of cell wall on extraction efficiency was confirmed by addition of DTT
which reduces the integrity of yeast cell wall?®. Release of big proteins like B-
galactosidase can also be facilitated by increasing glycerol concentration in
media, but the addition of DTT has a major impact**. PEF assisted extraction
of intracellular proteins was further enhanced by the addition of various cell
wall digesting enzymes. After optimizing the procedure was possible to
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extract functionally active protein complexes with a size of up to 480 kDa*.
Such pre-treatment is not universal and is effective only for specific strains®.
Combination of PEF treatment with lytic enzymes can be used to achieve
selectivity and efficiency even for very large intracellular proteins while
maintaining their significant activity®*.

Studies performed with scanning electron microscopy on PEF induced
damage to cell wall failed to detect any significant changes even after
exposure to multiple pulses with a strength of 14 kV/cm™. After exposure to
extreme electric fields, damage to both cell wall and membrane can be
observed via scanning electron microscopy®!. Since an increase in protein
release is observed after pre-treatment under relatively mild conditions it is
assumed that the primary selectivity determining parameter is the scope of
membrane destruction®.

Wide range of media conditions, variety of microorganisms and potential
treatment parameters form a complicated picture for potential application of
pulsed electric fields in biotechnology. Fundamental research is needed to
bring clarity to the optimal design of instruments and tailoring energy efficient
procedures for applications both in biotechnology and the food industry.

1.2. Importance of further research

According to the literature discussed in chapter 1.1, pulsed electric
field treatment diminishes barrier functions of cell wall as well as of
membrane. Protoplasts show higher permeability than intact yeasts suggesting
that cell wall acts as the main barrier (at least for compounds with high
molecular weight). There is no definite answer to how the permeability of cell
wall and the membrane are related and why permeability of a cell wall
increases after PEF treatment. There are several plausible, yet unconfirmed
scenarios which can explain the observed results. The electric field could
distort cell wall structure directly by electromechanically pulling charged
components apart. Another option is that during exposure to an electric field,
membrane integrity is distorted via oxidation of its components.
Subsequently, anchoring structures and proteins (foundation of a cell wall)
will be damaged, thus resulting in its higher permeability. Intracellular
compounds released after permeabilization of a membrane could also
contribute to cell wall permeability by interact with it (neutralizing surface
charge and/or reducing disulphide bridges). While influx of extracellular
media leads to subsequent swelling of a cell, mechanical thinning of a cell
wall and increase of spacing between membrane and cell wall components.
All these options take some part in permeabilization of cell walls.
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Identification of key players ruling permeabilization process would facilitate
combining PEF technology with other chemical/physical treatments for the
optimization of  biotechnological procedures like  biocatalysis,
electroextraction and introduction of big molecules. Understanding of
resealing dynamics could provide insights for more efficient pulse delivery.
My primary focus is to find how the permeability of a membrane and cell wall
are related.

Technological advances in electronics allow great control of pulse
shape formation. Yet, only a few instruments (suited for fundamental and/or
technological research) provide adequate monitoring of the delivered pulse.
Lack of control and objective evaluation during pulse delivery could lead to
misinterpretation of data, production of unrepeatable results, waste of energy
as well as of other resources. It is known that conductivity affects the shape of
current pulse (at least its amplitude). Experimental data on conductivity
effects on cells during electric field treatment is ambiguous (different groups
of researchers came up with conflicting conclusions). Even though
conductivity of cell suspension can change (due to leakage of intracellular ions
after exposure to every subsequent pulse), most electroporation protocols used
in applications include exposure to multiple pulses. Such conductivity
changes, in turn, affect the shapes of delivered pulses. Evidence confirming
that thorough monitoring during treatment procedure provides important
information would bring more awareness to collecting, interpretation and
application of pulse delivery data (voltage and current pulses). Ability to
distinguish subtleties in effects induced via pulse shapes or conductivity
would bring clarity and accuracy to fundamental research. My goal is to
analyse pulse shape (with and without controlled back-front) effects on
viability and permeability of yeast cells.

1.3. Tasks of the research work

1. To investigate pulse shape effects on the electric field induced cellular
responses.

2. To investigate the link between cell wall porosity and plasma membrane
permeability after PEF treatment.

1.4. Main results

Investigation of pulse shape effects was started by evaluating pulse shape
itself. The influence of the crowbar circuit (module required for controlling
the shape of falling voltage pulse) was experimentally investigated using loads
with different resistances. The experiments were done using 1 M sorbitol, a
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yeast suspension, and a solution of NaCl. The resistances of these substances
were the following: 2000 Q, 220 Q, and 65 Q, respectively.

When the circuit without the crowbar was used, the pulse fall time
depended on the load impedance, which is disadvantageous in electroporation
cause the voltage did not reach zero within 3-10 s. This is a very significant
problem with different biological samples (with different conductivities),
especially when short pulses are applied. The long fall time means that even
during the decay of the pulse, the sample can be uncontrollably affected by the
PEF. After connecting the crowbar circuit, the fall part of the pulse was
shortened and was the same for all the investigated loads. Therefore, our
proposed circuit with the crowbar is suitable for the treatment of biological
cells with electric pulses of an identical duration, independent of the buffer
type (and its conductivity).

During the next experiments, it was tested whether exposure to the electric
field pulses generated by the pulse generator with and without the crowbar
circuit could induce different electroporation results. For this purpose,
experiments with a yeast cell suspension were performed. The suspension was
exposed to a single 5 ps pulse with an amplitude up to 2600 V (electric field
strength was 26 kV/cm). Permeabilization of the membranes was evaluated
by exposing the yeast cells to fluorescent SYTOX Green nucleic acid stain.
During the investigation, the yeast suspension was kept on ice. Fluorescent
dye was added into the suspension 10 s after exposure to the PEF. The final
concentration of the dye in the suspension was 125 nM. After incubation for
one minute, the specimen was placed into a quartz cuvette with a 1 cm light
path and exposed to 480 nm wavelength light. The permeability of the cell
membranes was evaluated by measuring the fluorescence intensity at a peak
wavelength equal to 525 nm. It was found that both pulses (the electric field
strength was 26 kV/cm) generated with and without the crowbar circuit
induced electroporation. It was found that the fluorescence intensity (FI)
increased from FI=2.7 £ 0.2 a.u. (untreated sample) up to FI=5.4 + 0.4 a.u.
and FI = 5.3 £ 0.3 a.u. in samples exposed to pulses generated without and
with the crowbar circuit, respectively. Thus, the differences between the
induced membrane permeability in both cases was insignificant. It should be
noted that the fluorescence was measured when the dye was added into the
suspension just 10 s after exposure to PEF; therefore, no influence of the pulse
shape (decay time) on the cell damage or other processes was noticed during
such short period.

Investigation of permeability was followed by evaluation of the viability.
Long-term electroporation effects were measured by counting the number of
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colony-forming units (CFUs). The CFUs were expressed as a percentage,
where 100 % corresponded to the viability of the yeast cells in an untreated
cell suspension. The viability of the yeast cells exposed to the pulses generated
without the crowbar circuit was reduced to CFU =84.1+4.5%, thus
confirming that the electroporation was at least partially irreversible. The
viability of the yeast cells exposed to the pulses generated with a crowbar
circuit was higher (CFU = 96.1 = 3.3 %) and was comparable to untreated
cells. This result is very important for performing electroporation and
retaining high viability of the treated cells.

Our previous study showed that the detectable electroporation in yeast cells
starts after exposure to 5 ps pulses with an electric field strength of
approximately 5 kV/cm®. Such an electric field corresponds to a 500 V
amplitude and such an electric field strength or higher remained for 8.4 s and
5.5s when generated by systems without and with the crowbar circuit,
respectively. The difference in the pulse duration (at the level of the threshold
electric field strength) was 3.1 s, while the energy delivered by such pulses
differed by 14%. Such a difference in the viability obtained in our experiments
was most probably caused by the longer time of exposure during which the
voltage exceeded the electroporation threshold.

This research was followed by the extensive investigation of PEF effects
on yeast barrier functions. Cell wall permeability was evaluated by employing
TPP* to which yeast cell walls are weakly permeable under normal conditions.
The ability of the yeast cells to accumulate the TPP* ions was investigated by
measuring the kinetics of the TPP* absorption by the cells not treated with the
electric field. First stage which lasted =~ 10 s appeared immediately after the
injection of the yeast cells into the TPP* solution; second stage lasted
approximately 3-5 minutes after the fast stage, when the concentration
remaining TPP" in solution didn’t change by more than 10 %. In third stage,
slow TPP" absorption took off and the saturation was reached after = 2 hours.

After exposure to PEF, second stage (delay of the TPP* uptake) was absent.
In both PEF-treated and untreated cells, the fast stage was similar, but of a
slightly different amplitude. It was thus obvious that the PEF treatment
significantly improves the TPP* absorption rate since saturation is reached
much faster.

For a comparison of the PEF action on intact yeast cells containing wall
and wall-free spheroplasts, the TPP® absorption measurements were
performed at different electric field strengths. Amount of accumulated TPP*
after incubation for 3 min. The influx of TPP" in the case of the intact yeast
increased with a rise in the PEF strength. However, there were no changes of
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the TPP" influx in the case of wall-free spheroplasts. It is thus evident that
PEF can affect the TPP' influx only in the yeast cells having walls and that
the cell walls are mainly responsible for the changes of the TPP" uptake rates
of the yeast cells.

In order to investigate the recovery of barrier functions, permeability of
both membrane and cell wall was evaluated at different points of time after
exposure to electric field pulse. After exposure to electric field pulse
E =5.85 kV/cm permeability increased. The decrease in permeability after
PEF action stabilized within approximately 100 seconds. After such treatment
permeability of membranes didn't recover completely indicating some
permanent damage.

The recovery of the barrier function of the cells walls was investigated by
analysing the TPP" absorption process of the yeast cells after exposure to PEF.
TPP" was added at different time intervals after PEF treatment. Independently
from the electric field strength (2.93 kV/cm to 5.85 kV/cm), the relative TPP*
amount absorbed by yeast cells stabilised (dropped to the same permeability
as of untreated cells) in approximately 90-110 seconds. Such data indicated
that PEF treatment do not induce permanent damage to the cell wall.

Further discussion and figures can be found in articles: Stankevich, V. et
al. Symmetry (2020) and Stirke, A. et. al. Sci. Rep. (2019)%.

1.5. Novelty and relevance

We showed that permeability of yeast cell wall and membrane after
exposure to pulsed electric field are tightly related. Integrity of both structures
recovered within 100 seconds. Via modelling, we showed that the life-time of
pores in cell wall and membrane is around 24 seconds. Such strong similarities
between recovery characteristics of structures imply that both membrane and
cell wall are affected in a similar fashion. This could be the case if after
exposure to PEF, cell experiences swelling and subsequent thinning of barrier
imposing structures. These insights provide a new perspective about
permeability of cell wall, cellular responses and efficient PEF treatment
procedures.

We also showed that control over pulse shape is extremely important for
conducting fundamental research. Without necessary control, the back-front
of a pulse depends on conductivity, which in turn can change effective pulse
duration. In our study we showed that control of a voltage after electric field
pulse generation leads to higher viability of yeast cells while maintaining
permeability. Pulse shape can be affected by changes in media composition
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during treatment which in turn can lead to lower yields, unrepeatable results
or misinterpretation. Conductivity can affect changes in the shape of both
current and voltage pulses. False conclusions from such results hinder analysis
of fundamental research and scale-up studies required for transfer of
technology to industrial scale.
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2. Signal modulation of yeast-modified electrodes via pulsed electric field
treatment

2.1. Literature overview

One of the main PEF targets in cells is the plasma membrane which can be
significantly and controllably permeabilized (electroporated)®® to achieve
desired applications. The cellular state after exposure to PEF could be
determined by measuring various parameters, including membrane
permeability®’, oxidative state®®, lipid peroxidation®’. Measurement of
increased molecular transport across the membrane is the most common way
to confirm electroporation®. The extent of permeabilization can be evaluated
by measuring the leakage of intracellular compounds® as well as signals
generated by exogenous compounds after entering the cell®”. In order to
successfully detect permeabilization, exogenous compounds should not enter
intact cells and should be easily detectable. On the other hand, some physical
methods like measurement of conductivity>, impedance”® or cell swelling™
can assist the investigation and detect electroporation without exogenous
probes. There is a high number of substances and methods applicable for the
detection of electroporation, yet each comes with a set of disadvantages and
often indicates only a single very specific characteristic or aspect of a system
reliably (Fig 1).

_—

Import of exogenous molecules e ~. Physical and chemical methods
/7 ~
Cytoxic compounds \ / (B . Y Cell swelling
Colour stains
—~ / A / Voltage clamp techniques
Fluorophores ——\ .
Nucleic acids /' \ /\ Conductivity and impedance
/.‘_ .—\

Magnetic nanoparticles

Leakage of intracellular substances

Fig 1. Graphic outline of common methods used for plasma membrane
electroporation detection.

Import of non-permeant exogenous substances

The primary function of a plasma membrane is to act as a barrier between
the intracellular and extracellular spaces. Under natural circumstances, only
small non-polar and uncharged polar molecules can diffuse across a lipid
bilayer. In order to absorb large uncharged or charged molecular as well as
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ions, cells use various transport proteins®>. Some molecules can be
internalized by endocytosis, whereby portion of extracellular medium
including target molecules is enclosed in endocytic vesicles and further
processed by various mechanisms®®. Most exogenous molecules lack transport
mechanism and can (at least in theory) be used for the detection of
electroporation. Some of these molecules exhibit properties which can be
identified through specific detection methods and thus give information about
their location. Many molecules can be detected by microscopic and
spectroscopic methods, some dyes become visible indicators upon entry of
other ions or molecules, while magnetic resonance imaging allow detection of
magnetic nanoparticles. Functional molecules can also be used for the
detection of electroporation. In such cases, the extent of electroporation will
be measured indirectly by evaluating cell death (introduction of e.g.
bleomycin) or gene expression (introduction of e.g. DNA).

After permeabilization, transport of charged molecules through the
membrane goes along the electrochemical concentration gradient”’. Ideally
detected signal will be proportional to the amount of molecules which pass
through and thus correspond to the extent of electroporation®®*. In reality the
transport will be affected by changes in the electric field, pores in membranes,
solute composition and interaction between transported molecules as well as
pore walls!®, Due to the complexity of the task, multiple models were
proposed to solve this issue!”’. By combining different approaches, it is
possible to evaluate thresholds of reversible and irreversible electroporation,
observe dynamics of permeabilization, estimate pore size, differences
between cell types and physiological states.

Leakage of intracellular compounds

Higher permeability of a plasma membrane results not only in increased
absorption of exogenous compounds, but also the leakage of cellular
components like ions, peptides and ATP leak out of the cell'®. Efflux of
compounds like proteins, nucleic acids, pigments, lipids as well as sugars can
be used for quantitative evaluation of electroporation and is often used in
biotechnology'®. Protein release patterns were thoroughly analysed in various
microorganisms suitable for biotechnology including bacteria'™, yeast!®® and
microalgae!®®. Some proteins like hexokinase, 3-phosphoglycerate kinase,
alcohol dehydrogenase or glutathione reductase could be detected
spectrophotometrically*+19%197  QOther techniques applicable for such
investigation include fluorescence detection!®®!1%,  polyacrylamide gel
electrophoresis and western blotting!*%!%!1%  The efflux of nucleic acids
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(RNA and plasmid DNA) can be detected by gel electrophoresis and anion
exchange chromatography. During electroporation, other compounds such as
phenolics''!, carbohydrates, pigments''> and oils'"® are released from
microalgae and can be detected via different methods. The drawbacks of these
methods are that effluxed compounds will differ between cell types, they are
time-consuming, not very sensitive and often additional methods will be
required for confirmation of collected data.

Physical and chemical methods

Exposure to the pulsed electric field also cause direct changes to the system
which can be detected via physical and chemical methods. Membrane
permeabilization results in increased membrane conductivity which can be
detected by measuring the impedance of cell suspension'!®. This technique
allows simultaneous evaluation of conductivity and resistivity. After
permeabilization, membrane conductivity increases and allows low frequency
current to flow through the electroporated cell. At high frequencies, current
already flows freely across the membranes of intact cells, thus only
frequencies below 10 kHz are used for the detection of electroporation''®. The
downside of impedance measurements is that the output signal is affected by
leakage of intracellular contents, Joule heating in highly conductive mediums
and by cell swelling which results in a decrease in conductivity>. These
processes mask the membrane conductivity increase due to electroporation
and can lead to erroneous results.

Another technique primarily used to investigate PEF effects on a single
cell is the voltage clamp. By simultaneously clamping constant voltage across
the cell membrane and measuring transmembrane current in membrane
patches it enables direct measurements of membrane currents'!®. Application
of voltage steps can be used to investigate breakdown threshold of
electroporation''”. This technique offers informative us resolution alongside
quick procedure!'®. Since standard measurement range of covers voltages only
from -60 mV to +40 mV, additional electrodes for delivering strong pulses are
needed!'®. With this technique, it is possible to distinguish pulse-induced
electroporation from ionic channel currents, evaluate transmembrane potential
thresholds of electroporation as well as resealing dynamics''®!!”. Distribution
of pores is highly dependent on the spatial position in an electric field; thus,
recording of currents over the entire cell is needed to have a clear picture.

One of the electric field induced physicochemical effects is cell swelling.
It occurs due to the osmotic imbalance between intracellular and extracellular
space. After permeabilization in hypoosmotic conditions, leakage of ions and

26



small molecules occurs, followed by water influx which is the leading cause
of cell swelling!'*!12, If the cell survives swelling, it can regulate its size back
by the extrusion of osmolytes within 10 minutes'?!. The method requires the
use of light microscopy. Swelling proved to be a reliable method of
determining electroporation in mammalian cells'!*!12%122, The effects are most

123 while the addition of different sugars and

prominent in hypotonic buffer
PEGs allow estimation of pore size'?’.

Even though PEF is widely investigated, electroporation effects on the
output signals of cellular state evaluating methods are poorly understood.
Ambiguities appear as the most of methods are primarily used for analysing
intact cells. Moreover, the development of new methods for electroporation
detection is very important for understanding the mechanism of

electroporation and for investigating the cellular state after exposure to PEF.

Electrochemical investigation of cellular redox state

Electrochemical methods provide the ability to monitor redox processes
inside the intact cells, thus reflecting their intracellular state'?*!%>, Mediated
amperometry can be used for counting cells and evaluation of metabolic
activity '%°. The modified physiological state of living cells affects redox
activity thus altering electron transport'”” while non-living cells are
electrochemically inactive'?®. Evaluation of cellular redox state can be
employed to evaluate oxidative and nutrient stresses, effects of cytotoxic or
mutagenic preparations'?%!2%130_ Electron transfer from redox centres of cell
enzymes to electrode surface is usually achieved via organic lipophilic
electroactive substances like quinone derivatives. Combining organic and

Bl and is

inorganic mediators significantly increases electrochemical response
applicable for a wide range of cells (Fig 2.). After entering a cell, mediators
collect electrons from intracellular reducing agents. The most active
components of electron exchange reactions are FAD containing
dehydrogenases and respiratory chain components'?®!3!, The respiratory chain
include multiple NADH/NADPH dehydrogenases which transfer electron to
ubiquinone pool'*>133, Such experiments are often conducted by transferring

whole cells %% or their parts'* onto the surface of an electrode.
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Fig 2. Schematic view of the functional mechanism of the electron transfer
mediator-assisted assessment of redox activity in living cells. The lipophilic
mediator, menadione (M), can diffuse through the plasma membrane into the
intracellular environment, where it can undergo reduction catalysed by
menadione reducing enzymes (MRE) in different subcellular compartments.
Intracellular repository of NADH and NADPH are replenished by various
enzymes (En) through oxidation of substrates (from reduced (Sr.) to oxidized
(Sox) form). Due to its lipophilicity, menadiol (MH>), the reduced form of
menadione, may diffuse back to the extracellular environment, where it is
reoxidized by the hydrophilic mediator, ferricyanide ([Fe(CN)g]*"). The
formed ferrocyanide ([Fe(CN)s]*) remains in the extracellular environment as
an indicator of the overall menadione reducing capacity of a cell. Description
borrowed from Heiskannen et al'?*.

Intracellular and cell membrane redox systems in Saccharomyces
cerevisiae can be investigated via combinations of mediators and inhibitors'*’.
It was shown that via double mediator system it is possible to distinguish
mediators which interact with plasma membrane electron transport systems,
cross the plasma membrane to interact with cytoplasmic and mitochondrial
redox molecules or even inhibit electron transfer from the cell'*’. Structure of
mediators has great importance for the strength of redox signal'*!. Study of
metabolic pathways via amperometric measurements indicated that NADPH
is a primary cofactor used for the reduction of quinone-like compounds'.
Double mediator systems could be employed to screen effects of genetic
modifications on intracellular redox environment as well as to assess the
impact of chemicals on intracellular cofactor availability'>’.

Single mediator systems usually produce weaker currents but are reduced
through more specific reactions. Menadione can be employed as a single
mediator in order to monitor intracellular redox activity without cell
disruption'*. The addition of glucose results in a rise of measurable current.
The pattern of current is specific for yeast strain'*’ as well as sugar type'#!
Hydrophilic mediator systems were used in electrochemical biosensing of
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lactic acid'*?. The proposed scheme of electrocatalytic detection of lactic acid
can be represented as follows:

L-lactic acid + cytochrome bax— pyruvic acid + cytochrome bareq)
cytochrome bareqy + mediator(ex) — mediatorreq) + cytochrome ba(ox)
mediatoreq) — ne” + mediator(y

A study showed that yeast cells could be used as a source of cytochrome
b,. Meldona blue, Prussian Blue or phenazine methosulphate could be
employed as a mediator for the detection of L-lactic acid up to 1 mM #3143,
Detected signals with the addition of L-lactic acid were much stronger than
with mediator alone. Currents were dependent on mediator as well as on pre-
treatment of yeast cells'**. Such data suggests different efficiency of electron
transfer to mediators and inconsistent damage to barrier functions caused by
pre-treatment.

Mediated amperometry can be applied to investigate permeabilization
effects as well. Study of redox activity in intact, chemically permeabilised and
lyophilised Hansenula polymorpha investigated various hydrophilic
(K3[Fe(CN)gs]), lipophilic (2,6-dichlorophenolindophenol, 2,4-benzoquinone,
1,2-naphthoquinone) mediators'#®. Currents mediated via organic compounds
were stronger and significantly decreased after permeabilizing cells. Currents
mediated via [Fe(CN)g]*- showed an inverse pattern. When cells were grown
in the presence of glucose, the addition of formaldehyde (during measurement
of current) significantly enhanced the response. Addition of formaldehyde and
NAD" did not affect the response of permeabilized cells while currents
significantly increased in intact cells. The addition of NADH induced a
significant surge of the current. It was concluded that permeabilization lead to
loss of cofactors and lower activity of dehydrogenases producing NADH. On
the other hand, the activity of NADH-ubiquinone oxidoreductase and some
components of the electron transport chain was still present'®.

2.2. Importance of further research

Mediated amperometry was never employed to investigate electroporation
or even cellular state after exposure to the pulsed electric field.
Electrochemical measurements of the cellular state provide a wide range of
approaches to investigate redox centres as well as membrane permeability.
Single experiment provides complex information involving availability of
redox centres, cofactors, changes of cellular state after various pre-treatments.
Prospective combination of mediated amperometry with electroporation is
important for both fields of research.
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Controlled permeabilization of the plasma membrane is supposed to
provide a quick gateway to intracellular redox centres. After such pre-
treatment hydrophilic mediators could be employed as a standalone probe.
After such pre-treatment, the majority of enzymes remain inside the cell and
could be investigated in more natural conditions than purified ones. It may
even be possible that PEF pre-treatment will open new biosensing capabilities.

Mediated amperometry is a widely applied method to investigate cellular
state and abiotic stress. This means that a lot of experience can be quickly
transferred between fields of research. Knowledge about different abiotic
stresses could be compared for a better understanding and analysis. Beside
relatively quick and cheap procedures, mediated amperometry shows
perspective to be applicable under flow regime with a wide range of cells.
Investigation of cellular redox state could bring clarity into PEF induced
effects like stimulation, relation of reversible and irreversible
permeabilization (of intracellular structures and/or plasma membrane) to
enzymatic activity and homeostasis. Single and double mediator systems
combined with various inhibitors could provide a clearer picture about cellular
response and death after permeabilization. My main goal was to investigate
the applicability of amperometry for the detection of yeast permeabilization
and evaluation of cellular redox state.

2.3. Task of the research work

1. To investigate PEF effects on amperometric signals of single mediator
systems.

2.4. Main results

The investigation was started by evaluating the viability and permeability
of yeast cells with standard methods. Viability was assessed by counting
colony-forming units. After exposure to PEF the viability started to decrease
considerably when electric field strengths (E) were higher than 4 kV/cm. After
exposing yeast cells to a pulse with E stronger than 10 kV/cm, viability
decreased to ~2 %.

Permeability was evaluated with membrane-impermeable Sytox green dye
intercalating into nucleic acids. Some cells were permeable to the Sytox green
fluorescent dye even before exposure to PEF, possibly due to the non-uniform
age of cells or nonspecific damage during preparation of cell suspension. The
rise in membranes’ permeability after the exposure to PEF showed an inverse
pattern to the change in the viability. Weak electric field pulses (E <4 kV/cm)
did not change either of the measured parameters. Even if the membrane was
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permeabilized, it effectively resealed without further damage to cells. Most
considerable changes were observed when cells were exposed to a pulse with
electric field strength between 4 kV/cm and 10 kV/cm. Stronger electric fields
permeabilized yeast cells irreversibly, causing a decrease in the viability,
potentially due to the leakage of intracellular compounds.

Next experiment was to evaluate electroporation effects on currents
generated by hydrophilic mediator ferricyanide. The results showed marked
differences in the responses of electrodes covered with untreated and
electroporated yeast cells. Current generated by PEF treated cells in a solution
with ferricyanide were stronger (I=103 + 10 nA) than ones generated by
untreated yeasts (I=9 £ 4 nA).

To test how permeabilization affects signal mediated by the lipophilic
mediator, we employed menadione. When electrodes were covered with
untreated cells (E =0 kV/cm), current of 138 + 15 nA was detected. After
exposure to weak electric fields (E =4 kV/cm), current slightly decreased
down to 117+14nA. The further rise in electric field strength
(E =10 kV/cm) resulted in even weaker current of 32 + 15 nA. Exposure to
the strongest electric field (16 kV/cm) resulted in a further decrease in current
down to 23 + 12 nA.

I performed the further investigation by adding NAD(P)H into the
electrolyte during current measurement and showed that the decrease in
menadione current of PEF treated cells could be complemented entirely by
adjusting the extracellular concentration of NADH to 1 mM. The addition of
NADPH resulted in stronger current as well, but not as high as after the
addition of NADH. Supplementing untreated cells with NAD(P)H raised
current strength by up to 10 %. Such findings suggest that the decrease of
menadione current is indeed observed due to the leakage of intracellular
reducing species through permeable membranes. We, therefore, conclude that
the formation of hydrophilic pores should not significantly affect the entry of
a lipophilic mediator and cause a decrease in current strength by itself.

Further discussion and figures can be found in the following article:
Simonis, P. et al. Sci. Rep. (2020)'.

2.5. Novelty and relevance

To our best knowledge we showed for the very first time that yeast-
modified electrodes can be used to investigate electroporation of the same
cells. Responses to lactic acid were dependent on exposure to PEF and
increased with the rise in electric field strength.
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Exposure to PEF resulted in lower redox activity which could be
compensated entirely by adjusting the extracellular concentration of NADH
to 1 mM. Decrease in menadione current after exposure to PEF questions
validity of viability kits employing quinone-like mediators. If such mediators
are applied to analyse abiotic treatments affecting membrane permeability,
they can give ambiguous results.

Our study shows the applicability of PEF technology for modulation of
amperometric signals. Yeast-modified electrodes could be used for real-time
study of cellular responses to PEF treatment. PEF pre-treatment opens the
gateways to intracellular metabolism without cell lysis and allows
investigation of both permeability and cellular death mechanisms. We
conclude that permeabilization in combination with different growth
conditions, inhibitors, mediators, substrates, cofactors will pave the way for
the investigation of biochemical pathways through multistep processes.
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3. The effects and applications of nanosecond pulsed electric fields

3.1. Literature overview

Theoretical predictions and experiments suggest that pulses with
nanosecond duration (1-100 ns) have more profound effect on the cell interior
than longer pulses'*’. Such insights proposed nanosecond pulses as a
promising tool for intracellular manipulation without chemical intervention.
Nanosecond electric field pulses (nsPEFs) can affect cell organelles!”'4,
increase intracellular calcium'**'2 provoke apoptosis'> %, stress
responses'*®, The plasma membrane is permeabilized as well, but at a lesser
extent'>’1%° According to the theory of electroporation pulses with duration
(1-100 ns) shorter than the charging time of the plasma membrane and thus
greater intracellular effects are expected'?’. A systematic review of 203 reports
concluded that longer pulses are more likely to cause effects related to plasma
membrane while shorter pulses induce creation of smaller pores!®. It was also
noted that intracellular effects were most likely to be induced by exposing
cells to pulses with durations from 10 to 100 ns'®.

To date, there are only a couple of articles which investigated effects
induced in yeast cells after exposure to nanosecond high power electrical
pulses. One study employed tetraphenylphosphonium (TPP*) ions to
investigate nsPEF induced effects on walls of Saccharomyces cerevisiae cells.
It was shown that exposure to pulses with a duration of 60 ns (E = 190 kV/cm)
increased absorption rate of TPP* ions up to 65 times'¢!. Permeability of yeast
cells increased with the rise in electric field strength (up to 190 kV/cm) and
pulse duration (10-60 ns). Curiously enough viability of cells was different
when evaluated via proliferation kit (~85 %) or colony-forming units
(~30 %)'®!. This phenomenon indicates that membrane permeability alone is
not a definite indicator and cause of cell death when pulses with nanosecond
durations are used.

Permeability of plasma membrane is often considered as an indicator of
necrosis or late apoptosis. This is not the case when cells are exposed to
electric fields and membrane permeability can be reversible. Such
contradiction in combination with nsPEF-mediated externalization of
phosphatidylserine requires new definition and indicators for classification of
cellular death. Cell death is an integral part of life in all kinds of organisms.
Viral infections, chronological and replicative aging in yeast cells is often
followed by physiological death!®?. Even though yeast Saccharomyces
cerevisiae is single-celled microorganism, it expresses apoptotic markers
common to multicellular organisms'®*!%*, Yeast cell death is often followed
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by DNA fragmentation, externalization of phosphatidylserine, loss of cell
integrity and accumulation of reactive oxygen species (ROS)'®*. ROS-
mediated cell death is primarily executed via activation of yeast caspase
YCA1'® or apoptosis inducing factor'®®. Such observations led to the
distinction of yeast cell death into caspase-dependent and caspase-
independent apoptosis!'®?,

Cell death occurring during long term development of yeast colonies, stress
after exposure to formic acid, copper, sphingolipids, malfunction of N-
glycosylation lead to caspase-independent scenarios!'®?. Upon induction
apoptosis inducing factor 1 translocate from mitochondria to the nucleus
where it mediates chromatin condensation and DNA degradation leading to
cell death. Caspase-dependent means that deletion of YCA1 can protect yeast
cells against some forms of lethal insults'%>. Multiple conditions like oxidative
and salt stress, exposure to valproic acid, short chained fatty acids, excessive
iron, manganese, cadmium concentrations lead to so-called programmed cell
death (PCD). Furthermore, death-related events like defects in ubiquitination,
reduced mRNA stability, mitochondrial fragmentation and aging in yeast cells
occurs partly via caspase-dependent fashion'®?. Hyperosmotic stress could
also induce metacaspase- and mitochondria-dependent apoptosis in
Saccharomyces cerevisie'®”. Approximately 40% of yeast cell death is caspase
dependent. Under normal conditions, yeast metacaspase regulates degradation
of oxidized proteins'®®!®, It was suggested that Ca®" is needed for
autocatalytic activation and subsequent proteolytic activity in PCD'”’. For
now, only one, yet very important substrate of metacaspase (glyceraldehyde
3-phosphate dehydrogenase) is found'’!. It seems that activation of yeast
metacaspases serves as a threshold for a switch from casual cellular oxidative
stress maintenance to lethal activity. It was previously shown that pulses with
nanosecond duration can induce some sort of oxidative stress in mammalian
cells!”, Yet the post pulse metabolism in yeast cells and its fundamental
relation to cellular death is poorly described.

Lethal effects induced via exposure of yeast cells to PEF are often studied
in the food processing area since the ideal scenario of this application is
complete inactivation of all cells'”>"'7%, In addition to ensuring food safety,
PEF treatments have been proposed to prevent the development of spoiling
microorganisms, thereby extending food shelf life. Advantages of PEF
treatment application for the inactivation of microorganisms in the food
industry include non-thermal processing with minimal change in organoleptic
and nutritional properties. The disadvantage is that each product has a
characteristic chemical, physical and biological composition. This means that
most of the time treatment procedures must be tailored to a specific product.
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On the other hand, some products already contain substances which enhance
PEF induced lethality. To study reversibility and sublethal injuries,
researchers often use selective mediums. Such procedures highlight optimal
treatment conditions for combining PEF treatment with additional stress
which prevents cell repair and subsequent survival. It was shown that PEF
treated cells lose viability during subsequent storage under acidic conditions'”’
or with citral'7%.

With such a variety of media characteristics, it is impossible to have ideal
conditions for pasteurization of all products. The focus of research often shifts
onto processing of niche products (which could not be thermally pasteurized)
and on isolating aspects, which could induce cellular death.

It was previously shown that yeast cells have a significant advantage over
mammalian cells for studying cell death in which detection mostly relies on
apoptotic markers prone to false positive results. Caspase activation and
phosphatidylserine externalization are common indicators, yet caspase
activation can occur without cell death and vice versa!”. The precise
evaluation of dead versus living yeast cells can be routinely performed using
plating assays. Considering the applicability of yeast cells as a model
organism, complexity of cellular responses after permeabilization and
prospects of direct knowledge transfer to food processing technologies, it is
surprising that just a few fundamental studies have investigated PEF induced,
death-related aspects of yeast cells.

3.2. Importance of further research

The majority of studies where pulsed electric field is employed to induce
death of yeast cells are related to the food industry and pasteurization. This
field of research primarily focuses on irreversible electroporation leading to
invalidated homeostasis and subsequent cell death. Discovery of pathways
related to programmed cell death in yeast cells is relatively new (when
compared to electroporation phenomena) and almost no studies on PEF
induced cellular death pathways in yeast cells are present. The scope of
fundamental studies of yeast cells as a model for investigation of PEF cell
responses is very limited as well. There is no information on whether electric
field pulses with durations of up to 100 ns could surpass plasma membrane of
yeast cells and have any intracellular effects.

Discovery of programmed cell death induced via exposure to nsPEFs
would provide a new quick direct death induction method. Cell death for
fundamental studies is often induced chemically. Such an approach is highly
uncontrollable and often causes extensive damage even upon induction of cell
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death. Knowledge on cell death type can also be important for application of
PEF technology on food products since non-thermal inactivation can cause
release of biochemically active compounds. The goal of a study is to
investigate nsPEF induced effects in yeast cells and indicate the type of death
(if any).

Shelf life is one of the major concerns in the food industry. Longer shelf
life often means safety for a consumer and less waste. Currently, the main
technology used for pasteurization of liquid products is thermal treatment.
There is a wide range of compounds which lose biochemical activity,
nutritional as well as organoleptic characteristics after thermal treatment.
Exposure to the pulsed electric field at least to some extent is nonthermal
technology. Yet it is not widely accepted and applied.

Another aspect becoming more and more important in the food industry is
beneficial bacteria count which is usually lost during processing. Customers
want to have access to food which could introduce microorganisms leading to
healthy microbiota. The cells of unicellular fungi are often bigger than
common bacteria, so according to the theory of electroporation, it should be
possible to inactivate fungi while keeping bacteria alive.

For now, there is no reported case where electric field pulses with
nanosecond duration have been successfully applied to process food-related
products. Efficient non-thermal technology (which PEF treatment under some
conditions is) could bring benefits both for food manufacturers (more natural
flavour, cheaper processing) and consumers (more nutritious food). The goal
of this research direction is to investigate nsPEF effects on yeast cells found
in acid whey.

3.3. Tasks of the research work

1. Investigate yeast cell death after exposure to nanosecond pulsed electric
field.

2. Evaluate prospects of nanosecond electric field pulse application for acid
whey pre-treatment.

3.4. Main results

The viability was evaluated by counting colony-forming units (CFU).
After exposure to a single electric field pulse (t=10-90 ns, E=25-
220 kV/cm), the decrease in viability was detected. The smallest number of
CFUs (40 £ 3 %) was observed after exposure of the yeast suspensions to a
single 60 ns pulse when E = 190 kV/cm. To evaluate the effects of repetitive
exposure to the electric field, five consecutive pulses were used. After five
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50 kV/cm electric field pulses with durations of 90 ns, the viability of the yeast
cells decreased by 68 %. Stronger electric fields affected their viability only
slightly, reaching its lowest value (CFU = 19 %), when E = 218 kV/cm.

After confirmation that high voltage electric field pulses could reduce the
number of colonies forming units in yeast suspensions, expression of markers
related to programmed cell death was evaluated. The externalisation of
phosphatidylserine was evaluated by enzymatically removing cell walls of
PEF treated cells and staining protoplasts with Annexin-V-FITC.
Externalisation of phosphatidylserine was confirmed by fluorescent
microscopy. DNA fragmentation was evaluated by employing TUNEL assay,
which was carried out 1.5-3 h after treatment with nsPEFs (t=10-90 ns,
E=up to 190 kV/cm). DNA fragmentation, which has previously been
defined as an apoptotic marker in yeast, was not observed in our experiments
(DNA fragmentation was detected in less than 2 % of the cells and this was
independent of nsPEF treatment parameters). Such results could mean that in
nsPEF treated cells, metacaspase activation is the primary event and that DNR
fragmentation occurs only later during the process of apoptosis.

For the detection of cells with active metacaspases (YCA1+), the caspase
inhibitor FITC-VAD-FMK was used. Cells with active caspase showed
bright-green fluorescence and were detected by using fluorescence
microscopy. To obtain more quantitative results and to establish a possible
link between metacaspase activation and the effects of the electric fields on
membrane permeability, the yeast cells were treated with propidium iodide, a
caspase inhibitor and analysed using a flow cytometer. Size of population in
which yeast cells were with active metacaspases and permeable to propidium
iodide increased with rise in electric field strength. Strongest induction of
72.7+2.7% was observed in a suspension which was exposed to 5
consecutive pulses when E =219 kV/em. The change in the viability was
dependent on the pulse parameters and shows a similar pattern as in the
activation of metacaspases in cells treated with pulses with increasing electric
field strength.

Applicability of pulses with nanosecond duration was tested on acid whey
microorganisms. The suspension was poured into a cuvette and exposed to
electric field pulses (pn=1, 5, 10, 30, 50, 70, 100) of different duration
(t=60ms, 90 ns, 1000 ns) and field strength (E =95 kV/cm, 92 kV/cm).
Efficacy of microbial inactivation was evaluated by log reduction (LR),
defined by equation (4):

LR = —log(,%) (4)
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where N and NO are numbers of colony forming units in treated and untreated
suspensions respectively. For simplicity purposes, PEF parameters are shown
as LR pulsclength(ns) ficldstrength pulsenumber. When shorter pulses T < 1000 ns were
applied, a minimal increase of bacterial LR values was observed
(LR607957100= 0.08 £ 0.01 and LR9079571002 0.08 + 0.01). However, the higher
sensitivity of yeast cells was observed (LRgo 95 100 =0.99 &+ 0.08,
LRog 95 100=1.34 = 0.36), which suggests that PEF can be used for selective
pasteurization. At pulse lengths of 60 ns and 90 ns yeast cells were up to 14
times more sensitive to PEF treatment than bacterial cells. After acid whey
samples were exposed to longer pulses, LR values were higher, but the
difference of PEF effects on yeast (LRiooo 92 so0=1.79 £ 0.12) and bacterial
(LRio0o 92 s0=1.47 £ 0.05) cells was smaller.

Further discussion and figures can be found in articles: Simonis, P. et al.
Bioelectrochemistry (2017)!% and Simonis, P. et al. Int. J. Food Microbiol.
(2019)'31,

3.5. Novelty and relevance

To my best knowledge, this study is the first to show that exposure of yeast
cells to electric field pulses with nanosecond duration causes expression of
features characteristic to caspase-dependent death. Exposure to PEF was
followed by activation of yeast metacaspases, permeability to propidium
iodide as well as externalized phosphatidylserine. Such data indicate that yeast
cells could be used as a model for the analysis of the death-related pathways
induced in cells after exposure to nsPEFs.

We showed that electric field pulses with varying duration induce selective
inactivation of different microorganisms. Such observation indicates
applicability of pulses with nanosecond duration for food processing. Such
pre-treatment could keep beneficial bacterial while decreasing the viability of
yeast cells. This is the first time the pulses of such magnitude were applied on
a commercial food-related product.
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CONCLUSIONS

1. Permeability of yeast cells to TPP" is limited by cell walls and not the
plasma membranes even though exposure to PEF improves overall
permeability of both structures. Exposure to electric field pulse with a strength
of = 6 kV/cm induces irreversible damage to the plasma membrane and not
the cell wall.

2. Fall time of voltage after electric field pulse formation depends on load
conductivity. Active regulation of fall time can lead to a decrease in effective
pulse duration by up to 35 %, which in turn can diminish the lethal effects of
pulsed electric field. Such unaccounted pulse duration defects can cause up to
10 % of death in yeast cells.

3. Mediated amperometry with hydrophilic mediator ferricyanide can be
employed to evaluate irreversible electroporation in yeast cells. Current
strengths generated by electroporated cells (E =16 kV/cm, t=300 us)
increased by more than one order of magnitude when compared to currents
from untreated yeast cells.

4. A decrease in menadione-mediated current strength by up to 6 times in
electroporated yeast cells (E=16kV/cm, 1= 300 pus) represents rise in
membrane permeability and subsequent leakage of NAD(P)H which are
needed for menadione reduction. The decrease in current strength can be
compensated entirely by adjusting the extracellular concentration of NADH
to I mM.

5. Exposure to 5 consecutive electric field pulses with nanosecond duration
(E>220kV/cm, 1=90 ns) results in the expression of markers related to
caspase-dependent death in = 73 % of yeast cells.

6. Electric field pulses with nanosecond duration can selectively inactivate
yeast cells in acid whey solution. Yeast cells were more susceptible to PEF
treatment (E=95kV/cm, 1=90ns, pn=100) by up to 14 times when
compared to bacteria cells.
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METHODS EMPLOYED IN THIS RESEARCH WORK

Cultivation and preparation of yeast cells

Yeast strains: BY4742 (MATa; his3Al; leu2A0; lys2A0; ura3A0) yeast
cells (Euroscarf, Germany), BY4741 (MATa; his3Al; leu2A0; met15AO0;
ura3A0) from Euroscarf (Germany), SEY6210 (MATa, leu2-3, leu2-112,
ura3-52, his3-A200, trpl1-A901, lys2-801, suc2-A9, GAL), wild type yeast
found in acid whey.

Laboratory strains were grown on solid and/or liquid media YPD (1 %
yeast extract (Biocorp, Poland), 2 % peptone ex casein (Carl Roth GmbH,
Germany), 2 % glucose (Merck KGaA, Germany), 1.3 % agar (Alfa Aesar,
Germany) at 30 °C in the incubator for up to 48 hours. Cells were then
collected, washed and resuspended in electroporation buffer (EPB)
(20 mmol/L Tris (Applichem, Germany), HCI (Merck KGaA, Germany), pH
7.4), which in some cases was supplemented with 1 mol/L sorbitol
(Applichem GmbH, Germany). Acid whey samples were treated without any
specific preparation.

The conductivity of yeast cell suspension in electroporation buffer was
=~ 1.5 mS/cm (Seven2Go conductivity meter with Inlab 738-ISM sensor,
Mettler Toledo, USA). Where noted, such cell suspension was lyophilized and
kept at 4°C before use in experiments.

Evaluation of cell viability

After exposure to the electric field, the yeast cells were plated onto a solid
YPD medium and then incubated in the INCU-Line (VWR, USA) incubator
at 30 °C for 48-72 h. After incubation, the number of colony forming units
was evaluated.

Evaluation of membrane permeability, metacaspase activation,
phosphatidylserine externalization, DNA fragmentation and other
fluorescence measurements

Membrane permeability was evaluated by employing propidium iodide
(Carl Roth GmbH, Germany) which was added to the yeast cell suspensions
immediately or 1.5-2 h after exposure to pulsed electric field with nanosecond
duration at a final concentration of 2.5 pg/mL. Alternatively, recovery of a
membrane was measured by employing Sytox Green (Thermo Fisher
Scientific, USA). Dye was diluted in anhydrous dimethyl sulfoxide (Thermo
Fisher Scientific, USA) to a final concentration of 0.25 mM. The solution was
transferred to the cell suspension (final concentration—125 nM) and after
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incubation for 60 s, fluorescence intensity was measured using luminescence
spectrometer Perkin Elmer LS—50b (PerkinElmer, USA). Leakage of
intracellular cofactors was measured by exciting supernatant with 340 nm and
measuring fluorescence at 430 nm.

Caspase detection was evaluated using the CaspACE™ FITC-VAD-FMK
in situ marker (Promega, USA) and DNR fragmentation was evaluated via
FragEL™ DNA Fragmentation Detection Kit (Merck KGaA, Germany). Both
procedures were performed according to the producer protocols.

Phosphatidylserine externalisation was analysed by employing Annexin
V-FITC (Biovision, USA). Before staining yeast, cells were washed twice
with a sorbitol buffer (1.2 M sorbitol, 0.5 mM MgCl. (Merck KGaA,
Germany), 35 mM KPO: (Merck KgaA, Germany), pH = 6.8) and the cells
walls were digested with 30 U/mLlyticase (Sigma-Aldrich, USA) in a sorbitol
buffer. After a 2 h incubation at 30 °C, the cells were then collected and
washed with a binding buffer (10 mM Hepes, Sigma-Aldrich, USA; NaOH,
Sigma-Aldrich, USA; 140 mM NaCl, Sigma-Aldrich, USA; 2.5 mM CaCl.,
Applichem GmbH, Germany; pH = 7.4) with 1.2 M sorbitol and suspended in
it. 1 uL Annexin V-FITC was then added to 40 pL of cell suspension and
incubated for 20 min. The cells were then washed 3 times and suspended in a
binding buffer. For the preparation of the microscopy slides, 0.1% (w/v) poli-
L-lizine (Sigma-Aldrich, USA) was used. The fluorescence of at least 200
fixed cells was evaluated on each slide.

In the flow cytometry experiments, at least 20,000 cell events were
acquired for each sample with an Amnis Flow Sight Imaging Flow Cytometer
(Merck Millipore, Germany) and IDEAS v6.1 software was used for data
analysis. The acquired images included a brightfield image, a forward scatter
(FSC) (Channell 457/45 nm), a side scatter (SSC) (Channel6 772/35 nm),
FITC (Channel2 532/55 nm) and PI (Channel4 610/30 nm). The FITC, PI and
SSC were then excited by 488 nm, 561 nm and 785 nm lasers, respectively.
The gating strategy, as detailed in the results and discussion section, was used
to assess the event count and the signal intensity of the cells of interest. Non-
stained and appropriate single and double stained controls for compensation
and gate setting were used. The yeast cells in the EPB supplemented with
acetic acid, pH = 2.5 (Merck KgaA, Germany) were used as a positive control
for the detection and evaluation of the apoptotic markers.

Cell wall permeability measurements

To investigate the permeability of the yeast cell wall, the concentration
changes of TPP"ions as a function of time was measured. A custom-build
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mini-potentiostat with a special high sensitivity electronic circuit, protected
against static electrical interference, was used for the measurements'®2. The
electrode with the selective membrane was fabricated according to the
protocol found in the literature. During all measurements of the changes of the
lipophilic tetraphenylphosphonium (TPP*) ion concentrations, the TPP*
chloride (Acros Organics, Belgium) was used. For all the measurements, the
intact yeast cell and spheroplasts suspension concentrations were the 4-6 x 10°
colony forming unit (CFU)/mL. For the evaluation of the changes of the TPP*
concentration in both yeast suspensions, 200 pL of the yeast suspension was
added to 2 mL of a 1 uM concentration TPP* solution and the potentiometric
changes were recorded. The concentration of TPP"ions was calculated from
the calibration curve. To evaluate the role of the cell wall and cell membrane
in the TPP" absorption process, square waveform electrical pulses of 150 us
duration and amplitudes of electric field strength (E) (up to 4.2 kV/cm) were
applied to the intact yeast cells and spheroplasts. To investigate the resealing
of the yeast cell walls after such PEF treatment, the TPP* was added to the
electroporation cuvette with the yeast suspension. The initial TPP*
concentration (Nis) of 1 uM was added to the cuvette at different time intervals
(At =5, 10, 20, 30, 40, 50, 60, 80, 120 and 180 seconds) after the PEF
treatment (E = 5.85, 4.38 and 2.93 kV/cm, 7= 150 ps). Each sample was then
incubated for 3 minutes at 20 °C and centrifuged in order to get cell-free
supernatant. These experiments were repeated three times and presented as
means values. The quantity of TPP*(N) absorbed by the yeast cells (N = Nis—
[TPP " Jsupernatant) Was expressed as the accumulation ratio N/Nm, where N is
the maximal concentration of TPP-that can be accumulated in yeast.

Electrode preparation

Plain carbon paste was prepared by mixing 100 mg of graphite powder
(Fluka, Germany) with 50 pl of paraffin oil (Fluka, Germany). The paste was
packed into an electrode body consisting of a plastic tube (diameter 2.9 mm)
and a copper wire serving as a contact for an electrode. The layers of the yeast
cells on the surfaces of plain carbon paste electrodes were formed by covering
the conducting area with 10 pl of cell suspension in EPB. The electrodes were
allowed to dry at room temperature for 15-20 min and were then covered with
a dialysis membrane (Sigma-Aldrich, USA). Due to a relatively long electrode
preparation procedure (when compared to membrane resealing time),
investigation of permeability is limited to irreversible electroporation.
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Electrochemical measurements

Electrochemical experiments were carried out according to previously
described procedure'®* on a BAS-Epsilon Bioanalytical system (USA) and a
three-electrode cell arranged with a magnetic stirrer. The platinum wire and
Ag/AgCl in 3M NaCl served as counter and reference -electrodes,
respectively. Amperometry was carried out in a stirred solution at an operating
potential 0.3 V (vs. Ag/AgCl, 3 M NaCl). The yeast-modified carbon paste
electrode served as a working electrode. All electrochemical measurements
were performed at room temperature.

Hydrophilic mediator

To analyze hydrophilic mediators, yeast cells were employed as biosensors
for lactic acid detection'®. Amperometry for lactic acid-sensing was
performed in phosphate buffer: 0.1 M potassium phosphate (Riedel-de Haén,
Germany); 0.1 M potassium chloride (Fluka, Germany); potassium hydroxide
(Sigma Aldrich, USA) at pH 7.3 and containing 0.5 mM of mediator: N-
Methylphezonium methyl sulfate (PMS) (Fluka, Germany), 2,6-
Dichlorindophenol sodium salt hydrate (DCPIP) (Fluka, Germany),
Potassium ferricyanide (PFC) (Fluka, Germany), 1,2-Naphthoquinone-4-
sulfonic acid sodium salt (NQSA) (Fluka, Germany). After reaching a steady
state of the background current at the operating potential (0.3 V), L-lactic acid
(Riedel-de Haén, Germany) was added into the solution (final concentration
0.2 mM). Data was collected and represented as a change in current strength
after the steady-state current was achieved.

Lipophilic mediator

Amperometry for menadione-mediated (Sigma-Aldrich, USA) current
detection was performed in phosphate buffer at pH 6.5. The electrode was
poised at an operating potential (0.3 V) until the steady-state of the
background current was obtained. After that, menadione (dissolved in
absolute ethanol (VWR, France)) was added up to a final concentration of
67 uM. Change in current was evaluated after the steady-state current was
reached. Redox activity monitoring was performed by adding NADH
disodium salt (VWR, USA) or NADPH tetrasodium salt (MP Biomedicals,
France) to a final concentration of 1 mM.
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PEF generation systems

Three different pulse generators assembled in the Center for Physical
Sciences and Technology were used in the experiments. First one, to generate
exponentially decaying pulses of microsecond duration'®. Second one, to
generate square shaped pulses with a duration of up to 300 us'®. Third one,
to generate squared shaped pulses with nanosecond duration of up to 90 ns'®,
Cuvettes and pulsed electric field treatment parameters are described in
respective articles.
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SANTRAUKA

1. Nagrinéjamos temos apZvalga

Mielés Saccharomyces cerevisiae yra vienas i§ labiausiai iStyrinéty
eukariotiniy mikroorganizmmyy. Jos yra placiai naudojamos kepiniy bei
alkoholiniy gérimy gamybai. Taciau $is mikroorganizmas patekes | maisto
produktus, pvz.: sultis ar pieno produktus, sukelia gedimga, tod¢l daugelis
maisto produkty, siekiant prailginti jy galiojimo laikg, yra termiskai
pasterizuojami. Kadangi maistingos produkcijos poreikis vis labiau auga,
reikia naujy technologijy galinCiy i$saugoti maistines savybes bei tuo paciu
metu slopinan¢iy gedimg lemiancius mikroorganizmus. Mieliy lastelés taip
pat yra sékmingai naudojamos rekombinantiniy baltymy gamybai bei
biokatalizei. Siy procesy efektyvuma riboja barjerinés lastelés membranos bei
sienelés savybés. Sios struktiiros trukdo substraty, induktoriy patekimui bei
jau susintetinty vidulasteliniy produkty iSskyrimui, atitinkamai ] ir i§ mieliy
Iasteliy. Siuo metu triksta efektyviy technologijy galin¢iy veiksmingai
kontroliuoti mieliy lasteliy pralaidumag bei reguliuoti jy aktyvuma
biotechnologiniuose procesuose.

Viena i§ technologijy galinciy padidinti lasteliy pralaidumag tikslinéms
molekuléms yra impulsinis elektrinis laukas (IEL). Remiantis fundamentiniy
tyrimy duomenimis galimi jvairiis IEL pritaikymo biidai, taciau gamybos
procesams, kuriy metu naudojamos mielés, $i technologija vis dar néra placiai
naudojama. Yra zinoma, jog IEL gali biiti pritaikytas netemperatiriniam
skysty maisto produkty galiojimo laiko prailginimui, taciau vis dar truksta
Ziniy apie tai kaip poveikis keicia lastelinius procesus, kas lieka i§ mieliy
lasteliy po IEL poveikio bei kaip tai gali paveikti maisto produkty savybes.
Mieliy lasteliy, kaip modelinio organizmo, IEL poveikio tyrimuose
panaudojimas kol kas taip pat yra retas, nors ir turintis daug perspektyvy dél
gauty ziniy pritaikomumo tiek maisto bei biotechnologijos pramongje. Naujos
zZinios taip pat galéty praplésti suvokima apie eukariotiniy lasteliy atsako ]
abiotinj poveikj mechanizmus.

Siekiant padidinti ekstralgsteliniy junginiy jvedimo bei vidulgsteliniy
komponenty ekstrakcijos efektyvuma vis svarbesnés tampa fundamentinés
zinios apie lastelinj atsaka, mechaninj, elektrinj bei molekulinj transportg po
impulsinio elektrinio lauko poveikio. Detalus molekulinio transporto
suvokimas biity naudingas DNR, Zymeny, fermenty, antikiiniy bei kity
molekuliy jvedimui j Iasteles tyrimy bei terapijos tikslais. Sios Zinios galéty
biiti pritaikomos naujy tvariy IEL technologijy kiirimui bei pritaikymui vézio
terapijoje, maisto pramongs srityse.
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Sia disertacija a$ analizuoju problemas bei technologinius aspektus
svarbius  elektroporacijos  pritaikymui = maisto  pramonéje  bei
biotechnologijose. Tyrimas bei apzvalga apima tris pagrindines kryptis:
fundamentinius mieliy lgsteliy tyrimus, impulsinio elektrinio lauko poveikio
vertinimg amperometrijos metodu ir mieliy Igsteliy atsako j nanosekundziy
trukmés elektrinio lauko impulsus tyrimg bei taikymg. Disertacijos
problematika bei diskusija yra sugrupuota j penkis poskyrius, kurie siejasi su
atitinkamuose straipsniuose publikuotais tyrimais.

2. Ginamieji teiginiai
1. Mieliy Saccharomyces cerevisiae lasteliy sieneliy bei membrany
pralaidumas po elektrinio lauko impulso poveikio, kai E <6 kV/cm, kinta
panasiai ir stabilizuojasi per 100 sekundziy. Tai patvirtina, jog abi struktiiros
yra svarbios bei dalyvauja Igstelés integralumo atsistatymo procesuose.
2. Amperometrija gali biiti pritaikyta elektrinio lauko poveikio mieliy lasteliy

membrany pralaidumo (hidrofiliniams mediatoriams) bei menadiona
redukuojanciy vidulasteliniy fermenty aktyvumo tyrimams.

3. Nanosekundziy trukmés (1 < 90 ns) aukstavolc¢iai elektrinio lauko impulsai
(E £220 kV/cm) sukelia nuo kaspaziy priklausoma mieliy lasteliy ziitj bei
gali bti panaudoti jy selektyviam gyvybingumo slopinimui.

3. Mokslinio darbo problematika

3.1. Mieliy sienelés ir membranos saveika po impulsinio elektrinio lauko
poveikio

Anksciau atlikti jvairiy tyréjy grupiy rezultatai rodo, jog impulsinio
elektrinio lauko poveikis susilpnina barjerines sienelés bei membranos
funkcijas. Po fermentinio sienelés paSalinimo lgstelés yra pralaidesnés
stambiamolekuliniams bei kriivj turintiems junginiams. Tai leidzia daryti
prielaida, jog sienelé yra vienas i§ pagrindiniy, molekuliy patekimg j 1astelés
vidy ribojanéiy barjery. Siuo metu néra galutinai aisku kaip membranos ir
sienelés pralaidumas susijgs, bei kodél po impulsinio elektrinio lauko
poveikio sienelés pralaidumas padidéja. Tai biity galima aiSkinti taip:

e Elektrinis laukas suardo sieneclés struktiirg veikdamas jg tiesiogiai
(elektromechaniskai  deformuodamas  kriivi  turinCius  sienelés
komponentus);

e Sienelé néra veikiama tiesiogiai, bet jos pralaidumas yra susijes su
impulsinio elektrinio lauko poveikiu plazminei membranai. Membranos
integralumas gali biiti paZeistas dél komponenty oksidacijos, dél to gali
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buti paveiktos lgstelés sienele su membrana siejancios struktliros
(inkarai) ir taip pazeistas sienelés stabilumas;

e Po elektrinio lauko poveikio dél padidéjusio membranos pralaidumo 1|
uzlgsteling erdve iStekantys vidulgsteliniai komponentai gali sgveikauti
su sienele ir taip keisti jos barjerines savybes (neutralizuoti kriivj,
redukuoti disulfidinius tiltelius);

o Jei lastelés elektriniu lauku veikiamos hipoosmosinémis salygomis, tada
permeabilizacija lemia vandens patekima j Iastele ir jos tiirio padidéjima.
Tokiu atveju sienelés pralaidumo padidéjimas galéty biiti nulemtas
sienelés iSplon¢jimo ir atitinkamai atstumy tarp jos komponenty
padidéjimo.

Visos paminétos priezastys bent dalinai veda j mieliy sienelés pralaidumo
padidéjima.

Pagrindiniy priezasciy identifikavimas svarbus impulsinio elektrinio lauko
technologijos pritaikymui tyrimuose bei pramonéje. Tokios zinios biity
naudingos biokatalizés, elektroekstrakcijos procesy bei stambiamolekuliniy
junginiy jvedimo efektyvumui padidinti. Pralaidumo atsistatymo dinamikos
suvokimas reikalingas energetiSkai naudingos elektrinio lauko impulsy
poveikio procediiry optimizavimui.

3.2. Elektrinio lauko impulsy formos jtaka mieliy elektroporacijos
efektyvumui ir lasteliy gyvybingumui

Techninés modernios elektronikos galimybés leidzia labai tiksliai
kontroliuoti generuojamo elektrinio lauko impulso forma. Deja tik maza dalis
instrumenty (tinkamy fundamentiniams bei technologiniams tyrimams)
aktyviai formuoja ir uzraso realig sugeneruoto impulso forma. Kontrolés bei
vertinimo stoka impulso poveikio metu gali lemti neteisingg duomeny
interpretavimg, neatkartojamy duomeny produkavimg, energijos bei kity
resursy $vaistymg. Yra zinoma, jog terpés laidumas veikia generuojamo
srovés impulso forma. Vis délto duomenys apie terpés laidumo sukelta
poveikj lgsteléms elektrinio lauko generavimo metu yra nevienareik$miai
(skirtingos tyréjy grupés pateikia prieStaringus duomenis vedancius |
skirtingas iSvadas). Taip pat, daugelyje elektroporacijos metody
rekomenduojamas daugkartiniy impulsy panaudojimas, nors lasteliy
elektroporacijos metu laidumas ir kinta po kiekvieno impulso dél i§ Igsteliy
iStekanciy jony. Tokie terpés pokyciai gali paveikti impulsy formg ir skirtingg
lasteliy atsaka j vélesnius impulsus.

Tyrimai patvirtinantys, jog detalus impulsy stebéjimas ir vertinimas jy
generacijos metu suteikia reikSmingg informacija lemty svarby pokytj
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elektrinio lauko generatoriy rinkoje. Zinios leidzian¢ios atskirti subtilius
efektus pasireiskian¢ius dél impulso formos skirtumo ar terpés laidumo,
suteikty aiskumo bei tikslumo atliekamiems fundamentiniams tyrimams.

3.3. Amperometrijos metodo taikymas elektroporacijos tyrimams

Siuo metu amperometrija néra naudojama elektroporacijos ar lastelinés
biisenos po impulsinio elektrinio lauko poveikio tyrimams. Tuo tarpu, kitose
srityse elektrochemija suteikia platy metody spektra tinkamg tirti
membraniniams ar vidulagsteliniams oksidacijos-redukcijos centrams.
Individualus amperometrinis eksperimentas gali suteikti didelj informacijos
kiekj apie oksidacijos-redukcijos centrus, kofaktoriy savybes, lastelinés
busenos pokycius po abiotinio poveikio. Perspektyvi amperometrijos bei
elektroporacijos sinergija galéty biiti naudinga abiem sritims.

Kontroliuojama plazminés membranos permeabilizacija galéty suteikti
prieiga prie vidulasteliniy oksidacijos-redukcijos centry. Po elektroporacijos
hidrofiliniai mediatoriai galéty btiti naudojami atskirai nuo hidrofobiniy. Po
tokio lasteliy apdirbimo dauguma fermenty lieka lgstelés viduje, tad jy
aktyvumas galéty buti tyrinéjamas natiiralesngje aplinkoje (nei pilnai
iSgryninty). Tikétina, jog plazminés membranos pralaidumo kontrolé
elektriniu lauku gali pasitlyti naujy biojutikliy kiirimo galimybiy.

Amperometrija yra placiai naudojamas metodas vidulastelinés biisenos bei
abiotinio streso tyrimams. Ji yra sglyginai greita ir paprasta, galéty buti
taikoma analitinése sistemose su jvairiomis lastelémis. Sioje srityje sukauptos
zinios galéty buti panaudotos detalesniam elektroporacijos sukeliamo
lastelinio streso aiSkinimui. Oksidacinés-redukcinés biisenos tyrimai
pasitelkiant amperometrija galéty padéti geriau suprasti tokius impulsinio
elektrinio lauko sukeliamus efektus kaip stimuliacija, griztamos ir
negrjZztamos permeabilizacijos (plazminés membranos bei organeliy) rySys su
homeostaze bei fermentiniu aktyvumu. Amperometrinés detekcijos sistemos
su skirtingomis mediatoriy bei inhibitoriy kombinacijomis biity naudingos
detaliai Igstelinio atsako analizei bei Ziities tyrimui.

3.4. NanosekundZiy trukmés elektrinio lauko impulsais sukeltos mieliy
lasteliy Zuties tyrimas

Didel¢ dalis tyrimy yra susijusi su impulsinio elektrinio lauko poveikio
taikymu maisto pramongéje bei pasterizacijoje. Sie tyrimai koncentruojasi
negriztama elektroporacija vedancia j sutrikdyta homeostaze bei lgstelés Zitj.
Programuotos lastelés zities keliai mieliy lgstelése atrasti ganétinai nesenai
(lyginant su elektroporacijos reiskiniu), tad beveik néra tyrimy apie IEL
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poveikio aktyvuojamus ziities kelius. Fundamentiniy tyrimy, kuriuose mieliy
lastelés bity naudojamos kaip modelinis organizmas yra labai mazai. Siuo
metu néra informacijos ar itin trumpi elektrinio lauko impulsai (iki 100 ns)
veikia mieliy lasteliy vidines membranas ir gali atitinkamai stimuliuoti
vidulastelinius efektus.

Duomenys apie programuotos lgsteliy zities indukcija nanosekundziy
trukmés elektrinio lauko impulsais biity naudingi naujy taikomyjy
technologijy kiirimui. Zinios apie IEL sukeliamg lasteliy zatj taip pat
reikalingos §ios technologijos tinkamumo maisto pramongje jvertinimui, nes
zustancios bei zuvusios Igstelés tampa produkto komponentais.

3.5. Impulsinio elektrinio lauko poveikis riigsciose iSriigose esantiems
mikroorganizmams

Galiojimo laikas yra vienas i§ svarbiausiy aspekty maisto pramonéje.
Ilgesnis galiojimo laikas jprastai reiSkia mazesne tikimybe apsinuodyti maisto
produktu bei maziau atlieky. Siuo metu pagrindiné skysty produkty
pasterizacijai taikoma technologija yra apdorojimas auksta temperattra. Tokia
procediira veikia biocheminiskai aktyvius junginius, keiia maistines bei
organoleptines maisto produkty savybes. Nors poveikis impulsiniu elektriniu
lauku yra bent dalinai netemperatiirinis ir galéty buti taikomas kar$¢iui jautriy
produkty pasterizacijai, §iuo metu jis vis dar néra placiai taikomas.

Kitas svarbus aspektas j kurj pradeda kreipti démesj maisto pramoné yra
organizmui naudingos bakterijos, kurios jprasty apdirbimo procediiry metu
Zusta. Mieliagrybiy lastelés yra didesnés nei dazniausiai sutinkamos
bakterijos, tad remiantis elektroporacijos teorija, elektrinio lauko poveikj
turéty pavykti pritaikyti mieliy lasteliy gyvybingumo slopinimui iSsaugant
bakterijas gyvas. Vis délto Siuo metu néra pavyzdziy apie praktinj tokios
teorijos pritaikyma.

Siuo metu taip pat néra publikuoty duomeny apie sékmingai pritaikytus
didelés galios nanosekundziy trukmés impulsus su maisto pramone susijusios
produkcijos apdirbimui. Nauja energetiSkai palanki netemperatiiriné
technologija biity naudinga tiek gamintojams (potencialiai mazesnés energijos
sanaudos) tiek vartotojams (natiiralesnis skonis bei maistingesnis produktas).

4. Mokslinio darbo tikslai ir uzdaviniai

1. vertinti mieliy membranos ir sienelés rysj bei atsistatymo dinamika po
impulsinio elektrinio lauko poveikio.

2. Istirti impulso formos (su ir be kontroliuojamo galinio fronto) jtaka
sukelto poveikio mieliy Igsteliy gyvybingumui bei pralaidumui.
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3. Ivertinti amperometrijos metodo pritaikomumg mieliy elektroporacijos
tyrimui.

4. Istirti nanosekundziy trukmés impulsy sukeliamg poveikj mieliy lastelése
ir identifikuoti zuties tipa.

5. Istirti nanosekundziy trukmés elektrinio lauko impulsy poveikij rigs¢iose
iSrtigose randamy mikroorganizmy (mieliy bei bakterijy) gyvybingumui.

5. Svarbiausi rezultatai ir naujumas

IEL sukelto lastelinio atsako tyrimui, kaip modelinis organizmas, buvo
panaudotos mieliy Saccharomyces cerevisiae lastelés. Placiame diapazone
jvertinta skirtingy elektrinio lauko parametry (impulso formos, impulso
trukmés, impulsy skaicius bei elektrinio lauko stiprio) jtaka mieliy lgsteliniam
atsakui.

Eksperimentais parodziau, jog mieliy sienelés ir membranos pralaidumai
po IEL poveikio yra labai susije. Abiejy struktiiry pralaidumas stabilizuojasi
per 100 sekundziy. Remiantis matematiniu modeliavimu nustatyta, jog
vidutinis tiek sienelés tiek membranos poros uzsidarymo laikas yra ~ 24
sekundés. Barjeriniy strukttiry atsistatymo charakteristiky panasumas leidzia
manyti, kad tiek membranos tiek sienelés atsistatymo pobiidis yra vienodas.
Tai galéty vykti jei po IEL poveikio lastelés tiris padidéty dél jtekéjusio
vandens ir taip lemty barjeriniy struktiry iSplonéjima bei pralaidumo
padidéjima. Sios jzvalgos papildo Zinias apie lastelinj atsaka j IEL poveikj bei
leidzia IEL eksperimentus planuoti taip, kad jie vykty efektyviai.

Eksperimentais patvirtinta, jog impulso formos kontrolé ir vizualizacija
atliekant fundamentinius tyrimus yra ypatingai svarbi. Jei impulso galinio
fronto forma néra kontroliuojama, jo forma priklauso nuo terpés laidumo, o
tai gali paveikti efektyvig impulso trukme. Tyrimo rezultatai taip pat parode,
jog terpés laidumo sukeliamo krintanCio impulso S$laito nuozulnumo
pasalinimas lemia didesnj mieliy Iasteliy gyvybinguma. Idomu, jog lasteliy
plazminés membranos pralaidumas iSliko toks pats nepriklausomai nuo
impulso formos kontrolés. Rezultatai leidzia manyti, kad tiriamg sistemag
veikiant pasikartojan¢iais impulsais jos laidumas didés ir atitinkamai keis
impulsy forma bei iSeiga. Tai gali lemti neatsikartojancius ar klaidingai
interpretuojamus rezultatus. Mano tyrimo rezultatai rodo, jog laidumas daro
jtaka tiek srovés, tiek jtampos impulsams. Taigi, norint atlikti tikslig duomeny
analize tiek fundamentiniuose tiek potencialaus elektroporacijos pritaikymo
industriniams procesams tyrimuose, biitinas tikslus elektriniy lauko impulsy
vaizdinimas bei jy formos kontrolé.
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Taip pat man pavyko jrodyti, jog mielémis modifikuoti elektrodai gali buti
naudojami tokiy lasteliy elektroporacijos tyrimui — tokie rezultatai niekada
anksCiau mokslinéje literatiiroje nebuvo publikuoti. Elektrody atsakas j pieno
rugsti priklausé nuo elektrinio lauko poveikio, o signalas stipréjo didinant
elektrinio lauko stipri. Po elektrinio lauko poveikio sumazéjo lasteliy
redukcinis aktyvumas, taCiau sumazgéjimas galéjo biiti pilnai kompensuotas
tirpalg papildzius 1 mM NADH. Menadiono srovés po elektrinio lauko
poveikio tyrimy rezultatai taip pat leidzia kelti klausimus apie gyvybingumo
vertinimo rinkiniy, kuriy sudétyje yra mediatoriy chinono pagrindu,
tinkamumg elektroporuotoms lasteléms. Manau, jog duomenys, gauti
naudojant tokius gyvybingumo vertinimo rinkinius turéty biti vertinami
kritiskai, nes membrany pralaidumas gali daryti jtaka jy rezultatams (signalas
silpnesnis, nors vidulasteliniy fermenty aktyvumas toks pats). Man taip pat
pavyko jrodyti, kad IEL technologija yra tinkama amperometrinio signalo
moduliacijai. Mielémis modifikuoti elektrodai gali biti taikomi lastelinio
atsako ] elektrinio lauko poveikj tyrimams. IEL poveikis leidzia vertinti
vidulastelinj metabolizma be lasteliy lizés, leidzia tirti pralaidumo dinamika
bei lgstelinés zaties mechanizmus. Apibendrindamas galiu teigti, jog IEL
sukelta permeabilizacija kombinuojama su skirtingais lgsteliy paruosimo
budais, mediatoriais, inhibitoriais, substratais, kofaktoriais atvers kelig
efektyviam daugiapakopiam biocheminiy keliy tyrimui.

Mano ziniomis §is tyrimas taip pat buvo pirmasis, kuriame sékmingai
parodyta, jog nanosekundziy trukmés impulsai gali sukelti nuo metakaspaziy
uzfiksuota metakaspaziy aktyvacija, pralaidumas propidzio jodidui bei
fosfatidilserino i§vedimas ] iSoring plazminés membranos dvisluoksnio puse.
Sie duomenys patvirtina, jog mieliy Iastelés gali biiti naudojamos kaip modelis
su lgstelés zutimi susijusiy biocheminiy keliy tyringjimui po nanosekundziy
trukmés IEL poveikio.

Nanosekundziy trukmés elektrinio lauko impulsai taip pat pirmg karta
sékmingai pritaikyti maisto zaliavos apdirbimui. Buvo parodyta, jog
priklausomai nuo impulso trukmes, skirtingai veikiamas mikroorganizmy
gyvybingumas. Mieliy lasteliy gyvybingumas buvo slopinamas iki 14 karty
stipriau nei bakterijy. Toks poveikis gali buti pritaikytas naujy, biologiskai
aktyviy produkty kiirimui i$saugant naudingas bakterijas, taciau slopinant
mieliy Iasteles.
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6. ISvados

1. Mieliy lasteliy pralaidumg TPP" jonams riboja sienelé¢, o ne plazminé
membrana. Po impulsinio elektrinio lauko poveikio (E = 6 kV/cm) padidéja
tiek mieliy sienelés tieck membranos pralaidumas, taciau tik membranoje
sukeliamos negrjZztamos pazaidos.

2. StaCiakampio formos impulsy jtampos kritimo profilis priklauso nuo
bandinio varzos. Aktyvus jo formavimas lemia efektyvios impulso trukmés
sumazeéjimg per 35 % atitinkamai susilpnindamas potencialiai letaly elektrinio
lauko poveikj. Tokie, nuo méginio varzos priklausantys impulso formos ir
trukmés defektai, gali sukelti iki 10 % mieliy lgsteliy ztties.

3. Amperometrija su hidrofiliniu mediatoriumi fericianidu gali bati
naudojama negrjztamos elektroporacijos vertinimui mieliy Igstelése. Srovés
stipris gautas tiriant elektrinio lauko impulsu paveiktas Igsteles
(E=16 kV/cm, 1= 300 ps) gali biiti daugiau nei 10 karty didesnis nei tiriant
neveiktas mieliy lasteles.

4. Menadiono laiduojamy sroviy stipris tiriant elektriniu lauku paveiktas
mieliy lasteles (E =16 kV/cm, t=300 ps) sumazeja iki 6 karty ir atspindi
padidéjusj membranos pralaiduma bei po to sekantj NAD(P)H kofaktoriy
reikalingy menadiono redukcijai iStekéjimg i§ Iastelés. Matuojamos srovés
sumazéjimas gali buti pilnai kompensuotas padidinus uzlasteling NADH
kofaktoriaus koncentracijg iki 1 mM.

5. Mieliy lasteles paveikus penkiais nanosekundziy trukmés impulsais
(E > 220 kV/cm, T =90 ns), nuo kaspaziy priklausomai programuotai mieliy
6. Nanosekundziy trukmés elektrinio lauko impulsai gali atrankiai slopinti
mieliy lasteliy gyvybinguma riigs¢iose iSriigose. Lyginant su bakterijy
lastelémis, mielés elektrinio lauko poveikiui (E =95 kV/cm, t=90 ns,
impulsy skai¢ius = 100) jautresnés iki 14 karty.
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7. Metodika

Tyrimams naudotos S. cerevisiae lastelés. Elektriniai laukai generuoti
Fiziniy ir technologijos moksly centre sukonstruotais unikaliais
elektroporatoriais. ~ Gyvybingumas  vertintas  skaifiuojant  kolonijas
formuojancius vienetus. Membranos pralaidumas, metakaspaziy aktyvacija
bei fosfatidilserino i§vedimas vertinti fluorescencine mikroskopija, tékmés
citometrija bei fluorimetrija. Sienelés pralaidumas vertintas potenciometrijos
metodu. Mielémis modifikuoti elektrodai buvo panaudoti oksidacijos-
redukcijos aktyvumo vertinimui amperometrijos metodu.
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The link between yeast cell wall
porosity and plasma membrane
permeability after PEF treatment

Arunas Stirke?, Raimonda Celiesiute-Germaniene?, Aurelijus Zimkus?, Nerija Zurauskiene?,
Povilas Simonis?, Aldas Dervinis', Arunas Ramanavicius®? & Saulius Balevicius*

An investigation of the yeast cell resealing process was performed by studying the absorption of the
tetraphenylphosphonium (TPP™) ion by the yeast Saccharomyces cerevisiae. It was shown that the
main barrier for the uptake of such TPP* ions is the cell wall. An increased rate of TPP* absorption after
treatment of such cells with a pulsed electric field (PEF) was observed only in intact cells, but not in
spheroplasts. The investigation of the uptake of TPP* in PEF treated cells exposed to TPP™ for different
time intervals also showed the dependence of the absorption rate on the PEF strength. The modelling
of the TPP* uptake recovery has also shown that the characteristic decay time of the non-equilibrium
(PEF induced) pores was approximately a few tens of seconds and this did not depend on the PEF
strength. A further investigation of such cell membrane recovery process using a florescent SYTOX
Green nucleic acid stain dye also showed that such membrane resealing takes place over a time that is
like that occurring in the cell wall. It was thus concluded that the similar characteristic lifetimes of the
non-equilibrium pores in the cell wall and membrane after exposure to PEF indicate a strong coupling
between these parts of the cell.

The molecules, which enter cells such as yeast or bacteria, must pass through the cell wall, a periplasmic space
and then obtain access to the transporters located in the plasma membrane. The porosity of the yeast cell wall is
highly regulated and is dependent on the cell cycle. This is important for water retention in the periplasmic space,
where some important proteins, such invertase', alpha galactosidase® and acid trehalase® are located. The cell wall
is considered to be a sieve-like structure and does not present an absolute obstacle for solutes since it is being
highly charged negatively by the phosphate and carboxyl groups in the cell wall with mananns playing the role of
an ion exchanger”. Hence, the cell wall acts as the first selective and primary barrier for nutrients, biomolecules
and ions®. It isn't clear, but there is some evidence that molecules such as bleomycin and tetraphenylphosphonium
may also be suspended by this biosorption process®’. There are many ways to regulate (mainly to increase) the
rate at which these various molecules can pass the cell wall barrier. This can be done by using chemical treatment
with organic solvents and detergents'® or by mechanical shearing or treatment with a pulsed electric field (PEF),
thus generating pores''.

The other very important barrier for molecules diffusion is the plasma membrane. Besides simple diffusion,
when gasses and small lipophilic molecules are being transported, yeast cells have many instruments (transport-
ers and channels) to preserve cell homeostasis'?. This is the reason why the lipid bilayer is always confronted with
hyper osmotic pressure at the interior of the cell due to the impermeable intracellular compounds. This osmotic
pressure is the main mechanical force that stretches the plasma membrane and this can be at times the reason for
cell lysis'®. It is known that there exists a relationship between the turgor pressure and cell wall pathway integ-
rity'®. Moreover, there is evidence that the plasma membrane fluidity changes the mechanical properties of the
cell wall due to the fact that some of the cell wall proteins are linked to the membrane via the GPI (glycosylphos-
phatidylinositol) anchor'®. However, the actual molecular mechanism of such a connection is not clear.

Our previous work demonstrated that the permeability to the lipophilic ion tetraphenylphosphonium (TPP™)
across the yeast cell membrane and cell wall may be reversibly changed by their exposure to PEF of microsecond
duration®. Moreover, the accumulation of these TPP* jons by the yeast is not affected by an electric field when
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they reach a steady-state after 90-120 min, while exposure to a high (~100kV/cm) nanosecond duration PEF
speeds this process up to 65 times'®. As far as we know, the influence of post-pulse resealing on the elevated TPP*
absorption rate has not been investigated. Moreover, as was noted, the duration and character of the transient
pore decay is essential for understanding the mechanism of PEF induced yeast cell permeabilization'”.

In this paper, we investigated yeast cell electrical permeabilization by applying a PEF regime, which does not
affect the viability of the cells, i.e. most of the cells can recover to their initial (non-permeabilized) state. These
investigations were performed by applying two different methods. One method was based on the study of the
TPP* jon absorption kinetics using a potentiometric ion selective electrode, which provides data about the yeast
cell wall permeabilization. Another method, based on fluorescent dye measurements, showed the permeabilized
state of the cell membrane. These experimental results were analyzed by applying the mathematical model, which
took into consideration the decay of the post-pulse transient pores. Experiments and modeling have shown a
strong link between the yeast cell membrane and the wall resealing process after PEF action.

Materials and Methods

Yeast strain and cultivation. Saccharomyces cerevisiae SEY6210 (MATq, leu2-3, leu2-112, ura3-52, his3-
A200, trpI-A901, lys2-801, suc2-A9, GAL) yeast cells were grown to their early exponential growth phase in a
complete medium (YPD) containing 1% (w/v) yeast extract, 2% (w/v) peptone and 2% (w/v) glucose (Merck,
Darmstadt, Germany). The yeast cells were then re-suspended in 1 ml of a cold (4°C) electroporation buffer
(EPB) containing 1 M sorbitol and a 20 mM Tris-HCl buffer, pH 7.4 (Applichem, Darmstadt, Germany) while
keeping the final concentration of the yeasts at the (4-6) x 10° colony forming unit (CFU)/mL. Cell density was
determined by measuring the optical density (OD) using an optical absorption spectrophotometer (Halo RB-10,
Dynamica Scientific, UK) operating at a wavelength of 600 nm.

Spheroplasts preparation.  After the modification cells were pelleted, washed twice and suspended in a
lyticase specific buffer, additional control samples of non-modified cells were prepared in parallel. The lyticase
buffer containing 1.2 M of sorbitol, 0.5 mM of MgCl, and 35 mM of K,HPO, (pH 6.0) was adjusted for this solu-
tion according to our previous report'®. The final optical density of the diluted suspension was 1.5 OD (600 nm).
A further 50 U/ml of lyticase were added to each cell sample and then incubated at 30 °C for 2 hours. To prove
that the lyticase enzyme was active during the experiment, its optical density was measured at 600 nm before
and after the incubation cycles of the sample suspensions. After such digestion, both cell samples were inspected
with a bright field optical microscope. For spheroplasts preparation, the yeast cells (a1 -107 cells/ml) were sus-
pended and washed with sterile water. After that, the cells were harvested by centrifugation and resuspended
in a SCEM buffer (1 M sorbitol, 0.1 M sodium citrate (pH =5.6), 10mM EDTA and 30 mM 2-mercaptoethanol
(Merck KGaA, Germany)). Then 30 U/mL of lyticase (Sigma-Aldrich, USA) was added for digestion by the
cell walls. After a 2-hour incubation at 30 °C with occasional inversions, the cells were then collected, washed
and re-suspended using a STC buffer (1 M sorbitol, 10 mM Tris-HCI (pH =7.5), 10 mM CaCl, (Merck KGaA,
Germany)) by centrifugation at 200-g 5min.

Pulsed electric field treatment technique. A programmable electroporator for the generation of
high-voltage square-wave electric pulses (developed at the Center for Physical Sciences and Technology, Vilnius,
Lithuania) was used for the PEF experiments. This electroporator has a variable energy storage capacitor, thus
accumulation of high energy is avoided. It generates a single or a sequence of single electrical pulses with widths
from 3 ps to 10 ms and voltages up to 3.5kV. It has an LCD screen for the monitoring of the input parameters and
an additional LCD screen for the display of the pulse waveform (the current passing through the cuvette with the
yeast sample) during the experiment. When experiments are performed with a 2mm gap electroporation cuvette
(VWR International, Taiwan) connected to the device, the electric field strength across the cuvette can reach up
to about 16kV/cm.

Cell wall permeability measurements. For the investigation of the permeability of the yeast cell wall,
the concentration changes of TPP* ions as a function of time was measured. A custom-build mini-potentiostat
with a special high sensitivity electronic circuit, protected against static electrical interference, was used for the
measurements'®. The electrode with the selective membrane was fabricated according to the protocol found in
the literature®. During all measurements of the changes of the lipophilic tetraphenylphosphonium (TPP*) jon
concentrations, the TPP* chloride (Acros Organics, Belgium) was used. For all the measurements, the intact
yeast cell and spheroplasts suspension concentrations were the 4-6 x 10° colony forming unit (CFU)/mL. For the
evaluation of the changes of the TPP* concentration in both yeast suspensions, 200 puL of the yeast suspension
was added to 2mL of a 1 pM concentration TPP* solution and the potentiometric changes were recorded. The
concentration of TPP* jons was calculated from the calibration curve'.

To evaluate the role of the cell wall and cell membrane in the TPP* absorption process, square waveform elec-
trical pulses of 150 ps duration and amplitudes of electric field strength (E) (up to 4.2kV/cm) were applied to the
intact yeast cells and spheroplasts.

To investigate the resealing of the yeast cell walls after such PEF treatment, the TPP" was added to the elec-
troporation cuvette with the yeast suspension. The initial TPP* concentration (N;,) of 1 pM was added to the
cuvette at different time intervals (At= 5, 10, 20, 30, 40, 50, 60, 80, 120 and 180 seconds) after the PEF treatment
(E=5.85,4.38 and 2.93kV/cm, £, = 150 ps). It was then incubated for t=3min. at 20 °C in each case and centri-
fuged in order to get cell free supernatant. These experiments were repeated three times and presented as means
values. The quantity of TPP* (N) absorbed by the yeast cells (N = Nj; — [TPP"] ;crnatane) Was expressed as the
accumulation ratio N/N,,, where N,,, is the maximal concentration of TPP™ that can be accumulated in yeast®.
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Figure 1. The response signal from the TPP* selective electrode vs. time dependence in the yeast suspension.
The stages of the TPP* jons absorption kinetics are outlined in the inset.

110 —r T T T T T T T
A E=6kVicm 402
o E=0kvicm Stagelll e
105
404
=
=
S 100t =
E Stage Il 106 &
;’ SISO =
95 Jos
90 41.0
\ . ) A A )

t (min)

Figure 2. The response of the signal the from TPP™ selective electrode vs. time dependence in the yeast
suspension, when E=0kV/cm (circles), and 6 kV/cm (triangles).

Investigation of the resealing of the cell membrane. The resealing of the cell membrane after treat-
ment with PEF (square waveform electric pulses with amplitude of 5.85kV/cm and duration of 150 pis) was evalu-
ated using fluorescent dye?' (by loading the cell with Fluorescent SYTOX Green nucleic acid stain (Thermofisher
Scientific, USA)). During the investigation, the yeast cell suspension was kept on ice. The fluorescent dye was
added to the suspension of up to a 125nM final concentration at different time intervals in the range from 10s
to 600 s after exposure to the PEE. After incubation for one minute, the specimen was placed into the fluores-
cence measurements cuvette (light path of 1cm) of spectrometer LS50B (Perkin Elmer, USA) and exposed to
505 =+ 5nm wavelength light. The cell membrane permeability was evaluated as the fluorescence spectrum inten-
sity at a peak wavelength equal to 529 nm.

Results

TPP™ absorption by yeast cells.  The ability of the yeast cells to accumulate the TPP+ ions was investigated
by measuring the kinetics of the TPP* absorption by the cells not treated with the electric field. For this purpose,
200 pL of the yeast suspension was injected into a 2 mL solution having different concentrations of TPP* ions.
The typical signal of the response from the TPP* selective electrode vs. time dependence reflecting the amount of
absorbed TPP™ ions is shown in Fig. 1. As it can be seen, the TPP* ions uptake kinetics consisted of three stages.
These were (i) stage I, lasting ~10s. This was the fast stage, which appeared immediately after the injection of the
yeast cells into the TPP* solution; (ii) stage II, or the delay stage, which lasted approximately 3-5 minutes after the
fast stage, when the concentration of the TPP* changes became no more than 10% (see inset in Fig. 1) and (iii)
stage III, when the slow TPP* absorption took place and saturation was reached after ~2 hours.

PEF influence on TPP* absorption. The influence of the PEF on the kinetics of the TPP* uptake is shown
in Fig. 2. The circular symbols (black) in Fig. 2 correspond to the TPP" absorption by the yeast cells, which were
not affected by the PEF and all show the three TPP* uptake stages as was described in previous section. The
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Figure 3. A comparison of the relative change of the TPP* concentration (N) normalized to the maximal value
(N,,) accumulated by intact yeast cells (square dots) and wall-free spheroplasts (circular dots) 3 min. after PEF
treatment (150 ps pulse duration, up to 4.2kV/cm electric field strength).

triangular symbols (red) show the kinetics of the TPP* absorption by the yeast after exposure to PEF of 6kV/
cm strength and 150 ps duration. As can be seen in the figure, stage II, i.e. the delay of the TPP* uptake is absent
and the fast TPP* concentration decrease (response to the voltage increase corresponding to stage I), is changed
to a slower one (stage III). In both cases, (the cells affected and not affected by the PEF), the fast stage was of the
same rate, but of a slightly different amplitude. It was thus obvious that the PEF significantly changes the TPP*
absorption rate, i.e. it eliminates the delay stage.

TPP* absorption by spheroplasts. For a comparison of the PEF action on intact yeast cells containing
wall and wall-free spheroplasts, the TPP* absorption measurements were performed at different electric field
strengths. Figure 3 presents the ratio N/N,, dependence on E, where N is the TPP* amount accumulated by yeast
cells after a 3 min. exposure to 1 uM of TPP*.

As it can be seen from Fig. 3, the influx of TPP* in the case of the intact yeast increased with an increase of the
PEF strength. However, there were no changes of the TPP* influx in the case of wall-free spheroplasts. It is thus
evident that PEF can affect the TPP* influx only in the yeast cells having walls and that the cell walls are mainly
responsible for the changes of the TPP™ uptake rates of the yeast cells.

The recovery of cell membrane and wall barrier function after PEF.  Our previous investigations
demonstrated that high amplitude PEF is able to increase the rate of TPP™ ions uptake by several times and that
saturation is reached in relatively short period of time. As it was found that PEF amplitude not exceeding 6 kV/
cm with pulse duration of 150 ps does not affect yeast cells viability®, thus these PEF parameters were applied in
this study.

Cell membrane resealing after PEF.  To study the permeability of the cell membrane after treatment with
PEE the fluorescent dye SYTOX Green was used. The fluorescent dye was added to the cell suspension with differ-
ent time delays (At =10, 30, 90, 180, 360 and 600 seconds) after treating the cells with PEF (150 pis pulse duration
5.85kV/cm electric field strength). Figure 4 shows the intensity of the fluorescent spectrum peak value (529 nm)
vs. time (At) of the fluorescent dye added to the cells after PEE.

The experimental data presented in Fig. 4 show that the fluorescence intensity drops with the increase of time
after cell treatment by PEF down to the level of the residual intensity (I,). The total decay time showing cell mem-
brane relaxation to their initial state after PEF action is approximately 100 seconds and the fluorescence intensity
decay can be well fitted by the exponential expression:

I=1,- exp[ﬁ
7

+ 1,

1)

here I, is the fluorescence intensity at At=0 and 7; is the characteristic decay time of the lipidic pores. This model
describes that part of the resealing process, where the change of fluorescence intensity is fast (see Fig. 4 solid curve
a,b). The fitting results show that permeability of a significant part of the cell membrane recovers to its initial state
in a characteristic time 7,/ 20s. The difference between fluorescence intensity of untreated cells (Fig. 4, black
circle) and the residual intensity (Fig. 4, dashed line c,d) might be related to the extended membrane resealing
processes due to the experimental setup where the cells were kept on ice?.

Cell wall recovery after PEF.  The recovery of the barrier function of the cells walls was investigated by
analyzing the TPP* absorption process of the yeast cells after PEF action with pulse amplitudes of three different
electric field strengths. The results of this investigation are presented in Fig. 5.
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Figure 4. Fluorescence spectrum peak (at 529 nm) intensity vs. time (Af) of the dye added to the cells after

PEF treatment (triangles). The black circle shows the intensity of the fluorescence in the case of the control
(untreated) cells. The solid curve (a,b) obtained using Eq. (1), adj. R? is 0.99394. The dashed line (c,d) represents
the extended membrane resealing processes.
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Figure 5. The dependence of TPP* absorption by yeast cells over time after PEF treatment. The y axis
represents the relative TPP* amount accumulated in the yeast cells; the x axis represents the TPP* injection
time after PEF treatment. The dashed line represents the full recovery of the TPP* absorption level by the yeast
cells (PEF = 0) after 3 minutes of incubation. The solid curves were obtained by using Eq. (10), adj. R? values are
0.854 (rectangles), 0.582 (triangles) and 0.341 (circles).

Here N/N, is the ratio between the TPP* amount (N) accumulated inside the yeast cells after 3 min. exposure
in a TPP* solution and the maximal amount (N,,,) of TPP* which can be accumulated in the tested volume of
yeast (without PEF action). The dashed line (N/N,,) represents the full recovery of the TPP* absorption process
which corresponds to the relative amount of TPP* (Ny/N,, ~0.12) absorbed during 3 min. of incubation. With
the rise of the electric field strength from 2.93kV/cm to 5.85kV/cm, the relative TPP* amount absorbed by cells
drops to the full recovery level in approximately 90-110 seconds. The solid curves in Fig. 5 represent fitting results
using model described in the next Section. It has to be noted that the characteristic time evaluated from model-
ling results was obtained similar for all three electric field strengths.

The modelling of cell wall recovery process after PEF. The experimental results presented in Fig. 5
show that the recovery of the yeast cell wall after PEF action takes place in a relatively short time when compared
to the duration of the whole 1.5 h-long TPP* ions absorption process (without PEF) until the steady state is
reached (see Fig. 1). This means that the post-pulse transient pores in cell wall responsible for the increase of
TPP* absorption rate exist only for a few minutes after the electric pulse action. At high electric field strength
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(more than 6kV/cm), the TPP* ions uptake by the yeast significantly increases and saturation is reached in a
relatively short time®. In such case, the TPP* jons absorption process was described while ignoring the cell wall
recovery after the PEF action. Thus for the description of TPP* absorption kinetics, the following pseudo-second
order differential equation was used®:

dN(E, t)
———— =k,(E, t) - (N,, — N)(N, — N);

2 = k(B D) - (N~ N - N) o
here N(t) is the time dependent concentration of the TPP* ions in the supernatant, N,, is maximal change of the
TPP™ concentration during the slow period of TPP* accumulation by the yeast and N; is the concentration of
TPP™ ions at the beginning of stage II (corresponding to TPP* concentration at the time instant when the absorp-
tion process starts (see Fig. 2)), k, is absorption rate coefficient. It was assumed, that k, depends on the electric
field strength as follows®:

t
1 — exp|-Z

ch

2

5

ko = koo + b(E, = Ey )’

(3)

here b is the empirical constant, which shows the effectiveness of the electric field on permeabilization, fis the
cell shape factor (1.5 for spheres), E, is the amplitude of electric field strength, Ey, , is the threshold electric field
strength at which the TPP* absorption rate begins to be dependent on the electric field, #, is the pulse duration
and t, is the characteristic time required to charge the membrane as a capacitor.

However, at lower amplitudes of electric field strength (less than 6 kV/cm in our case), the decay of the
post-pulse transient pores in the cell walls can significantly change the kinetics of the TPP* jons adsorption
by the yeast cells. For this reason, the coefficient k, in Eq. (2) was modified by considering that it was not only
a function of the pulsed electric field strength and duration, but also depended on the resealing of the transient
pores after PEF action.

In order to obtain a mathematical expression of coefficient’s k, dependence on time, we made the following
assumptions: (a) that the PEF permeabilization which facilitated the TPP* ions diffusion is proportional to the
number of pores in the cell wall; (b) that the generation of the additional post-pulse non-equilibrium pores is the
result of PEF action and that the number of these pores depends on the PEF energy (amplitude and duration of
the square waveform pulses); (c) that the characteristic lifetime of the post-pulse transient non-equilibrium pores
and the naturally existing equilibrium pores is different. Based on these assumptions the following expression of
k, was suggested:

k(E, ) = ky + C - AM,(E, 1); @

here k, is the absorption coefficient at E=0kV/cm, AM,(E, t) = M, — M, is the difference between the whole
amount of post-pulse transient non-equilibrium pores (M,) and the amount of naturally existing equilibrium
pores (M,,), and Cis a constant. The dependence of AM, on time can be obtained from the following first order

differential equation:
d(AM,)
[ SO .
ok (aa) )
here k= 1/7, (74is the characteristic lifetime of the PEF induced pore). The solution of the Eq. (5) is the following:

i

AM,(t) = AMpy - € 75 (6)
here AM,, is the initial amount of post-pulse transient non-equilibrium pores generated after the PEF action.
Taking into account Eqs (3, 4), one can express AM,, as a function of electric field strength:

2

b 2 t
AM,, = _(EP - Eth.p) - exp{—i] .
c Lo

(7)
The solution of Eq. (2) using Eqs (4) and (6) is the following:
N, (1 =398)
N(t) = Z—=;

® 1—R-S (8)

here R = N and § = ¢ W T E A '7’1[1 - i”
N, ©)
We considered the TPP* ions absorption delay at the time intervals At after the PEF action (Fig. 5). This could
be described by Eq. (8) using modified expression (9). It has to be noted that Eqs (8 and 9) represent the solution
of Eq. (2) in which the time ¢ starts from the moment when TPP* was added to the cuvette with the yeast suspen-
sion. In order to investigate the absorption delay, an experiment was performed by adding TPP* with a At delay
after PEF action. Therefore, AM, in Eq. (9) had to be replaced by AM,,, exp(—At/7y), because the concentration
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of the non-equilibrium pores had exponentially decreased during the time At. In such case, the S in Eq. (9) is
modified as follows:

The solid curves in Fig. 5 show the fitting of the experimental data using modified Eq. (8), when SA, instead
of S (see Eq. (9)) was used:

L~

At
e(Nm—NA.) koo t-+C-AMp, <Td[e 7][1—6

Sae = (10)

Nt AD 1 -8y
N, 1—R-8 an

During fitting the incubation time ¢, after which the absorption of the TPP* was measured, was kept constant
t=3min. The level Ny/N,, marked by the dashed line in Fig. 5 corresponds to the full recovery of the cell wall,
where N, is the amount of the TPP* absorbed by untreated yeast cells:

Ny 1- Sy .

N, 1-R-S (12)
here S, is:

S() = e(Nm*N:)[kao"]‘ (13)

Thus, the N/N,, — Ny/N,, in Fig. 5 shows the difference between the TPP* amount absorbed by the PEF
affected cells (N) at At and the amount of TPP* absorbed by the untreated yeast cells (N,) relative to maximal
amount N,,.. The data when At=0 in Fig. 5 represent the N/N,, ratio immediately after the PEF action. One can
see that at At =0 for E=5.85kV/cm, the ratio N/N,, ~0.65, which is in good agreement with the results pre-
sented in®, where the absorption coeflicient’s k, dependence on E was expressed as Eq. (3) without considering
its dependence on delay time At. The fitting results using this model (solid curves in Fig. 5) show that the char-
acteristic time (74) of the wall recovery almost does not depend on the PEF electric field strength. Due to scatter
of experimental data the fitting procedure resulted in 7, values in the range of (21-27) s, thus the solid curves in
Fig. 5 were shown for average 7,=24s.

Discussion

Tetraphenylphosphonium (TPP™), a lipophilic cation is widely used as a probe for various cells as well as an
artificial membrane potential measurements?>**-2. The ability of the aromatic groups to delocalize and shield
the electric charge and to increase the lipid solubility facilitates their translocation across the hydrophobic bar-
rier’”?%. The accumulation of TPP* jons in yeast cells strongly depends on various factors, such as the yeast strain,
the properties of the cell wall, the yeast growth phase, the growing conditions and mutations determining the
structure of the cell wall and others??*-*1. Unlike structurally similar compound dibenzyldimethylammonium,
TPP+ is not transported via the thiamine transport system, nor via another inducible translocation mechanism.
As described in the literature, the uptake of TPP ions into the yeast cells has distinct stages. Two groups of
authors, Eraso et al. and Slayman et al. observed the biphasic uptake of TPP* when the yeast was collected in the
logarithmic phase of growth?2. In both cases, the exponential and quasi-linear stages were outlined. Ketteter et
al. experimented with artificial lipid bilayer membranes, which showed a three-stage uptake: (1) adsorption to the
membrane-solution interface; (2) passage of the ion to the opposite interface; and (3) desorption into the aqueous
solution. The rate-determining step is the jump from the adsorption site into the aqueous phase?". For lipophilic
molecules such as TPP™, it usually takes from 0.5 up to 2 or more hours to reach the steady state**2 In our exper-
iments, three stages of TPP™ uptake was observed (Fig. 1). Stage I was due to the injection of yeast suspension into
the sample; stage II, when the TPP* concentration changes were delayed for several minutes. As far as we know,
these were absent in the works of other authors due to the different experimental setups. The last stage, i.e. stage
111, consisting of slow TPP* absorption and a plateau, is similar to biphasic TPP* absorption, which is outlined in
the works of Eraso et al. and Slayman et al.>>*2.

Stage I in our experiments could be explained by TPP* ions adsorption on the surfaces of negatively
charged yeast cells* and the interaction between it and the positive TPP* ions (i.e. sorbate). A similar behav-
ior of the sorbate was observed during the investigation of the yeast cells, when the fast, reversible and
metabolically-independent adsorption step was attributed to the cell wall surface complexation with metal cation
uptake®. The stage II, i.e. delay stage, could be explained by the additional time needed for the TPP* ions to
reach the surface of the plasma membrane through the cell wall and periplasmic space. The slow stage reflects the
process of TPP* absorption deeper inside the yeast cell and through the membrane. It should be noted that due
to the large TPP* concentration at the surface of the cell, the expulsion of TPP* ions from the cell to the solution
has to be negligible. Thus, the yeast cells accumulate TPP* ions mainly during the last slow stage. As is known, the
main jon transport systems into the yeast cell include ion pumps, several transporters, a potassium channel and
a non-selective cation current. The presence of a complex structure cell wall adds more complexity for ion trans-
port. Thus, the TPP absorption experiments were performed in cell wall-free spheroplasts, which were obtained
by degrading the wall with the enzyme lyticase. Such spheroplasts provide an easy means to manipulate the exper-
imental system for studies of whole genome transferring™, cell fusion® or toxin transport®. In our experiments,
the system of spheroplasts served for the clarification of the role of the cell wall in TPP* absorption. As seen from
Fig. 3 (circular dots), the PEF strength had no effect on TPP* absorption for spheroplasts, which was almost the
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Scheme 1. Schematic overview of the cell wall and the resealing of the cell membrane after the PEF treatment.

same at all applied electric field strengths including E=0. This result showed that the main barrier for TPP* ion
absorption is the cell wall, not the membrane.

The experimental results presented in Figs 4 and 5 demonstrated that both the membrane and the wall relax-
ation process after PEF lasted for approximately 100s. Moreover, the characteristic time of these relaxations eval-
uated by means of mathematical simulations was also of the same order. Good fitting was also obtained at all the
different electric field strengths, which had been applied, of the same characteristic lifetime of the post-pulse
transient pores in the cell walls. This was 74=24s, which was close enough to the characteristic lifetime of lipidic
pores, which was 7,2 20's (see Fig. 4). However, as is known from molecular dynamics related with thermal pro-
cesses, the post-pulse lipidic pore lifetime is in the range from 100 ns'” to 3-ms**%, which is drastically shorter
than the characteristic relaxation time observed in our experiments. Moreover, experimental investigation
showed that this relaxation time could range from milliseconds® to several hours if the cells are cooled down after
electroporation by putting them on ice?. It is evident, that the lifetimes of the lipid pores may vary along a broad
range and depend on the experimental setup or the object*’. In our case, however, this cannot be attributed to the
pores, which disappear via spontaneous thermal fluctuations. Yeast treatment with PEF simultaneously induces
permeabilization of the whole cell barrier, i.e. both the cell wall and the membrane. The recovery of these parts to
anon-permeabilized state takes a similar time (Scheme 1).

The strong connection between the resealing of the yeast cell membrane and the wall recovery allows one to
assume that this recovery process is “mechanical” in nature, which could be related to changes of osmotic pressure
during electroporation and the processes taking place after the PEF. The verification of this hypothesis could be
an object of future investigations.

In conclusion, our investigations confirmed that the rate of absorption of the TPP™ ions into the yeast cells
is stimulated by the action of the pulsed electric field (PEF). Moreover, as the main barrier to the influx of TPP*
ions is the cell wall and the PEF stimulates the generation of transient (non-equilibrium) pores in this wall, this
is responsible for the increase of the TPP* ions absorption rate. It was demonstrated that the treatment of the
yeast by the PEF simultaneously induces permeabilization of both parts of this cell barrier, i.e. the cell wall and
the membrane. The characteristic time of recovery of these parts to a non-permeabilized state takes several tens
of seconds, what demonstrates a strong coupling between these processes.

References

. Carlson, M. & Botstein, D. Two differentially regulated mRNAs with different 5 ends encode secreted and intracellular forms of
yeast invertase. Cell 28, 145-154, https://doi.org/10.1016/0092-8674(82)90384-1 (1982).

. Sumner-Smith, M., Bozzato, R. P,, Skipper, N., Davies, R. W. & Hopper, J. E. Analysis of the inducible MEL1 gene of Saccharomyces
carlsbergensis and its secreted product, alpha-galactosidase (melibiase). Gene 36, 333-340, https://doi.org/10.1016/0378-
1119(85)90188-X (1985).

. Parrou, J. L., Jules, M., Beltran, G. & Frangois, J. Acid trehalase in yeasts and filamentous fungi: Localization, regulation and

physiological function. FEMS Yeast Res. 5, 503-511, https://doi.org/10.1016/j.femsyr.2005.01.002 (2005).

Orlean, P. Architecture and biosynthesis of the Saccharomyces cerevisiae cell wall. Genetics 192, 775-818, https://doi.org/10.1534/

genetics.112.144485 (2012).

. Francois, J. M. In Yeast Membrane Transport (eds Jos¢ Ramos, Hana Sychrov4, & Maik Kschischo) 11-31 (Springer International

Publishing, 2016).

Aouida, M., Tounekti, O., Belhadj, O. & Mir, L. M. Comparative roles of the cell wall and cell membrane in limiting uptake of

xenobiotic molecules by Saccharomyces cerevisiae. Antimicrob. Agents Chemother. 47, 2012-2014, https://doi.org/10.1128/

aac.47.6.2012-2014.2003 (2003).

Yasuda, K., Ohmizo, C. & Katsu, T. Potassium and tetraphenylphosphonium ion-selective electrodes for monitoring changes in the

permeability of bacterial outer and cytoplasmic membranes. Journal of Microbiological Methods 54, 111-115, https://doi.

org/10.1016/50167-7012(02)00255-5 (2003).

Stirke, A. et al. Electric field-induced effects on yeast cell wall permeabilization. Bioelectromagnetics 35, 136-144, https://doi.

org/10.1002/bem.21824 (2014).

Ballarin-Denti, A., Slayman, C. & Kuroda, H. Small lipid-soluble cations are not membrane voltage probes for Neurospora or

Saccharomyces. Biochimica et Biophysica Acta (BBA) - Biomembranes 1190, 43-56, https://doi.org/10.1016/0005-2736(94)90033-7

(1994).

N}

w

Ll

«

o

N

o

N

SCIENTIFICREPORTS |

(2019) 9:14731 | https://doi.org/10.1038/s41598-019-51184-y



www.nature.com/scientificreports/

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

Jamur, M. C. & Oliver, C. Permeabilization of cell membranes. Methods in molecular biology (Clifton, N.J.) 588, 63-66, https://doi.
0rg/10.1007/978-1-59745-324-0_9 (2010).

. Ganeva, V., Galutzov, B. & Teissie, J. Evidence that Pulsed Electric Field Treatment Enhances the Cell Wall Porosity of Yeast Cells.

Appl. Biochem. Biotechnol. 172, 15401552, https://doi.org/10.1007/s12010-013-0628-x (2014).

. José Ramos, H. S. a. M. K. Yeast Membrane Transport. Vol. 892 (Springer Nature Switzerland AG, 2016).

Cohen, B. E. Membrane Thickness as a Key Factor Contributing to the Activation of Osmosensors and Essential Ras Signaling
Pathways. Frontiers in Cell and Developmental Biology 6, https://doi.org/10.3389/fcell.2018.00076 (2018).

Levin, D. E. Cell Wall Integrity Signaling in Saccharomyces cerevisiae. Microbiol. Mol. Biol. Rev. 69, 262, https://doi.org/10.1128/
MMBR.69.2.262-291.2005 (2005).

Dupont, S., Rapoport, A., Gervais, P. & Beney, L. Survival kit of Saccharomyces cerevisiae for anhydrobiosis. Appl. Microbiol.
Biotechnol. 98, 8821-8834, https://doi.org/10.1007/s00253-014-6028-5 (2014).

. Stirke, A. et al. Permeabilization of yeast Saccharomyces cerevisiae cell walls using nanosecond high power electrical pulses. Applied

Physics Letters 105, 253701, https://doi.org/10.1063/1.4905034 (2014).

Weaver, J. C. a. V. & Thomas, P. Pore lifetimes in cell electroporation: Complex dark pores? ARXIV eprint arXiv:1708.07478 (2017).
Kawai, S., Hashimoto, W. & Murata, K. Transformation of Saccharomyces cerevisiae and other fungi: Methods and possible
underlying mechanism. Bioengineered Bugs 1, 395-403 (2010).

Balevicius, Z. et al. Compact high-sensitivity potentiometer for detection of low ion concentrations in liquids. Review of Scientific
Instruments 89, 044704, https://doi.org/10.1063/1.5023443 (2018).

. Moreno, A. ], Santos, D. L., Magalhaes-Novais, S. & Oliveira, P. ]. Measuring Mitochondrial Membrane Potential with a

Tetraphenylphosphonium-Selective Electrode. Current Protocols in Toxicology 65, 25.25.21-25.25.16, https://doi.
0rg/10.1002/0471140856.tx2505s65 (2015).

Garcia, P. A,, Ge, Z., Moran, J. L. & Buie, C. R. Microfluidic Screening of Electric Fields for Electroporation. Sci. Rep. 6, 21238,
https://doi.org/10.1038/srep21238 (2016).

Yano, K. I. et al. Bioelectrics: Biological Responses. In Bioelectrics, 155-274 (2017).

Boxman, A. W, Barts, P. W. J. A. & Borst-Pauwels, G. W. F. H. Some characteristics of tetraphenylphosphonium uptake into
Saccharomyces cerevisiae. Biochimica et Biophysica Acta (BBA) - Biomembranes 686, 13-18, https://doi.org/10.1016/0005-
2736(82)90146-8 (1982).

Ketterer, B., Neumcke, B. & Lauger, P. Transport mechanism of hydrophobic ions through lipid bilayer membranes. The Journal of
Membrane Biology 5, 225-245, https://doi.org/10.1007/bf01870551 (1971).

Eraso, P., Mazén, M. J. & Gancedo, J. M. Pitfalls in the measurement of membrane potential in yeast cells using
tetraphenylphosphonium. Biochimica et Biophysica Acta (BBA) - Biomembranes 778, 516-520, https://doi.org/10.1016/0005-
2736(84)90402-4 (1984).

Labajova, A. et al. Evaluation of mitochondrial membrane potential using a computerized device with a tetraphenylphosphonium-
selective electrode. Analytical Biochemistry 353, 37-42, https://doi.org/10.1016/j.ab.2006.03.032 (2006).

Altenbach, C. & Seelig, J. Binding of the lipophilic cation tetraphenylphosphonium to phosphatidylcholine membranes. Biochimica
et Biophysica Acta (BBA) - Biomembranes 818, 410415, https://doi.org/10.1016/0005-2736(85)90016-1 (1985).

Ross, M. E. et al. Lipophilic triphenylphosphonium cations as tools in mitochondrial bioenergetics and free radical biology.
Biochemistry. Biokhimiia 70, 222-230 (2005).

De Nobel, J. G. & Barnett, J. A. Passage of molecules through yeast cell walls: A brief essay-review. Yeast 7, 313-323, https://doi.
org/10.1002/yea.320070402 (1991).

De Nobel, J. G., Klis, E. M., Priem, J., Munnik, T. & Van Den Ende, H. The glucanase-soluble mannoproteins limit cell wall porosity
in Saccharomyces cerevisiae. Yeast 6, 491-499, https://doi.org/10.1002/yea.320060606 (1990).

Daugelavicius, R., Buivydas, A., Sencilo, A. & Bamford, D. H. Assessment of the activity of RND-type multidrug efflux pumps in
Pseudomonas aeruginosa using tetraphenylphosphonium ions. International journal of antimicrobial agents 36, 234-238, https://doi.
org/10.1016/j.ijantimicag.2010.03.028 (2010).

Slayman, C. L., Kuroda, H. & Ballarin-Denti, A. Cation effluxes associated with the uptake of TPP+, TPA+, and TPMP+ by
Neurospora: evidence for a predominantly electroneutral influx process. Biochimica et Biophysica Acta (BBA) - Biomembranes 1190,
57-71, https://doi.org/10.1016/0005-2736(94)90034-5 (1994).

Fomina, M. & Gadd, G. M. Biosorption: current perspectives on concept, definition and application. Bioresource technology 160,
3-14, https://doi.org/10.1016/j.biortech.2013.12.102 (2014).

Karas, B.]. et al. Transferring whole genomes from bacteria to yeast spheroplasts using entire bacterial cells to reduce DNA shearing.
Nature Protocols 9, 743, https://doi.org/10.1038/nprot.2014.045 (2014).

Russell, I. & Stewart, G. G. Spheroplast Fusion of Brewers Yeast Strains. Journal of the Institute of Brewing 85, 95-98, https://doi.
0rg/10.1002/j.2050-0416.1979.tb06834.x (1979).

Becker, B. & Schmitt, M. J. Adapting Yeast as Model to Study Ricin Toxin A Uptake and Trafficking. Toxins 3, 834-847, https://doi.
org/10.3390/toxins3070834 (2011).

Vasilkoski, Z., Esser, A. T., Gowrishankar, T. R. & Weaver, J. C. Membrane electroporation: The absolute rate equation and
nanosecond time scale pore creation. Physical review. E, Statistical, nonlinear, and soft matter physics 74, 021904, https://doi.
org/10.1103/PhysRevE.74.021904 (2006).

Son, R. 8., Smith, K. C., Gowrishankar, T. R., Vernier, P. T. & Weaver, ]. C. Basic features of a cell electroporation model: illustrative
behavior for two very different pulses. The Journal of membrane biology 247, 1209-1228, https://doi.org/10.1007/500232-014-9699-z
(2014).

Melikov, K. C. et al. Voltage-induced nonconductive pre-pores and metastable single pores in unmodified planar lipid bilayer.
Biophysical journal 80, 1829-1836, https://doi.org/10.1016/s0006-3495(01)76153-x (2001).

Pakhomov, A. G. et al. Long-lasting plasma membrane permeabilization in mammalian cells by nanosecond pulsed electric field
(nsPEF). Bioelectromagnetics 28, 655-663, https://doi.org/10.1002/bem.20354 (2007).

Acknowledgements

This research was funded by the European Regional Development Fund according to the supported activity
‘Research Projects Implemented by World-class Researcher Groups’ under Measure No. 01.2.2-LMT-K-718-01-
0063.

Author Contributions

A.S. performed research; analyzed data; drafted the manuscript, R.C.-G. analyzed and interpreted the data,
drafted the manuscript, A.Z., P.S. and A.D. performed the research. A.R. and N.Z. designed the research and
contributed the analytic tools, S.B. designed the research and approved the final version of the manuscript to be
submitted.

SCIENTIFICREPORTS |

(2019) 9:14731 | https://doi.org/10.1038/s41598-019-51184-y



www.nature.com/scientificreports/

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS|  (2079)9:14731 | https://doi.org/10.1038/s41598-019-51184-y



Paper 2

Compact Square-Wave Pulse Electroporator with
Controlled Electroporation Efficiency and Cell Viability

Stankevic, V., Simonis, P., Zurauskiene, N., Stirke, A., Dervinis, A.,
Bleizgys, V., Kersulis, S., Balevicius, S.

Symmetry 12 (3), 412 (2020). https://doi.org/10.3390/sym12030412

84



symmetry MoPy

Article

Compact Square-Wave Pulse Electroporator with
Controlled Electroporation Efficiency and

Cell Viability

1,2,%

Voitech Stankevic 12, Povilas Simonis 1, Nerija Zurauskiene , Arunas Stirke 10,

Aldas Dervinis 1@, Vytautas Bleizgys 12, Skirmantas Kersulis 1 and Saulius Balevicius !

1 Center for Physical Sciences and Technology, Department of Functional Materials and Electronics, Sauletekio

3, 10257 Vilnius, Lithuania; voitech.stankevic@ftmc.lt (V.S.); povilas.simonis@ftmc.1t (P.S.);
arunas.stirke@ftmc.1t (A.S.); aldas.dervinis@ftmc.lt (A.D.); vytautas.bleizgys@ftmc.lt (V.B.);
skirmantas.kersulis@ftmc.lt (S.K.); saulius.balevicius@ftmc.lt (S.B.)

Vilnius Gediminas Technical University, Faculty of Electronics, Naugarduko 41, 03227 Vilnius, Lithuania
Correspondence: nerija.zurauskiene@ftmc.lt

check for

Received: 16 February 2020; Accepted: 2 March 2020; Published: 5 March 2020 updates

Abstract: The design and development of a compact square-wave pulse generator for
the electroporation of biological cells is presented. This electroporator can generate square-wave
pulses with durations from 3 us up to 10 ms, voltage amplitudes up to 3500 V, and currents up to
250 A. The quantity of the accumulated energy is optimized by means of a variable capacitor bank.
The pulse forming unit design uses a crowbar circuit, which gives better control of the pulse form
and its duration, independent of the load impedance. In such cases, the square-wave pulse form
ensures better control of electroporation efficiency by choosing parameters determined in advance.
The device has an integrated graphic LCD screen and measurement modules for the visualization of
the current pulse, allowing for express control of the electroporation quality and does not require
an external oscilloscope for current pulse recording. This electroporator was tested on suspensions of
Saccharomyces cerevisiae yeast cells, during which, it was demonstrated that the application of such
square-wave pulses ensured better control of the electroporation efficiency and cell viability after
treatment using the pulsed electric field (PEF).

Keywords: pulsed electric field generator; power electronics; square-wave electrical pulses;
electroporation; yeast cells

1. Introduction

The use of electroporation in biotechnology and medicine has led to new methods of food
pretreatment, gene therapy, drug delivery, and cancer treatment [1-5]. The efficiency of electroporation
and its applications strongly depends on the parameters of the pulsed electric field (PEF), namely its
amplitude, duration, repetition frequency, number of pulses, and pulse waveforms. Electrical pulses
with durations ranging from 10 ns up to 1000 ns are usually used to affect intracellular structures or to
create a large number of small pores in the cell plasma membranes [6,7]. Pulses with a microsecond
duration (1-1000 ps) are able to induce a non-thermal, irreversible permeabilization of various cells [1,8],
while long pulses, having durations of several milliseconds, can enhance the transfer of large charged
molecules (proteins, DNA, RNA) into the cells [9].

Two types of devices are usually used for biological cell electroporation. Those used in
industrial facilities for the treatment of large amounts of biomass [10-15] have fixed parameters
of the electrical pulses and multi-purpose setups with variable pulse parameters for the investigation
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of the electroporation process [16-21]. In the latter case, it is preferable that the electroporator would
be able to generate pulses with the widest possible range of amplitudes and durations.

Electropermeabilization appears when the electric field exceeds the threshold value of
the transmembrane voltage, above which the formation of pores in cells becomes energetically
favorable [22]. Moreover, the time during which the pulse amplitude remains higher than this
threshold value has a major role in the efficiency of the electropermeabilization [23]. It is therefore
very important during such experiments to know the exact pulse amplitudes, waveforms, and
durations. The best solution is to use square-wave pulses [24], since in such cases, it is easier to
estimate the energetic and time evolution characteristics of the electroporation process. Electroporation
setups using square-waveform electrical pulses are usually based on electrical circuits, which exploit
a capacitor discharge by means of a high-power switch. For the generation of nanosecond duration
pulses, the capacitor can be a coaxial cable [18] or a micro-strip line configuration [16]. The discharge
of this capacitor is realized using a mercury-wetted reed relay [25], a spark-gap switch [26], or fast
metal-oxide-semiconductor field-effect transistors (MOSFETs) [27]. Electroporators generating longer
pulses, whose durations range from ps to ms, do this by means of electronic circuits containing
high-power switch units based on reed relays [28], insulated-gate bipolar transistors (IGBTs) [29], or
MOSEET transistors [30]. Most of these setups, however, are state-of-the-art laboratory arrangements,
which require specific knowledge and adequate experience on the part of the operator. For this reason,
several modifications of compact electroporators that generate square waveform pulses have been
designed and can be purchased on the market [31,32].

Most of the commercial devices used for electroporation have maximal operating voltages of
up to 3 kV [33]. In order to avoid large energy storage, they can operate within two discrete ranges:
low-voltage long pulses (up to 500 V) or high-voltage short pulses (up to 3000 V). Unfortunately,
the separation of the voltage range cannot prevent the storage of enormous amounts of energy in their
capacitor banks and thus devices with more controlled energy output are required.

The application of fast and powerful MOSFETs or IGBT transistors for connecting and disconnecting
the charged capacitor to the load in these devices makes it possible to generate pulses with short
rise times (less than 0.1 ps). However, after the switch-off of these transistors, a current tail occurs
in low-current applications, thus the fall time, and consequently the total pulse duration, cannot be
strictly determined and are dependent on the load resistance. This phenomenon is very important
when the cells are exposed to pulses of microsecond duration because the pulse waveforms can have
a significant impact on the cell viability [23]. The value of the load, which depends on the geometry
of the cuvette used for electroporation and electrical conductivity of the cell material mixture with
the buffer solution, can range from several tens of ohms to a few k(). This means that for a wide range
of material applications, the pulse generation circuit needs to be designed such that the generated
pulse waveform would be as insensitive as possible to the load value. Moreover, as it was noted
in Cukjati et al. [34], it is necessary to control the electric-pulse-induced load resistance changes in
real time due to electrical breakdown or Joule heating, making it possible to perform an accurate
and safe electroporation process. One of the options for providing continuous quality monitoring of
the electroporation process is the visualization of the current pulse shape. This allows for the evaluation
of the amplitude, duration, and rise and fall times, as well as the peculiarities of each pulse. To
our best knowledge, only one company produces electroporators with a waveform display [35].
Most of them only have an output to an oscilloscope, which is a drawback of most commercially
available electroporators.

The main task of this study was to design an easy to use, compact electroporator generating
square waveform pulses with a wide range of duration and amplitudes, which could be applicable for
different loads (different conductivity of the investigated cell medium), and would be equipped with
a simple real-time indicator showing the waveform of the current pulse in the load of the electroporator
circuit during the electroporation process.



Symmetry 2020, 12, 412 3of 14

2. Design of the Generator for Cell Electroporation

In order to develop a universal pulsed power device for the electroporation of biological
cells, the required parameters for the output of the device were first determined. The selection
of these parameters was influenced by the biological processes that are induced in the biological
objects. Therefore, the range of amplitude and duration, repetition frequency, and other output pulse
parameters were selected in terms of their applicability in such experiments.

As has already been mentioned above, the microsecond pulse duration range (from 1 us to 1 ms)
is the one that is most widely used for electroporation. Therefore, our aim was to develop a device
that could generate pulses with durations from microseconds to milliseconds and would cover a wide
range of electric field amplitudes. High-energy pulses cause Joule heating, which takes place due to
the high current flow through the investigated substance. Therefore, the pulse duration, voltage drop
during the pulse, and the flowing current needed to be optimal as well. Based on these assumptions,
the following parameters were selected: maximal pulsed current: 250 A, voltage amplitude: up to
3.5 kV, pulse duration: from 3 us to 10 ms, and shape of the pulse: square-wave.

2.1. Structure of the Electric Pulse Generator

The concept of the generation of square-wave electrical pulses is based on the connection of
the load to the charged capacitor for the limited time representing the pulse width. The basic parameters
of such square-wave pulses are the following: the pulse amplitude, the voltage drop during the pulse,
the pulse duration, and the rise and fall times of the pulse. A simplified block diagram of the proposed
square-wave pulse generator is presented in Figure 1. It consists of the high-power, control, load, and
pulse-measuring units. The high-power unit includes the high-voltage (HV) supply, energy storage,
and pulse-forming units.

HV

Supply Energy
storage

Control unit —>  Pulse

unit

Figure 1. Simplified block diagram of the square-wave pulse generator. HV: High-voltage.

A more detailed block diagram of the generator is shown in Figure 2. Each part of the proposed
device described in more detail below.

2.1.1. The High-Power Unit

The HV supply of the high-power unit consists of AC/DC 220/24 V (model SP-240-24) (A1) and
the variable DC/DC 24/4000 V (model ISEG EPX40406) (A2) supply sources (see Figure 2). The output
voltage and the current of the variable power supply A2 is controlled using the 0-5 V analog signal of
the microcontroller, corresponding to a 0-3.5 kV output.

One of the most important parts of the high-power unit is the energy storage unit. It consists (see
Figure 2) of the variable capacitance unit, including capacitor banks with commutation relays (A3),
which are controlled by the microcontroller (A6 from the control unit) through the linear optocoupler
(LOC) (A4). The capacitors in this generator are used for energy storage because the power of the pulse
to be generated is much higher than the power of the HV supply source. However, the use of a single
capacitor in order to meet all requirements for the high-voltage and long-duration pulses is not suitable
for safety reasons. A possible solution is to divide the whole operation range of the electroporator into
separate operation ranges and to define the limits of the maximal energy for each range [29]. Therefore,
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the capacitor banks in the proposed generator are designed as units of variable capacitance. Moreover,
this configuration helps to avoid the undesired Joule heating of the cell suspensions being investigated.
The amount of heat dissipating in the cuvette is proportional to the voltage across the cuvette, the current
through the medium with the cells, and the pulse duration. During the development of the device, it
was specified that the temperature of the cell medium during the pulse could not increase more than
3 °C, and the maximal drop of voltage across the cuvette during the pulse needed to be limited to 10%
of the pulse amplitude. The calculations of the maximal pulse duration tmax satisfying the mentioned
conditions were performed for a 50 uL cuvette filled with biological medium with a characteristic
impedance of 90 Q).
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Figure 2. Block diagram of the pulse generator for cell electroporation. LOC: Linear optocoupler.

Based on the calculation results, it was decided that two types of capacitors with different operating
voltages and different capacitances were to be used: four high-voltage capacitors Cyyy = 52 uF x 1400 V
and four low-voltage capacitors Cry = 1000 puF x 450 V. The switching of the capacitors in parallel
and/or in series allows for coverage of all the ranges of the pulse widths and operating voltages that
were determined in advance according to the required conditions.

A detailed circuit of the variable capacitance unit is shown in Figure 3. The switching of
the capacitors is implemented by using three high voltage relays. A low-power transistor (BT1-BT3)
driven by a respective microcontroller port pin results in a three-transistor/relay structure and controls
each relay. The opening of these transistors allows for the coverage of all the capacitor commutation
variations required for the setup. Four possible connections are realized: range 1—two by two
capacitors Cry connected in series (C5 and C6, and C7 and C8), and then interconnected in parallel;
range 2—four capacitors Cry (C5-C8) are connected in series; range 3—two by two capacitors Cryy (C1
and C2, and C3 and C4) are connected in series and then interconnected in parallel; and range 4—four
capacitors Cpy (C1-C4) are connected in series. The total capacitance and the maximal operating
voltage of the energy storage unit for the different connection configurations (ranges) is presented in
Table 1.
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Figure 3. Variable capacitance unit. MC: Microcontroller.

Table 1. Main parameters of the operating ranges of the variable capacitance unit.

Capacitor Connection Configuration C (uF) Vmax (V) tmax (ms)
Range 1 1000 900 15.8
Range 2 250 1800 3.95
Range 3 52 2800 0.84
Range 4 13 5600 0.21

Furthermore, the maximum possible pulse duration tmax during which the voltage drop across
the load will be lower than 10% is given. These calculations for the different capacitor configurations
were performed for a total resistance of 150 () after taking into account the load resistance of 90 ()
and the internal (ballast) resistance of the device (R = 2 x 30 (2). For other loads, the dependences of
the maximum voltage on the pulse duration need to be recalculated. Thus, by dividing the operation
range into four ranges, this meets the requirements and allows for the coverage of many areas of
presently known biological applications.

Another very important part of the high-power unit of the proposed electroporator is
the pulse-forming unit (see A5 in Figure 2). As was mentioned above, the main problem with
the electronic switches, such as the MOSFETs or IGBTs, is the inability to turn them off in a sufficiently
short time in order to get a square-shaped pulse.

This problem appears due to the minority carriers of these transistors, which contribute to
an internal recombination current called the tail current. One of the possibilities is to cut off this current
using a crowbar circuit to produce a sharp fall time for the generated pulse. The simplified circuit of
this pulse-forming unit with corresponding control and output waveforms is presented in Figure 4. It
consists of the main switch VT1 and crowbar switch VT2 transistors, which are controlled by the same
microcontroller (see A6 in Figure 2) through a high-speed optically decoupled driver LOC110 (IXYS).
The VT1 switch is employed to connect and then disconnect the load to the charged capacitor and thus
to form the square-wave pulse. The controlled crowbar circuit, which is synchronized with the VT1,
was implemented to achieve a short pulse fall time independent of the load. The insulated-gate
bipolar transistors (model IXYS40N400) and snubber diodes are used for both switches. This transistor
model has a high collector-emitter operating voltage up to 4000 V and the maximal allowed collector
current in a pulsed regime up to 400 A. The RpCp snubbers are placed across each of these transistors
to protect them against damage. They reduce the peak voltage of the turned-off transistors and
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the power dissipation in the turned-on state. Additionally, the non-inductive capacitor Cp is included
in the pulse-forming circuit to compensate for the parasitic inductance in the high-power circuit.
The main principle of the forming pulse with a short fall time is based on the use of a crowbar circuit:
The transistor VT2 is turned on just before the time (see Figure 4) at which the main transistor VT1 is
turned off. Such a solution allows for the shortening of the circuit of the load and thus to discharge
the remaining electrical charge through the crowbar circuit. This switcher gives the possibility of
always having the same fall time of the pulse, independent of the impedance of the load. Such a system
allows for the precise generation and evaluation of the pulse in biological loads with highly variable
conductivity, thus providing greater control over the treatment procedures and their reproducibility.

+HV 0—
VT1
RD
Ce T Co t _.:' IItonO/T1)
|
|
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> l Tt
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Rt O
| il—
|
i 1 T
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Figure 4. The simplified circuit of the pulse-forming unit with corresponding control and output
waveforms. Here, ton(VT1) and ton(VT2) are the delay times between the control pulses of transistors
VT1 and VT2 and the rising and falling edges of the output pulses, respectively. IGBT: Insulated-gate
bipolar transistor.

2.1.2. Control Unit

The main part of the control unit is the ARM STM32F072RBT6 microcontroller (A6 in Figure 2).
It controls the charging voltage and the connection of the capacitors, forms the control pulse (pulse
duration and number of pulses) for the switchers VT1 and VT2, and controls the measuring of the output
current of the load. The input parameters of the pulse (voltage, pulse duration, and number of pulses)
are set by means of the group of five buttons in block A8. All the set parameters are displayed on
the liquid crystal display (LCD) display A7.

2.1.3. Pulse-Measuring Unit

For the visualization of the electric pulse, it was decided to image the current pulse though
the load. Compared with the voltage value across the load, this current pulse visualization gives more
information about the load resistance, the current through the load, the voltage drop across the load,
and the different events that can appear during electroporation (spark, electrical short circuit, liquid
evaporation, and others). For this purpose, the voltage drops across the shunt connected in series with
the load are measured. The unit that measures and displays the current pulse on the screen includes
the precision shunt Ry, = 0.1 Q, the voltage divider (A13), the 12-bit 10 MSps analog-to-digital converter
(ADC) (model AD9220AR) (A12), the LPCXpresso 1769 module (A11) for the storage of the measured
signal, and the 4.3” VM800C43A LC graphic display (A10) (see Figure 2). The LPCXpresso module has
an ARM microcontroller, which controls the analog—digital converter and the graphic display. For
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a more precise measurement of the signals, a BNC connector is provided, allowing for a connection to
an external oscilloscope. The divider A14 is used for this purpose.

2.2. Operation of the Pulse Generator

The operation of the system can be divided into three stages: (1) the input of the pulse parameters,
(2) the pulse generation, and (3) the pulse visualization. During the first stage, the microcontroller A6
(see Figure 2) monitors the input and updates the parameters on the LCD screen A7 (see also left screen
in Figure 5). The entry and exit of this stage are carried out by pushing the button “OK” in block A8.
There are five main parameters that can be altered: the voltage range, the charging voltage, the pulse
width, the number of pulses, and the repetition frequency of the pulses. By default, the capacitors’ relay
commutation is based on the continuous check of the two input parameters, namely the voltage and
the pulse width, with the voltage being given a higher priority. Therefore, based on the voltage setting
entered by the user, the microcontroller identifies the connection of the applicable capacitors, followed
by a check of the pulse width that is being used to select the optimal operation range calculated for
the load of 90 Q. This ensures that the decrease of the pulse amplitude during the pulse will be no
more than 10% for the selected pulses. The system can be easily reprogrammed for applications with
different loads. In addition, the microcontroller checks the capacitor charge level before switching
the ranges and the change of ranges occurs only after the capacitors have been discharged to a safe
level. This prevents distortion of the relays and capacitors due to high current flow during switching.

Figure 5. (a) A photograph of the developed compact square-wave generator for electroporation of
biological cells. (b,c) Pictures of the display showing when the sparking in the cuvette takes place (b)
and when the current during the pulse increases due to heating of the substance in the cuvette (c).

When the main parameters are set, the capacitors can be charged by pushing the “Charge” button
from group A9. Starting at this moment, the system is set to the pulse generation stage. Microcontroller
A6, through the optical driver A4, gives the command to the HV power supply A2, which starts to
charge the capacitors’ connection inside block A3. During this process, the voltage of the capacitors is
monitored in real time in the LCD display A7. This stage is also highlighted by the blinking of the red
photodiode until the capacitors are charged up to the set voltage. After the capacitors are charged,
the pushing of the button “Pulse” starts the discharge of the capacitors through the load. During this
time, the microcontroller sends a command to the driver of transistor VT1 and opens it. Before the end
of the pulse (the “turn off” of transistor VT1), the microcontroller sends a command to transistor VT2
and turns it on to create a second path for the high current flow through the crowbar circuit. As a result,
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the fall time of the pulse is shortened and is dependent only on the type of switches that are used and
the parasitic parameters of the circuit. Without the synchronized crowbar circuit, the characteristic tail
that depends on the load would appear.

Moreover, when the system is in the pulse generation stage, the ADC A12 in the pulse measuring
and imaging unit enters the waiting state, in which the data (voltage drop across the shunt) are
being constantly recorded to the buffer until the trigger signal initiates the start of the measurement.
After pushing the button “Pulse,” the microcontroller A6, through the universal asynchronous
receiver-transmiter (UART) protocol, starts to communicate with this ADC and triggers it. After
the signal is sampled, it is stored in the memory of the LPCXpresso module A1l and then is imaged
onto the LCD A10. At this time, the system is switched to the visualization stage, and after the end of
the pulse generation, the measured current pulse is imaged on the LCD A10. For a better visualization
of the pulse, the scale of the current (Y scale) on the LCD is adjusted automatically to show the full
amplitude of the pulse. The time scale (X scale) is set during the data input mode. The values of
the current and time scales are also shown on the display. After visualization, the system goes back
into the pulse generation stage and waits for the next command from the user.

2.3. Safety Considerations

The nodes and individual parts of this device are protected against over-current and over-voltage.
The variable high voltage power supply ISEG EPX40406 has this inner current limitation. Therefore, it
is connected directly to the capacitor array without limiting resistors. In order to establish the precise
control of the electroporation unit, accurate and safe pulse parameter choice selections are required for
each operation mode. Therefore, multiple limitations are implemented in the software design and
in the hardware. Parameters, such as the maximum charging voltage, the maximum pulse length,
and the number of pulses, are limited for each capacitor connection for efficient and safe power
accumulation. To avoid voltage breakdowns that may occur during relay switching, the switching
of the relays is synchronized with the high-voltage power supply. A separate interrupt event has
been implemented in the software for the expectation of a change of an operation mode, which shuts
the high-voltage source down. When the user changes the operation mode, the power supply is
turned off, and after confirming the status, the relay is switched. Such implementation ensures the safe
commutation of the capacitors, thus preventing any voltage breakdowns during the operation mode
selection. Furthermore, the priority order of the microcontroller tasks during pulsing are clearly
specified in order to avoid errors and delays in the task management. The charged high-voltage
capacitors are potentially dangerous. If for some reason they become disconnected after charging, they
can hold a lethal charge for a long time. In order to eliminate this possibility, bleeder resistors are
connected across the terminals of the capacitors (10 M) resistors are connected to Cyy and 100 kQ) to
Crv). Such a configuration ensures the constant discharge of the capacitors, even when disconnected
from the pulsing circuit. Moreover, these resistors ensure a uniform voltage distribution across these
capacitors and protect these capacitors against over-voltage. In addition, the device has a forced
capacitor discharge regime, where discharge takes place through the discharge circuit. The “Cancel”
button is used for this purpose. The switchers are also protected against turn-off over-voltage and
over-current. The snubber diode connected in parallel to the transistor protects it against a turn-off
opposite voltage, which can appear due to an inductive load. Moreover, two ballast resistors of 30
are connected in series with the cuvette for the limitation of the current flow though the transistors in
case an electrical short circuit occurs in the cuvette.

2.4. Design of the Device

A photo of the developed electroporation system is presented in Figure 5a. The designed generator
was placed into a 43 X 35 x 25 cm? plastic case. For ease of use, the front panel of the device was visually
divided into three parts corresponding to the three stages of the device operation: the parameter
input (left), the pulse generation (middle), and the pulse visualization (right). The input of the pulse



Symmetry 2020, 12, 412 9 of 14

parameters of the system is performed via a group of five buttons and the LCD on the left side of
the device.

The pulse generation is performed via three buttons in the middle of the device. In addition,
this stage of operation is also highlighted by the red photodiode. The LCD is placed on the right side
and provides pulse visualization and information. Furthermore, a high-voltage output connector
for the load (cuvette with treated substance) and a BNC connector for an external oscilloscope are
shown. The current pulse visualization on the display of the device allows for better control of
the electroporation process. As an example, two images of the device screen are shown in Figure 5b,c.
The first (b) shows the case when some sparking takes place in the cuvette during the experiment.
Therefore, one can see the current jumping on the screen. The second picture (c) shows the gradual
increase of the current caused by the heating of the contents of the cuvette or the chemical processes in
the liquid.

3. Results and Discussion

First, the influence of the operating ranges on the shape of the electric pulse was tested. A cuvette
(Lonza, Basel, Switzerland) with electrodes of 2 cm? placed 1 mm apart and filled with a NaCl solution
was used as the load of the generator. The resistance of the solution was about 90 ().

The capacitors of the different connection configurations were charged up to 700 V and a pulse
with a duration of 3 ms was generated. The current through the cuvette during the pulses is shown in
Figure 6.
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Figure 6. The current through the cuvette having a resistance of 90 Q2 during the 3-ms pulses generated
at different ranges of operation. The inset shown the same pulses during the first 100 ms.

One can see that the current through the cuvette was almost constant throughout the whole pulse
only in range 1 (see Table 1). For the other ranges 2—4, the current noticeably decreased. Thus, for
the generation of a pulse of a given duration for loads with this and lower resistances, range 1 was
the most acceptable. At the same time, the inset in Figure 6 shows that the initial part of the same
current pulse during the first 100 ms was almost constant at all operating ranges. Thus, all of them could
be used for the generation of short pulses. It should be noted that electroporation using short pulses is
usually accompanied by a high voltage. Therefore, the fourth range of operation of the generator, in
which the maximum charge voltage of the capacitors reached 4 kV, was the most acceptable.

The influence of the crowbar circuit was experimentally investigated using loads with different
resistances. For this purpose, a cuvette with various fillings was used. The experiments were done
using 1 M sorbitol, a yeast suspension (for more details see below), and a solution of Na(l filling
the same cuvette described above. The resistances of these substances were the following: 2000 (),
220 ), and 65 (), respectively. The capacitors were connected according to range 4 and were charged
up to a certain voltage, which allowed to produce the same voltage (2.6 kV) across the cuvette.
The obtained results are presented in Figure 7 for the circuit without a crowbar (curve 1: cuvette filled
with sorbitol, curve 2: with yeast suspension, and curve 3: with solution of NaCl) and with the crowbar
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circuit (curve 1*: with sorbitol and curve 2*: with yeast suspension). As seen from the figure, when
the circuit without the crowbar was used, the pulse fall time depended on the load impedance, which is
disadvantageous in electroporation. Using this circuit after the switch-off of the transistor, the voltage
did not reach zero within 3-10 ps. This is a very significant problem with different biological samples,
especially when short pulses are applied. The long fall time means that even during the decay of
the pulse, the sample can be uncontrollably affected by the PEF. After connecting the crowbar circuit,
the fall part of the pulse was shortened and was the same for all the investigated loads. This is shown in
Figure 7 as curves 1* and 2*. Therefore, our proposed circuit with the crowbar allowed for the treatment
of biological cells with electric pulses of identical duration, independent of the buffer type (and its
conductivity).

3.0 T — T —

- Without Crowbar: 4
~25F 1 - Sorbitol -
z L 2 - Susp. yeast ]
=920} 3- Sol. NaCl -
% L With Crowbar: J
© 15k 1* - Sorbitol -
ol 2* - Susp. yeast
> 10k

0i5=tti= = = Sl=e N =i = = k=i
0.0pss

.10 15
Time (us)

Figure 7. A voltage across different loads when a single pulse was generated with and without
the crowbar circuit. The dashed line represents the voltage level corresponding to the threshold electric
field strength for the electroporation of yeast cells.

During the next experiments, we tested whether exposure to the electric field pulses generated by
the pulse generator with and without the crowbar circuit could induce different electroporation results.
For this purpose, experiments with a yeast cell suspension were performed. The yeast suspension for
the experiment was prepared as follows: The Saccharomyces cerevisine BY4742 (MAT«; his3A1; leu2A0;
lys2A0; ura3A0) yeast cells (Euroscarf, Oberursel, Germany) were grown for 24 h in a complete medium
(YPD) containing 1% (w/v) yeast extract, 2 % (w/v) peptone, and 2 % (w/v) glucose (Merck, Darmstadt,
Germany). Then, the yeast cells 33.3 % (w/v) were re-suspended in a cold (4 °C) electroporation
buffer (EPB) containing 1 M sorbitol and a 20 mM Tris-HCl buffer at pH 7.4 (Applichem, Niimbrecht,
Germany).

In the experiments, the yeast cell suspension was transferred into the same cuvette and exposed to
a single 5-us pulse with an amplitude up to 2600 V (electric field strength was 26 kV/cm). The resistance
of the cuvette filled with the yeast suspension was R ~ 220 (). Experiments were performed with
without the crowbar circuit. The pulse shapes for both cases were discussed above and presented in
Figure 7 (2 and 2* curves, respectively).

Permeabilization of the membranes was evaluated by exposing the yeast cells to fluorescent SYTOX
Green nucleic acid stain (Thermofisher Scientific, Waltham, Mass., USA). During the investigation,
the yeast suspension was kept on ice. Fluorescent dye was added into the suspension 10 s after exposure
to the PEF. The final concentration of the dye in the suspension was 125 nM. After incubation for one
minute, the specimen was placed into a quartz cuvette with a 1-cm light path (Sarstedt, Niimbrecht,
Germany) and exposed to 480-nm wavelength light generated using a fluorescence spectrometer LS50B
(Perkin Elmer, Waltham, Mass., USA). The permeability of the cell membranes was evaluated by
measuring the fluorescence intensity at a peak wavelength equal to 525 nm.
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The permeability of the yeast cells after exposure to PEF treatment is presented in Figure 8 as
the fluorescence intensity. It was evaluated by employing membrane-impermeable fluorescent dyes
intercalated into nucleic acids. Greater amounts of intracellular dye resulted in greater fluorescence
intensity (FI), corresponding to the increased permeability [36].

~
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Figure 8. Permeability of yeast cells after exposure to an electric field pulse.

It was found that both pulses (the electric field strength was 26 kV/cm) generated with and without
the crowbar circuit induced electroporation. It was found that the fluorescence intensity (FI) increased
from FI = 2.7 + 0.2 a.u. (untreated sample) up to FI =54 + 0.4 a.u. and FI = 5.3 + 0.3 a.u. in samples
exposed to pulses generated without and with the crowbar circuit, respectively. Thus, the differences
between the induced membrane permeability in both cases was insignificant. It should be noted that
the fluorescence was measured when the dye was added into the suspension just 10 s after its exposure
to PEF; therefore, no influence of the pulse shape (decay time) on the cell damage or other processes
was noticed during such short period.

We further investigated the long-term electroporation effects by evaluating the viability by means
of the number of colony forming units (CFUs). The viability of the cells was evaluated by the plate
count method using solid YPD media with 1.2% (w/v) agar (Alfa Aesar, Kandel, Germany). Afterward,
the plating yeast cells were grown in an incubator for 48 h at 30 °C. The results are presented in Figure 9.
The CFUs are expressed as a percentage, where 100 + 8.2% corresponded to the viability of the yeast
cells in an untreated cell suspension. The viability of the yeast cells exposed to the pulses generated
without the crowbar circuit was reduced to CFU = 84.1 + 4.5%, thus confirming that the electroporation
was at least partially irreversible. The viability of the yeast cells exposed to the pulses generated with
a crowbar circuit was higher (CFU = 96.1 + 3.3%) and was comparable to untreated cells. This result is
very important for performing electroporation and retaining a high viability of the treated cells.
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. 110 T -
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80 | m
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Figure 9. Viability of yeast cells after exposure to an electric field pulse.
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Our previous study showed that the detectable electroporation in yeast cells starts after exposure
to 5-us pulses with an electric field strength of approximately 5 kV/cm [37]. Such an electric field
corresponds to a 500-V amplitude (dashed line in Figure 7) and such an electric field strength or
higher remained for 8.4 ps and 5.5 us when generated by systems without and with the crowbar
circuit, respectively. The difference in the pulse duration (at the level of the threshold electric field
strength) was 3.1 pus, while the energy delivered by such pulses differed by 14%. It was previously
shown that the pulse parameters (pulse shape, duration, frequency) could have an effect on the cellular
response [23]. In our experiments, the duration of the maximal amplitudes was similar and resulted in
similar electroporation. From the viability experiment, however, we can conclude that the total energy
input, as well as the pulse shape, could contribute to the reduction of the cell viability and should
be accurately reported according to the guidelines [38]. Such a difference in the viability obtained in
our experiments was most probably caused by the longer time of exposure during which the voltage
exceeded the electroporation threshold.

4. Conclusions

A commercially available, compact, programmable device for high-voltage, square-wave electric
pulse generation that is usable for biological cell electroporation has been proposed, designed, and
tested. The device has a variable energy storage capacitor bank; thus, the accumulation of high amounts
of energy is avoided. The main advantages of such a device are the increased range of possible pulse
durations and amplitudes when compared with commercially available electroporators. It can generate
a single or a sequence of single electrical pulses with widths from 3 ps to 10 ms and amplitudes up to
3.5 kV. The rise and fall time of the pulses does not depend on the load impedance and is less than
0.1 ps. It is equipped with an LCD screen for the monitoring of the input parameters and an additional
LCD screen for the display of the pulse waveform during the experiments. The incorporation of this
additional screen into the design of the device significantly improved the quality of the investigation
of the processes occurring in the test object by providing the possibility of more precise control of
the current pulse shape, indicating the preferable conditions of the experiment (e.g., no sparking
or heating of the cell suspension). The proposed device was successfully tested in experiments
with biological cells. The design of the generator using a crowbar circuit enabled better control of
the pulse parameters (especially the pulse duration), which resulted in the increased effectiveness of
electroporation and cell viability.
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Pulsed electric field effects induced in a membrane, as well as intracellular structures, depend

on cell type, field and media parameters. To achieve desired outcomes, membranes should be
permeabilized in a controlled manner, and thus efficiency of electroporation should be investigated
in advance. Here, we present a framework for using mediated amperometry as a prospective method
for the investigation of electroporation and its effects on cellular machinery. Whole-cell sensors

with single mediator systems comprised of hydrophilic or lipophilic mediators were successfully
employed to investigate membrane permeability as well as cellular responses. Exposure of yeast
cells to single electric field pulse (t=300 ps, E=16 kV/cm) resulted in up to tenfold increase of current
strength mediated with hydrophilic mediators. Exposure to PEF resulted in decrease of menadione
mediated current strength (from 138 +15 to 32 +15 nA), which could be completely compensated by
supplementing electrolyte with NADH.

In recent years, more and more processes in both medicine and biotechnology depend on the abiotic manipu-
lation of cells. One of the relatively new and prospective techniques used for increasing permeability of cells
and tissues is the exposure to pulsed electric fields (PEFs). It is already used for increasing the efficiency of
chemotherapy!, enhancing gene transfection?, extending the shelf-life of food®, and improving the extraction
of intracellular compounds®. One of the main PEF targets in cells is the plasma membrane, which can be sub-
stantially and controllably permeabilized (electroporated)® for desired applications. We have shown previously
that PEF can induce cell death via metacaspase activation® and permeabilize both cell membranes and yeast cell
walls’. The experimental data indicated that cellular responses are dependent on electric field strength, pulse
duration, and pulse number?®.

The cellular state after PEF is usually determined by measuring various parameters, including permeability®,
oxidative state'’, lipid peroxidation'!, and other markers related to aging'? or death'®. The measurement of
increased molecular transport across the membrane is the most common way to confirm electroporation'. The
extent of permeabilization can be evaluated by measuring the leakage of intracellular compounds'® as well as
signals generated by exogenous compounds after entering the cell'®. To successfully detect permeabilization,
exogenous compounds should not enter intact cells and should be easily detectable. On the other hand, some
physical methods like measurement of conductivity'’, impedance'®, or cell swelling!? can assist investigation and
detect electroporation without exogenous probes. There is a high number of substances and methods, yet each
comes with a set of disadvantages and often indicates only single very specific characteristic or parameter of a
system reliably. Furthermore, although PEF is widely applied, electroporation effects on the output signals of
various detection methods are poorly understood as most methods are primarily used for analyzing intact cells.
Moreover, development of new methods for electroporation detection is very important for understanding the
mechanism of electroporation and for investigating the cellular state after exposure to PEE.

Electrochemical methods provide the ability to monitor redox processes inside the intact cells, thus reflect-
ing the intracellular state?*?!. Such experiments are often conducted by transferring whole cells??, or their
parts* onto surface of an electrode. To achieve the electron transfer between the electrode and redox centers
of the enzymes in the cell, an electroactive mediator is used. The mediator shuttles the electrons between the
electrode and the redox centers of the enzymes, thus providing information about redox activity of cells. Yet
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Figure 1. Yeast-modified carbon paste electrode. A membrane; B yeast cells; C carbon paste.

currently electrochemical methods such as potentiometry or amperometry are not widely used for investigating
PEF effects on cells.

In this study, we set out to employ amperometry at yeast-modified electrodes to elucidate pulsed electric field
effects on (1) plasma membrane/cell wall permeability, (2) metabolic activity, and (3) to investigate the prospects
for controlled sensitivity/applicability improvement of whole-cell sensors.

Materials and methods

Cultivation and preparation of yeast cells. S. cerevisiae BY4742 (MATa; his3A1; leu2A0; lys2A0;
ura3A0) yeast cells (Euroscarf, Germany) were grown on solid media YPD (1% yeast extract (Biocorp, Poland),
2% peptone ex casein (Carl Roth GmbH, Germany), 2% glucose (Merck KGaA, Germany), 1.3% agar (Alfa
Aesar, Germany) at 30 °C in the incubator for 48 h. Cells were then collected. 40 mg of cells were washed twice
with electroporation buffer (EPB) (20 mmol/L Tris (Applichem, Germany), HCI (Merck KGaA, Germany), pH
7.4), and resuspended in 0.5 ml of it. Conductivity of final suspension was = 1.5 mS/cm (Seven2Go conductivity
meter with Inlab 738-ISM sensor, Mettler Toledo, USA). Where noted, such cell suspension was lyophilized and
kept at 4 °C before use in experiments.

Electrode preparation. Plain carbon paste was prepared by mixing 100 mg of graphite powder (Fluka,
Germany) with 50 pl of paraffin oil (Fluka, Germany)®. The paste was packed into an electrode body consisting
of a plastic tube (diameter 2.9 mm) and a copper wire serving as a contact for an electrode. The layers of the yeast
cells on the surfaces of plain carbon paste electrodes were formed by covering the conducting area with 10 pl of
cell suspension in EPB. The electrodes were allowed to dry at room temperature for 15-20 min and were then
covered with a dialysis membrane (Sigma-Aldrich, USA) (Fig. 1). Due to relatively long electrode preparation
procedure (when compared to membrane resealing time), investigation of permeability is limited to irreversible
electroporation.

Electrochemical measurements. Electrochemical experiments were carried out according to previously
described procedure® on a BAS-Epsilon Bioanalytical system (USA) and a three-electrode cell arranged with
a magnetic stirrer. The platinum wire and Ag/AgCl in 3 M NaCl served as counter and reference electrodes,
respectively. Amperometry was carried out in a stirred solution at an operating potential 0.3 V (vs. Ag/AgCl, 3 M
NaCl). The yeast-modified carbon paste electrode served as a working electrode. All electrochemical measure-
ments were performed at room temperature.

Hydrophilic mediator. To analyze hydrophilic mediators, yeast cells were employed as biosensors for lactic acid
detection®. Amperometry for lactic acid-sensing was performed in phosphate buffer: 0.1 M potassium phos-
phate (Riedel-de Haén, Germany); 0.1 M potassium chloride (Fluka, Germany); potassium hydroxide (Sigma
Aldrich, USA) at pH 7.3 and containing 0.5 mM of mediator: N-Methylphezonium methyl sulfate (PMS) (Fluka,
Germany), 2,6-Dichlorindophenol sodium salt hydrate (DCPIP) (Fluka, Germany), Potassium ferricyanide
(PEC) (Fluka, Germany), 1,2-Naphthoquinone-4-sulfonic acid sodium salt (NQSA) (Fluka, Germany). After
reaching steady state of the background current at the operating potential (0.3 V), L-lactic acid (Riedel-de Haén,
Germany) was added into the solution (final concentration 0.2 mM). Data was collected and represented as a
change in current strength after the steady-state current was achieved.

Lipophilic mediator. ~ Amperometry for menadione-mediated (Sigma-Aldrich, USA) current detection was per-
formed in phosphate buffer at pH 6.5. The electrode was poised at an operating potential (0.3 V) until the steady-
state of the background current was obtained. After that, menadione [dissolved in absolute ethanol (VWR,
France)] was added up to final concentration of 67 pM. Change in current was evaluated after the steady-state
current was reached. Redox activity monitoring was performed by adding NADH disodium salt (VWR, USA)
or NADPH tetrasodium salt (MP Biomedicals, France) to a final concentration of 1 mM.

Scientific Reports |

(2020) 10:19094 | https://doi.org/10.1038/541598-020-76086-2 natureresearch



www.nature.com/scientificreports/

50 12000
a0 41600
<
= 30 41200 %
f=
e g
E20f 1800 =
5 o
10} {400 =
0 q0

0 100 200 300
t/us

Figure 2. Voltage and current across the cuvette during the generation electric field pulse.
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Figure 3. PEF effects on the viability (blue diamonds) and permeability (orange rectangulars) of yeast cells.
Whiskers of box plots indicate values of standard deviation while stars beside respective boxes indicate highest
and lowest values within the distribution of 10 experiments.

PEF generation system. A pulse generator assembled in the Center for Physical Sciences and Technology
was used in the experiments®. 100 pl of yeast cell suspension was placed into a cuvette with 1 mm gap between
electrodes (Fisher Scientific, US) and exposed to a single square-shaped pulse with pulse length of 300 us and
an electric field strength (E) of up to 16 kV/cm (I=22+0.5 A). Pulses of voltage and current are shown in Fig. 2.
Temperature of suspension before and after exposure was evaluated by thermal camera (FLIR One Pro LT, FLIR
Systems, US). Electric field pulse raised the temperature of suspension by up to 7 °C.

Evaluation of the viability and permeability. The viability was evaluated by plating treated cell sus-
pension onto a solid YPD medium and then incubating in the INCU-Line (VWR, USA) incubator at 30 °C
for 48-72 h. After incubation, the number of colony-forming units (CFU) was evaluated. As a control, PEF
untreated suspension was used.

Permeability of the plasma membrane was measured by employing Sytox Green (Thermo Fisher Scientific,
USA). Dye was diluted in anhydrous dimethyl sulfoxide (Thermo Fisher Scientific, USA) to a final concentra-
tion of 0.25 mM. During the whole procedure, cells were kept on ice. The solution was transferred to the cell
suspension (final concentration—125 nM) one hour after exposure to PEE. After incubation for 60 s, fluores-
cence intensity was measured using luminescence spectrometer Perkin Elmer LS—50b (PerkinElmer, USA).
The excitation wavelength was 480 nm. Emission was measured within range of 500-600 nm with scanning
speed of 100 nm/min.

Leakage of intracellular cofactors was measured by exciting supernatant with 340 nm and measuring fluo-
rescence at 430 nm?’.

Results and discussion

PEF effects on yeast viability and membrane permeability. We started the investigation by evaluat-
ing viability and permeability of yeast cells with standard methods. Viability was assessed by counting colony-
forming units (Fig. 3). After exposure to PEF the viability started to decrease considerably when electric field
strengths (E) were higher than 4 kV/cm. After exposing yeast cells to a pulse with E stronger than 10 kV/cm,
viability decreased to ~2%. Therefore, we concluded that viability decreased due to cellular damage. Only via-
ble cells can replicate and form detectable colonies; thus, we eliminate misinterpretation of cells’ death state®.
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Figure 4. Current dependence on yeast pretreatment and mediator (C=0.5 mM) used for lactic acid sensing.
NQSA—1,2-Naphthoquinone-4-sulfonic acid sodium salt, DCPIP—2,6-Dichloroindophenol sodium salt
hydrate, PMS—N-Methylphenazonium methyl sulfate, PFEC—Potassium ferricyanide. Each mean was obtained
from at least 10 experimental data points.

Adjustments in composition of media can also indicate respiration deficiency? and sublethal injuries®, but in
this study we focused on evaluating the irreversible damage.

Permeability was evaluated with membrane-impermeable Sytox green dye intercalating into nucleic acids.
Some cells were permeable to the Sytox green fluorescent dye even before exposure to PEFE, possibly due to the
non-uniform age of cells* or nonspecific damage during preparation of cell suspension. The rise in membranes’
permeability after the exposure to PEF showed an inverse pattern to the change in the viability. Weak electric field
pulses (E <4 kV/cm) did not change either of the measured parameters. Even if membrane was permeabilized, it
effectively resealed without further damage to cells. Most considerable changes were observed when cells were
exposed to a pulse with electric field strength between 4 and 10 kV/cm. Stronger electric fields permeabilized
yeast cells irreversibly, causing a decrease in the viability, potentially due to the leakage of intracellular com-
pounds. Eukaryotic cells can repair their membrane damage and continue to grow at later times*2. To avoid
misinterpretation of such cases, permeability was measured 1 h after exposure to PEE.

The possibility of using PEF for inactivation of microorganisms is already widely explored and exploited both
for research and commercial applications®. Full inactivation of the yeast cells was not detected, probably due
to differences in cell size, shape®* and some volume of suspension being above the electrodes in untreated areas,
and non-homogeneous electric field distribution®.

Hence, we showed that exposure to a single electric pulse with a duration of 300 us induces irreversible
electroporation and causes a decrease in the viability of yeast cells.

Yeast pretreatment enhances the signal of current mediated via hydrophilic mediators. One
of the factors limiting the usage of hydrophilic mediators in combination with intact cells is permeability of
membranes. To test cell pretreatment procedures we chose irreversible electroporation and lyophilization which
is typical for the preparation of biosensors®. After pretreatment, yeast cells were immobilized on carbon paste
electrodes, immersed into the solution with the single hydrophilic mediator, and analyzed.

The system we employed was previously suggested for amperometric biosensing of lactic acid”®. The scheme
for mediated electrocatalytic oxidation of lactic acid can be represented as follows:

L-lacticacid 4 Flavocytochrome by (ox) — Pyruvicacid 4 Flavocytochrome by req)
Flavocytochrome by(req) + Mediator(ox) — Flavocytochrome by(ox) + Mediator (req)
Mediator(req) — Mediator(oy) + €.

The results showed marked differences in the responses of electrodes covered with untreated, lyophilized,
and electroporated yeast cells (Fig. 4). Current generated by PEF treated cells in a solution with ferricyanide was
strongest (I=103 + 10 nA) followed by lyophilized (I=83+11 nA) and untreated yeasts (I=9+4 nA). Exposure
to PEF increased permeability to all mediators resulting in stronger currents.

In a similar study, the rise in ferricyanide current strength after chemical pretreatment was most notable
as well®’. It remains to be elucidated whether current strengths generated by NQSA, DCPIP, and PMS during
lactic acid-sensing are limited by permeability of the membrane and cell wall or by charge transfer®®. Since
pretreatment by lyophilization and exposure to PEF resulted in generation of stronger currents we suggest that
limiting factor is charge transfer and not permeability. Even though lyophilization provides convenient solution
for long term storage of yeast cells, the permeability of cell populations is non-homogeneous®. PEF treatment
was superior to lyophilization, while ferricyanide was shown to be the most efficient mediator and was used for
further investigation of the electroporation effects.
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Figure 5. Effect of electric field strength on the current responses to 0.2 mM lactic acid at yeast-modified
electrodes at the operating potential 0.3 V in phosphate buffer at pH 7.3 containing 0.5 mM mediator

K;[Fe (CN)g] (pink rectangles), and to 67 uM menadione at an operating potential 0.3 V in phosphate buffer at
pH 6.5 (teal diamonds). Whiskers of box plots indicate values of standard deviation while stars beside respective
boxes indicate highest and lowest values of distribution.

PEF modulates signals of yeast-modified electrodes. Usually, redox processes occurring in intact
cells are studied using double mediator systems containing both lipophilic and hydrophilic mediators***!. The
lipophilic mediator can penetrate membrane and interact with intracellular redox centers while hydrophilic
mediator facilitates transferring charge from cell to electrode surface. To note the changes in measured current at
yeast modified electrodes we pretreated cells with different electric field strength and tested them with common
mediators from double mediator system separately (Fig. 5).

After exposure to weak electric fields (E<4 kV/cm) measured current mediated with PFC slightly increased
from 9+ 4 up to 17 +8 nA. The further rise in electric field resulted in ever-increasing currents. Yet after exposure
to pulses stronger than 10 kV/cm, increments of rise in current strength decreased. Such a profile could imply
that with the increase in E, more yeast cells are permeabilized irreversibly, and the ever-smaller fraction of cells
remain untreated/unpermeabilized. These results indicate that PEF treatment can be used to circumvent the
usage of double mediator systems and increase signal mediated by hydrophilic mediators in a controlled man-
ner. After the pretreatment, hydrophilic mediators can efficiently enter cells and participate in electron transfer
from intracellular enzymes, which remain intact after PEF treatment. The membrane is a barrier to various
hydrophilic mediators®, so permeabilized cells can be used in combination with much wider range of mediators
providing new insights into cellular machinery. It remains to be elucidated whether hydrophilic mediators could
be employed in conjunction with reversible electroporation.

To test how permeabilization affects signal mediated by the lipophilic mediator, we employed menadione.
The suggested scheme of charge transfer is the following*:

Menadione + Quinone reductases + NAD(P)H — Menadiol + Quinone reductases
+ NAD(P)™ Menadiol — Menadione + 2e™.

When electrodes were covered with untreated cells (E=0 kV/cm), current of 138 + 15 nA was detected. After
exposure to weak electric fields (E=4 kV/cm), current slightly decreased down to 117 + 14 nA. The further rise
in electric field strength (E =10 kV/cm) resulted in even weaker current of 32+ 15 nA. Exposure to the strongest
electric field (16 kV/cm) resulted in further decrease in current down to 23+ 12 nA.

Menadione can freely cross the cell membrane and enter the cytoplasm where it is then reduced to menadiol
by the cytosolic and mitochondrial enzymes catalyzing the electron transfer from NAD(P)H to quinone sub-
strates. It was previously proposed that menadione-mediated current depend on intracellular NAD(P)H content
and decrease with its depletion®. Intracellular concentrations of NAD(P)H could decrease due to intracellular
perturbations like oxidative stress and leakage of these small cofactors. We decided to investigate the latter by
measuring fluorescence? of the supernatant from treated (E =16 kV/cm) and untreated cell suspensions. Speci-
mens were excited with 340 nm light. Fluorescence intensity at 430 nm after pretreatment was eightfold higher.
Such results indicate excessive leakage of intracellular compounds. During preparation of electrodes treated cells
are transferred onto electrode surface and subsequently into electrochemical cell with higher solution volume,
cofactors become highly diluted.

We performed the further investigation by adding NAD(P)H into the electrolyte during current measure-
ment (Fig. 6). We showed that the decrease in menadione current of PEF treated cells could be complemented
entirely by adjusting extracellular concentration of NADH to 1 mM. The addition of NADPH resulted in stronger
current as well, but not as high as after addition of NADH. Supplementing untreated cells with NAD(P)H raised
current strength by up to 10%. Such findings suggest that the decrease of menadione current is indeed observed
due to the leakage of intracellular reducing species through permeable membranes. We, therefore, conclude
that formation of hydrophilic pores should not significantly affect the entry of a lipophilic mediator and cause
decrease in current strength by itself.
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Figure 6. Typical real-time current responses of yeast cells immobilized on carbon paste electrode. Teal
curve—untreated cells. Yellow and violet—PEF treated cells (E= 16 kV/cm). Electrolyte composition was 67 uM
menadione at an operating potential 0.3 V in phosphate buffer at pH 6. Final concentration of NAD(P)H in the
electrolyte was 1 mM.
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Scheme 1. Schematic overview of permeabilization effects on amperometric signal of yeast-modified
electrodes.

The entire process of exposing cells to redox mediators can be considered as redox stress, which must be
counterbalanced by NAD(P)H and the cellular dehydrogenases. Eukaryotic cells use NAD(P)H for multiple
purposes, and decrease in its concentration can result in impaired metabolism, calcium homeostasis, gene
expression as well as reduction in antioxidative capacity**. NADPH is a primary cofactor utilized by cells when
reducing artificial mediators*’. Khlupova et al. showed that membranes of permeabilized and lyophilized cells
lose integrity and become NAD(P)H permeable. Such loss of reducing species can be a major cause of why weaker
currents are generated®. We confirmed that PEF could change permeability leading to the loss of NAD(P)H.
Furthermore, we showed that permeabilization could be performed in a controlled way leading to an adjustable
signal of the whole-cell sensors.

Conclusions
We showed that after exposure to PEF, the permeability of the cell wall/membrane increased and remained so
for at least an hour. Yeast-modified electrode responses to lactic acid were dependent on exposure to PEF and
increased with the rise in electric field strength (Scheme 1). Traditional methods for the preparation of yeast cells
like lyophilization or chemical treatment (salts, alcohols, acids, detergents) are relatively unspecific and will affect
intracellular structures as well as machinery while PEF treatment primarily focuses on the plasma membrane.

PEF treated yeast cells also showed lower redox activity and viability, which decreased with rise in electric
field strength. The decrease in menadione current of PEF treated cells could be compensated entirely by adjust-
ing extracellular concentration of NADH to 1 mM. Such results raise attention to the viability kits employing
quinone-like mediators. If such mediators are applied to analyze abiotic treatments affecting membrane perme-
ability, they can give ambiguous results. In our study menadione current in PEF treated cells decreased from
100 to ~17% while the viability decreased down to ~ 2%, thus highlighting possible inconsistency between
methodologies. The complete picture of cellular death, membrane permeability and redox kinetics upon PEF
exposure remain to be elucidated.

Our investigation shows that PEF technology can be effectively used to modulate the amperometric signal of
yeast-modified electrodes and that they can be used for real-time study of cellular responses to PEF treatment.
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Such pretreatment can also open the gateways to intracellular enzymes without extraction and allow investigation
of both permeability as well as cellular death mechanisms. We conclude that permeabilization in combination
with different combinations of growth conditions, inhibitors, mediators, substrates, cofactors will pave the way
for the investigation of biochemical pathways through multistep processes.
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Keywords:

Saccharomyces cerevisiae yeast cells were used as a model organism to investigate the effects of various pulsed
electric fields on the programed death of such cells. These were exposed to electric field pulses with field
strengths (E) of up to 220 kV/cm. The effects of square shaped pulses having different durations (7 = 10—
90 ns) and different pulse numbers (pn = 1-5) were then analysed. The obtained results show that nanosecond
pulses can induce the death of such cells, which in turn is dependent on the electric field pulse parameters and
increase with the rise in E, T and pn. The decrease of the cells' viability was accompanied by an increase in the

Yeast active form of intracellular yeast metacaspases. It was thus shown that nanosecond electric field pulses induced

Apoptosis
Metacaspase
Electroporation
Nanosecond

the caspase-dependent yeast cell death.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The effects that are induced by exposing biological tissues and cell
suspensions to electric fields are intensively investigated. It had been
previously established that repetitive electric field pulses, namely that
pulsed electric fields (PEFs) are an effective method for improving con-
ventional procedures such used in chemotherapy [1], gene transfer [2],
microbiological inactivation in food preservation [3] [4] and the extrac-
tion of intracellular compounds [5] [6]. The responses of such cells when
exposed to electric fields are mostly dependent on the electric field
strength (E), the pulse length (), shape, polarization and the number
of pulses used [6][7]. When a cell is exposed to an electric field, the elec-
tric potential difference across its insulating membrane changes (in-
duced transmembrane voltage) and this superimposes a physiological
resting transmembrane voltage. Such increased transmembrane voltage
can result in the electroporation of the cell membrane [8] and even the
inhibition of its voltage-gated channels [9] [10]. It has been previously
shown that in mammalian cells, a nanosecond pulsed electric field
(nsPEF) can improve the permeability of the plasma membrane [11],
alter gene expression [12], cause phosphatidylserine translocation
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[13], affect the distribution of intracellular ions [14] and even lead to
the death of the cell [15] [16]. The effects of nanosecond pulses on
such membranes were theoretically investigated using molecular dy-
namics simulation. The formation of hydrophobic pores, translocation
of phosphatidylserine, the flow of water and various dyes after exposure
to high voltage nsPEF treatment were modelled and were in agreement
with the obtained experimental data [11] [17]. Even though there is a
large body of knowledge concerning the effects of nsPEF on higher eu-
karyotic cells (a recent systematic review analysed the effects of high
voltage nanosecond electric pulses on eukaryotic cells (in vitro) and
covered data from 203 articles [18]), there is still a lack of sufficient
data related to the effects of nsPEF on yeast cells. One of the conclusions
summarized in this systematic review was that nsPEF pulses with mod-
erate duration (T = 11-100 ns) were the most likely to cause intracel-
lular effects. We thus conducted our experiments within similar
parameters (T = 10-90 ns).

Budding yeast (Saccharomyces cerevisiae) is one of the most well-
studied and understood eukaryotic organisms. It is an irreplaceable
component in the food industry, where it is used in the preparation of
fermented foods and beverages and in the pharmaceutical and biotech-
nology sectors, where it is used for the production of recombinant pro-
teins. In addition, it is also a highly useful organism for theoretical and
practical modelling. Yeasts have been used for studying genetic net-
works and have contributed to a better understanding of the programed
deaths of cells. In 1997, apoptotic markers were described in yeast for
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the first time [19]. This was followed by the characterization of several
orthologues of metazoan apoptotic regulators (yeast metacaspase, pro-
tein Ycalp/Mcalp [20], the apoptosis-inducing factor Aif1p [21], the
Htr2A/Omi serine protease Nmal11p [22], the inhibitor of apoptosis
protein (IAP) Birlp [23], the mitochondrial endonuclease G Nuclp
[24]) and the analysis of distinct death pathways [25]. Such pro-
grammed cell death (PCD) can be induced using various lethal insults,
which lead to caspase-dependent or caspase-independent death path-
ways. Unlike mammalian caspases, which are crucial for the initiation
and regulation of apoptosis, yeast metacaspases, depending on the
source of the lethal stimulus, participate in approximately 40% of PCD
cases [25].

Research on apoptosis in yeasts provides an advantage as the use of
yeasts avoids one of the technical problems that effect research on the
death of mammalian cells, such as when the detection of cell death re-
lies on apoptotic markers, which can yield false positive and negative re-
sults [26]. Moreover, the genetic tractability of yeast is unique and
allows the simultaneous overexpression of one gene and the knockout
of another gene, helping to establish hierarchies among the cell death
executors. This makes yeast a useful model organism when attempting
to identify the effects of nsPEF on PCD.

The aim of this study was to elucidate the effects of nsPEFs on yeast
cells. We show that i) high voltage square shaped electric field pulses of
nanoseconds order duration can induce the programmed, caspase-
dependent death of yeast cells, and ii) that such cell death is in turn de-
pendent on the parameters of such electric field pulses (E, T and pulse
number).

2. Materials and methods
2.1. Yeast strain and cultivation

S.cerevisiae BY4741 (MATa; his3A1; leu2 AO; met15A0; ura3A0) yeast
cells (Euroscarf, Germany) were grown in a 6 mL of YPD (1% yeast ex-
tract, 2% peptone, 2% glucose, Merck KGaA, Germany) at 30 °Cin a recip-
rocal shaker operating at 200 rpm.

The cell concentration was measured by optical density (OD) using
an absorption spectrophotometer (Halo RB-10; Dynamica Scientific
Ltd., GB) operating at a 600 nm wavelength. In order to collect cells
more sensitive to these physical treatments, the yeast cells were har-
vested after reaching 0.9-1.1 OD (early exponential phase). These cells
were then collected, washed twice with phosphate buffered saline,
pH 7.4 (Sigma-Aldrich, USA) and then suspended in 2-3 mL of electro-
poration buffer (EPB) (1 mol/L sorbitol, Applichem GmbH, Germany;
20 mmol/L Tris, Applichem, Germany; HCl Merck KGaA, Germany;
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pH = 7.4), while keeping the final concentration of the yeasts at (6-
9) x 107 colony forming units (CFU)/mL.

2.2. PEF generation system

A nanosecond generator based on coaxial line discharge by an opti-
cally triggered spark-gap switch was used for the generation of the elec-
trical pulses. A schematic diagram of the experimental setup was
described previously [27] and is shown with some modifications in
Fig. 1. Changing the discrete length (L) of the coaxial pulse-forming
line and charging it from the DC high voltage power supply up to
30 kV (Technix, France) makes it possible to generate rectangular
shaped electrical pulses with durations of 10, 20, 40, 60 and 90 ns and
with rise time ~0.5 ns. A 400 ps laser pulse was used for the triggering
of the spark gap switch. A cuvette having cylindrical-shaped electrodes
(diameter D = 6 mm) made from stainless steel and spaced atad =
1 mm distance was used for electroporation of the biological cells dis-
persed in EPB. The cuvette was connected to the end of transmission
line. Depending on the resistivity of the investigated suspension, electric
fields with strengths of up to 220 kV/cm were achieved.

The system operates as follows: when the cuvette is filled with a sus-
pension, the system is triggered by a laser pulse. The waveforms and
amplitudes of the incident and the reflected pulses are then recorded
using a real-time oscilloscope. The voltage (V) applied between the
electrodes of the cuvette was calculated according to the formula:
V = Vin + Vier, Where Vi, and Vs are the amplitudes of the incident
and reflected pulses respectively. The resistance (R) of the sample inside
the cuvette was calculated using the following equation: R
Z X (Vin + Viet)/(Vin — Vier), where Z = 75 Q is the impedance of the
transmission line [27]. During our experiments, the resistance of the
suspension was =300 (. The calculation of the temperature change in
the suspension inside the cuvette after each pulse was performed by as-
suming that the heating was adiabatic and homogeneous. It was calcu-
lated that even at the strongest electrical field and when using the
longest pulses, the temperature change was less than 1 degree per
pulse. This means that even after 5 pulses, the rise in temperature was
too small to affect the viability of the yeast cells significantly [28].

2.3. Evaluation of cell viability

After exposure to the electric field, the yeast cells were kept in EPB
for at least an hour, and were then diluted in 1 M sorbitol, plated onto
a solid YPD medium with 1.3 g/mL agar (Merck KGaA, Germany) and
then incubated in the INCU-Line (VWR, USA) incubator at 30 °C for
48-72 h. After incubation, the number of colony forming units (CFU)
was evaluated. As a control, cells which were untreated by nsPEF were
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Fig. 1. Principal Scheme of the nanosecond pulse generation system.
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used. To determine the possible changes in the buffer composition dur-
ing PEF treatment that affected the viability of the yeasts, the yeasts
were kept in the nsPEFs treated EPB.

2.4. Detection of apoptotic markers

The effect of nsPEFs on PCD was evaluated using the CaspACE™
FITC-VAD-FMK in situ marker (Promega, USA), propidium iodide (Carl
Roth GmbH + Co-KG, Germany), Annexin V-FITC (Biovision, USA)
and a FragEL™ DNA Fragmentation Detection Kit (Merck KGaA,
Germany). Caspase detection and DNR fragmentation assays were per-
formed according to the producer protocols. Propidium iodide was
added to the yeast cell suspensions immediately or 1.5-2 h after expo-
sure to nsPEFs at a final concentration of 2.5 pg/mL. For the
phosphatidylserine externalisation analysis before Annexin V-FITC
staining, the cells were washed twice with a sorbitol buffer (1.2 M sor-
bitol, 0.5 mM MgCl, (Merck KGaA, Germany), 35 mM KPO,4 (Merck
KgaA, Germany), pH = 6.8) and the cells walls were digested with
30 U/mLlyticase (Sigma-Aldrich, USA) in a sorbitol buffer. After a 2 h in-
cubation at 30 °C, the cells were then collected and washed with a bind-
ing buffer (10 mM Hepes, Sigma-Aldrich, USA; NaOH, Sigma-Aldrich,
USA; 140 mM Nacl, Sigma-Aldrich, USA; 2.5 mM CaCl, Applichem
GmbH, Germany; pH = 7.4) with 1.2 M sorbitol and suspended in it.
1 L Annexin V-FITC was then added to 40 pL of cell suspension and in-
cubated for 20 min. The cells were then washed 3 times and suspended
in a binding buffer.

For the preparation of the microscopy slides, 0.1% (w/v) poli-L-lizine
(Sigma-Aldrich, USA) was used. The fluorescence of at least 200 fixed
cells was evaluated on each slide.

In the flow cytometry experiments, at least 20,000 cell events were ac-
quired for each sample with an Amnis FlowSight Imaging Flow Cytometer
(Merck Millipore, Germany) and IDEAS v6.1 software was used for data
analysis. The acquired images included a brightfield image, a forward
scatter (FSC) (Channell 457/45 nm), a side scatter (SSC) (Channel6
772/35 nm), FITC (Channel2 532/55 nm) and PI (Channel4 610/30 nm).
The FITC, PI and SSC were then excited by 488 nm, 561 nm and a
785 nm lasers, respectively. The gating strategy, as detailed in the results
and discussion section, was used to assess the event count and the signal
intensity of the cells of interest. Non-stained and appropriate single and
double stained controls for compensation and gate setting were used.
The yeast cells in the EPB supplemented with acetic acid, pH = 2.5
(Merck KgaA, Germany) were used as a positive control for the detection
and evaluation of the apoptotic markers [20].
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3. Results and discussion
3.1. Electric field effects on yeast viability

The number of CFUs was evaluated by the plate counting method,
thus avoiding misinterpreting fluorescent markers and evaluating the
effects of abiotic impact [25]. After exposure to a single electric field
pulse (T = 10-90 ns, E = 25-220 kV/cm), the decrease in viability
was detected and is shown in Fig. 2. Pulses with durations of 10 ns
even with strong electric fields (E = 185 kV/cm) showed a weak effect
(CFU = 94 4 6%). The smallest number of CFUs (40 4= 3%) was observed
after exposure of the yeast suspensions to a single 60 ns pulse when
E = 190 kV/cm. Despite the large standard deviation in our results,
the tendency for the cells' viability to decrease was dependent on the
pulse length and strength.

To evaluate the effect of repetitive exposure to the electric field, five
consecutive pulses were used. The lethal dose of the electric field that
was necessary to inactivate 50% of the cells (LD50E) was dependent
on the pulse lengths: T = 20 ns (LD50E ~ 167 kV/cm), T = 40 ns
(LD50E ~ 115 kV/cm); T = 60 ns (LD50E = 125 kV/cm); T = 90 ns
(LD50E =~ 40 kV/cm). After five 50 kV/cm electric field pulses with du-
rations of 90 ns, the viability of the yeast cells decreased by 68%. Stron-
ger electric fields affected their viability only slightly, reaching its lowest
value (CFU = 19%), when E = 218 kV/cm. The cumulative effect of such
nsPEFs was detected when T = 90 ns and the multiplication factor was
1.9-2.5 times compared to that of the single pulse treatment.

It had been previously discovered that depending of pulse parame-
ters, an electric field with the nanosecond duration could cause both cu-
mulating [7] and neutralizing [14] effects. It is difficult to evaluate the
contribution of each consecutive pulse, since the whole system changes
such as the position, permeability and the structure of the membranes
as well as the permeability of the cell walls [28] [29]. CFU values exceed-
ing 100% could be explained by aggregation phenomena. If exposure to
the electric field cause change of cell surface charge, this could lead to
dispersion of aggregates due to repulsion between their cells thus giving
greater number of viable CFU [29] [30]. Therefore, the effect of five
pulses on the viability of the yeast was greater compared to that of a sin-
gle pulse treatment. Full inactivation of the yeast cells was not detected,
probably due to the electrically insulating features of the yeast aggre-
gates [31] [32] and cell size [16]. So we showed that square shaped
pulses of nanosecond duration can be a quite effective method for the
reduction of the viability of yeast cells. This in turn is dependent on
the parameters of the electric field pulses and their decrease with the
rise in E, T and the number of pulses.
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Fig. 2. Colony forming units after exposure to electric field pulses: A, cell suspension was exposed to single pulse; B, cell suspension was exposed to five consecutive pulses. Symbols
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3.2. Analysis of PCD markers

3.2.1. nsPEFs induce externalisation of phosphatidylserine but not DNR
fragmentation

The externalisation of phosphatidylserine is one of the PCD markers.
After exposure to an electric field, the cell walls were removed and the
protoplasts were incubated with Annexin-V-FITC. Externalisation of
phosphatidylserine was detected by fluorescent microscopy and this is
shown in Fig. 3. It is known that phosphatidylserine can be externalised
due to the nsPEFs effect, but since we treated regular cells with cell
walls, we could not evaluate whether it was externalised as part of the
programmed cell death or during exposure to nsPEFs. Due to the low
stability of protoplasts obtained from nsPEFs treated cells (T = 90 ns,
E = 100 kV/cm), quantitative analysis was not performed.

To analyse DNA fragmentation, a TUNEL assay was carried out 1.5-3 h
after treatment with nsPEFs (T = 10-90 ns, E = up to 190 kV/cm). DNA
fragmentation, which has previously been defined as an apoptotic marker
in yeast [19], was not observed in our experiments (DNA fragmentation
was detected in less than 2% of the cells and this was independent of
nsPEF treatment parameters). Such results could mean that in nsPEF
treated cells, metacaspase activation is the primary event and that DNR
fragmentation occurs only later during the process of apoptosis. In our
analysis, when nsPEF treated cells were tested for DNA fragmentation,
they were still in the early stages of programmed cell death and DNA frag-
mentation was therefore not detected [33].

3.2.2. nsPEFs induced activation of metacaspase

For the detection of cells with active metacaspases (YCA1 +), the
caspase inhibitor FITC-VAD-FMK was used. Cells with active caspase
showed bright green fluorescence and were detected by using fluores-
cence microscopy (Fig. 3). The specimens were treated with 5 consecu-
tive nsPEF pulses. The number of yeast cells with activated
metacaspases was greatest (YCA1+ = 61 + 4%) after treatment with
strong (164 kV/cm) and long pulses (90 ns) (Fig. 4). A similar portion
of YCAT + cells (YCA1 + = 58 + 9%) was detected with pulse durations
of 60 ns when E = 209 kV/cm, which showed that with shorter pulses, a
stronger electric field is required to achieve same result. When we used
strong electric field pulses (E = 196 kV/cm), the lowest number of cells
with active metacaspases (YCA1+ = 17 4 2%) was detected when the
shortest pulses were used (T = 10 ns). Meanwhile, in untreated suspen-
sions (possibly due to aging [20]), metacaspases were activated in ~3%
of yeast cells.

To obtain more quantitative results and to establish a possible link
between metacaspase activation and the effects of the electric fields
on membrane permeability, the yeast cells were treated with propidium
iodide, a caspase inhibitor and analysed using a flow cytometer (Fig. 5).
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Fig. 4. Number of yeast cells with activated metacaspases (YCA1+) by counting
fluorescent cells and its dependence on electric field strength after exposure to 5
consecutive pulses. Symbols represent pulse length: ¢ (diamond) - 10 ns; A (triangle) -
40 ns; + (plus) - 60 ns; @ (circle) - 90 ns.

As was previously shown in Fig. 4, the strongest effect of nsPEFs on
metacaspase activation (YCA1+ = 61 4 4%) was obtained after the
cells were treated with 164 kV/cm electric field strength and 90 ns du-
ration pulses. Thus, for further analysis, 90 ns duration electrical pulses
were used.

After exposure to nsPEFs and staining, the cells were grouped
into four subpopulations based on the following gating scheme: viable
cells (YCA1—, PI—), cells with active metacaspases, but
unpermeabilised membranes (YCA1 +, PI—), cells with permeabilised
membranes, but inactive metacaspases (YCA1 —, PI+) and those with
active metacaspases and permeabilised membranes (YCA1 +, PI+).
The size of these populations and their dependence on electric field
strength are shown in Fig. 6.

After exposure to a single nsPEF pulse, the sizes of the cell popula-
tions with one detectable PCD marker (YCA1+, PI— and YCA1—
PI+) were similar to each other. When the electric field was not applied
(YCA1 +, PI—), the population size was 0.9 + 0.6%, while along a whole
range of E values, the average was 8.2 4+ 1.9%. The size of the (YCA1 —
PI+) population was 2.2 + 1.1% when E = 0 kV/cm, and this was

Fig. 3. Bright-field (up) and fluorescence (down) microscopy images of yeast cells after exposure to five consecutive nanosecond pulses. Yeast cells with activated metacaspases: A, when
T =10ns,E = 52 kV/cm; B, when T = 10 ns, E = 196 kV/cm; C, when T = 90 ns, E = 164 kV/cm; D is phosphatidylserine externalisation in yeast protoplasts obtained from PEF treated

yeast cells. The scale bar represents 22 pm.
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Fig. 5. The scheme used for imaging flow cytometry analysis was the gating strategy for the identification and quantification of metacaspases activity and membrane permeability of yeast
cells. The focused events were gated using a gradient and the contrast features of bright field scans (A). The in-focus events were gated on a forward scatter/side scatter (area/ssc) dot plot
(B) and refined to remove events with more than one cell by using the size and aspect ratios of the minor and major axes features of the bright field scans (C). The identification of proper-
sized, focused single cell events was followed by YCA1 and PI staining analysis in channel 02 (Ch02) and channel 04 (Ch04), respectively (D).

consistent in the whole range of E values (2.6 & 1.3%). The sizes of pop- apoptotic population before exposure was 3 + 1.2%, when E = 54 kV/
ulations (YCA1+, PI+) and (YCA1 —, PI—), which were considered as cm - 4.3 £ 2.3% and this had been consistently increasing up to
apoptotic and viable were respectively inversely proportional. The 58.7 &+ 6% when E = 219 kV/cm. When the yeast cells were exposed
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Fig. 6. Yeast cell populations with activate (YCA1 +) or inactive (YCA1—) metacaspases and permeable (PI+) or impermeable (PI—) to propidium iodide after exposure to electric field
when T = 90 ns: A, populations after exposure to one pulse; B, populations after exposure to 5 consecutive pulses. Symbols represent different cell populations: # (star) - YCAT —, PI—; %
(“x") - YCA1+, PI+; A (triangle) - YCA1 +, PI—; & (diamond) - YCA1 —, PI+.
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to 5 consecutive pulses, the size of the (YCA1 —, PI+) population was
6.7 £ 2.6%, while the (YCA1+, PI —) population contained 2.6 + 1% of
the total cells. Both populations were consistent along the whole
range of E values. Apoptotic and viable populations were inversely pro-
portional as in the single pulse experiment. The apoptotic population
after exposure to 5 nsPEF pulses with E = 28 kV/cm was 15 + 12.7%.
Arise in E up to 117 kV/cm produced a fast increase of this apoptotic
population up to 61.9 4 6.4%. A further increase (E = 219 kV/cm)
only slightly affected the population after reaching a maximum size of
72.7 4+ 2.7%. After exposure to a single nsPEF, LD50E was =~ 190 kV/
cm, while exposure to 5 consecutive pulses with E = 70-90 kV/cm
were strong enough to achieve same decrease in the cells' viability.

The change in the viability is dependent on the pulse parameters and
shows a similar pattern as in the activity of metacaspases in cells treated
with pulses with increasing electric field strength (Fig. 7). Over the
whole range of E (except =~ 50 kV/cm), the average number of dead
cells is greater up to 10% and the spread of the results overlaps with
the YCA1+ values. These results show that yeast cell death is depen-
dent on the electric field pulse parameters which cause membrane per-
meability and subsequent metacaspase activity leading to a decrease in
the CFU number.

This decrease in the cells' viability followed a similar pattern to the
increase of the active form of the intracellular yeast metacaspases,
thus suggesting oxidative stress [20]. It is known that increased intracel-
lular reactive oxygen and the concentration of oxidised protein lead to
the activation of metacaspases. Another possible cause leading to the ac-
tivation of yeast metacaspases could be a disturbance of Ca>* homeo-
stasis. It is known that pulses with nanosecond duration can modulate
intracellular Ca?* concentration [34] which is needed for the activation
of yeast metacaspases [35]. It was proposed that the initial pulses could
cause the release of calcium from the endoplasmic reticulum, leading to
calcium redistribution within the cytoplasm. Pulse exposure would fa-
cilitate the penetration of calcium ions into mitochondrial membranes
leading (at least in metazoan cells) to changes that trigger a release of
cytochrome ¢ and other death molecules [36]. Loss of membrane integ-
rity and permeability to propidium iodide is considered as a marker of
necrosis or late apoptosis [37]. In our research, permeability appeared
instantly after treatment (data not shown) and can be considered as
an upstream factor for PCD induction. The dynamics of membrane per-
meability were not evaluated. If membrane integrity or the cell wall in-
tegrity pathways could be activated due to nsPEF treatment, this can
lead to the initiation of the cell death pathway [38]. In addition, it is
known, that an electric current can generate hydrogen peroxide [39],
which in turn can activate the cell wall integrity pathways, change the
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Fig. 7. Decrease in viability and YCA1 + activation dependence on the electric field
strength after exposure to 5 pulses with durations of 90 ns.

membrane permeability and cause oxidative stress [40]. For the evalua-
tion of the electric field effects on the electroporation buffer, the yeast
cells were suspended in EPB treated with 5 to 20 pulses (T = 90 ns)
with electric field strengths of up to 200 kV/cm. No changes in their vi-
ability were detected, therefore it was concluded that the programmed
cell death is induced due to the direct nsPEFs impact on yeast cells.

4. Conclusions

We analysed the effects of square shaped electrical pulses of differ-
entduration (T = 10-90 ns) and pulse number (pn = 1-5) with electric
field strength E up to 220 kV/cm and showed that nanosecond pulses
can induce the cell death, which in turn is dependent on the electric
field pulse parameters and increase with the rise in E, T and pulse num-
ber. Since nsPEFs which treated the electroporation buffer did not cause
any reduction in the viability, we concluded that nsPEFs affects yeast
cells directly. Exposure of yeast cells to nsPEFs was accompanied by
metacaspase activation, membrane permeability to propidium iodide
and the externalisation of phosphatidylserine. We conclude that square
shaped electric field pulses with nanosecond durations induce caspase-
dependent apoptosis in yeast cells, which in turn can be used as a model
for more detailed analysis of the programmed cell death analysis in-
duced by nsPEFs.
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ARTICLE INFO ABSTRACT

Keywords: Prospects of pulsed electric field technology application on acid whey concentrate pretreatment were analyzed.
Acid-whey Stationary and flow pre-treatment systems were combined with different treatment parameters: electric field
PEF strength (E = 39kV/cm, 95kV/cm, 92kV/cm), pulse duration (z = 60ns, 90ns, 1000 ns) and pulse number

Non-thermal
Yeast
Selectivity

1. Introduction

Acid whey, also known as sour whey is a byproduct of manu-
facturing process of acidic dairy products such as cottage cheese or
strained yoghurt. Nowadays consumers pay a major attention to food
quality as well as health benefits therefore healthier options, e.g., cul-
tured buttermilk and yoghurt are often selected for healthy diet. As a
result, food manufacturers are interested in possibilities to reprocess
production byproducts such as sweet and acid whey (Chen et al., 2016;
Helen Shiphrah et al., 2013; Panesar et al., 2010; Pescuma et al., 2008).
Acid whey contains significant amounts of lactose, galactose, calcium
phosphate and lactic acid. These components can be further reused in
manufacturing of functional foods as well as in improving their color,
texture or flavor (Alsaed et al., 2013; Lievore et al., 2015; Pescuma
et al.,, 2010; Yang and Silva, 1995). Moreover, whey contains unique
bioactive compounds, e.g., a-lactalbumin, fB-lactoglobulin, glycoma-
cropeptide, lactoferrin, lactoperoxidase, lysozyme, growth factors, cy-
tokines, serum albumin, immunoglobulins which can be used as sup-
plements in their active form (Park and Haenlein, 2013). It was
previously shown that low-fat dairy products can be beneficial in cer-
tain human disease management, e.g., hypertension, type 2 diabetes,
cardiovascular diseases, reduce oxidative and inflammatory stresses,
facilitate obesity control (Aihara et al.,, 2005; Baer et al., 2011;
McGregor and Poppitt, 2013; Mills et al., 2011). Some proteins are
suggested to be active components regulating intestinal enzymes and
hormones that play a role in satiety (Luhovyy et al., 2007) and diges-
tion, other proteins are possible mediators for prevention of certain
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(pn = up to 100 pulses). Isolates of Saccharomyces sp. and Lactobacillus sp. were predominant in concentrate.
Significant non-thermal inactivation effect was achieved after PEF treatment. Exposure to short pulses selectively
inactivated yeast cells, as a result PEF technology can be applied for low-energy acid whey processing.

cancer types, e.g., colon cancer (Parodi, 2007).

In addition to nutritious compounds, whey also contains the mi-
croorganisms. Some of them are beneficial for the human gut micro-
biota, yet others can be harmful and cause food poisoning.
Microorganisms may also decrease product shelf life. Seeking an ef-
fective assimilation of whey beneficial properties, it is important to
apply specific concentration and pasteurization methods. Whey con-
centrates are usually contaminated, therefore they should be pasteur-
ized and processed immediately. During pasteurization food products
are treated with heat to eliminate pathogens and extend shelf life. On
the downside, pasteurization affects physicochemical properties of food
including changes in appearance, flavor and quality of proteins (Qi
et al, 2015; Rynne et al., 2004), fats, minerals, vitamins. One of
mentioned chemical changes is formation of advanced glycation pro-
ducts (Uribarri et al., 2010) which are related to diabetes and several
chronic diseases (Clarke et al., 2016). Since thermal pasteurization of
acid whey leads to secondary straining, i.e., formation of insoluble
protein aggregates, non-thermal pasteurization methods are on de-
mand.

Some methods such as centrifugation and microfiltration, high-
pressure treatment, ultra-sonication, ultraviolet light, ionizing radiation
were suggested and, in some specific cases, are even applied in pro-
duction of dairy foods. Yet whey is often considered as a byproduct and
no specific treatment is applied. Pulsed electric field (PEF) is an
emerging technology in dairy product industry (McAuley et al., 2016).
PEF technology has been previously applied for pasteurization of var-
ious liquid food products (Buckow et al., 2013; Milani et al., 2015; Min
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et al., 2003). It has also been applied in combination with other pas-
teurization methods and/or substances for improved efficiency
(Caminiti et al., 2011; Pataro et al., 2014a; Saldana et al., 2014). When
a cell in a suspension or a tissue is exposed to electric field, electric
potential difference across insulating membrane changes and it may
lead to membrane integrity loss. Efficacy of PEF treatment usually de-
pends on the following parameters: electric field strength (E), pulse
length (1), pulse number (pn) and pulse shape (Schoenbach et al., 2015;
Pakhomov et al., 2015; Weaver and Chizmadzhev, 1996). PEF based
pasteurization technologies inactivate the microorganisms by irrever-
sibly permeabilizing the membranes.

In this study, we aim to elucidate PEF effects on i) acid whey so-
lution, ii) inactivation efficiency, iii) effects on different microorgan-
isms in acid whey concentrate and iv) energy-related aspects of the
treatment.

2. Materials and methods
2.1. Whey composition

Acid whey was collected and concentrated at a dairy company
(Pieno zZvaigzdés, Lithuania) during cottage cheese production process.
Milk was incubated with a mixture of mesophilic cultures Ceska-star G-
700 (CSK, Netherlands) until whey separated from cottage cheese.
Whey composition measurements were performed by the manufacturer
according to international standards: ISO 9622:2013 (IDF 141:2013).
The composition (except the content of viable microorganisms) re-
mained constant prior and after the PEF treatment (Table 1.) and this is
in accordance with data from previous milk pasteurization research (Al-
Hilphy, 2012). Freshly prepared whey concentrate contained bacterial
(> 10° cells per mL) and yeast (< 10* cells per mL) cells. During sto-
rage at 4°C, yeast cell count reached approximately 10° cells per mL.
The PEF treatment was performed at room temperature.

Conductivity was measured with a conductivity meter AD3000 AC/
TDS (ADWA, Hungary). Log reduction was evaluated by a plate
counting method on a solid MRS media (10 g/L peptone from casein
(Merck KGaA, Germany), 10 g/L meat extract (Merck KGaA, Germany),
4g/L yeast extract (Merck KGaA, Germany), 20 g/L glucose (Merck
KGaA, Germany), 2 g/L disodium hydrophosphate (SIGMA-ALDRICH,
USA), 1g/L Tween 80 (Merck KGaA, Germany), 2 g/L diammonium
hydrocitrate (SIGMA-ALDRICH, USA), 5g/L sodium acetate (SIGMA-
ALDRICH, USA), 0.2 g/L magnesium sulphate (SIGMA-ALDRICH, USA),
0.04 g/L manganese sulphate (Merck KGaA, Germany), 12 g/L agar
(Merck KGaA, Germany).

2.2. Evaluation of viability

Efficacy of microbial inactivation was evaluated by log reduction
(LR), defined by equation:

LR = —log(ﬁ).
No (€3]

N and Ny are numbers of colony forming units in treated and un-
treated suspensions respectively. Experimental data of log reduction
was analyzed by mathematical model (Mafart et al., 2002):

n P
IR = [—P ] .
Plreqy

(2)
Table 1
Chemical composition of acid whey.
Fat, % Protein, % Dry solids, % Conductivity, pH
mS/cm
0.026 + 0.005 2.26 = 0.02 17.78 = 0.05 ~8.33 4.54 + 0.01

129

International Journal of Food Microbiology 291 (2019) 128-134

Table 2
List of primers.

Primer Primer sequence (Sanchez and Sanz, 2011; White et al., 1990)
27F 5-GAGAGTTTGATCCTGGCTCAG-3"

1495R 5-CTACGGCTACCTTGTTACGA-3’

ITS1 5-TCCGTAGGTGAACCTGCGG-3’

ITs4 5-TCCTCCGCTTATTGATATGC-3’

Eq. (2) includes data from our experiments (LR, pn) and computed
generated parameters (Phyeqi, p)- Phyeq1 describes pulse number re-
quired viable cell count reduction by one log and p is the parameter of
curve shape. Convex curves are described by p > 1, concave curves are
described by p < 1, p =1 represents linear change. Data lines ap-
proximated with this model are survival curves.

2.3. Microorganism identification

To identify species of isolated microorganisms, 16S rRNA gene se-
quence from bacterial isolate (Sanchez and Sanz, 2011) and highly
variable Internal Transcribed Spacer (ITS) regions of fungal ribosomal
DNA from yeast isolate (White et al., 1990) were amplified and ana-
lyzed. The amplification reactions were performed by a colony PCR
method. Two pairs of primers were selected (Table 2): 27F and 1495R
for 16S rRNA gene amplification, ITS1 and ITS4 for amplification of ITS
region sequences. All primers were synthesized by Metabion (Ger-
many).

Microorganism isolation was performed on chloramphenicol glu-
cose agar (Sharlau Chemie S.A., Spain) and plate count skim milk agar
(Merck KGaA, Germany) growth media. Single dominant bacterial and
yeast isolates were then separated and cultured overnight at 30 °C on
MRS agar and YPD agar plates (20 g/L peptone from casein (Merck
KGaA, Germany), 10 g/L yeast extract (Merck KGaA, Germany), 20 g/L
glucose (Merck KGaA, Germany), 12 g/L agar (Merck KGaA, Germany)
respectively in INCULine (VWR, USA) incubator. Single colonies from
overnight cultures of each isolate were re-suspended in 50 pL of ultra-
pure water and mixed. Cells were lysed at 95 °C for 10 min. 2 pL of each
lysate was added to prepared PCR reaction mixtures. 50 uL. PCR reac-
tion mixture contained 2 pL of template DNA, 1.25 U of DreamTaq DNA
Polymerase (Thermo Scientific, Lithuania), 5pL of 10X Dream Taq
buffer, 1 uM of forward and 1 uM of reverse primer, 4 mM of MgCl,,
0.4 mM of each of four dNTPs. Amplification was performed under the
following conditions: 2 min of initial denaturation at 98 °C; 35 cycles of
denaturation (30 s at 96 °C), annealing (30s at 51 °C for samples with
27F and 1495R primers, 54 °C for samples with ITS1 and ITS4 primers),
extension (1min at 72°C) and final extension at 72°C for 10 min.
Amplification products were analyzed on 0.9% (wt/vol) agarose gel,
purified using a GeneJET Gel Extraction and a DNA Cleanup Micro Kit
(Thermo Scientific, Lithuania). Purified fragments were sequenced by
BaseClear B.V. (The Netherlands).

The consensus sequences were obtained using BioEdit software
package version 7.0.5 (North Carolina State University, Raleigh, USA)
and compared to those in the NCBI database (http://www.ncbi.nlm.
nih.gov/BLAST/). Yeast isolate was ascribed to the species showing the
highest matched sequence identity. In case of bacterial isolate, se-
quences showing highest identity were chosen to generate phylogenetic
tree and determine evolutionary relationships. Sequences were aligned
using ClustalW method. The phylogenetic tree was generated using
neighbor-joining method from phylogenetic distances calculated by the
Jukes-Cantor method with MEGA v. 7 software (Pennsylvania State
University, USA). Bootstrap values were obtained after 1000 replicates.

2.4. PEF generation systems

Two different PEF generation systems were used for acid whey
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treatment. Square-wave monopolar pulses (duration of 60 and 90 ns)
were formed by a generator based on an optically triggered spark-gap
switch. In these experiments, the coaxial line (75 Q) was charged up to
23kV resulting in generation of electric field E = 95kV/cm across a
cuvette with resistance of approximately 50 Q. 60 and 90ns pulses
generated 0.11J and 0.16J of energy respectively. A schematic dia-
gram of the experimental setup and working parameters were pre-
viously described by Balevicius et al., 2013. A cuvette with cylinder
shaped stainless-steel electrodes (diameter D = 5.3 mm), spaced at a
distance of d = 0.75 mm, was used in stationary system (SS). Another
experimental set-up involved a seven-stage Marx generator operating in
free-running mode up to 10 Hz. In these experiments, the Marx gen-
erator was charged to 1.8kV (threshold voltage for used spark-gaps)
and discharged into the cuvette with liquid samples. A unipolar ex-
ponential damped pulse of about 1ps duration (full width at half
maximum) was achieved. For flow system (FS), a politetrafluorethylene
(PTFE) cell with stainless steel electrodes was used. Acid whey was
delivered to the treatment chamber by MasterFlex L/S (Cole-Parmer,
USA) peristaltic pump at a flow rate of 2 mL/min. The active area of the
electrodes was 130 mm?2. The distance between the plates of the elec-
trodes was 2 mm. 0.26 mL of cell suspension was placed in a cuvette.
Number of pulses per volume was adjusted by changing pulse frequency
and flow speed. Pulse frequency was changed by adjusting a power
supply voltage. In a stationary cuvette experiments, the electrical en-
ergy of about 1.8 J was produced with each pulse. Electric field of about
92kV/cm was generated across a cuvette. In flow system experiments,
the energy was about 2.6 J per pulse when electric field was approxi-
mately E = 39kV/cm. To determine PEF effects on whey only, micro-
organisms were separated by centrifugation for 20min at 20,0008
(Jouan KR25i, Thermo Fisher Scientific, USA). Fig. 1 shows a rough
experimental scheme and a summary of treatment parameters.

3. Results and discussion
3.1. Indirect effects on the viability of microorganisms

Research was started by analyzing indirect PEF effects on the via-
bility of microorganisms, i.e., generation of toxic reactive oxygen spe-
cies (Drogui et al., 2001) as well as electrolysis and electrode corrosion
products (Pataro et al., 2014a, b; Saulis et al., 2015). To test PEF in-
duced chemical effects, whey was centrifuged, and the supernatant was
exposed to PEF (t = 1ps; E = 39kV/cm; pn = 32). The pellet was re-
suspended immediately after PEF treatment and subsequently plated on
solid media. It was shown that LR increase up to 0.287 =+ 0.094 can be
attributed to indirect effects. Some of LR was achieved by centrifuga-
tion (LR = 0.159 = 0.076) that could have caused formation of ag-
gregates as well as cell death due to shear forces and, therefore, lead to
decrease in the number of colony-forming units. It was concluded that
LR of approximately 0.128 was caused by PEF generated chemical
toxicity.

It is known that thermal treatment may lead to permanent in-
activation of microorganisms. To test thermal impact on LR values, acid
whey was incubated in water bath for 2min and plated on solid
medium immediately afterwards. It was observed that the temperature
of 40 °C can act as a signal for proliferation or induce aggregate dis-
persion, therefore, lowering LR values (—0.046 * 0.044). The viabi-
lity of microorganisms in a sample that was incubated at 50 °C was
similar to the control sample. The highest increase in LR
(0.196 = 0.066) was observed after incubating the sample at 60 °C.
The conclusion was drawn that the temperature does affect the viability
of microorganisms, therefore, to distinguish PEF effects from those
caused by thermal pasteurization, it is important to monitor the sample
temperature.
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3.2. Electroporation in flow chamber

For further whey processing, a continuous flow system was used
(E = 39kV/cm, t = 1 ps). The viability of microorganisms was shown
to be affected by the velocity of a fluid flow (data not presented): mi-
croorganisms were less viable at higher velocity rates. Hence, the flow
speed was set to a constant 2 mL/min value that did not influence the
viability of microorganisms. Pulse number was adjusted by changing
frequency of pulses (up to 32 pulses per volume). Higher LR values
were observed with raise in pulse number and the results are shown in
Fig. 2. The highest value of microbial LR was achieved after 32 pulses
(LR = 1.14 + 0.08). Whey exposure to electric field also caused the
rise of its temperature and it was dependent on pulse number applied.
The highest temperature (T = 50.10 * 4.05 °C) was measured after 32
pulses, however, it is too low for thermal pasteurization. Therefore, it
can be presumed that LR in our experiments was achieved by direct as
well as indirect effects of PEF treatment but not by thermal effect only.
It was concluded that PEF can be effectively applied for non-thermal
acid whey concentrate pasteurization in the flow system. Since LR va-
lues changed when the number of pulses was increased, it suggests that
the results could also be improved by changing E and/or .

3.3. Microorganism isolation

To evaluate PEF effects on specific microorganisms, isolation was
performed. Two dominant microorganisms were chosen for identifica-
tion by 16S rRNA gene and ITS region sequencing. The analysis of yeast
ITS region sequences resulted in 99% match with the sequences of
Saccharomyces cerevisiae strains published in NCBI database. The BLAST
analysis showed significant bacterial isolate identity (> 98%) to
Lactobacillus genus bacteria. Phylogenetic analysis indicated that a
species most closely related to bacterial isolate is L. rhamnosus (Fig. 3).
In general, bacteria from Lactobacillus genus are recognised as safe and
are designated the GRAS status (Salminen et al., 1998). L. rhamnosus
has significant positive impact on the intestinal microbiota and epi-
thelial barrier functions (Johnson-Henry et al., 2008), it also relieves
diarrhoea (Guandalini et al., 2000), displaces the pathogenic bacteria
(Vesterlund et al., 2006), stimulates hosts' immune system (Saxelin
et al., 2005) and plays a role in maintaining homeostasis of intestinal
epithelial cells (Yan and Polk, 2002). Furthermore, L. rhamnosus strains
act as probiotics for prevention of oral cavity disorders (Ahola et al.,
2002) and respiratory infections (Hojsak et al., 2010).

PEF effects on each microorganism were analyzed separately. For
simplicity purposes, PEF parameters are shown as

h(ns)_fieldstrength |

LRmicroorganism_pulsel

3.4. Selective pasteurization

PEF effects on acid whey microorganisms were further analyzed in a
static treatment chamber. The suspension was poured into a cuvette and
exposed to various numbers of electric field pulses (pn = 1, 5, 10, 30, 50,
70, 100) of different pulse length (t = 60ns, 90 ns, 1000 ns) and field
strength (E = 95kV/cm, 92 kV/cm). When shorter pulses < 1000 ns were
applied, minimal increase of bacterial LR values was observed
(LRg 6095100 = 0.08 = 0.01 and LRy g0 05100 = 0.08 + 0.01; Fig. 4).
However, higher sensitivity —of yeast cells was observed
(LRy 60,95.100 = 0.99 = 0.08, LRy 0005100 = 1.34 = 0.36) and it sug-
gests that PEF can be used for selective pasteurization. At pulse lengths of
60 ns and 90 ns yeast cells were at least ten times more sensitive to PEF
treatment than bacterial cells. After whey exposure to longer pulses LR
values were higher, but the difference of PEF effects on yeast and bacterial
cells was less significant (LRy 10009250 = 1.79 = 0.12;
LR5 10000250 = 1.47 * 0.05).

Shorter pulses may cause selective effects by targeting mitochondria in
yeast, yet the difference in size of the cells can be an alternative ex-
planation of our results (Schoenbach et al., 2004). It was previously shown
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Fig. 2. Log reduction of total colony forming unit number (blue circles) and
temperature (red diamonds) change dependence on pulse number in flow
system (FS). Dash-dotted line represents survival curve by data fitting using Eq.
(2) (Adj, R-square = 0,96,576). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

that pulse duration of 90 ns can induce apoptosis in yeast cells — number of
colony forming units (CFU) of S. cerevisiae cells decreased
(CFUy g0.061 = 62 *+ 6%, CFUyoposs =59 *+ 5%) (Simonis et al,
2017). If we present whey LRy results as CFU, where 100% represents
number of yeast colony forming units in untreated samples, we get similar
decrease values (CFUy ggos1 = 63 = 29%, CFUygpo55 = 66 + 16%).
However, cell treatment medium was different in both studies in terms of
acidity and osmolarity. It suggests that acidity and osmolarity were sec-
ondary factors affecting yeast cell viability during/after PEF treatment
(Saldania et al., 2009). PEF effects on yeast and bacteria in same media
were studied previously (Puértolas et al., 2009). Puértolas et al. demon-
strate similar results: Lactobacillus strains were more resistant to PEF
treatment than S. bayanus, but no significant selectivity was detected.
Puértolas' team applied electric field strengths ranging from 16 to 31 kV/
cm, number of pulses ranged from 0 to 100, specific energies per pulse
ranged from 1.02 to 3.77 kJ/kg, pulse frequency was 1 Hz. Treatment of
microorganisms in wine media was more energy efficient probably due to
lower conductivity (~4 times lower than whey). In both of our studies
(flow and stationary) increase in LR (for all whey microorganisms) was
dependent on pn, t and E, resulting in greater values with higher pn,
longer t and stronger E.

3.5. Efficiency analysis

Efficiency of PEF treatment was evaluated by calculating energy
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Fig. 4. Selective inactivation of acid whey concentrates in stationary system.
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dotted curves were obtained by fitting with Eq. (2) for yeast and bacteria cells
respectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Log reduction

Table 3
Log reduction analysis through model assessed data. SS — stationary system, FS
— flow system, Y — yeast cells, B — bacteria, T — yeast and bacteria.

PEF system SS SS SS SS SS FS
Microorganisms Y Y Y B T T

E, kv/cm 95 95 92 92 92 39
Pulse width 60 ns 90 ns 1us 1us 1pus 1lus
Pnredl 94.37 47.34 12.75 20.77 19.69  30.36
p 0.61 0.41 0.41 0.46 0.45 1.98
Energy per 1 LR, kJ/L.  189.52 137.63 417.27 679.75 644.4 303.6

required for log reduction (Table 3). Pnredl and p values were calcu-
lated from eq. (2). In order to increase LRy by one, when © = 90 ns and
E = 95kV/cm, 137.63kJ/L of energy was consumed. Same LRy was
achieved after exposure of whey to multiple pulses when © = 1 ps and

132

E = 92kV/cm. Such treatment required 417.27 kJ/L of energy. It was
shown that selective PEF treatment is an energy efficient process. In
addition, overall microbial inactivation in flow system demonstrated
significantly higher energy efficiency compared to stationary system
(303.6kJ/L in flow system and 644.4kJ/L in stationary system when
1 ps pulses with 92kV/cm electric field strength were used). In order
avoid electrical discharges, extra liquid was added into stationary
treatment chamber. Untreated volume could have caused lower effi-
ciency.

Another parameter obtained from the model was p which describes
the shape of the curve (Cebridn et al., 2016; Mafart et al., 2002). The
only convex curve (p = 1.98) was observed in log reduction pattern of
flow system. This could mean that not all cells were affected equally
(due to shear forces, turbulence inside treatment chamber, uneven
flow) in the system and specific number of pulses should be applied to
compensate this phenomenon. In stationary system all curves were
concave with p < 1 suggesting that most of the cells were affected
during the treatment. Some cells remained untreated possibly due to
uneven electric field distribution, cell size difference or involvement in
aggregates. In theory, if we multiply applied pulses by factor ten, LR in
stationary system will increase up to ~4 times. LR would reach plateau
due to our particular setup where some of the cells remain outside the
treatment chamber. On the other hand, in FS, tenfold raise in pulse
number, theoretically would result in ~95-fold higher LR suggesting
that in our setup some cells remained untreated, but they would be if
exposed to higher number of pulses. It was concluded that electric field
pulses of nanosecond duration can be used for selective and energy
efficient pasteurization of the product, yet it is very important to op-
timize treatment parameters as well as treatment chamber.

4. Conclusions

We analyzed prospects of PEF application on acid whey concentrate in
flow and stationary treatment chambers. We demonstrate that a significant
microbial reduction can be achieved (LRt 1000 9250 = 1.47 = 0.05). As the
current flows through the chamber during PEF application, the temperature
of the sample increases and toxic compounds are potentially produced. In
flow system, LRyigo03960 = 1.14 = 0.08 was achieved with
AT = 27.41 * 3.26°C. Temperature raise was not high enough to sig-
nificantly affect LR. This suggests that PEF could be applied as a non-
thermal pasteurization technology and it could be used for treatment of heat
sensitive products. To lower the temperature of the system and to achieve
log reduction of higher values, multiple treatment chambers with different
PEF parameters could be used in combination with cooling lines.

Efficiency of electropermeabilization is not significantly affected by
pulse shape and primarily depends on time during which the amplitude



P. Simonis et al.

of pulse exceeds a certain critical value (Kotnik et al., 2003). In our
study, we showed that PEF pulses of different duration can result in
selective LR of different cell types (in our case yeast and bacterial cells)
making it applicable for food processing technologies where beneficial
bacteria are required to be preserved. On the other hand, yeast cells
usually play an undesirable role as spoilage microorganisms and pre-
ferably should be inactivated (Fleet and Mian, 1987). Yeast can survive
in acidic and/or cool environments and are resistant to physicochem-
ical stresses, therefore, they can grow in manufacturing lines of certain
dairy products (e.g., yoghurt) (Jakobsen and Narvhus, 1996). PEF
technology enables pre-treatment and non-thermal pasteurization of
various food products including cottage cheese, yoghurt and acid whey
preserving the beneficial strains of bacteria for further fermentation.
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